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Preface to the Series

Genome sequencing has emerged as the leading discipline in the plant sci-
ences coinciding with the start of the new century. For much of the twentieth
century, plant geneticists were only successful in delineating putative chro-
mosomal location, function, and changes in genes indirectly through the use
of a number of “markers” physically linked to them. These included visible
or morphological, cytological, protein, and molecular or DNA markers.
Among them, the first DNA marker, the RFLPs, introduced a revolutionary
change in plant genetics and breeding in the mid-1980s, mainly because
of their infinite number and thus potential to cover maximum chromosomal
regions, phenotypic neutrality, absence of epistasis, and codominant nature.
An array of other hybridization-based markers, PCR-based markers, and
markers based on both facilitated construction of genetic linkage maps,
mapping of genes controlling simply inherited traits, and even gene clusters
(QTLs) controlling polygenic traits in a large number of model and crop
plants. During this period, a number of new mapping populations beyond F2
were utilized and a number of computer programs were developed for map
construction, mapping of genes, and for mapping of polygenic clusters or
QTLs. Molecular markers were also used in the studies of evolution and
phylogenetic relationship, genetic diversity, DNA fingerprinting, and
map-based cloning. Markers tightly linked to the genes were used in crop
improvement employing the so-called marker-assisted selection. These
strategies of molecular genetic mapping and molecular breeding made a
spectacular impact during the last one and a half decades of the twentieth
century. But still they remained “indirect” approaches for elucidation and
utilization of plant genomes since much of the chromosomes remained
unknown and the complete chemical depiction of them was yet to be
unraveled.

Physical mapping of genomes was the obvious consequence that facili-
tated the development of the “genomic resources” including BAC and YAC
libraries to develop physical maps in some plant genomes. Subsequently,
integrated genetic–physical maps were also developed in many plants. This
led to the concept of structural genomics. Later on, emphasis was laid on
EST and transcriptome analysis to decipher the function of the active gene
sequences leading to another concept defined as functional genomics. The
advent of techniques of bacteriophage gene and DNA sequencing in the
1970s was extended to facilitate sequencing of these genomic resources in
the last decade of the twentieth century.
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As expected, sequencing of chromosomal regions would have led to too
much data to store, characterize, and utilize with the-then available computer
software could handle. But the development of information technology made
the life of biologists easier by leading to a swift and sweet marriage of
biology and informatics, and a new subject was born—bioinformatics.

Thus, the evolution of the concepts, strategies, and tools of sequencing
and bioinformatics reinforced the subject of genomics—structural and
functional. Today, genome sequencing has traveled much beyond biology
and involves biophysics, biochemistry, and bioinformatics!

Thanks to the efforts of both public and private agencies, genome
sequencing strategies are evolving very fast, leading to cheaper, quicker, and
automated techniques right from clone-by-clone and whole-genome shotgun
approaches to a succession of second-generation sequencing methods. The
development of software of different generations facilitated this genome
sequencing. At the same time, newer concepts and strategies were emerging
to handle sequencing of the complex genomes, particularly the polyploids.

It became a reality to chemically—and so directly—define plant genomes,
popularly called whole-genome sequencing or simply genome sequencing.

The history of plant genome sequencing will always cite the sequencing
of the genome of the model plant Arabidopsis thaliana in 2000 that was
followed by sequencing the genome of the crop and model plant rice in 2002.
Since then, the number of sequenced genomes of higher plants has been
increasing exponentially, mainly due to the development of cheaper and
quicker genomic techniques and, most importantly, the development of
collaborative platforms such as national and international consortia involving
partners from public and/or private agencies.

As I write this preface for the first volume of the new series “Compendium
of Plant Genomes,” a net search tells me that complete or nearly complete
whole-genome sequencing of 45 crop plants, eight crop and model plants,
eight model plants, 15 crop progenitors and relatives, and three basal plants is
accomplished, the majority of which are in the public domain. This means
that we nowadays know many of our model and crop plants chemically, i.e.,
directly, and we may depict them and utilize them precisely better than ever.
Genome sequencing has covered all groups of crop plants. Hence, infor-
mation on the precise depiction of plant genomes and the scope of their
utilization are growing rapidly every day. However, the information is
scattered in research articles and review papers in journals and dedicated
Web pages of the consortia and databases. There is no compilation of plant
genomes and the opportunity of using the information in sequence-assisted
breeding or further genomic studies. This is the underlying rationale for
starting this book series, with each volume dedicated to a particular plant.

Plant genome science has emerged as an important subject in academia,
and the present compendium of plant genomes will be highly useful to both
students and teaching faculties. Most importantly, research scientists
involved in genomics research will have access to systematic deliberations on
the plant genomes of their interest. Elucidation of plant genomes is of interest
not only for the geneticists and breeders, but also for practitioners of an array
of plant science disciplines, such as taxonomy, evolution, cytology,
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physiology, pathology, entomology, nematology, crop production, bio-
chemistry, and obviously bioinformatics. It must be mentioned that infor-
mation regarding each plant genome is ever-growing. The contents of the
volumes of this compendium are, therefore, focusing on the basic aspects
of the genomes and their utility. They include information on the academic
and/or economic importance of the plants, description of their genomes from
a molecular genetic and cytogenetic point of view, and the genomic resources
developed. Detailed deliberations focus on the background history of the
national and international genome initiatives, public and private partners
involved, strategies and genomic resources and tools utilized, enumeration on
the sequences and their assembly, repetitive sequences, gene annotation, and
genome duplication. In addition, synteny with other sequences, comparison
of gene families, and, most importantly, the potential of the genome sequence
information for gene pool characterization through genotyping by sequencing
(GBS) and genetic improvement of crop plants have been described. As
expected, there is a lot of variation of these topics in the volumes based on
the information available on the crop, model, or reference plants.

I must confess that as the series editor, it has been a daunting task for me
to work on such a huge and broad knowledge base that spans so many
diverse plant species. However, pioneering scientists with lifetime experience
and expertise on the particular crops did excellent jobs editing the respective
volumes. I myself have been a small science worker on plant genomes since
the mid-1980s and that provided me the opportunity to personally know
several stalwarts of plant genomics from all over the globe. Most, if not all,
of the volume editors are my longtime friends and colleagues. It has been
highly comfortable and enriching for me to work with them on this book
series. To be honest, while working on this series I have been and will remain
a student first, a science worker second, and a series editor last. And I must
express my gratitude to the volume editors and the chapter authors for pro-
viding me the opportunity to work with them on this compendium.

I also wish to mention here my thanks and gratitude to the Springer staff,
particularly Dr. Christina Eckey and Dr. Jutta Lindenborn for the earlier set
of volumes and presently Ing. Zuzana Bernhart for all their timely help and
support.

I always had to set aside additional hours to edit books beside my pro-
fessional and personal commitments—hours I could and should have given
to my wife, Phullara, and our kids, Sourav and Devleena. I must mention that
they not only allowed me the freedom to take away those hours from them
but also offered their support in the editing job itself. I am really not sure
whether my dedication of this compendium to them will suffice to do justice
to their sacrifices for the interest of science and the science community.

New Delhi, India Chittaranjan Kole
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Preface

The cultivated apple (Malus� domestica Borkh.) is one of the most important
tree fruit crops of temperate regions of the world. It is widely cultivated and
grown in North America, Europe, and Asia. The apple fruit is a highly
desirable fruit due to its flavor, sugar and acid content, metabolites, aroma, as
well as its overall texture and palatability. Furthermore, it is a rich source of
important nutrients, including antioxidants, vitamins, and dietary fiber. As a
result, consumption of apple fruits elicits various health benefits. The leading
apple-producing countries include China, USA, Turkey, Italy, Russia, and
other countries in Eastern Europe, among others.

The apple belongs to the genus Malus, subfamily Maloideae, and family
Rosaceae. There are between 25 and 30 Malus species. Although there are
over 10,000 documented cultivars of apple, commercial cultivation of apple
is limited to relatively fewer numbers of cultivars. Thus, the limited gene
pool coupled with difficulties associated with traditional tree breeding and
genetic improvement efforts have necessitated the development of modern
tools of marker-assisted breeding, as well as of other genomic resources and
biotechnology tools to overcome these constraints and accelerate genetic
improvement efforts. Over the past 25 years, various research efforts have
been undertaken to expand and utilize these resources, including various
biological and molecular markers, mapping, expressed sequence tags (ESTs),
bacterial artificial chromosome (BAC) libraries, genetic transformation,
genome sequencing, RNA-Seq, genome-wide association, and comparative
genomics, among others, to better investigate and understand the structural,
functional, evolutionary pathway of the apple genome, and its domestication.

This volume on The Apple Genome covers information on the economics;
botany, taxonomy, and origin; germplasm resources; cytogenetics and
nuclear DNA; genetic improvement efforts of scion cultivars; genetic and
genomic improvement efforts of rootstocks; genetic and physical mapping;
genomic resources; genome and epigenome; regulatory sequences; utility of
whole genome sequencing and gene editing in trait dissection; flowering and
juvenility; cold hardiness and dormancy; fruit color development; fruit
acidity and sugar content; metabolomics; biology and genomics of micro-
biome; apple domestication; and opportunities and challenges for genetic
improvement of the apple.

The apple tree is cross-pollinated, self-incompatible, and with a long
juvenility period of 5 to 6 years. The apple has a long history of having
undergone interspecific hybridization from its center origin in the Shian Tan
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region in China along its path along the Silk Route, as it moved to Europe
and then to North America, and to other parts of the world. Most early
commercially grown cultivars have been selected as chance seedlings.
However, apple breeding programs, particularly in North America, Europe,
Japan, New Zealand, and China, among others, have contributed to the
release of cultivars with desirable fruit quality traits, as well as with other
desirable horticultural traits that have become important cultivars, grown
either in traditional commercial orchards or in new organic orchard farms.
Moreover, commercial apple rootstocks have primarily been developed from
breeding programs in the United Kingdom, North America, and various
European countries, such as Germany, Poland, as well as in Russia, among
others. As with other tree fruit breeding programs, classical apple breeding is
a long-term and expensive effort. However, recent significant advances in
apple genomics have ushered a new era for pursuing major apple genetic
improvement initiatives and efforts.

In recent years, modern genetic and genomic tools have contributed to the
development of significant valuable resources, including those myriad
molecular markers, genetic and physical mapping, genetic transformation,
structural and functional genomics, genome sequencing, gene microarrays
and chips, metabolomes, genome-wide association studies, comparative
genomic studies, as well as gene editing. These tools and resources have
provided new knowledge of the apple genome and those genes and quanti-
tative trait loci that control various vegetative and reproductive traits, as well
as those controlling various biotic and abiotic stress traits, including those
economic traits associated with propagation, response to controlled fruit
storage conditions, as well as those involved in the complex microbiome
system of the apple.

All collective genetic tools, as well as genomic, transcriptomic, metabo-
lomics, and biome resources, are providing unprecedented opportunities for
exploring and unraveling genetic variation, evolution, and domestication of
apple, as well as in pursuing more robust and integrated approaches for
genetic improvement and enhancement of apple cultivars, as well as of apple
rootstocks. This wealth of new resources will have a major impact on our
knowledge of the apple genome, along with a better understanding of bio-
logical networks and pathways that are of particular importance, and are
unique to the apple. In turn, these resources and knowledge will have sig-
nificant impacts on efforts for genetic improvement of apple and will have
significant impact on the apple industry.

The Apple Genome book covers our current knowledge of world eco-
nomics of the apple industry; botanical and taxonomic classifications; apple
genetic diversity and conservation; ploidy and cytogenetics; genetic studies
and genetic improvement efforts of apple cultivars; apple rootstock genetic
and genomics efforts; genetic and physical linkage maps; whole genome
sequencing strategies and exploration of the epigenome; analysis of regula-
tory sequences; gene editing efforts; genetic and biotechnology analysis of
flowering and juvenility; genetic and genomic understanding of dormancy
and cold hardiness; genetics and genomic analysis of fruit color development;
genomic analysis of fruit acid and sugar contents; metabolomic analysis of
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fruit quality; fundamental analysis of the apple microbiome; origin of the
apple through the domestication process; and potential future prospects for
omics in genetic improvement efforts of apples.

All 18 chapters included in this volume provide a broad and a wealth of
information and comprehensive overview of the status of early and ongoing
efforts to delineate and better understand the genetics, breeding, genomics,
and other advances in omics for benefit for the apple. This volume offers
knowledge, research efforts, research findings, and delves into opportunities
and challenges, as well as approaches and technologies that will support
future research and discovery efforts that will not only be of benefit for
genetic improvement efforts, but also to the apple industry as a whole.

Urbana, IL, USA Schuyler S. Korban
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1Economic Importance of the World
Apple Industry

Desmond O’Rourke

Abstract

The apple industry is a global economic
powerhouse whose tentacles reach into every
aspect of the world economy. Therefore, it is
important to explore these inherent links and
assess objective measures of the industry’s
relative economic importance. Among major
fruits, the apple is second in volume to the
banana. However, it far outdistances the
banana in total revenue and revenue per
hectare. While major apple exporting coun-
tries have remained relatively stable over time,
imports have grown more rapidly in many
developing countries than in traditional mar-
kets. Understanding the apple system is com-
plicated due to the fact that vestiges of the
industry’s agrarian past and legacy distribu-
tion systems co-exist with the most progres-
sive segments of the industry. Thus, it is
critical to consider those major factors that
underlie the industry’s evolution, including
land, capital, labor, water, and purchased
inputs. The latter have become crucial to
advances in the industry’s productivity.
Governments around the world have played
changing roles in the industry, as arbiters of
grades and standards, sources of capital,

providers of emergency relief, and, for many
years, central planners for the entire national
industry in communist countries. The apple
product is also changing from relatively stable
open access commodities to exclusive club
cultivars with unique names, brands, and
labels. Fresh apple marketers now employ
marketing services long used by major con-
sumer packaged goods manufacturers. Extrin-
sic factors, such as the environmental
credentials of the producer or marketer, have
become as important as intrinsic factors such
as fruit size and color. The firms, districts, and
countries that can most rapidly adapt to future
changes will become increasingly important to
the industry. Those who fail to adapt will
continue to face shrinking opportunities.

1.1 Evolution of the World
Commercial Apple Industry

The apple is one of the world’s oldest permanent
crops. For millennia, small farms have reserved
plots of land for apple trees intended solely for
household use in either fresh or preserved form.
Over time, commercial orchards have been
established near towns so that their products
could be sold in local markets. Moreover, the
choice of cultivars for planting has been based on
tradition as well as on trial and error. Only
primitive methods have been available for storing
apples much beyond harvest. Sorting, packing,
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and marketing have been left to the individual
farmer, and to his or her family. At the time,
transactions have been primarily direct between
the producer and the final consumer.

From that humble beginning, the apple
industry has become a global economic power-
house whose tentacles reach into many aspects of
the wider world economy. This chapter briefly
surveys how the world apple industry is inte-
grated into the world economy and attempts to
provide some objective measures of the eco-
nomic importance of this industry.

Ferree and Warrington (2013) noted that
“Remains of apples have been reported in his-
toric sites dating to 6500 B.C. Long-distance
trade routes between the Mediterranean area and
various areas of Asia developed as early as 3500
B.C. and fostered the spread of both fresh and
processed apples.”With the industrial revolution,
advances in transportation and storage technol-
ogy allowed fresh apples to be sold commercially
over longer time periods, and over greater dis-
tances. By the beginning of the twentieth cen-
tury, fresh apples could be shipped from distant
colonies to the mother country. For example,
Australia, New Zealand, and South Africa ship-
ped off-season supplies of fresh apples to Great
Britain. Most long-distance supplies were ini-
tially sold at auction markets that had developed
near either major ports or railroad terminals in
the receiving country. Wholesalers, brokers, and
jobbers bought at auction markets and redis-
tributed apples to homes, retail stores, and
restaurants.

As the volume of commercial apples
increased, and the gap in time and distance
between producers and consumers became wider,
it was necessary to introduce grades and stan-
dards to facilitate transactions. Suppliers were
forced to become more discriminating in segre-
gating products of different quality to meet the
demands of their distant customers. As different
suppliers had established different standards, for
much of the twentieth century, it was agreed to
by both buyers and sellers that only a govern-
ment agency could be trusted to develop, test,
and guarantee consistent grades and standards.
Thus, government agencies became an integral

part of both domestic and international fruit
marketing systems by establishing minimum
standards for products allowed for either trade or
importation. The Great Depression of the 1930s
brought many apple producers close to bank-
ruptcy and triggered various government initia-
tives to support domestic producers via domestic
subsidies, tariffs, and quotas to reduce imports.
Following World War II, many countries in both
Eastern Europe and Asia adopted centrally
planned economic systems. Government inter-
vention became omnipresent in the collectiviza-
tion of orchard ownership, price setting, product
distribution, and control of imports. The system
gradually fell apart following the collapse of
central planning in the 1990s.

Following the end of World War II, along with
the expansion of self-service supermarkets, retail
grocery chains became increasingly important
buyers of most agricultural production, and the
role of auction markets in apple sales was greatly
reduced. Large retailers increasingly bought
directly from large suppliers around the world and
began to apply their own standards for purchasing
apples. Government grades and standards were
deemed as minimum acceptable standards in
domestic commerce, but governments retained
important roles in international trade.

Under pressure from various activist groups,
many retailers began to require suppliers to meet
standards developed by private agencies, such as
GlobalGap and the Safe Quality Food (SQF) that
set guidelines for safe chemical use, environ-
mental care, worker treatment, and wildlife pro-
tection, among others. To buttress their reputation
for social responsibility, individual retailers often
added their own more stringent standards.

Under pressure from large retailers, the apple
industry in developed countries has evolved into
large integrated grower–packer–marketer orga-
nizations. This development would have been
predicted by Ronald Coase’s theory of the firm
(Coase 1937). He has argued that firms with
multiple functions are a response to the high cost
of using markets. Integrated grower–packer–
marketers avoid costs of numerous transactions
between growers and packers, as well as those
between packers and marketers, therein
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providing the integrated firm with greater control
over their entire system. Yet, separate markets
for growers, packers, and marketers persist
alongside integrated formats.

Understanding the economics of the world
apple industry is complex due to many vestiges of
its agrarian past along with its legacy distribution
systems that currently co-exist with the most
advanced sectors of the industry. There are small
direct marketers and large integrated grower–
packer–marketers. There are massive retailers and
dwindling auction markets. There are government
grades and standards along with more stringent
private sector standards. There are firms that are
constantly seeking innovation as well as those that
are content with the status quo. As market com-
petition has increased, traditional agrarian prac-
tices have been increasingly replaced by practices
based on the latest science and technology,
although agrarian practices also remain. For these
reasons, it can be risky to generalize about many
aspects of the world apple industry.

This chapter will focus primarily on the most
dynamic and innovative segment of the world
apple industry. This progressive segment is
gradually replacing the more traditional sectors
in the industry. It increasingly applies science
and technology to every aspect of its production,
packing, and marketing activities.

1.1.1 Economic Factors Impacting
Individual Firms

A number of economic factors of production
have been critical to the success of individual
apple firms. These include land, capital, labor,
water, and purchased inputs. Each of these fac-
tors is discussed in detail in the following
sections.

1.1.2 Land, a Building Block
for an Industry

As noted above, land for apple orchards was
often a corner lot on a small farm that produced
apples for household use. Commercial orchards

initially used land adjacent to markets in towns
and cities. Advances in storage and transporta-
tion allowed apple orchards to be established at
longer distances from markets. Commercial
orchards flourished in localities possessing
comparative advantages in apple production.
However, most orchards remained confined to
traditional growing areas in rural settings.

The development of new apple cultivars with
higher levels of tolerance for different environ-
mental conditions, increased availability of irri-
gation systems, and improvements in
transportation and communication have allowed
for larger apple firms to extend production to
many different localities. Today, production units
under the same ownership are located in different
states, countries, or even continents. Firms have
wide discretion in where they will locate their
apple production.

Another significant development in land use
in apple production has been the increased den-
sity of plantings. Early experiments on increased
density plantings have been conducted in Bel-
gium and in the Netherlands due to scarcity and
cost of land. It has been observed that higher
numbers of small-sized trees, using dwarfing
rootstocks along with posts and wires for sup-
port, could be planted per hectare. Moreover,
other benefits became rapidly apparent, including
earlier cropping and higher yields of fruit, as well
as ease of harvesting. Furthermore, average costs
of production dropped as fixed costs could be
spread over a larger volume of production. The
International Dwarf Fruit Tree Association, now
known as the International Fruit Tree Associa-
tion, used conferences and study tours to spread
the message around the world. Producers in dif-
ferent countries learned from each other’s expe-
riences. Research studies to identify best-adapted
and optimum rootstocks, tree spacing, and tree
architecture for intensive plantings remain in
progress.

Wherein traditional orchards often have had
only 300 trees per hectare, most new plantings
now have 3,000 or more trees per hectare. This
has had two major effects. Production has
increasingly moved to land that is most produc-
tive under intensive planting systems.
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Furthermore, fewer hectares are now required to
generate the same volume of production.

1.1.3 Capital, the Engine
of Progressiveness

Access to capital has been critical to loosening of
geographical limitations on apple firms, and to
the application of progressive techniques and
systems in the apple industry. Capital enabled
apple firms to acquire land, access outside ser-
vices, apply new technologies, and expand
operations at every level to gain economies of
scale. Access to capital has not been uniform
across the apple world. Many firms in many
countries remain handicapped by their inability
to access adequate capital.

Capital can be gained and/or sought from a
number of sources, including retained earnings,
commercial lenders, investment companies, and
governments. The first source is internal capital,
generated from retained earnings. In general, the
best-performing apple firms have been able to
generate earnings over and above those needed to
compensate for capital, labor, and entrepreneur-
ship invested in the business. These retained
earnings allow the producer to either expand
operations or further invest in enhancing the
business. Integrated grower–packer–shippers
have a clear advantage over producer firms in
generating surplus earnings as their revenue from
packing and marketing tends to be more stable
than that from orchard operations, and so they
tend to be among the best-performing firms.
Middle performing firms often operate in an
environment where the firm can be kept afloat,
but there is no surplus for expansion. In contrast,
the worst-performing firms frequently use up
their available capital for operator living expen-
ses and other survival needs. A temporary
downturn in prices can put them out of business.

A second major source of capital is from
commercial lenders. As these lenders require
collateral, they are more likely to lend to the best-
performing firms, and least likely to lend to
struggling firms. They also tend to be inconsis-
tent suppliers of capital, favoring lending to the

apple industry when apple prices are high, and
abandoning the industry when apple prices are
low, and when external financing is most needed.

The third source of capital has been long-term
investments by insurance companies, pension sys-
tems, and other organizations that consider perma-
nent crops as an important part of a diversified
portfolio. However, because of their scale, these
entities tend to invest only in large operations.

A final important source of capital has been
various levels of government, including local,
state, national, and international entities. Inter-
national bodies, such as the International Mone-
tary Fund or the World Bank, have funded
orchard development in selected countries as part
of efforts to stimulate emerging or transition
economies. Many individual countries have
provided capital to growers for replanting
schemes to help modernize orchards. Within the
European Union, the costs of such schemes have
often been shared between European, national,
and district governments. However, the avail-
ability of capital from governments tends to be
quite erratic, and subject to disruption from
overall budget pressures. For example, many
apple-producing countries in Eastern Europe that
joined the European Union in 2004 hoped to
receive large injections of capital from EU funds.
However, budget constraints and the Great
Recession of 2008 greatly limited available aid.

1.1.4 Labor, the Great Vulnerability

While the total pool of capital for which indi-
vidual apple firms can compete is very large, the
pool of labor for which they compete is limited,
and under constant threat. The demand for
orchard labor tends to peak during early-season
pruning and during harvest. A century ago, in
rural areas, families were large, and there was
much underemployed labor that could be utilized
at these peak times. However, declines in family
size as well as the greater opportunities for out-
migration from rural areas since World War II
have reduced that surplus labor.

In many major apple-producing countries,
seasonal labor needs in orchards have been met
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by migrant workers who have moved temporarily
across state or international borders, and then
returned back to their home base when their labor
is no longer needed. However, this stream of
migrants has dwindled, and tighter immigration
controls have made voluntary movement more
difficult. Potential farm workers increasingly opt
for full-time employment in industries that pro-
vide health and unemployment insurance, along
with other fringe benefits.

More countries have reverted to organized
labor schemes to bring in teams of orchard
workers for limited periods, and for predeter-
mined activities. Participating apple firms must
meet minimum standards for transporting, hous-
ing, and paying these workers. Although these
schemes have continued to expand, spot short-
ages of orchard workers have become more
widespread, and now threaten the viability of
many orchards.

For many years, the apple industry has been
exploring the use of mechanical harvesting to
substitute for labor at harvest time. This is
essentially a replacement of capital for labor.
While successful machine harvesting has
remained elusive, labor productivity has been
improved by the use of innovations, such as
harvest platforms. Breakthroughs in machine
harvesting could occur at any time. However, as
noted previously, many apple firms do not have
access to the capital needed to afford automated
harvest technology. However, without harvest
labor or effective mechanical replacements, the
future of many apple orchards will remain in
jeopardy.

1.1.5 Water, the Life Blood
of the Industry

Most traditional apple orchards depended on
natural rainfall for their water needs. However,
the timing and amount of water available were
rarely matched to the needs of the maturing fruit.
Water could also be provided at the local level
from free-flowing streams and wells. After rivers
were dammed to funnel water to public irrigation
schemes, apple production became feasible in

desert areas. Water would be provided at
appropriate times and in precise amounts needed
to optimize fruit development.

Rill (shallow channel) irrigation relies on
gravity to deliver water as needed. Overhead
sprinklers can be used if power is available. As
water supplies have become more limited and
expensive, many growers have turned to drip
irrigation, which can deliver precise amounts of
water to each individual tree. Each irrigation
method has strengths and weaknesses in terms of
delivering optimal moisture for fruit production.
For example, overhead irrigation is often fre-
quently used for frost control and/or for fertiga-
tion (delivering fertilizers or chemicals). Studies
are still ongoing for optimizing water delivery. In
recent years, drip irrigation has become a com-
mon practice in modern orchards in Europe, New
Zealand, Australia, Israel, and the USA, among
others.

In general, under irrigated systems, yields are
higher and fruit quality is more consistent than
under natural rainfall conditions. Even in rainy
climates, many progressive growers have intro-
duced supplementary irrigation to make up for
water shortfalls. However, this cannot easily
compensate for periods of excessive rainfall.

Public irrigation schemes provide distinct
advantages to participating producers. However,
only in rare cases do producers pay the full cost
of these systems. Competitors deem this as an
unfair subsidy. In addition, damming of rivers
has become controversial due to harmful effects
on fisheries, wildlife, and the environment. New
public irrigation schemes have become exceed-
ingly rare in developed countries.

1.1.6 Purchased Inputs, a Key
to Progress

While land, capital, labor, and water are essential
ingredients for any apple enterprise, access to
and exploitation of purchased inputs have
allowed apple firms to set and achieve unprece-
dented improvements in productivity. In the past,
most purchased inputs available to apple firms
have required little intellectual effort on the part

1 Economic Importance of the World Apple Industry 5



of the operator. For example, fuel to power a
tractor, fertilizer to improve the soil, or broad-
spectrum chemicals to control major pests and
diseases could be used following simple manu-
facturer instructions.

However, in the last two decades, the nature,
diversity, and quality of purchased inputs have
exploded. Scientific advances, both within agri-
culture and in many fields often deemed unre-
lated to agriculture, have resulted in technologies
that can be utilized in the apple industry. How-
ever, for such technological advances to be
effectively adopted, they often require the ser-
vices of expert employees, and/or of substantial
intellectual effort.

Among the categories of purchased inputs are
the following:

• Engineered products, such as tree support
systems, sprinkler systems, wind machines,
drip irrigation systems, and protective
canopies.

• Plant materials, including rootstocks, scion-
wood, grafted trees, grass seed, and wind-
breaks, among others.

• Chemical materials that promote tree and fruit
growth as well as control pathogens and pests.

• Biological materials such as beneficial insects
and honeybees.

• Transportation equipment such as tractors,
straddle trucks, and refrigerated containers.

• Electronic devices, such as computers, cam-
eras, smartphones, satellite systems, and
unmanned aerial vehicles (drones), often
interconnected to monitor, interpret, and
manage activities in the orchard, storage
facilities, packing houses, or processing
facilities.

• A multitude of other inputs for measuring,
monitoring, and control devices in which
genetic engineering, electronic, or other tech-
nologies are already embedded.

These purchased inputs have helped growers,
packers, and processors better understand and
manage the beneficial effects of soil, water, light,
and temperature, as well as minimize the adverse

effects of pests, diseases, and other deterrents of
successful fruit production, marketing, and
distribution.

All these purchased inputs extend the eco-
nomic footprint of the apple industry. Collec-
tively, they are both a cost to the industry and a
tool for improving productivity and quality.

1.1.7 Role of Storage in Apple
Marketing

Advances in storage techniques have transformed
apple markets by allowing quality products to
become available for many months after harvest.
Temperature control has long been recognized as
prolonging the shelf-life of apple fruits. China
has used caves, with their natural low tempera-
tures, to prolong storage life. For a century,
packing houses elsewhere have used refrigerated
storage, powered by electricity to store apples at
low temperatures. The next major advance in
storage techniques is the development of con-
trolled atmosphere (CA) storage, wherein the
oxygen concentration of air (21%) is reduced
from 21% down to 1–3% by flushing the storage
room with nitrogen gas, while carbon dioxide
levels are maintained at 3% or even lower, and
moisture levels are manipulated in sealed cham-
bers to slow fruit respiration. For some cultivars,
such as ‘Red Delicious’, standard controlled
atmosphere conditions have kept fruit saleable
for the entire marketing season. However, mod-
ified storage protocols have been gradually
developed to extend the shelf-life of other
mainstream apple cultivars. By the 1980s, CA
storage has become a major tool for packers and
marketers to prolong the shelf-life of apples
around the world.

Another major technological advance in fruit
storage has come with the introduction of
SmartFresh. The active ingredient in SmartFresh
is 1-methylcyclopropene (1-MCP), which is
injected into sealed storage rooms. This tech-
nology is undergoing some modifications to
improve its effectiveness for current and newly
developed apple cultivars.
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1.2 The Apple Product is Changing

The revenue side of the apple industry is also
diverse and changing. Many apple-producing
countries still rely heavily on traditional apple
cultivars to supply both fresh and processing
markets. Processors, retailers, and consumers
have been content to buy familiar products.

However, the main criticism of familiar
products is that they provide few opportunities
for both enhancing prices and increasing firm
revenues. In contrast, since the 1980s, progres-
sive operators have been able to gain price
premiums for a succession of new apple culti-
vars, such as ‘Fuji’ and ‘Gala’, or for socially
desirable production methods, such as integrated,
sustainable, or organic production.

When production increases of public cultivars
such as ‘Fuji’ and ‘Gala’ eroded price premiums,
progressive firms turned increasingly to club
cultivars. Although some breeders still sell pro-
duction and marketing rights for their new cul-
tivars to all comers, most now seek to gain long-
term control through the club system. The
underlying principle of clubs was “managed
scarcity”, keeping the supply of the new cultivars
below potential demand in order to maintain
price premiums. In an effort to maintain quality,
club sponsors attempted to limit plantings to
environments deemed most favorable for a par-
ticular new cultivar. Producers had to compete to
gain entry into these clubs, thus paying sub-
stantial licensing and marketing fees to retain
membership. In turn, these clubs were expected
to provide marketing and promotional services to
ensure a price premium high enough to more
than offset membership costs.

In the early years of club development, many
producing areas and individual producers were
excluded from club membership. In response,
state or regional breeding programs were
encouraged to hasten the development of new
apple cultivars suitable for even disadvantaged
localities. This greatly expanded opportunities
for producers to participate in either one or more
clubs.

1.2.1 How Many Cultivar Clubs
are Too Many?

Early clubs were welcomed by both retailers and
consumers. In response, many additional clubs
were set up to promote new cultivars. Consumers
welcomed novel tastes, and retailers were able to
increase gross profit margins per unit sold.

However, most retailers have only finite shelf
space that they can allocate to apples, and con-
sumers in developing countries have not been
willing to increase their overall consumption of
fresh apples. The net effect of the expansion of such
clubs has been the gradual displacement of main-
stream cultivars. The shelf space for cultivars such
as ‘RedDelicious’, ‘GoldenDelicious’, ‘Braeburn’,
‘Jonagold’, and ‘Cameo’ has already eroded. ‘Gala’
remains particularly vulnerable to displacement.

As more marketers attempt to sell larger vol-
umes of their club cultivars to the same retailers,
their collective ability to manage controlled
scarcity will be eroded. Inevitably, this will lower
the prices of club cultivars. It is still too early to
determine which clubs or how many clubs will
be able to maintain an acceptable premium to
sustain the format.

1.2.2 Nurseries Face Challenges

Traditionally, apple growers propagated their
own trees and made replacements very slowly
over time. However, as the number of commer-
cial growers expanded, specialized nurseries
developed to provide uniform plant materials.

After World War II, the average life span of
an apple tree was about 50 years. This meant that
only about 2% of trees were replanted each year.
Most replants were of the same mainstream
cultivars. Over time, nurseries competed in pro-
viding improved strains of mainstream cultivars
that promised to provide higher yields, compact
tree growth habits, enhanced disease resistance,
superior color, or longer storage life.

The introduction of new cultivars, such as
‘Granny Smith’, ‘Fuji’, ‘Gala’, and ‘Braeburn’ in
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the 1970s and 1980s, has prompted nurseries to
become more adept at predicting the future
demand for different cultivars and numerous
strains. The proliferation of club cultivars has
raised new concerns. As most club cultivars are
non-public, nurseries have to compete for the
rights to propagate new cultivar releases. In
many cases, selected nurseries have become key
partners with the initial sponsors of club cultivars
and have had to place some of their capital at risk
in the roll-out and management of club cultivars
and/or of new cultivar releases. As with mar-
keting operations, nurseries have navigated to
search the apple world for access to new cultivars
that offer the best potential for future growth.

Nurseries have to keep abreast of the latest
developments in apple breeding programs and
new genetic tools/technologies, both for the
release of new apple cultivars, and/or for testing
of the true genetic identity of these new cultivars
or strain releases to deal with any claim disputes.

1.2.3 Painting the ‘Lady’

Promotional campaigns have been used for dec-
ades by the apple industry. However, most pro-
motions were aimed at either wholesalers or
retailers, and not at the consumer. For example,
many traditional labels sought to distinguish
themselves with depictions of children, rabbits,
swans, fish, wildlife, and other images with little
direct connections with the fruit.

Modern marketers are increasingly trying to
differentiate club cultivars they sponsor by using
promotional tools that packaged goods manu-
facturers have been using for decades. These
include distinctive image-building, creating the
cultivar’s “story”, branding, packaging, and
promotion that reinforce a memorable marketing
message.

The most recognizable pioneer of this
approach was the global ‘Pink Lady’ cultivar
program, managed in Australia and based on the
‘Cripps Pink’ cultivar. The images, logos, pack-
aging, public relations, and promotion efforts
were coordinated and based on the pinkish col-
oration of this apple, and they were geared to

appeal to young adult upwardly mobile females.
The ‘Jazz’ apple from New Zealand drew from
the slightly daring and exciting image of the
musical jazz scene.

More recent new cultivars, such as ‘Ambro-
sia’ from Canada and ‘Kanzi’ from Belgium,
have capitalized on favorable cultural associa-
tions. ‘Ambrosia’ is the “nectar of the gods”,
while ‘Kanzi’ means “treasure” in Swahili.

While intrinsic properties of new cultivars,
such as color, taste, and texture, are important, it
is those extrinsic (created) properties, such as a
product’s association with status, social respon-
sibility, affluence, or indulgence that will become
increasingly important in the battle for the apple
consumer’s attention. Thus, marketing services
that have long been used in the packaged goods
industry will become a vital element in the front
lines of the apple production industry. However,
just as in the production sector, the level of
sophistication and progressiveness in apple
marketing will vary across the board. Those that
can use marketing services most effectively will
have a distinct advantage in competition. The
organizations with the strongest marketing arms
will be the biggest winners.

The success of ‘Honeycrisp’ has proved to be
an exception. Bred under Minnesota conditions,
and sold as an open-access cultivar, it has pre-
sented many production challenges in other
microclimates. However, ‘Honeycrsip’ has
become popular with North American con-
sumers, and by 2017, it is the sixth-largest apple
in volume produced in both the USA and
Canada. It has not had similar success in Europe
where it must compete with a different mix of
popular apple cultivars.

Another development driven by changes in
consumer tastes and preferences has been the
growth in popularity of apples produced using
organic methods. In the USA, organic apples
continue to sell at retail and at a premium of over
30%. Due to relatively fixed marketing costs, the
premium at the shipping point often approaches
100%. It appears that organic consumers erro-
neously assume that organic apples are chemical-
free. Retailers are happy to indulge such con-
sumers, and prices are likely to remain relatively
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high as organic production is not economic
except in desert climates with low pest pressures.
Producers in such areas will continue to expand
organic production until the price advantage of
organic over conventional production is eroded.

1.3 A Global Industry

The apple industry has become a truly global
industry. While the industry in many countries
has been initially based on plant materials
developed in Europe and then has spread over to
distant colonies, there is little direct contact
among operating industries in different conti-
nents. However, the success of Southern Hemi-
sphere suppliers in Northern Hemisphere markets
with ‘Granny Smith’, ‘Fuji’, ‘Gala’, and ‘Brae-
burn’ has led many Northern Hemisphere sup-
pliers to plant the same cultivars and to attempt
to learn from experiences of their southern rivals.

In turn, due to cost pressures, producers,
packers, and marketers in both Europe and North
America took the lead in introducing new pro-
duction practices, such as high-density plantings,
as well as innovations in packing, such as
computer-controlled sorting systems, and cold
storage, such as CA storage. Suppliers in Asia
and in the Southern Hemisphere came to observe
and learn. Many different forms of contact
increased, from private visits to organized tours,
such as those conducted by the International
Fruit Tree Association, to international nursery
associations, and to young people interning in
other countries. With instant communication,
innovations in any country could now rapidly be
transmitted around the world in print and online.

Much of the apple production in Southern
Hemisphere countries, such as Chile and New
Zealand, is geared primarily towards export
markets. However, production has now vastly
grown among major Northern Hemisphere pro-
ducers, including France, Italy, Poland, the USA,
and China thereby rendering continued expan-
sion of exports crucial to the viability of their
apple industries. In recent years, about 40% of
total apple production in France, Italy, and
Poland is exported. However, to meet retailer

demands for year-round supplies, marketers of
established cultivars, such as ‘Gala’ and ‘Fuji’,
have imported off-season supplies from other
hemispheres. Many apple club organizations
have set up permanent global arrangements,
wherein planting, production, and marketing
quotas are preset for each country, while pack-
ing, storage, and marketing rights are allocated
for different territories and for different seasons.
This allows for supplementary supplies to be
imported from other franchised territories. As in
other elements of the apple industry, many
operators continue to think only in local terms,
while the more progressive firms are increasingly
thinking globally.

1.4 Quantitative Estimates
of the Economics of the World
Apple Industry

Quantitative estimates of the value of the world
apple industry should be handled with caution for
several reasons. Often data become available
several years after the fact, so it is difficult to
gauge current readings of the industry’s worth.
For the sake of comparability, most global data
are presented in terms of US dollars. However,
changes in exchange rates between the US dollar
and national currencies can distort trends in the
worth of specific national industries, and periods
of rapid inflation can make comparisons between
time periods more precarious.

The following four charts present gross data for
the world apple industry provided by the United
Nations FAOSTAT website. These figure com-
pare data for 2007 with those for the latest period
covered, 2017, for the world’s three largest fruits,
including apples, bananas, and oranges. In 2007,
the area harvested for apples is slightly less than
that for bananas, and more than 22% greater than
that for oranges (Fig. 1.1). By 2017, the banana
area has increased by 12%, while that for the apple
area has increased by only 2%, and the orange
area has decreased by over 2%.

World production of apples was very similar
to that of oranges in 2007, but 30% below that
for bananas (Fig. 1.2). Between 2007 and 2017,
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banana production grew by 20.7%, and apple
production by 26.6%; whereas, production of
oranges grew by only 12.2%.

Average yields of apple, banana, and orange
plantings offer misleading comparisons, as the
value per ton varies widely. To take into account,
these different unit values, FAOSTAT also
reports on the world gross production value for
each fruit. These data are reported in constant
2004–2006 US dollars. In 2006, the world gross
production value of apples is almost $27 billion,
while that for banana production is 6.7% less and
that for orange is more than 50% less (Fig. 1.3).
In 2016, the latest year for which data are
available, the world value of apple production is

41.2% higher than that in 2006, that of bananas is
27.8% higher, but that of oranges is only 11.9%
higher.

A more accurate measure of the comparative
value of a bearing hectare of apples compared to
a hectare of either bananas or oranges is provided
(Fig. 1.4). In 2004, a one-hectare of apples has
yielded $5,288. In contrast, a hectare of bananas
has yielded 6.4% less, and a hectare of oranges
has yielded 37.1% less. Between 2006 and 2016,
this gap has widened even further as the apple
value has grown by 38.3%, compared to growths
of 19.9% for bananas and only 7.5% for oranges.
Apples continue to outperform the two other
major fruits in economic value.
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Fig. 1.1 World area harvested of apples, bananas, and oranges between 2007 and 2017 (million hectares). Source
United Nations, Food and Agriculture Organization, FAOSTAT database (2019). Accessed September 10, 2019
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Fig. 1.2 World production of apples, bananas, and oranges in 2007 and 2017 (1,000 metric tons). Source United
Nations, Food and Agriculture Organization, FAOSTAT database (2019). Accessed September 10, 2019
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Another indicator of global economic value is
the percent of each major fruit exported.
Using FAOSTAT data, percentages for apples,
bananas, and oranges for 2006 and 2016 are
presented in Fig. 1.5. It is observed that bananas
have recorded the highest percentages of world
production exported in both years, far ahead than
those of both apples and oranges. However,
oranges have recorded a 1 percentage point gain
in the share exported between 2006 and 2016.

Similarly, FAOSTAT data have been used to
compare average values of exports (Fig. 1.6). It is
observed that the average value per metric ton of
apples exported in 2006 was 21.1% greater than
that for oranges and 83.4% greater than that for
bananas (Fig. 1.6). Moreover, between 2006 and
2016, the average value of apples exported rose

by 28.7%, while that of bananas by 52.8%, and
of oranges by 31.9%, thus maintaining the
apple’s lead in average value exported.

In order to evaluate and compare apple
exports and imports in different countries, data
are extracted from FAOSTAT (for 2008) and
from the United Nations Comtrade online data-
base (for 2018). It is revealed that the relative
importance of apple exports and imports to dif-
ferent countries is likely to continue to change
(Table 1.1).

In particular, Table 1.1 shows how total world
exports, and those of countries that were among
the top 10 fresh apple exporters in 2008, fared by
2018, the most recent year for which data were
available. It was found that the total world fresh
apple exports increased modestly in volume over
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Fig. 1.3 World gross production value of apples,
bananas, and oranges in 2006 and 2016 (billion dollars
—at constant 2004–2006 dollars). Source United Nations,

Food and Agriculture Organization, FAOSTAT database
(2019). Accessed September 10, 2019
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the decade, while average price grew less than
inflation. All, but for one of the countries, ranked
among the top 10 exporters of fresh apples in
2008 were also in the top 10 in 2018. Belgium
lost its place to Moldova. China retained its
number one ranking in both years. Poland
jumped four places in the rankings, and New
Zealand jumped two places. In contrast, Chile
and France fell by two places, and the Nether-
lands and Belgium dropped by four places. The
role of the Netherlands and Belgium in trans-

shipments dropped sharply in the 2008–2018
decade.

Interestingly, there were equally dramatic
changes in volume and average price of fresh
apple exports by major exporting countries over
the decade. The volume of exports from Poland,
New Zealand, and the USA rose by over 30%,
while those of the Netherlands and Belgium fell
by more than half. Average prices were more
than 50% higher for China and New Zealand,
and more than 20% higher for Chile, the
Netherlands, and South Africa. Four countries,
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Fig. 1.5 Export share of world production of apples, bananas, and oranges in 2006 and 2016 (Percent). Source United
Nations, Food and Agriculture Organization, FAOSTAT database (2019). Accessed September 10, 2019

624.33

340.35

515.61

803.54

519.96

680.32

0

100

200

300

400

500

600

700

800

900

OrangesBananasApples

Value per ton exported ($)

2006 2016

Fig. 1.6 Average value of apples, bananas, and oranges exported in 2006 and 2016($ per metric ton). Source United
Nations, Food and Agriculture Organization, FAOSTAT database (2019). Accessed September 10, 2019

12 D. O’Rourke



including France, Italy, Poland, and Belgium,
suffered price declines. Price differences between
exporters remained wide in both seasons. For
example, average US export prices were more
than twice those of Poland in both 2008 and
2018. While there was a steady trend in trade
patterns, disruptions continued to arise from
changes in apple demand and supply, as well as
from abrupt policy changes, such as the embargo
placed by the Russian Federation in 2014 on
imports of fruits from the European Union, USA,
and Australia.

The total world fresh apple imports along with
both volume and rank of the top 10 apple
importing countries in 2008, as well as their
status in 2018 are presented in Table 1.2. Pre-
liminary estimates suggest that the world volume
of apple imports has declined between 2008 and
2018, while the average price has risen slightly
faster than inflation. The results for major
importing countries are mixed. Only 4 of the top
10 importers in 2008 have imported more fresh
apples in 2018, while 6 have imported less.
However, unlike the top 10 exporters, 3 of the
top 10 importers in 2008, including Belgium, the
USA, and the United Arab Emirates, are no
longer in the top 10 in 2018. In addition, the

Netherlands has dropped from fourth to sixth
place, and Spain has dropped from fifth to tenth
place. Interestingly, Belgium and the Netherlands
have been major transit points for fresh fruit
destined for other markets in continental Europe.
Therefore, their declining imports reflect how
large retailers in continental Europe have sourced
more of their fresh produce directly and have
taken their market share from traditional impor-
ters and wholesalers in Belgium and the
Netherlands.

New entrants among the top 10 importers in
2018 (not shown in Table 1.2) are India, Belarus,
and Saudi Arabia. Belarus’ rise is linked to
diversion of trade flows due to the 2014 Russian
embargo on imports of produce (including fresh
apples) from member countries of the European
Union. By 2018, India has become the world’s
fourth-largest importer of fresh apples. Other
Asian countries, including Hong Kong, the
Philippines, Indonesia, and Thailand, have
become increasingly important importers of fresh
apples as Europe’s influence on apple imports
has waned.

Similar trade patterns to those of the last
decade are likely to persist in the next decade.
Major fresh apple exporting countries are likely

Table 1.1 World and top 10 apple exporters in 2008 (Rank and Volume in 1,000 metric tons in 2008 and 2018)

Country Rank
(2008)
(#)

Volume
(2008)
(1,000 mt)

Rank
(2018)
(#)

Volume
(2018)
(1,000 mt)

Volume change
(2008–2018)
(%)

Average price
change (2008–
2018) (%)

World – 7,807.9 – 8,032.4 + 2.9 + 12.5

China 1 1,188.1 1 1,118.5 −5.9 + 90.5

Chile 2 766.3 4 779.0 + 1.7 + 24.0

USA 3 712.5 2 928.8 + 30.4 + 4.0

France 4 684.1 6 611.5 −10.6 −17.4

Italy 5 683.4 5 686.4 + 0.4 −1.3

Netherlands 6 391.8 10 194.2 −50.4 + 22.4

Poland 7 371.0 3 794.3 + 114.1 −4.5

South
Africa

8 358.1 7 448.6 + 25.3 + 26.6

Belgium 9 261.9 13 122.0 −53.4 −15.8

New
Zealand

10 260.8 8 369.4 + 41.6 + 56.7

Sources 2008, UN, FAO online database. 2018, UN, Comtrade, online database. Accessed September 10, 2019
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to continue to dominate fresh apple exports.
However, the volume and value of fresh apple
imports are heavily dependent on changes in per
capita income in each importing country. That, in
turn, can be influenced in each country by global
demand for its principal exports, attractiveness
for foreign investment, and astuteness of eco-
nomic policies and trade alliances engineered by
the government.

1.5 Apple Industry Economic
Connections

The apple industry has multiple, and ever
expanding, economic linkages with other sectors
of the economy. Attempts at the measurement of
these connections have tended to be ad hoc in
nature and not easily expanded to a global basis.
These connections differ for the production (or-
chard) segment of the industry that generates the
raw material; for packing and processing seg-
ments that prepare apple products for market; and

for the marketing segment that ensures delivery
of apple products to retailers, and to consumers.

1.5.1 Production Segment
Connections

Occasional studies of production costs for apples
highlight those major factors involved in the
establishment and production of different culti-
vars of apples. Most of these studies utilize data
from representative growers for a single cultivar,
thus they are not statistically valid indicators of
the economic experience of all apple producers
in an entire growing district or region. In addi-
tion, different analysts include different produc-
tion materials and activities; therefore, it remains
difficult to compare unit production costs
between countries and/or growing districts.

Major expenses for establishing an orchard
block include the following: acquiring and
preparing the needed land, purchasing rootstocks
and/or grafted trees, setting up trellising and

Table 1.2 World and top 10 apple importers in 2008 (Rank and Volume in 1,000 metric tons in 2008 and 2018)

Country Rank
(2008)
(#)

Volume
(2008)
(1,000 mt)

Rank
(2018)
(#)

Volume
(2018)
(1,000 mt)

Volume change
(2008–2018)
(%)

Average price
change (2008–
2018) (%)

World – 7,372.1 – 6,777.8 −8.1 + 19.8

Russian
Federation

1 1,062.9 1 843.5 −20.4 + 25.3

Germany 2 613.3 2 653.6 + 6.6 −0.3

UK 3 481.8 3 391.8 −18.7 + 1.0

Netherlands 4 396.4 6 238.1 −39.9 + 2.4

Spain 5 227.9 10 185.7 −18.5 + 13.2

Mexico 6 188.4 5 278.9 + 48.0 + 9.4

Belgium 7 177.7 15 146.3 −17.7 −3.0

Canada 8 166.2 7 219.2 + 31.9 −14.4

USA 9 165.3 18 131.0 −20.8 + 64.3

United
Arab Emir

10 157.8 12 169.9 + 7.7 + 11.0

Sources For 2008, UN, FAO online database. For 2018, UN, Comtrade, online database. Accessed September 10, 2019
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irrigation systems appropriate to the site and to
the cultivar, planting ground cover (if necessary
or desired), acquiring machinery and equipment
required for establishment activities, and paying
interest on the capital invested in the enterprise.
In each successive year after planting, additional
production inputs, such as chemicals and pesti-
cides, fuel and oil, wind machines, protective
covers and orchard labor, are required. Further-
more, as output increases, more harvest labor and
equipment, including fruit storage facilities, are
required, as well as more housing and trans-
portation must be provided for this labor.

Orchard owners and managers interact regu-
larly with suppliers of diverse inputs, including
nurseries, sellers of fertilizers and chemicals,
engineering companies, computing, electronic
and communication companies, and banks or
other financial intermediaries. Increasingly, to
optimize the use of inputs or quality of outputs,
producers draw on the expertise of both public
and private consultants. They must assess the
relative costs of each input and their relative
contribution to gross and net revenues. In eco-
nomic terms, they must continually weigh the
marginal cost of each additional input against its
marginal productivity. As production systems
become increasingly more complex, producers
must make more and more inter-related decisions
about marginal productivity. While all producers
seek to maximize the gap between total revenue
and total costs, individual producers vary in how
they reach this goal, depending on their choice of
necessary inputs and the productivity of their
operations.

1.5.2 Packing and Processing
Connections

Quantitative studies of the economics of apple
packing and processing are even rarer than those
available for orchard operations. For both cases,
the raw product is received in bulk form, and
then converted into either individual packs or
containers to meet the demands of wholesalers,
retailers, and consumers.

Most packing and processing plants require
buildings, machinery, and equipment (whether
fixed lines or mobile equipment, such as forklift
trucks) to move the raw product to different work
stations within the plant. They require storage for
raw and packed products, labor for sorting and
packing, and packing materials. The raw product
goes through a series of steps before becoming a
marketable product. These include dumping onto
a packing line, sorting, packing, combining into
pallet units, and pre-shipment storage.

Traditionally, about one-third of the cost of
packing apples for the fresh market has been in
fixed plant overhead, one-third in labor, and one-
third in packing and other materials. However,
more progressive firms are in the process of
continually replacing labor with capital. For
example, many, once mechanical operations
have now been automated, sorting by humans is
supplemented by electronic sorters, and packing
operations are often machine-aided.

Traditionally, outputs of packing houses and
processors are standard cartons of bulk products.
However, the apple industry increasingly imi-
tates manufacturers of packaged consumer goods
in using outer containers of many different
weights and dimensions to meet the requirements
of major retailers, and in using inner packages,
such bags, pouches, tubes, kiddie packs and other
special formats, rather than the traditional bulk,
loose product. Different large retailers often have
conflicting specifications for container size and
shape, packaging materials, labeling, branding,
and promotional claims. Packing houses must
work closely with their major marketers in
meeting the exact needs of their retail customers.

These developments have presented packing
houses and processors with conflicting business
challenges. Many continue to seek out econo-
mies of scale by building larger plants, installing
faster machinery, and increasing plant through-
put to lower fixed costs per unit of output. As
long as the plant is turning out a standard pro-
duct, such a strategy is deemed effective. How-
ever, as packing houses and processors have
responded to customer demands for more diverse
products and pack types, they have had to incur
additional costs for selective sorting, packaging

1 Economic Importance of the World Apple Industry 15



materials, and packaging machines for different
items. As these specialty costs have begun to
offset economies of scale, many larger operators
have increasingly turned to use high-powered
electronics to efficiently handle the diversity of
items. Some larger operators have begun to
dedicate separate operations, or separate lines, to
individual fresh apple products. For example,
some large operators dedicate a separate plant to
handling organic apples. Such trade-offs between
meeting retailer needs and securing economies of
scale are likely to become more common.

Apple processing is now dominated by a
small number of countries, and by a few indi-
vidual firms that specialize in the production of
apple juice concentrate. The concentrate industry
has several unique characteristics. It continues to
be based on a processing technology developed
in the 1970s. In general, concentrate plants are
only economically feasible if they can acquire
raw apples below the full cost of their produc-
tion, usually apples that cannot meet fresh market
standards.

Concentrate processing is now dominated by
a few countries, notably China, Poland, Chile,
and Argentina, while import markets are domi-
nated by the USA and western Europe. Returns
to concentrate manufacturers vary widely as
prices respond to changing availability of con-
centrate supplies. In contrast, most users of
concentrate products such as single-strength
apple juice, juice blends, or other fruit-based
products can pass on costs to their customers
while maintaining a satisfactory profit. Many are
subsidiaries of major international consumer
product companies that have sophisticated pro-
duct development, marketing, and promotion
programs. They will continue to utilize apple
juice concentrate as long as it can be used for
profitable consumer products.

1.5.3 The Evolution of Price Setting
in Fresh Apples

Until recently, the spot (or cash) market in fresh
apples dominated dealings between marketers
and their wholesale and retail customers. Most of

this business was conducted by long-distance
telephone or telefax. Deals were usually price-
driven. Wholesale or retail buyers sought quotes
from potential suppliers for a desired cultivar and
grade at the best possible price. Marketers would
bid against each other for the most desirable
clients. As the internet became more widely
accessible, some major retailers attempted to use
online auctions to achieve the same ends.

When marketers were small and numerous,
they welcomed generic promotions of apples. For
the second half of the twentieth century, apple
promotion was dominated by grower-funded
organizations. Some were national in scope,
such as ENZA Limited in New Zealand or
Capespan in South Africa. Other bodies, such as
the Washington Apple Commission in the USA
or BC Tree Fruits in Canada, represented the
state or provincial growers. Many generic pro-
motion organizations for fresh market apples
either disappeared or shrunk in influence as
marketers became fewer in number, yet larger in
size.

Food retailers have also become larger in size
through mergers and consolidations. As the
number of retail outlets controlled by retail
chains has grown and outlets become geograph-
ically dispersed, large retailers incurred heavy
penalties if they were out-of-stock on any item.
Increasingly, retailers have placed the burden on
large marketers for ensuring the availability of
desired items for all 12 months of a year.
Retailers have also sought assistance from mar-
keters to ensure that stocks move rapidly off
retail shelves. Therefore, in addition to ensuring
that desired apples are continually being replen-
ished, apple marketers have become more heav-
ily involved in merchandising and promotion
activities to stimulate continuous sales at the
retail level.

Marketers have become obligated to take on
new roles, such as experimenting with new
packaging designs, as well as conducting in-store
sampling and organized promotional contests for
their retail customers. They have also increas-
ingly attempted to influence consumers through
social media, such as Facebook, Twitter, or
YouTube, as well as through firm blogs, contests,
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and/or co-opting food influencers to promote
their products.

Large marketers have also played a major role
in acquiring exclusive rights to club (or man-
aged) apple cultivars. Almost every major apple
marketer now has exclusive national or regional
rights to at least one club cultivar. Their goals for
new cultivars have varied from providing selec-
ted retailers with a novelty apple available for
only a few weeks, to establishing a cultivar that
would challenge mainstream cultivars such as
‘Delicious’ or ‘Gala’ throughout the year.

To date, the benefits of new club cultivars
have generally outweighed costs. Consumers
have been willing to pay premium prices for
desirable new features. Retailers have enjoyed
higher margins on club apples. Marketers have
been able to earn higher prices than mainstream
cultivars, and they have been able to pass back
substantially higher returns to affiliated growers.
The biggest losers to date have been producers
that have not, for various reasons, been able to
gain access to club cultivars.

However, the volume of club cultivars is
expected to grow very rapidly in the next decade.
If club apples are to maintain their price premi-
ums, more consumers who appreciate novel
tastes are needed. Thereby, retailers will have to
devote more shelf space to new cultivars, and
marketers will have to continue to gain a com-
petitive edge with retailers by supplying a steady
stream of new cultivars. As the volume of club
cultivars expands, their price premiums are likely
to come under pressure. In addition, they are
more likely to cannibalize the market share held
by traditional mainstream cultivars. Apple mar-
kets could remain in flux for many years.

1.6 The Apple’s Place in Society
and in Business

The apple is likely to play a prominent role in
society and in business for many years to come.

1.6.1 The Apple’s Place in Society

The production of apples has adapted to many
environments around the world. The apple also
responds well to long-term cold storage and can
withstand the rigors of transportation over long
distances. As a result, it has become one of the
leading fruits consumed in many societies. In
most developed countries, the apple is the first or
second most widely consumed fresh fruit. Con-
sumption has also grown rapidly in many
developing countries as a rising middle class
seeks to diversify from local tropical or semi-
tropical fruits.

Thus, the world apple industry must deal with
two offsetting trends. In developed countries,
demand for apples continues to be under threat,
while in developing countries, demand for apples
has been on a strong upward trend. As popula-
tions of developed countries have become older
and more affluent, their demands for alternative
exotic fruits have expanded, and thereby eroding
the demands for traditional fruits such as apples.
In developing countries, an opposite phe-
nomenon is observed, wherein apples are
deemed as a good alternative, and increasingly
desirable, fruit.

Apple producers, packers, and marketers in
the developed world are dealing with reduced
demand in their domestic markets. If they wish to
expand, they will have to increase their exports to
the rest of the world. However, the production of
apples has also grown very rapidly in lower-
income countries, including China, Turkey,
Chile, South Africa, and Poland, and these
countries are also seeking to expand sales to the
rest of the world. The outcome of this clash
between two major opposing forces cannot be
predicted with certainty. However, it will con-
tinue to rearrange the role of apple consumption
in many countries.

1.6.2 The Apple’s Place in Business

The apple industry supports many forms of
transportation, including truck, rail, and ship, as
well as many fixed resources, including ports and
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wholesale markets, in moving its products
around the world. In addition, apples play a
special role in production departments of most
retail food stores, as they are available year-
round. In contrast to oranges or bananas, they
provide consumers with many options in terms of
cultivar, size, color, and taste, among others.
They also suffer from very little shrink on retail
shelves compared to competing fruits. Finally,
they provide consistently large gross profit mar-
gins for retailers.

For many retailers, the quality and selection of
their produce departments have become major
competitive factors in wooing shoppers. How-
ever, their appeal is based on two competing
trends. One is the desire of retailers and con-
sumers for access to continual supplies of stan-
dard produce items. The other is their desire for
new, exciting, and innovative fruit offerings. The
upshot of these competing desires is that apples
will remain a major element in retail production
departments. However, the shelf space devoted
to apples will face continuous threats from more
novel fruits. In turn, the shelf space devoted to
established apple cultivars will be subjected to
constant pressure from newer apple cultivars.
This suggests that the apple industry will have to
continue to devote considerable resources to new
product innovation with the full awareness that
such innovation may displace mainstream culti-
vars from retail shelves. The apple industry will
face a challenge in balancing familiarity with
innovation while retaining adequate return on
investment.

1.6.3 The Role of Continuing
Innovation

Leading firms and producing districts in the
world apple industry have become committed to

finding and exploiting innovations, whether
developed within the apple industry, or in the rest
of the economy. Pressures from consumer acti-
vists and government regulators, demands of
major retailers, expansion of alternative fruits,
and competition among firms for a share of the
apple market, are likely to stimulate continuing
innovation among leading apple firms.

Those apple firms, whether growers, packers,
processors, or marketers, that fail to keep up with
the leading firms and producing districts, will
find themselves squeezed out of the industry. The
world apple industry can expect dynamic change
to continue indefinitely.

1.7 Concluding Remarks
and Future Prospects

The economics of the world apple industry will
continue to change rapidly in response to
changing pressures from the food distribution
system, and the applicability of emerging new
technologies. Those firms, districts, and countries
that best discern future trends, and have the
personnel and capital to implement the needed
changes, will become an increasingly important
share of the world apple industry.
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2Botany, Taxonomy, and Origins
of the Apple

Gayle M. Volk, Amandine Cornille,
Charles-Eric Durel, and Ben Gutierrez

Abstract

Apples are important from both a cultural and
nutritional standpoint. The fruit produced
from the cultivated apple, Malus � domestica
Borkh., is grown in temperate regions
throughout the world. Ornamental crabapple
trees represent other Malus species and are
generally valued for their landscape properties
rather than their fruits. Genetic analyses of
apple cultivars and species have revealed
domestication pathways, pedigree relation-
ships, as well as data that guide genebank
collection management practices. Molecular
information is also critical for breeding pro-
grams that are using new techniques to
identify novel genetic combinations with

enhanced biotic and abiotic stress resistance
as well as desirable fruit quality and produc-
tion traits. This chapter includes information
about wild apple species, origins of cultivated
apples, genetic assessments, as well as some
basic information about tree phenology, archi-
tecture, and propagation methods.

2.1 Introduction

Malus spp., belonging to the family Rosaceae,
includes approximately 61 apple wild species
and hybrids, traditionally taxonomically orga-
nized based on key morphological distinctions
(Qian et al. 2006), and a single cultivated species,
Malus � domestica Borkh. Worldwide, apples
are one of the most economically important fruit
crops (Bramel and Volk 2019). Fruit from M. �
domestica is harvested for fresh consumption,
cider, and processing uses, while other species of
Malus are cultivated as either rootstocks or
ornamentals. Wild Malus species are primarily
found in temperate climates throughout much of
the northern hemisphere, with China as a primary
center of origin (Juniper and Mabberley 2006).
Malus � domestica is proposed to have origi-
nated primarily from its progenitor, M. sieversii,
which is native to Central Asia and Western
China (Harris et al. 2002; Cornille et al. 2015,
2019).
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2.2 Wild Malus Species and Hybrids

Most Malus species have a haploid genome with
17 chromosomes originating from genome
duplication (Daccord et al. 2017). However,
there is a range in genome size and ploidy among
and within species (Höfer and Meister 2010;
Chagné et al. 2015). Most dessert apple cultivars
are either diploid or triploid, while wild species
of Malus may be diploid, triploid, or tetraploid.
Malus genera have been subdivided into eight
sections, likely corresponding to their geographic
origins (Fig. 2.1, Table 2.1).

Section Malus includes the cultivated apple,
M. � domestica, along with its primary crop
relatives including M. sieversii (Ledeb.) M.
Roem., M. orientalis Uglitzk., and M. sylvestris
Mill., as well as a number of other related species
(Table 2.1). These three species, as well as M.
prunifolia (Willd.) Borkh., share regions of
nuclear and chloroplast sequences with M. �
domestica (Fig. 2.2; Velasco et al. 2010; Niki-
forova et al. 2013; Volk et al. 2015). Moreover,
microsatellite, or simple sequence repeats
(SSRs), markers have revealed that M. �
domestica and M. sieversii form distinct genetic

groups, with M. � domestica being a panmictic
group (Cornille et al. 2012). Assessments of the
wild apple genetic diversity using microsatellite
markers have compared diversity among and
within sampling locations in Kazakhstan (M.
sieversii), the Caucasus region (M. orientalis),
and Europe (M. sylvestris). It is found that the
three wild species form distinct genetic groups in
Eurasia but are only weakly genetically differ-
entiated from each other (Richards et al. 2009;
Cornille et al. 2013, 2015; Volk et al. 2008).
Furthermore, data suggest that there is substantial
gene flow among populations and species. These
findings support the existence of wild Malus
populations that are highly outcrossing (Richards
et al. 2009) and that range contractions may have
occurred during glacial periods in Europe (Cor-
nille et al. 2013).

Sections Sorbomalus, Gymnomeles, and Yun-
nanensis are comprised of wild species native to
China and the Far East (Fig. 2.1 and Table 2.1,
USDA 2020; Zhi-Qin 1999; Volk et al. 2015; Yu
1988). An exception is M. fusca (Raf.) C.K.
Schneid. (Section Sorbomalus), which is native
to the western coast of North America, and it is
suggested to have arrived in North America
across the Bering Strait (Qian et al. 2006;
Robinson et al. 2001; Routson et al. 2012).

Section Docyniopsis includes the only tropical
apple species, M. doumeri (Bois) A. Chev., that
grows in the wild in Southern China, and as far
south as Vietnam. Moreover, M. leiocalyca S.Z.
Huang and M. tschonoskii (Maxim.) C.K. Sch-
neid. have also been assigned to this section
(Robinson et al. 2001).

Each of sections Florentinae (M. florentina
(Zucc.) C.K. Schneid., native to Southern Eur-
ope) and Eriolobus (M. trilobata (Poir.) C.K.
Schneid., native to the Middle East and Southern
Europe) has a single species. These are deemed
as likely European relict species (Qian et al.
2008) that share common ancestries with North
American Malus species in Section Chloromeles
(Fig. 2.1, Forte et al. 2002). Ancestors of the
species within Sections Florentinae, Eriolobus,
and Chloromeles may have inhabited the north-
ern landmass in the Cretaceous Period when
current North America and Europe have been in

Section 
Malus 

Section Sorbomalus
Section Gymnomeles

Section 
Florentinae

Section 
Chloromeles

Section 
Yunnanensis

Section 
Docyniopsis

Section 
Eriolobus

Fig. 2.1 Relationships among sections of Malus based
on chloroplast sequence data of Malus as adapted from
Volk et al. (2015) and Robinson et al. (2001)
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close proximity, and have then diverged when
these continents have separated (Forte et al.
2002).

Section Chloromeles consists of M. coronaria
(L.) Mill., M. angustifolia (Aiton) Michx., and
M. ioensis (Alph. Wood) Britton, these are found
in eastern North America. Moreover, these
appear to be the most distant species from M. �
domestica and from Sections Malus and Sorbo-
malus based on assessments of chloroplast
sequence data (Lo and Donoghue 2012; Robin-
son et al. 2001; Volk et al. 2015).

Most research onMalus focuses heavily on the
cultivated, consumed apple. While dessert apples
have sweet fruit, crabapples represent their
counterparts, wherein fruit is bitter, acidic, and in
terms of human edibility, unappealing. The term
crabapple could be used to describe nearly all
species other than M. � domestica species.
Generally, crabapples bear smaller fruit, although
fruit size varies significantly (Cornille et al.
2014). In general, crabapple fruit size ranges from
10 to 50 mm (USDA 2020). Although poor in
fruit quality, crabapples have a significant eco-
nomic impact, particularly as ornamentals (Fiala
1994). Additionally, they are planted in com-
mercial orchards as pollinizers. Many ornamental
crabapples are either specific selections from
Malus wild species or have developed as hybrids
between two Malus species, as Malus species are
interfertile/cross-compatible (Table 2.2).

2.3 Cultivar Origins

Desirable apple trees have been originally iden-
tified in their native settings. The first drivers of
the domestication of apple are most probably

Table 2.1 Sections of Malus*

Malus Mill. Sect. Malus

Malus chitralensis Vassilcz

Malus crescimannoi Raimondo

Malus � domestica (Suckow) Borkh

Malus muliensis T.C. Ku

Malus orientalis Uglitzk

Malus prunifolia (Willd.) Borkh

Malus sieversii (Ledeb.) M. Roem

Malus spectabilis (Aiton) Borkh

Malus sylvestris (L.) Mill

Malus zhaojiaoensis N.G. Jiang

Malus Mill. Sect. Sorbomalus

Malus fusca (Raf.) C.K. Schneid

Malus kansuensis (Batalin) C.K. Schneid

Malus komarovii (Sarg.) Rehder

Malus sargentii Rehder

Malus toringo (Siebold) de Vriese

Malus toringoides (Rehder) Hughes

Malus transitoria (Batalin) C.K. Schneid

Malus zumi (Matsum.) Rehder

Malus Mill. Sect. Gymnomeles

Malus baccata (L.) Borkh

Malus halliana Koehne

Malus hupehensis (Pamp.) Rehder

Malus mandshurica (Maxim.) Kom. Ex Skvortsov

Malus sikkimensis (Wenz.) Koehne ex C.K. Schneid

Malus spontanea (Makino) Makino

Malus Mill. Sect. Yunnanensis

Malus honanensis (Rehder)

Malus ombrophila Hand.-Mazz

Malus prattii (Hemsl.) C.K. Schneid

Malus yunnanensis C.K. Schneid

Malus Mill. Sect. Docyniopsis

Malus doumeri (Bois) A. Chev

Malus leiocalyca S.Z. Huang

Malus tschonoskii (Maxim.) C.K. Schneid

Malus Mill Sect. Florentinae

Malus florentina (Zucc.) C.K. Schneid

Malus Mill Sect. Eriolobus

Malus trilobata (Poir.) C.K. Schneid

(continued)

Table 2.1 (continued)

Malus Mill. Sect. Malus

Malus Mill. Sect. Chloromeles

Malus angustifolia (Aiton) Michx

Malus coronaria (L.) Mill

Malus ioensis (Alph. Wood) Britton

*This list is based on information collected from USDA
(2020), Robinson et al. (2001), and Qian et al. (2006, 2008)
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fruit size and organoleptic traits (Yao et al. 2015;
Duan et al. 2017). Malus � domestica is pro-
posed to have arisen from the progenitor species
M. sieversii (native to Western China, Kaza-
khstan, and other Central Asian countries). Wild
M. sieversii trees exhibit a wide range of fruit
diversity (Fig. 2.3), and these may have served
as original sources for domestication events in
China and Russia, as well as for western culti-
vars. Then, during its journey along the Silk
Routes through the Caucasus region (native toM.
orientalis) and Europe (native to M. sylvestris),
M. sieversii underwent several hybridization
events with local wild apples (Fig. 2.4; Cornille
et al. 2019; Duan et al. 2017; Gao et al. 2015;
Luby 2003; Peace et al. 2019). When Greeks and

Romans brought apples into Europe, about
1,500 years ago, M. sieversii was introgressed to
M. sylvestris, the European crab apple (Cornille
et al. 2012, 2014, 2019).

During its journey along the Silk Routes,
desirable M. � domestica trees were vegetatively
propagated locally to preserve desirable genetic
combinations. Traits that were especially favored
included lower acidity and higher sugar content,
thus resulting in numerous cultivars with sweet
or sub-acid fruits (Duan et al. 2017; Ma et al.
2018). Domestication, and recent breeding
efforts, also changed fruit metabolic composi-
tions and lowered levels of phenolic compounds
influencing astringency, bitterness, and color
(Lea and Arnold 1978; Sanoner et al. 1999; Khan

M. prunifolia M. sieversii
M. sylvestris

M. orientalis

M. × domestica

Fig. 2.2 Relationships amongMalus � domestica and primary crop wild relatives based on chloroplast sequence data (
adapted from Volk et al. 2015)
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et al. 2014), particularly as fruits were increas-
ingly used for fresh and dessert consumption, in
contrast to making alcoholic ciders. In Europe,
Russia, and China, particular offsprings were
named as cultivars and propagated.

Some apple cultivars are likely to be from the
Roman period, including ‘Annurca’ and ‘Decio’.
Moreover, there are many examples of Old-
World apple cultivars, such as ‘Winter Pearmain’
(the year 1200), ‘Calville Blanc d’Hiver’ (1598),
‘Court Pendu Plat’ (1613), ‘Blenheim Orange’
(1740), ‘Antonovka’ (1826), and ‘Yellow
Transparent’ (1850) (Fig. 2.5).

Apple seeds and trees moved along as Euro-
peans migrated to North America. Apple seeds
were planted throughout North America, and in
some cases, seedling trees were named, propa-
gated, and thereafter referred to as cultivars. The
plethora of seedling apple trees and hundreds of
cultivars that were named led to the designation
of North America as a likely secondary center of
origin for apple cultivars. Early North American
apple cultivars included ‘Roxbury Russet’
(1600), ‘Rhode Island Greening’ (1650), and
‘Esopus Spitzenburg’ (1735). Interestingly,
molecular marker-based pedigree inferences
identified pedigrees of cultivars derived from
North American seedling trees (Muranty et al.
2020). For example, ‘Esopus Spitzenberg’ was
found to be directly derived from the French
cultivar ‘Reinette Franche’ (1510). By the mid-
1800s, the most popular apple cultivar in the
USA was ‘Ben Davis’, a cultivar identified from
a North American seedling in about 1800
(Fig. 2.6).

Centuries of domestication, selection, and
propagation have resulted in a wide range of
genetic diversity among apple cultivars. Some
have bitter, phenolic traits desirable for hard
cider production. Other cultivars have a wide
range of fruit shapes and skin color, including
stellar shape (e.g., ‘Api Etoilée’), ribbed apple
(e.g., ‘Calville Blanc d’Hiver’), fully russeted
fruit (e.g., ‘Renetta Grigia di Torriana’), or
burgundy-colored apple mutants (e.g.,
‘Bravo’™). Furthermore, new cultivars have
enhanced biotic and/or abiotic stress resistance,
as well as tree architectures that lend themselves
to modern horticultural practices, including
automated harvesting. Modern cultivars may also
have an extremely long fruit shelf-life, particu-
larly when stored under controlled atmosphere
conditions (Stanger et al. 2018). In addition,
modern cultivars and production practices result
in high crop loads (i.e., number of fruits per tree),
thus necessitating fruit thinning to avoid biennial
bearing. Another innovation for breeding pro-
grams is the identification and use of wild apple
species carrying desirable genes and alleles for
disease resistance. For example, M. floribunda
‘821’ is a source for Vf (Rvi6) apple scab

Table 2.2 Taxonomy of Malus interspecific hybrids and
progenitor species as listed in GRIN-Global (USDA 2020)

Taxon Proposed parentage

M. �
adstringens

M. baccata � M. pumila

M. �
arnoldiana

M. baccata � M. floribunda

M. � asiatica M. sieversii � M. baccata

M. �
astracanica

M. prunifolia � M. pumila

M. �
atrosanguinea

M. halliana � M. toringo

M. �
dawsoniana

M. � domestica � M. fusca

M. � gloriosa M. � scheideckeri � M. pumila
'Niedzwetzkyana'

M. � hartwigii M. baccata � M. halliana

M. �
magdeburgensis

M. pumila � M. spectabilis

M. �
micromalus

M. spectabilis � M. baccata

M. �
moerlandsii

M. � purpurea � M. toringo

M. �
platycarpa

M. � domestica � M. coronaria

M. � purpurea M. � atrosanguinea � M. pumila
‘Niedzwetzkyana’

M. � robusta M. baccata � M. prunifolia

M. �
scheideckeri

M. floribunda � M. prunifolia

M. � soulardii M. ioensis � M. pumila

M. � sublobata M. prunifolia � M. toringo

M. �
xiaojinensis

M. toringoides � M. kansuensis
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resistance allele for several commercial cultivars
(Janick 2002).

Today, there are many well-known apple
cultivars that are sold as specialty cultivars
around the world, including those from Europe
(‘Cox’s Orange Pippin’), Russia (‘Antonovka’,
1826), Japan (‘Fuji’, 1930s), Australia (‘Granny
Smith’, 1868), New Zealand (‘Braeburn’, 1952;
‘Gala’, 1930s), and the USA ‘(Golden Deli-
cious’, 1914; ‘Red Delicious’, 1880; ‘Honey-
crisp’, 1991) (Fig. 2.7). Surprisingly, many of
these well-known apple cultivars have been
identified as chance seedlings or bred decades or
even hundreds of years ago. Breeding programs
continue to select for improved disease resistance
and stress tolerance, fruit quality, and storage
characteristics (Laurens et al. 2010).

Sometimes apple trees spontaneously mutate,
and these mutations result in the observable

change(s) that can be maintained following clo-
nal propagation. These “sports” of a cultivar are
nearly identical genetically to the original culti-
var and are usually not detected using most
genetic techniques. Sport variation ranges from
mild to extreme. For example, ‘Red Delicious’
has a series of sports with various fruit red color
pigmentation/or patterns, and ‘Sargeant Russet
Golden’ is a russeted sport mutant of ‘Golden
Delicious’ (Fig. 2.8; Gross et al. 2012). Another
form of observed mutations, chimeras, is most
often visible as sectional variations in apple fruit
coloration. However, such chimeras are generally
not maintained during clonal propagation.

2.4 Genetic Characterization

Genetic characterization of apple cultivars has
long been grounded in the so-called pomological
descriptions, based on accurate phenotypic
observations of various fruit and tree traits
(Juniper and Mabberley 2006). In his ‘Diction-
naire de Pomologie’, A. Leroy cites the first
classifications performed by Greek writers such
as Théophraste who subdivided Greek apple
cultivars into six types according to their phe-
nology or fruit taste (Leroy 1873). In modern
times, biochemical analyses have been used to
characterize sets of apple cultivars in addition to
morphological traits. However, such biochemical
analyses are more geared for purposes of
description rather than classification.

Genetic characterization of apple cultivars
began with isozyme analyses in the 1980s and
1990s (Weeden and Lamb 1985; Menendez et al.
1986; Korban and Bournival 1987; Battle et al.
1995). Subsequently, analyses of microsatellite/
SSR markers have led to the collection and
species diversity assessments, as well as for use
in genetic fingerprinting for cultivar identity
analyses. These markers can also be used to
determine cultivar/genotype trueness-to-type, as
well as identify duplications and sport-families
within collections. Assessments have been per-
formed for national apple genebank collections
in France, the UK, the USA, and elsewhere
(Lassois et al. 2016; Hokanson et al. 2001; Gross

Fig. 2.3 Diversity of fruits collected fromMalus sieversii
trees growing at the USDA National Plant Germplasm
System Apple Collection (Peggy Greb, USDA Image
Gallery)
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M. sieversii

M. sylvestris

M. orientalis
Malus sp. 

from China

Fig. 2.4 Proposed routes of Malus domestication, with
circled fruit denoting likely domestication lineages.
Orange-colored arrows denote domestication routes of
apples of European ancestry, while Black-colored arrows

denote domestication route of apples in Russia, and
Purple-colored arrows denote domestication of apples in
East Asia

Fig. 2.5 Watercolor
paintings of apple fruits from
Old World apple cultivars.
a ‘Blenheim Orange’, United
Kingdom, 1740; and
b ‘Yellow Transparent’,
Russia, 1850 (National
Agricultural Library 2020)

2 Botany, Taxonomy, and Origins of the Apple 25



et al. 2012; Ordidge et al. 2018). Microsatellite
assessments of collections have also facilitated
international collection comparisons (Evans et al.
2011; Urrestarazu et al. 2016).

Genebank collections serve as reference sets
of known cultivars to aid in the identification of
historic fruit trees on public and private lands
(Routson et al. 2009; Lassois et al. 2016; Magby
et al. 2019). Recently, single nucleotide poly-
morphism (SNP) arrays and genomic sequencing
have rapidly advanced our capacity to determine
pedigree relationships, pursue marker-based
selection breeding programs, and target specific
cultivars/genotypes with alleles of particular
interest to breeding programs (Cornille et al.
2019; Peace et al. 2019; Ordidge et al. 2018;
Muranty et al. 2020; Howard et al. 2017;
Baumgartner et al. 2016). The most frequently
cited apple SNP arrays are the International
RosBREED SNP Consortium (IRSC) Illumina
Infinium 8K SNP array (Chagné et al. 2012), the

Illumina Infinium 20K SNP array (Bianco et al.
2014), and the Affymetrix Axiom 487K SNP
array (Bianco et al. 2016).

2.5 Tree Phenology
and Architecture

Self-rooted apple trees grow to heights ranging
between 2 and 20 m and have juvenile periods
ranging between 4 and 12 years (Fischer 1994).
Juvenility is a significant challenge for breeding
and genetic research in apples. An early bearing
can be induced by grafting seedling trees onto
dwarfing rootstocks (Fazio et al. 2014). Trans-
genic approaches can drastically shorten gener-
ation cycles to 1 year or less (Flachowsky et al.
2011).

In general, inflorescences develop on first-
year fruiting shoots (i.e., 2-year-old wood),
brindles (medium shoots), or spurs (compact

Fig. 2.6 Fruits of historic North American apple cultivars. a ‘Roxbury Russet’ (1600 AD); b ‘Rhode Island Greening’
(1650 AD); c ‘Esopus Spitzenburg’ (1735 AD); and d ‘Ben Davis’ (1800 AD) (USDA 2020)
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shoots). Bourse shoots (short vegetative shoots)
develop proximally from the inflorescence
meristem and terminate in vegetative or
inflorescence buds (Costes et al. 2006). Floral
bud development is initiated after full-bloom
when terminal meristems either remain vegeta-
tive or commit to flowering (Foster et al. 2003).
The development of floral primordia is influ-
enced by genetic, physiological, and environ-
mental factors (Koutinas et al. 2010). Flowers
develop from inflorescences (consisting of 5–7
flowers) with a distinctive king flower. Flowers
are complete, typically arranged with five petals,
ranging from white to red in color. Malus trees
are either deciduous or semi-deciduous with an
alternate leaf arrangement. Leaves are typically
serrulate elliptical to ovate. Fruit is a pome
ranging from 3 to 12 cm in diameter, usually
with five carpels, a red, yellow, or green exocarp,
and typically a white mesocarp. The persistent
calyx may be open or closed, pedicle length is
typically 1.5 cm but ranges from 0.5 to 4.0 cm
(USDA 2020).

Growth habits of apple trees can be classified
into distinct categories based on the positioning
of fruits and branches, with columnar and
weeping representing the two extremes. High-

Fig. 2.7 A fruit display of internationally known culti-
vars of ‘Golden Delicious’, ‘Gala’, ‘Granny Smith’, and
‘Red Delicious’ apples (Scott Bauder, USDA Image
Gallery)

Fig. 2.8 Fruits of a ‘Golden Delicious’ and b ‘Sargeant Russet Golden’, a russetted sport of ‘Golden Delicious’
(USDA 2020)
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density planting favors more compact columnar
and spur types to maximize production and sus-
tainability. The genetic characteristics that con-
tribute to distinct architectural traits have been
identified (Kenis and Keuleman 2007; Segura
et al. 2009; Okada et al. 2020).

2.6 Propagation

Wild Malus trees propagate by seeds that are
often spread by animals. Malus species, includ-
ing M. � domestica, are self-incompatible (Igic
et al. 2008). They exhibit gametophytic self-
incompatibility, which is determined by the
multigenic S-locus with two major components
(Kubo et al. 2010; Pratas et al. 2018). One of
these two components is a pistil specificity S-
RNase that inhibits pollen tube growth from self-
pollen, and the second consists of S-pollen
specificity F-box proteins that recognize and
degrade non-self S-RNases (Kubo et al. 2010;
Pratas et al. 2018).

Due to self-incompatibility, apple trees must be
pollinated by a different cultivar/genotype as a
pollen source. Therefore, seeds collected from
these fruits are hybrids, and if germinated, they
grow into seedlings that are not true-to-type to their
maternal parent as they are highly heterozygous.
A notable exception is when seeds are derived
asexually from maternal tissues and are true-to-
type through apomixis. Apomixis is observed in
Malus species, including M. hupehensis (Pamp.)
Rehder andM. toringo (Siebold) de Vriese.

Cultivar-specific allelic combinations are
maintained through asexual propagation tech-
niques, with grafting as the most common
propagation method. Either dormant or summer
buds are budded/grafted onto rootstocks, thereby
resulting in a two-genotype compound tree sys-
tem, consisting of a combination of a rootstock
(below-ground) and a scion cultivar (above-

ground) (Fig. 2.9). This clonal propagation
method dates back approximately 4000 years
ago (Zohary 2000), and it has been used for
centuries to maintain identities of unique apple
selections. Remarkably, ‘Winter Pearmain’ fruit
consumed today has the same genetic profile as
that of fruit grown in 1200 AD. In some cases,
somatic mutations may accumulate as a result of
asexual propagation methods, but the rate(s) of
incidence of such mutations has not been well
documented.

Until the mid-1800s, rootstocks were derived
from seeds, and germinating seedlings were
grown simply for use in the vegetative propa-
gation of scion cultivars. Modern apple clonal
rootstocks have transformed apple production
worldwide, as these have been selected for par-
ticular desirable traits that they confer to scions,
including disease resistance and dwarfing, fruit
quality, tree habit, nutrient assimilation, and tol-
erance to biotic and abiotic stress (Marini and
Fazio 2018; also see Chap. 6 in this volume).
Modern rootstocks are vegetatively propagated
using mound layering or in vitro tissue culture
systems (Fig. 2.9, Teixeira da Silva et al. 2019).

2.7 Conclusions

Malus species have critical importance in world
agriculture, yet the genetic relationships among
wild species, their contributions to apple
domestication, and cultivar pedigrees are cur-
rently under investigation and will be elucidated.
Genomic approaches are being used to assess the
diversity of wild species, as well as those of
important and desirable cultivars. These wild
species and targeted cultivars are critical for
current and future breeding efforts to enhance
nutritional content, productivity, resistance to
various biotic and abiotic stress, as well as sus-
tainably of apple produced for future generations.
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3Apple Genetic Resources: Diversity
and Conservation

Gayle M. Volk and Paula Bramel

Abstract

Diverse apple cultivars and wild Malus
species offer necessary allelic diversity to
breeding and research programs. Wild apple
species are found in native landscapes of
countries throughout the Northern Hemi-
sphere; however, some of these species are
at risk of being lost, particularly if trees are
unable to thrive under changing climatic
conditions, disease/pathogen outbreaks, and
human encroachment. Apple genebanks have
been established to ensure that user commu-
nities have current and future access to these
genetic resources. Herein, we describe neces-
sary components of apple genebanks, includ-
ing collection maintenance forms (trees in
orchards, in vitro cultures, low-temperature
medium-term storage, and cryopreservation),
acquisition of genebank accessions, documen-
tation and data management, distribution of
collection materials, as well as characteriza-
tion and evaluation (phenotypic evaluations
and genetic tools for collection management).

We conclude with a summary of international
apple genebank holdings and provide some
examples of how collaborations among gene-
banks would benefit the global community.

3.1 Introduction

The Malus gene pool includes cultivars grown
for their fruit, which is used for food, vinegar,
and cider. These cultivars, many of which have
been grown for millennia, are classified as
M. � domestica. Malus � domestica cultivars
range from those having small-sized and high-
tannin content fruit that store poorly to those
having large, crunchy, and sweet fruit that can be
shipped and stored for many months. The
widespread availability of internationally recog-
nized commercial cultivars and the long lifespans
of trees ensure that they will likely be available
for generations to come. In contrast, many his-
toric and local cultivars are regionally grown or
exist as remnants in local orchards, field bound-
aries, or parks. These may be at risk of loss,
particularly if such trees are unable to thrive
under changing climatic conditions and/or
disease/pathogen outbreaks.

TheMalus gene pool is much broader than the
domesticated cultivars and includes wild species
found in countries throughout the northern
hemisphere. In fact, some of these wild Malus
species and hybrids have been selected and
grown as ornamental crabapple trees, valued for
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their bloom, shape, and bird habitats for the
landscape industry. The value of diverse apple
cultivars and wild species has long been recog-
nized, and efforts have been made to conserve
these genetic resources in national and local ex
situ collections in field genebanks. These col-
lections serve as sources of diverse germplasm
for researchers, breeders, nurseries, and some-
times even the general public. This chapter
focuses primarily on the conservation of apple
cultivars as well as Malus species diversity
within an ex situ genebank framework.

3.2 Malus Species Distribution
and Diversity

Wild apple species are often a key component of
apple genebank collections, providing access to
novel genetic resources that may not currently be
available from their native countries. Wild Malus
species offer diversity necessary for future
breeding programs that is not available within the
crop (Brozynska et al. 2015). Wild species may
provide novel alleles for disease resistance, as
well as desirable plant architecture, fruit quality,
rootstocks, and increased yield (Peace and Nor-
elli 2009; Fazio et al. 2009, 2014; Brown 2012;
Duan et al. 2017; Norelli et al. 2017). Although
most Malus species are interfertile, undesirable
fruit characteristics, non-uniform ripening times,
and other traits that are not amenable to com-
mercial apple production have mostly deterred
the use of wild species in breeding programs,
except for a few instances, such as the breeding
for apple scab resistance (with M. floribunda).
With technological advances, however, it is
becoming possible to transfer desirable alleles
from wild Malus species into the cultivated apple
faster and without deleterious effects on fruit
quality, quantity, and production traits (Kumar
et al. 2010). New technologies, such as marker-
assisted selection (MAS), genomic selection
(GS), genetic engineering, genome-wide associ-
ation mapping, high-throughput genotyping,
and/or rapid-cycling have made it more likely to
use a wider range of Malus wild species in
breeding programs (Velasco et al. 2010;

Flachowsky et al. 2011; Chagné et al. 2012;
Kumar et al. 2012, 2013; Troggio et al. 2012;
Evans 2013; Bianco et al. 2014, 2016; Broggini
et al. 2014; Ru et al. 2015).

Traditional breeding programs are more likely
to use closely related crop wild relatives to select
for genes that may enhance biotic or abiotic
stress resistance (Fig. 3.1; Bassett et al. 2011;
Bus et al. 2005; Harshman et al. 2017; Norelli
et al. 2017). The wild species M. sieversii
(Central Asia and Western China), M. orientalis
(Caucasus Region), M. sylvestris (Europe), and
M. prunifolia (China) are closely related to and
are likely progenitors of M. � domestica, as
demonstrated by both chloroplast sequence and
microsatellite/simple sequence repeat (SSR) data
(Nikiforova et al. 2013; Lo and Donoghue 2012;
Volk et al. 2015; Duan et al. 2017). The genetic
diversity of M. orientalis, M. sylvestris, and M.
sieversii has been compared to that of
M. � domestica using 19 SSRs (Gross et al.
2014). It is found that there are similar levels of
expected heterozygosity (He 0.780–0.848) and
observed homozygosity (Ho 0.728–0.779)
among representatives of sampled species. Alle-
lic richness ranges from 9.01 forM. � domestica
to 12.31 for M. orientalis, based on a sample size
of 40 accessions (Gross et al. 2014). Further-
more, genome sequence data have revealed that
the nucleotide diversity of M. � domestica is
lower than that of both M. sieversii (from
Kazakhstan) and M. sylvestris; however, M.
sieversii from the Tien Shan Mountains (China)
has a lower nucleotide diversity than that of
either M. � domestica or M. sieversii of Kaza-
khstan (Duan et al. 2017).

Assessments of apple cultivars based on
microsatellite/SSR data have revealed that the
genetic diversity available in apple cultivars has
not significantly changed between the 1600s to
the present, as measured by expected and
observed heterozygosity (Gross et al. 2014).
However, there is an increased level of diversity
in cultivars developed after the 1950s, and this
could be due to the introgression of genes from
the wild relatives for disease resistance (Gross
et al. 2014). SSR markers have been used to
identify old dessert, old cider, and modern
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cultivars present in the highly heterogeneous
French apple genebank collection (Lassois et al.
2016). Additional genomic assessments com-
paring cider and dessert apple cultivars have

revealed underlying genetic differences between
these two groups of M. � domestica and have
identified quantitative trait loci (QTLs) associ-
ated with key metabolic pathways, such as those

Fig. 3.1 Fruit images of various Malus species. a M.
sieversii; b M. orientalis; c M. sylvestris; d M. prunifolia;
e USDA-ARS National Plant Germplasm (NPGS) apple
collection; and f selected M. sieversii fruit samples from

the NPGS apple collection demonstrating phenotypic
diversity within Malus. Images provided by USDA-Plant
Genetic Resources Unit (a, b, c, d) and G. Volk (e, f)
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involved in the formation of polyphenolic com-
pounds (Leforestier et al. 2015). Furthermore,
diversity assessed using 16 SSR markers has
identified sets of cultivars that could be generally
differentiated based on their origin, including
northern and eastern Europe, western Europe,
and southern Europe (Urrestarazu et al. 2016).
This has suggested the presence of an underlying
genetic complex involved in the adaptation of
cultivars to these different regions. With this
knowledge, strategies can be developed to con-
serve and protect wild Malus species in their
native habitats and in ex situ genebanks to pre-
vent loses due to environmental, biotic, and
human pressures.

3.3 Apple Collections

Apple (Malus) collections have been established
by either federal or national governments, uni-
versities, private companies, arboreta, non-profit
organizations, and individuals. These collections
are usually long-term investments committed to
conserve cultivars and/or wild species for
research, breeding, conservation, distribution,
and public interest. In some cases, these collec-
tions may also be considered genebank collec-
tions, particularly if there is an emphasis on both
conservation and distribution of materials.

In the present context, apple genebanks are
considered to be collections of apple genetic
resources that are conserved for the long-term
and that are made available to a customer base.
These collections may take on many different life
forms, existing as trees in the field, as in vitro
cultures, or as seeds. Key aspects of apple gen-
ebanks include collection maintenance and
security back-ups, acquisition, distribution,
database documentation, and associated
phenotypic/genotypic information.

3.3.1 Collection Composition

Apple collections may include a number of dif-
ferent types of cultivars and species materials.
Some collections are designed to bring together a

set of highly desirable commercially grown fruit
cultivars. These may serve as a set of cultivars to
assess how cultivars perform under specific field
conditions for possible inclusion in production
orchards. Other collections may be comprised of
landraces of either local or historical importance.
In some cases, the fruit of these landrace or
historical cultivars may not have the same quality
attributes of major commercial cultivars, but they
could possess traits that render them adaptive to
local conditions or biotic/abiotic stress pressure
conditions. Arboreta and botanic gardens often
maintain apple tree collections; many of which
may be ornamental flowering crabapples valued
for their showy flowers along with small colorful
fruit that may persist on the tree long into the
winter months. Furthermore, apple collections
may include cultivars that are novelties. These
may have originated from far-away locations,
have local importance, and exhibit either inter-
esting or unusual desirable traits.

Apple collections may also focus on botanical
variations within Malus species. In this instance,
planted materials may represent wild apple spe-
cies to demonstrate the wide range of diversity of
traits available among apple species and to pro-
vide species exemplars for taxonomic and phe-
notypic evaluations, or for use in breeding
programs. Finally, apple collections may be
comprised of large plantings of a single wild
species for use in assessing phenotypic variation
and genetic diversity within a selected species. In
addition, these species orchards may be used as
seed sources for wild apple revegetation projects
(Schnitzler et al. 2014)

Financial and physical land constraints may
place limits on how extensive a specific orchard
collection can be, thus forcing institutions and
collection managers to ensure that their collec-
tion focus meets the needs of the intended user
community. Some genebanks have used pheno-
typic and genotypic data to identify smaller sets
of individuals that may be representative of a
larger collection (Hokanson et al. 1998; Gross
et al. 2013; Liang et al. 2015; Urrestarazu et al.
2016; Lassois et al. 2016). In some cases, core
sets have been designed to be smaller subsets of
the entire collection, and sometimes these are
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even a smaller set of a pre-defined part of a
collection (i.e., a specific species or a collection
region) (Hokanson et al. 1998; Gross et al. 2013).
Core collections have been identified, using both
morphological and SSR data, for M. sieversii and
M. orientalis collections in the USDA-ARS
National Plant Germplasm System (NPGS)
(Volk et al. 2005, 2009; Richards et al. 2009).
Core subsets for cider and dessert apples have
also been established for French apple collections
(Lassois et al. 2016; LeForestier et al. 2016).

3.3.2 Maintenance Forms

The majority of the world’s apple genebanks is
maintained as field collections, with either one or
several trees of each cultivar or species repre-
sentative grown in either a single or in duplicated
orchards. These field collections may be sup-
plemented with in vitro collections, cryopre-
served back-ups, and seeds in long-term storage.

3.3.2.1 Field Collections
Most apple collections are grown in the field as
cultivars/species (commercial, historic/landrace,
and ornamental, among others) and are grafted
onto rootstocks. Specific apple cultivars/species
are clonally propagated and maintained by
grafting/budding, as they are not true-to-type
when seeds from a specific cultivar/species are
planted. Apple trees are self-incompatible, with
bees delivering pollen from neighboring trees of
different genetic backgrounds. Seeds resulting
from outcrossed cultivars are hybrids, and have
combinations of genes from both parents; more-
over, recombination events usually result in
seeds likely carrying undesirable combinations of
traits.

Traditionally, rootstocks are propagated from
seeds collected from open-pollinated apple trees,
grown into young seedlings (1–2-year-old), and
used for grafting/budding of fruiting (scion)
cultivars (in the form of either scionwood or
budwood). In the 1800s, European apple pro-
ducers recognized the value of breeding apple
rootstocks that yield lines or clones that provide
fruiting cultivars with enhanced disease

resistance, preferred tree architecture, dwarf
habit, and precocity. In particular, the choice of a
rootstock helps in the control of tree architecture,
as well as of disease/pest tolerance/resistance of a
grafted tree (Marini and Fazio 2018; see Chap. 6
in this volume).

Apple field collections are time-consuming
and costly, requiring field maintenance including
mowing, pruning, protection from animal graz-
ing (voles, deer), and at least a minimum number
of spray applications to control insects and dis-
eases. Year-round field maintenance is expensive
and labor-intensive, particularly as orchards age,
and require re-propagation. Collections also pose
significant challenges with respect to the main-
tenance of many cultivars/species of differing
phenologies, thereby rendering their maintenance
quite different from production orchards of a few
cultivars. Diverse cultivars/species will have
different bloom and harvest phenologies, as well
as varying levels of pest/pathogen vulnerabilities,
thus requiring different spray regimes.

The emphasis on a field genebank or an
orchard for apples renders these genebank col-
lections quite different from other genebank
collections that are primarily dedicated for seed
storage, such as those for grains, legumes, and
vegetables. As a field collection, apple gene-
banks offer several advantages. For one, field
materials can be readily distributed as either
dormant budwoods or scionwoods that are then
used for clonal propagation via budding or
grafting, respectively (Fig. 3.2a, b). In addition,
data can be collected from orchard trees
throughout the year, and controlled crosses or
hybridizations can be made during the bloom
season. Furthermore, fruit is available at harvest
for testing and/or for evaluation. Although field
collections are convenient to the user commu-
nity, they are also vulnerable to pests, diseases,
and environmental threats.

A key consideration for field collections is to
assess whether or not the collection is conserved
in a manner that renders it less vulnerable to
environmental and biotic threats. In some cases,
a genebank accession is maintained as multiple
clonal trees within a primary planting or at a
secondary site. In other cases, original seeds from
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germplasm collection trips are maintained in cold
storage at single or multiple locations, thereby
rendering collections less vulnerable to loss.
Furthermore, in vitro cultures may be established
to complement field collections, as well as to
serve as sources of materials that may be free of
endophytes or diseases.

Finally, cryopreservation technologies can be
used to preserve either dormant budwood or
in vitro shoot-tip cultures of apple cultivars, thus
ensuring that specific allelic combinations are
conserved for the long term at an offsite location.
Another key consideration is whether or not the
appropriate conservation target is conserved; i.e.,
specific cultivars can be maintained as clonal
trees in the field, as in vitro shoot cultures
(Fig. 3.2c), or as cryopreserved dormant buds or
shoot-tips (Fig. 3.2d, e). Wild populations may
best be conserved as seed collections, possibly
augmented by orchard plantings for use in phe-
notyping, genetic assessments, and breeding.

3.3.2.2 In Vitro Collections
In some cases, apple collections may be main-
tained, in part, as proliferating in vitro shoot
cultures, or in a greenhouse. Often, the expense
of in vitro collections limits the use of this
maintenance form. However, such in vitro shoot
cultures can be particularly useful for large-scale
propagation of clonal rootstocks and for disease-
free propagation materials (Fig. 3.2c–f, Webster
and Jones 1989).

3.3.2.3 Cold Storage
Within genebanks, seeds of accessions of wild
Malus species may be stored in either a freezer or
under cryogenic conditions to extend their
longevity (Fig. 3.2g; Kushnarenko et al. 2010;
Michalak et al. 2015). Orthodox apple seeds are
equilibrated to optimal moisture content (12%
moisture content at the storage temperature,
obtained by using methods described by the
Center for Plant Conservation 2021) prior to
storage at -18 °C freezer or under liquid nitrogen
conditions, as they can often survive for decades
or even for centuries (Walters et al. 2004, 2005).
Seed conservation may be particularly critical to

conserve Malus species when native populations
may no longer be available for acquisition by
genebanks. Long-term seed storage effectively
conserves seedlots of wild Malus species
populations.

3.3.2.4 Liquid Nitrogen Storage
Some genebanks have a long-term conservation
component that takes advantage of cryopreser-
vation techniques. Cryopreservation, involving
storage of propagules in either a liquid or vapor
phase of liquid nitrogen, facilitates storage of
plant genetic resources in secure secondary sites
at relatively low annual costs (compared with
field collection maintenance), once accessions are
in cryopreserved form. For apples, cryopreser-
vation methods have been developed to conserve
either dormant buds or shoot-tips (Wang et al.
2018). Apple cryopreservation technologies have
been first implemented at the USDA NPGS-
National Laboratory for Genetic Resources
Preservation as dormant buds (Forsline et al.
1998; Towill et al. 2004). The general protocol
involves the collection of dormant scionwood
(budwood) in mid-winter, desiccation to about
30% moisture content, and then slow-cooling to
−30 to −35 °C prior to placement in liquid
nitrogen vapor for long-term storage (Fig. 3.2a,
Forsline et al.1998; Towill et al. 2004; Höfer
2015). Viability is then measured by warming,
rehydrating, and grafting of cryopreserved vege-
tative buds onto rootstocks (Fig. 3.2b, e). Malus
species vary in their response to cryopreservation,
but many apple cultivars and wild relatives can be
cryopreserved with high levels of recovery
(Towill et al. 2004; Volk et al. 2017).

Shoot-tip cryopreservation methods have also
been developed for apple. These methods may be
particularly applicable for apple cultivars that are
either not amenable for dormant bud cryopreser-
vation techniques or when apple collections are
grown in regions that do not acquire adequate
levels of winter dormancy for successful dormant
bud cryo-processing. Shoot-tip cryopreservation
methods utilize 1 mm excised shoot-tips, usually
collected from in vitro stock plants or proliferat-
ing shoot cultures, and take advantage of
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vitrification, as well as encapsulation-dehydration
procedures (Fig. 3.2c, d and f, Wang et al. 2018).

Cryopreservation provides secure back-ups of
apple collections, and it is usually implemented
within the context of genebanks, wherein spe-
cialized equipment and trained staff are available
to process and maintain cryo-collections. The
largest genebank collection of apple dormant buds
is located at the USDA-ARS-NLGRP, wherein
2,155 apple accessions have been cryopreserved
as dormant buds (Jenderek and Reed 2017).

3.3.3 Acquisition of Genebank
Accessions

Apple collections acquire their materials from a
number of different sources. Many collections
have originated as sets of cultivars assimilated by
apple breeders. When the value of these collec-
tions is recognized, these may then be converted
into genebank collections. New acquisitions of
cultivars may be received through donations,
requests, or exchanges with either individuals or

Fig. 3.2 Malus propagules
for preservation. a Nodal
sections of dormant buds.
b Grafted dormant bud
exhibiting regrowth after
cryopreservation.
c Proliferating shoot cultures.
d Shoot-tips that have
regrown into plants after
cryopreservation.
e Cryopresreved dormant bud
2 weeks after grafting.
f Shoot-tip, 3 weeks after
cryopreservation (scale bar
= 2 mm). g Seeds. Images
provided by G. Volk (a, c, g),
R. Bonnart (b, e), and J.C.
Bettoni (d, f)
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other collection sites. These acquisitions may be
straightforward if both collections are in the same
region. However, if cultivars are imported from
other countries, they may have to go through an
intensive quarantine, disease, and clean-up pro-
cesses to ensure that imported plant materials do
not introduce diseases into the recipient country.

Seeds are often easier to import through quar-
antine than vegetative propagules because many
diseases are not spread through seeds. As noted
previously, seeds do not reproduce true-to-type
phenotypes as clonal vegetative tissues, but they
do capture species diversity. As a result,most plant
collection explorations capturing wild species
diversity focus on the collection and import of
seeds.

Accurate acquisition documents of either
cultivars (source, history, and pedigree) or wild-
collected materials increase the value of materials
of plant collections, as poorly documented
materials are usually less requested than those
with reliable provenance data. Careful consider-
ation should be taken into the collection strategy
pursued when seeds are collected from natural
populations of apple species. Standard docu-
mentation information for wild-collected seeds
includes collection date, geographic coordinates
of the source tree, image of the source tree,
phenotypic data (fruit size, shape, and photo-
graphic image) of the source fruit, tree circum-
ference, and surrounding vegetation. In some
cases, seeds are pooled from trees in each pop-
ulation, but it may be preferable to keep seeds
from each source tree as separate seedlots. By
keeping source tree seedlots separate, subsequent
phenotypic and genotypic analyses can assess
variability within source trees, as well as within
and among populations.

3.3.4 Documentation and Data
Management

Accurate, detailed passport, and orchard locator
information are necessary for apple collection
documentation. Source history, cultivar, pedi-
gree, planting date, and rootstock type are
required to track age, condition, and vulnerability

of trees. Additional information such as pheno-
typic traits, images, and genotype/genetic data of
the collection materials can be particularly use-
ful. Phenotypic data aid users and repository
managers in understanding the susceptibility (or
resistance) of the specific collection materials to
diseases and pests. If available, it also provides
valuable information about flowering time (under
environmental conditions of the collection), fruit
maturity date, fruit quality traits, and possibly
yield (depending upon pruning practices). Pho-
tographic images are useful for visual confirma-
tion of fruit appearance, particularly when fruit
data are needed during non-fruiting seasons for
comparative purposes (determining if a cultivar
designation is accurate or if the fruit appearance
of one tree matches that of another tree of the
same name or of unknown identity). Genotypic
data are critical for molecular comparisons, par-
ticularly of those related to identity and genetic
relatedness among accessions in a collection or
among different collections. These data have also
been useful to determine if scions are “true-to-
type” instead of being suckers grown from
rootstocks in poorly maintained trees.

Documentation methods vary depending on
the use and purpose of a collection. In some
cases, spreadsheets or personal databases render
information readily accessible in an acceptable
format. Collections that are available for distri-
bution may have traditionally used printed cata-
logs, which have been mostly replaced by
searchable online websites and databases. Gen-
ebank collections generally have larger-scale
databases allowing for these data to be avail-
able for downloads, and for tracking distribution
and inventory records. Ideally, inventory data-
bases are interoperable and provide access to
availability, passport, phenotypic, and genotypic
data from many sources.

There are many genebank databases with
information that are publicly available. GRIN-
Global is the database for the NPGS (U.S.
Department of Agriculture 2021). An example of
regional databases is EURISCO, a European
database for sharing information about materials
in the European Cooperative Programme for
Plant Genetic Resources (ECPGR) (Van Hintum
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and Knűpffer 2010). Genesys is a database that
shares passport information (cultivar name, spe-
cies name, holding institute, biological status,
country and geographic coordinates of origin,
type of germplasm storage, and availability for
distribution) from collections around the world,
which have provided such data (Genesys 2021).
The Global Biodiversity Information Facility
(GBIF) maintains a global database of informa-
tion on materials collected and maintained as
either live-plant materials or as herbarium col-
lections (GBIF 2017). This database includes
basic information such as genus, species, geo-
reference of collecting site, and data source.
FAO’s WIEWS database serves as a repository
of metadata on holdings of over 600 genebanks
in 82 countries.

3.3.5 Distribution of Genebank
Materials

Genebanks often distribute germplasm to their
user community upon request. Dormant budwood
may be collected from trees, and then distributed
during the winter months. Alternatively, actively
growing shoots, leaves, pollen, and even fruit can
be distributed. In some cases, grafted trees may be
available. Propagule distributions are most easily
handled within countries or within phytosanitary
regions (sets of European countries).

The movement of apple germplasm across
international borders is regulated by national
phytosanitary regulations. For apple seeds, this
often involves obtaining phytosanitary certifi-
cates and having inspections performed at the
point of entry into a country. Clonal propagules,
living tissues, or trees often undergo extensive
disease screening in quarantine programs to
ensure that no new diseases are introduced into a
recipient country or region.

3.3.6 Phenotypic Characterization
and Evaluation

Ideally, genebanks provide well-described, true-
to-type cultivars (or species) to their users.

However, characterization and evaluation of
collections to ensure trueness-to-type are time-
consuming and expensive. National and regional
efforts have sought to standardize phenotypic
data, with the goal of ensuring that collected data
are useful to breeding and research programs.
One of the major challenges is to account for
environmental variation in phenotypic responses
as collections are often kept only at a single
location, with cultivars represented by either a
single or a few trees in orchard blocks. Sets of
defined descriptors have been published by pro-
jects (such as RosBREED), genebanks (such as
USDA and China), and from the international
community (such as the International Board for
Plant Genetic Resources) (Evans et al. 2012;
Gianfranceschi and Soglio 2004; U.S. Depart-
ment of Agriculture 2021; Watkins and Smith
1982; Wang et al. 2005).

3.3.7 Genetic Tools for Collection
Management

Genetic marker and sequence information col-
lected for genebank inventories facilitate com-
parisons of the genetic composition between
collections. This information has been used to
confirm identities, identify unknowns, confirm
sets of duplicates or sport-families, pedigree
relationships and compare collections grown at
distant locations (Evans et al. 2011; van Treuren
et al. 2010). Due to high levels of allelic diversity
among apple cultivars and clonal materials of
wild species, relatively few markers have suc-
cessfully differentiated among these materials
(aside from sports of cultivars) (Foroni et al.
2012; Moriya et al. 2011). A recent large col-
laborative research project has revealed both
within-collection and among-collection genetic
variations using microsatellite markers and
includes apple collections available in the fol-
lowing countries: France, Czech Republic, Spain,
Switzerland, UK, Italy, Belgium, and Russia
(Urrestarazu et al. 2016). Availability of single
nucleotide polymorphism (SNP) marker plat-
forms has facilitated the use of markers in
breeding programs, pedigree identifications, as
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well as for genebank collection comparisons
(Howard et al. 2017; Peace et al. 2019). An
Illumina 8K SNP array, an Illumina 20K SNP
array, and an Affymetrix Apple480K array are
available (Chagné et al. 2012; Bianco et al. 2014,
2016; Vanderzande et al. 2019). Ongoing coor-
dinated national and regional efforts among
genebanks to compare collections at the pheno-
typic and genetic levels, as well as efforts to
confirm cultivar/species/accession identities will
enable greater use of genebank collections in the
future (Kellerhals e al. 2012; Urrestarazu et al.
2016; Liang et al. 2015; Lassois et al. 2016).

3.4 Worldwide Apple Conservation

Apple genebanks and collections have sought out
both common and rare apple cultivars in attempts
to ensure the long-term conservation of cultivars/
germplasm. These collections are often estab-
lished for different purposes, such as use in
breeding programs, long-term conservation, dis-
tribution of budwood or grafted trees, and for
public interest, among others. Although collec-
tions are often prized for their unusual holdings,
the wide range in phenotypic diversity as well as
flowering and fruiting timeframes may render
collection management difficult, particularly for
controlling diseases and pests. It is expensive to
maintain apple collections for the long term,
especially if the goal is to ensure that none of
these cultivars is lost.

There are dozens of apple genebanks around
the world and information gathered from col-
lection managers has been used to develop a
global strategy for the conservation and use of
genetic resources (Bramel and Volk 2019; Volk
and Bramel 2017). Responses from 35 gene-
banks in a 2014 survey have revealed the exis-
tence of a total of 33,588 Malus accessions that
are held ex situ in the form of cultivars, wild
species, and seeds. Nearly all of the accessions in
these collections are grown as grafted trees in the
field. Additional information about the collection
responses is available in Bramel and Volk
(2019). Sharing of information about accession
sources, conditions, morphological evaluations,

and genetic characterizations of all these mate-
rials will facilitate future efforts to align national
or local conservation efforts and to ensure the
global security of apple genebanks.

Due to challenges in germplasm transport
across international borders, it is important that
both genebank managers and user communities
are fully aware of which genebank accessions
match those held by other collections, as well as
which accessions are indeed unique, and are thus
particularly vulnerable to lose. Genetic and phe-
notypic assessments may identify local landrace
cultivars that are of potential interest to regional or
international programs (Bramel and Volk 2019).

Wild apple species are native to many tem-
perate countries in the northern hemisphere
(Volk and Bramel 2017). These genetic resources
within national borders could be conserved as
either ex situ materials in genebanks or in situ as
protected areas in the landscape. It benefits the
international community when countries choose
to protect their wild genetic resources, even if,
due to political reasons, they are unable to dis-
tribute and share them with other countries at this
time. This complimentary ex situ and in situ
approach toward genebanking helps to ensure the
long-term survival of key apple cultivars, lan-
draces, and wild species for use in the future
(Bramel and Volk 2019).
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4Ploidy, Genome Size,
and Cytogenetics of Apple

Małgorzata Podwyszyńska and
Agnieszka Marasek-Ciołakowska

Abstract

Apple (Malus) is one of the most important
fruit crops. The cultivated apple, M. � do-
mestica, can be either diploid or triploid,
whereby the latter accounts for 10% of all
currently cultivated apples. In this chapter, we
will explore the hypothesis on the origin of the
apple genus and its haploid chromosome
number of x = 17. Furthermore, special
attention will be paid to genome size which
is commonly evaluated using flow cytometry.
Genome size is a multipurpose parameter used
in many fields of plant science regarding
species evolution and taxonomy, cell biology,
cell cycle, endoreplication, and organ devel-
opment as well as in breeding efforts. Based
on data collected for 120 Malus taxa in The
Plant DNA C-values Database for species and
hybrid species with the same number of
chromosomes, it is found that the rate of
genome size variation is relatively low. The
reported nuclear genome sizes for Malus
accessions, including species, hybrids, and
cultivars of M. � domestica, range from 1.50
to 1.78 pg for diploids, 2.27–2.58 pg for
triploids, and 3.13–3.37 pg for tetraploids.

Differences between the smallest and the
largest nuclear DNA contents are as follows:
0.45 pg (36%), 0.45 pg (21%), and 0.34 pg
(12%) for diploids, triploids, and tetraploids,
respectively. Furthermore, the roles of mitotic
and meiotic polyploidization of apple
involved in new assortment development as
well as the influence of genome size/ploidy
level on phenotypic traits (nucleotypic effects)
will be discussed. It is observed that ploidy
level significantly influences resistance to
biotic and abiotic stresses, as well as sec-
ondary metabolite production, among other
traits. Much attention will be devoted to
genome downsizing of polyploids, as well as
to methods of ploidy level evaluation, includ-
ing chromosome count, flow cytometry, and
molecular markers. In addition, this chapter
presents the findings of cytogenetic studies of
the Malus genus. As apple chromosomes are
small, numerous, and difficult to analyze with
classical methods, the use of new molecular
cytogenetic techniques, such as fluorescence
in situ hybridization (FISH), has enhanced
investigations of genome composition in
apple. Moreover, further progress has been
achieved by exploiting bacterial artificial
chromosomes (BACs) along with fluorescence
in situ hybridization, BAC-FISH, thereby
enabling the determination of physical loca-
tions of useful gene loci in the Malus genome.
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4.1 Introduction

Plant genomes have higher tendencies to evolve
compared with those of other eukaryotic gen-
omes, as well as demonstrate greater diversity
within a genus than that reported in other
eukaryotes (Murat et al. 2012). In the plant
kingdom, angiosperms are particularly charac-
terized by wide variations in genome size, from
the smallest genome of 63 Mb (1C = 0.065 pg)
for Gensilea margaretae (Greilhuber et al. 2006)
to the largest genome of 150 Gb (1C =
152.23 pg) for Paris japonica (Pellicer et al.
2010). Whole-genome duplication (WGD) is one
of the most important factors in the evolution of
plant species (Panchy et al. 2016). It is suggested
that this process has been going on for more than
200 million years. The history of apple genome
evolution dates back to the first WGDs that must
have occurred between 50 and 70 million years
ago (MYA) (Proost et al. 2011). The emergence
of the Malus genus is associated with hybridiza-
tion, polyploidization, and diploidization.

This chapter covers issues related to important
features for apple research, such as genome size,
ploidy level, and karyotype characteristics. First,
attention will focus on the general characteristics
of the genome, such as the basic number of
chromosomes, as well as the presentation of
older and more recent hypotheses related to the
origin of the relatively high base number of 17
chromosomes in Malus. Next, topics related to
different ploidy levels and related genome sizes
will be discussed, as well as their impacts on
adaptability and geographical distribution of
individual apple species. Furthermore, genome
size and ploidy level will be covered within the
context of developing new cultivars with desir-
able traits, such as resistance to biotic and abiotic
stresses, improved fruit quality, as well as other
high-value traits. Knowledge of a karyotype and
of chromosome characteristics, both at the
physical and molecular levels, is highly impor-
tant for apple breeding, particularly when
encountering a changing climate and a growing
human population. The use of various technolo-
gies, from the oldest traditional methods, such as

chromosome counting, through the application of
flow cytometry alone or in combination with
molecular markers, and more recently of high-
throughput genome-wide genotyping methods
for detecting polyploids and aneuploids with
relatively high precision are also discussed.

Cytogenetic studies of theMalus genus have a
long history. The first chromosome analysis of
this genus, dating back to the early twentieth
century, is generally limited to chromosome
counts and meiotic analysis of chromosome
pairing (Rybin 1926; Crane and Lawrence 1930;
Moffett 1931; Roscoe 1933; Einset and Imhofe
1947). Since then, chromosome numbers have
been evaluated for most primary and hybrid
Malus species along with rapid developments of
biotechnology-based research methodologies.
Furthermore, progress has also been made in both
chromosome characterization and identification.

4.2 Basic Chromosome Numbers
of the Maloideae Subfamily
and Origin of the Apple
Genome

The domesticated apple,M. � domestica Borkh.,
is a member of the family Rosaceae and the
subfamily Maloideae. The Maloideae consists of
approximately 1,000 species in 30 genera and has
a haploid basic chromosome number of x = 17;
whereas, other subfamilies of the family Rosa-
ceae, including peach, raspberry, and strawberry
have x = 7, 8, and 9, respectively (Goldblatt
1976; Folta and Gardiner 2009; Giovannoni
2010). The basic chromosome numbers in Rosa-
ceae have been established by the 1920s (Evans
and Campell 2002). Since then, many hypotheses
have been proposed to explain the origins of the
Maloideae and their high basic chromosome
numbers (Fig. 4.1). The first hypothesis has
suggested that the Maloideae are pentaploids that
have evolved from progenitors with seven chro-
mosomes, followed by loss of one of the chro-
mosomes and then halving of the chromosome
complement (Nebel 1929). Darlington and Mof-
fett (1930) have proposed an autopoliploidy
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origin of the Maloideae based on observations of
the formation of multivalents during meiosis.
While others have suggested an allopolyploid
origin involving an ancestral Amygdalloideae (x
= 7) or Spiroideae (x = 9) (Sax 1933; Stebbins
1950). Allopolyploidy in apples has been sup-
ported by flavonoid chemistry (Challice 1974),
isozyme studies (Weeden and Lamb 1987), and
morphological traits (Phipps et al. 1991). In a
series of published articles, a wide hybridization
hypothesis has been postulated wherein the
Maloideae must have resulted from a cross
between x = 8 and x = 9 progenitors of two other
subfamilies (Stebbins 1950; Phipps et al. 1991).
However, Evans and Campbell (2002) have pro-
vided evidence, based on molecular phylogenetic
analysis, which contradicts the wide-
hybridization hypothesis, but supports the
autopolyploid origin of the Maloideae from the
ancestor of Gillenia, a genus with a base chro-
mosome number of 9. Under this hypothesis, the
base chromosome number of x = 17 of the Mal-
oideae arose via aneuploidy from x = 18 (Evans
and Campbell 2002). Similarly, based on the
analysis of the apple genome, Giovannoni (2010)
has suggested that the base chromosome number
of x = 17 in the cultivated apple is the result of a
WGD event in an ancestral genome (x = 9), fol-
lowed by loss of a single chromosome. Considine
et al. (2012) have proposed an alternative three-
step model for the formation of theMalus genome
as follows: an auto-aneuploidization of two sister
taxa (x = 9, 2n = 18) to monosomes (x = 9, 2n =
17), followed by WGD in both ova and sperma-
tozoa involving non-reductive first division
restitution (FDR) to tetraploids (x = 9, 4n = 34),
and followed by a diploidization to the extant
diploid state (x = 17, 2n = 34). In contrast, it has
been previously deduced that Malus (x = 17) is
derived from an autopolyploidization of two sis-
ter taxa (x = 9, 2n = 18), followed by
diploidization, and then an aneuploidization to
x = 17 (Velasco et al. 2010).

4.3 Ploidy Levels of Malus Species

Most Malus species are diploid with 2n = 2x =
34, but some are triploids with 2n = 3x = 51, and
others are tetraploids with 2n = 4x = 68 (Schuster
and Büttner 1995; Höfer and Meister 2010;
Tatum et al. 2005; Korban et al. 2009). Only
triploid genotypes are recorded in species M.
toringoides and M. hupehensis (Schuster and
Büttner 1995), while some species; e.g., M.
angustifolia, M. glaucescens, M. lancifolia, and
M. platycarpa are only tetraploid (Schuster and
Büttner 1995; Höfer and Meister 2010). Fur-
thermore, in some other species, different ploidy
levels have been recorded; e.g., M. halliana, M.
ioensis, and M. spectabilis (2x and 3x); M.
coronaria (3x and 4x); M. sieboldii (2x, 3x, and
4x); as well as M. sargentii and M. sikkimensis
(3x, 4x, and 5x). A listing of chromosome
numbers and nuclear DNA contents (pg/2C) of
selected Malus species in subsection Pumilae are
presented in Table 4.1. Interestingly, it has been
widely reported that polyploidy confers ecologi-
cal adaptability (Soltis et al. 2004; Ramanna and
Jacobsen 2003). In many cases, neopolyploids
are formed via genomic duplication, followed by
diploidization, leading to other forms of high
numbers of chromosomes (Soltis et al. 2004;
Feldman and Levy 2012).

According to Schuster and Büttner (1995), the
presence of accessions of different ploidy levels
within the same species might indicate their
hybrid character; e.g., triploids may have arisen
from either interploid crosses between diploids
and tetraploids or by a cross with unreduced
gametes produced by one of two diploid parents,
or by apomixis of triploid species. Triploid
genotypes are generally self-sterile, although
sometimes they can produce viable reduced (n =
17) or unreduced (n = 34 or 51) gametes (He
et al. 2018). Recently, it has been reported that
the ploidy of progenies of the triploid apple
‘Jonagold’, derived by open-pollination, along
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Fig. 4.1 The major proposed hypotheses pertaining to
the origin of the basic chromosome number in the
Maloideae subfamily. a Nebel (1929) hypothesis—
Maloideae (x = 17) are pentaploids that must have
evolved from progenitors with seven chromosomes
followed by loss of one of chromosomes, and halving
of the chromosome complement. b Stebbins (1950) and

Phipps et al. (1991) hypothesis—a wide-hybridization
hypothesis wherein the Maloideae must have resulted
from a cross between x = 8 and x = 9 progenitors. c Evans
and Campbell (2002) and Giovannoni (2010) hypothesis
—the base chromosome number of x = 17 is the result of a
whole-genome duplication (WGD) event in an ancestral
genome (x = 9), followed by loss of a single chromosome
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with observed variations in mitotic chromosome
numbers are predominantly aneuploids and
diploids, along with some polyploid seedlings,
either triploid or tetraploid.

Interspecies variability of genome size and its
related ploidy level is considered within the
context of adaptability to environmental condi-
tions and to geographical distribution for many
plant genera (Bennet 1987; Ramsey and Ramsey
2014). Polyploids of the plant families Poaceae
and Rosaceae, for example, have been reported to
be more frequent in floras of cooler climates, and
even arctic regions (Brochmann et al. 2004;
Ramsey et al. 2008; Green et al. 2013). It has been
proposed that a higher frequency of occurrence of
polyploids of various plant genera, including that
in the apple genome, is correlated with specific
climate zones, environments, and geographical
locations (Tatum et al. 2005; Korban et al. 2009;
Höfer and Meister 2010). Tatum et al. (2005)
have indicated that the triploid speciesM. toringo
and M. toringoides as well as that of the highest
genome size of the diploid M. transitoria are
distributed in colder climatic zones (II and III),

and these have originated mainly from North-
eastern Asia, except forM. sikkimensis, which has
originated from heights of the Himalayan moun-
tains with environments close to climatic zones II
and III. In turn, Höfer and Meister (2010) have
noted that six primary diploid species, including
M. tschonoskii, M. yunnanensis, M. ombrophila,
M. kansuensis, M. honanensis, and M. prattii,
possessing genome sizes of <5% than the
1C median, have originated from Central Asia,
the primary original habitat of Malus. Whereas,
two diploid species (M. trilobata and M. flor-
entina) exhibiting genome sizes of >5% than that
of the 1C DNA median along with several tri-
ploid and tetraploid species, including
M. � heterophylla, M. � platycarpa, M. glau-
cescens, M. angustifolia, M. lancifolia, and
M. coronaria, all belonging to the section
Chloromeles, are widespread in Eastern and
Northern America. Moreover, those diploid spe-
cies of the highest genome sizes,M. trilobata and
M. florentina, are the only members of the section
Eriolobus and section Sorbomalus, respectively,
both belonging to series Florentinae, that are

Table 4.1 Chromosome number, nuclear DNA content (pg/2C), and distribution of selected Malus species in
subsection Pumilae (adapted from Höfer and Meister 2010, and Hancock et al. 2008)

Species Chromosome number
(2n)

DNA content
(pg/2C)

Distribution

M. asiatica Nakai 34 1.500 North and North East China,
Korea

M. baccata (L.) Borkh 34 1.440 North and North East China

M. � domestica Borkh 34, 51 1.414 (2x), 2.270
(3x)

Worldwide

M. floribunda Siebold 34 1.514 Japan

M. micromalus Makino 34 1.528 South East China, Korea

M. orientalis Uglitzk 34 1.502 Caucasia

M. prunifolia (Willd.) Borkh 34 1.500 China

M. � purpurea (A. Barbier)
Rehd

34 1.484 Asia

M. � sublobata Rehd 34 1.497 Japan

M. sieversii (Ledeb.) M.
Roem

34 1.501 North West China

M. spectabilis (Aiton) Borkh 34, 51 1.502 (2x), 2.206
(3x)

China

M. sylvestris (L.) Mill 34 1.484 Europe
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present in Southeastern Europe. Finally, Höher
and Meister (2010) have concluded that species
of higher genome sizes can exist far away from
the center of origin for Malus, and they tend to
cluster in separate sections or series. This may
indicate that possessing a higher genome size
contributes to a genetic background that is both
better adapted to new environments and has a
higher invasive ability to new habitats (Stebbins
1985).

4.3.1 Methods for Ploidy Level
Determinations

Earlier, ploidy levels have been estimated only
by using chromosome counts (Rybin 1926;
Crane and Lawrence 1930; Einset and Imhofe
1947). With the development of modern meth-
ods, including flow cytometry and molecular
markers, these methods are now widely used in
apple breeding to assess ploidy for various pur-
poses. At present, the ploidy level for apple is
most often determined based on nuclear genome
estimation using flow cytometry (see Sect. 4.4).

Ploidy levels can also be determined based on
analysis of allelic frequency using simple
sequence repeat (SSR) markers (Pereira-Lorenzo
et al. 2007; Bisognin et al. 2009; Considine et al.
2012). SSRs are co-dominant, highly polymor-
phic, and reproducible (Liebhard et al. 2002).
These markers are routinely used for genetic
variability and for identity assessments, but there
are several examples of using these markers for
ploidy analysis. Pereira-Lorenzo et al. (2007)
have detected 39 triploids of 140 apple acces-
sions, mainly local Spanish cultivars, using SSR
analysis conducted with 10 primer pairs homol-
ogous to SSR loci generating numerous poly-
morphic products, and these are then confirmed
by flow cytometric analysis.

The potential of SSR markers in determining
ploidy status (euploidy, aneuploidy, and kary-
otype analysis) with high accuracy has been fully
exploited (Considine et al. 2012). While evalu-
ating 27,542 viable F1 apple seedlings of intra-
and inter-specific crosses between diploid geno-
types using SSR markers, a range of non-diploid

cytotypes, including 0.199% triploids, 0.0521%
tetraploids, and 0.778% aneuploids were detec-
ted (Considine et al. 2012). Thus, the frequency
of recovery of polyploid apple seedlings from
crosses between two diploids was approximately
1%, mostly aneuploids. Furthermore, aneuploidy
was more frequent among interspecific proge-
nies, wherein only a single cytotype with one
chromosome loss (2n − 1) and eight cytotypes
with chromosomal gains were detected. Con-
sidine et al. (2012) also characterized the kary-
otypes of these recovered polyploids, including
aneuploids. Based on the 17 linkage groups
(LGs) corresponding to the 17 haploid chromo-
some numbers of apple (Velasco et al. 2010; Han
et al. 2007) and related SSR markers, Considine
et al. (2012) found that without exception, all
tetraploid seedlings were derived from 2n egg
cells fertilized with 2n sperm cells, while all
triploids were derived from 2n egg cells fertilized
with 1n sperm cells, and all aneuploids were
derived from 1n egg cells fertilized with aneu-
ploid sperm cells. It was confirmed that only egg
cells were responsible for the development of
euploids, while sperm cells were responsible for
the generation of either euploids or various ane-
uploids. It was suggested that diploid apple
exhibited unique gametic combinational patterns.
In addition, SSR analysis revealed that non-
reduced gametes were genetically heterozygous,
thus indicating that first-division restitution
(FDR) was exclusive for apple polyploidization.
Non-reduced gametes derived by FDR had a
higher heterozygosity along with more complex
epistatic combinations from their parents than
those derived by second-division restitution
(SDR) (Selmecki et al. 2009). Thus, genetic
differences between FDR and SDR might influ-
ence the fate of neopolyploids, either in specia-
tion or in evolution (Comai 2005).

Recently, Chagné et al. (2015) proposed the
use of single nucleotide polymorphism
(SNP) analysis along with high-throughput
genome-wide genotyping for detecting poly-
ploids and aneuploids with relatively high pre-
cision. They evaluated the ploidy status of an
apple germplasm collection of 663 accessions
using an Illumina Infinium® II FruitBreedomics
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20K apple SNP array (Bianco et al. 2014). SNP
analysis for the detection of multiple sets of
chromosomes relied on B allele frequency
(BAF) measurements, wherein the signal ratio of
the B allele was compared to that of the A allele
for each SNP (Chagné et al. 2015). It was found
that for homozygous diploid genotypes AA and
BB, BAF was close to 0 and 1, respectively,
while for heterozygous genotypes AB, BAF was
0.5. Moreover, for heterozygous triploid geno-
types AAB and ABB, the BAF signal ratios were
0.33 and 0.66, respectively. Analogously, BAF
values of SNPs analysis for tetraploid genotypes
AAAB, AABB, and ABBB were close to 0.25,
0.5, and 0.75, respectively. Using this analysis,
Chagné et al. (2015) reported that of 663 geno-
types assessed, 643 (97%) were diploids, 7
genotypes were triploids, and 2 genotypes were
tetraploids. They also detected several aneu-
ploids and determined their karyotypes with a
high level of accuracy. This reported high relia-
bility of SNP analysis of ploidy status of these
Malus accessions has been further confirmed by
flow cytometry measurements. Chagné et al.
(2015) recommended the use of such SNP- and
BAF-based methods for genotyping efforts in
breeding programs.

4.4 Genome Size Estimation
as a Multi-use Parameter
for Apple Studies

The nuclear genome size is a specific and con-
stant parameter for each individual organism’s
DNA content, referred to as the C-value. In
particular, it refers to the DNA content in a
haploid gametic nucleus of an organism, irre-
spective of the ploidy level of the taxon (Doležel
and Bartoš 2005; Bai et al. 2012; Greilhuber
et al. 2005). In somatic cells of sporophytes,
nuclei containing two chromosome sets at the
G0/G1 cell cycle have 2C DNA contents. Within
species and genera, the C-value is usually simi-
lar, but it is not the same across all. Moreover, it
is closely related to the chromosome number.
Therefore, the estimation of the nuclear DNA
content is used by cytogeneticists, botanists,

systematists, biotechnologists, and plant breeders
to determine the relative genome size, ploidy
level, endoreplication rate, and proportions of
nuclei at specific phases of the cell cycle (Sli-
winska 2018).

The relative nuclear DNA size is commonly
estimated using a flow cytometry method
(FCM) utilizing fluorescent dyes bound to DNA.
The most commonly used fluorochrome dyes are
4′,6-diamidino-2-phenylindole (DAPI), binding
to AT pairs of a DNA, and propidium iodide
(PI) intercalating between strands of double-
stranded nucleic acid structures. DAPI is more
often utilized for ploidy estimation, while PI is
used for more accurate evaluation of relative
genome size, which is calculated in relation to an
internal standard; i.e., a plant genotype of known
nuclear DNA content (Johnston et al. 1999).
Over 10 years ago, the genome size of apple cv.
‘Golden Delicious’ has been estimated to be
742 Mb for 17 chromosomes using whole-
genome sequencing (WGS) (Velasco et al.
2010). For taxonomical, physiological, and
breeding purposes, the nuclear DNA content; i.e.,
the relative nuclear genome size, is often mea-
sured using flow cytometry, and expressed in
picograms (pg) (Bai et al. 2012). Cavalier-Smith
(1985) has estimated that 1 pg of DNA contains
from 0.965 � 109 bp to 0.980 � 109 bp. Nowa-
days, it is widely accepted that 1 pg of DNA =
0.978 � 109 bp (Doležel et al. 2003).

To ensure reliable cytometric measurements
of genome size, the following principles should
be followed: (i) at least three samples from three
individual plants should be measured; (ii) nuclei
must be intact, and in sufficient quantities; and
(iii) DNA staining should be stoichiometric for
either the sampled genotype or the internal
standard genome for which the nuclear DNA
content must be known (Doležel and Bartoš
2005). A well-selected internal standard for FCM
must be already characterized for both 2C and 4C
nuclear DNA contents, of different genotypes
(with no overlapping picks with the sampled
genotype), but close to the genome size of the
sampled genotype (Johnston et al. 1999). For-
merly, a chicken erythrocyte (2.33 pg DNA/2C)
has been used as an internal standard for apple
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genome size determination using FCM analysis
(Dickson et al. 1992). However, plant internal
standards have been recommended for use in
FCM analysis of plant tissues/genotypes (John-
ston et al. 1999).

For apple, the following internal standards of
well-estimated genome sizes have been used:
Zea mays (5.43 pg DNA/2C) (Korban et al.
2009; Podwyszyńska et al. 2016), Raphanus
sativus (1.1 pg DNA/2C) (Höfer and Meister
2010), and an F1 hybrid of Petunia hybrida,
identified as P � Pc6 (2.85 DNA pg/2C)
(Jedrzejczyk and Sliwinska 2010). Beginning in
1976, C-value data have been reported for
numerous plant species and cultivars (Bennet and
Smith 1976). Since 1997, DNA C-values have
been deposited in The Plant DNA C-values
Database, which currently has C-values for
12,273 species, of which 10,770 are angiosperms
(Release 7.1, April 2019. Leitch IJ, Johnston E,
Pellicer J, Hidalgo O, Bennett MD, https://
cvalues.science.kew.org/). For Malus, 2C values
are available for 120 taxa, including 38 species
(Marie and Brown 1993; Tatum et al. 2005;
Korban et al. 2009; Höfer and Meister 2010;
Jedrzejczyk and Sliwinska 2010; Bou Dagher-
Kharrat et al. 2013; Pustahija et al. 2013).

Based on data collected for 120 apple taxa in
The Plant DNA C-values, the rate of genome size
variation is relatively low among Malus species
and hybrid species with the same number of
chromosomes, as suggested by Dickson et al.
(1992) and then confirmed by Korban et al.
(2009). Differences among taxa having the
smallest and those with the largest nuclear DNA
contents are as follows: 0.45 pg (36%), 0.45 pg
(21%), and 0.34 pg (12%) for diploids, triploids,
and tetraploids, respectively. Therefore, the DNA
nuclear content parameter is used as well for
ploidy level assessment. In contrast, nuclear
genome sizes of some other plant genera, such as
those for lily and tulip are highly diverse (van
Tuyl and Boon 1997; Zonneveld 2009). The 2C
values within somatic cells of tulip are species-
specific, and range from 32 up to 69 pg for
diploids. Furthermore, the largest genome of
tulip has approximately 3.4 � 1010 more base

pairs and twice the size of chromosomes than
that of the smallest genome.

Genome size and ploidy level of apple were
first assessed using flow cytometry by Arumu-
ganathan and Earle (1991). They reported on
nuclear DNA contents for three cultivars of
M. � domestica, ranging from 1.54 to 1.65 pg.
Later on, Dickson et al. (1992) estimated genome
sizes of 25 Malus species and apple cultivars.
The DNA 2C values for 17 diploid Malus spe-
cies, from five sections, ranged from 1.21 to
1.67 pg, while within M. � domestica cultivars,
these ranged from 1.50 to 1.73 pg, and for tri-
ploid ‘Jonagold’, it was 2.52 pg. Genome sizes
evaluated by Dickson et al. (1992) were similar
to those reported by Tatum et al. (2005), Korban
et al. (2009), and Podwyszyńska et al. (2016).
These studies reported that nuclear genome sizes
for Malus accessions (species, hybrids, and cul-
tivars of M. � domestica) ranged from 1.50 to
1.78 pg for diploids, 2.27–2.58 pg for triploids,
and 3.13–3.37 pg for tetraploids. Comparisons of
genome size values of the same apple genotypes
evaluated in various laboratories revealed that
only two of six values, for cultivars ‘Cortland’
and ‘Idared’, exceeded the margins of error
(Table 4.2). Whereas, Höfer and Meister (2010)
estimated genome sizes of 256 Malus accessions
and reported lower genome sizes, on average
1.484 pg (1.245–1.635 pg), 2.198 pg (2.121–
2.428 pg), and 3.007 pg (2.851–3.193 pg) for
diploids, triploids, and tetraploids, respectively.
Moreover, they identified two pentaploids,
M. sikkimensis and M. sargentii, with genome
sizes of 3.540 and 3.874 pg, respectively (Höfer
and Meister 2010). Interestingly, the largest
genome of 4.286 pg was estimated for another
taxon of M. sargentii, and this was deemed to be
a polyploid, between 5 � and 6x (Höfer and
Meister 2010).

It is important to point out that the above
differences in Malus genome size estimations
among different studies must have likely resulted
from the use of different FCM procedures (buf-
fers, staining time, temperature, or internal stan-
dards), as well as the use of different types of
instruments (Johnston et al. 1999; Doležel et al.
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2003). For example, 2C values of apple geno-
types determined by Tatum et al. (2005), Korban
et al. (2009), and Podwyszyńska et al. (2016) are
more similar, presumably due to the fact these
three studies have all used maize (2C = 5.43 pg)
as an internal standard along with the same DNA
staining time (1 h). Whereas, genome sizes
obtained by Höfer and Meister (2010) are
slightly smaller, and this is probably due to the
fact that they have used radish (1.1 pg/2C) as an
internal standard along with a very short time for
DNA staining (1 min). Nevertheless, although
genome size estimations for the same species can
slightly differ among different laboratories,
trends in genome size gradations among Malus
species are found to be similar. For example, one
of the smallest size genomes is that reported for
M. yunnanensis, amounting to 1.32, 1.39, and
1.44 pg, as estimated by Höfer and Meister
(2010), Dickson et al. (1992), and Korban et al.
(2009), respectively. Accordingly, one of the
largest diploid apple genomes is that reported for
M. florentina, 1.65 and 1.63 pg, as estimated by
Höffer and Meister (2010) and Dickson et al.
(1992), respectively.

Thus, genome size evaluation using FCM is a
multipurpose parameter commonly used in vari-
ous fields of plant science dealing with species
evolution and taxonomy, cell biology, cell cycle,
endoreplication, and organ development, as well
as in breeding programs.

4.4.1 Hybrid/Apomictic Status
of Seedlings
from Intergeneric,
Interspecific,
and Interploid Crosses

The nuclear DNA content measured using only
FCM or in combination with molecular markers
is a very convenient tool for determining
hybrid/apomictic status of seedlings resulting
from intergeneric, intra- and interspecific, as well
as interploid crosses. As parental genomes differ
significantly in size, their hybrids are expected to
possess intermediate nuclear DNA content
(Kamiński et al. 2016). The estimation of the
genome size parameter is also important for
determining ploidy levels of parental genotypes,
as well as those of resulting progeny. For
example, when using either triploids or tetra-
ploids in crosses with other genotypes, irrespec-
tive of their ploidy levels, it is to be expected that
a number of aneuploids will be recovered in their
progeny (Bisognin et al. 2009; He et al. 2018).
Likewise, when hybridizing diploids with tetra-
ploids, it is likely that triploids will be recovered
in this progeny (Bisognin et al. 2009; He et al.
2018).

Bisognin et al. (2009) aimed to obtain hybrids
for breeding apple rootstocks resistant to apple
proliferation disease (caused by a phytoplasma)
by crossing the tetraploid M. sieboldii (resistant

Table 4.2 Comparisons of
nuclear DNA contents
(means ± SD) of
M. � domestica cultivars
analyzed by Dickson et al.
1992 (D), Tatum et al.
(2005) (T), Korban et al.
(2009) (K), and
Podwyszyńska et al. (2016)
(P) (adapted from
Podwyszyńska et al. 2016)

Cultivar 2C DNA (pg)

‘Cortland’ 1.57 ± 0.06T, 1.70 ± 0.02P

‘Gala’ 1.57 ± 0.14T, 1.66 ± 0.03P

‘Golden Delicious’ 1.62 ± 0.02T, 1.64 ± 0.06P

‘Idared’ 1.59 ± 0.02T, 1.68 ± 0.03P

‘Redspur Delicious’ 1.66 ± 0.01K, 1.69 ± 0.04P

‘Jonagold’ 2.48 ± 0.02T, 2.51 ± 0.2D, 2.48 ± 0.05P
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to the pathogen) with various common diploid
apple rootstocks, serving as donors of agronom-
ically valuable traits. Using SSR markers com-
bined with genome size determinations,
undesirable apomictic seedlings could be readily
distinguished from sexually derived interspecific
hybrid seedlings of intermediate genome size
compared to those of their parental genomes.
A similar strategy was pursued to detect inter-
generic hybrid seedlings resulting from a cross
between Japanese pear (Pyrus pyrifolia ‘Nakai’)
and apple. Hybrid seedlings exhibited nuclear
DNA contents of the intermediate size of those of
the two parents (Gonai et al. 2006). In turn, Inoue
et al. (2002) obtained apomictic seedlings of
Japanese pear, whose development was induced
using irradiated apple pollen, and these apomictic
pear seedlings were identified and selected based
on cytometric measurements (genome size) and
random-amplified polymorphic DNA (RAPD)
molecular marker analysis, specific to the genetic
profile of the Japanese pear. Kron and Husband
(2009) assessed the potential for hybridization
and gene flow between the diploid domesticated
apple, M. � domestica, and the tetraploid
crabapple M. coronaria using both FCM and
isoenzyme markers. They found that open-
pollinated crabapple seeds consisted of 57% tet-
raploids (sexual or apomictic), 7.7% apomictic
diploids, 7.4% hexaploids or octoploids (sexual),
and 27.5% triploid or pentaploid hybrids. Hence,
they suggested that there was a significant
potential for gene flow from the domestic apple
into native crabapple populations. Furthermore,
cytometric genome size determination was most
frequently used for the detection of artificially
induced tetraploids of numerous plant species
(Dooghe et al. 2011), including those of apple
(Podwyszyńska et al. 2017). In addition, genome
size analysis was also useful in detecting apple
somaclonal variants among in vitro-propagated
plants differing in ploidy levels from donor
genotypes (Druart 2000; Noormohammadi et al.
2015).

4.4.2 Nucleotypic Effects of Genome
Size

Nucleotypic effects are phenotypic changes rela-
ted to the total nuclear DNA amount per cell.
These effects are commonly observed among and
within species for certain cell types, and in gen-
eral, it has been established that there is a positive
correlation between genome size and cell size
(Levin 1983, Dooghe et al. 2011; Anssour et al.
2009; Snodgrass et al. 2017). In apple, nucleo-
typic effects are significant both within genus and
within species. Cell size, stomata length, and
pollen grain diameter are positively correlated
with ploidy level, as well as with genome size
(Lespinasse and Noiton 1986; Blanke et al. 1994;
Korban et al. 2009; Podwyszyńska et al. 2016,
2020a; Xue et al. 2017). It has been reported that
lengths of stomata are the shortest in diploid
species, ranging from 19.47 µm inM. yunnanesis
to 22.17 in M. kirghisorum, and longer in tri-
ploids, ranging from 24.50 in M. hupehensis to
27.07 in M. � domestica (Korban et al. 2009). It
is worth noting that the shortest and the longest
stomata observed for diploids are correlated with
the smallest and largest genome sizes, respec-
tively. Furthermore, high correlations between
ploidy levels and stomata lengths for haploid,
diploid, triploid, and tetraploid apple genotypes,
amounting to 34.4, 46.7, 50.2, and 66.6 µm,
respectively, have also been reported by Lespi-
nasse and Noiton (1986). Similarly, both lengths
of stomata and diameters of pollen grains are, on
average, significantly higher in triploid cultivars
than in diploid cultivars by 14% and 10%,
respectively (Table 4.3, Figs. 4.2 and 4.3, Pod-
wyszyńska et al. 2016). Moreover, sizes of leaf,
flower, and fruit tissues are, on average, larger in
triploids than in diploids by 36%, 14%, and 25%,
respectively (Table 4.3). However, the sizes of
plant organs should not be readily used as
markers of ploidy levels. As there are many
diploid cultivars that produce large leaves, flow-
ers, and fruits. For example, the diploid Japanese
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cultivar ‘Sekai Ichi’ and the diploid Polish culti-
var ‘Ligostar’ are characterized by their produc-
tion of very large fruits (Harada et al. 2005;
Podwyszyńska et al. 2016). In fact, the fruit of the
diploid ‘Sekai Ichi’ is larger than that of the tri-
ploid ‘Mutsu’ (also known as ‘Crispin’); how-
ever, ‘Mutsu’ has a larger fruit than that of the
diploid ‘Fuji’ (Harada et al. 2005). Interestingly,
it is reported that the pericarp cell size of both
diploid cultivars, ‘Sekai Ichi’ and ‘Fuji’, is simi-
lar, but it is smaller than that of the triploid
‘Mutsu’, but the cell number in the pericarp of
‘Sekai Ichi’ is much higher than that of the other
two cultivars (Harada et al. 2005). Apple fruit size
is influenced by a combination of factors,
including active cell division and increased rate of
cell growth (Harada et al. 2005). Therefore, fruit
size is only partially correlated with ploidy level.

Although there is a clear tendency for
enhanced cell and organ growth with higher
ploidy, the highest correlation is found between
size of stomata and ploidy level (Lespinasse and
Noiton 1986; Korban et al. 2009; Podwyszyńska
et al. 2016). Thus, the morphological trait of
stomata size has long been recognized as a reli-
able marker for ploidy level for many plant

species, including apple. This marker along with
FCM data has been used to determine the
structure of apple mixoploids, ploidy chimeras
(Podwyszyńska et al. 2016). Ploidy chimeras of
‘McIntosh’ and ‘Jonathan’, possessing diploid
and tetraploids genomes (4x:2x = 3:1), exhibit
the diploid characteristic of small size stomata
along with specific traits for tetraploids, includ-
ing poor pollen germination, large leaves, and
higher chlorophyll content. These collective
features indicate that these chimeral types must
have 2x-4x-4x (or 2-4-4) in L1, L2, and L3
histogenic layers, respectively. Such a descrip-
tion of chimera is based on our knowledge of
shoot meristem development, as this meristem-
atic region usually develops from three apical
histogenic layers, including L1, L2, and L3, in
diploids, wherein the L1 gives rise to an epi-
dermis with stomata, the L2 forms subepidermal
tissues, including gametes, while L3 forms the
corpus with vascular tissues and roots (Geier
2012).

Furthermore, genome size, and more specifi-
cally ploidy level, significantly influences vari-
ous other phenotypic traits. In addition to organ
size (gigas effect), ploidy level influences

Table 4.3 Comparisons of
nuclear DNA content and
several phenotypic traits of
diploid and triploid apple
cultivars (Podwyszyńska
et al. 2016)

Trait Ploidy level p

2x 3x

Mean Min-Max Mean Min-Max

Flowering time 8–9
May

7–13 May 8 May 7–11
May

0.29

Flower diameter (mm) 46.1 b 37.8–60.7 52.4 a 42.5–
58.7

0.00

Fruit weight (g) 162.7 b 87.3–
257.57

204.7
a

130–
242.0

0.00

Leaf area (cm2) 36.0 b 19.1–57.4 49.1 a 32.9–
70.7

0.00

Stomata length (µm) 28.4 b 26.3–29.7 32.1 a 27.9–
35.1

0.00

Pollen grain diameter
(µm)

30.7 b 26.4–35.7 33.7 a 31.37–
35.3

0.05

Pollen viability (%) 75.6 a 48.6–86.1 22.8 b 4.0–49.5 0.00

Nuclear DNA content
(pg)

1.70 b 1.58–1.78 2.51 a 2.42–
2.60

0.00

Means within rows followed by the same letter are not significantly different at p = 0.05
using Tukey’s test
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resistance to biotic and abiotic stresses, as well as
secondary metabolite production, among many
other traits (Ramanna and Jacobsen 2003;
Dooghe et al. 2011; Soltis et al. 2014). Often,
observed changes in polyploids are of high
agronomic value. Therefore, generating triploids
and tetraploids has been met with some interest
by plant breeders.

4.4.3 Developmental Processes

In apple, the nuclear DNA content is very similar
in all somatic tissues and organs, including fruits
(Harada et al. 2005). However, there is an
exception to this observation as reported for
apple cv. ‘Grand Gala’, which is a spontaneous
mutant of ‘Gala’. Compared to ‘Gala’, ‘Grand
Gala’ has larger-sized buds, leaves, pedicle

diameters, and fruits (>38%), but reduced tree
growth habit, thus indicating that it is a tetra-
ploid. Surprisingly, flow cytometric analysis of
‘Grant Gala’ leaves has confirmed that it is a
homogenous diploid, while FCM analysis of
pericarp cells has indicated that it has a larger
nuclear DNA content of 4C, reaching 57% and
77% for all cells analyzed at early and at late
stages of fruit development, respectively. In
addition, 8C DNA amounts of 5–8% are also
observed, particularly at the early stages of fruit
growth. These observed higher DNA contents
are related to larger pericarp cells, by 15%, at the
final stages of fruit growth. Moreover, the
detection of high proportions of 4C nuclear DNA
content has suggested an arrest of the G2 phase
of the cell cycle, thereby resulting in endorepli-
cation, a process of nuclear DNA replication in
the absence of mitosis, thus leading to increased

Fig. 4.2 Stomata of several
apple cultivars. a, c,
e Diploids ‘Alwa’, ‘Ligol’,
and ‘Ligolina’, respectively.
b, d, f Triploids ‘Boscoop’,
‘Bursztówka Polska’, and
‘Witos’. Bars represent
20 µm (Podwyszyńska et al.
2016)
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genome size. Endoreplication, also referred to as
endoreduplication, endopolyploidy, or polysomy
is a developmental mechanism responsible for
differentiation and morphogenesis (Barow and
Meister 2003; De Veylder et al 2011), and it is
common to occur in different tissues or organs;
e.g., all organs of sugarbeet (Lukaszewska and
Sliwinska 2007). Endoreplication has also been
observed in the fruit of tomato whereby C-values
can reach up to 250 C (Bertin et al. 2003).
Maladi and Hirst (2010) have suggested that this
phenomenon is present in apple cv. ‘Grand
Gala’, and this is likely to be related to alterations
in cell cycle gene expression, as partially con-
firmed using reverse transcription (RT)-poly-
merase chain reaction (PCR) analysis.

4.4.4 Downsizing of Polyploid
Genomes

Genome size analysis of polyploids derived from
the same species, such as those of M. sargentii,

M. sieboldii, M. spectabilis, M. hupehensis, and
M. sikkimensis, has revealed that mean DNA
amount per basic genome (1C, calculated by
dividing the 2C value by ploidy number)
decreases along with increasing ploidy level
(Höfer and Meister 2010). This phenomenon,
referred to as genome downsizing, is widespread
in angiosperms, and it has been reported for
several allo- and autopolyploids of various plant
species (Leitch and Bennett 2004; Eilam et al.
2010; Poggio et al. 2014).

Elimination of specific DNA sequences dur-
ing polyploid formation, including the elimina-
tion of 18S-26S and/or 5S rDNA gene copies,
has been recorded in polyploids of various spe-
cies, such as Triticum, Nicotiana, Festuca, and
Brassica (Wendel 2000). Moreover, evidence of
selective DNA sequence loss in polyploids has
also been documented based on analysis of
14,634 repetitive DNA sequences in genomes of
the progenitor species of Nicotiana tabacum, N.
sylvestris, and N. tomentosiformis (Renny-
Byfield et al. 2011). It has been found that

Fig. 4.3 Pollen grains of apple cultivars of different
ploidy, including a diploid ‘Gold Millenium’ (a, f, j), a
triploid ‘Witos’ (b, g, k), a diploid ‘McIntosh’ (c, h, l),
and a mixoploid ‘McIntosh’ (2-4-4) (d, e, i, m). Pollen
grains of these particular cultivars subjected to different

treatments: stained with acetocarmine (a, b, c, d, e), bars
represent 10 µm; germinating in a 20% sucrose solution
(f, g, h, i), bars represent 20 µm; and germinating on
stigma surfaces (j, k, l, m), bars represent 100 µm (Taken
from Podwyszyńska et al. 2016)
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retroelements are mainly eliminated from the
genome of N. tabacum when compared to its
progenitors. Presumably, a similar mechanism of
genome size downsizing may exist during poly-
ploid formation within Malus. Recently, genome
downsizing has been observed in newly gener-
ated autotetraploids of apple (Table 4.4; Pod-
wyszyńska, original study). Interestingly,
differences between the theoretical magnitude of
about 2.90–2.96 pg and values obtained from
cytometric measurements for genomes of apple
neotetraploids (2.80–2.86 pg) range from 1.4 to
4.4%; these measurements have been carried out
using Raphanus sativus as an internal standard
(2C DNA = 1.11 pg) (Fig. 4.4). This observed
phenomenon in diploids, allopolyploids, and
autopolyploids of Mediterranean triticale has
been widely discussed by Eilam et al. (2010). It
is suggested that genome downsizing immedi-
ately following the formation of these polyploids
provides the physical basis for their cytological
diploidization; i.e., diploid-like meiotic behavior.
Moreover, the mechanism for this phenomenon
is probably necessary during the process of
genome stabilization, and it is a significant
source of genetic variation, either for the long
term process of species evolution or during a

short term effort in breeding for ploidy for gen-
erating new genotypes.

4.4.5 Ploidy Breeding

In order to develop polyploids, the following two
strategies have been commonly used, meiotic and
mitotic polyploidization (Ramanna and Jacobsen
2003; Dooghe et al. 2011). In general, sexual
meiotic polyploidization with 2n gametes leads
to the generation of mostly triploids, but very
seldom to tetraploids, that can be divided into
two main types, allopolyploids (interspecies
polyploids) and autopolyploids (intraspecies
polyploids). Whereas, in mitotic polyploidiza-
tion, chromosome doubling occurs in somatic
cells often leading to the formation of autopoly-
ploids, usually either autotetraploids or auto-
hexaploids when chromosome doubling is
induced in either diploids or triploids, respec-
tively. Mitotic polyploidization is also commonly
used to overcome either interspecific or inter-
generic hybrid sterility whereby chromosome
doubling is induced in somatic tissues of such a
hybrid, using colchicine, to produce allopoly-
ploids that might be fertile.

Table 4.4 Estimation of
nuclear DNA contents of
newly generated apple
autotetraploids, following
treatment with either
colchicine or amiprophos
methyl (APM), relative to
their diploid counterparts

Cultivar Nuclear DNA content (pg)

Diploid Tetraploid clonea

‘Free Redstar’ 1.45 ± 0.040 b 1-S
5-S

2.85 ± 0.013 a
2.82 ± 0.050 a

‘Gala Must’ 1.44 ± 0.031 b 2-S
4-S

2.83 ± 0.011 a
2.83 ± 0.034 a

‘Redchief’ 1.45 ± 0.026 b 8-S
20-S

2.86 ± 0.043 a
2.80 ± 0.039 a

‘Pinova’ 1.45 ± 0.039 b 3-S
6-L

2.83 ± 0,035 a
2.80 ± 0.045 a

‘Sander’ 1.48 ± 0.026 b 3-L
6-S

2.87 ± 0.041 a
2.83 ± 0.038 a

aS and L refer to origins of the tetraploid from either shoot (S) or leaf (L) explants treated
with antimitotic agents. Statistical analysis was conducted separately for each cultivar.
Mean values with the same letter are not significantly different at p = 0.05, according to
Duncan's multiple range test
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Autopolyploidy has been reported in many
species, including apple, which is induced using
either in vivo or more often in vitro techniques
(Sedov et al. 2017a, b, 2018; Sedysheva and
Gorbacheva 2013; Podwyszyńska et al. 2017).
Both allopoliploidy and autopolyploidy consid-
erably alter both plant phenotype and genotype
(Osborn et al. 2003; Chen 2007; Anssour et al.
2009; Parisod et al. 2010; Soltis et al. 2014). The
most common characteristic associated with
polyploidy is an enlargement of organs (referred
to as a ‘gigas’ effect). Moreover, phenotypic
variations are due to genomic changes, not only
via doubling of genome size but also via alter-
ations of DNA structure and methylation pat-
terns, thereby resulting in modifications of
cytological, biochemical, physiological, and
developmental features of a plant (Wendel et al.
2016). Often, polyploidy yields either new or
transgressive traits affording these new geno-
types better adaptation to less favorable growth
conditions compared with their diploid progeni-
tor(s).

4.4.5.1 Triploids
Apple triploids are in demand by consumers and
producers due to their large attractive fruits and
other valuable traits (Janick et al. 1996; Sedov
et al. 2014, 2017a, b). Triploids account, on
average, for about 10% of all currently grown
cultivars, but there are differences among local

populations (Janick et al. 1996). For example,
among Polish apple cultivars alone, the fre-
quency of triploids accounts for 10% of all
grown cultivars (Podwyszyńska et al. 2016).
Interestingly, out of five known triploids, ‘Witos’
is a confirmed seedling of diploid parents,
‘Rarytas Śląski’ is a seedling of the triploid
‘Blenheim Orange’, ‘Pagacz’ is a mutant of the
triploid ‘Jonagold’, and the remaining two tri-
ploid cultivars are most likely derived from open
pollination. Pereira-Lorenzo et al. (2007) have
reported that within local Spanish cultivars, 28%
are triploids. Most, if not all, of the popular tri-
ploid cultivars are derived from meiotic natural
polyploidization resulting from fertilization of
unreduced 2n gametes. These include old culti-
vars such as ‘Gravenstein’, ‘Belle de Boskoop’,
‘Baldwin’, ‘Rhode Island Greening’, ‘Blenheim
Orange’, ‘Stayman Winesap’, ‘Tompkins County
King’, and various members of the ’Reineta’
family, such as ‘Reineta Blanca’ and ‘Reineta
Gris’, as well as newer cultivars, such as ‘Jon-
agold’ and ‘Mutsu’ (Janick et al. 1996). Due to
their vigorous growth and higher fruit produc-
tivity, compared to diploid cultivars, triploids
have been predominantly cultivated in the early
twentieth century (Crane and Lawrence 1930).

As reported by Russian researchers, long-term
breeding studies launched in the 1970s have
resulted in the development of a number of tri-
ploid apple cultivars, including genotypes

Fig. 4.4 Sample histograms of apple cytometric analysis
conducted to assess nuclear DNA contents of a diploid
cultivar and its corresponding induced autotetraploid. On

the left, ‘Redchief’ and its newly generated tetraploid (on
the right). Raphanus sativus (2C = 1.11 pg DNA) was
used as an internal standard
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derived mostly via interploid crosses
(2x � 4x) along with a few derived from meiotic
polyploidization (Sedov et al. 2014, 2017a, b,
2018). Most of these triploid cultivars are char-
acterized with immunity to apple scab disease,
more regular fruiting behavior, high-quality fruit,
and higher autogamy. Some of these cultivars;
e.g., ‘Sinap Orlovskiy’ and ‘Rozhdestvenskoye’,
are currently grown in orchards in both Russia
and Belarus. One of the most valued cultivars,
‘Ministr Kiselev’, has been included in the
Russian State Registry in 2017.

4.4.5.2 Tetraploids
In apple, tetraploids have been generated for
breeding purposes, mainly for use in sexual
hybridizations with diploids in order to obtain
triploid genotypes, as these are deemed optimal
for commercial markets (Sedov and Makarkina
2008).

One of the best-known old tetraploid cultivars
is ‘Hibernal’, which originated in Russia from
about 1870–1880, and it is still present in some
fruit collections (Vaarama 1948). The genetic
origin of ‘Hibernal’ has not been documented,
but it is likely derived from sexual poly-
ploidization. Due to its high resistance to frost,
vigorous growth, and good productivity,
‘Hibernal’ has been widely cultivated in the early
twentieth century in northern regions of Finland,
Canada, and the USA, where it has been
imported from Russia. ‘Hibernal’ possesses typ-
ical traits for tetraploids, including thick and
short branches, large dark-green leaves, and rel-
atively large fruit with thick skin.

In the 1970s, several either homogenous or
chimeral apple tetraploids of ‘Antonovka Plos-
kaya’ (2-4-4-4), ‘Papirovka’ (2-4-4-4), ‘McIn-
tosh’ (4x), and ‘Wealthy’ (2-4-4-4) have been
generated via colchicine treatments, used for
inter- and intraploid crosses, and yielding several
desirable triploid cultivars (Sedov et al. 2014,
2017a, b, 2018). These studies have revealed that
2x � 4x crosses resulted in a higher number of
triploids compared to reciprocal crosses (4x
2x). This is attributed to the fact that maternal
tetraploids possess a relatively high capability for
autogamy. Therefore, to obtain higher numbers

of triploids using 4x � 2x crosses, flowers of the
maternal tetraploid should be emasculated
(Sedov 2014). Furthermore, it has been reported
that tetraploids have been also produced follow-
ing hybridizations between 3x and 2x, wherein
both genotypes yield unreduced gametes
(Schuster and Büttner 1995).

Although tetraploid cultivars are currently not
cultivated commercially, they are maintained in
genebanks and germplasm resources for biodi-
versity studies, and for utilization in breeding
programs. In the last 20 years, several new apple
autotetraploids have been developed using
in vitro techniques (Ou et al. 2008; Jia 2009; Xue
et al. 2015). These tetraploids have been induced
from leaf explants, while induction of shoot
explants has not yielded any tetraploids (Jia
2009). For chromosome doubling, antimitotic
agents, such as colchicine and oryzalin, have
been most commonly used (Ou et al. 2008; Jia
2009; Xue et al. 2015; Hias et al. 2017). How-
ever, as recent concerns over the carcinogenic
activity of colchicine, other less toxic antimi-
totics, such as amiprophos-methyl (APM), have
been successfully used for chromosome doubling
under in vitro conditions (Podwyszyńska et al.
2017). Thus, treating either shoots or leaf
explants with APM in in vitro cultures has
resulted in the recovery of numerous mitotic
tetraploids from six apple cultivars (Pod-
wyszyńska et al. 2017).

During the last decade, phenotypes and
genotypes of autotetraploid have been evaluated
by several groups worldwide (Jia 2009; Zhang
et al. 2015; Xue et al. 2015, 2017; Chen et al.
2017; Hias et al. 2017; Podwyszyńska et al.
2020, 2021b). Newly generated tetraploids are
notably characterized by their weak growth (Xue
et al. 2017; Podwyszyńska et al. 2020, 2021a, b).
Moreover, these tetraploids have shorter shoots,
smaller dark-green leaves with altered shapes
(more roundish), but have much higher chloro-
phyll contents (Fig. 4.5). Analysis of 6–12-
month old own-rooted tetraploid plants by mea-
suring gas exchange and chlorophyll fluores-
cence (maximum PSII quantum yield, Fv/Fm)
have revealed that these tetraploids have either
comparable or lower photosynthetic activities,
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but higher transpiration rates and stomatal con-
ductivities than their diploid counterparts (Pod-
wyszyńska et al. 2021a, b). In addition, some
tetraploid clones, depending on the cultivar, have
demonstrated propensities for premature dor-
mancy, as manifested with growth inhibition
within a period of 2 months following transfer
from in vitro to ex vitro conditions. However,
when these tetraploids are subjected to a 12-week
low temperature (5 °C) treatment, dormancy is
broken, and they resume growth. This observed
transient growth inhibition of newly-developed
tetraploids is likely attributed to epigenetic
changes resulting from alterations in DNA
methylation due to chromosome doubling (Pod-
wyszyńska et al. 2021a, b). In fact, higher DNA
methylation levels are detected in tetraploid
clones compared to their diploid counterparts
using methylation-sensitive amplification poly-
morphism (MSAP) analysis. Furthermore, such
tetraploid clones undergoing premature dor-
mancy are also characterized by a high DNA
methylation rate (22.95%), which is * three-
fold higher than that detected in diploids (8.3%).
Therefore, it is proposed that the process of
entering into and then subsequent recovery from
dormancy is related to alterations in DNA

methylation rates, induced by low temperature,
and it is likely to be involved in genome stabi-
lization of newly developed tetraploids.

Xue et al. (2017) have reported on increased
vigor, larger organs, and enhanced physiological
parameters in mitotic neotetraploids of apple cv.
‘Hanfu’ after reaching maturity (reproductive
phase). It is observed that tetraploid ‘Hanfu’ lines
have flowered in the fifth year; i.e., 2 years later
than diploid ‘Hanfu’. Furthermore, flowering of
tetraploids is delayed by 5–7 days within the
season. Moreover, all physiological parameters
measured, such as net photosynthetic rate, tran-
spiration rate, stomata conductance, and fluores-
cence performance are found to be higher in
tetraploids than in diploids. However, the dwarf
growth habit trait of tetraploids is maintained.
Ma et al. (2016) have investigated the molecular
mechanism of dwarfism in autopolyploid apple
trees. It is reported that following genome dou-
bling, differential expression of genes involved in
both auxin and brassinosteroid biosynthesis
pathways likely leads to reduced levels of these
two growth regulators, thereby contributing to
dwarfism (Ma et al. 2016).

Apple tetraploids are reported to have
enhanced productivity and fruit quality along

Fig. 4.5 Plants, leaves, and
stomata of 6-month-old
diploid (left) and tetraploid
(right) plants of ‘Gala Must’
apple
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with increased resistance to various biotic and
abiotic stresses (Sedyscheva and Gorbacheva
2013; Jia 2009; Xue et al. 2015, 2017; Chen et al.
2017; Podwyszyńska et al. 2020, 2021a, b).
Sedov and Makarkina (2008) have reported that
fruits of some selected apple tetraploids have
higher contents of total sugars, titratable acids,
and ascorbic acids compared to those detected in
their diploid counterparts. Furthermore, some of
these traits, such as high ascorbic acid content,
are transmitted to hybrid triploid progeny fol-
lowing sexual hybridizations between tetraploid
and diploid genotypes.

There are several reports suggesting that tet-
raploids of various crop species are more resis-
tant to diseases than their diploid progenitors due
to duplications of resistance genes and/or alter-
ations of their molecular functions as a conse-
quence of whole-genome duplication (Oswald
and Nuismer 2011; Panchy et al. 2016). Chen
et al. (2017) have obtained autotetraploids of
‘Hanfu’ and ‘Gala’ demonstrating significantly
lower levels of susceptibility to various serious
diseases, such as leaf blight and anthracnose,
caused by Alternaria alternate and Col-
letotrichum gloeosporioides, respectively. Using
real-time quantitative PCR analysis, they have
investigated the molecular mechanism of
enhanced resistance to infection by these two
pathogens and have found that several disease
resistance-related genes, including PR1,
WRKY29, CDPK, and MPK4, are significantly
up-regulated in autotetraploids (Chen et al.
2017). Recently, several individual tetraploid
clones of cvs. ‘Redchief’ and ‘Gala Must’ with
higher levels of resistance to the bacterial disease
fire blight caused by Erwinia amylovora and
tetraploid clones of ‘Free Redstar’ with higher
levels of resistance to apple scab disease caused
by Venturia inaequalis have been selected based
on in vitro bioassays and greenhouse tests,
respectively (Podwyszyńska et al. 2020, 2021a,
b). In addition, it is revealed that sister tetraploid
clones derived from the same diploid apple cul-
tivar have exhibited differences in susceptibility
to these diseases (Podwyszyńska et al. 2020,
2021a, b). Molecular analysis has confirmed that
differences within tetraploids of a given cultivar

are associated with genetic and epigenetic chan-
ges as indicated by variations in DNA structure
and levels of methylation. Mean level of genetic
differentiation among tetraploids analyzed in the
above three apple cultivars using amplified
fragment length polymorphism (AFLP) markers
is 2.4% compared with their diploid counterparts.

It has been reported that autotetraploidy
enhances drought stress tolerance in two apple
cultivars, ‘Hanfu’ and ‘Gala’ (Zhang et al. 2015).
Under drought stress, autotetraploids had higher
relative water contents (RWC) and higher
chlorophyll fluorescence, but lower levels of
malondialdehyde (MDA) and proline compared
with their counterpart diploids. It was observed
that key aquaporins genes, including MdPIP1;1
and MdTIP1;1, were induced in leaves in
response to polyethylene glycol (PEG 6000)
treatment. Furthermore, expression of these two
genes induced under drought stress treatment
was lower in autotetraploids than in diploids. In
another study, tetraploids of the apple rootstock
M. zumi with increased resistance to both salt and
drought, compared to its diploid counterpart,
were also reported (Jia 2009).

4.5 Cytogenetic Analyses

4.5.1 Identification of Malus
Chromosomes

As size of chromosomes of apple species (Malus
sp.) is very small and they are relatively high in
number, this makes it rather difficult to conduct
cytogenetic analysis. According to Bouveir et al.
(2000), lengths of apple chromosomes range
from 1.5–3.5 µm. However, lengths of apple
chromosomes are reported to be slightly shorter,
1.0–2.7 µm by Zhu and Gardiner (1995) and
0.5–1.0 µm by Lespinasse et al. (1976). These
observed differences in lengths of chromosomes
may be due to different genotypes analyzed,
measurement method, and slide preparation,
mainly by squashing, that may increase total
chromosome length and alter arm indices
(Bosemark and Bormotov 1971). Furthermore,
this may also depend on the position of a
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chromosome relative to the center of a squash.
Nevertheless, there are no reported wide varia-
tions in chromosome morphology. According to
Zhu and Gardiner (1995), based on the position
of the centromere, all apple chromosomes are
submetacentric, using terminology suggested by
Levan et al. (1964), and there are no secondary
constrictions. Bouveir et al. (2000) have classi-
fied chromosomes in haploid M. � domestica
(cultivated apple) as metacentric (6 chromo-
somes) and submetacentric (11 chromosomes),
with the longest chromosome bearing a satellite.
It has been observed that a small satellite is
present on either one or both homologues of
chromosome 3 in the diploid apple rootstock M.
sieboldii clone A106 (Zhu et al. 1995). This
observed low frequency of satellites detected by
conventional staining may be due to slide
preparation and to the small size of apple
chromosomes.

Identification of apple chromosomes has been
improved by using techniques enabling longitu-
dinal differentiation of chromosomes, such as
silver staining (Zhu and Gardiner 1995) and
chromosome C-banding of heterochromatin sec-
tions (Zhu et al. 1995). The cytological technique
of silver (Ag) staining, capitalizing on the pref-
erential binding of silver ions onto some of the
nucleolus-linked proteins, has been used for
detecting nucleolar organizing regions (Ag-
NORs) in the apple rootstock MM106 (Zhu and
Gardiner 1995). NORs are found to be present at
telomeric regions of the short arms of chromo-
some pairs 6 and 14 (classified based on
decreasing chromosome length). Zhu et al.
(1995) have used, for the first time, C-banding
techniques for the apple genome to identify pairs
of homologous chromosomes in the diploid
apple rootstock A106 (M. sieboldii). The C-
banding technique has revealed the presence of
C-bands on telomeric regions of the short arms of
chromosomes 2, 4, 6, 8, 14, and 16. Although C-
banding has enabled the identification of only 6
of the 17 chromosome pairs of apple, it has been
useful to distinguish between chromosomes 4
and 5 that are similar in size and arm ratios (Zhu
et al. 1995).

4.5.2 Fluorescence in Situ
Hybridization for Physical
Mapping
of Chromosomes

Fluorescence in situ hybridization (FISH) is yet
another technique that produces molecular cyto-
genetic markers, allowing for chromosomal
identification and studies of phylogenetic rela-
tionships among species (Fukui et al. 1994). This
technique is used to locate the physical position
of either repeated or unique DNA sequences on
chromosomes. Thus far, there has been limited
work using FISH for investigating the small
chromosomes of Malus species. Zhu and Gar-
diner (1995) have described the use of FISH
using an 18S plus a spacer rDNA probe and
silver staining of NORs in a diploid apple root-
stock. In this study, rDNA genes have been
localized at terminal positions of the short arms
of chromosomes 6 and 14. Furthermore, two
ribosomal DNA genes, 5S rDNA and 18S-25S
rDNA, have been used in analyzing apple cv.
‘Pinova’, 2n = 2x = 34 (Schuster et al. (1997).
The simultaneous use of these probes has
revealed the presence of 10 ribosomal RNA loci
at different chromosomal locations; thus, offering
reliable chromosome landmarks for identifying
five of the 17 chromosome pairs of apple. In
addition, 18S-25S rDNA loci have been identi-
fied along four chromosome pairs in telomeric
regions of the short arms, while 5S rDNA loci
are detected in the proximal region of the short
arm of a small metacentric chromosome pair.
These findings are consistent with more recent
observations revealing the presence of eight
telomeric 18S-5.8S-25S sites and two cen-
tromeric 5S rDNA sites, located on different
chromosomes in open-pollinated seedlings of
apple cv. ‘Sensyu’ (Yamamoto et al. 2016).

Three genes from the cultivated apple,
M. � domestica, related to fruit ripening encod-
ing endopolygalacturonase (EPG), 1-
aminocyclopropane-1-carboxylic acid (ACC) ox-
idase, and ACC synthase were used as probes for
in situ hybridization of chromosomes of the
diploid apple rootstock M. sieboldii A106 to

4 Ploidy, Genome Size, and Cytogenetics of Apple 65



locate the physical positions of corresponding
genes on an apple karyotype (Gardiner et al.
1994; Zhu et al. 1995). FISH revealed that genes
homologous to EPG, ACC oxidase, and ACC
synthase were located in different positions along
10 pairs of chromosomes. Further progress of the
Malus genome has been made by using bacterial
artificial chromosome (BAC) with FISH (BAC-
FISH) to determine physical locations of useful
gene loci. BAC-FISH analysis was used to assess
the linkage of a monomorphic gene, MdFBX11,
to the S locus region in apple (Minamikawa et al.
2010). FISH revealed that MdFBX11 was located
near the S locus in a subtelomeric region of a
chromosome. In addition, a BAC clone, con-
taining repetitive sequences, was detected at
centromeric regions of each of the 17
chromosomes.

4.5.3 Meiotic Analysis
of Chromosome Pairing

Microsporogenesis has been extensively ana-
lyzed both in diploid and triploid genotypes
(Roscoe 1933; Koul et al. 1984; Singh and Wafai
1984; Singh and Wafai 1984; Dar et al. 2015;
Dar et al. 2018). In general, a normal chromo-
some behavior, with 17 bivalents in meiotic
metaphase 1, is observed in diploid apple culti-
vars (Zhu et al. 1995; Dar et al. 2018). However,
Dar et al. (2015) have observed meiotic irregu-
larities, such as univalents, non-disjunctions, as
well as disturbed anaphase and telophase during
male-meiotic analysis in six commercial apple
cultivars (2n = 34). The frequency of meiotic
aberrations ranged from 5.06% (‘Raj Ambri’) to
7.07% (‘Golden Delicious’). In an earlier study
of meiosis in the diploid ‘Kulu Kenya’, 17
bivalents are observed accompanied by five
supernumerary or B chromosomes that might
have arisen by fragmentation of chromosomes
(Chaudhary and Mehra 1975).

Overall, it has been reported that meiotic
division in diploid and triploid apple cultivars
varies considerably (Koul et al. 1984). In triploid
cultivars, multivalent associations are observed
in meiotic metaphase 1, and segregation of

chromosomes is highly irregular. Moreover,
variable numbers of chromosomes are found to
be directed to either pole, and some laggards are
not included in daughter nuclei (Singh and Wafai
1984). In fact, analysis of chromosome behavior
during meiosis has been used to unravel the
mode of origin of triploid apples. Singh and
Wafai (1984) have analyzed chromosome pairing
in diploid and triploid cytotypes of M. pumila
‘Hazatbali’ and have observed the formation of
17 bivalents in diploids and a high frequency of
trivalents in triploids, respectively. This latter
finding indicates that the autotriploid origin of
these triploids is likely derived from fertilization
of n and 2n gametes.

In a study of meiosis in tetraploids, it is
observed that the numbers of microsporogenesis
disorders of tetraploids, such as lagging chro-
mosomes, over-abundance of spindles,
micronuclei, and polyads, account for 11.7–
61.1% (Sedysheva and Gorbacheva 2013).
However, normal diploid pollen is also present,
thus available for use in polyploidy breeding
efforts (Sedysheva and Gorbacheva 2013).

4.6 Concluding Remarks
and Future Prospects

Knowledge of ploidy level, genome size, and
karyotype characteristics is key for pursuing
studies conducted by taxonomists and breeders.
Evaluation of the hybrid status of seedlings
derived from intergeneric and interploid
hybridizations, either via interspecific or
intraspecific crosses, is essential in breeding to
eliminate apomictic offspring. Classical cytoge-
netic approaches in studies of the apple genome
are well documented. However, there is rela-
tively little work in applying in situ hybridiza-
tion, FISH and GISH (genomic in situ
hybridization), and chromosome painting map-
ping with BACs for studying genome evolution
and hybrid verification in the genus Malus.

Phenotypic changes observed in newly
developed apple polyploids, either allo- or
autopolyploids, are not fully understood. Apple
ploidy breeding is somewhat underestimated,
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although it is an important source of genetic
variation. There is little information available on
phenotypic, cytogenetic, and genetic changes
resulting from polyploidization, particularly
those relevant to resistance against biotic and
abiotic stresses or to secondary metabolite con-
tents. What is the molecular mechanism of these
changes? In apple, mechanisms of genome
downsizing in polyploids as well as geographical
distribution of species based on genome size
variations are poorly understood, in contrast to
the available knowledge of other crops. To
understand these processes, it is necessary to
collectively exploit various modern methods in
the field of cytology, cytometry, and molecular
biology. Comprehensive evaluation of tested
germplasm or breeding material will allow for
significant progress in studying the origin, ecol-
ogy, and breeding of apples.
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5Genetics and Breeding of Apple
Scions

Soon Li Teh, Sarah A. Kostick,
and Kate M. Evans

Abstract

The development of new improved apple scion
cultivars through breeding continues to be an
important approach to ensure sustainable apple
production and increase consumer satisfaction.
Apple scion breeding programs are primarily
focused on improving fruit quality, fruit stora-
bility, and resistance to diseases and pests.
Recent genetic and genomic advances have
resulted in practical applications (e.g.,
DNA-informed breeding) in apple scion breed-
ing programs. However, phenotyping contin-
ues to be a bottleneck, thus limiting efficient
genetic improvement of apple scions. This
chapter provides an updated review of: (1) cur-
rent apple scion breeding efforts; (2) breeding
for improved fruit quality; (3) breeding for
resistance to diseases (e.g., apple scab, fire
blight, and powdery mildew) and pests; and
(4) recent advances and future breeding direc-
tions with emphasis on genotyping,
DNA-informed breeding, genomic selection,
and non-destructive phenotyping in apple.

Throughout this chapter, perspectives on phe-
notyping and genomic advances are provided.

5.1 Introduction and Current
Breeding Efforts

Apples have a long history of human consumption
and are cultivated throughout the temperate world.
In 2017, world apple production exceeded 83
million metric tonnes with China, USA, Turkey,
Poland, India, Iran, Italy, Chile, France, andRussia
being the top 10 producers (FAOSTAT 2017).
Although there are thousands of cultivars
throughout the world, a small number (e.g.,
‘Delicious’, ‘Golden Delicious’, ‘Granny Smith’,
‘Fuji’, and ‘Gala’) dominate commercial produc-
tion (Way et al. 1991; Hancock et al. 2008). In
recent years, newer cultivars such as ‘Cripps Pink’
(marketed as ‘Pink Lady’®) or ‘Honeycrisp’
(marketed as ‘Honeycrunch’® in Europe) have
gained popularity (Hancock et al. 2008). The cul-
tivated apple (Malus � domestica Borkh.; also
referred to as M. pumila Mill.) is an interspecific
hybrid of a complex origin, primarily derived from
M. sieversii, and it is a member of the genusMalus
in the Rosaceae family, which includes many
economically important fruit crops (Hancock et al.
2008; Velasco et al. 2010). Although the majority
of species in Rosaceae is characterized by haploid
chromosome numbers of x = 8 or 9, most apple
species are 2n = 2x = 34 (Hancock et al. 2008).
Apple is a highly heterozygous autopolyploid that
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behaves like a diploid (Brown 2012; Daccord et al.
2017; Velasco et al. 2010). Apples typically
demonstrate gametophytic self-incompatibility
and are thus out-crossers.

Due to its economic and cultural importance,
apple has a long and rich history of genetic
improvement through breeding that is detailed
throughout popular articles and scientific litera-
ture. Several book chapters and literature reviews
have discussed the history of apple improvement,
breeding, and cultivar releases (e.g., Brown and
Maloney 2003; Brown 2012; Gardiner et al.
2007; Hancock et al. 2008; Laurens 1999).
Although the focus of this chapter is on apple
scion breeding, it is important to keep in mind that
an apple tree is a composite plant comprised of a
rootstock and a fruiting scion. Multiple public and
private apple scion breeding programs exist
throughout the world (reviewed in Brown and
Maloney 2003). In the USA, there are currently
three active public apple scion breeding pro-
grams, including Cornell University, University
of Minnesota, and Washington State University
along with a retired program, the cooperative PRI
(Purdue University, Rutgers University, and the
University of Illinois) program. Each of these
breeding programs has released cultivars that
have contributed to the US apple industry with
examples including ‘Cortland’, ‘Jonagold’, ‘NY-
1’ (‘SnapDragon’®), and ‘NY-2’ (‘RubyFrost’®)
from Cornell University, ‘Honeycrisp’, ‘Min-
neiska’ (‘SweeTango’®), ‘MN55’ (‘Rave’®,
‘First Kiss’®) from the University of Minnesota,
‘WA 38’ (‘Cosmic Crisp’®) from Washington
State University, and multiple scab resistant cul-
tivars (e.g., ‘Enterprise’, ‘GoldRush’, ‘Wine-
Crisp’, and ‘Juliet’) from the PRI program (e.g.,
Brown and Terry 1997; Evans et al. 2012; Garris
2013; Janick, 2002; Luby 1991).

Apple breeding is a resource-intensive process
that can take over 20 years from initial cross to
cultivar release. Gametophytic self-
incompatibility, long generation times, and high
heterozygosity complicate the breeding process
rendering genetic studies challenging. As a
result, significant research efforts via interdisci-
plinary projects, such as HiDRAS (https://sites.
unimi.it/camelot/hidras/; Gianfranceschi and

Soglio 2004), FruitBreedomics (https://www.
fruitbreedomics.com/; Laurens et al. 2010),
RosBREED and RosBREED2 (https://www.
rosbreed.org/home; Iezzoni et al. 2010, 2017),
have focused on developing and evaluating tools
that can be used to increase efficiency, accuracy,
and/or speed of the apple breeding process. In
recent decades, apple breeding programs have
incorporated DNA information into breeding
decisions (i.e., DNA-informed breeding). DNA-
informed breeding offers several advantages,
including potential cost savings, more efficient
backcrossing, early generation selection, more
efficient pyramiding of desirable alleles, and
ultimately a more accurate choice (Collard and
Mackill 2008; Kellerhals et al. 2009; Peace 2017;
Wannemuehler et al. 2019; Xu and Crouch
2008). Currently, several locus-specific, trait
performance-predictive assays (i.e., DNA tests)
are available for different traits of apple (Evans
and Peace 2017). However, realization of the full
potential of DNA-informed breeding has been
slow due to several challenges including lack of
predictive DNA tests relevant to breeding
germplasm and access to DNA-based diagnostic
services, as summarized by Evans and Peace
(2017), Peace (2017), and Ru et al. (2015).

While DNA-informed breeding can increase
the efficiency and accuracy of selection in a
breeding program, it does not necessarily reduce
the length of the breeding process. Shortening
the apple’s long juvenility period (5–10 years)
would greatly accelerate and increase the effi-
ciency of the breeding cycle. A technique that
has been used for accelerated trait introgression
is fast-track or rapid-cycle breeding (technique
and applications described by Flachowsky et al.
2007, 2009, 2011; Le Roux et al. 2010; Sch-
lathölter et al. 2018; Weigl et al. 2015). This
technique, which uses transgenic intermediate
generations overexpressing an early flowering
gene (BpMADS4) from silver birch, shortens the
juvenile phase (Flachowsky et al. 2009; Weigl
et al. 2015). After several generations, non-
transgenic individuals carrying desirable trait
levels are selected (Weigl et al. 2015). Although
the final selection is non-transgenic, industry and
consumer acceptance is not guaranteed.
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Apple scion breeding programs are primarily
focused on increasing marketability via improved
appearance (e.g., color, size, and shape) and
eating quality, a combination of taste (e.g.,
sweetness and acidity), flavor, and texture (e.g.,
firmness, crispness, and juiciness) traits. Fruit
storability is also an important breeding target as
most apples are stored for extended periods of
time. In addition, combining fruit quality with
resistance to several serious diseases (e.g., apple
scab, fire blight, and powdery mildew) is of
particular importance. Depending on the breed-
ing program, other targets might include winter
hardiness, abiotic stress tolerance, regular crop-
ping, and high yield. Although each program has
its specific breeding targets and methodologies,
most follow a similar breeding scheme. In this
chapter, the Washington State University apple
breeding program (WABP) scheme is described
as an example. The WABP scheme consists of
four stages (described by Evans 2013 and
Harshman 2015): seedling production, Phase 1,
Phase 2, and Phase 3. Seedling production
involves the generation of segregating seedling
populations via controlled hybridizations.
Depending on targets for a given cross, marker-
assisted parent selection (MAPS) and/or marker-
assisted seedling selection (MASS) might be
used during this stage. Evans and Peace (2017)
provide a detailed description of applications,
benefits, and challenges associated with DNA-
informed apple breeding; i.e., marker-assisted
breeding (MAB), as well as how it is applied in
WABP. In Phase 1, fruit from seedlings is eval-
uated for the first time to enable seedling selec-
tion. Phase 2 involves the collection of data
wherein seedlings selected in Phase 1 are eval-
uated in small, replicated, multi-site trials.
Finally, selections advanced from Phase 2 enter
Phase 3, which focuses on commercial viability.
This chapter provides an updated review of
breeding for disease and pest resistance com-
bined with fruit quality, along with perspectives
on phenotyping and genomic advances.

5.2 Fruit Quality and Resistance
to Diseases and Pests

5.2.1 Fruit Quality Traits

5.2.1.1 Fruit Quality: Breeding
and Phenotyping
Challenges

Overall fruit quality is the most important target
for every apple scion breeding program as the
ultimate goal is to release a cultivar that appeals
to consumers so that they will purchase, enjoy
eating, and then repeat purchasing. However,
breeding for fruit quality is highly complex.
Selecting individuals based on one or two quality
traits (e.g., crispness and sweetness) can be easily
accomplished, but to develop a new cultivar with
high overall fruit quality, breeders need to select
individuals that are balanced for multiple traits,
including appearance, texture, taste, aroma, and
storability (reviewed by Iwanami 2011). Many
quality traits (e.g., appearance, crispness, firm-
ness, juiciness, sweetness, tartness, and flavor)
are quantitatively controlled and are highly
influenced by environmental factors and man-
agement practices (Brown 2012; Iwanami 2011).

Overall, standardizing fruit sampling is criti-
cal for routine phenotypic selection; moreover,
adjusting crop load and determining maturity are
also key to the collection of reliable data. Addi-
tionally, there are still very few direct measures
available for traits of interest beyond intensive
sensory evaluation; e.g., sweetness in apple is
routinely only estimated by soluble solids con-
tent (SSC) measurement using a refractometer.
Furthermore, challenges with fruit sampling for
phenotyping also impact the ability to elucidate
genetic control of fruit quality traits. To date,
marker–trait association studies of fruit quality
traits have relied on a myriad of instrumental
and/or sensory methodologies (Table 5.1).
Moreover, lack of phenotypic standardization,
large within-sample variations, and differences in
genetic materials used are factors that impede
direct comparisons among different studies.
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Table 5.1. Fruit quality QTLs reported for apple (Malus)

Categorya Trait QTL (chromosome) Population(s) Reference(s)

A, EQ Skin color (9)
SSC (8)
Fresh green apple (9, 12)
Crispness (5, 13)
Juiciness (13)
Mealiness (5, 10)
Skin thickness (10)

85 cultivars Amyotte et al.
(2017)

EQ Mechanical (all except 7, 9, 13, 14)
Fibrousness (7, 10)
Firmness (10, 11)
Crunchiness (10)
Graininess (1, 7, 10)
Mealiness (1, 2, 4, 7, 12)
Meltiness (5,6, 7, 8)
Juiciness (1, 11)

X3259 � X3263 Ben Sadok et al.
(2015)

A, S Bitter pit—Bp-2 (16) Redchief � X6688 Buti et al. (2015)

A Fruit shape index (11) Jonathan � Golden Delicious Cao et al. (2015)

EQ, S Ethylene (3, 13, 15)
Estragole (17)
Propanal
Butanal (16)
1-butanol (3)
Alcohols and esters (8)
Farnesene (5)

Golden Delicious � Scarlet Cappellin et al.
(2015a)

EQ, S Acetate esters (2, 15)
Esters (2, 4, 5, 15)
Ethylene (2, 14)
Furanes (4, 5, 13)
Phenyls (3)
Sesquiterpenes (5)

Fuji � Delearly
124 accessions

Cappellin et al.
(2015b)

A Skin overcolor (9) 4 full-sib families Chagné et al.
(2016)

Otherb Triterpenes (3, 5, 9, 17) Royal Gala � Granny Smith Christeller et al.
(2019)

EQ, S Ethylene production—Md-ACO1 (10)
Ethylene production—Md-ACS1 (15)

Prima � Fiesta
Fuji � Mondial Gala
Fuji � Braeburn

Costa et al. (2005)

S Expansin (softening)—Md-Exp7 (1) Prima � Fiesta
31 cultivars

Costa et al. (2008)

EQ, S Esters (2)
Ethylene (15)

Fiesta � Discovery Costa et al. (2013)

EQ Mechanical and acoustic traits:
PBA-QTL (2, 3, 10, 11, 14, 16)
GWAS (5, 10)

6 full-sib families
233 accessions

Di Guardo et al.
(2017)

EQ Alcohols (2, 3)Esters (2, 3, 9) Discovery � Prima Dunemann et al.
(2009)

EQ VOC profiles (2, 10)d 162 accessions Farneti et al. (2017)

EQ Fructose (1, 3, 15)
Glucose (1, 2, 3, 15, 16)
Sucrose (1, 3, 4, 9, 12)
Sorbitol (1, 3, 5, 9, 11, 13, 15)
SSC (2, 3, 12, 13, 15)

15 families
41 accessions

Guan et al. (2015)

(continued)
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Table 5.1. (continued)

Categorya Trait QTL (chromosome) Population(s) Reference(s)

S Soft scald (2, 16)
Soggy breakdown (2, 16)

4 full-sib families Howard et al.
(2018)

A, EQ Fruit diameter (10)
Stiffness (16)
SMSR (10)
SMSG (10)
BrixR (10)
BrixG (10)
Acidity (16)

Telamon � Braeburn Kenis et al. (2008)

EQ Quercetin conjugates (1, 13)
Skin phenolics (16)
Flesh phenolics (16)

Prima � Fiesta Khan et al. (2012)

EQ Compression (1, 16)
Maximum force (16)
Wedge fracture (1, 6, 8, 15)
Specific gravity (6)
Compression stiffness modulus (6)

Prima � Fiesta King et al. (2001)

A, EQ, S Fruit firmness (10)
Weighted cortical intensity (9)
Internal browning (9)
Titratable acidity (8)
Fruit splitting (16)
Bitter pit (16)

7 full-sib families Kumar et al. (2013)

EQ Alcohols (2, 15)
Terpenes (2, 12)
Acetate esters (4, 8)
Ethyl esters (17)
Other esters (1, 15, 17)

230 accessions Kumar et al.
(2015c)

EQ Acetate esters (2)
Sucrose content (1)
% sucrose (1)
% fructose (1)

145 Danish heritage apple cultivars Larsen et al. (2019)

A, EQ Flesh firmness (3, 6, 12)
Fruit weight (6, 16)
Size (8, 17)
Acidity (8, 16)

Fiesta � Discovery Liebhard et al.
(2003)

EQ Polygalacturonase (texture)—Md-PG1
(10)

Fuji � Delearly
Fuji � Cripps Pink

Longhi et al. (2012)

EQ Polygalacturonase (texture)—Md-PG1
(10)

77 cultivars
Fuji � Delearly

Longhi et al. (2013)

EQ Fructose (3)
Glucose (3, 4)
Sucrose (3)
Sorbitol (3)
Malic acid (8, 16)

Jiguan � Wangshanhong Ma et al. (2016)

EQ Fruit firmness (1, 10) Prima � Fiesta Maliepaard et al.
(2001)

S Soft scald (2, 3) 11 W-12–11 � SPA440
Ambrosia � Honeycrisp

McClure et al.
(2016)

A, EQ Fruit skin color (9)
Change in firmness (10)

172 accessions McClure et al.
(2018)

(continued)

5 Genetics and Breeding of Apple Scions 77



Table 5.1. (continued)

Categorya Trait QTL (chromosome) Population(s) Reference(s)

Otherc Catechin
Epicatechin
Procyanidin B1
Procyanidin B2
Procyanidin C1 (16)
Quercitrin (1)
Chlorogenic acid (5, 15)
4-O-caffeoylquinic acid (3, 14)
Cyanidin-3-galactoside (9)

136 accessions (in 2014)
85 accessions (in 2016)

McClure et al.
(2019)

A, EQ Fruit flesh firmness (3)
Fruit overcolor (9)
Overcolor intensity (9)

689 accessions (data mining from
USDA-GRIN)

Migicovsky et al.
(2016)

EQ Mealiness:
QTL (10), GWAS (2, 9, 10)

Orin � Akane
82 accessions

Moriya et al. (2017)

A Circumference (3, 5)
Diameter (3)
Length (3, 5)
Weight (3, 5)

Co-op 17 � Co-op 16 Potts et al. (2014)

EQ 2-methylbutyl acetate (2) Royal Gala � Granny Smith Rowan et al. (2009)

EQ Sensorial acidity:
Ma (16), Ma3 (8), Ma4 (6), Ma5 (1)
Sensorial sweetness (8, 15, 16)

3 full-sib families Rymenants et al.
(2020)

S a-farnesene (5, 10, 12, 15) Royal Gala � Granny Smith Souleyre et al.
(2019)

EQ Malic acid (8)
Citric acid (8, 15)
Acetic acid (7)
Total acid (8)
Fructose (1)
Sucrose (1)
Fruit weight (3, 5)
Fruit firmness (11)

Jonathan � Golden Delicious Sun et al. (2015)

EQ Titratable acidity:Malic acid—Ma
(16), Ma3 (8)

16 full-sib families Verma et al. (2019)

EQ Lipoxygenases (2, 4, 5, 6, 7, 9, 11, 12,
13, 16)
Esters (2, 9, 12)
Hexanals (7, 12)

Discovery � Prima Vogt et al. (2013)

EQ Malic acid—Ma locus:
Titratable acidity (16)
pH (16)

Royal Gala � PI
613,971
Royal Gala � PI
613,988

Xu et al. (2012)

aCategory: Appearance (A), Eating Quality (EQ), Storability (S)
bTriterpenes belong to a class of phytocompounds associated with perceived health-promoting benefits
cPolyphenols
dVOC: Volatile organic compound
SSC: Soluble solids content
SMSR: Mean firmness of red/sun side
SMSG: Mean firmness of green/shaded side
BrixR: Mean SSC of red/sun side
BrixG: Mean SSC of green/shaded side
PBA-QTL: Pedigree-based analysis-quantitative trait locus
GWAS: Genomewide association study
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5.2.1.2 Appearance
Fruit appearance traits, including size, color,
presence/absence of blemishes, and/or russet
influence consumer preference; thus, they are
important breeding targets, and are reviewed by
Iwanami (2011). For selection in apple scion
breeding programs, fruit appearance traits are
often rated subjectively. For example, in the
WABP, personnel subjectively assess five fruit
samples for each selection using ordinal rating
scales for appearance traits including size (tiny to
very large), shape (flat to cylindrical), color hue
(green to red/purple), percent red color coverage
(<20% to >80%), red color pattern (blush to
stripe), ground color (green to yellow), russet
(severe to no russet), and appearance of lenticels
(large and rough to none).

Depending on the appearance trait, quantita-
tive trait loci (QTL) mapping studies have relied
on phenotypic data from visual ratings (e.g.,
Amyotte et al. 2017; Chagné et al. 2016) and/or
instrumental measurements (e.g., Chagné et al.
2016; Kenis et al. 2008). QTLs associated with
various appearance traits, including red overcolor
(Amyotte et al. 2017; Chagné et al. 2016), fruit
diameter (Kenis et al. 2008), and fruit weight
(Liebhard et al. 2003) have been mapped. Pre-
dictive DNA tests have been developed for skin
overcolor that can also be used in MAB (sum-
marized by Evans and Peace 2017).

5.2.1.3 Eating quality

Texture
Harker et al. (2006) reported that although sig-
nificant variability exists for consumer prefer-
ence, this is typically a function of the interaction
between fruit texture and flavor. As a result, fruit
texture, such as firmness and crispness, are often
the most highly valued traits by both consumers
(Harker et al. 2008) and producers (Yue et al.
2013), and therefore serve as major targets for
breeders. Improvement of apple fruit texture is
challenging as texture is complex and strongly
influenced by fruit maturity and environmental
conditions (Brown 2012; Iwanami 2011). Iwa-
nami (2011) discusses the impact of ripening on
fruit texture, particularly on firmness.

Breeders broadly describe apple fruit texture
components as either mechanical (e.g., firmness)
or acoustic (e.g., crispness and crunchiness) traits
(Laurens et al. 2018). Mechanical texture com-
ponents, specifically firmness, are measured
instrumentally via puncture tests with a variety of
mechanical penetrometers. Mohr™ Digi-Test
(MDT-1; Mohr and Associates, Richland, WA)
is a computerized penetrometer commonly used
to estimate firmness and texture-related traits.
MDT-1 output data have been shown to correlate
well with sensory crispness and firmness (Evans
et al. 2010; Teh et al. 2020a). The MDT-1 is
currently used in the WABP for instrumental
estimates of firmness and crispness, and it has
been used for phenotyping in various projects,
such as RosBREED (Schmitz et al. 2013).

Dissecting genetic control of fruit texture traits
requires the availability of higher resolution
phenotypic data than for breeding selection.
Those QTL mapping studies focused on detect-
ing and characterizing loci associated with vari-
ous texture traits have relied on sensory
evaluation and/or various instrumental measures
(Table 5.1). For example, Amyotte et al. (2017)
have measured flesh firmness using a penetrom-
eter, as well as using a trained sensory panel to
evaluate multiple sensory texture traits (i.e.,
chewiness, crispness, juiciness, mealiness, rate of
flesh melt, and skin thickness). Costa et al.
(2005) have measured firmness with a pen-
etrometer, while Longhi et al. (2012, 2013) and
Di Guardo et al. (2017) have obtained
mechanical/acoustic profiles comprised of 12
acoustic and four mechanical texture traits (Costa
et al. 2011). These multiple approaches used to
phenotype components of fruit texture in apples
demonstrate the complexities of fruit texture
traits, thus hampering direct comparisons among
different studies. QTLs associated with various
fruit texture traits have been identified through-
out the apple genome (Table 5.1), further
demonstrating the complexity of fruit texture
traits. Despite a large number of QTLs identified,
only a few predictive DNA tests for texture trait
loci have been developed that breeders can
readily use in MAB, as summarized by Evans
and Peace (2017).

5 Genetics and Breeding of Apple Scions 79



Acidity and Sweetness
Sweetness and acidity, and the balance between
them, are pivotal in consumer perception of
desirable eating quality in apple (Iwanami 2011).
Fructose, sucrose, glucose, and sorbitol are the
primary sugars in apples (Fuleki et al. 1994), and
these are strongly influenced by fruit maturity,
crop load, canopy management, environmental
conditions, and fruit storage (Fuleki et al. 1994;
Iwanami 2011). Many apple breeding programs
rely on sensory evaluation and/or measurement
of SSC using a refractometer to phenotype
sweetness (e.g., Evans 2013). While most map-
ping studies have reported on QTLs for SSC,
Guan et al. (2015) and Ma et al. (2016) have
identified QTLs for individual sugars (Table 5.1).
Few DNA tests for either SSC or individual
sugars have been reported (Evans and Peace
2017).

In a breeding program, selection for acidity is
typically estimated using both sensory evaluation
and titration (titratable acidity) of apple juice
(e.g., Evans 2013). Most QTL studies have relied
solely on titratable acidity as a phenotypic trait to
map loci associated with acidity (Kenis et al.
2008; Kumar et al. 2013; Liebhard et al. 2003;
Sun et al. 2015; Verma et al. 2019; Xu et al.
2012). More recently, loci associated with acidity
and sweetness has been mapped using sensory
evaluation data (Rymenants et al. 2020). Malic
acid is the predominant acid in apple fruits, and a
major-effect QTL at the Ma locus on chromo-
some 16 segregates in a Mendelian pattern (ex-
amples in Table 5.1). Additionally, several
studies have detected QTLs on chromosome 8
(examples in Table 5.1). Predictive DNA tests for
the Ma locus are available for use in MAB, as
summarized by Evans and Peace (2017).

Volatile Compounds
In addition to sensory perception of sweetness
and acidity, flavor is strongly influenced by
olfactory sensations from volatile compounds (El
Hadi et al. 2013; Iwanami 2011). Over 300
volatile compounds have been identified in
apples with the majority being classified as
alcohols, aldehydes, or esters (Dixon and Hewett
2000). In addition to some level of genetic

control, fruit volatile composition is also influ-
enced by environmental conditions during fruit
maturity, ripening, postharvest handling, and
storage conditions, as reviewed by El Hadi et al.
(2013). The strong influence of fruit maturity and
ripening, as well as of environmental variance on
fruit volatile composition hamper standardization
of fruit collection for phenotyping of volatile
compounds in a breeding program or in QTL
mapping studies (Song and Forney 2008). It is
advisable to conduct volatile compound pheno-
typing across multiple environments to assess
stability (Costa et al. 2013; Kumar et al. 2015c).
In addition to standardization of fruit collection at
harvest, quantitative analysis of aroma com-
pounds can be limited by concentrations of
volatiles below instrumental detection limits
(Song and Forney 2008).

QTLs associated with volatile compounds
have been identified throughout the apple gen-
ome (Table 5.1). For example, Dunemann et al.
(2009) have identified 50 putative QTLs for 27
volatile compounds on 12 of 17 chromosomes
with most loci being clustered on chromosomes
2, 3, and 9 (Table 5.1). The large number and
variability of QTLs identified to demonstrate the
complexity of flavor. So far, no predictive DNA
tests for volatile compounds are available for use
in MAB. Moreover, it remains to be determined
which specific combinations of apple volatile
compounds would potentially result in improved
flavor (Iwanami 2011). It may be more beneficial
to focus on identifying volatile compounds and
QTLs associated with “off-flavors” that could be
used by apple scion breeders for culling unde-
sirable selections in MAB.

5.2.1.4 Storability and Physiological
Disorders

Storability, the ability to maintain fruit quality
throughout cold storage, is another important
breeding target that is greatly impacted by fruit
maturity. Watkins (2017) has provided an over-
view of postharvest handling/storage and factors
that influence the storability of apples.

As texture deterioration in storage is usually a
result of fruit softening (i.e., reduction in firm-
ness), instrumental texture measurements after
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different storage durations can be used to track
changes in texture. Iwanami (2011) has provided
a detailed description of those different factors
(e.g., ethylene, flesh tissue structure) that impact
fruit softening. Multiple predictive DNA tests for
QTLs for several key enzymes associated with
ethylene production and fruit softening, such as
those for 1-aminocyclopropane-1-carboxylic acid
(ACC) synthase 1 (ACS1) and ACC oxidase 1
(ACO1), have been developed (Table 5.1), as
summarized by Evans and Peace (2017).

In addition, fruit flavor components, including
aroma, sweetness, and acidity change during
storage. Fuleki et al. (1994) have demonstrated
that sucrose levels tend to decrease while fruc-
tose and glucose levels increase during storage.
Furthermore, acidity decreases throughout stor-
age, which can result in significant changes in
flavor, particularly in high-acid cultivars (Iwa-
nami 2011). Following extended periods of cold
storage, apples may develop a flat flavor or lose
flavor altogether. Such loss of flavor is mostly
due to significant reductions in acid content
(Iwanami 2011). Verma et al. (2019) have
detected the same QTLs for malic acid, Ma and
Ma3, associated with titratable acidity at harvest,
as well as after 10 and 20 weeks of standard
atmosphere cold storage. As described by Iwa-
nami (2011), low temperatures tend to reduce
volatile production and concentration. However,
specific changes in flavor due to changes in
volatile compounds are likely to depend on
specific volatiles combined with other factors
(e.g., acidity).

Depending on the cultivar/selection, apples
are prone to physiological disorders that can
result in reduced storability and poor pack out.
Watkins (2017) provides an overview of major
physiological disorders (e.g., water core, senes-
cent breakdown, bitter pit, superficial scald, soft
scald, and soggy breakdown) of apples. In
breeding programs, the presence/absence of
physiological disorders is typically rated fol-
lowing cold storage of fruit. Most QTL studies
on physiological disorders have relied on phe-
notypic data of incidence and/or visual severity
ratings of fruit after storage (e.g., Buti et al. 2015;
Howard et al. 2018; Kumar et al. 2013;

Table 5.1). QTLs associated with bitter pit,
internal browning, soft scald, and soggy break-
down have been identified (Table 5.1), and a
predictive DNA test reported for bitter pit sus-
ceptibility (summarized by Evans and Peace
2017).

5.2.2 Disease and Pest Resistance
Traits

Apple production systems worldwide are
impacted by several widespread diseases and
pests. Typically, apple producers rely on cultural
practices and chemical applications that are often
costly, unsustainable, and/or only partially
effective, to manage possible outbreaks. Devel-
oping cultivars with genetic resistance to
important diseases and pests would enable more
sustainable apple production systems. Specifi-
cally, resistance to major diseases, such as apple
scab, fire blight, and powdery mildew, are tar-
geted in many apple breeding programs.
Recently, Bus et al. (2019) have provided a
thorough review of breeding tree fruit cultivars
with durable disease resistance. A recent review
by Luo et al. (2020) covers the prospects of
achieving durable disease resistance in combi-
nation with high fruit quality in the apple as well
as associated approaches and challenges. This
section will primarily focus on current prospects
and challenges of breeding for resistance to apple
scab, fire blight, and powdery mildew.

5.2.2.1 Resistance Breeding
and Phenotyping
Challenges

Breeding for disease and pest resistance in apple
is complicated due to several factors, such as
phenotyping challenges, types of resistance, and
trait heritability. Reliable disease phenotyping
requires standardized assessments and environ-
ments conducive to the causal pathogen(s).
Incidence and severity of infections are strongly
influenced by host (e.g., vigor, growth status,
age, and resistance/susceptibility genes), patho-
gen (e.g., effector genes and inoculum load), and
environmental (e.g., temperature, humidity, and
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precipitation) factors. Variability in
resistance/susceptibility phenotyping methodol-
ogy may lead to variable/inconsistent results,
necessitating evaluations of biological replicates
with standardized phenotyping protocols. In a
perennial system such as apple, these complexi-
ties can result in costly and time-consuming
experimental endeavors (Kellerhals et al. 2017;
van der Zwet et al. 2012).

Often, single-gene sources of resistance
(Mendelian/qualitative) are not durable in the
long term, especially in perennial production
systems like apple. In many cases, new races of a
pathogen might either develop or be identified
that are capable of overcoming a specific host
resistance gene or combination of genes. Bus
et al. (2019) have described multiple approaches
to achieve durable resistance, including pyra-
miding resistance alleles at multiple loci, thereby
decreasing the likelihood of occurrence of a
single mutation in the pathogen that will over-
come the host’s resistance (Mundt 1990).
Phenotypic identification of seedlings that com-
bine two or more genes for resistance to the same
pathogen is labor intensive, costly, and relies on
a collection of differential races of the pathogen.
However, MAB can be used to precisely and
efficiently pyramid resistance alleles at multiple
resistance/susceptibility loci, although lack of
predictive DNA tests for multiple
resistance/susceptibility loci in breeding relevant
genotypes remains a limiting factor.

Most sources of resistance to diseases and
pests have been identified in wild Malus
species/genetic backgrounds bearing crabapple
fruits that are small in size, astringent, and of low
eating quality, thus they are not amenable for
immediate use in apple scion improvement.
Although introgression of resistance alleles from
wild sources is possible and has been done, this
is both challenging and time-consuming. Exam-
ples of successful introgression of wild resistance
sources (typically single major gene resistance)
include the apple scab resistance locus Rvi6
(formerly known as Vf; Gessler et al. 2006). In
recent years, introgressing and combining such
sources of resistance along with fruit quality

could be accelerated via rapid cycle breeding
techniques (e.g., Le Roux et al. 2012).

5.2.2.2 Apple Scab
Apple scab, caused by the hemibiotrophic fungal
pathogen Venturia inaequalis (Cooke) G. Win-
ter, is one of the most economically important
diseases of apple worldwide (Bowen et al. 2011).
The disease is named for the characteristic leaf
and fruit lesions caused by conidia that are pro-
duced by stromata (Bowen et al. 2011). Severe
infections can cause tree defoliation along with
undesirable scabby fruit lesions. In fact, even
minor fruit lesions can result in loss of mar-
ketable fruit. There are several reviews that cover
the disease, management, host–pathogen inter-
actions, and breeding for resistance (Bowen et al.
2011; Bus et al. 2011; Gessler et al. 2006;
Khajuria et al. 2018).

In earlier breeding programs, such as the PRI
program, screening for apple scab involved
controlled greenhouse inoculations (Crosby et al.
1992), while in many current breeding programs,
phenotyping for selection for scab resistance
relies more on natural infection in unsprayed
field/orchard blocks. Meanwhile, most genetic
studies have focused on understanding the
mechanisms of host resistance to apple scab, as
well as phenotyping seedlings/accessions under
greenhouse/growth chamber conditions by arti-
ficially inoculating (e.g., spray or droplet meth-
ods) plant material (e.g., seedlings or replicated
propagules) with either single isolates or mix-
tures of isolates (e.g., Bastiaanse et al. 2016;
Caffier et al. 2015; Cova et al. 2015; Patocchi
et al. 2005). Following inoculation, scab symp-
toms are typically rated on an ordinal scale (e.g.,
Chevalier et al. 1991) that evaluates levels of
infection on inoculated leaves. As there are
several known V. inaequalis races and multiple
host resistance factors (e.g., R genes), observed
symptoms vary with the specific host–pathogen
interaction. To date, 18 gene-for-gene relation-
ships in the Malus–V. inaequalis plant
pathosystem have been identified and are sum-
marized in recent reviews (Bus et al. 2011;
Khajuria et al. 2018).
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Due to the economic importance of apple
scab, most apple breeding programs have been
engaged in developing resistant cultivars. For
example, in the USA, the now retired PRI
cooperative apple breeding program was focused
on developing disease-resistant (specifically
apple scab resistant) cultivars, and on elucidating
genetic control of disease resistance (Janick
2006). Several resistant cultivars have been
released, however, but only a few have been
grown in limited regions and on a small scale,
such as ‘Juliet’ (Europe), ‘Florina Querina’
(Europe), ‘Topaz’ (Europe), ‘WineCrisp’ (U.S.),
‘GoldRush’ (U.S.), and ‘CrimsonCrisp’ (U.S.)
(Bowen et al. 2011; Kellerhals 2017). Coinci-
dentally, ‘Honeycrisp’, an economically impor-
tant cultivar in the USA, developed at the
University of Minnesota and selected for its high
fruit quality, has also demonstrated resistance to
apple scab (Table 5.2). A list of current apple
cultivars with resistance to apple scab is cata-
loged by Kellerhals (2017).

As of now, a group of 20 loci associated with
resistance/susceptibility to apple scab have been
identified and characterized (Table 5.2). Rvi6
(formerly known as Vf), the first locus associated
with scab resistance to be identified and charac-
terized (reviewed in Gessler et al. 2006) has been
extensively deployed by breeding programs
worldwide (Bus et al. 2011). This gene has been
overcome by V. inaequalis race 6 in the 1990s in
some regions in Europe, and it has been further
reported to be overcome in the USA in some
scab-resistant genotypes (Papp et al. 2020).
Several predictive DNA tests for various Rvi loci
exist that breeders can utilize in MAB for apple
scab resistance (Evans and Peace 2017; Khajuria
et al. 2018).

5.2.2.3 Fire Blight
Fire blight, a bacterial disease caused by Erwinia
amylovora (Burrill) Winslow et al. (Ea) infects
both young developing shoots and fruits, as well
as attacking root tissues (Norelli et al. 2003). In
some cases, it can result in severe tissue damage,
and ultimately tree death. In recent decades,
apple orchards have become more vulnerable to
fire blight epidemics due to the large-scale

production of susceptible apple cultivars, as well
as lack of sustainable control methods effective
against all stages of the fire blight disease (Nor-
elli et al. 2003). Thus, breeding cultivars resistant
to fire blight is an important goal in many apple
scion breeding programs (Kellerhals et al. 2017).
Peil et al. (2009) and van der Zwet et al. (2012)
have provided thorough reviews of breeding for
resistance to fire blight in both apple and pear.

Phenotyping resistance/susceptibility to fire
blight is challenging due to intermittent disease
occurrence, strong influence of various environ-
mental (e.g., temperature, humidity, and precip-
itation) and host (e.g., vigor and growth status)
factors on susceptibility, quantitative host resis-
tance, Ea strain virulence, and host � Ea strain
interactions (Brown 2012; Lee et al. 2010; Silva
et al. 2019; van der Zwet et al. 2012). Addi-
tionally, results from different phenotyping
methods are often uncorrelated (Peil et al. 2009).
As fire blight is listed as a quarantine disease in
many countries, most programs rely on artificial
inoculation of actively growing shoots under
greenhouse conditions. Although greenhouse
inoculation often increases the likelihood of
infection and identification of highly susceptible
individuals, it can overestimate susceptibility and
might not be predictive of responses under field
conditions (Hampson and Sholberg 2008).
Recently, high-throughput methods (e.g., stom-
atal conductance, imaging using RGB and mul-
tispectral cameras, and visible-near spectral
reflectance) for assessing fire blight symptoms
have been reported (Jarolmasjed et al. 2019).
Although promising, more research must be
conducted before these can be implemented for
routine phenotyping of fire blight
resistance/susceptibility.

Although most apple cultivars are susceptible
to fire blight, there is a variation for levels of
susceptibility with cultivars such as ‘Aurora
Golden Gala’, ‘Delicious’, ‘Empire’, ‘Enter-
prise’, ‘Fiesta’, ‘Frostbite’, ‘Liberty, ‘Keepsake’,
and ‘Wildung’ (‘SnowSweet’®) reported to
demonstrate very low to moderate susceptibility
(Aldwinckle et al. 1999; Kostick et al. 2019;
Lezek et al. 1987; Mohan et al. 2002; van der
Zwet et al. 2012). Furthermore, several QTLs for
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Table 5.2. Scab resistance loci, phenotypes, and resistance sources in apple (Malus) (updated from Bus et al. 2011 and
Khajuria et al. 2018)

Locus Chr. Isolate(s) Phenotype Source Population(s) Reference(s)

Rvi1 (Vg) 12 101, EU-
B05

Necrosis Golden
Delicious

Golden Delicious
� Idared
Golden Delicious
� M. floribunda
821
Discovery �
TN10-8
Prima � Fiesta
Fiesta �
Discovery
Discovery �
Prima
Durello di Forli
� Fiesta

Benaouf and Parisi
(2000), Calenge et al.
(2004), Durel et al.
(2000, 2004)

Rvi2 (Vh2) 2 1639a Stellate necrosis TSR34T15 F2 of Russian
apple R12740-
7A: TSR34T15
and TSR33T239

Bus et al. (2005a)

Rvi3 (Vh3.1) 4 855 and
856

Stellate necrosis Geneva Geneva �
Braeburn
Elstar � Geneva

Bastiaanse et al.
(2016)

Rvi4
(Vh4/Vx/Vr1)

2 1797–9 HR TSR33T239 F2 of Russian
apple R12740-
7A: TSR34T15
and TSR33T239

Bus et al. (2005a)

Rvi5 (Vm) 17 1810–1 HR 9-AR2T196 Golden Delicious
� Murray

Patocchi et al. (2005)

Rvi6 (Vf) 1 EU-D42 Chlorosis Priscilla (M.
floribunda
821)

– Vitnatzer et al. (2004)

Rvi7 (Vfh) 8 EU-NL05
and 1066

HR M.
floribunda
821

– Parisi et al. (2004)

Rvi8 (Vh8) 2 NZ188B.2
and
NZ193B.2

Stellate necrosis B45 Royal Gala �
W193B

Bus et al. (2005b)

Rvi9 (Vdg) 2 1639 Stellate necrosis K2 Gala � Dolgo
Elstar � Dolgo

Broggini et al. (2011)

Rvi10 (Va) 1 EU-NL19
and EU-
B04

HR A723-6 Fortune � PRI
1841–11
NY 489 � PRI
1841–11

Hemmat et al. (2003)

Rvi11 (Vbj) 2 – Stellate
necrosis/chlorosis

A722-7 A722-7 �
Golden Delicious

Gygax et al. (2004)

Rvi12 (Vb) 12 – Chlorosis Hansen’s
baccata #2

Golden Delicious
� Hansen's
baccata #2

Dayton and Williams
(1968)
Erdin et al. (2006)

Rvi13 (Vd) 10 Stellate necrosis Durello di
Forli

Durello di Forli
� Fiesta

Tartarini et al. (2004)

(continued)
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resistance to fire blight have been identified in
Malus species and in apple cultivars (Table 5.3;
Calenge et al. 2005a; Desnoues et al. 2018; Durel
et al. 2009; Emeriewen et al. 2014, 2017; Gar-
diner et al. 2012; Khan et al. 2006, 2013; Le
Roux et al. 2010; Peil et al. 2007, 2019; van de
Weg et al. 2018, and reviewed in Emeriewen
et al. 2019). In addition, a single fire blight
resistance gene, FB_MR5, on chromosome 3 of
M. robusta 5 has been functionally character-
ized, as well as other candidate resistance genes
have been proposed (reviewed in Emeriewen
et al. 2019). Most QTLs and all candidate resis-
tance genes have been identified in wild genetic
backgrounds, bearing astringent crabapple-like
fruit (e.g., M. robusta 5, M. floribunda 821, M.
fusca, and ‘Evereste’), thereby limiting their

breeding utility for apple scion improvement
(Emeriewen et al. 2019; Peil et al. 2020). It is
important to note that strong sources of resistance
(e.g., FB_MR5) have been overcome by more
aggressive Ea strains, and thus these sources
alone may not be sustainable for the long term.
Although several QTLs have been identified, few
predictive DNA tests for breeding relevant
germplasm have been developed, thus limiting a
breeder’s ability to employ MAB for resistance
to fire blight (Evans and Peace 2017).

5.2.2.4 Powdery Mildew
Apple powdery mildew is incited by the obligate
biotrophic fungus Podosphaera leucotricha (Ell.
and Ev.) Salm., which can infect actively grow-
ing vegetative tissues, blossoms, and fruits,

Table 5.2. (continued)

Locus Chr. Isolate(s) Phenotype Source Population(s) Reference(s)

174C,
1066 and
EU-NL05b

Rvi14 (Vdr1) 6 – Chlorosis Dülmener
Rosenapfel

Gala � Dülmener
Rosenapfel

Soufflet-Freslon et al.
(2008)

Rvi15 (Vr2) 2 – HR GMAL
2473

Golden Delicious
� GMAL 2473
GMAL 2473 �
Idared

Galli et al. (2010),
Patocchi et al. (2004)

Rvi16 (Vmis) 3 – HR MIS, OP
93.051,
G07-098

Splendour �
MIS OP 93.051
G07-098
Scired �
AK617Scired �
AK653

Bus et al. (2010)

Rvi17 (Va1) 1 – Chlorosis Antonovka
APF22

Golden Delicious
� Antonovka
APF22

Dunemann and Egerer
(2010)

Rvi18 (V25) 11 – HR 1980-015-
25

1980-015-025 �
1973–001-041

Soriano et al. (2014)

Rvi19 1 – All classes Honeycrisp Honeycrisp �
Twin Bee Gala

Clark (2014), Clark
et al. (2014a)

Rvi20 15 – All classes Honeycrisp Honeycrisp �
Twin Bee Gala

Clark (2014), Clark
et al. (2014b)

Chr.: Chromosome
HR: Hypersensitive response
MIS OP: Open-pollinated mildew immune selection
aPutative; AvrRvi2 segregated 3:1 instead of 1:1
bFurther evaluation needed
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Table 5.3. QTLs reported for apple (Malus) resistance/susceptibility to fire blight

Chr. Strain(s) Population(s) Source(s) % VE Reference(s)

2 Ea273 Co-op 16 � Co-op 17 – 11.2–
14.7

Khan et al. (2013)

3 AFRS273 Royal Gala � M. sieversii
Kaz 95 18–07

– –W Desnoues et al. (2018)

CFBP1430 Fiesta � Discovery
Prima � Fiesta

Fiesta
Prima

4.4–
4.9
5.1–
7.5

Calenge et al. (2005a)

Ea222 Idared � M. robusta 5 M. robusta
5

67.0–
83.0

Peil et al. (2007)

Idared � M. robusta 5
Malling 9 � M. robusta 5

M. robusta
5

80.0 Peil et al. (2008)

E2002a
Ea222_JKI
Ea273
ICMP11176

Ottawa3 � M. robusta 5
Idared � M. robusta 5
Ottawa3 � M. robusta 5
Malling 9 � M. robusta 5

M. robusta
5

– Gardiner et al. (2012)

Ea222_JKI
Ea236

Idared � M. robusta 5 M. robusta
5

– Peil et al. (2019)

5 CFBP1430 Florina � Nova Easygro Florina
Nova
Easygro

6.1–
10.1
7.2–
7.9

Le Roux et al. (2010)

LP101 Royal Gala � M. sieversii
Kaz 95 18–07

– – Desnoues et al. (2018)

6 Ea273 Co-op 16 � Co-op 17 – 16.8–
20.1

Khan et al. (2013)

7 CFBP1430 Prima � Fiesta
Fiesta � Discovery

Fiesta 34.3–
46.6

Calenge et al. (2005a)

Gala � Enterprise
X-6398 � X-6683

EnterpriseX-
6398

– van de Weg et al. (2018)

Ea273E2002a Ottawa3 � M. robusta 5 – – Gardiner et al. (2012)

Ea610 Fiesta � Discovery Fiesta 34.0–
38.6

Khan et al. (2006)

8 AFRS273
Ea273

Royal Gala � M. sieversii
Kaz 95 18–07

– –

12.5
Desnoues et al. (2018)

CFBP1430 Gala � Enterprisea Gala;
Enterprise

25.0 van de Weg et al. (2018)

9 AFRS273
Ea273

Royal Gala � M. sieversii
Kaz 95 18–07

– –

15.2
Desnoues et al. (2018)

CFBP1430 Florina � Nova Easygro Nova
Easygro

6.6–
7.3

Le Roux et al. (2010)

10 CFBP1430 Florina � Nova Easygro Florina 12.5–
17.9

Le Roux et al. (2010)

Ea222 M. fusca MAL0045 �
Idared

M. fusca 60.0 Emeriewen et al. (2014)

Ea273
LP101

Royal Gala � M. sieversii
Kaz 95 18–07

– 15.4
–

Desnoues et al. (2018)

11 AFRS273 Royal Gala � M. sieversii
Kaz 95 18–07

– – Desnoues et al. (2018)

(continued)
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thereby resulting in reduced fruit set, fruit qual-
ity, yield, and tree vigor (Amiri and Gañán 2019;
Butt et al. 1983; Turechek et al. 2004). Man-
agement of powdery mildew typically requires
multiple fungicide applications during the
growing season (Butt et al. 1983). Amiri and
Gañán (2019) have provided an overview of the
biology, management, cultivar susceptibility, and
host–pathogen interactions of powdery mildew
in tree fruit systems.

As an obligate biotroph, P. leucotricha is
difficult to culture for use in artificial inoculation.
For phenotyping resistance/susceptibility to
powdery mildew, most breeding programs and
genetic studies rely on infection via natural
inoculum or by gently brushing conidia from
infected leaves onto uninfected leaves under
either greenhouse, growth chamber, and/or field
conditions (e.g., Bus et al. 2010; Calenge and
Durel 2006; James et al. 2004; Luo et al. 2019).
As most studies rely on natural infection or
artificial inoculations with composite conidia
rather than single spore isolates, it can be difficult

to characterize specific interactions between the
host and different P. leucotricha races.

Although there is variation among current
commercial cultivars for susceptibility to powdery
mildew, no commercial cultivar is completely
immune (Amiri and Gañán 2019; Kellerhals
2017). Multiple loci associated with
resistance/susceptibility to powdery mildew have
been reported with most being qualitative/
Mendelian (Table 5.4, also summarized by Amiri
and Gañán 2019). Most sources of resistance have
been characterized in wild genetic backgrounds
with poor fruit quality, thus reducing their breed-
ing utility. Unfortunately, a breakdown of resis-
tance frommultiple sources has been reported. For
example, Caffier and Laurens (2005) have repor-
ted that Pl-2, a qualitative/Mendelian trait locus
derived from M. zumi MAL68/5, has been over-
come by particular virulent isolates in France.
Nevertheless, several predictive DNA tests for
powdery mildew resistance/susceptibility loci are
available that can be utilized in MAB for powdery
mildew resistance (Evans and Peace 2017; Luo
et al. 2019).

Table 5.3. (continued)

Chr. Strain(s) Population(s) Source(s) % VE Reference(s)

12 AFRS273 Royal Gala � M. sieversii
Kaz 95 18–07

– – Desnoues et al. (2018)

CFBP1430 Fiesta � Discovery
Golden Delicious � M.
floribunda 821
MM106 � Evereste

Discovery
M.
floribunda
821
Evereste

5.0
56.5–
57.2
39.5–
40.4

Calenge et al. (2005a) and Durel
et al. (2009)

Ea222_JKI
Ea3049

Idared � M. arnoldiana M.
arnoldiana

>50% Emeriewen et al. (2017)

13 CFBP1430 Fiesta � Discovery
Gala � Enterprisea

Gala � Enterprise

Discovery
Enterprise
Enterprise,
Galab

8.0
34.0
–

Calenge et al. (2005a) and van de
Weg et al. (2018)

15 CFBP1430 MM106 � Evereste Evereste 6.2–
6.9

Durel et al. (2009)

Ea273 Co-op 16 � Co-op 17 – 17.4 Khan et al. (2013)

LP101 Royal Gala � M. sieversii
Kaz 95 18–07

– – Desnoues et al. (2018)

Chr.: Chromosome; %VE: Percent variance explained
aSubset of population
bAlthough inconclusive, a putative resistance allele was identified in ‘Gala’
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5.2.2.5 Other Diseases and Pests
In addition to the three primary diseases descri-
bed above, there are several other pre- and
postharvest diseases, as well as pests that impact
productivity and sustainability of apple produc-
tion systems including rosy leaf-curling aphid
(Dysaphis cf. devecta Wlk.), rosy apple aphid
(Dysaphis plantaginea Passerini), woolly apple
aphid (Eriosoma lanigerum Hausm.), alternaria
blotch (Alternia alternata), Valsa canker (Valsa
ceratosperma [Tode ex Fr.] Maire), and blue
mold (Penicillium expansum Link.). Jurick
(2017) and Norelli (2017) have described some
of these fungal and bacterial diseases, respec-
tively, that can infect apples. For several of these
other diseases and pests, loci associated with
resistance/susceptibility have been identified, and
predictive DNA tests have been developed for
use in MAB (Table 5.5; Evans and Peace 2017).

5.3 Recent Advances and Future
Directions

5.3.1 Genotyping: SNP Arrays
and GBS

Three apple single nucleotide polymorphism
(SNP) genotyping arrays, namely 8K (Chagné

et al. 2012), 20K (Bianco et al. 2014), and 480K
(Bianco et al. 2016), have been reported. Peace
et al. (2019) have described the implementation
of SNP arrays and their associated advantages
and disadvantages. As high-quality genotypic
data are a fundamental requirement for genetic
studies, Vanderzande et al. (2019) have offered a
curation workflow (https://www.youtube.com/
watch?v=bxC8nPcH2BM&t=7s) for genotypic
data of pedigreed germplasm using the 8K SNP
array. Thus far, apple genetic and genomic
studies have typically relied on using 8K and
20K SNP arrays for multiple applications,
including developing SNP-based linkage maps
(e.g., Clark et al. 2014b; Di Pierro et al. 2016;
Howard et al. 2017), relatedness studies (e.g.,
Howard et al. 2017), and QTL identification
(e.g., Allard et al. 2016; Chagné et al. 2016;
Guan et al. 2015; Howard et al. 2018, 2019; van
de Weg et al. 2018; Verma et al. 2019).

In addition to SNP arrays, genotyping-by-
sequencing (GBS) has been used as an alterna-
tive approach to generate markers (Ban and Choi
2018; Gardner et al. 2014; Larsen et al. 2019;
Lee et al. 2017; McClure et al. 2016, 2018, 2019;
Norelli et al. 2017). Gardner et al. (2014) pio-
neered the first development of a GBS pipeline in
apple, demonstrating its cost-effectiveness in
processing vast amounts of DNA samples for use

Table 5.4. QTLs reported for apple (Malus) resistance to powdery mildew

Locus Chromosome Population Source Reference(s)

Pl-1 12 Idared � M. robusta 5 M. robusta
MAL59/9

Dunemann et al. (2007)

Pl-2 11 Royal Gala � A689-24 M. zumi
MAL68/5

Jänsch et al. (2015)

Pl-d 12 Fiesta � A871-14 D12 James et al. (2004)

Pl-m 11 Idared � M. robusta 5 MISa Bus et al. (2010)

Pl-w 8 Fiesta � E295-4
Discovery � TN10-8

White Angel Evans and James (2003) and Calenge
et al. (2005b)

Pl-bj 2 Pinova � M. baccata
jackii 419

M. baccata
jackii 419

Dunemann and Schuster (2009)

– 2 Discovery � TN10-8 – Calenge and Durel (2006)

– 13 –

– 12 Idared � U 211 U 211 Stankiewicz-Kosyl et al. (2005)
aMIS: Mildew immune selection
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in linkage mapping and for QTL discovery. In
addition to reports on GBS-based linkage maps
(Ban and Choi 2018; McClure et al. 2016; Nor-
elli et al. 2017) and QTL identification (McClure
et al. 2016; Norelli et al. 2017), GBS has been
used in combination with genome-wide associa-
tion studies (GWAS) for marker–trait association
(Larsen et al. 2019; Lee et al. 2017; McClure
et al. 2018, 2019).

5.3.2 DNA-informed Breeding

Advances in genetic maps, DNA markers, and
availability of whole genome sequences have
resulted in a better understanding of the inheri-
tance and physiology of certain traits, as well as
the development of practical applications in

breeding (e.g., DNA-informed breeding or
MAB). As described previously in this chapter,
DNA-informed breeding can have several
advantages, including potential cost savings,
more efficient backcrossing, early generation
selection, and more efficient pyramiding of
desirable alleles (Collard and Mackill 2008;
Kellerhals et al. 2009; Peace 2017; Wan-
nemuehler et al. 2019; Xu and Crouch 2008). In
many apple scion breeding programs, the use of
DNA datasets and knowledge to inform breeding
decisions has become relatively routine. Evans
and Peace (2017) describe in detail how DNA-
informed breeding has been applied in the
WABP. Specifically, DNA information in the
WABP has been used for characterization (e.g.,
identity verification and parentage confirmation,
among others) and evaluation (e.g., MAPS and

Table 5.5. QTLs reported for apple (Malus) resistance to other diseases and pests

Pathogen/Pest Locus Chr Population(s) Source(s) Reference(s)

Alternaria alternata
(Alternaria blotch)

Alt 11 Starking Delicious
� Jonathan

Jonathan Moriya et al. (2013)

Penicillium expansum
(Blue mold)

qM-
Pe3.1
qM-
Pe10.1

3
10

Royal Gala �
PI613981

PI613981
Royal
Gala

Norelli et al. (2017)

Glomerella cingulata
(Glomerella leaf spot)

Rgls 15 Fuji � [various
parents]

Fuji Dantas et al. (2009) and Liu
et al. (2016)

Dysaphis cf. devecta
(Rosy leaf-curling aphid)

– 7 Fiesta � Discovery Fiesta Stoeckli et al. (2008)

Dysaphis plantaginea
(Rosy apple aphid)

Dp-fl 8 Florina � [various
parents]

Florina Dapena et al. (2009) and
Pagliarani et al. (2016)

– 17 Fiesta � Discovery Fiesta Stoeckli et al. (2008)

Valsa ceratosperma
(Valsa canker)

Vc.
xc59.
z9
Vc.03–
8.f16

9
16

Zisai Pearl � Red
Fuji

Zisai
Pearl

Tan et al. (2017)

Eriosoma lanigerum
(Woolly apple aphid)

Er1
Er2
Er3

8
17
8

Northern Spy �
[various parents]
M. robusta 5 �
[various parents]
Aotea 1 � [various
parents]

Northern
Spy
M.
robusta 5
Aotea 1

Bus et al. (2008)

Er4 7 MIS OP 93.051
G02-54a

– Bus et al. (2010)

Chr.: Chromosome
aMIS OP: Open-pollinated mildew immune selection
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MASS; Evans and Peace 2017). In the University
of Minnesota (UMN) apple breeding program,
DNA tests for scab resistance, skin color, acidity,
and texture have been used for MAPS and
MASS resulting in significant resource savings
(Teh et al. 2018). However, promises of DNA-
informed breeding in many crops, including
apple have not been fully realized (Moose and
Mumm 2008; Peace 2017).

Although >1000 QTLs and Mendelian trait
loci (MTLs) associated with various traits in
apple have been reported in the Genome Data-
base for Rosaceae (https://www.rosaceae.org/;
Jung et al. 2019), few DNA tests for breeding-
relevant germplasm are available (examples
described by Luo et al. 2020). With the increased
availability of genomic data, lack of high-quality
phenotypic data has become a bottleneck in
predictive DNA test development (Evans and
Peace 2017). Significant research efforts are
being focused on the development and evaluation
of high-throughput precise phenotyping
methodologies (e.g., Coupel-Ledru et al. 2019;
Jarolmasjed et al. 2019). As described by Evans
and Peace (2017), Peace (2017), and Ru et al.
(2015), other challenges hampering routine
application of DNA-informed breeding in apple
include lack of access to DNA-based diagnostic
services and costs associated with DNA extrac-
tion (especially for SNP-based assays).

Looking forward, as QTL discovery contin-
ues, the development of multi-marker (e.g.,
multi-SNP) arrays, enabling simultaneous geno-
typing of multiple trait loci, will be likely (Evans
and Peace 2017). Multi-marker arrays are unli-
kely to fully replace single-locus tests as not all
trait loci are relevant to a given breeding pro-
gram. However, with declining genotyping costs,
breeder(s) might develop a program-specific
multi-marker assay that addresses trait priorities
tailored to their breeding program(s). The use of
single DNA tests will likely continue to increase
and complement multi-marker arrays, as new
MTLs are identified, this will enable a breeder to
choose tests with increased specificity to their
program and germplasm.

Given the higher benefit-to-cost ratio com-
pared to seedling testing, DNA-informed parent

selection continues to be the most efficient use of
DNA information (Evans and Peace 2017).
Additionally, DNA information will continue to
be used for pyramiding of favorable alleles (e.g.,
resistance alleles) at multiple loci and is essential
for early selection in rapid cycle breeding. As the
chasm between phenotyping and genotyping
costs widen, genomic selection (see Sect. 5.3.3)
would likely be a more cost-effective alternative
to target highly quantitative traits even for a
perennial tree crop, such as apple.

5.3.3 Genomic Selection

Given that QTL mapping is often limited to
detecting only major-effect QTLs that can be used
in MAB, genomic (or genome-wide) selection
(GS) has been introduced as a genomic-assisted
breeding strategy that incorporates all markers
distributed across the genome (Meuwissen et al.
2001), thus making this especially relevant for
highly quantitative traits. In GS, a training pop-
ulation with both phenotypic and genotypic data
is used to construct a prediction model
(Meuwissen et al. 2001). The prediction model is
subsequently used to predict genomic estimated
breeding values (GEBVs) of individuals in a test
population with only genotypic data (Meuwissen
et al. 2001), obviating the need for phenotyping
the test population. The seminal work of
Meuwissen et al. (2001) has been discussed in
numerous reviews (Crossa et al. 2017; Heffner
et al. 2009; Lorenz et al. 2011).

The use of GS in accelerating apple breeding
is even more appealing, in view of the crop’s
long generation time and high phenotyping costs.
To date, there are several reports on GS in apple,
with fruit quality traits being the primary targets
(Kumar et al. 2012, 2015b; McClure et al. 2018;
Migicovsky et al. 2016; Muranty et al. 2015;
Roth et al. 2020), as summarized in Table 5.6.
Relatedness between training and test popula-
tions, population sizes, methods for estimating
accuracies, trait phenotypic distributions, and
linkage disequilibrium impact prediction accu-
racy; thus, prediction accuracies are quite vari-
able across studies even for the same trait
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Table 5.6. Prediction
accuracies for traits
reported in genomic
selection studies for apple

Trait Prediction accuracy, r Reference(s)

Fruit firmness
SSC
TA
Russet
Weighted cortex intensity
Astringency

0.83
0.89
0.81
0.82
0.82
0.67

Kumar et al. (2012)

Crispness
Flavor intensity
Fruit firmness
Fruit weight
Greasiness
Juiciness

0.20
0.21
0.25
0.35
0.20
0.15

Kumar et al. (2015b)

Harvest date
Fruit weight
Color
Firmness at harvest
Firmness after storage
Change in firmness
TA
SSC
SSC:TA

0.45–0.50
0.19–0.20
0.37–0.41
0.20–0.21
0.15–0.27
0.08–0.40
0.39–0.42
0.18–0.19
0.41–0.45

McClure et al. (2018)

Various polyphenols −0.18–0.49 McClure et al. (2019)

Flower size
Fruit flesh oxidation
Fruit juiciness
Fruit length
Fruit overcolor
Fruit stem length
Fruit weight
Fruit width
Overcolor intensity
Harvest season
Leaf margin

0.33
0.38
0.40
0.47
0.32
0.35
0.36
0.48
0.41
0.57
0.32

Migicovsky et al. (2016)a

Attractiveness
Fruit cropping
Fruit size
Percent russet
Fruit cracking
Preharvest dropping
Percent overcolor
Overcolor
Ground color
Color type

0.21
0.08
0.23
0.20
0.01
−0.02
0.37
0.35
0.06
−0.14

Muranty et al. (2015)

Acoustic linear distance
Number of force peak
PC1b

PC2b

0.10–0.72
0.16–0.78
0.19–0.81
0.01–0.40

Roth et al. (2020)

aTraits with r � 0.30 are reported
bObtained from principal component analysis of acoustic measurements
SSC: Soluble solids content
TA: Titratable acidity
PC: Principal component
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(Heffner et al. 2009; Lorenz et al. 2011; Muranty
et al. 2015). As a result, standardized and
improved GS models are needed before these can
be routinely used in breeding programs.

5.3.4 Non-destructive Phenotyping

Given the drawbacks of traditional phenotyping
methods (e.g., destructive, time-consuming, and
laborious), non-destructive phenotyping tools are
garnering considerable attention as alternatives to
estimate fruit ripening, quality, and postharvest
traits (Nicolai et al. 2007; Porep et al. 2015;
Wang et al. 2015). Setting up a model to predict
postharvest traits requires correlating non-
destructive measurements (typically near-
infrared spectroscopy (NIR)) with destructive
measurements using a statistical model (e.g.,
linear regression). The accuracy of a statistical
model is computed and expressed in three met-
rics, including coefficient of determination (R2),
root mean square error of prediction (RMSEP),
and the ratio of performance to deviation (RPD).
Generally, an RPD value > 1.5 is deemed reli-
able for use in quantitative prediction (Nicolai
et al. 2007; Porep et al. 2015). Concepts, strate-
gies, and applications of NIR spectroscopy have
been extensively covered in several reviews
(Cortés et al. 2019; Nicolai et al. 2007; Porep
et al. 2015; Saeys et al. 2019; Wang et al. 2015).

In many studies, soluble solids content
(SSC) has been reported to be reliably predicted
with NIR (Beghi et al. 2013; Fan et al. 2016;
Kumar et al. 2015a; Luo et al. 2018; McGlone
et al. 2002; Travers et al. 2014; Zhang et al.
2019). Dry matter concentration, a trait highly
correlated with post-storage SSC and used as a
quality index for apples, is also reliably predicted
with NIR (Kumar et al. 2015a; McGlone et al.
2003; Palmer et al. 2010; Teh et al. 2020b;
Travers et al. 2014). Other postharvest traits,
such as firmness and titratable acidity, have not
been correlated with NIR prediction models
(Beghi et al. 2013; Kumar et al. 2015a; McGlone
et al. 2003; Zude et al. 2006).

Newer technologies, such as hyperspectral
and vision imaging, are emerging as alternative

non-destructive tools to evaluate fruit quality (Li
et al. 2019; Lu et al. 2016a; Lu and Lu 2018;
Peng and Lu 2008; Sofu et al. 2016). In partic-
ular, structured-illumination reflectance imaging
along with three-dimensional geometric recon-
struction of fruit can detect fresh bruises in apples
(Lu et al. 2016b; Lu and Lu 2018). Additionally,
the decline of chlorophyll content during fruit
ripening is being utilized as a harvest index in
non-destructive evaluations (Betemps et al. 2012;
Cocetta et al. 2017; Greer 2005; Nyasordzi et al.
2013; Sadar and Zanella 2019; Solovchenko
et al. 2005; Zude-Sasse et al. 2002). While
chlorophyll content of the skin can be masked by
anthocyanin content in red apple cultivars, mea-
suring absorbances at 670 nm and 720 nm
wavelengths using a hand-held delta absorbance
(DA) meter (Sintéleia, Bologna, Italy) provides
an index of absorbance difference (IAD =
A670nm−A720nm) for fruit ripeness (Ziosi et al.
2008). This approach was first implemented in
stone fruit (Ziosi et al. 2008) and has since been
implemented in various apple studies (Cocetta
et al. 2017; DeLong et al. 2016; Nyasordzi et al.
2013; Sadar and Zanella 2019; Toivonen and
Hampson 2014).

Non-destructive phenotyping would be espe-
cially useful during the early stages of a breeding
program, wherein the number of available fruit
on young seedling trees is always limiting.
Future work should focus on bridging the chasm
between instrumentally derived traits and traits
targeted for selection.

5.4 Concluding Remarks

Genetic and genomic advances have resulted in
improved understanding of inheritance and
physiology of certain traits, as well as for
developing practical applications for breeders
(e.g., MAB). Apple scion breeding has become
more accurate and efficient due to the availability
of DNA-based tools, although in limited num-
bers, for both selection and germplasm charac-
terization. Phenotyping continues to be a
bottleneck limiting our ability to efficiently dis-
sect complex quantitative traits and make genetic
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gains in breeding programs. As most traits tar-
geted for selection are influenced by both envi-
ronment and management practices, standardized
phenotyping is critical. In addition, current phe-
notypic measures are often destructive, resource-
intensive, time-consuming, and indirect estimates
of selection traits. For the promise of genomic
tools to be fully realized, future work should
focus on enabling more standardized, objective,
efficient, non-destructive, and direct phenotyping
for breeding selection and/or genetic dissection
of traits.
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6Genetics, Breeding, and Genomics
of Apple Rootstocks

Gennaro Fazio

Abstract

The ability to graft genetically diverse apple
cultivars onto diverse root systems (root-
stocks) has increased the breeding efficiency
of the whole apple system by dividing the
combinatorial complexity into two systems—
one focused on scion traits (e.g., fruit color,
acidity, and crispness, among others) and the
other one on rootstock traits (e.g., productiv-
ity, disease resistance, and growth habit,
among others). While apple rootstocks may
have originated to facilitate the propagation of
desired fruit, this has since transitioned to the
selection of superior root systems that fit
certain needs of apple growers. Efforts to
identify and improve traits associated with
whole apple tree performance by purposeful
hybridization are relatively recent compared
with the initial selection of apple rootstocks.
Several breeding programs have developed
breeding protocols depending on the regional
needs (cold hardiness in both Canada and
Russia, fire blight resistance in the U.S.A., and
drought tolerance in China, among others)
resulting in the development of diverse new
apple rootstocks and complex traits that go

well beyond the initial dwarfing growth habit
for which several of the founding ‘Malling’
generation of rootstocks are known for.
Advances in apple genetics, phenomics, and
genomics are increasing the ability to cus-
tomize the performance of apple rootstocks to
specific cultivation requirements, including
scion cultivar, soil type, water availability,
disease pressure, and tree training system, thus
contributing to significant gains in sustainable
yield of the final product; i.e., high-quality and
nutritious apples that customers will purchase
recurrently.

6.1 Introduction

In the fruit tree industry, a rootstock is the basal
part of a tree that extends from the union where
the scion is grafted to all underground parts of
the tree. As such, a rootstock usually comprises a
stem (trunk) and the root system of a tree. In
some instances, a bridge stem is grafted between
the scion and the rootstock, referred to as an
‘interstem’, that may be used to either improve
graft compatibility between a scion and a root-
stock or to further modulate traits of the scion. To
discuss the genetics, genomics, and breeding of
apple rootstocks, it is important to define the
origins of rootstocks and the different genetic
classes they belong to.

The art and science of grafting was used in
ancient times to vegetatively propagate desirable
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fruit tree phenotypes. Initially, this practice might
have relied on existing trees as recipients of
uniform graft wood collected from desirable
trees. Over time, seed collected from the fruit of
local heterogeneous populations was used to
generate seedlings that were later grafted with
desirable tree phenotypes. A further development
from this practice was to collect seeds from a
single mother tree to generate a more uniform
seedling population as the recipient of graft
wood. As expected, different sources of seedlings
would influence genetic properties of rootstocks
depending on their relatedness (full-sibs, half-
sibs, or feral heterogeneous populations) and
population origin (geographical or functional;
e.g., cider vs. fresh eating types).

The practice of using apple seedlings as
rootstocks remains common today for various
reasons as described herein. (1) Seedlings
derived from the particular open-pollinated
maternal parents (half-sibs), such as ‘Anto-
novka’, are valued as the maternal parent that
possesses desirable traits (such as cold hardiness,
productivity), and used to propagate highly vig-
orous trees. (2) Seedlings from selected
apomictic populations are chosen due to their
uniformity, as well as for other desirable traits,
such as drought tolerance or productivity. How-
ever, it is likely that apomixis is not complete,
thus resulting in some heterogeneity of the
seedling rootstocks. (3) As seedlings are free of
most viruses and viroids, they are used to
maintain virus-free clones of desirable apple
genotypes for certification and distribution
purposes.

While seedlings have been the first form of
rootstocks used to vegetatively propagate apples,
at some point in apple grafting history, fruit
fanciers have noted that some mother trees are
very good at yielding seedlings of better root-
stock performance than others. Thus, the practice
of using rooted suckers (adventitious shoots from
root tissues at the base of a tree) as rootstocks has
been launched for propagating new trees. This
has represented a paradigm shift in the world of
rootstocks, as it has served as the genesis of
clonal rootstocks. As it is now known, the
genetics of a clonal rootstock (root sucker) is the

same as that of the ‘maternal tree’ except for rare,
but notable mutations that may occur in vegeta-
tive tissues of plants, as discussed later in this
chapter. Except for apomictic seedlings, apple
seedling rootstocks are highly heterogeneous,
and quite often, their performance is unpre-
dictable. This is in contrast to clonal rootstocks,
as they maintain their uniform genetics and
subsequent uniform field performance.

The origin of the first set of distinct clonal
apple rootstocks goes back to the beginning of
the last century where researchers in East Mall-
ing, England have collected clonal material that
has already been circulating and sold in western
Europe (mostly in France, England, Belgium,
and Germany), and have conducted rigorous
experiments describing morphology and perfor-
mance of these rootstocks (Hatton 1917, 1919,
1920). This first set of clonal apple rootstocks
comprised 16 selections (Malling I-XVI) that
have exhibited several desirable nurseries and
agronomic rootstock traits such as dwarfing
growth habit, precocity (induction of early
bearing), and ease of propagation. These root-
stocks are deemed the genetic founders of clonal
apple rootstocks.

6.2 Genetic Origin of the Apple
Rootstock Founding
Germplasm

Where did Malling rootstocks come from, and
what were they related to? A major objective of
East Malling scientists was to characterize apple
rootstock clones that were being commercially
traded in western Europe under the names of
‘French Paradise’, ‘English Paradise’, ‘Jaune de
Metz’, and ‘Doucin’ in the late 1800 s and early
1900 s. This characterization was likely to be
conducted in response to some confusion
regarding the horticultural properties of root-
stocks being sold under the same name (Webster
et al. 2000).

While no molecular genetic analyses of all 16
original selections have been conducted, several
studies have assessed genetic relationships
among some of these selections. Genetic
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fingerprinting using seven microsatellite (or
simple sequence repeats [SSRs]) loci of the apple
rootstock germplasm, including Malling (M) 1,
4, 7, 8, 9, and 13, as well as other apple rootstock
and scion cultivars, have revealed closer rela-
tionships between M.8 and 9 than with M.4, 1,
and 13, although all are found to belong to the
same group as that of the apple cultivar ‘Cox’s
Orange Pippin’, with M.1 deemed as the most
closely related to ‘Cox’s Orange Pippin’ (Ora-
guzie et al. 2005). The placement order of these
initial rootstock selections within the apple
germplasm has been further confirmed using 83
SSR markers distributed across all 17 apple
chromosomes indicating that these foundation
rootstocks, in fact, belong to the domesticated
apple germplasm (Fig. 6.1).

While acknowledging the role of the Persian
region as an important conduit for the domesti-
cation of apples through the Silk Road routes, a
Persian origin of the ‘Paradise’ (‘Jaune de Metz’)
stocks is not ascertained in a study comparing
Malling apple rootstocks to 159 Iranian landraces
and accessions derived from Malus sieversii and
M. sylvestris (Gharghani et al. 2010). It is
observed that the founding rootstock germplasm
has very limited genetic diversity, as Malling
rootstocks have familial similarities. This is not
surprising as these stocks have been selected for
the following reason. Dwarfed fruit trees
including apples have been popular in royal
gardens, abbeys, and with fruit fanciers, as evi-
denced in writings dating back to the sixteenth
century, thus rendering it more likely that the
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Fig. 6.1 An unweighted
pair-group method with
arithmetic mean (UPGMA)
phenogram of genetic
similarity (Jaccard’s
coefficient) among apple
rootstocks, as well as with
domesticated and wild apples
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most fruitful dwarfed apples along with any
resulting seedlings have exchanged hands and
maintained, as the unique dwarfing growth habit
is retained even with grafting (Tukey 1964).
Therefore, dwarfing is the trait that initially
characterized much of this founding germplasm.
While this germplasm is important for the
establishment of dwarfed apple trees during the
twentieth century, with M.9 (and clones) being
the most successful and most propagated root-
stock in the world, these stocks are far from
perfect for all apple-growing regions in the
world. This is due to their levels of adaptability
and response to various abiotic (primarily cold
tolerance) and biotic (disease and insect) pres-
sures. Therefore, new rootstocks breeding has
become a priority in several countries that
required enhanced stocks to address these biotic
and abiotic stresses.

6.3 Breeding Apple Rootstocks

Apple-growing regions in the world have highly
varied environments depending on climate, soil,
water, biological factors, and management prac-
tices. These differences have highlighted the
need for better suited/adapted rootstocks that
maximize production in each environment.
Moreover, this has spurred the launch of several
breeding programs, beginning with those at each
of East Malling and Malling-Merton in England,
releasing rootstocks such as M.26 and Malling-
Merton (MM) 106, respectively. This is followed
by other breeding programs in North America,
Europe, Asia, New Zealand, and South Africa
that have pursued various goals and achieved
several successes (Bonany et al. 2004; Carlson
1981; Casavela 1977; Cummins and Aldwinckle
1974; Fazio et al. 2015b; Fischer et al. 1993;
Hutchinson 1977; Jakubowski et al. 2000; Kha-
nizadeh et al. 2005; Marini and Fazio 2018;
Mong 1991; Pieniazek 1971; Sandanayaka et al.
2003; Tamai et al. 2003; Trajkovski and Ander-
sson 1980; Tsuchiya 1988; Wan et al. 2011;
Wertheim 1998; Xiang et al. 1995).

Breeding of apple rootstocks is a lengthy
process, not only because of long generation

times due to juvenility (*2–7 years of vegeta-
tive growth from seed germination to flowering)
but also due to the long evaluation time required
to assess the performance of selections across
multiple locations. A modern apple orchard’s
expected productive life is between 12 and
25 years. A rootstock selection should have at
least two full evaluation cycles of 10–12 years at
multiple locations in order to be deemed reliable
as a choice rootstock candidate. Even after such
lengthy trials, new and significant geno-
type � environment interactions may be
encountered following commercial use, perhaps
generating new knowledge about unforeseen
traits. Such is the case with Geneva (G) 213
rootstock, bred and selected in Geneva, New
York, when a new reduced chill requirement trait
has surfaced when this rootstock is tested under
low-chill environments in Brazil (Macedo et al.
2018), far away from the original North Ameri-
can breeding ground where chilling requirements
are readily met.

A breeding cycle normally comprises the
period from the first parental selection and
hybridization to the next generation of parental
selection and hybridization. For apple rootstocks,
this period usually takes between 20 and
30 years as this process requires several cultural
management steps commonly involved in fruit
tree production. An overall breeding scheme
timetable begins with sexual hybridizations of
selected parents (designated as year 0). Then, in
the following year (designated as year 1), seeds
are extracted, stratified, and germinated. Subse-
quently (years 2–5), young seedlings are sub-
jected to marker-assisted selection (MAS) for
target traits, evaluation of propagation properties,
screening for disease/pest resistance, and identi-
fication of desirable and promising candidates
serving as first clones for use in grafting to scion
apple cultivars. This is followed (years 5–7) by
the production of the first grafted apple trees (of
scions onto rootstock clones), and these grafted
trees are then evaluated in a regular orchard
(years 7–17) for various agronomic traits,
including productivity, disease/pest resistance,
and other pomological characteristics. From this
first orchard test, selections are then transferred
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to multiple orchards under different
environments/geographical locations (years 15–
25). During years 20–30, evaluation is completed
by national and international rootstock testing
organizations to provide critical and independent
assessments of the performance of these root-
stocks. The above-described scheme of the var-
ious rootstock breeding stages is outlined in
several publications (Fazio and Robinson 2019;
Fazio et al. 2015b). As can be readily noted, the
above timeline includes some overlaps among
the different stages due to instances of identifying
early selections based on field observations and
marker-genotype predictions, with the availabil-
ity of new relevant genomic knowledge, but this
relies highly on independent ‘in-field’ testing by
apple growers and rootstock testing projects
(Cowgill et al. 2017).

The above outlined time-consuming breeding
cycle is demonstrated in the development of
current commercial rootstocks from early foun-
der rootstocks such as M.9 (or M.8). For exam-
ple, the rootstock G.213, the latest release from
the Geneva® (New York) breeding program, is
only two generations away from M.9 (generation
0), which is a parent of Ottawa 3 (generation 1),
and a parent of G.213 (generation 2). Other apple
rootstock breeding programs have generally fol-
lowed similar timetables in developing root-
stocks following two generations of breeding. It
is likely that the third-generation rootstocks will
become available in the next few years.

In recent years, apple rootstock breeding has
become more involved, compared to 20–
50 years ago, due to our expanded knowledge of
component traits critical for the production of
high-quality apples. Among these component
traits for dwarfing, early bearing induction, and
increased sylleptic branching are extrinsic prop-
erties that are either imparted or induced on a
grafted scion. Among other component traits,
root tolerance to replant disease, resistance to
woolly apple aphids, root morphology, and
propensity for vegetative propagation are intrin-
sic properties to the rootstock itself as these are
not measured on the scion but are directly mea-
sured on the rootstock. Furthermore, there are
some traits that may overlap, and they may be

either conferred or observed on both the root-
stock and the scion, such as resistance to fire
blight disease and nutrient foraging. A discussion
of the genetics and genomics of apple rootstocks
will follow these target traits along with their
component trait distinctions.

6.4 Genetics of Extrinsic Traits
Imparted to Scions or Whole
Trees

6.4.1 Dwarfing

While some genetically dwarf apple rootstocks
induce dwarfing phenotypes on grafted scions,
others do not, thereby allowing grafted scions to
grow into standard-sized trees. It is important to
point out that dwarfing apple rootstocks are also
somewhat dwarfed when observed as non-
grafted trees. Such a phenotype is not related to
lengths of internodes, but rather to the cumula-
tive numbers of developing internodes per year,
thus suggesting an early cessation of apical
meristematic growth during a growing season.

A bulked-segregant analysis (BSA) for a
progeny of M.9 along with random amplified
polymorphic DNA (RAPD), and subsequently
SSR markers, were used in the identification of
the first locus for dwarfing, Dw1, located on
chromosome 5 (Pilcher et al. 2008; Rusholme
et al. 2004). A quantitative trait locus
(QTL) analysis of two segregating populations
using first-generation derivatives of M.9 and
M.8, Ottawa 3 (O.3) and Budagovsky 9 (Bud9 or
B.9) as parents has revealed that the majority of
observed variations for the dwarfing phenotype
can be explained by interactions of two loci, Dw1
and a newly identified Dw2, located on chro-
mosome 11 (Fazio et al. 2014b). This two-locus
model is later confirmed in another QTL analysis
identifying these same loci along with additional
minor effectors on chromosomes 6, 9, 10, and 12
(Foster et al. 2015). Furthermore, the presence of
molecular markers linked to Dw1 and Dw2 in a
set of dwarfing rootstocks, derived from multiple
breeding programs, has also been confirmed, thus
asserting the importance of the founders Malling
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dwarfing germplasm (Foster et al. 2015). Inter-
estingly, markers linked to Dw1 have also been
identified in a syntenic region in pear conferring
some level of dwarfing (Knabel et al. 2015).
Subsequently, yet another dwarfing locus, Dw3,
has been identified on chromosome 13, and
added to the Dw1/Dw2 model, using tree size and
bark thickness as parameters to investigate
dwarfing in a population derived from M.27 (a
super-dwarfing phenotype derived from M.9 �
M.13) and M.116 (a semi-vigorous phenotype
derived from MM.106 � M.27) (Harrison et al.
2016). This backcross population, while seem-
ingly problematic due to inbreeding (shared S-
alleles likely eliminated half of the potential
gametes), has provided some level of support to
earlier observations that bark thickness in some
dwarfing rootstocks can be used as an early
phenotypic selection tool for dwarfing (Beakbane
et al. 1973; Elfving et al. 1993).

Levels of vigor control imparted by a root-
stock are likely to be influenced by various loci
associated with root interactions with soil, pH,
biology (a rootstock in replant soil may be
dwarfed due to interactions with replant biolog-
ical factors), and water availability that are likely
to be influenced by factors other than
Dw1/Dw2/Dw3, as observed in several multi-
location field trials (Autio et al. 2017; Cowgill
et al. 2017; Marini et al. 2013, 2017). Regardless
of these interactions, these dwarfing loci are
reported to have pleiotropic effects on other
horticultural traits, including leaf and fruit
nutrition (Fazio et al. 2017). While other sources
of dwarfing factors may have been identified in
germplasm unrelated to the original Malling
selections, there is very limited published infor-
mation on the genetic inheritance of these other
factors to date (Gao et al. 2011; Han et al. 2011;
Jin et al. 2012; Rong et al. 2011; Yang et al.
2011; Zhang et al. 2011).

6.4.2 Early Bearing

Early bearing, also referred to as precocity
induction, is the ability of a rootstock to over-
come long juvenility periods and promote the

early development of flowers in scions of young
grafted trees. This is in contrast to the standard
(wild-type) long juvenility period observed in
most apple trees. Rootstock induction of early
bearing (Eb) influences partitioning of resources
to fruit production instead of vegetative growth;
therefore, it is related to dwarfing. This obser-
vation is supported by the co-location of Eb1 and
Eb2 loci for the early bearing trait with QTLs
associated with the dwarfing loci Dw1 and Dw2
(Fazio et al. 2014b). Furthermore, a third factor
Eb3, located on chromosome 16, has also been
identified that likely modulates the number of
fruit per tree in the first bearing season (Fazio
et al. 2014b). The relatedness between early
bearing and dwarfing is found to be significant,
wherein flower clusters counted in the first
bearing season have an effect on tree diameter
measured two seasons later, thus indicating that
rootstock genotypes inducing early flowering in
trees display overall significant negative effects
on tree growth (Fig. 6.2). Moreover, the diver-
sion of resources from vegetative growth to fruit
production, particularly when trees are young,
has long-lasting implications on the overall
growth potential of such trees.

6.4.3 Nutrient Uptake
and Translocation
to Scions

The phenotypic effects of nutrient uptake by an
apple rootstock on a scion, as well as the
potential for new rootstock breeding for varying
levels of nutrient uptake and translocation have
been known for several decades (Kennedy et al.
1980). The first report on the genetic underpin-
nings of this set of traits has indicated that there
is a complex landscape of major and minor effect
QTLs related to scion leaf content for potassium
(K), sodium (Na), phosphorous (P), calcium
(Ca), copper (Cu), sulfur (S), zinc (Zn), magne-
sium (Mg), nickel (Ni), and molybdenum
(Mo) (Fazio et al. 2013). In a subsequent study
wherein mineral nutrient contents in fruits and
leaves of field-planted ‘Brookfield Gala’ trees
grafted onto a replicated full-sibling rootstock
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population, measured for two consecutive
growing seasons, have found significant geno-
typic mean correlations between years in pairs of
same mineral concentration values and between
fruit and leaf values for the same mineral per year
data (Fazio, Pers. comm). Furthermore, QTL
analyses have found significant effects linked to
loci for leaf K values on chromosomes 5 and 11,
and leaf P values on chromosomes 5, 11, and 16.
Moreover, minor QTLs have been identified in
single-year data for Ca, Cu, Mg, Na, S, Zn, and
N, wherein some of these QTLs are found to be
co-located, thus suggesting the presence of either
similar pathways or effector loci for several
nutrients (Fig. 6.3). In addition, significant cor-
relations are detected between soluble solids and
fruit Ca (0.35 p = 0.0001), soluble solids and
fruit Cu (0.4226, p < 0.0001), red peel color, and
fruit Mg (0.29, p = 0.0017), and fruit S with
firmness (0.26, p = 0.0051). While the inheri-
tance of nutrient-related traits is quite complex
and dependent on environmental conditions, it is
still highly relevant to fruit tree performance and
fruit quality, thus it should be deemed as a prime
target for marker-assisted breeding (MAB)
(Fazio et al. 2018a, b, 2020b).

Variations in the fertility of the soil environ-
ment, differences in pH, differential availability
of water, and interactions with soil biological

factors all contribute to the error term when
measuring nutrient levels in scion tissues (Fazio
et al. 2015a). Therefore, one of the strategies to
overcome these variations is to conduct experi-
ments aimed at measuring rootstock nutrient
uptake using uniform either sterile soil, soil-less
media, or hydroponics (or yet another form,
aeroponics). Recently, aeroponics has been suc-
cessfully used to assess apple rootstock geno-
type � pH interactions relevant to nutrient
uptake measured in leaves, revealing yet another
dimension to the nutrient genetics landscape (Al
Farqani 2019). For now, rootstock breeding has
focused on targets such as increased Ca or
enhanced K/Ca balance that contributes to
decreased sensitivity to bitter-pit (Fazio et al.
2018b, 2020b).

6.4.4 Genetics of Water Use
Efficiency and Drought
Tolerance in Apple

Water use efficiency (WUE) and drought toler-
ance are related to whole-tree traits, wherein both
the rootstock and the scion contribute to the
achievement of a specific status. Thus, different
scion/rootstock combinations can yield different
outcomes for these two traits. Often, WUE is the

Diameter (mm) 2012 Number of Flower Clusters per Tree 2010

Fig. 6.2 Scatterplot matrices
showing mean tree early
flowering (Season 2) and
mean tree diameter (Season 4)
data for a rootstock breeding
population segregating for
Dw1 and Dw2 that was
grafted with ‘Gala’ scion.
Early bearing rootstocks are
those bearing more than 5
flower clusters per tree
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ratio of photosynthesized carbon to units of
transpired water, and it is influenced by water
uptake potential in the roots (related to root
morphology, vessel composition, water sensing
apparatus, and soil exploration index, among
others) and transpiration efficiency in the scion
(related to leaf morphology, sun exposure, and
canopy architecture, among others) (Fernandez
et al. 1997; Tworkoski et al. 2016; Zhang et al.
2014). WUE is determined by either calculating
units of seasonal dry matter increase/units of
water (H2O) or by measuring carbon dioxide
(CO2), oxygen (O2), and H2O flux of tree cano-
pies during short intervals (Glenn 2014).

Wild apple trees are found thriving in very
disparate environments with regards to water
availability (temporal and quantity). It is likely
that the process of natural selection has shifted
allele frequencies in contrasting environments
(river valleys vs. high plains) as reported in
studies, wherein WUE physiological and mor-
phological components are compared in both

domesticated and related wild species of apples
(Bassett et al. 2011; Maguylo and Bassett 2014).
Interestingly, new expressed sequence tags
(ESTs) related to water-deficit response have
been identified in apple roots and may provide
opportune targets for selection (Bassett et al.
2014). Furthermore, carbon isotope discrimina-
tion (D13C) (synonymous with WUE) measure-
ments are found to be associated with three
QTLs, located on linkage group (LG)8, LG15,
and LG16, in a ‘Honeycrisp’ � ‘Qinguan’
breeding population (Wang et al. 2018). It has
also been found that ‘Qinguan’, a Chinese apple
cultivar, exhibits upregulation of a protein asso-
ciated with WUE (MdAGo4.1—Malus argonaute
protein) during water stress (Zhou et al. 2016). In
another study, two genes, MhYTP1 and MhYTP2,
are identified in a wild Malus species, M. hupe-
hensis, often used as an apomictic rootstock
exhibiting differential expression in multiple tis-
sues of plants subjected to either well-watered or
water-stressed (six-day period) treatments (Wang
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Fig. 6.3 A consensus genetic map of the O3R5 popu-
lation highlighting locations of QTLs for leaf nutrient
concentrations with peak LOD > 3.2. QTLs are named
according to the nutrient symbol and are numbered

sequentially in decreasing order of significance (e.g., K1,
K2). QTLs obtained with covariate QTL analysis are
labeled with the covariate written right after the dash
symbol (e.g., P2-K)
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et al. 2017). It has been proposed that these
changes in gene expression may be associated
with DNA methylation patterns observed when
comparing drought‐sensitive and drought‐toler-
ant apple cultivars in a water-deficit environment
(Xu et al. 2018).

Therefore, the key to developing drought-
tolerant and WUE apple trees that maintain pro-
ductivity in a water-challenged environment is
highly dependent on the use of high-throughput
phenotyping that can detect real-time changes in
water stress status in field trees that feature a
combined scion/rootstock genetic contribution to
this trait complex (Virlet et al. 2015).

6.4.5 Phytohormone Flux

There are multiple ways by which a rootstock
can influence levels of phytohormones in a scion
(and vice versa), as these are synthesized and
produced in different tissues (cytokinins in roots
vs. auxins in areal organs), under different envi-
ronmental conditions (abscisic acid [ABA] under
water deficit), or at different times during a
growing season. This complexity is compounded
by the fact that phytohormones interact with each
other to generate diverse phenotypic outcomes
influencing various plant functions such as dor-
mancy, flowering, vegetative growth, tree archi-
tecture, and photosynthesis.

An analysis of endogenous phytohormones in
apple rootstocks has demonstrated heritable dif-
ferences as more diverse apple rootstocks have
become available (Adams et al. 2018; Tworkoski
and Fazio 2016; Tworkoski and Miller 2007). It
has been reported that endogenous production of
phytohormones in a rootstock may be a factor in
changes in hormone levels detected in a grafted
scion (Lordan et al. 2017; van Hooijdonk et al.
2011). However, these changes may also be due
to other rootstock-mediated phenotypes such as
water status, crop load, nutrient status, and long-
distance gene expression modifications, among
others (Samuoliene et al. 2019).

Breeding of rootstocks for hormone flux
modifications in scions requires laboratory-
intensive (and expensive) methods that cannot

yet be applied in a high-throughput phenotyping
platform necessary to measure each of the target
phytohormones in a breeding population.
Therefore, an alternative approach has been
proposed, relying on tracking gene expression
levels of phytohormone-related genes to indi-
rectly monitor these target phytohormone traits
(Chen et al. 2020; Feng et al. 2019; Foster et al.
2018; Hao et al. 2019; Li et al. 2016; Song et al.
2016), and then identify differentially expressed
genes as candidates for both MAB and genomic
selection (GS). In grafted systems like apple
trees, phytohormones acting as communication
intermediaries between distant tree tissues (e.g.,
cytokinin produced in root-tips affecting scion
tissue development) can be interpreted differently
depending on the specific genetic composition of
the scion related to hormone signaling. Thus,
while high levels of cytokinin have been detected
in ‘Honeycrisp’ scion grafted onto a G.11 root-
stock, a different scion cultivar grafted onto the
same rootstock may display different levels due
to a scion’s inherent cytokinin signaling appara-
tus (Lordan et al. 2017). Therefore, breeding of
rootstocks for hormone flux modification of
scions should be associated with specific desir-
able scion phenotypes that can be modified by
rootstocks, and that are not easily amenable to
available solutions that involve treatments with
exogenous phytohormones.

6.4.6 Sylleptic Branching

The ability of apple rootstocks to modify the
number of axillary shoots within the same sea-
son’s growth has been observed in millions of
nursery trees grafted with the same scion cultivar
(Fazio and Robinson 2008a, b). Within compa-
rable rootstock vigor classes, some rootstocks
tend to have the capacity to develop higher
numbers of axillary buds that grow into shoots
during nursery tree development. This observed
tendency to induce more branches or feathers in
nursery trees is desirable as most apple trees are
graded by the number of developing branches
when sold by nurseries, and they are valued by
apple growers due to the long-term implications
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of planting well-feathered young trees on the
economic potential of an orchard (Hooijdonk
et al. 2015; Reig et al. 2019).

The genetic inheritance of this axillary
branching/feathering trait is quite complex as
individual component traits inducing growth of
vegetative axillary buds are likely related to water
status, hormone signaling, nutrient availability,
and a scion’s inherent bud dormancy apparatus
(Foster et al. 2018; Neri et al. 2001; Vanderzande
et al. 2016). The legacy vigor controlling apple
rootstocks such as M.9 and B.9 does not promote
good sylleptic branching in nursery trees (van
Hooijdonk et al. 2011); however, most of the
novel genetic variation for sylleptic branching
induction has been reported in families that have
‘Robusta 5’ (M. � robusta clone 5) in their
ancestries such as G.935, G.41, and G.213 (Bar-
tish et al. 1999). Genetic variation for sylleptic
branching has been observed in the architecture of
own-rooted apple seedlings derived from half-sib
populations of M. sieversii mother plants col-
lected from various regions west of the Tian-Shan
mountain range (China), thus indicating the
presence of wide genetic diversity for this trait in
the wild apple germplasm, which is highly useful
for breeding for sylleptic branching in rootstocks
(Fazio et al. 2014a).

Rootstocks that promote sylleptic and pro-
leptic branch formation can have major influ-
ences on fruit-bearing branch renewal, as this is
an important component of high-density apple
orchards wherein a highly rigorous pruning
scheme is used (Lordan et al. 2018; Reig et al.
2020; Robinson et al. 2007). Often, this pruning
scheme involves the removal of branches that are
2.5 cm in diameter at the base to promote the
development of small fruiting branches to
increase the productivity and fruit quality of
apple trees (Lordan et al. 2018; Reig et al. 2020;
Robinson et al. 2007).

6.4.7 Endodormancy and Chilling
Requirement

Apple tree buds require a period of winter cold
temperatures above freezing and below 7°C

followed by a period of warm temperatures in
order to break dormancy and resume growth.
Endodormancy refers to the period of cold
(chilling) temperature requirement, and the chil-
ling requirement is the accumulated number of
hours specific to each cultivar needed for release
from dormancy (Cook and Jacobs 1999; Rufato
et al. 2010). Failure to achieve this requirement
causes a lack of uniform flowering and loss of
productivity even with the best applications of
exogenous bud-break promoting chemical com-
pounds or cultural practices (Hawerroth et al.
2009).

Genetic variation for rootstock induced
reduction of the chilling requirement has been
characterized in the Malling and Geneva germ-
plasm series, wherein M.7 and G.213 have been
shown to consistently promote uniform bud-
break of high-chill cultivars Fuji and Gala in a
low-chill environment (Couvillon et al. 1984;
Macedo et al. 2018; Young and Werner 1984a,
b). This effect is quantitatively inherited, and has
been evaluated in breeding populations in Gen-
eva, NY (Fazio, Pers. comm.). It is important to
note that as climate change transforms some of
the current apple-growing regions from high–
medium chill to low chill, apple rootstocks will
play an important role in maintaining the pro-
ductivity of medium–high chill cultivars in these
regions.

6.4.8 Cold Tolerance

Similar to other temperate tree fruit crops, apple
trees can display sensitivity to cold stress,
whereby apple rootstocks have been demon-
strated to serve as components in either tolerance
or sensitivity to various cold events.

There are three forms of cold injury that apple
rootstocks have shown sensitivity to, depending
on the timing of these cold events. Early
winter/late fall cold events tend to injure trees
that have not yet achieved full hardiness status
and may still be actively growing. Mid-winter
events can occur when apple trees are subjected
to short durations of warm temperatures that de-
harden some tissues of trees, and then are
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subjected to severe cold temperatures within a
matter of either hours or days after de-hardening;
moreover, trees can be subjected to temperatures
below −30°C that can damage most above-
ground apple tissues even for cold, hardy root-
stocks. Furthermore, apple root tissues can be
severely damaged by soil temperatures below
−10° C that can occur when there is no snow
cover, primarily to the segment of the rootstock
that is exposed above-ground (referred to as the
rootstock shank), as well as to the segment just
below the soil surface that can also be injured,
thus resulting in slow tree death that may take a
whole season before it can be noticed (Embree
and Mcrae1991; Prive et al. 2001). Finally, early
de-hardening in the springtime and early bud-
break can damage newly developing tender tis-
sues if subjected to drastic cold temperature
events.

It has been reported that genetic variation for
late fall/early winter cold temperature events is
present in the Geneva rootstock breeding pro-
gram (Moran et al. 2018). Genotypic variation
for mid-winter cold hardiness has also been
observed in rootstock germplasm, wherein M.7 is
reported to be quite sensitive to winter damage at
moderately cold temperatures of −20°C. More-
over, winter cold hardiness has been investigated
in several rootstocks, wherein M.7 is reported to
be very tender. However, M.2, M.4, M.9,
MM.106, and P.16 (a selection from the Poland
[P]-series) are deemed as tender, whereas M.26,
MM.111, MM.104, P.1, and J.9 (a selection from
the Jork series) as moderately hardy, and Anto-
novka seedling, A.2 (a selection from the Alnarp
[A] series), Beautiful Arcade, O.3 (a selection
from the Ottawa [O] series), O.8, B.9, P.2, P.22,
and P.18 as hardy (Quamme 1990; Quamme
et al. 1997). Mid-winter survival under severe
cold conditions such as those prevailing in
Poland, Canada, or some regions of the northern
U.S. provides some additional estimates of a
rootstock’s genetic potential to tolerate extremely
cold temperature events that have classified M.9
as more sensitive than either M.26 or B.9
(Czynczyk and Zagaja 1984), while O.3, V.1 (a
selection from the Vineland [V] series in Ontario,
Canada), V.3, G.16, G.30, and MARK (an open-

pollinated seedling of M.9 introduced by
Michigan State University) as less sensitive
(survival > 90%) than those of B.118, M.9T337
(a certified virus-free clone of M.9 selected at
East Malling), B.9, M.9, Nic 29 (another M.9
selection identified in Belgium), Supporter 4 (a
selection from a cross between M.9 and M.4),
M.26, and MM.111 (survival * 50%), or those
of M.7 and MM.106 (survival < 25%) (Robin-
son et al. 2006). In other studies using controlled
freezing of non-grafted rootstocks, it is found
that G.41, G.11, G.30, B.9, P.2, and M.26 have
similar levels of cold hardiness, while G.935 has
a higher level of root cold hardiness than that of
M.26 (Moran et al. 2011a, b). Recently, Moran
et al. (2018) have evaluated fall, winter, and
spring hardiness of rootstocks developed from
the Vineland and Geneva breeding programs and
have noted genotypic variations for all cold
temperature events.

Genetic mechanisms for apple rootstock tol-
erance to cold temperatures have been investi-
gated, and these likely involve dehydrin-related
proteins (Du et al. 2015) and MYB genes (Wu
et al. 2018). Moreover, ESTs of apple tissues
exposed to cold stress have also been identified
(Wisniewski et al. 2008). While some of these
studies have provided some insights into the
diverse mechanisms for apple cold tolerance,
there is paucity with regards to the genetic
inheritance of such factors in a breeding popu-
lation of apple rootstocks. For additional infor-
mation, please see the chapter on cold hardiness
in this book.

6.4.9 Graft Union Strength

Ideally, joining two genetically distinct individ-
uals by grafting implies that at the physical
interface between the two genotypes there is cell-
to-cell and tissue-to-tissue adhesion, interlacing,
as well as uniform development (Tworkoski and
Fazio 2011). Sometimes, an ideal situation
occurs resulting in the development of a contin-
uum of lignified vascular tissue spanning both
genotypes as noted in Fig. 6.4. However, some
genotype combinations result in a chaotic
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arrangement of vascular tissues within the region
around the union, sometimes interspersed by low
strength parenchyma cells (Fig. 6.4), thus pro-
ducing a weak graft union (Adams et al. 2017;
Basedow and Crassweler 2017). Such weak graft
unions can result in breakage and tree death
under severe wind conditions, as well as when a
trellis support system is not properly installed
(Wallis et al. 2017).

It is not unusual to observe that related root-
stocks may behave differently when grafted with
the same scion cultivar, thus suggesting the
presence of a genetic component to this graft
union compatibility/incompatibility. For exam-
ple, a combination of G.214 rootstock and
‘Honeycrisp’ scion cultivar displays a very
strong graft union when compared to that of its
half-sib G.41 rootstock with ‘Honeycrisp’ (Fazio
et al. 2020a). The underlying genetic factors for
lack of graft union strength or graft compatibility
are not understood as the graft union is the
conduit for many hormonal and metabolic com-
pounds that may be differentially processed by

the adjoining genotypes (Zhou et al. 2020).
However, exogenous applications of auxin
compounds or compounds involved in auxin flux
are reported to “normalize” uniformity and
strength of a graft union (Adams et al. 2017). As
graft union strength or graft compatibility trait is
the result of interactions between two different
genotypes, it is possible to breed for and select
for optimal graft compatibility combinations in
both scions and rootstocks.

6.4.10 Biennial Bearing

Alternate or biennial bearing is the tendency of a
scion cultivar to set a heavy fruit crop in one
season, but then a low fruit crop for the following
season, due to poor/low flowering (return
bloom). It has been proposed that this phe-
nomenon hinges on carbohydrate balance and
hormone sensing by developing meristems
(Racsko and Miller 2011; Veal et al. 2011).
Furthermore, QTLs have been identified that

Fig. 6.4 Graft unions of two different scions, cv. ‘Fuji’
(on the left) and cv. ‘Scilate’ (on the right) grafted onto a
G.41 apple rootstock as visualized by micro X-ray
tomography (BRC Imaging Facility, Cornell University).
The ‘Fuji’/G.41 combination shows an organized

development of vascular tissue between the two geno-
types signifying a stronger graft union. In contrast, a
weaker ‘Scilate’/G.41 combination displays a disorga-
nized vascular vessel arrangement that is interspersed with
weak pockets of parenchyma cells

116 G. Fazio



explain some of the observed genetic variations
for biennial bearing in scions (Durand et al.
2017; Guitton et al. 2012). While genetic deter-
minism in scions is prevalent, apple rootstocks
also seem to have strong and significant effects
on alternate bearing of scions that are likely to
exhibit such a biennial bearing habit (Kviklys
and Samuoliene 2020; Lordan et al. 2017, 2019;
Reig et al. 2019; Serra et al. 2016).

It is observed that rootstock-modulated crop
load in bearing years is likely to be correlated
with alternate bearing. While initial reports have
indicated that the more dwarfing rootstocks
reduce the likelihood of scion cultivars going
into biennial bearing (Barritt et al. 1997), suc-
cessive replicated field trials have demonstrated
that even dwarfing rootstocks, such as B.9, could
display severe biennial tendencies in scion cul-
tivars (Lordan et al. 2019; Reig et al. 2019).
Although genetic variability in apple rootstocks
for the biennial bearing trait has been investi-
gated, breeding and selection of rootstocks that
would decrease alternate bearing tendencies of
scion cultivars are complex. In fact, this complex
trait would require high numbers of field repli-
cations, thus limiting for QTL discovery; more-
over, this trait can only be evaluated when other
breeding requirements have been met.

6.5 Genetics of Intrinsic Traits
to Apple Rootstocks

6.5.1 Propagation

With the exception of seedling and apomictic
rootstocks (Ferree 1998; Inoue et al. 2002; Ma
et al. 2012; Wang et al. 2019), the majority of
apple rootstocks are propagated vegetatively by
either layering, softwood cuttings, or microprop-
agation (Musacchi and Neri 2019). As to be
expected, apple rootstocks that are obligate apo-
micts cannot be improved by conventional
genetics and breeding approaches, as any
hybridization efforts would result in the regener-
ation of the mother plant phenotype (Olien 1987).
Interestingly, some apomictic apple rootstocks are
only partial apomicts, and these can be identified

by a series of phenotypic and molecular methods
such as leaf color and morphology or by molec-
ular markers, including SSRs and single nucleo-
tide polymorphisms (SNPs), that can discern
hybridized vs. apomictic plants (Bisognin et al.
2009; Ma et al. 2012; Sha et al. 2011). However,
early research on apomictic breeding has revealed
that frequencies of apomixis in hybrid progeny are
much lower than those of their apomictic parents
(Cummins et al. 1983; Schmidt et al. 1974).
A gene encoding for fertilization-independent
endosperm (FIF) and involved in reproductive
tissue development in M. hupehensis, MhFIF, is
found to be associated with the display of apo-
mixis in apple rootstocks (Liu et al. 2012a,b).
However, it remains to be seen if significant
progress can be made in the development of yield-
efficient and disease-resistant apple rootstocks
using apomictic genotypes.

As for conventional vegetative propagation
methods such as cuttings and micro-cuttings,
adventitious rooting and induction of axillary
shoots are two of the most important traits of
interest. It has been found that an adventitious
root formation (ARRO-1) gene in apple rootstock
M.26 is associated with the formation of new
roots (Smolka et al. 2009). Using a proteomic
approach to compare indole-3-butyric acid
(IBA)-induced and non-induced control tissues
of the M.9-T337 rootstock has revealed the
presence of 3,335 differentially expressed pro-
teins during a 72 h period following induction,
thus setting up a framework for pursuing
research studies in rooting (Lei et al. 2018).

While most apple cuttings are obtained using
softwood (same year growth), the vigorous M.
prunifolia rootstock ‘Marubakaido’ has shown a
very good propensity for hardwood cutting prop-
agation. This trait is inherited by dwarfing root-
stock ‘JM7’ (‘M.9’ � ‘Marubakaido’). By using
120 seedling progeny of ‘JM7’, two QTLs for
hardwood cutting propensity have been detected
on linkage groups 13 and 17 (Moriya et al. 2015).
Moreover, it has also been proposed that several
auxin-related genes co-located with a QTL on
linkage group 17, and that these genes serve as
possible candidates for effectors for this hardwood
cutting propagation trait (Moriya et al. 2015).
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It is interesting to point out that both M.9 and
M.26 tend to develop aerial root formations,
referred to as burr knots (Fig. 6.5). These burr
knots would be deemed desirable for vegetative
propagation of rootstocks; however, they have
negative effects in the orchard as they serve as
entry points for insects followed by fungal and
bacterial pathogens (Bergh and Leskey 2003).
A phenotypic assessment of domesticated and
wild apples has revealed wide variations in both
suckering (adventitious shoots developed on
roots) and burr knot formation, thus suggesting
the presence of underlying genetic variations for
both traits (Kumar et al. 2018). Furthermore, it
has been observed that burr knot formation in
scions can be influenced by rootstocks (Marini
et al. 2003). Rootstocks released by the Geneva
breeding program have demonstrated that it is
possible to breed against both traits, suckering
and burr knot development, while maintaining
acceptable rooting in layering beds and stool
cuttings using exogenous plant growth regulator
treatments (Adams 2010). Efforts to breed

rootstocks for in vitro micro-cutting propagation
have been challenging due to variabilities in
culture media, as well as in growing culture
conditions.

6.5.2 Resistance to Fire Blight

Fire blight, caused by the anaerobic gram-
negative bacterium Erwinia amylovora, is one
of the most devastating diseases that affect apple
rootstocks, as it can result in economic losses
upwards of $100 million per year (Busdieker-
Jesse et al. 2016). The rootstock phase of fire
blight is very damaging as entire orchards may
have to be removed because susceptible root-
stocks, such as M.9, M.27, M.26, and most other
commercial rootstocks, can be girdled near the
graft union, eventually leading to tree decline and
death. Current disease control methods include
treatments with copper compounds, antibiotics,
and competitive biological agents; however, it is
best to develop genetic resistance against fire
blight.

Genetic resistance to E. amylovora has been
identified in several wild apple species, and these
have been utilized to breed for a new series of
fire-blight-resistant rootstocks and scions
(Emeriewen et al. 2020; Forsline et al. 2002;
Kostick et al. 2021; Peil et al. 2020; Tegtmeier
et al. 2020). It has been reported that there are
two forms of resistance present in apple root-
stocks. In one form, multigenic resistance has
been identified in M. � robusta clone 5, com-
monly referred to as ‘Robusta 5’, and in partic-
ular accessions of M. fusca, wherein all plant
tissues are likely to be either resistant or immune
to E. amylovora (Aldwinckle et al. 1974; Cum-
mins and Aldwinckle 1974; Gardiner et al. 2012;
Peil et al. 2019). In another form, ontogenic
resistance has been identified in the apple root-
stock B.9, wherein one-year-old shoots demon-
strate high levels of susceptibility to fire blight,
but then as they grow older (two-year-old and
older), these tissues are found to be resistant to E.
amylovora (Russo et al. 2008a,b). Although
inheritance of ontogenic fire blight resistance has
not yet been investigated, multiple major and

Fig. 6.5 Burr knot formation on an M.9 rootstock
around the region of the graft union
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minor genetic factors have been identified in
M. � robusta derivatives characterized by strain-
specific reactions (Fazio et al. 2008; Gardiner
et al. 2012), resulting in isolation and testing of
an NBS-LRR type resistance gene, FB_MR5,
found on chromosome 3 using transgenic
approaches (Broggini et al. 2013, 2014a, b;
Fahrentrapp et al. 2013; Kost et al. 2015).
Moreover, another major fire blight resistance
factor, a QTL, also identified in an apple root-
stock derived from ‘Robusta 5’, is found on
chromosome 7, but this does not seem to be
affected by strain specificity (Gardiner et al.
2012).

Thus far, only the commercial rootstocks
intentionally bred to provide some level of pro-
tection against fire blight have been developed by
the Geneva breeding program, including G.65,
G.11, G.16, G.30, G.202, G.41, G.935, G.214,
G.814, G.213, G.969, G.890, G.222, and G.210.
These rootstocks have been developed using field
(fully-grown grafted trees) and greenhouse
inoculation techniques that feature multiple bac-
terial strains. This approach is more efficient in
selecting high-resistant plant material than
molecular markers as the latter would require
multiple assays to address the multigenic nature
of this resistance (Fazio et al. 2015b; Russo et al.
2007).

Furthermore, indirect effects of resistant
rootstocks on tolerance of scion cultivars have
been evaluated, and it is reported that this is
likely to be mediated by complex long-distance
mechanisms that transform global gene expres-
sion of grafted scions (Jensen et al. 2003, 2010,
2012).

6.5.3 Rootstock Tolerance to Replant
Disease and Crown Gall

Apple replant disease (ARD) is observed when
young trees of sensitive apple rootstocks are
planted in an orchard ground previously planted
with trees of either the same or related genus,
thus allowing for the buildup of strong biological
components, including saprophytic fungi,
oomycetes, bacterial, and nematode factors

(Mazzola 1998). Symptoms of ARD include tree
stunting, poor root growth, and loss of produc-
tivity (Auvil et al. 2011). Genetic tolerance to
this complex disease has been identified in apple
germplasm, including rootstocks (Isutsa and
Merwin 2000; White and Tustin 2000). Natural
tolerance is quite complex as multiple causative
agents identified in the etiology of this disease
may have specific gene-for-gene interactions
with the host, competitive interactions with host
pseudo-symbionts, or interactions with either
root morphology or metabolic compounds (Atu-
cha et al. 2013; Emmett et al. 2014; Gu and
Mazzola 2003; Leisso et al. 2017; Rumberger
et al. 2007; Yao et al. 2006). It is reported that
tolerant rootstocks are capable of modifying the
composition of negative replant factors and the
rhizo-microbial community at large, thereby
resulting in either absence or reduction of
symptomatology in soils planted with these
genotypes (Deakin et al. 2019; St. Laurent et al.
2010).

Transcriptomic analysis of the ‘Robusta 5’-
derived tolerance in the G.935 apple rootstock
has revealed the presence of several major factors
involved in defense activation compared to that
of the replant sensitive B.9 when challenged by
the replant component Pythium ultimum (Shin
et al. 2016; Zhu and Saltzgiver 2020). Similarly,
phytoalexin biosynthesis and defense gene acti-
vation have been observed when comparing
replant bioactive soils to sterilized soils in four
apple genotypes (Reim et al. 2020). Among the
upregulated genes, four genes are found to be
significantly upregulated in roots and are likely
to be related to host plant response to ARD.
These genes include MNL2 (putative mannosi-
dase), ALF5 (multi-antimicrobial extrusion pro-
tein), UGT73B4 (uridine diphosphate (UDP)-
glycosyltransferase 73B4), and ECHI (chitin-
binding) (Reim et al. 2020). Moreover, another
six highly upregulated genes belong to the phy-
toalexin biosynthesis pathway, as their genotype-
specific gene expression pattern is found to be
consistent with the phytoalexin content in roots
(Reim et al. 2020).

The complex genetic relationships expected
with ARD and the difficulty in phenotyping large

6 Genetics, Breeding, and Genomics of Apple Rootstocks 119



breeding populations render this disease as a
prime target for molecular marker development
for breeding new tolerant rootstocks (Fazio and
Mazzola 2004; Mazzola and Manici 2012).
Interestingly, Reim et al. (2020) have reported
that biphenyl synthase (BIS) genes are useful as
early biomarkers for ARD as expression patterns
of these genes have correlated well with pheno-
typic reactions of investigated Malus genotypes.
Moreover, inoculation with Pythium and Rhi-
zoctonia spp. of clean roots derived from sterile
micropropagation of ‘Robusta 5’ derivatives has
identified QTLs playing roles in the observed
tolerance derived from ‘Robusta 5’ (Zhu and
Saltzgiver 2020; Fazio, Pers. comm.). This latter
finding seems to hold up in many different world
apple-growing regions (Costa and Stassen 2011;
Macedo et al. 2019; Manici et al. 2013; Robinson
et al. 2012; Spornberger et al. 2020) indicating
the presence of common etiological and tolerance
components that can be leveraged for new root-
stock development.

Crown and root galls are caused by strains of
Agrobacterium tumefaciens in some sensitive
apple rootstocks. Severe infections can cause
significant losses to nursery apple tree production
and some yield losses in an orchard setting
(Scheer 1978; Drahorad 1978). Inoculation tests
performed with three strains of A. tumefaciens on
M.9, M.26, M.7, MM.111, and MARK apple
rootstocks indicate that they are all susceptible,
although at different levels of severity and in
different tissues (Stover and Walsh 1998). Efforts
to develop resistant rootstocks in Japan have
resulted in the identification of resistance in M.
sieboldii (Sanashi 63), which was hybridized
with apple rootstock JM7. QTL analysis of a full-
sib progeny from such a cross yielded a major
QTL from M. sieboldii found on linkage group
(LG) 02, accounting for 75–85% of the variation
(Moriya et al. 2008, 2010).

6.5.4 Root Morphology

Root morphology can have a major influence on
apple tree performance, ranging from water and
nutrient foraging to tree anchorage. Phenotypic

and genetic variations of root morphology traits
have been observed in the wild apple, M. siev-
ersii, and in apple rootstock breeding populations
(Fazio et al. 2014a; Fazio and Volder 2009).
Variations in fine-root development, root vigor,
volume explored by roots, root gravitropism, and
root longevity have all been explored in apple
roots using either rhizotrons or aeroponic sys-
tems (Al Farqani 2019; An et al. 2017; Atucha
et al. 2013; Emmett et al. 2014). The develop-
ment of useful markers for these difficult-to-
phenotype traits is dependent on reliable
description of the traits in breeding and mapping
populations over several seasons and under dif-
ferent growing conditions. Gene expression
analysis can be leveraged to discover differen-
tially expressed genes (DEGs) between diamet-
rically contrasting phenotypes, which in turn can
reveal candidate genes associated with observed
phenotypic variations (Fig. 6.6).

6.5.5 Interactions with Soil Type, pH,
and Salinity

Apple root systems respond to various physical
and chemical properties of the soil depending on
their genetic compositions. While there seems to
be relative paucity of reports on genetic varia-
tions of interactions with soil types, preliminary
experiments conducted by Fazio et al. (2012)
have detected differential responses of 33 apple
rootstock genotypes to soil type and pH for
growth and nutrient variables measured over two
soil types and five pH levels (Fig. 6.7). These
findings have been further confirmed by recent
multiple experiments conducted both in soil and
aeroponics (Al Farqani 2019).

Gene expression analysis of salt-stressed
apple roots has revealed the presence of a com-
plex landscape of DEGs associated with osmo-
protectant pathways (Li et al. 2013). Moreover,
upregulation of genes associated with sucrose,
amino acid, alkaloid, flavonoid, and carotenoid
metabolism has also been observed in apple roots
grown under saline-alkali stress conditions in
addition to genes associated with reactive oxygen
species (ROS) protectants (Jia et al. 2019; Zhu
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Fig. 6.6 Differences in root branching and fine-root development observed in apple rootstocks visualized using
aeroponic growing systems

Fig. 6.7 Effects of pH on absorbance and translocation of phosphorous (P) measured in leaves of grafted Gala scions
onto nine different rootstocks
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et al. 2020). These major effect genes identified
in these experiments may be probed for differ-
ential expression in apple rootstock breeding
populations as means for identifying tolerant
selections.

6.5.6 Sensitivity to Viruses
and Phytoplasmas

Apple viruses and phytoplasmas cause a loss in
productivity by either killing the rootstock out-
right, such as apple rootstock G.16 (Robinson
et al. 2003), or by interfering with normal tissue
development (roots, branches, leaves, and fruit),
as well as with normal plant physiological pro-
cesses (Howell et al. 1996; Wood 1996). These
pathogens are mostly spread by grafting using
infected wood of either scions or rootstocks.
While genotypic variations of rootstock sensi-
tivity to viruses have been observed in geneti-
cally related rootstocks (Wright et al. 2020),
there is no reported information on genetic
resistance.

Breeding efforts in both Germany and Italy
have been undertaken to generate phytoplasma
(Candidatus Phytoplasma mali, causal agent of
apple proliferation disease or apple witches’
broom disease) resistant rootstocks derived from
wild apple species M. sieboldii and M. sargentii
(Bisognin et al. 2009; Jarausch et al. 2007, 2008;
Seemuller et al. 2007, 2008). Other efforts to
evaluate apple rootstocks for sensitivity to viru-
ses (Apple Stem Grooving Virus, Apple
Chlorotic Leaf Virus, Apple Stem Pitting Virus,
and Tomato Ringspot Virus) are currently in
progress with advanced selections available in
the Geneva (NY) breeding program.

6.5.7 Rootstock Resistance to Woolly
Apple Aphids (WAA)

The Malling-Merton breeding program was ini-
tiated primarily to introduce resistance to woolly
apple aphid (WAA), Eriosoma lanigerum
(Hausmann), in rootstocks planted in the south-
ern hemisphere where insect pressure caused

major losses. The source of WAA resistance was
the apple cultivar ‘Northern Spy’ (popular for
pie-filling) resulting in the selection of apple
rootstocks MM.106 and MM.111.

Genetic analysis of the ‘Northern Spy’ resis-
tance has revealed that it is largely monogenic
(Er1) and located on chromosome 8. An addi-
tional monogenic resistance gene, Er2, has been
identified on chromosome 17 of ‘Robusta 5’, and
this has been utilized extensively in the Geneva
(NY) and the New Zealand breeding programs
(Bus et al. 2008). Additional resistance loci, Er3
and Er4, from other sources have been identified
in progeny derived from ‘Aotea’ and the ‘Mil-
dew Immune Selection’, and these loci are
mapped on chromosomes 8 and 7, respectively
(Bus et al. 2010; Sandanayaka et al. 2003, 2005).
The largely monogenic inheritance of this trait
readily lends itself to marker-assisted breeding
(Bassett et al. 2015).

However, variations and mutations of WAA
ecotypes have resulted in loss of effectiveness of
some of the above WAA resistance loci in certain
parts of the world; therefore, novel sources of
resistance must be identified in available genetic
resources (Sharma and Pramanick 2012).

6.6 Conclusions

The portfolio of desirable scion cultivars avail-
able for cultivation by apple growers is becoming
increasingly diversified with new and high-value
apples being released every year. On the other
hand, apple rootstocks have until recently served
as a virtual monoculture but are now also
becoming more diversified with more specialized
characteristics, beyond dwarfing and early bear-
ing. In particular, major gains in productivity can
be made if growers and nurseries are able to
match the unique properties of scion cultivars to
unique properties of rootstocks to promote syn-
ergies in production efficiency and fruit quality.
Optimal pairings between scions and rootstocks
have been attained for just a few standard scion
cultivars such as ‘Fuji’, ‘Gala’, ‘Honeycrisp’,
and ‘Golden Delicious’ because of empirical
knowledge gained by several field tests.
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Although in some cases we can extrapolate
scion/rootstock pairings based on similarities,
additional research must be conducted with new
scion cultivars and new rootstocks. Perhaps,
optimal pairings in the future can also be guided
by a deeper understanding of molecular genetic
rootstock/scion interactions using the tools of
genomics, proteomics, and phenomics, among
others, that are currently under study.
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7Genetic and Physical Mapping
of the Apple Genome

Yuepeng Han and Schuyler S. Korban

Abstract

In apple genome mapping, two distinctive
types of maps have been developed—a
genetic map, also known as a linkage map,
and a physical map. Linkage maps have been
established for many important horticultural
traits in apple. This involves identifying
molecular markers linked to major genes and
quantitative trait loci (QTL). Such genetic
maps have been developed for various desir-
able economic traits for the apple, including
those for disease resistance, pest resistance,
growth habit, flowering, and budbreak, as well
as for various fruit quality traits. In addition,
genome-wide physical maps have also been
developed for the apple. Such maps not only
serve as platforms for large-scale genome
sequencing efforts, but are also essential for

studying the genetic basis of complex traits, as
well as for pursuing genomics research stud-
ies. Strategies for establishing genetic and
physical maps of the apple genome along with
the details of these findings will be presented.

7.1 Introduction

Genome mapping involves the identification of
locations of genes and/or positioning of genetic
markers on each chromosome of a genome, as
well as the determination of relative distances
between genes and/or of genetic markers along
these chromosomes. In genome mapping, genetic
markers can take on various forms, and genes may
be deemed as one of such particular forms of
genetic markers. Overall, there are two types of
genome mapping efforts that can be undertaken.
These include genetic mapping and physical
mapping. Genetic mapping involves the calcula-
tion of the relative distance between any two
genes or genetic markers on a chromosome, while
physical mapping involves the determination of
the absolute position of genes or genetic markers
on each chromosome. Therefore, there are two
distinctive types of “maps”: a genetic map (also
known as a linkage map) and a physical map,
which can be generated in the field of genome
mapping. Although both maps display positions
of a collection of genetic markers and gene loci,
distances of a genetic map are estimated by cal-
culating frequencies of recombination between
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either genes or genetic markers during crossover
of homologous chromosomes, whereas those of a
physical map are actual physical distances, ideally
measured in nucleotide bases.

The unit of relative distance in genetic maps is
the centiMorgan (cM), named in honor of the
early geneticist Thomas Hunt Morgan. It is
common knowledge that recombination events
do not occur evenly along a chromosome. Thus,
some sections of a chromosome would exhibit
either recombination hotspots or coldspots,
yielding either higher or lower recombination
frequencies, respectively, than otherwise would
be expected (Nachman 2002). Hence, a recom-
bination frequency is an approximate estimation
of how physically far apart genes or markers are
located along a chromosome. Overall, two adja-
cent genes or markers with a low recombination
frequency are likely to be closer together, while
those with a higher recombination frequency are
likely to be farther apart. Thus, a physical map is
a more accurate representation of a genome.

Overall, a genetic (linkage) map serves as a
platform to identify molecular markers linked to
major genes/quantitative trait loci (QTL) con-
tributing to desirable economic traits, whereas a
physical map is very useful both for the devel-
opment of DNA markers for a genomic region of
interest and effective positional cloning of genes.
Therefore, establishing reliable and dense linkage
and physical maps are critical for pursuing
genetic studies.

Apple (Malus � domestica Borkh.) is one of
the most important temperate fruit tree crops
grown in the world. It belongs to the sub-family
Maloideae in the Rosaceae family. The domes-
ticated apple has an autopolyploidy origin, but its
genome is diploidized, with a basic chromosome
number of x = 17 (Velasco et al. 2010). Overall,
the apple genome exhibits high levels of
heterozygosity due to genetic barriers, including
self-incompatibility and lack of inbreeding. In
addition, the apple displays juvenile periods
ranging between 6 and 10 years or even longer,
making it difficult to pursue genetic improvement
using conventional breeding methods. Thus,
early identification of young seedlings carrying
economically desirable traits using marker-

assisted selection (MAS) is highly valuable in
apple breeding programs. Furthermore, knowl-
edge of genome-wide DNA-sequence variations
among segregating populations is a fundamental
step toward dissecting those genetic controls of
complex traits in plant species of large and/or
complex genomes. During the past two decades,
various efforts have been undertaken to charac-
terize the genetic basis of desirable horticultural
traits in apples. These efforts have significantly
contributed to the development of genomic tools
and resources for the apple, including robust
molecular markers, high-density linkage maps,
an integrated physical and genetic map, and
drafts of complete genome sequences. In this
chapter, we report on efforts and progress made
in undertaking genetic and physical mapping of
the apple genome.

7.2 A Double Pseudo-Testcross
Strategy and Genetic Markers

The first steps involved in constructing a genetic
map include the development of a mapping
population and robust genetic markers. The pri-
mary types of mapping populations are F2 and
backcross (BC) populations, as well as recom-
binant inbred lines (RILs). An F2 population is
developed by selfing F1 hybrids derived by
crossing two parents, while BC populations are
developed by crossing selected F1 hybrids with
one of the two parents used in the original cross.
RILs are developed by single-seed selections
from individual plants of an F2 population.

As apple is self-incompatible and has a long
juvenile period, this highly prevents the devel-
opment of the above-listed primary types of
mapping populations. However, as apples are
highly heterozygous, an F1 generation displays
wide segregation for various traits. As many loci
consist of two alleles, a segregating F1 generation
of apple would in fact exhibit either a typical F2
segregation pattern with a 1:2:1 ratio (referred to
as intercross loci) or a backcross pattern with a
1:1 ratio (referred to as testcross loci). Using
testcross markers segregating in one parent but
not in the other, Grattapaglia and Sederoff (1994)
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have proposed undertaking a double pseudo-
testcross strategy for pursuing linkage mapping
using an F1 apple progeny derived from a cross
between two outbred parents. The pseudo-
testcross mapping strategy is simple to imple-
ment, and in principle can be exploited using any
type of molecular marker (Fig. 7.1). Using this
pseudo-testcross strategy, two parent-specific
linkage maps are then constructed. Subse-
quently, these two maps are integrated based on
genetic markers present in both linkage maps.
This pseudo-testcross strategy has greatly facili-
tated conducting genetic mapping studies of
outcrossed species, and it has been widely used
in constructing linkage maps of various fruit tree
crops, including apple.

7.2.1 Development of Molecular
Markers

Over the past three decades, multiple technolo-
gies have been used to develop molecular
markers for apples in order to genotype germ-
plasm and/or segregate populations. Earlier, iso-
zymes, restriction fragment length
polymorphisms (RFLPs), and random amplified
polymorphic DNAs (RAPDs) have been initially
used in linkage mapping studies (Hemmat et al.
1994; Conner et al. 1997). Although isozymes
are robust and informative, they are influenced

by environmental conditions and exhibit varia-
tions during plant development. RAPDs are
quick and easy to assay; moreover, those RAPD
loci found to be heterozygous in the two parents
can also be used for map alignment. However,
RAPDs present a drawback due to their low
degree of transferability across multiple mapping
populations. Although RFLPs are highly reliable
and reproducible, their assays are time-
consuming, labor-intensive, and expensive.

Subsequently, amplified fragment length
polymorphisms (AFLPs) and simple sequence
repeats (SSRs), also known as microsatellites,
have been developed to construct linkage maps
in apples (Maliepaard et al. 1998). As AFLPs are
dominant markers and their assays are time-
consuming and expensive, SSRs, frequently
abundant in genomes, have been deemed
preferable for use in constructing linkage maps.
SSR markers are either non-expressed/genomic
SSRs (G-SSRs) or expressed sequence tag
(EST) SSRs (EST-SSRs). Furthermore, they are
co-dominant, informative, reliable, and highly
reproducible. Microsatellites in coding regions
may influence gene expression and/or function-
ality, rendering them as valuable resources for
genetic studies. A major advantage of developing
EST-SSRs is the likelihood of identifying asso-
ciations between functional genes and pheno-
types. In addition, EST-SSRs are highly
transferable across species. However, the

Fig. 7.1 Different types of molecular markers used for a pseudo-testcross mapping strategy. P1 and P2 correspond to
the two parents of a cross, while the other letters correspond to different molecular marker combinations
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mutation rate of transcribed sequences is lower
than that detected in non-transcribed sequences.
Thus, the frequency of EST-SSRs is expected to
be lower than that of G-SSRs.

A critical step in developing SSR markers is
the recovery of sequence information. In apple,
SSR markers have been first developed from a
genomic library of the cultivar ‘Royal Gala’
enriched for ‘GA’ repeats (Guilford et al. 1997).
A total of 28 SSRs have been developed by
sequencing some of the generated DNA frag-
ments. Later, more than 400 SSRs have been
developed using this SSR-enriched genomic
library approach (Guilford et al. 1997; Gian-
franceschi et al. 1998; Hokanson et al. 1998;
Liebhard et al. 2002; Hemmat et al. 2003;
Vinatzer et al. 2004; Silfverberg-Dilworth et al.
2006). Liebhard et al. (2002) and Silfverberg-
Dilworth et al. (2006) have developed *300
SSRs that have been mostly used to build a ref-
erence map for a ‘Fiesta’ � ‘Discovery’ pro-
geny. Subsequently, SSRs associated with
expressed sequences have also been extensively
exploited, and a total of 1,160 non-redundant
EST sequences containing SSR motifs have been
identified (Han et al. 2011). Of 1,160 EST-SSRs,
323 are found to be polymorphic between two
parents of a segregating population, and these
have been successfully mapped in apple
(Fig. 7.2). While investigating genome-wide
SSRs in the apple draft genome, Zhang et al.
(2012) have identified a total of 28,538 SSRs,
with an overall density of 40.8 SSRs per Mb
(Table 7.1). Di-nucleotide repeats are the most

frequent SSRs in the apple genome, accounting
for 71.9% of all SSRs. Interestingly, it has been
reported that AT/TA repeats are the most fre-
quent in genomic regions, accounting for 38.3%
of all G-SSRs; however, AG/GA dimers prevail
in transcribed sequences, accounting for 59.4%
of all EST-SSRs. It is reported that *79.0% of
SSRs in the apple genome are polymorphic
among cultivars and wild relatives (Zhang et al.
2012).

With the availability of large amounts of DNA
sequence information for apples, single nucleo-
tide polymorphisms (SNPs) have attracted much
more attention in the last decade. An SNP cor-
responds to a variation in a single nucleotide that
occurs at a specific position within a genome.
Thus, SNPs are major contributors to genetic
variations and account for approximately 80% of
all known polymorphisms in organisms. For
example, approximately 200 SNPs have been
developed from bacterial artificial chromosome
(BAC) end sequences (BESs), and these SNPs
have been genetically mapped using a bin map-
ping strategy (Han et al. 2009). Furthermore, a
total of 37,807 SNPs have been identified by
mining an EST database of 14 apple genotypes,
with an average of one SNP per 187 bp (Khan
et al. 2012a). Recently, high-throughput SNP
discovery through whole-genome re-sequencing
has been widely reported in apple. For example,
the International RosBREED SNP Consortium
(IRSC) has selected 27 apple cultivars from
worldwide breeding programs for re-sequencing
at low-coverage using an Illumina Genome

Fig. 7.2 Validation of three EST-SSRs using 12 apple
seedlings derived from a cross between ‘Coop 17’ and
‘Coop 16’ using metaphor gel electrophoresis. Each of the

colored double-arrow bars corresponds to a different EST-
SSR marker
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Analyzer II (Chagné et al. 2012a, b). Alignments
of these sequences to the whole-genome
sequence of ‘Golden Delicious’ have revealed a
total of 2,113,120 SNPs, with an average fre-
quency of one SNP per 288 bp of the apple
genome. Later, re-sequencing and variant calling
have been conducted for 16 accessions, including
13 apple (M. � domestica) cultivars, one acces-
sion of M. � micromalus, and two di-haploid
(DH) accessions derived from ‘Golden Deli-
cious’, revealing the presence of 16,614,171
variants such as SNPs and indels (Bianco et al.
2014). Of these variants, 750,763 SNPs are of
high quality with SNP_Scores above 0.7, thus
serving as valuable resources for developing an
SNP array. In addition, whole-genome re-
sequencing, at high depth of coverage, has been
carried out for 63 different cultivars covering
most of the genetic diversity of the cultivated
apple (Bianco et al. 2016). Following the align-
ments of these sequences against the Apple
Genome Reference v.3 (https://www.rosaceae.
org/), a total of 15,499,525 variants have been
identified with multi-sample SNP calling.

7.2.2 High-Throughput Genotyping

Screening DNA variants in a segregating popu-
lation is a key step in undertaking genetic map-
ping efforts. In line with the ever-expanding
genome sequence information, cost-effective
genotyping technologies have been developed
that can simultaneously assay different genetic
markers.

Initially, a fluorescence microsatellite geno-
typing method was developed to facilitate high-
throughput genotyping of SSRs. Multiple
microsatellite products of different sizes and/or
labeledwithdifferentfluorescencedyesweremixed
and then subjected to capillary electrophoresis. This
fluorescence-labeled microsatellite genotyping
method allowed for unambiguous allele identifica-
tion (Fig. 7.3), and it was successfully used in
genotyping of a segregating population of apples
(Han et al. 2011).

Subsequently, as SNP arrays offer highly
multiplexed assays at a relatively low cost, high-
density SNP arrays have been developed to
evaluate whether or not a genome-wild

Table 7.1 SSRs identified in the apple genome

Repeat Region Repeat length (nucleotides) Total Frequency (%)

<30 30–40 40–50 >50

Dimer CDS 76 0 0 0 76 0.27

UTR 2098 598 158 153 3007 10.54

Genomic 10860 3817 1755 1010 17442 61.12

Trimer CDS 260 5 0 0 265 0.93

UTR 425 22 3 2 452 1.58

Genomic 2411 211 69 95 2786 9.76

Tetramer CDS 10 0 0 0 10 0.04

UTR 158 11 1 1 171 0.60

Genomic 1472 107 22 11 1612 5.65

Pentamer CDS 16 0 0 0 16 0.06

UTR 223 7 0 0 230 0.81

Genomic 1658 19 1 2 1680 5.89

Hexamer CDS 136 8 1 1 146 0.51

UTR 248 10 2 0 260 0.91

Genomic 355 20 9 1 385 1.35

CDS, coding sequence; UTR, untranslated region
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assessment of allelic variation is feasible in
apples. The first apple SNP array, composed of
1,536 SNPs and labeled as the Illumina Gold-
enGate™ assay, has been developed in the Uni-
ted States by Khan et al. (2012a). During the
same year, an 8 K Infinium II array has been also
developed by the Plant & Food Research Insti-
tute in New Zealand (Chagné et al. 2012a, b).
These two apple SNP arrays represent the first
generation of high-throughput SNP genotyping
platforms. However, the amount and distribution
of SNPs present in these first-generation arrays
have not been sufficient to perform pedigree-
based analysis at high levels of precision. Thus,
two additional apple SNP arrays, the 20 K
whole-genome genotyping (WGG) array (Bianco
et al. 2014) and the Axiom® Apple480K (Bianco
et al. 2016), have been subsequently developed.

Furthermore, restriction-site associated DNA
sequencing (RAD-Seq) has been developed to
scan SNPs at the genome-wide level in apple, and
this has proven to be a fast and cost-effective
approach for pursuing genetic mapping in apple
(Gardner et al. 2014). For example, a double-
digest RAD-Seq (ddRAD-Seq) was used to
genotype an apple segregating population of
1,733 F1 seedlings derived from ‘Jonathan’ �
‘Golden Delicious’. This resulted in *15,000
and 38,000 SNPs for EcoRI and HindIII restric-
tion sites, respectively, and this was used to
develop a dense SNP-based genetic linkage map
(Sun et al. 2015). Moreover, an efficient geno-
typing method of a specific-locus amplified
fragment sequencing (SLAF-seq), similar to
ddRAD-Seq, was developed to screen 30 diverse

apple accessions, consisting of 20 cultivars and
10 wild relatives (Fig. 7.4; Ma et al. 2017). This
screening resulted in rapid observation of linkage
disequilibrium (LD) decays in both cultivated and
wild apples, with r2-values below 0.2 at both
440 bp and 280 bp, respectively (Ma et al. 2017).
With the advent of next-generation sequencing
(NGS), whole-genome re-sequencing has been
used for genotyping limited numbers of samples
in apple (Duan et al. 2017). However, this strat-
egy has been deemed cost-prohibitive for large
populations consisting of thousands of
individuals.

7.3 Genetic Mapping of the Apple
Genome

7.3.1 Linkage Map Construction

Earlier, the lack of availability of molecular
markers has been one of the main reasons that
hindered the development of genetic maps for
apple. Earlier, allozymes have been the only form
of genetic markers available for apples. However,
allozymes are not suitable for genome mapping as
they are limited in number and low in polymor-
phisms. With the availability of molecular
markers such as RAPDs, Hemmat et al. (1994)
have developed the first genetic map for apples
using an F1 population derived from a cross
between ‘Rome Beauty’ and ‘White Angel’. The
linkage map for ‘Rome Beauty’ consists of 156
markers spread across 21 linkage groups, while
the ‘White Angel’ map contains 253 markers

Fig. 7.3 Fluorescent microsatellite genotyping using a three-primer strategy
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arranged across 24 linkage groups. Later, linkage
maps have been constructed for three parents of
two segregating populations, ‘Wijcik McIntosh’
NY75441-67 and ‘Wijcik McIntosh’ �
NY75441-58 (Conner et al. 1997). The linkage
maps for ‘Wijcik McIntosh’, NY75441-67, and
NY75441-58 consist of 238, 110, and 183
markers mapped onto 19, 16, and 18 linkage
groups, respectively. These earliest linkage maps
have been primarily based on RAPD markers,
along with several isozymes and morphological
markers. As RAPDs have a very low degree of
transferability across species and mapping popu-
lations, the usefulness of the earliest linkage maps
of apple has been rather limited. Moreover, the
number of linkage groups identified does not
correspond to the number of chromosomes. For
the above reasons, an integrated linkage map
based on a number of co-dominant transferable
markers, mostly RFLPs along with a small
number of microsatellites, distributed over all 17
linkage groups have been developed using a
‘Prima’ � ‘Fiesta’ population consisting of 152
seedlings, and is deemed as the first apple refer-
ence genetic map (Maliepaard et al. 1998).

As mentioned above, SSRs are informative,
reliable, and easily transferable across species.
Therefore, co-dominant SSRs are superior mark-
ers for genome mapping. An SSR-based map can
serve as an ideal reference map as SSRs are easily
transferable to different progenies. A large-scale
application of SSRs in linkage map construction
has been initially conducted by both Liebhard
et al. (2003) and Silfverberg-Dilworth et al.
(2006). A set of approximately 300 SSRs have
been used to build a reference map for the
‘Fiesta’ � ‘Discovery’ progeny. This reference
linkage map also contains large numbers of
dominant AFLPs and RAPDs that have filled in
gaps or marker-rare regions (Liebhard et al.
2003). Such robust polymerase chain reaction
(PCR)-based saturated reference maps are essen-
tial for genome-wide identification of quantitative
trait loci (QTLs) controlling complex traits.

To integrate physical and genetic maps, a
linkage map primarily based on SSRs was
developed by Han et al. (2011). A total of 442
SSRs (329 EST-SSRs and 113 gSSRs) along
with 12 sequence tag sites (STS) were used to
generate a saturated reference map for the ‘Co-op

Fig. 7.4 Distribution of
39,635 SNPs along an apple
reference genome
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17’ � ‘Co-op 16’ progeny. Later, Zhang et al.
(2012) investigated genome-wide SSRs based on
the draft whole-genome sequence of apple, and a
total of 299 SSRs were selected to construct an
SSR-based reference linkage map for the ‘Jona-
than’ � ‘Golden Delicious’ progeny.

Although the number of mapped SSRs is an
important determinant of the value of a reference
map, it is more important that such mapped SSRs
have good coverage of the entire genome along
with a relatively even distribution along the
chromosomes. However, as SSRs are not evenly
distributed across the genome, the marker density
of SSR-based linkage maps is usually low and
insufficient for fine-mapping of QTLs of interest.
Besides SSRs, SNPs are also excellent markers
for genome mapping as SNPs not only represent
the most common type of DNA sequence varia-
tion in a genome, but they are also amenable for
high-throughput genotyping using a highly
robust array-based platform. In apple, SNPs are
notably abundant as the apple is an outcross
species. To develop highly saturated linkage
maps of apple, SNPs have been extensively
exploited by whole-genome re-sequencing to
develop SNP arrays (Chagné et al. 2012a, b;
Bianco et al. 2014, 2016). A couple of high-
density SNP-based linkage maps have been
constructed using SNP arrays in apple
(Antanaviciute et al. 2012; Khan et al. 2012b;
Falginella et al. 2015; Ma et al. 2016). An
example of SNP-based linkage map is presented
in Fig. 7.5 (Ma et al. 2016). An ultra-high-
density linkage map of apple comprising 15,417
SNP markers spanning 1267 cM, with an aver-
age distance of 0.37 cM and a maximum dis-
tance of 3.29 cM between adjacent markers, has
been developed by Di Pierro et al. (2016). These
high-density linkage maps not only facilitate the
identification of candidate genes of interest pre-
sent within assembled sequence data of the apple
genome, but they are also useful for identifying
genomic structural variations. With the devel-
opment of advanced sequencing technologies,
genotyping of mapping populations can be con-
ducted by direct genomic DNA sequencing at a

low cost. Genome-wide screening of genomic
DNA variations will accelerate studies of gen-
ome mapping.

7.3.2 Mapping of Genes for Disease
and Pest Resistance

Most gene mapping studies have focused on the
identification of markers closely linked to genes
responsible for resistance to diseases and pests.
Many resistance traits against diseases or pests in
apples are simply inherited, and they are mostly
controlled by single genes with recognizable
effects. Until now, significant progress has been
made in identifying genes conferring resistance
to various diseases and pests in apples, such as
apple scab, powdery mildew, and aphids (Han
and Korban 2010).

7.3.2.1 Apple Scab Resistance
Apple scab, incited by Venturia inaequalis Cke.
(Wint.), is a serious fungal disease in all apple-
growing regions of the world. Early efforts have
focused on identifying genes controlling apple
scab from different Malus germplasm to develop
cultivars with resistance to this disease. Although
different genes for scab resistance have been
identified, the Vf gene form of the wild crab
apple species M. floribunda clone 821 has been
the focus of major research efforts (Gessler et al.
2006; Gessler and Pertot 2012). In recent years,
the nomenclature of the Vf gene has been chan-
ged to Rvi6. Therefore, we will include this new
nomenclature for all sub-headings; however, as
the work in all previously published articles cited
in the sections below have used the Vf nomen-
clature, we will retain the use of this older
nomenclature as cited in these articles to avoid
confusion.

The Vf (Rvi6) Gene
The Vf gene has been widely introgressed into
the cultivated apple, and dozens of scab-resistant
cultivars have been developed from different
breeding programs around the world (Crosby
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Fig. 7.5 Genetic linkage maps of the ‘JG’ � ‘WSH’
apple mapping population developed using an apple SNP
array. The genetic distance is shown in centimorgan

(cM) along the left-hand side. LG, linkage group; JG, cv.
‘Jiguan’ (female parent); WSH, cv. ‘Wangshanhong’
(male parent)
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et al. 1992). Early on, the Vf gene has been found
to confer field immunity to races 1 to 5 of the
fungal pathogen V. inaequalis (Lespinasse 1989),
but in later years, it has been found that this gene
can be overcome by races 6 and 7 in some apple/
Malus genotypes (Roberts and Crute 1994; Parisi
and Lespinasse 1996; Papp et al. 2019). The Vf
locus has been mapped onto LG1 of the apple
genome (Maliepaard et al. 1998). Interestingly, a
team of Swiss/Italian researchers in Europe and a
group at the University of Illinois at Urbana-
Champaign in the United States have separately
isolated and cloned the Vf gene using chromo-
some walking and chromosome landing strate-
gies, respectively. These two cloning strategies
have been previously described by Han and
Korban (2010); therefore, a synopsis of these
strategies will be provided herein.

Cloning of the Vf (Rvi6) Gene Using a Chromo-
some Walking Strategy
In this strategy, RAPD markers linked to the Vf
gene were identified and converted into either
sequence characterized amplified regions
(SCARs) or cleaved amplified polymorphic
sequences (CAPS) (Yang and Krüger 1994;
Koller et al. 1994; Tartarini 1996; Gianfranceschi
et al. 1996; Gardiner et al. 1996; Yang et al.
1997; Hemmat et al. 1998; Gianfranceschi et al.
(1996); Yang and Korban (1996); Tartarini et al.
(1999)). Identifying reliable and reproducible
makers facilitated the launch of efforts for pur-
suing map-based cloning of the Vf gene using a
chromosome walking strategy, as described in
the following sections.

In order to identify markers closely flanking
the Vf gene, segregating populations for this gene
were used to identify a CAPS marker M18
located on the right-hand side of the Vf gene at an
interval of 0.5 cM, while two other markers
AL07 and AM19, at a genetic distance of
0.3 cM, were mapped along the left-hand side of
the Vf gene at an interval of 0.9 cM (Tartarini
et al. 2019; Patocchi et al. 1999b). This allowed
for the construction of a BAC contig spanning
the Vf gene region, wherein Patocchi et al.
(1999a) estimated the physical distance between
the markers M18 and AL07 to be *550 kb,

while the physical distance between M18 and
AM19 was found to be less than 870 kb, thus
suggesting that AM19 was closer to the Vf gene
than that of AL07 (Patocchi et al. 1999a).
Chromosome walking was then initiated from the
two flanking markers AM19 and M18 toward the
Vf gene using a genomic BAC library of apple
cv. ‘Florina’, with an average insert size of 100–
150 kb (Patocchi et al. 1999a; Vinatzer et al.
1998). Following nine rounds of chromosome
walking steps, a total of 13 BAC clones spanning
the Vf gene region between the two markers M18
and AM19 were identified (Patocchi et al.
1999b). A fine-mapping effort narrowed the Vf
gene to a shorter region of *350 kb, consisting
of a minimum of five clones corresponding to the
minimum tiling path (Patocchi et al. 1999b).
Inserts of these five BAC clones were then used
as probes to screen a cDNA library from scab-
inoculated leaves of cv. ‘Florina’. Hybridizing
cDNA sequences were compared to sequences
available in Genbank resulting in the identifica-
tion of three cDNA clones that were similar to
the Cladosporium fulvum (Cf) resistance gene
cluster from tomato (Vinatzer et al. 2001).
A gene cluster of several Cf homologs was found
in the Vf region, and genomic DNA sequences of
apple scab resistance HcrVf genes, HcrVf 1 to 4,
were found and physically mapped to the Vf
region (Vinatzer et al. 2001). Of these, HcrVf 1,
HcrVf2, and HcrVf4 were expressed and co-
segregated with the Vf resistance reaction, while
HcrVf3 was not expressed and designated as a
pseudogene. Furthermore, the deduced proteins
of HcrVf1, HcrVf2, and HcrVf4 belonged to the
leucine-rich repeat (LRR) class of proteins
(Vinatzer et al. 2001). These HcrVf genes were
deemed similar to Cf resistance genes, as they are
likely to encode extracytoplasmic glycoproteins
anchored to a cell membrane, with the majority
of the extracytoplasmic domain consisting of
LRR motifs (Vinatzer et al. 2001).

Cloning of the Vf (Rvi6) Gene Using a Chromo-
some Landing Strategy
In the second strategy for positional cloning of
this Vf gene, Xu and Korban (2002) used chro-
mosome landing to isolate this gene. They
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capitalized on a narrow-down bulk segregant
strategy to screen scab-resistant individuals car-
rying the Vf gene, each of two bulks, and each
consisting of two individuals, carrying a short
introgressed region either left or right of the Vf
gene. These bulks were used to identify AFLP
markers tightly linked to the Vf gene (Xu and
Korban 2000). During the process of this
“narrow-down” bulking strategy, scab-resistant
apple selections were pooled to generate a
resistant bulk (RB), while scab-susceptible apple
cultivars were used to prepare a susceptible bulk
(SB). These RB and SB, as well as the original
source of the Vf gene, M. floribunda 821, were
used to screen AFLP markers linked to the Vf
gene. Mapping results demonstrated that eight
AFLP markers were linked to the Vf gene, but a
single marker was found to be tightly linked to
the Vf gene (Xu and Korban 2000). Subse-
quently, these eight AFLP markers were used to
estimate the extent of the introgressed region
covering the Vf gene. Within the RB bulk, a
group of selections was found to have a short
introgressed genomic region located left (desig-
nated as L-RB) of the Vf gene, while another
group of selections was found to have a relatively
short introgressed genomic region located to the
right (designated as R-RB) of the Vf gene.
Therefore, four DNA samples from M. flori-
bunda 821, L-RB, R-RB, and SB were then used
to screen for those AFLP markers closest to the
Vf gene. A total of 31 putative AFLP markers
were identified as these were present in M.
floribunda 821, L-RB, and R-RB, but not in SB.
These AFLP markers, likely to be linked to the
Vf gene, were mapped using all scab-resistant
selections individually. Subsequently, this
narrow-down strategy led to estimating the extent
of the introgressed region present in each scab-
resistant selection in these sub-bulks, and a total
of 15 AFLP markers that co-segregated with the
Vf gene were identified.

This was subsequently followed by a fine-
mapping of the Vf gene using scab-resistant F1
seedling populations from each of a cross ‘Co-op
17’ � ‘Co-op 16’ and a cross of ‘Jon-
afree’ � ‘Ill. Del. No.1’. These seedling popu-
lations identified seven AFLP markers that were

very close to the Vf gene, wherein no recombi-
nant was identified in the two resistant seedling
populations, while an eighth AFLP marker yiel-
ded two recombinants and was placed on the
right side of the Vf gene at an interval of 0.4 cM;
however, the remaining seven AFLP markers
yielded a single recombinant and were anchored
to the left side of the Vf gene at an interval of
0.2 cM. Therefore, of all 15 Vf-linked AFLP
markers, 11 were converted into SCAR markers
(Xu et al. 2001a). These SCARs were then used
to screen two apple BAC libraries, one from M.
floribunda 821 while the second from apple cv.
‘Goldrush’ (scab-resistant, carrying Vf), to iden-
tify BAC clones containing the Vf gene (Xu et al.
2001b; Xu and Korban 2001). A 200-kb BAC
contig spanning the Vf locus was constructed (Xu
et al. 2002). BAC clones containing the Vf gene
were subcloned, and these were hybridized with
total cDNAs prepared from salicylic acid-treated
leaves. A cluster of four resistance paralogs,
designated as Vfa1, Vfa2, Vfa3, and Vfa4, was
identified. Following analysis of this cluster,
Vfa1, Vfa2, and Vfa4 were found to encode
proteins characterized with extracellular LRRs
and transmembrane (TM) domains and were
differentially expressed in leaf tissues, with Vfa4
highly expressed in mature leaves. However,
Vfa3 was truncated and found to be non-
functional. Differential expression profiles
among the four paralogs were observed during
leaf development. When pairwise comparisons of
these Vf paralogs were conducted, it was revealed
that these must have evolved from four ancient
Vf members following two sequential duplication
events of a single Vf progenitor initially present
in the Malus genome (Xu and Korban 2004).

Other Genes Conferring Resistance to Apple
Scab
In addition to the Vf (Rvi6) gene described above,
a total of 15 other major apple scab resistance
genes have been identified (Bus et al. 2011; Han
and Korban 2010). Of these, a group of six
genes, including Vh2 (also known as Vr), VT57,
Vh4 (also known as Vr1 or Vx), Vr2 (also known
as Rvi15, identified from apple accession GMAL
2473 at PGRU in Geneva, New York), Vbj (from
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M. baccata jackii), and Vh8 (from M. sieversii
W193B) have been mapped onto LG2 (Schouten
et al. 2014; Gyax et al. 2004); moreover, Vh2,
VT57, Vbj, and Vh8 are reported to be closely co-
located to each other (Bus et al. 2005b; Patocchi
et al. 2004; Galli et al. 2010). It is important to
point out that Vh2, VT57, and Vh4 are identified
in the Russian apple seedling R12740-4A (Malus
Mill. sp.), and these contribute to the high level
of scab resistance observed in this particular
selection (Dayton and Williams 1968; Bus et al.
2005a; Boudichevskaia et al. 2004, 2006). Fur-
thermore, another two genes, Vb (from Hansen’s
baccata #2) and Vg (from ‘Golden Declicious’),
are mapped onto LG12 (Hemmat et al. 2003;
Erdin et al. 2006; Bénaouf et al. 1997; Bénaouf
and Parisi 2000). Furthermore, genes Va (from
‘Antonovka’ PI 172633), Vd (from an Italian
apple cultivar ‘Durello di Forli’), and Vm (from
M. � micromalus clone no. 804) are mapped
onto LGs 1, 10, and 17, respectively (Dayton and
Williams 1970; Cheng et al. 1998; Patocchi et al.
2005; Tartarini et al. 2004; Calenge et al. 2005a;
Soriano et al. 2009), whereas Vmis (from a
Mildew Immune Seedling [MIS], an open-
pollinated seedling of apple cv. ‘Starking Deli-
cious’) has not yet been mapped (Dayton 1977;
Gardiner et al. 2001). Overall, it appears that
LG2 must serve as a hotspot for apple scab
resistance genes. Additional details of these
genes and their linkages to molecular markers are
provided by Han and Korban (2010).

Bastiaanse et al. (2016) have also identified
five additional loci conferring scab resistance in
apple cv. ‘Geneva’, located at the bottom of
LG4, and designated as Rvh3.1 to Rvh3.5. It is
reported that Rvh3.1, Rvh3.2, and Rvh3.3 confer
dominant scab resistance, while rvh3.4 and
rvh3.5 display recessive scab resistance. Five
nucleotide-binding site–leucine-rich repeat
(NBS–LRR) candidate genes are found to be
tightly linked to the dominant R genes Rvh3.1,
Rvh3.2, and Rvh3.3 (Bastiaanse et al. 2016).

7.3.2.2 Powdery Mildew Resistance
The fungal disease powdery mildew is incited by
Podosphaera leucotricha, and it is deemed as the
second most important economic disease of

apple. Mapping of genes for resistance to pow-
dery mildew has been difficult, and thus far, five
major genes for resistance have been identified.
These include Pl-1 from M. � robusta (Mar-
kussen et al. 1995; Dunemann et al. 2004, 2007),
Pl-2 from M. � zumi (Knight and Alston 1968;
Seglias and Gessler 1997), Pl-w from the crab
apple ‘White Angel’ (Gallot et al. 1985), Pl-
d from the accession ‘D12’ (Visser and Verhaegh
1976), and Pl-m from MIS (Dayton 1977).

The Pl-1 gene has been mapped onto LG12
near the Hi07f01 SSR marker and close to an
NBS–LRR candidate resistance gene (Dunemann
et al. 2007). Recently, comparative transcriptome
analysis has revealed the presence of 24 genes
that are differentially expressed between trees
resistant to and susceptible to powdery mildew
(Jensen et al. 2014). These genes are physically
clustered within the vicinity of the previously
reported major QTL for powdery mildew resis-
tance on LG12. Therefore, this region on LG12
represents a particular region of interest for mil-
dew resistance genes (Han and Korban 2010).
The Pl-2 gene from M. � zumi is located on
LG6, later referred to as LG11 following Mal-
iepaard et al. (1998), and an EST close (0.9 cM)
to the Pl-2 gene has been identified (Dunemann
et al. 1999; Gardiner et al. 2003; Kellerhals et al.
2000). The Pl-w gene, from the ornamental crab
apple cv. ‘White Angel’, has been mapped to
LG8 (Korban anad Dayton 1983; Gallot et al.
1985; Manganaris 1989; Battle and Alston 1996;
Hemmat et al. 1994; Maliepaard et al. 1998;
Evans and James 2003). The Pl-d, a gene iden-
tified from a seedling (D12) of the ‘D series’ of
wild apples grown in South Tyrol (Visser and
Verhaegh 1976), has been mapped to LG12 at a
similar position to that of the Pl-1 gene (James
et al. 2004). These findings suggest that there is a
clustering of genes for resistance to both scab
and mildew on LG12, thus highlighting the
importance of this linkage group (Han and Kor-
ban 2010). As for the Pl-m gene from MIS, it is
proposed that this gene is mapped onto LG11
(Gardiner et al. 2003; Han and Korban 2010).

Interestingly, seven QTLs for powdery mil-
dew resistance have been identified in a clone of
an open-pollinated apple cv. ‘Primula’,
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designated as ‘U211’, in Poland (Stankiewicz
et al. 2005). At least two of these QTLs are
reported to be different from those of Pl-1, Pl-2,
Pl-w, and Pl-d, thus are likely to serve as two
additional genes for mildew resistance (Calenge
and Durel 2006).

Recently, knocking out specific members of
the Mildew Locus O (MLO) gene family,
responsible for powdery mildew susceptibility
(S-genes), has been used to identify and map
additional candidate genes for mildew resistance
(Pessina et al. 2014). The MLO genes can be
divided into seven clades, and S-genes are usu-
ally clustered with clades IV and V. The apple
genome contains four MLO genes that belong to
clade V. Of these four genes, MdMLO11 and
MdMLO19 are up-regulated during powdery
mildew infection, while MdMLO5 and MdMLO7
are not transcriptionally responsive to powdery
mildew infection (Pessina et al. 2014). Silencing
of MdMLO19 reduces powdery mildew disease
severity by 75%, while knock-down of
MdMLO11, either alone or in combination with
MdMLO19, does not cause any reduction or
additional reduction of susceptibility compared
with MdMLO19 alone (Pessina et al. 2016).
Hence, it has been deemed that MdMLO19 plays
a critical role in apple powdery mildew
susceptibility.

7.3.2.3 Fire Blight Resistance
Fire blight, incited by the bacterium Erwinia
amylovora, is a very serious economic disease of
apple, as well as for other members of the
Rosaceae family. This disease, first discovered
on European pear, has become widespread to
most apple and European pear-growing regions
around the world (Bonn and van der Zwet 2000;
Jock et al. 2002; Peil et al. 2009). Following
assessment of various wild and cultivated apples,
several numbers of species such as M. � robusta
5 and M. fusca clone H-12, along with various
apple cultivars such as ‘Delicious’, ‘Winesap’,
‘Prima’, ‘Enterprise’, ‘Liberty’, and ‘Priscilla’,
have been found to be either immune or highly
resistant to fire blight (Aldwinkle et al. 1976;
Korban et al. 1988; Janick et al. 1996). The

mechanism(s) of pathogen–host interactions has
been reviewed by Khan et al. (2012c).

Overall, genetic resistance to fire blight is
reported to be quantitatively controlled, and
several major resistance genes have been identi-
fied in apples (Korban et al. 1988; Lespinasse
and Aldwinckle 2000). Using two progenies,
‘Fiesta’ � ‘Discovery’ and ‘Prima’ � ‘Fiesta’,
Calenge et al. (2005b) have identified a major
QTL for fire blight resistance located on LG7 of
‘Fiesta’, and this QTL is flanked by the two SSR
markers (Silfverberg-Dilworth et al. 2006;
N’Diaye et al. 2008). Furthermore, four minor
QTLs have been also identified on LGs 3, 12,
and 13. Khan et al. (2006) have also detected a
major QTL on LG7 of ‘Fiesta’ in the same region
as that reported by Calenge et al. (2005b).
A subsequent study has revealed that this major
QTL on LG7 was co-located with two candidate
genes associated with fire blight resistance—an
HSP90 gene-family member and a WRKY
transcription factor (Baldo et al. 2010).

A second major QTL for fire blight resistance
was identified on LG3 of M. � robusta clone 5
(Peil et al. 2007). A whole-genome scanning
approach using SSR markers allowed for map-
ping of a fire blight resistance gene, and a QTL
on LG3 from M. � robusta 5 was located in the
same genomic region of the QTL from ‘Fiesta’
(Calenge et al. 2005b). As the frequency of
phenotypic variation explained by this QTL was
very high (80%), a major gene was likely to be
involved and that different alleles conferring
different levels of resistance must be present in
this region of LG3 (Peil et al. 2007). The QTL on
LG3 was also confirmed in different mapping
populations having M. � robusta 5 in their
pedigrees and following inoculations with dif-
ferent E. amylovora strains (Gardiner et al. 2012;
Peil et al. 2007 and 2008). Later, Fahrentrapp
et al. (2013) identified the Fb_MR5 candidate
resistance gene within the QTL region on LG3 of
M. � robusta 5 using a map-based cloning
approach. The FB_MR5 gene belonged to the
CC-NBS-LRR resistance gene family, and it was
linked to two SSR markers, Ch03e03 and
Fem18. This gene was confirmed to be the

7 Genetic and Physical Mapping of the Apple Genome 143



resistance determinant in M. � robusta 5, as
FB_MR5-carrying transgenic plants of the fire
blight susceptible cultivar ‘Gala’ demonstrated
resistance to fire blight (Broggini et al. 2014).

Durel et al. (2009) conducted QTL analysis
using two F1 progenies derived from two crosses,
a cross between the fire-blight-susceptible root-
stock MM106 and a fire-blight-resistant orna-
mental cv. ‘Evereste’ and another cross between
the moderately susceptible cv. ‘Golden Deli-
cious’ and the wild species M. floribunda 821 of
unknown level of resistance to fire blight. Fol-
lowing greenhouse inoculation of seedlings of
these two progenies with E. amylovora, a major
QTL, designated as Fb_E, was identified on the
distal region of LG12 of both cv. ‘Evereste’ and
M. floribunda 821, explaining 40–70% of the
observed phenotypic variation. Subsequently,
high-resolution mapping was performed for the
major QTL Fb_E on LG12 of cv. ‘Evereste’
using a chromosome landing strategy, and the
genomic region covering the resistance locus was
delimited to 78 kb (Parravicini et al. 2011). Two
candidate genes, with homologies to the Pto/Prf
complex in tomato, were deemed the most likely
candidates of fire blight resistance genes.

Using an F1 progeny derived from a cross
between two resistant apple cultivars ‘Florina’
and ‘Nova Easygro’, Le Roux et al. (2010)
identified two QTLs for fire blight resistance in
‘Florina’. One QTL, located on LG10, accounted
for approximately 15% of the phenotypic varia-
tion, and a second QTL, located on LG5,
explained approximately 10% of the phenotypic
variation. In addition, Khan et al. (2013) detected
three minor QTLs for fire blight resistance using
an F1 pedigree of ‘Coop 16’ � ’Coop 17’, and
these were located on LG2, LG6, and LG15.

More recently, a total of 13 novel marker-trait
associations linked to fire blight resistance were
identified in a mapping population of M. sieversii
with M. � domestica (Desnoues et al. 2018).
These QTLs were distributed over eight linkage
groups, but several QTLs were identified on the
same linkage groups as those of previously
identified QTLs; however, these were located
farther away. Interestingly, QTLs identified on
LG10 at 15.9 cM, with bacterial strain Ea273 in

2011, were likely the same as the QTL identified
with strain CFBP1430 for lesion length during
the first two weeks following inoculation in apple
cv. ‘Florina’ (Le Roux et al. 2010), while QTLs
identified on LG15 for bacterial strain LP101
could be the same QTLs identified previously
with strain CFBP1430 in cv. ‘Florina’ and in the
mapping population of ‘Coop 16’ � ‘Coop 17’
(Khan et al. 2013).

7.3.2.4 Aphid Resistance
As various groups of aphids attack apples,
resulting in significant damage, efforts have been
undertaken to identify sources for genetic resis-
tance. Fortunately, monogenic resistance has
been identified in cultivated as well as wild
apples for rosy leaf-curling aphid (Dysaphis
devecta), woolly apple aphid (Eriosoma lani-
gerum), and rosy apple aphid (Dysaphis plan-
taginea). Efforts to map genes for resistance to D.
devecta and E. lanigerum have been successful,
while limited efforts have been undertaken to
map genes for resistance to D. plantaginea.

Genes for Resistance to the Rosy Leaf-Curling
Aphid
A total of three genes, Sd-1 (identified in apple
cv. ‘Cox’s Orange Pippin’), Sd-2 (identified in
apple cv. ‘Northern Spy’), and Sd-3 (identified in
both M. � robusta and M. � zumi), conferring
resistance to different biotypes of the rosy leaf-
curling aphid (D. devecta) have been identified
(Alston and Briggs 1968, 1977). The Sd-1 gene
confers resistance to biotypes 1 and 2 of D.
devecta, while Sd-2 and Sd-3 confer resistance to
biotypes 1 and 3, respectively.

Genetic mapping of the Sd-1 gene was first
conducted using the scab-resistant cultivar
‘Fiesta’, developed from a cross of ‘Cox’s
Orange Pippin’ � ‘Idared’ (Roche et al. 1997a),
and the Sd-1 gene was mapped to a single locus
on LG7 (Roche et al. 1997b). Subsequently, a
detailed fine-mapping of the Sd1 locus was
conducted using a chromosome walking strategy
as described above for the positional cloning of
the Vf gene (Cevik and King 2002a). However,
as the BAC library was developed from cv.
‘Florina’ (Vinatzer et al. 1998), later found to be
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susceptible to rosy apple aphid, this BAC library
did not contain the Sd-1 gene. Nevertheless, the
Sd-1 locus was mapped within a small
region, *180 kb, and covered by two overlap-
ping BAC clones (Cevik and King 2002b). The
ends of these two BAC clones were isolated and
sequenced, and it was found that one BAC-end
sequence was highly similar to NBS–LRR
resistance gene sequences. As this BAC library
did not contain the Sd-1 resistance gene, a BAC
library from an aphid-resistant genotype must be
developed in order to identify and clone the Sd-1
gene. Furthermore, based on a fluorescent in situ
hybridization (FISH) analysis, the Sd-1 region
was likely to be located very close to the
telomere, and this suggested that further efforts
would be necessary to map and clone the Sd-1
gene (Cevik and King 2002b).

The Sd-2 resistance locus was first reported as
being distinct from the Sd-1 locus (Alston and
Briggs 1977). However, Cevik and King (2002a)
mapped the Sd-2 gene using a cross of ‘Double
Red Northern Spy’ (Sd-2sd-2) � ‘Totem’ (sd-
2sd-2) and found that both Sd-1 and Sd-2 loci
were in fact located within the same genomic
region. Thus, it was deemed that these two genes
were likely to be allelic.

7.3.2.5 Genes for Resistance
to the Woolly Apple
Aphid

Genetic sources of woolly apple aphid
(WAA) resistance have been identified in Malus,
and at least three different major genes have been
reported. One WAA resistance gene was identi-
fied in apple cv. ‘Northern Spy’ (Crane et al.
1936), designated as the Er gene (Knight et al.
1962), and then renamed as Er1 (Alston et al.
2000). A second WAA resistance gene, Er2, was
identified in M. � robusta clone 5, often referred
to as ‘Robusta 5’ (Alston et al. 2000), while a
third WAA resistance gene, Er3, was identified
in M. sieboldii selection ‘Aotea 1’ (Bus et al.
2008).

Following gene mapping efforts, Er1 and Er3
genes were found to be located at the top of LG8
(Bus et al. 2008); however, after a new WAA
biotype was identified that was capable of

overcoming only Er3, it was suggested that these
were either two closely linked genes or different
alleles with different functions (Sandanayaka
et al. 2003; Bus et al. 2008). As for the Er2 gene,
this was mapped onto LG17 of ‘Robusta 5’ (Bus
et al. (2008). Furthermore, three NBS-LRR genes
were mapped to the Er2 region (Calenge et al.
2005a). Subsequently, five additional genes
within the vicinity of the Er2 region were found
to be differentially expressed between trees
resistant and susceptible to WAA (Jensen et al.
2014).

Genes for Resistance to the Rosy Apple Aphid
Although a single dominant gene, Smh, for
resistance to rosy apple aphid, D. plantaginea,
was identified in an open-pollinated selection of
M. � robusta (MAL59/9), no molecular studies
have been conducted. However, limited genetic
studies have been conducted on the scab-resistant
cultivar ‘Florina’ that was also found to be either
resistant or tolerant to D. plantaginea (Lespi-
nasse et al. 1985). At this time, it has been
reported that at least two independent genes have
been proposed to be involved in resistance to
rosy apple aphid detected in the scab-resistant
apple cultivar ‘Florina’. Interestingly, this genetic
resistance was independent of the Vf scab resis-
tance gene in ‘Florina’ (Minarro and Dapena
2004).

In a different study, transcriptional changes
were observed following D. plantaginea infes-
tation, thereby identifying 21 DNA fragments
that were differentially expressed in ‘Florina’
compared to either apple cultivar ‘Topaz’ (sus-
ceptible to rosy apple aphid), mechanical
wounding, or non-infested leaves (Qubbaj et al.
2005).

7.3.3 Tree Architecture

7.3.3.1 Columnar Growth Habit
The columnar growth habit is one of the most
important traits of fruit trees as it facilitates the
establishment of high-density planted orchards.
In apple, the columnar growth habit is primarily
controlled by a single dominant gene, Co
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(columnar). The Co locus has been first mapped
onto LG10 of apple cv. ‘Wijcik McIntosh’
(Conner et al. 1997). Later, genetic mapping of
the columnar trait has been performed using
other columnar genotypes, including ‘Totem’,
‘Telamon’, and ‘Tuscan’, and all results further
confirmed that the Co locus is located on LG10
(Kim et al. 2003; Tian et al. 2005; Fernandez-
Fernandez et al. 2008; Kenis and Keulemans
2005, 2007). Tian et al. (2005) have reported on
fine-mapping of the Co region by adding nine
new markers using a ‘Spur Fuji’ � ‘Telamon’
progeny. These markers have been identified by
a bulked segregant analysis, and the Co gene is
mapped between the two SSRs CH3d11 and
COL.

Subsequently, significant progress in fine-
mapping of the Co gene has been achieved
with the aid of the draft genome sequence of
‘Golden Delicious’. Moriya et al. (2012) con-
ducted fine-mapping of Co using 1000 F1 seed-
lings derived from 31 populations. The Co locus
was delimited to a 196 kb region of the apple
genome, between the two SSR markers Mdo.
chr10.11 and Mdo.chr10.15. Bai et al. (2012a)
developed five SSR markers to screen 528 F1
seedlings derived from four populations along
with 290 different germplasm or selections and
delimited the Co locus to a 193 kb region. This
193 kb region was found to contain 26 predicted
genes in the ‘Golden Delicious’ genome, and
three putative Lateral Organ Boundaries
Domain (LBD) genes were deemed as strong
candidates for the Co gene.

Baldi et al. (2013) conducted fine-mapping of
Co using 1551 F1 seedlings derived from differ-
ent crosses. The Co locus was delimited to a
region of 0.56 cM flanked by the two SSR
markers Co04R11 and Co04R13, and corre-
sponding to 393 kb of the ‘Golden Delicious’
genome sequence. A total of 36 genes were
predicted in this region, with seven genes
deemed as potential candidates for their
involvement in controlling shoot development.
This 393 kb region overlapped with the 196 kb
region previously identified by Moriya et al.
(2012), thus further confirming the reliability of
the Co fine-mapping efforts. DNA sequence

comparisons of BAC clones covering the Co
region between the mutant ‘Wijcik’ and the wild-
type ‘McIntosh’ revealed an insertion of a novel
non-coding DNA element of 1956 bp specific to
the Pyreae taxonomical tribe (Wolters et al.
2013). This insertion was present in ‘Wijcik’, but
absent in ‘McIntosh’. A total of six genes were
present in the 50 kb region surrounding the
insertion, and with only one gene encoding a
putative 2OG-Fe(II) oxygenase, designated as
MdCo31, which was differentially expressed
between ‘McIntosh’ and ‘Wijcik’ shoot buds.
Ectopic expression of MdCo31 in Arabidopsis
yielded compact plants with shortened floral
internodes, similar to the phenotype observed in
‘Wijcik’. This indicated that MdCo31 was a
strong candidate gene for the columnar growth
habit.

7.3.3.2 Dwarfing Growth Habit
A gene for dwarfing growth habit, Dw1, has been
identified in the apple rootstock ‘Malling 9’, and
this has been mapped onto the top of LG5
(Rushlomé-Pilcher et al. 2008). The ‘M9’
dwarfing effect is related to an increase in the
proportion of floral buds and the reduction of the
number and length of branches in the first year of
growth after grafting (Seleznyova et al. 2008;
Foster et al. 2014). This gene is a major deter-
minant of dwarfing, as most dwarfing and semi-
dwarfing rootstocks carry this dwarfing allele.

Fazio et al. (2014) have conducted QTL
mapping of scion vigor suppression using a
genetic map of a segregating population from a
cross between ‘Ottawa 3’ and ‘Robusta 5’. Their
finding has not only confirmed the presence of
previously identified Dw1 locus, but has also
revealed the presence of a new dwarfing locus on
LG11, designated as Dw2. Later, Foster et al.
(2015) have also conducted QTL mapping of the
dwarfing trait using a rootstock population
derived from the cross between ‘M9’ and
‘Robusta 5’ (non-dwarfing). Their results have
confirmed that Dw1 exhibits a significant influ-
ence on dwarfing of the scion, while Dw2 has a
smaller effect on dwarfing. In addition, four
minor-effect QTLs have also been detected on
LGs 6, 9, 10, and 12. Therefore, Dw1 and Dw2
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are primarily responsible for rootstock-induced
dwarfing, and rootstocks carrying both Dw1 and
Dw2 show the highest degree of dwarfing.

Recently, Harrison et al. (2016) have revealed
the presence of a third QTL for dwarfing on
LG13 of apple, designated as Dw3, following
genetic mapping of root bark percentage (per-
centage of the whole root area constituted by the
root cortex). It is reported that there is a strong
link between root bark percentage and rootstock-
induced dwarfing of the scion. This, in turn, leads
to a proposed three-locus model that is capable of
explaining levels of dwarfing from the dwarf
‘M.27’ to the semi-invigorating rootstock
‘M.116’. The QTL on LG13 (Rb3) is likely to be
analogous to the dwarfing QTL Dw3.

7.3.4 Budbreak, Flowering Time,
and Fruit Ripening

Allard et al. (2016) conducted QTL mapping of
budbreak (release from dormancy) and flowering
time using an integrated genetic map containing
6849 SNPs. A total of four major QTLs on LG7,
LG10, LG12, and LG9 were detected, account-
ing for 5.6–21.3% of the trait variance. Two
homologs of the flowering genes AGL24 and the
florigen FLOWERING LOCUS T (FT) were
found within the vicinity of QTLs on LG9 and
LG12, respectively. Besides these major QTLs,
two minor QTLs were also identified on LG15
and LG8. These minor QTLs co-localized with
three of the four Dormancy Associated MADs-
box (DAM) genes in the apple genome, and
representing a cluster of genes unique to Rosa-
ceae. This finding suggested that mechanisms
underlying chilling perception might be common
among perennial and annual plants (Allard et al.
2016). Subsequently, a genome-wide association
(GWAS) study utilized an apple core collection
and confirmed the position of the major QTL for
budbreak on LG9, and narrowed the confidence
interval to � 360 kb (Urrestazaru et al. 2017).

This QTL highlights the importance of two major
candidate genes encoding transcription factors
containing NAC or MADS-box (putative flow-
ering repressor FLOWERING LOCUS C [puta-
tive FLC]) domains (Urrestarazu et al. 2017).

Recently, Miotto et al. (2019) used an
Infinium II SNP platform for genotyping, con-
taining 8,788 SNPs, to construct linkage maps of
a cross between a genotype for low chilling
requirement (CR), ‘M13/91’, with a genotype
with a moderate CR, cv. ‘Fred Hough’. They
detected a major QTL for budbreak at the
beginning of LG9, and this QTL was found to be
stable throughout seven growing seasons at two
different field sites, accounting for 24.5–45.6%
and 31–48% of the phenotypic variation in these
two sites. It is proposed that several candidate
genes, such as MdoICE1 (mediating cold and
abscisic acid [ABA] responsiveness) and
MdoMPT (a mitochondrial phosphate transporter
(MPT) gene involved in accelerating bud dor-
mancy release), among others are likely to be
present in this QTL region (Moito et al. 2019).

As for flowering time, Urrestarazu et al. (2017)
pursued GWAS mapping to identify QTLs for
flowering time, as well as for fruit-ripening period.
They used 1,168 different apple genotypes grown
over six locations, phenotyped for phenological
traits, and genotyped at a high-density of SNPs
using the Axiom®Apple 480 K SNP array. It was
found that GWAS retained two SNPs as co-factors
on chromosome 9 for the flowering period and six
SNPs for the ripening period (four on chromosome
3, one on chromosome 10, and one on chromo-
some 16), which together accounted for 8.9 and
17.2% of the observed phenotypic variance,
respectively. For both traits, SNPs in weak linkage
disequilibrium were also detected nearby, thus
suggesting the presence of allelic heterogeneity.
Within this region, genes coding for transcription
factors containing either NAC or MADS domains
were identified as major candidates, within small
confidence intervals, and computed for associated
genomic regions (Urrestarazu et al. 2017).

7 Genetic and Physical Mapping of the Apple Genome 147



7.3.5 Fruit Quality Traits

Fruit quality traits encompass numerous param-
eters and various characters, such as fruit color,
fruit size, flesh firmness, acidity, and shelf life,
among others. All these traits are rather complex
and controlled predominantly by QTLs with
some major genes playing some important roles
for some traits.

7.3.5.1 Red Coloration of Fruit
Red coloration plays an important role in deter-
mining quality in pome fruits, particularly in
apples. Cheng et al. (1996) have identified a
RAPD marker, BC226, that is closely linked
(< 2 cM) to the Rf gene on LG9 controlling fruit
skin color in apples. This RAPD marker has been
converted into a SCAR marker, BC226SCAR,
and used to investigate segregation of red fruit
color in a seedling population of ‘Rome
Beauty’ � ‘White Angel’. It has been revealed
that the genetic control of apple fruit skin color is
rather simple, involving two alleles of the Rf
locus deemed responsible for red and yellow
coloration.

Subsequently, two apple MYB transcription
factors, MdMYB1 and MdMYB10, were reported
to be responsible for apple skin or cortex col-
oration (Takos et al. 2006; Espley et al. 2006). In
a later study, Chagné et al. (2007) mapped
MdMYB10 onto LG9 and reported that, in fact,
MdMYB10, MdMYB1, and Rf were all alleles of
the same gene, wherein MdMYB10 was respon-
sible for red coloration of fruit flesh and foliage,
while MdMYB1 controlled fruit skin color.
Although several MYB10 genes involved in
anthocyanin accumulation have been character-
ized in various species of Rosaceae (Takos et al.
2006; Ban et al. 2007; Espley et al. 2007), a long
terminal repeat (LTR) retrotransposon insertion
upstream of MdMYB1 was found to be associated
with the red-skinned phenotype (Zhang et al.
2019).

Chagné et al. (2013) have reported on a novel
red fruit-flesh phenotype of apple cv. ‘Sangrado’,
having green foliage, while the fruit develops red
flesh in the cortex, during late maturity. Using an
F1 population derived from a cross between the

white-fleshed cv. ‘Sciros’ and a red-fleshed
selection from ‘Sangrado’, a major QTL
explaining 31.0% of the observed phenotypic
variation has been identified on LG17. Using 450
F1 seedlings from three populations, this QTL is
delimited to an 800 kb region using a fine-
mapping strategy. Moreover, this region is
reported to contain 74 predicted genes. Within
this region, a transcription factor, designated as
MdMYB110a which is a paralog of MdMYB10,
has been confirmed to be responsible for red
coloration in the apple cortex. It is suggested that
MdMYB10 and MdMYB110a must have evolved
from a whole-genome duplication event that
must have occurred within the Maloideae family,
which would account for observed differences in
expression patterns and responses to fruit
maturity.

7.3.5.2 Non-anthocyanin Phenolic
Compounds in Fruit

Apple serves as one of the major sources of
phenolic compounds in the human diet. Using a
segregating F1 population derived from a cross
between ‘Prima’ and ‘Fiesta’, Khan et al. (2012d)
have pursued a QTL mapping effort for phenolic
compounds in apple fruit. A total of 418 and 254
metabolites have been identified in fruit peel
(skin) and flesh, respectively. Furthermore, QTL
mapping has revealed the presence of 488 and
181 QTLs in peel and flesh tissues, respectively.
QTL hotspots regulating metabolites belonging
to the phenylpropanoid pathway are primarily
located on LG1, LG8, LG13, and LG16. The
most important QTL hotspot with the largest
number of metabolites is detected on LG16 with
QTLs for 33 peel-related and 17 flesh-related
phenolic compounds. A structural gene encoding
leucoanthocyanidin reductase (LAR1) in the
QTL hotspot on LG16 has been reported to exert
a large effect on the metabolism of phenolic
compounds in apple fruits (also see Chap. 18 in
this volume).

Chagné et al. (2012a, b) mapped 79 QTLs
associated with 17 polyphenolic compounds in
apple fruits using an F1 progeny derived from a
cross between ‘Royal Gala’ and ‘Braeburn’. In
silico alignment of parental genetic maps with
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the whole draft, apple genome sequence revealed
that a single gene, LAR1, co-located with a QTL
cluster of flavanol compounds, including cate-
chin, epicatechin, and procyanidin dimers, as
well as five unknown procyanidin oligomers
were identified close to the top of LG16. Yet,
another gene encoding hydroxy
cinnamate/quinate transferase (HCT/HQT), co-
located with a QTL for chlorogenic acid content,
was mapped close to the bottom of LG 17.
Therefore, LAR1 and HCT/HQT were likely to be
involved in influencing levels of phenolic com-
pounds in apple fruit.

There are a number of reports on the
involvement of transcription factors (TFs) in the
regulation of phenolic compounds in apples.
Verdu et al. (2014) have identified *70 QTLs
controlling levels of phenolic compounds and the
average degree of polymerization of flavanols in
a cider apple progeny derived from a cross
between two hybrids, ‘X5210’ and ‘X8402’.
This finding further confirms the importance of
the HCT/HQT gene on LG17 that is involved in
the biosynthesis of phenolic compounds in apple
fruit. Moreover, this has also revealed that four
transcription factors, including MdTTG1,
bHLH33, MYB110a, and MYB110b, are located
in QTL regions controlling the content of several
phenolic groups, such as hydroxycinnamic acids
and flavonols. Hence, the biosynthesis of phe-
nolic compounds in apple is regulated not only
by proanthocyanidin (PA) pathway structural
genes but also by TFs such as MYB and WD40
genes.

In a recent study, Busatto et al. (2019)
investigated the levels of phenolic compounds
between wild and domesticated accessions, par-
ticularly in flesh tissues, and found that differ-
ences observed could be attributed to higher
growth rates of domesticated apples. This was
further confirmed with observed higher contents
of procyanidin B2 + B4 and phloridzin in russet-
skinned apples, known to have higher levels of
these compounds. Moreover, expression analysis
of 16 polyphenolic genes demonstrated higher
levels of expression for nine of these genes at
harvest time compared to that during fruit

development. McClure et al. (2019) used GWAS
consisting of 136 apple cultivars, and identified
candidate genes for the production of quercitrin,
epicatechin, catechin, chlorogenic acid, 4-O-caf-
feoylquinic acid, and procyanidins B1, B2, and
C1. These candidate genes were confirmed to be
present within the QTL hotspot on LG16, and as
reported previously (Khan et al. 2012d; Chagné
et al. 2012a, b) although there were slight dif-
ferences in the location of the most significant
SNP across phenotypes used in this GWAS, all
were within the boundaries of this QTL hotspot.

7.3.5.3 Concentrations of Vitamin C
in Apple Fruit

Vitamin C or L-ascorbic acid (AsA) is closely
related to maintaining fruit quality during post-
harvest storage, as well as susceptibility to
internal browning in apple fruits. Using an F1
progeny derived from ‘Telamon’ � ‘Braeburn’,
Mellidou et al. (2012) have conducted QTL
mapping for Vitamin C content in apple fruits.
Stable QTLs controlling AsA levels have been
detected on LGs 10, 11, 16, and 17. Furthermore,
metabolic genes encoding GDP-L-galactose
phosphorylase (GGP), dehydroascorbate reduc-
tase (DHAR), and nucleobase-ascorbate trans-
porter are located within confidence intervals of
these QTL map locations. Of particular interest
are three paralogs of MdGGP, as they are co-
located within QTL regions for AsA levels in
fruit.

Allelic variants of MdGGP1 and MdGGP3,
derived from apple cv. ‘Braeburn’, were associ-
ated with high levels of AsA in fruits collected
from the mapping population, as well as from
other apple germplasm (Mellidou et al. 2012).
Furthermore, significant differences in expression
of MdGGP1 alleles were observed in fruit from
high- and low-AsA genotypes, thus suggesting
that MdGGP1 played a critical role in the regu-
lation of AsA biosynthesis in apple fruit. More-
over, MdDHAR3-3 is co-located with a stable
QTL for browning in apple cv. ‘Telamon’. These
findings suggested that the redox status of the
AsA pool was related to susceptibility to flesh
browning in apples.
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7.3.5.4 Fruit Acidity and Sweetness
Acidity and sugar content are the two main fac-
tors determining fruit eating quality. The major
organic acid in apple fruit is malic acid. A major
QTL or theMa gene, responsible for fruit acidity,
has been initially mapped onto LG16, accounting
for *30% of the observed variance (Maliepaard
et al. 1998; Liebhard et al. 2003; Kenis et al.
2008). The Ma locus is flanked by two SSRs,
Hi0h08 and Hi22f, present in a BAC contig, and
located at a distance of 428 kb apart from each
other (Fig. 7.6). Subsequently, Xu et al. (2012)
have developed several SSR markers within the
Ma region using the whole draft genome
sequence of ‘Golden Delicious’, and these SSR
markers have been used to screen two half-sib
apple populations. This has revealed that the Ma
locus is delimited to a physical region no longer
than 150 kb on chromosome 16 in the ‘Golden
Delicious’ genome. Fine-mapping has narrowed
down the Ma locus to a region of 65–82 kb in
length containing 12–19 predicted genes,
depending on the haplotypes (Bai et al. 2012b).
Of these, two aluminum-activated malate
transporter-like genes, designated Ma1 and Ma2,
are identified as strong candidates of the Ma
gene. Analysis of expression profiling has further
indicated that Ma1 is the major determinant
controlling fruit acidity, as Ma1 expression is
significantly correlated with fruit titratable acid-
ity. The low acidity allele of Ma1 is mainly
characterized by a mutation at base 1455 in the
open reading frame (also see Chap. 14 in this
volume).

Recently, Verma et al. (2019) determined
numbers and locations of QTLs for acidity vari-
ation using a large apple breeding population
consisting of 16 full-sib families, representing
nine major breeding parents, and genotyped
using an 8 K SNP array. They determined
titratable acidity at harvest, and following 10-
and 20-week of cold storage treatments, for three
successive seasons. Using pedigree-based QTL
mapping software, FlexQTL™, they detected
two QTLs, on LG16 (Ma locus) and LG8 (des-
ignated as Ma3) that together accounted for
66 ± 5% of the phenotypic variation. They
found that an additive allele dosage model for the
two QTLs was capable of explaining most
acidity variation, with an average of +1.8 mg/L
at harvest per high-acidity allele. They reported
that due to the presence of high-acidity alleles,
the faster is the depletion with storage, with all
combinations likely to converge to a common
baseline. Furthermore, it was reported that each
QTL had a rare second high-acidity allele with
either a stronger or a weaker effect.

In addition to the Ma gene QTLs, six other
QTLs for apple fruit acidity have also been
detected on LGs 2, 8, 10, 13, 15, and 17 (Lieb-
hard et al. 2003; Kenis et al. 2008). A QTL on
LG8 accounts for up to 46% of the observed
variance in an F1 population derived from a cross
between ‘Fiesta’ and ‘Discovery’ (Liebhard et al.
2003). This QTL is also found to be linked to
SSR markers CH05a02y on LG8 of apple cv.
Jonathan (Zhang et al. 2012) and Hi01f09 on
LG8 of cv. Jiguan (Ma et al. 2016). Therefore, it

Fig. 7.6 A physical map covering the Ma locus in apple
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is likely that fruit acidity is also controlled by a
QTL on LG8 in apple.

There are several studies on QTL mapping for
sugar content in apple fruits. For example,
Liebhard et al. (2003) reported on QTL mapping
for sugar content in apple fruits using a cross
between ‘Fiesta’ and ‘Discovery’. Two minor
QTLs for fruit sugar content were detected on
LG6 and LG8 of both ‘Fiesta’ and ‘Discovery’,
and these accounted for 10–17% of the observed
variance. Later, Kenis et al. (2008) investigated
the inheritance of fruit sugar content using a cross
between apple cvs. Telamon and Braeburn.
A major QTL was identified on LG10 in both
parents over two successive years and accounting
for up to 30% of the phenotypic variation. In
addition, a minor QTL was also detected on LG2
in both parents over two successive years, and
accounting for *8% of the observed phenotypic
variation. Subsequently, Guan et al. (2015) used
fruits from 15 apple breeding populations, ana-
lyzed at harvest, as well as after 10 and 20 weeks
of cold storage followed by 1 week at room
temperature in two successive years, and sub-
jected these fruit samples to a total of 1416
polymorphic SNPs filtered from the RosBreed
Apple SNP Infinium® array for QTL analysis
using Flex QTL™ software. They were able to
identify QTLs associated with sweetness. Inter-
estingly, these populations were derived from
eight elite cultivars, including ‘Arlet’, ‘Aurora
Golden Gala’, ‘Cripps Pink’, ‘Delicious’,
‘Enterprise’, ‘Granny Smith’, ‘Honeycrisp’, and
‘Splendour’, along with two advanced Wash-
ington apple selections, ‘WA 5’ and ‘WA 7’.
They identified QTLs for individual sugars,
including those of fructose, glucose, sucrose, and
sorbitol on LGs 1, 2, 3, 4, 5, 9, 11, 12, 13, 15,
and 16, as well as QTLs for soluble solid content
(SSC) on LGs 2, 3, 12, 13, and 15 (Guan et al.
2015). Interestingly, a QTL region on LG1 was
consistently identified for both fructose and
sucrose, from harvest through storage in both
years, accounting for 34–67% and 13–41% of
total phenotypic variation, respectively. It was
reported that these stable QTLs explaining phe-
notypic variation on LG1 for fructose content
point to a promising genomic region for

developing DNA-based markers that can be
useful in marker-assisted breeding for sweetness
selection in apple breeding programs (Guan et al.
2015).

The above findings have confirmed that
genetic control of fruit sweetness traits is poly-
genic or quantitatively controlled (Kenis et al.
2008). Therefore, future positional cloning
efforts of some of these major QTLs responsible
for fruit sweetness could be pursued, although
this would be rather challenging (also see
Chap. 14 in this volume).

Recently, Zhen et al. (2018) used gene-tagged
markers to identify 25 SWEET sugar transporter
genes, involved in sugar accumulation, in the
apple genome. Of these genes, 24 were located
on five homologous pairs of chromosomes (3–
11, 5–10, 4–12, 6–14, 13–16), and one on
chromosome 17. Nine of these genes were found
to be highly expressed throughout fruit devel-
opment; therefore, molecular markers were
developed for these nine MdSWEET genes, and
used for genotyping of 188 apple cultivars. An
association of polymorphic MdSWEET genes
with soluble sugar content in mature fruit was
analyzed. It was found that three genes,
MdSWEET2e, MdSWEET9b, and MdSWEET15a,
were significantly associated with fruit sugar
content, wherein MdSWEET15a and
MdSWEET9b accounting for a relatively large
proportion of observed phenotypic variations in
sugar content. Furthermore, both MdSWEET9b
and MdSWEET15a were determined to be loca-
ted on chromosomal regions harboring QTLs for
sugar content. It was concluded that
MdSWEET9b and MdSWEET15a were likely
candidates regulating fruit sugar accumulation in
apples (Zhen et al. 2018).

7.3.5.5 Volatile Compounds in Ripe
Fruits

Aromas are very important components of
organoleptic qualities of fruits. It is well known
that fruits accumulate a variety of volatile com-
pounds, such as esters and phenylpropenes.
Esters are synthesized as a result of fatty acid
degradation or from amino acid precursors, while
phenylpropenes are produced via a side branch of
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the general phenylpropanoid pathway. To date,
there are few reports on the inheritance of vola-
tile compounds in apple fruits. Using proton
transfer reaction mass spectrometry (PTR-MS),
Zini et al. (2005) have analyzed the headspace
composition of volatile organic compounds
(VOCs) emitted by fruits of an F1 progeny of
‘Fiesta’ � ‘Discovery’. QTL analysis for all
PTR-MS peaks has identified 10 QTLs associ-
ated with VOCs with LOD scores > 2.5. This
finding has demonstrated that the contents of
volatile compounds are quantitatively controlled.

Souleyre et al. (2014) have identified 46 QTLs
for the production of esters and alcohols on 15
linkage groups of apples. Of these QTLs, one
major QTL on LG2 co-locates with the alcohol
acyl-transferase 1 (AAT1) encoding gene that
catalyzes the final step of the biosynthetic path-
way of volatile esters. Later, AAT1 has been
determined to be linked to phenylpropene pro-
duction in apples (Yauk et al. 2017). In addition,
another QTL on LG1 is found to co-locate with
six candidate genes encoding phenylpropene O-
methyltransferases, MdoOMT1 to 6 (Yauk et al.
2015). Of these genes, only MdoOMT1 is
strongly associated with estragole production in
ripening fruit. Following a functional analysis
study, it is demonstrated that MdoOMT1 is
required for the production of phenylpropenes,
including estragole that may contribute to ripe
apple fruit aroma.

Recently, Larsen et al. (2019) conducted a
GWAS, using 145 apple cultivars, and was able
to associate genotype and phenotype information
by combining genotyping‐by‐sequencing
(GBS) generated SNP markers with fruit flavor
volatile data. They were able to detect associa-
tions for acetate esters, particularly of butyl
acetate and hexyl acetate on chromosome 2
within a 2‐ to 3‐Mb region, wherein several
alcohol acyl‐transferases, including AAT1, were
clustered.

7.3.6 Fruit Texture

Fruit firmness plays an important role in deter-
mining storage life. Loss of firmness is mainly

due to enzyme activities that depolymerize cell
wall pectin. Fruit texture parameters have been
recently dissected into two groups of sub-traits,
mechanical and acoustic, to distinguish between
firmness (based on mechanical sub-traits) and
crispness (based on acoustic sub-traits) of apples.
These parameters have been used in QTL map-
ping studies.

Using a cross between ‘Prima’ and ‘Fiesta’,
King et al. (2000) first reported on QTL mapping
of fruit firmness in apple. Phenotypic data were
collected at six different sites over two successive
years. A total of three major QTLs were identi-
fied on LG1, LG10, and LG16, respectively.
Those QTLs on LG10 and LG16 were later
confirmed by Kenis et al. (2008). Moreover,
Kenis et al. (2008) investigated the inheritance of
fruit quality traits using a population derived
from a cross between ‘Telamon’ and ‘Braeburn’.
The strongest QTL was identified on LG10 of
both parents over two successive seasons,
accounting for up to 31% of the observed phe-
notypic variation. Later, the region of the QTL
on LG10 was further narrowed down by Costa
et al. (2010) using a full-sib population of
‘Fuji’ � ‘Mondial Gala’, wherein fruit firmness
data were collected at different maturity stages,
from harvest to post-harvest storage. QTL map-
ping revealed that at least two major QTLs
controlling fruit firmness and softening were
located on LG10. One QTL, designated as Md-
PG1, encoded polygalacturonase and depoly-
merized cell wall pectin, while another QTL,
designated as Md-ACO1, was involved in ethy-
lene biosynthesis. Md-PG1 has been reported to
be related to changes in fruit firmness occurring
during ripening under ambient conditions,
whereas Md-ACO1 was likely to be associated
with changes in fruit firmness during and after
cold storage. Therefore, MdPG1 and MdACO1,
located at the center and bottom of chromosome
10, respectively, have been deemed as candidate
genes controlling apple firmness and storability.

A novel apple gene, Md-Exp7, sharing high
sequence similarities with plant-specific ripening
expansin genes, was cloned by Costa et al.
(2008). A functional marker (Md-Exp7SSR),
based on an SSR motif (CT)n located within the
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untranslated region of Md-Exp7, was first
developed. This marker was then used to map the
homolog Md-Exp7 gene onto LG1 of the apple
genome within a region carrying a major apple
QTL for fruit firmness that has been previously
identified (Costa et al. 2008). An association
analysis was conducted using a collection of 31
apple cultivars revealing that fruit softening was
correlated with the CT repeat number, wherein
the longer the Md-Exp7 SSR marker fragment,
the higher the level of fruit softening (Costa et al.
2008).

Longhi et al. (2012) have conducted a thor-
ough QTL mapping effort of apple fruit texture.
QTLs have been identified on LGs 5, 8, 10, 11,
12, and 16, accounting for 15.6–49% of the total
phenotypic variance. This highly significant QTL
cluster is mapped onto chromosome 10, and it is
co-located with Md-PG1, coding for polygalac-
turonase (PG) which depolymerizes cell wall
pectin (Costa et al. 2010). In a subsequent study,
Md-PG1, has been confirmed to be mapped onto
chromosome 10 and co-localized within a sta-
tistical interval of a major hotspot QTL associ-
ated with several fruit texture sub-phenotypes
(Longhi et al. 2013). Moreover, other candidate
genes related to Md-NOR and Md-RIN TFs,
including Md-Pel (pectate lyase), and Md-ACS1,
involved in ethylene biosynthesis, have also been
mapped within statistical intervals. All these
findings suggest that fruit texture is a complex
trait that must be controlled by several genes in
apples. Amyotte et al. (2017) have identified a
significant sensory texture locus on chromosome
13 (Chr13: 6,049,060) accounting for 23% of the
variation for crisp and 25% of the variation for
juicy texture; thus, further supporting associa-
tions between sensory juiciness and chromosome
13 detected in diverse germplasm.

Subsequently, Di Guardo et al. (2017) used
two QTL mapping approaches, a pedigree-based
analysis (PBA) using six full-sib pedigreed
families, and a GWAS using 233 apple acces-
sions, to further elucidate the genetic control of
fruit texture. All plant materials were genotyped
using a 20K SNP array and phenotyped using a
sophisticated high-resolution texture analyzer.
The QTL findings indicated that chromosome 10

controls the mechanical properties, while chro-
mosomes 2 and 14 were associated with the
acoustic response.

7.3.6.1 Apple Skin Russeting
Apple fruit skin russeting is attributed to the
formation of a plastic periderm in response to
microcracking on stiff cuticles. It is proposed that
damaged cuticles of the epidermis are shed,
while the peridermal layer undergoes suberiza-
tion to seal the fruit (Lashbrooke et al. 2015).
Fruit of russeted apple cultivars has epidermal
cells of irregular sized along with irregular
arrangements and variable cuticle thickness
(Knoche and Lang 2017). Russeted apple culti-
vars are rich in procyanidin B2 + B4 and phlo-
ridzin in the pulp at harvest (Gutierrez et al.
2018; Busatto et al. 2019). The russeting trait is
genetically controlled by two or more genes, with
one deemed as a major gene (Alston et al. 1975).

Falginella et al. (2015) have reported on a
major QTL for russeting development on LG12
of apple. This major QTL is located in an
approximately 400 kb region, containing 58
predicted genes, based on the reference genome
sequence of ‘Golden Delicious’. Of 58 genes, a
putative ATP-BINDING CASSETTE G (ABCG)
family transporter, designated as Ru_RGT, has
been identified as a candidate for russet devel-
opment. The Ru_RGT gene encodes a G sub-
family ABC half-transporter protein that is
involved in cuticle development. The major gene
Ru_RGT likely controls russeting development
via regulation of cuticle organization.

Lashbrooke et al. (2015) conducted QTL
mapping for apple russeting using a full-sib
mapping population and identified two QTLs
detected on LG2 and LG15. Genomic analysis of
these two QTL regions identified a set of candi-
date genes putatively involved in cuticle
biosynthesis. Gene expression profiling revealed
that an SHN1/WIN1 transcription factor, desig-
nated MdSHN3 and located within the vicinity of
the QTL on LG15, was expressed at low levels in
apple accessions with improper cuticle forma-
tion. Orthologs of SHN1/WIN1 have been well
known to regulate cuticle formation in different
plants such as Arabidopsis, tomato, and barley.
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Hence, the MdSHN3 gene was proposed as a
critical regulator of cuticle biosynthesis in apple
fruits. Recently, Legay et al. (2016) proposed
that the transcription factor MdMYB 93, asso-
ciated with some key suberin biosynthetic genes,
was found to be involved in the regulation of
suberin deposition in russeted apple skins. This
was proposed to begin with the synthesis of
monomeric precursors, their transport, polymer-
ization, and all the ways to deposition of suberin
in the primary cell wall (Legay et al. 2017).

7.3.7 Fruit Size

Unlike many fruits derived from carpel tissues, both
apple and pear fruits are derived from the hypan-
thium, consisting of fused sepals, petals, and anther-
derived tissues. Therefore, it is interesting to explore
the mechanisms underlying fruit size development.
To date, there are only a few studies that have
specifically addressed fruit size development in
apples. Kenis et al. (2008) have investigated the
inheritance of fruit size using a population of
‘Telamon’ � ‘Braeburn’. Two QTLs controlling
fruit diameter and fruit length have been detected on
LG10 and LG15, respectively, and accounting for
23–33% of the observed phenotypic variation.
Later, Devoghalaere et al. (2012) have reported on
QTL mapping of apple fruit size over multiple
seasons using F1 progenies derived from two
crosses, ‘Royal Gala’ � ‘Braeburn’ and ‘Starkrim-
son’ � ‘Granny Smith’. Two QTLs controlling
fruit weight, fw1 and fw2, have been identified on
LG8 and LG15 for all four parents. In a subsequent
study, these QTLs fw1 and fw2 were found to
harbor 11 and 7 genes in selective regions of
M. � domestica, respectively (Duan et al. 2017).
However, QTL regions of LG5 and LG10 have
auxin response factors MdARF6 and MdARF106,
respectively. MdARF106 is found to be expressed
during stages of fruit cell division and cell expan-
sion, which is consistent with their potential roles in
controlling fruit size (Devoghalaere et al. 2012).

Yao et al. (2015) conducted genetic mapping
for apple fruit size using a ‘Royal Gala’ (RG) �
‘A689-24’ segregating population, and four
QTLs were detected on LG2, LG10 (two QTLs),
and LG11. The QTL on LG11 accounted for
13.9% of fruit weight variation, and a microRNA
gene (miRNA172) was identified as the causative
gene. A transposon insertional allele of
miRNA172 caused a reduction in levels of
expression, thus resulting in an increase in fruit
size. In constrast, over-expression of miRNA172
in transgenic apple lines significantly reduced
fruit size.

7.4 Physical Mapping of the Apple
Genome

Genome-wide physical mapping serves as a
platform that facilitates large-scale genome
sequencing efforts, as well as an essential tool for
determining the genetic basis of complex traits,
as well as for pursuing genomics research efforts.

In order to construct a physical map, there are
various approaches that have been developed,
such as BAC restriction-based fingerprinting,
fluorescent in situ hybridization (FISH), and
sequence-tagged site (STS) mapping. BAC
restriction-based fingerprinting locates relative
positions of recognition sequences for restriction
endonucleases along a DNA molecule, while
FISH utilizes information obtained by hybridiz-
ing a probe, carrying a marker, to intact chro-
mosomes. On the other hand, STS mapping relies
on mapping positions of short sequences via
PCR and/or hybridization analysis of genome
fragments. Recently, whole-genome sequencing
has become available to generate sequence-based
physical maps wherein distances are measured
based on numbers of base pairs.

For apple, BAC restriction-based fingerprint-
ing and whole-genome sequencing mapping have
been used to develop genome-wide physical
maps (Han et al. 2007; Velasco et al. 2010).
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7.4.1 Large-Insert Genomic Library
Construction

The construction of large-insert genomic libraries
is a necessary step in pursuing physical mapping
using the BAC restriction-based fingerprinting
method. Early on, a yeast artificial chromosome
(YAC) cloning system has been developed to
clone large DNA fragments (up to 1000 kb).
However, the YAC cloning system is found to be
unstable in yeast; moreover, it is difficult to pur-
ify. Most importantly, it is found that chimeric
YACs account for as high as 40% of a whole
library. Therefore, these disadvantages have
limited the utility of YAC libraries. Subsequently,
alternative cloning systems for large DNA inserts
have been developed, such as the BAC,
transformation-competent artificial chromosome
(TAC), and the bacteriophage P1-derived artifi-
cial chromosome (PAC) (Han and Korban 2010).
Of these cloning systems, BACs have been
widely used to develop genomic libraries for
plants due to their capabilities of carrying large
DNA inserts, up to 300 kb, high cloning effi-
ciency, as well as their stability for maintaining
foreign DNA (Han and Korban 2010).

Thus far, all large-insert genomic libraries
developed for apple have been constructed using
the BAC system. For example, Vinatzer et al.
(1998) constructed a BAC library for ‘Florina’
using the BAC cloning vector pECBAC1, con-
sisting of 36,864 recombinant clones with an
average insert size of *120 kb, and represent-
ing *5 � apple haploid-genome equivalents.
Later, Xu et al. (2001b) constructed a BAC
library for M. floribunda 821 in the BAC cloning
vector pBeloBAC11, consisting of 31,584 BAC
clones with an average insert size of 125 kb, and
representing approximately *5 � M. floribunda
821 haploid-genome equivalents. In addition,
another BAC library was constructed for ‘Gol-
drush’, consisting of 35,328 clones with an
average insert size of *110 kb, using a similar
strategy (Xu et al. 2002). All the above-described
apple BAC libraries have been first used to iso-
late and clone the Vf (Rvi6) gene for resistance to

apple scab, as described above (Vinatzer et al.
2001; Xu and Korban 2002; Han and Korban
2010).

Subsequently, in an effort to develop a
genome-wide physical map for the apple using
BAC fingerprinting, a second BAC library for
‘Goldrush’ was also constructed, wherein high
molecular weight (HMW) apple DNA was
restricted with HindIII instead of BamHI (Han
et al. 2007). This additional ‘Goldrush’ library
consisted of 46,791 clones, represent-
ing *7 � haploid genome equivalents and with
an average insert size of 125 kb (Fig. 7.7).

Later, a BAC library for the apple rootstock
Geneva 41 (G.41), a cross of ‘Malling 27’ �
‘Robusta 5’, was constructed consisting of
41,472 clones with an average insert size
of *120 kb cloned into a pECBAC1 vector (G.
Fazio, Pers. Comm.). Moreover, a BAC library
from ‘Pinkie’ has also been constructed at the
New Zealand Institute of Plant and Food
Research, consisting of 56,400 clones, corre-
sponding to *7 � genome coverage and with
an average insert size of 110 kb, cloned in a
pCLD04541 vector (E. Rikkerink, Pers. Comm.).
In addition, a cosmid library from ‘Pinkie’ was
also constructed by the New Zealand Institute of
Plant and Food Research in SuperCos1, con-
sisting of 170,000 clones (with an average insert
size of 35 kb), and representing *7x genome
coverage (E. Rikkerink, Pers. Comm.).

Fig. 7.7 BACs randomly selected from a ‘GoldRush’
BAC library constructed with HindIII
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7.4.2 A BAC-Based Physical Map
of the Apple Genome

7.4.2.1 BAC Fingerprinting
A total of 82,503 BAC clones from two BAC
libraries, developed from M. � domestica cv.
‘GoldRush’ using BamHI and HindIII, respec-
tively, were fingerprinted using an agarose gel-
based restriction fingerprinting protocol (Han et al.
2007). DNA fragments were stained using SYBR
Green I, visualized by fluorescence using the
Typhoon 8600 Imager, and the captured gel images
were analyzed using Image version 3.10b (http://
www.sanger.ac.uk/Software/Image/). Bands of 702
to 29,950 bp in size were collected for contig
assembly. All cleaned band data were standardized
using DNA markers II and V, converted into
migration rates, ranging from 891 to 3463, yielding
a total of 74,281 clones that were successfully
fingerprinted, and entered into the FPC database for
contig assembly. These clones repre-
sented *10.5� haploid genome equivalents,
among which 44.4% were equivalent to
4.4� haploid genomes (clones of an average of
23.6 bands), derived from the BamHI library, and
55.6% were equivalent to 6.1� haploid genomes
(clones of an average of 26.0 bands), derived from
the HindIII library (Han et al. 2007).

7.4.2.2 Fingerprint Analysis and Contig
Assembly

The assembly of contigs was conducted using the
FPC version 7.2 program (see also http://www.
agcol.arizona.edu/software/fpc) (Fig. 7.8). Fol-
lowing several rounds of cleaning of overlapping
clones, a tolerance of 7 and a cutoff value of
3 � 10−9 were used for automatic contig
assembly. A DQer function was run for several
rounds at a final cutoff of 3 � 10−16 (by setting
at 3 � 10−13). As a result, a total of 68,058 BAC
clones (92%) were assembled into 3,943 contigs,
wherein the physical length of automated contigs
was estimated to be 943.8 Mb, based on 242,001
unique bands, and each band was equivalent to
3.9 kb.

Following the automated map assembly, a
manual review of the assembly was undertaken
to assess and enhance relative orders of clones
within contigs, as well as to identify joints
between contigs, as well as to disassemble larger
chimeric contigs. Furthermore, individual sin-
gleton clones were then added to contigs as
necessary to increase the coverage of sparse
regions within contigs. This detailed and iterative
process yielded a total number of 2702 contigs,

Fig. 7.8 A check of the reliability of an apple contig
assembly
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consisting of 237,763 unique bands and spanning
927.3 Mb in physical length (Table 7.2). It was
found that the longest contig consisted of 287
clones, covering 702 unique bands and spanning
2.7 Mb in physical length (Han et al. 2007).

7.4.2.3 Validation of Contig Reliability
Contig assembly was validated for reliability using
variable stringencies (increasing the stringency of
contig assembly), by assembling contigs using
fingerprints from individual libraries (checking
fingerprint patterns of every contig), by checking
consensus maps of contigs, as well as by using
DNA markers (three contigs were checked using
either DNA markers or PCR probes). Overall, the
assembly of the contigs was verified and validated
(Han et al. 2007; Han and Korban 2010).

7.5 Integration of Physical
and Genetic Maps in Apple

The physical map was anchored to the genetic
map using two approaches. In the first approach,
52 BAC-end sequence-based SNPs were devel-
oped, and these were used to anchor 51 contigs

onto the apple genetic map (Han et al. 2009).
However, in the second approach, a PCR-based
approach was used to screen the BAC library
with 649 genetic markers, consisting of 637
SSRs and 15 STSs. This approach allowed for
single-locus markers to identify *7.0 positive
BAC clones, ranging from 1 to 16, whereas
multilocus markers detected 5 to 25 positive
BAC clones, on average of 9.5 clones. Thus, 308
single-locus markers were identified in single
contigs, and 291 single-locus markers were
identified in two or three contigs, and therefore,
all 539 single-locus markers were anchored onto
single contigs. Moreover, a total of 23 multilocus
markers were identified in either two or three
contigs, and these were anchored onto linkage
groups based on allele sizes of either these
multilocus markers and/or their neighboring
molecular markers located on the same contig.
Furthermore, a total of 33 sequence-tagged con-
nectors (STCs) were used to screen the apple
BAC library, and these were anchored onto dif-
ferent contigs (Han et al. 2009).

Overall, a total of 664 contigs have been
merged to yield a genome-wide physical map for
the apple genome, and this map consisted of

Table 7.2 Status of the apple physical map before and after manual editing

Parameters Automated contig assembly After manual editing

Number of clones in FPC database 74,281 74,281

Number of singletons 6,223 5,953

Number of contigs 3,943 2,702

Contigs containing

>200 clones 2 5

101–200 clones 21 67

51–100 clones 212 266

26–50 clones 522 537

10–25 1,407 945

3–9 1,534 754

2 245 128

Unique bands of the contigs 242,001 237,763

Physical length of contigs in megabase pairs 943.8 927.3
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1,806 contigs, estimated to span 828.03 Mb in
physical length. Lengths of most of the contigs
(47%) are 500–1000 kb, while 30% of these
contigs are longer than 1 Mb with an average
size of anchored contigs of 897.4 kb in length,
ranging from 97 kb to 4.0 Mb. Fortunately, 470
contigs, spanning 420.76 Mb in cumulative
physical length, have been anchored onto the 17
linkage groups. Thus, based on the estimated
apple genome size of 700 Mb (Velasco et al.
2010), the physical length of anchored contigs
covers 60% of the apple genome (Table 7.3).
Moreover, the average physical length of this
integrated map on each linkage group of the
apple is approximately 24.8 Mb, and ranging
between 17.0 Mb and 37.73 Mb (Han et al.
2009).

7.6 A Sequence-Based Physical Map
of the Apple Genome

7.6.1 The First Draft Genome
Sequence for Apple

The genome of apple cv. ‘Golden Delicious’ was
sequenced using a whole-genome shotgun
approach by Velasco et al. (2010). This
sequencing strategy incorporated a mixture of
Sanger sequencing and Roche 454 sequencing.
The former yielded a large sequence read
scaffold-genome, while the latter will be filled in
gaps, and built coverage depth. The size of the
apple genome was estimated to be 742.3 Mb.
Sequence coverage was 16.9-fold total, with 26%

Table 7.3 Number of SSR markers and cumulative physical lengths of BAC contigs genetically mapped onto different
linkage groups in apple

Chromosome Linkage group Physical map

No. of markers Length (cM) No. of contigs No. of markers Length (Mb)

1 22 83.7 24 32 26.96

2 31 80.0 39 50 30.01

3 25 63.9 23 38 22.21

4 21 73.0 21 37 22.59

5 43 83.6 37 64 30.36

6 20 81.9 17 29 15.51

7 17 58.5 19 20 17.00

8 26 75.9 23 34 18.52

9 36 72.0 24 43 20.35

10 34 82.0 42 55 33.78

11 27 87.2 42 46 34.23

12 25 70.2 31 40 23.64

13 21 70.7 28 35 23.82

14 22 60.9 19 39 18.17

15 51 116.0 40 62 37.73

16 21 80.7 24 38 22.26

17 25 74.7 20 37 23.62

Total 467 1314.9 473 699 420.76
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and 74% provided by a Sanger dye primer
sequencing and 454 sequencing, respectively.
The sequence reads were assembled using an
iterative assembly approach, yielding 122,146
contigs. Subsequently, 103,076 out of 122,146
contigs were assembled into 1,629 metacontigs,
with a total length of 598.3 Mb accounting for
71.2% of the apple genome. The total contig
length was 603.9 Mb covering approximately
81.3% of the apple genome (Velasco et al. 2010).

The metacontigs were then anchored onto a
high-quality genetic map with 1,643 markers,
resulting in a sequence-based physical map of the
apple genome. The total size of repetitive ele-
ments, including 31,678 transposable elements,
was 500.7 Mb, accounting for 67% of the apple
genome. Nearly all the unassembled parts of the
genome, corresponding to 138.4 Mb in size,
consisted of repetitive sequences. It was reported
that *71.2% of genetically anchored sequences
belonged to the gene-rich part of the genome,
covering as many as 90.2% of genes assigned to
chromosomes. A total of 57,386 genes (11,444
genes specific for apple) were predicted in the
apple genome, including some genes found only
in one of the homoeologous chromosome pairs
(Velasco et al. 2010; also see Chap. 8 in this
volume).

Subsequently, Li et al. (2016) have con-
structed yet another draft genome of apple cv.
‘Golden Delicious’. This genome sequence has
been developed using a combination of 76 Gb
(*102 � genome coverage) Illumina HiSeq
data and 21.7 Gb (*29� genome coverage)
PacBio data. The draft genome is approximately
632.4 Mb in size, corresponding to *90% of
the estimated genome, consisting of predicted
53,922 protein-coding genes and 2,765 non-
coding RNA genes (also see Chap. 8 in this
volume).

7.6.2 High-Quality de Novo Assembly
of the Apple Genome

The genome of a doubled-haploid ‘Golden
Delicious’ line, designated as ‘GDDH13’, has
been sequenced and assembled using a mixture

of short-read sequencing, long-read sequencing,
and optical mapping (Daccord et al. 2017).
Sequence coverage was 235-fold in total, con-
sisting of *120-fold coverage of Illumina
paired-end reads (72 Gb), 80-fold coverage of
Illumina Nextera mate-pair reads (58 Gb) at
three different insert sizes (2, 5, and 10 kb), as
well as *35-fold coverage of PacBio sequenc-
ing data. Although initially 2,150 contigs were
produced, with an N50 of 620 kb, these were
later modified and N50 was increased from
620 kb to 699 kb, for a total contig length of
625.2 Mb. Subsequently, a *600-fold-coverage
BioNano optical map was used to generate a
consensus map consisting of an assembly of
649.7 Mb. Following sequence annotation, it
was determined that this draft genome consisted
of 42,140 protein-coding genes, accounting for
23.3% of the genome assembly, and 1,965 non-
protein-coding genes (Daccord et al. 2017; also
see Chap. 8 in this volume).

7.7 Comparative Mapping Between
Apple and Other Rosaceae
Species

Comparative mapping reveals the degree of
conservation of genome structure between rela-
ted genera. This enhances our understanding of
those genome evolutionary forces that shape
current chromosomal configurations of various
species in Rosaceae. Furthermore, comparative
mapping studies will facilitate in identifying
those genes controlling common traits in differ-
ent genera, and will also allow for information
gained in one species to aid in our pursuit of
similar studies in related species.

The first comparative study among Rosaceous
genomes was reported by Dirlewanger et al.
(2004). It was revealed that high levels of
orthologous marker order conservation were
observed between Prunus (peach) linkage groups
(1, 3, and 4) andMalus (apple) linkage groups (5,
8, 9, 10, 13, 16, and 17), with one linkage group
of Prunus usually corresponding to a pair of
homeologous linkage groups in apple. Approxi-
mately half of linkage group 1 of Prunus aligned
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with the two homologous linkage groups 13 and
16 in apple. These results suggested that the two
genera, Prunus and Malus, share large conserved
syntenic blocks, and the whole-genome duplica-
tion in apple must have occurred the following
divergence of the two genera.

Whole-genome sequence comparisons
between the peach and apple genomes have
identified a total of 349 conserved regions, with
the largest region being 6.1 Mb in size (Jung
et al. 2012). Overall, each chromosome of Pru-
nus matches up with two or more in Malus. For
example, the peach chr.3 and chr.5 match up
with two pairs of homologous chromosomes,
chr.9/chr.17 and chr.14/chr.6, respectively. The
peach chr.1 aligns with two pairs of homologous
chromosomes, chr.13/chr.16 and chr.8/chr.15, in
apple. The peach chr.4 matches up with two pairs
of homologous chromosomes in apple,
chr.3/chr.11 and chr.5/chr.10. The peach chr.6
aligns with three pairs of homologous chromo-
somes in apple, chr.2/chr.15, chr.3/chr.11, and
chr.4/chr.12. The peach chr.8 aligns with two
pairs of homologous chromosomes in apple,
chr.5/chr.10 and chr.3/chr.11. These results fur-
ther confirm that whole-genome duplication must
have occurred in the apple genome.

Alignment of the Malus genetic map with the
Pyrus (pear) genetic map using 102 SSRs in
common, including 64 pear SSR markers and 38
apple SSR markers, has revealed that 90 SSRs
show complete co-linearity between the two
genomes (Celton et al. 2009). This demonstrates
the presence of a high degree of co-linearity
between the genomes of Malus and Pyrus. Later,
comparative mapping using molecular markers
has also revealed a number of small chromoso-
mal translocations between Malus and Pyrus,
suggested to play an important role in the evo-
lution of these two genera (Illa et al. 2011).
Whole-genome sequence comparisons have fur-
ther revealed that the apple and pear genomes are
similar in genic regions, but differ in non-genic
regions (Wu et al. 2013). These observed DNA
sequence differences between apple and pear
genomes are mainly attributed to the presence of
repetitive sequences, predominantly those of
transposable elements.

7.8 Conclusions

Major advances have been made in developing
genetic and physical maps for the apple. These
advances have been critical in identifying and
locating various important loci controlling highly
desirable traits involved in growth habit, biotic
resistance, and fruit quality traits, among others.
Moreover, these maps along with the integration
of genetic and physical maps have now been
supplemented with the release of complete gen-
ome sequences for the apple genome due to the
availability of next-generation sequencing tech-
nologies. These advances will continue to have a
significant impact on the identification and
analysis of not only various genes of interest but
also in identifying and delineating genetic and
biological networks and pathways that will con-
tribute to rapid advances in the genetic
enhancement efforts of the apple.
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Jean-Marc Celton, Luca Bianco, Gareth Linsmith,
Sandrine Balzergue, and Michela Troggio

Abstract

Within a span of the last two decades,
sequencing technologies have rapidly
evolved, allowing for the production of
genome sequences from multiple angiosperm
clades, including major crops and botanical
models. Apple (Malus � domestica) is among
the first crop genomes to be fully sequenced,
thus contributing to expanded knowledge of
genome structure, biological functions, trait
physiology and inheritance, and leading to
practical applications for crop improvement.
Access to full genome sequences has also
allowed for the development of new fields of

investigation, such as epigenetics. With the
advent of accurate and cheaper new sequenc-
ing technologies, together with
high-throughput phenotyping methods, the
next decade will probably see the develop-
ment of projects based on whole epi/genome
sequencing or resequencing, providing
researchers with a firm foundation to investi-
gate the dynamics involved in the develop-
ment of traits of interest.

8.1 Introduction

Structural genomics is key to understanding a
plant genome via the determination of the DNA
sequence order. Knowledge of sequences of a
plant genome enables the exploration of genome
structures and allows for inferring molecular
phylogeny. It also allows for the study of genes
controlling an organism’s growth, development,
and adaptation to its environment.

Prior to the advent of Next Generation
Sequencing (NGS) technologies in 2005 (Moro-
zova and Marra 2008), DNA sequencing was
based on Sanger’s sequencing method. This lat-
ter technique was used to sequence the Ara-
bidopsis thaliana genome (The Arabidopsis
Genome Initiative 2000), as well as those of
Oryza sativa (rice) in 2002, Carica papaya (pa-
paya) in 2008, and Zea mays (maize) in 2009.
Back then, it was presumed that sequencing of a
single species was representative of all other
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related plant species and that information gath-
ered on a single genotype could be useful and
applied to all related organisms. However, as
pointed out by Tagu et al. (2014), model organ-
isms were often not archetypal, and they did not
replicate the biology of their close relatives.
Nevertheless, these initial sequencing and
assembly efforts served as critical milestones in
the study of many species for which no genomic
resources were available until then.

In addition to costs involved in sequencing
projects, there were major factors that hindered
obtaining high-quality genome assembly from
many non-model species, including genome size,
the extent of genome duplication, heterozygosity,
repetitive sequence composition, and ploidy
level. Moreover, the early sequencing technology
did not provide sufficient support for the assem-
bly algorithms to overcome some of the above-
mentioned challenges. Most of these factors were
certainly very limiting to sequencing the apple
(Malus � domestica Borkh.) genome at that
time. However, major advances have been made
on several fronts, including sequencing tech-
nologies, bioinformatics tools, and cost reduc-
tions, among others, that all have allowed for the
pursuit of large sequencing projects for the apple
genome, and these will be presented herein in
this chapter.

8.2 De Novo Sequencing
of the Apple Genome

The advent of NGS technologies has enabled
researchers to bypass most of the biological and
associated technological constraints listed above.
It has allowed for the successful generation of the
first de novo high-quality draft genome assembly
of the apple (Velasco et al. 2010). This first
Whole-Genome Sequence (WGS) for apple has
resulted from the collaborative efforts of scien-
tists from 14 institutions. Due to its popularity in
commercial orchards across the world and its
prominence in the recent ancestry of many
modern apple cultivars, the heterozygous
‘Golden Delicious’ apple genotype has been

chosen to represent this crop from a genomic
perspective.

The assembly of this first draft apple genome
sequence resulted from the use of sequence reads
generated from first-generation Sanger sequenc-
ing technology, as well as from the recent 454
sequencing by synthesis technology. Anchoring
of 1,629 meta-contigs was performed using a
high-quality genetic map, carrying 1,643 mark-
ers, in order to reconstruct all 17 linkage groups,
or chromosomes, of the apple. Altogether, a
603.9 Mb assembled sequence data covered
about 81.3% of the estimated genome size, with
500.7 Mb (67%) representing repetitive ele-
ments. Altogether, genome annotation identified
63,541 genes (Table 8.1).

The first genome sequence of the apple has
provided highly valuable information on gene
sequence and order, thereby providing the sci-
entific community with a valuable tool to “initi-
ate a new era” (Peace et al. 2019). The key basic
discoveries that have been made as a result
include the following: (1) All 17 chromosomes
of the apple are derived from a relatively recent
Whole-Genome Duplication (WGD) event of a
Rosaceae ancestor having nine chromosomes;
(2) the gene pool of the cultivated apple,
M. � domestica, is primarily derived from the
wild species M. sieversii; (3) the large size of the
pome fruit of apple is likely to be the result of an
expansion of a MADS-box fruit development
gene family; and (4) gene families involved in
sorbitol metabolism have been expanded in the
apple genome compared to those of non-
Rosaceae genomes (Peace et al. 2019).

The genome sequence of ‘Golden Delicious’
was further improved by Li et al. (2016). In this
effort, the apple genome sequence was comple-
mented with a 76 Gb sequence data generated
from an Illumina HiSeq (high-throughput
sequencing) and 21.7 Gb sequence data gener-
ated from PacBio (long reads) sequencing sys-
tems. Using these collective sequence data, the
new genome assembly increased the N50 of
contigs (sequence length of the shortest contig at
50% of the total genome length) by seven-fold to
112 Kb, yielding a final genome size of
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632.4 Mb, and covering 90% of the estimated
genome size (701 Mb). Furthermore, new anno-
tation analyses predicted the apple genome car-
ried 53,922 protein-coding genes and 2,765 non-
coding genes (Table 8.1). At the time, further
progress in the apple genome assembly was
deemed difficult due to the highly heterozygous
status of the ‘Golden Delicious’ genotype.

Often during de novo assembly, heterozy-
gosity and repetitive regions of a genome

complicate the assembly graph, resulting in
fragmented assemblies that would join together
contigs belonging either to different alleles or to
recently duplicated genes, as it is the case for
apple (Kajitani et al. 2014). This is mostly
attributed to a high single nucleotide variant
(SNV) density and structural variations present
within a genome (Kajitani et al. 2014).

In order to overcome such constraints, it was
necessary to sequence and assemble a simplified

Table 8.1 Comparisons of genome sequences and annotations of five different apple genotypes

Overall genome
parameters/
technologies/genome
sequencing

Genome
parameters
analyzed

‘Golden Delicious’ ‘Hanfu’ Malus
baccata

Heterozygous Doubled-
haploid
GDDH13

HFTH1 Y-
B094

Velasco
et al.
(2010)

Li
et al.
(2016)

Daccord et al.
(2017)

Zhang et al.
(2019)

Chen
et al.
(2019)

Estimated
genome
size (Mb)

742.3 701 651 708.5 779

Seq
assembly
size (Mb)

603.9 632.4 643.2 658.8 665

N50 (Kb) 16.17 112 5,558 6,990 452

Nb prot-
coding
genes

63,141 53,922 42,140 44,677 46,114

TE (%) 42.4 NA 57.3 59.8 58.5

Technology Sanger
(Gb)

3.26

454 seq
(Gb)

9.28

Illumina
seq (Gb)

76 120 43.3 173.6

Hi-C seq
(Gb)

95.5

PacBio
(Gb)

21.7 24 77

BioNano 600 � coverage 224 � coverage

Ref.
genetic
map

Yes No Yes No Yes

Genome completeness CEGMA % 88.7 93.1 90.6

BUSCO*% 86.7 51.5 94.9 95.9 93.2

BUSCO* = complete gene
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version of the apple genome. As a suitable bio-
logical material, a doubled-haploid derivative
line of ‘Golden Delicious’ known as “GDDH13”
(Golden Delicious Doubled Haploid #13), has
been available since the 1980s at the Institut
National de Recherche pour l’Agriculture, l’Ali-
mentation et l’Environnement (INRAE) in
Angers (France). The genotype of GDDH13 was
sequenced to an unprecedented depth using
Illumina short reads and PacBio long reads and
then assembled de novo in combination with
optical maps (BioNano) and a high-density
consensus genetic map (Daccord et al. 2017).
The total length of this new assembly was
643.2 Mb (genome size estimated at 651 Mb),
with 42,140 annotated protein-coding genes and
1,965 non-protein-coding genes (Table 8.1). As
already reported by Velasco et al. (2010), trans-
posable elements (TEs) represented the majority
of the sequence (57.3%), while protein-coding
genes represented 23.3% of the assembly.
Compared to previous versions of the ‘Golden
Delicious’ genome, the N50 of scaffolds was
increased to 5.5 Mb, which, in association with
the integrated linkage map, yielded highly con-
tiguous pseudomolecules. Moreover, the new
gene prediction analysis reduced the estimated
number of genes from 63,541 to 41,140, closer to
the number of genes reported for the pear gen-
ome, as well as from recent filtering out of
overlapping genes (Wu et al. 2013). Finally, the
‘GDDG13’ genome sequence analysis permitted
a better assessment of whole-genome duplication
of the apple (Fig. 8.1), and indicated that only
very few regions had no synteny to other parts of
the genome (i.e., mid-region of Chromosome 4).

More recently, an apple genome sequence of
an anther-derived trihaploid homozygous
‘Hanfu’ line, “HFTH1”, has been released
(Zhang et al. 2019). Similar to ‘GDDH13’, this
“HFTH1” line has an advantage in simplifying
genome assembly, and it is derived from an
important Chinese cv. ‘Hanfu’, a hybrid of
‘Dongguang’ x ’Fuji’. In this effort, a combina-
tion of single-molecular real-time (SMRT)
sequencing (PacBio), chromosome conformation
capture (Hi-C) sequencing, and optical mapping

was used to generate a 658.9 Mb assembly, with
a contig N50 of 6.99 Mb. The “HFTH1” genome
size assembly was close to that of “GDDH13”,
but represented 93% of the estimated genome
size (708.54 Mb). Genome annotation yielded
presence of 44,677 protein-coding genes
(Table 8.1), of which 4.29% were located within
gap regions of the “GDDH13” genome. Once
again, TE elements accounted for the majority
(59.8%) of the apple genome sequence.

Genome sequence comparisons between
“GDDH13” and “HFTH1” lines yielded inter-
esting hints about the genetic diversity in apple.
Zhang and colleagues (2019) identified a signif-
icant SNP density, as well as 18,047 deletions
and 12,101 insertions of lengths greater than
100 bp. Interestingly, SNP density was not
evenly distributed among coding genes, with a
significant enrichment identified in disease-
resistance domains, indicating incidence of dif-
ferential selection pressures in these two geno-
types. Additional SNP analyses revealed
significant average SNP density among chro-
mosomes, as well as between homologous
chromosome pairs, thus indicating potential
introgression and fixation during domestication
and breeding following the WGD event (Zhang
et al. 2019).

Fig. 8.1 Synteny and distribution of genomic and
epigenomic features of the “GDDH13” apple genome
(Daccord et al. 2017). Coloured lines link collinearity
blocks that represent syntenic regions. Rings correspond
to chromosomes (Chr), while heat maps represent gene
density (green), transposable element (TE) density (blue),
and DNA methylation levels (orange)
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Recently, the genome sequence of a wild
apple species, M. baccata, was released (Chen
et al. 2019). The total length of this assembly was
665 Mb (genome size estimated at 779 Mb),
with 46,114 annotated protein-coding genes
(Table 8.1). Sequencing of this species is par-
ticularly interesting. It is one of the four wild
apple species that has contributed to the early
hybridizations of the cultivated apple (M. � do-
mestica), and represents a valuable breeding
resource because of its cold tolerance and resis-
tance to various diseases.

8.3 Apple Genome Assembly
Quality Assessment

Comparisons of assembled sequences to Illumina
data, both by alignment of reads back to the
assembly and by analysis of oligonucleotides (k-
mer) spectra, provide insights into the quality of
the assembled sequences. Alignments of Illumina
data of a genotype to existing apple assemblies
reveal that all assemblies are broadly consistent
with read data. With the exception of the ‘Golden
Delicious’ assembly of Li et al. (2016), over 90%
of reads align to all contig level assemblies, with
the highest proportion of reads (97.9%) mapping
to the “GDDH13” assembly (Daccord et al.
2017) (Table 8.2). Assemblies with the lowest
Illumina alignment rates are the DBG2OLC
assembly of Li et al. (2016) and the scaffold level
assembly of Velasco et al. (2010) (Table 8.2).

Since the publication of the first ‘Golden
Delicious’ assembly (Velasco et al. 2010), tech-
nological and algorithmic developments along
with judicious use of homozygous genotypes
have greatly decreased the collapse of repeats
and separation of haplotypes present in apple
assemblies. However, as demonstrated by the
quality metrics (Table 8.2), improvements in
contiguity have sometimes come at the cost of
increased rates of misassembly and lower quality
consensus sequences. When considering all of
the metrics, the highest quality apple assemblies
produced to date are those produced from
homozygous genotypes, the “HFTH1” (Zhang

et al. 2019) and “GDDH13” (Daccord et al.
2017) assemblies.

The “GDDH13” assembly of Daccord et al.
(2017) has a higher proportion of Illumina reads
mapped back to the assembly than any other
apple assembly. It also has a lower proportion of
paired Illumina reads mapping in the incorrect
pairing orientation than any other apple assem-
bly. It does, however, display a lower proportion
of the assembly covered by Illumina read align-
ments than other assemblies assessed here. The
“HFTH1” assembly of Zhang et al. (2019) has a
higher proportion of the sequence covered by
read alignments than any other apple assembly
with a high proportion of reads mapping to the
assembly and mapping in the correct pairing
orientation. Kmer spectrum copy-number analy-
sis indicates that the “GDDH13” and “HFTH1”
assemblies are also the first apple assemblies,
wherein neither display evidence of significant
missing content or of significant erroneously
duplicated content (Fig. 8.2).

8.4 Whole-Genome Duplication:
An Event Shared
by the Malinae Subtribe

Several studies have reported on the incidence of
a common WGD event within the Malinae sub-
tribe (Velasco et al. 2010; Chagné et al. 2014;
Daccord et al. 2017; Linsmith et al. 2019; Chen
et al. 2019). In fact, distribution of synonymous
substitutions per synonymous site (KS) calcu-
lated for whole paranomes of M. � domestica,
Pyrus communis (European pear), and
Pyrus � bretschneideri (Asian pear or Chinese
white pear) support incidence of a common
WGD. Signature WGD peaks in KS plots for
these three species occur at almost identical KS
values of * 0.16 (Fig. 8.3; Linsmith et al.
2019). Comparisons of these WGD KS peaks
with KS peaks of ortholog distributions between
pears and apple and between pears/apple and
rose (Rosa chinensis) suggest that the WGD must
have occurred quite a long time following the
divergence of Amygdaloideae and Rosoideae,
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but well prior to the divergence of pear and
apple unless substantial substitution rate
acceleration/deceleration has occurred in these
lineages.

8.5 Orthology Analysis

Predicted protein sequences from apple genotype
“GDDH13” (Daccord et al. 2017) were com-
pared with those from eight other species,
including P. communis (BartlettDHv2.0)

(Linsmith et al. 2019), P. � bretschneideri (Wu
et al. 2013), Fragaria vesca (Edger et al. 2018),
Prunus persica (Verde et al. 2013), Rosa chi-
nensis (Raymond et al. 2018), Rubus occidentalis
(VanBuren et al. 2016), Vitis vinifera (The
French-Italian Public Consortium for Grapevine
Genome Characterization 2007), and Arabidop-
sis thaliana (The Arabidopsis Genome Initiative
Proteins 2000). All sequences were clustered into
20,677 orthologous groups (� 2 members),
8,877 of which (43%) were common to all nine
genomes (Fig. 8.4). A set of 414 gene clusters

Fig. 8.2 K-mer spectrum comparison plots for the
following genotypes: a Triple-haploid “HFTH1” (Zhang
et al. 2019); b doubled-haploid “GDDH13” (Daccord
et al. 2017); c heterozygous ‘Golden Delicious’ (Velasco

et al. 2010); d heterozygous ‘Golden Delicious’ (Li et al.
2016); and e heterozygous Malus baccata (Chen et al.
2019)
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were identified as specific to the three pome fruits
analyzed (i.e., to apple and to the two pear spe-
cies). Among these, five gene clusters were
found to be specific to apple, while 30 gene
clusters were specific to the Asian (22) and the
European (8) pears. All remaining gene clusters
could be identified in one of the other Malinae
genomes. Interestingly, 85 gene clusters were
identified as being shared by the two pear species
but not by apple (Linsmith et al. 2019 supple-
mentary data).

8.6 Whole-Genome Resequencing
Projects for Apple

Following publication of the first apple genome
sequence, resequencing of various apple geno-
types and accessions were launched in order to
identify genetic variants for molecular marker
development. As opposed to de novo sequenc-
ing, resequencing studies rely on the use of a
reference genome for both alignment and analy-
sis of newly generated sequences. Using NGS
technologies, Chagné and colleagues (2012)
resequenced a set of 27 cultivars, ancestors, and
founders, selected to represent the pedigrees of
worldwide apple breeding programmes. The
sequenced genome coverage was low, varying

from 1.3� to 12.8�. Alignment of sequences
onto the then reference apple genome led to the
identification of single nucleotide polymor-
phisms (SNPs) that were then used, in turn, to
develop an 8K SNP array for high-throughput
genotyping. Altogether, over 2,000,000 SNPs
were identified, with an average of one SNP and
every 288 bp of the genome. This original SNP
array was subsequently expanded wherein 14
additional genotypes were resequenced to an
average depth of 38.7�, allowing for identifica-
tion of high-quality SNPs and developing a 20K
SNP array (Bianco et al. 2014). This set of SNPs
was further complemented in a follow-up study
by Bianco et al. (2016). Using sequencing data
generated from 52 additional cultivars covering
the majority of the genetic diversity of the cul-
tivated apple, over 12,700,000 high-confidence
SNP variants were identified, and following
further filtering, and these were used to generate
a robust 487K SNP array (Bianco et al. 2016).

Boocock et al. (2015) extended resequencing
of additional apple genotypes to identify copy-
number variations (CNVRs) in the apple gen-
ome. To achieve this, they used part of the data
generated by Chagné et al. (2012) and comple-
mented it with data generated from resequencing
of 11 cultivars and hybrids. In this study, a total
of 876 CNVRs were identified, indicating the

Fig. 8.3 Paralog Ks distributions of Malus � domestica
genotype “GDDH13” (grey histogram and line, left-hand
y-axis; a peak represents a WGD event) and one-to-one
ortholog Ks distributions between sets of two species,

M. � domestica–Pyrus communis (blue curve) and
M. � domestica—Rosa chinensis (red curve) (kernel-
density estimates, right-hand y-axis; a peak represents a
species divergence event)
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potential significance of such variations in apple
diversity. Furthermore, this study confirmed the
highly heterozygous nature of apple, with the
identification of SNP variants every 208 bp of
the genome.

Later, two additional apple genotypes,
‘Nagafu No. 2’ and ‘Qinguan’, were resequenced
at a genome coverage of 31� and 28�, respec-
tively (Xing et al. 2016). In addition to the
identification of over 2,700,000 SNPs, 82,600
structural variants and 1,572,000 INDELs, loca-
tions of 190 genes likely involved in flowering
were determined. In another study, Lee et al.
(2016) resequenced four somatic variants of
‘Fuji’, including ‘Danhong’, ‘Hangawi’, ‘Ben-
ishogun’ and ‘Yataka Fuji’, along with the
original ‘Fuji’ (at an average coverage of 16.8�),
and proposed that two INDEL markers would
allow for the differentiation of ‘Fuji’ from its
somatic variant ‘Benishogun’. Simultaneously,
the ‘Fuji’ genome was also sequenced in another
study to develop SNP markers for each allele at
1 cM intervals and identify haplotypes of ‘Fuji’
and determine their inheritance using 115 related

apple accessions (Kunihisa et al. 2016). Over
2,800,000 variants, SNPs, and INDELS were
identified between ‘Fuji’ and the heterozygous
‘Golden Delicious’ genome; moreover, QTLs
were identified by ANOVA based on detected
‘Fuji’ haplotypes (Kunihisa et al. 2016).

More recently, Duan et al. (2017) reported on
genome variations following resequencing, at an
average depth of 12.2� genome coverage, of
117 diverse accessions from 24 Malus species,
and identified over 7,200,000 SNPs and 431,000
INDELs. As a result, they proposed a compre-
hensive model for apple domestication along the
Silk Road, and presented new evidence sup-
porting a model for fruit size evolution com-
prised of two major events (Duan et al. 2017).
Overall, genome resequencing allowed for
investigations of the history of apple speciation
and domestication, and could be used in the
future as a tool for assisted breeding.

As demonstrated in the above studies, genome
resequencing has yielded massive amounts of
data and information on genome diversity and
structure. This has allowed researchers to

Fig. 8.4 Plot of protein clusters shared by nine species,
including Malus � domestica (GDDH13), Pyrus commu-
nis (BartlettDHv2.0), P. � bretschneideri, Fragaria

vesca, Prunus persica, Rosa chinensis, Rubus occiden-
talis, Vitis vinifera, and Arabidopsis thaliana (Linsmith
et al. 2019)
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develop powerful SNP arrays that are being used
today in many studies, including pedigree anal-
ysis (Muranty et al. 2020), genetic mapping (Di
Pierro et al. 2016), and genome-wide association
studies (GWAS) (Urrestarazu et al. 2017;
McClure et al. 2018, 2019; Larsen et al. 2019).

8.7 The Apple Epigenome:
Transposable Elements
and DNA Methylation

8.7.1 Annotation of Transposable
Elements

Mutations serve as valuable sources of genetic
diversity, and are heavily involved in plant evo-
lution. Transposable elements (TEs) account for
significant portions of all prokaryote and
eukaryote genomes, representing most of the
interspersed repeats (Piégu et al. 2015). As such,
it is proposed that TEs could contribute signifi-
cantly to genetic variations among Malus species
and within genotypes. In recent years, evidence
supporting the importance of TEs in genome
evolution, genome structure, regulation of gene
expression, and epigenetics has been mounting
(Encode Project Consortium 2012; Fedoroff
2012; Chénais et al. 2012). In plants, transcrip-
tion and mobility of TEs are limited by DNA
methylation (Mirouze et al. 2009). Interestingly,
TE-related DNA methylation can also influence
the expression of nearby genes resulting in phe-
notypic variability even in the absence of genetic
changes (Slotkin and Martienssen 2007). There-
fore, given the potential importance of TEs in
regulating gene expression along with their
prevalence in the apple genome, unravelling their
sequence and distribution is necessary.

Piégu et al. (2015) have proposed that TEs are
defined as discrete segments of DNA capable of
moving within a host genome from one chro-
mosome to another. Furthermore, the status of
TE copies within a genome varies depending on
the age and activity of the element, leading to the
identification of many fossil TE sequences
alongside a few active copies. TEs can be

classified in multiple ways in order to generate
uniform groups based on particular features.
Often, TEs have been classified as Class I and
Class II types, with Class I containing both long
terminal repeat (LTR)-retrotransposons and non-
LTR retrotransposons (Sahebi et al. 2018).

In apple genome sequences presented in the
above section, TEs have been annotated using
various pipeline and differing classification
parameters. Velasco and colleagues (2010) iden-
tified a total of 314.5 Mb TEs, representing 42.4%
of the sequenced genome in the heterozygous
‘Golden Delicious’ genome; whereas, TEs repre-
sent 365.7 Mb (57.2%) of the doubled-haploid
‘Golden Delicious’ (“GDDH13”) genome (Dac-
cord et al. 2017), and 399.9 Mb (59.8%) of the
homozygous ‘Hanfu’ line (“HFTH1”) genome
sequence (Zhang et al. 2019). Therefore, this
observed global increase in TEs could be mostly
attributed to the improved quality of apple genome
sequence assemblies due to advances in read
sequence length and optical mapping technolo-
gies. However, it is rather challenging to conduct
comparisons of TE annotations, as different TE
annotation pipelines have been used. While
Velasco et al. (2010) have identified repetitive
elements by conducting searches (BLASTN and
BLASTX) against RepBase14.01, NCBI data-
bases, and the Uniprot database, Daccord et al.
(2017) have annotated these elements using con-
sensus sequences provided by the TEdenovo
detection pipeline (Flutre et al. 2011). On the other
hand, Zhang et al. (2019) have used a combination
of both de novo and homology-based approaches
to annotate repetitive sequences. In order to
compare TE composition in “GDDH13” and
“HFTH1”, Zhang et al. (2019) have re-annotated
the “GDDH13” TEs. Nevertheless, as a result of
these different annotation strategies, comparisons
among various apple genomes remain challeng-
ing, and this is analyzed in Tables 8.3, 8.4, 8.5, and
8.6.

Using currently available data, it can be
assumed that TE contents of the total nucleotide
space in the apple genome accounts for * 60%
of the assembly.
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It is noteworthy to point out that during TE
annotation of “GDDH13”, a particular TE
sequence unique to the apple genome, account-
ing for 3.6% of the whole-genome assembly, has
been identified. This TE, termed HODOR (high-
copy Golden Delicious repeat) is classified as a

9,716 bp LTR-RT. Interestingly, high densities
of HODOR coincide with regions of chromo-
somes with reduced levels of recombination, thus
suggesting that centromeric regions in the apple
genome may be located within regions charac-
terized by an over-representation of this

Features of the 
genome and its TEs 

‘Golden Delicious’
(Velasco et al. 2010) 

 Mb % 
Genome size 742.3 100.0 
    LTR/Copia 40.6 5.5 
    LTR/Gypsy 187.1 25.2 
    LTR/TRIM/Cassandra 3.2 0.4 
    LINE/RTE 48.1 6.5 
   TIR/hAT 2.1 0.3 
   TIR/CACTA 0.1 0.0 
   TIR/MITE/Spring 4.4 0.6 
   Unclassified TEs 28.9 3.9 
Total TEs 314.5 42.4 

Table 8.3 TE annotation of the ‘Golden Delicious’ genome (Velasco et al. 2010). Class I TEs are highlighted in light
grey, while Class II TEs are highlighted in dark grey

Features of the genome  
and its TEs 

“GDDH13”
(Daccord et 

al. 2017) 

bM % 
Genome size 651.0 100.0 
    LTR Retrotransposon (RLX) 235.4 36.2
    LINE (RIX) 28.0 4.3 
    DIRS (RYX) 10.4 1.6 
    SINE (RSX) 1.7 0.3
   Unclassified or non-autonomous 
       retrotransposons (RXX) 

3.1 0.5 

   TIR Transposon (DTX) 65.5 10.1
   MITE (DXX) 16.7 2.6 
   Helitron (DHX) 4.8 0.7 
   Maverick (DMX) 0.2 0.0
   non-annotated 116.0 17.9 
   Poten�al Host Gene 6.3 1.0 
   No repeat category 6.1 0.9
   Non protein coding genes 4.0 0.6 
Total TEs 365.8 56.2 

Table 8.4 TE annotation of the “GDDH13” genome (Daccord et al. 2017). Class I TE are in light grey, while Class II
TE are in dark grey
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Features of the genome  
and its TEs ‘”HFTH1” 

Zhang et al. (2019) 
“GDDH13” 

Daccord et al. (2017) 
 Mb % Mb % 

Genome size 658.9 100.0 651.0 100.0 
    LTR Copia 104.5 15.9 90.1 13.8 
    LTR Gypsy 167.4 25.4 153.5 23.6 
    LTR Caulimovirus 3.6 0.5 3.5 0.5 
    LTR Cassandra 2.5 0.4 2.4 0.4 
    LTR Bel-Pao 0.6 0.1 0.5 0.1 
    LTR Others 25.6 3.9 24.8 3.8 
    SINE 0.8 0.1 0.8 0.1 
    LINE 30.3 4.6 27.7 4.3 
    DNA 64.8 9.8 65.5 10.1 
    Simple repeat 12.4 1.9 11.1 1.7 
    RC 3.5 0.5 3.3 0.5 
    Others 13.4 2.0 13.8 2.1 
Total TEs 400.0 60.7 368.7 56.6 

Table 8.5 TE annotations of both “HFTH1” and “GDDH13” genomes performed by Zhang et al. (2019). Class I TEs
are in light grey, while Class II TEs are in dark grey

Features of 
the genome 
and its TEs 

Malus baccata 
(Chen et al. 2019) 

 Mb % 
Genome size 665.0 100 
   LTR/Gypsy 194.2 29.2 
   LTR/Copia 106.4 16 
   LTR/other 39.9 6 
   LINE/RTE 53.2 8 
   LINE/L1 8.6 1.3 
   LINE/other 1.3 0.2 
   SINEs 10.0 1.5 
   CMC 6.0 0.9 
   DNA 21.9 3.3 
   hAT 25.9 3.9 
   PIF 14.0 2.1 
   Other 10.0 1.5 
Total TEs 491.4 73.9 

Table 8.6 TE annotation of the Malus baccata genome (Chen et al. 2019). Class I TEs are in light grey, while Class II
TEs are in dark grey
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particular TE. Furthermore, this LTR element has
also been identified in the BartlettDHv2.0 gen-
ome (Linsmith et al. 2019). A BLAST analysis
has revealed the presence of 232 full-length
HODOR copies in the pear genome, accounting
for approximately one-third of the number of
full-length copies identified in the apple genome.
To date, the HODOR element has only been
identified in apple and pear genomes. However,
it is important to point out that these two gen-
omes have been reassembled using the latest
long-read technology to produce chromosome
scale assemblies. As HODOR is a transposable
element, it may not have been completely
assembled in previous Rosaceae genomes that
have relied on short-read data. However,
sequenced genomes of F. vesca (Edger et al.
2018), R. chinensis (Raymond et al. 2018), and
R. occidentalis (Van Buren et al. 2016) have
been assembled using long-read data, but a
BLAST analysis has not detected any trace of the
HODOR element in these assemblies. Therefore,
future in-depth studies of repeat element contents
of Rosaceae genomes should be conducted to
identify the time point in Rosaceae evolution at
which this element has first emerged, and to
assess whether or not this element is involved in
or relates to observed phenotypic differences
within the Rosaceae family.

8.7.2 Role(s) of TEs in Apple

It is known that TEs play important roles in a
genome structure, and they can be used as

markers for a genome’s evolution. As demon-
strated by Daccord et al. (2017), TE annotation
analysis has indicated that a major TE burst is
estimated to have occurred around 21 million
years ago (Mya). This burst must have affected
all TE types. It is suggested that the ancestor of
modern apples must have undergone environ-
mental changes, presumably an uplifting event
that has likely occurred at the Tian Shan moun-
tains, a form of stress leading to the activation of
TEs. It is hypothesized that this TE burst may
have contributed to the diversification and pos-
sibly to the speciation of the predecessor of both
apple and pear.

In a recent study by Zhang et al. (2019), the
presence of a TE has been associated with a
major agronomical trait in apple. In fact, they
have identified an LTR retrotransposon insertion
upstream of the MdMYB1 gene (Fig. 8.5), a core
transcriptional activator of anthocyanin biosyn-
thesis. This TE insertion is considered as an
enhancer, and it controls red colour development
by lowering the threshold value of the light
response.

As mentioned earlier, TEs serve as major
sources of genetic diversity in apple, and can
influence genome structure and expression of
nearby genes. Therefore, particular attention
should be paid to undertaking high-quality
annotation of TE sequences in all apple gen-
ome sequences, possibly using similar TE
annotation pipelines in order to allow compar-
isons among genomes. Future studies using apple
as a model plant, having undergone a rather
recent WGD event, would aid in a better

Fig. 8.5 The molecular structure of MdMYB1-1 and MdMYB1-2 alleles along with flanking sequences. The insertion
sites upstream of MdMYB1-1 and MdMYB1-2 are indicated by a red line (for “HFTH1”) and golden-yellow line (for
“GDDH13”), respectively (from Zhang et al. 2019)
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understanding of the role(s) of TEs by comparing
the evolution of homologous gene sequences
within syntenic blocks, and confirm the impor-
tance of TEs in the evolutionary pathway of a
plant genome.

8.8 The Apple Methylome

The advent of whole-genome sequencing
(WGS) technologies has also provided opportu-
nities for investigating an organism’s methy-
lome. It is known that cytosine methylation in
plants exists in all sequence contexts, but pri-
marily occurs at CG or CHG sequences (where H
is any base, except for a G), and less often at
CHH sites. Changes in methylation patterns of
genomic DNA have been reported in various
developmental processes, and have been shown
to be influenced by environmental stresses in
plants (Seymour et al. 2014). Various studies
have recently demonstrated that local DNA
methylation variants, represented by differential
cytosine methylation at particular loci, can have
major effects on transcription of nearby genes,
and can be inherited over generations (Becker
et al. 2011; Zhang et al. 2006). Thus, access to
near-complete WGS provides the necessary
foundation for pursuing epigenetic studies.

Epigenetic studies in apple were initiated
following sequencing of the “GDDH13” gen-
ome. In fact, the main reason for generating this
high-quality genome was to enable an under-
standing of the epigenetic mechanisms involved
in fruit size regulation. This analysis was based
on the methylome sequencing of two “GDDH”
clones derived from independent chromosomal
duplications originating from the same haploid
line. The first clone (“GDDH13”) was found to
produce large-sized fruits, while the second clone
(“GDDH18”) produced small-sized fruits. Glob-
ally, DNA methylation levels in “GDDH” leaves
were 49%, 39%, and 12% in CG, CHG, and
CHH contexts, respectively. As presented in
Fig. 8.1, DNA methylation was not evenly
spread across all apple chromosomes, with peaks
of methylation coinciding with recombination
cold spots and the HODOR sequence. As

expected, from previous studies on model plants
(Law and Jacobsen 2010), reduced DNA
methylation levels were identified in gene
sequences; whereas, TEs were hypermethylated.
Further analysis using previously generated
transcriptome datasets indicated that highly-
methylated genes showed the lowest levels of
expression, while genes with either low to very
low methylation levels had higher transcription
levels (Daccord et al. 2019). Therefore, methy-
lome comparisons of the two genetically identi-
cal clones, “GDDH13” and “GDDH18”, allowed
for identification of differentially methylated
regions (DMRs) located nearby genes likely
involved in fruit size regulation (Daccord et al.
2017).

The study of epigenetic mechanisms
influencing phenotypic changes in apple has
been the subject of various studies. Several
research groups have investigated the effects of
the methylome on expression of genes involved
in fruit skin colouration. Ma et al. (2018) took
advantage of the “GDDH13” apple genome to
investigate the effects of promoter methylation
on MdMYB1 expression, and found that differ-
ential methylation profiles influenced gene tran-
scription levels, and in turn, fruit skin
colouration. Similarly, several research groups
investigated the effects of DNA methylation in
various apple sports, including ‘Red Delicious’,
‘Yanfu 3’, ‘Yanfu 8’, ‘Nagafu 2’, ‘Ralls’,
‘Shannonghong’, and ‘Fuji’ on fruit colour
development (Li et al. 2019; Jiang et al. 2019;
Cho et al. 2020). They identified linkages
between promoter methylation of several genes
involved in the anthocyanin biosynthesis path-
way and fruit skin colouration. Moreover, El-
Sharkawy et al. (2015) compared methylomes of
the yellow-skin apple sport ‘Blondee’ with that
of the original ‘Gala’. It was reported that there
was a differential methylation level in the pro-
motor of MdMYB10, involved in the anthocyanin
pigment synthesis pathway, and that identified
DMRs influenced transcript expression of
MdMYB10, thereby leading to differential
phenotypes.

Thus, knowledge of the epigenetic landscape
of apple cultivars could provide new tools to
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study and differentiate among somatic variants.
Furthermore, this could lead to the future
development of epigenetic markers for marker-
assisted selection useful in apple breeding
programmes.

In addition to fruit skin colour, other charac-
ters of agronomic importance have also been
investigated. Xu et al. (2018) investigated the
effects of water deficit on the methylome of the
drought-tolerant apple cv. ‘Qinguan’ and the
drought-sensitive cv. ‘Honeycrisp’. They identi-
fied significant DMRs following stress treatment,
and these were associated with multiple genes,
including transcription factors, and TEs. This
indicated that the apple methylome was dynamic,
and capable of responding to abiotic stress in
order to adapt the transcriptional response of the
tree. Furthermore, gene priming following biotic
stress was also recently investigated using the
“GDDH13” genotype (Gully et al. 2019). Based
on their findings, it was hypothesized that stress
could lead to long-lasting transcriptional memory
(via gene priming), and that DNA methylation
was required for appropriate biotic stress
response (Gully et al. 2019).

Methylome changes during flower bud for-
mation and winter dormancy release were also
investigated by Xing et al. (2019) (using cv.
‘Nagafu No.2’) and Kumar et al. (2016) (using
cv. ‘Royal Delicious’), respectively. In both
studies, it was suggested that epigenetic modifi-
cations played critical roles on these major
agronomical traits in apple. Furthermore, DNA
methylation levels of particular genes in apple
rootstocks were also investigated (Feng et al.
2017). It was reported that differential methyla-
tion levels in the IPT5b promoter region were
detected between the dwarfing rootstock ‘M.9’
and the vigorous rootstock ‘M. � robusta’. It
was proposed that this differential methylation
level was responsible for lower levels of
expression of the IPT5b gene (involved in the
cytokinin biosynthetic pathway) in ‘M.9’, thus
leading to the dwarfing effect of this rootstock
(Feng et al. 2017). Finally, Perrin et al. (2020)
investigated the transmission of DNA

methylation patterns using apple as a model
perennial plant. This study demonstrated that
significant methylation changes resulted from
both sexual (via seeds) and asexual (via grafting)
reproduction and indicated that newly grafted
plants might inherit part of the epigenomic his-
tory of their donor tree.

As mentioned above, epigenetic studies will
continue to benefit from the availability of high-
quality apple WGS in the future. Such studies
will likely lead to the identification of genes or
epimutations involved in important agronomic
traits that have not yet been investigated, such as
fruit shape, disease resistance, and tree architec-
ture. As mentioned by Peace et al. (2019), con-
trolled epigenetic changes could also be used to
induce targeted DNA methylation changes or to
induce the mobilization of TEs, thus leading to
the development of new phenotypes, and serving
as a powerful set of tools for gene discovery.

8.9 Data and Tools

The reference portal for genomic data for apple is
the Genome Database for Rosaceae (GDR), as
described by Jung et al. (2019). This resource
currently (September 2020) hosts eight different
Malus reference genomes, each of which can be
browsed through with the JBrowse tool (Buels
et al. 2016). Such a search reports not only the
sequence of a genome, but it also allows for
overlaying of other available information, such
as genes, mRNAs, TEs, and markers, among
others, to a genome sequence. From the GDR, it
is also possible to BLAST sequences against
each of the sequenced genomes. Furthermore,
comprehensive search/browse features are also
provided for all information available for each
genome (including markers, genetic maps,
quantitative trait loci, publicly available breeding
data, and publications, among others). Other
available tools include a Synteny Viewer based
on MCScanX (Wang et al. 2012) to conduct
comparative analyses among different genomes,
as well as a Breeder Toolbox, labelled as a
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Breeding Information Management System
(BIMS).

In addition, GDR provides the GDRCyc, a
database of metabolic and signalling pathways
for several Rosaceae species, including apple,
built with PathwayTools (Caspi et al. 2013),
beginning with gene models for each of the
hosted genomes. Such pathways are used by
downstream analysis tools, also available
through GDR, such as the Pathway Inspector
(Bianco et al. 2017) that performs pathway
enrichment analyses, beginning with RNA-Seq
data.

8.9.1 Conclusions

Advances in the development and release of full
genome sequences for the apple have been made,
and these have contributed to the availability of
highly reliable references genomes. These gen-
ome sequences have allowed for the pursuit of
resequencing efforts as well as the development
of a new field of investigation, including epige-
netics. Currently, research efforts have been
undertaken to investigate epigenetic mechanisms
influencing various phenotypic traits and changes
in apple that will further expand the scope of our
fundamental knowledge of the apple and aid in
pursuing effective strategies for genetic
enhancement efforts of the apple.
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9Regulatory Sequences in Apple

Xiao-Fei Wang and Yu-Jin Hao

Abstract

Apple (Malus � domestica Borkh.) is one of
the most important cultivated fruit trees in the
world. However, studies on apple gene regu-
lation have long lagged behind model plants
due to incomplete information on the genome
sequence. This has limited identification and
functional characterization of regulatory
sequences, that is, numbers, types, and func-
tional roles of genes involved in the regulation
of various biological processes in the apple. In
general, regulatory sequences can either pro-
mote or repress the expression of downstream
genes through different regulatory mecha-
nisms, such as protein–DNA binding or
protein–protein interactions. Gene expression
is highly regulated at the transcriptional level.
As a primary type of regulatory sequences,
transcription factors (TFs) play critical roles in
this process by either positively or negatively
regulating the expression of multiple genes,
including both downstream structural genes
and other regulatory sequences. TFs regulate
gene expression by interacting with specific

cis-elements in target genes and by forming
protein complexes with other TFs to either
promote or suppress target gene expression in
regulatory modules. Over the past decade,
apple whole-genome sequencing efforts have
enabled the collection of genomic information
on apple TF families and their specific roles in
regulation of fruit quality traits, abiotic and
biotic stress resistance, and various other
important biological traits. In this chapter,
we will provide an introduction of apple TFs,
and review recent studies on their roles in the
regulation of apple growth and development.

9.1 Introduction

The genus Malus belongs to the Rosaceae fam-
ily. It includes the cultivated orchard apple,
Malus � domestica Borkh., an important horti-
cultural crop whose global production has
increased in the last decade to more than 80
megatons on a cultivated area of nearly
3,000,000 ha. The apple has been cultivated for
thousands of years in China.

The first draft of the whole-genome sequence
(WGS) of the cultivated apple, of ‘Golden
Delicious’, was published and labelled v1.0
(Velasco et al. 2010). The apple was the third
fruit crop to be sequenced, following grape and
papaya (Bolger et al. 2014). The heterozygosity
of the ‘Golden Delicious’ genome was relatively
high, and approximately 81% of the genome was
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sequenced, with a total contig length of 604 Mb
compared to the estimated genome size of
742 Mb and 63,141 annotated genes (Velasco
et al. 2010). Although incomplete, this draft
sequence was beneficial to the apple research
community, as it demonstrated that the 17 apple
chromosomes were derived from a genome-wide
duplication of nine original chromosomes in a
Rosaceae ancestor (Velasco et al. 2010). Subse-
quently, a high-quality apple WGS from a
double-haploid ‘Golden Delicious’, line
“GDDH13”, was released, and designated as
GDDH13 v1.1. This genome was 643 Mb in
size, with 42,140 annotated genes and a scaffold
N50 of 5.558 Mb (Daccord et al. 2017). This
new WGS provided additional genomic resour-
ces for apple research (Peace et al. 2019).
Recently, apple genome re-sequencing of 117
diverse accessions was conducted and used to
demonstrate that the cultivated apple probably
originated from M. sieversii in Kazakhstan via
deep introgression with M. sylvestris, and that M.
sieversii from Xinjiang in China might not have
directly contributed to apple domestication. This
study supported a two-stage process for the
evolution of the enlarged apple fruit size and
generated molecular markers useful in apple
breeding programmes (Duan et al. 2017). More
recently, a high-quality genome of an apple
anther-derived homozygous line, “HFTH1”, was
assembled with a contig N50 of 6.99 Mb. This
study identified numerous genomic variations
due mainly to activities of transposable elements
and demonstrated that a retrotransposon insertion
in the MdMYB1 promoter was associated with
the red-skinned apple phenotype (Zhang et al.
2019).

Overall, these whole-genome sequencing and
re-sequencing efforts have contributed to our
knowledge of apple genetics and functional
genomics, and have provided useful guidance for
future molecular breeding efforts. In particular,
apple WGSs have spurred major advances in
apple functional genetics. Numerous studies have
identified candidate genes related to important
horticultural traits such as flowering, fruit ripen-
ing, fruit quality characteristics, and stress resis-
tance (Gu et al. 2019; Peace et al. 2019).

In general, genomic sequences include both
non-coding and coding sequences. Non-coding
sequences are comprised of multiple types of
regulatory elements, such as promoters, enhan-
cers, silencers, and insulators, and these regulate
spatial and temporal transcriptions of targeted
protein-coding sequences (Orenstein and Shamir
2016). While coding sequences are those DNAs
that are transcribed into RNAs, and in turn, these
RNAs are translated into proteins. Among these
coding sequences, TFs function to serve as major
regulatory sequences. TFs contain DNA-binding
domains, and function as either activators or
repressors by binding to cis-acting elements in
target gene promoters, thereby increasing or
decreasing transcription of numerous genes
controlling multiple biological processes,
including growth, development and stress toler-
ance (Orenstein and Shamir 2016). Often, TFs
have additional functional domains allowing
them to interact with various other regulatory
sequences (Boeva 2016).

Only a handful of TF genes have been func-
tionally characterized in apple and in other
woody plants until recently. In this chapter, we
will focus on advances in identifying apple TFs
and exploring their specific functions in regulat-
ing apple physiological processes. We will pre-
sent an overview of apple TF families and then
proceed to cover recent advances in functional
characterizations of these TF families.

9.2 Transcription Factor Families
in Apple

Based on the availability of multiple plant WGSs,
it is now relatively easy to identify genes encoding
plant TFs. These TFs account for a considerable
portion of a genome and can be grouped into dif-
ferent gene families based on their conserved
protein–protein and DNA-binding domains, as
well as various other completed genome sequen-
ces. Arabidopsis is the most extensively charac-
terized plant from a genomic perspective. The
Arabidopsis genome is approximately 130 Mb in
size, and contains approximately 30,000 protein-
coding genes, over 2,000 of which are
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transcription factors, belonging to more than 50
families. Similar to genomes of other model
organisms, such as Caenorhabditis and Droso-
phila, the Arabidopsis genome exhibits broad
duplications (Riechmann and Ratcliffe 2000).
Furthermore, major TF families of Arabidopsis
include the following: MYB, basic helix-loop-
helix (bHLH), APETALA2/ETHYLENE
RESPONSE FACTOR (AP2/ERF),
NAM/ATAF1,2/CUC2 (NAC), Teosinte
branched1/cycloidea/proliferating cell factor 1
(TCP), basic leucine zipper (bZIP), and MADS
families (Table 9.1). Many of these families are
plant-specific, such as AP, NAC, WRKY, and
DNA-binding one zinc finger (Dof) (Riechmann
and Ratcliffe 2000). As these multiple TF families
regulate a variety of target genes, these likely
allow plants to respond to various biotic and abi-
otic stresses. For example, MYB TFs play key
roles in plant secondary metabolites, AP2 TFs
play specific roles in the regulation of floral
development, both TCP and NAC TFs influence

hormone-mediated growth and development of
leaves and roots, WRKY proteins regulate multi-
ple stress responses, and SQUAMOSA promoter
binding protein-like (SPL) TFs participate in
regulating the transition from juvenile to adult
growth (Samad et al. 2017).

Previously, general characteristics of apple
TFs have been inferred from homology-based
cloning of homologous sequences from other
model plants. In particular, the Arabidopsis
genome has been used as a model to identify TFs
in apple and in other fruit tree species. Following
the release of the apple whole-genome sequence,
it has become relatively straightforward to iden-
tify apple TF-encoding genes (Jin et al. 2017).
A listing of major TF families of those of apple
and Arabidopsis, based on information from the
Plant TFDB (http://planttfdb.cbi.pku.edu.cn/),
with Arabidopsis used as a reference, is pre-
sented in Table 9.1 (Davuluri et al. 2003;
Velasco et al. 2010; Jin et al. 2017). Interest-
ingly, some of these TF families have been

Table 9.1 A listing of major transcription factor (TF) families, along with numbers of genes in each of these families,
identified in both Arabidopsis and apple through PlantTFDB

TF
family

PlantTFDB
in
Arabidopsis

PlantTFDB
in apple

Genomic identification in
apple

Reference(s)

SBP 30 42 27 Li et al. (2013)

WRKY 90 139 127/119 Meng et al. (2016), Lui et al. (2017)

ARF 37 30 31 Luo et al. (2014)

LBD 50 80 58 Wang et al. (2013)

Dof 47 60 60 Yang et al. (2018), Zhang et al.
(2018b)

AP2/ERF 30 45 259 Girardi et al. (2013)

bHLH 225 250 188/175 Mao et al. (2017), Yang et al.
(2017)

bZIP 127 114 114 Li et al. (2016b)

CO-like 22 17 64 Liu et al. (2018)

GATA 41 35 35 Chen et al. (2017b)

GRF 9 12 16 Zheng et al. (2018a)

MADS 146 142 146 Tian et al. (2015)

MYB 168 238 229 Cao et al. (2013)

NAC 138 253 180 Su et al. (2013)

TCP 33 58 52 Xu et al. (2014)
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identified only in plant species, including those
of AP2, AS2, Dof, EIL, GARP, LFY, NAC, Nin-
like, SBP, TCP, WRKY, and YABBY gene
families. These families may play specific roles
in plant biological processes and in response to
external environmental changes.

Multiple transcription factor families have
been identified in apple, including those of MYB
(Cao et al. 2013), AP2/ERF (Girardi et al. 2013),
SBP (Li et al. 2013), NAC (Su et al. 2013),
LATERAL ORGAN BOUNDARIES domain
(LBD) (Wang et al. 2013), Auxin responsive
factor (ARF) (Luo et al. 2014), TCP (Xu et al.
2014), MADS (Tian et al. 2015), bZIP (Li et al.
2016b), WRKY (Meng et al. 2016; Lui et al.
2017), GATA (Chen et al. 2017b), bHLH (Mao
et al. 2017; Yang et al. 2017), Dof (Yang et al.
2018; Zhang et al. 2018b), BBX (Liu et al.
2018), and Growth-regulating factor
(GRF) (Zheng et al. 2018a) gene families
(Table 9.1). It is important to point out that most
of these analyses have been conducted prior to
2017 using the 2010 v1.0 apple reference gen-
ome (Velasco et al. 2010). This has provided an
overview of apple TFs, including their chromo-
somal locations, subfamily classifications,
intron–exon organisations, sequence features,
limited spatio-temporal expression patterns, and
transcriptional responses in response to different
environmental and hormonal stimuli.

In the next section, a review along with a
description of detailed information about apple
TFs that have been functionally characterized
will be presented.

9.2.1 MYB TF Family

MYB TFs have been genome-wide isolated and
characterized in numerous plant species, including
Arabidopsis and apples (Dubos et al. 2010; Cao
et al. 2013). MYB TFs correspond to a large gene
family in plants and known to perform various
functions in plant biological processes in apple
(Dubos et al. 2010; Allan and Espley 2018). MYB
TFs can be divided into three subfamilies based on
theMYBdomains, includingR1R2R3,R2R3, and
MYB-related (Dubos et al. 2010). Most MYBs

belong to the R2R3 subfamily, having a DNA-
binding domain (MYB domain) in the N-terminal
and a regulatory domain (for either activation or
repression) that is mainly present in the C terminal
region (Dubos et al. 2010). In apple, a total of 229
MYB TFs have been identified, including 222
belonging to the R2R3 subfamily, five to the
R1R2R3 subfamily, and two to the 4R-like sub-
family (Cao et al. 2013). Furthermore, MYB TFs
are classified into 45 phylogenetic subgroups
based on conserved sequence motifs in their non-
DNA-binding domain (DBD) regions (Cao et al.
2013). Many MYB TFs have been functionally
characterized in apple, and their roles have been
well investigated in multiple biological processes,
including secondary metabolism (flavonoids, fla-
vour, and organic acids), hormone signalling, and
stress defence (Allan and Espley 2018; Gu et al.
2019), as presented in Table 9.2 and Fig. 9.1.

Studies on MYB TFs have mainly focused on
their roles in regulating the phenylalanine meta-
bolic pathway (specifically anthocyanin and
proanthocyanidin accumulation) and fruit col-
oration. Anthocyanins are important secondary
metabolites that determine fruit coloration (Allan
and Espley 2018; Honda and Moriya 2018).
Interestingly, anthocyanin biosynthesis is regu-
lated by a variety of environmental and hormonal
factors (An et al. 2020c). In apple, MdMYB1/
MYB10/MYBA are found to be homologs of
Arabidopsis MYB75/PAP1, and are involved as
major regulators of anthocyanin biosynthesis and
fruit coloration (Borevitz et al. 2000; Espley et al.
2009; Allan and Espley 2018). In fact,
MdMYB1/MYB10/MYBA are allelic, and it has
been reported that there is an insertion in the
MdMYB10 promoter to promote its auto-
activation, leading to over-accumulation of
anthocyanin in both leaves and fruits (Espley et al.
2009). Incidentally, the expression of MdMYB10
also affects the release of volatiles, mainly through
the phenylpropanoid metabolic pathway (Yauk
et al. 2017). Whereas, MdMYB110a, a paralog of
MdMYB1/MdMYB10, is a second apple TF
associated with the distinctive phenotype of red-
coloured fruit flesh cortex and green leaves
(Chagné et al. 2013).

192 X.-F. Wang and Y.-J. Hao



Table 9.2 A listing of MYB transcription factors in apple, their counterparts in Arabidopsis, along with their functions

Malus � domestica Corresponding counterparts in
Arabidopsis

Function(s) Reference(s)

MdMYB1/MYB10/MYBA AtMYB75/AtPAP1,
AtMYB90/AtPAP2

Anthocyanin biosynthesis
Organic acid
accumulation
Osmotic stress tolerance

Espley et al. (2009)
Hu et al. (2016a)
Gao et al. (2011)

MdMYB110a AtMYB113,
AtMYB114

Anthocyanin biosynthesis Chagné et al. (2013)

MdMYB9, MdMYB11 AtTT2 Anthocyanin and PA
biosynthesis

An et al. (2015)

MdMYB24L AtMYB24 Anthocyanin biosynthesis Wang et al. (2019a)

MdMYBPA1 MYBPA1 Anthocyanin
accumulation

Wang et al. (2018b)

MdMYB23 AtMYB10 PA biosynthesis An et al. (2018c)

MdMYBDL1 AtMYB58 Anthocyanin biosynthesis Xu et al. (2017),
Liu et al. (2019a)

MdMYB16 AtMYB3 Anthocyanin biosynthesis Xu et al. (2017,
Liu et al. (2019a)

MdMYB308 AtMYB7 Anthocyanin biosynthesis Xu et al. (2017),
Liu et al. (2019a)

MdMYB12 AtMYB32 PA biosynthesis Wang et al. (2017)

MdMYB22 AtMYB4 PA biosynthesis Wang et al. (2017)

MdMYB3 MdMYB3 Anthocyanin biosynthesis Vimolmangkang et al.
(2013)

MdMYBL2 AtMYBL2 Anthocyanin biosynthesis Wang et al. (2019b)

MdMYB73 AtMYB44 Organic acid
accumulation

Hu et al. (2017)

MdMYB44 AtMYB44 Organic acid
accumulation

Jia et al. (2018b)

MdSIMYB1 AtMYB112 Abiotic stresses tolerance Wang et al. (2014)

MdoMYB121 AtMYB5 Abiotic stresses tolerance Cao et al. (2013)

MdMYB4 AtMYB4 Abiotic stresses tolerance Wu et al. (2017b)

MdMYB15L AtMYB15 Cold stress tolerance Xu et al. (2018a, b)

MdMYB46 AtMYB46 Salt and osmotic stress
tolerance

Chen et al. (2019)

MdMYB88,
MdMYB124

AtFLP;
AtMYB88

Cold stress tolerance;
Root development

Xie et al. (2018)
Wang et al. (2019c)

MdMYB308L AtMYB3 Cold stress tolerance An et al. (2020d)

MdMYB39L AtMYB9 Sucrose uptake;
Stamen development

Meng et al. (2018a),
Li et al. (2020)

MdMYB58 AtMYB15 Iron homeostasis Wang et al. (2018a)

MdMYB2 AtMYB2 Phosphate utilisation Yang et al. (2020)

MdMYB93 AtMYB93 Suberin synthesis Legay et al. (2016)
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It has been reported that in most horticultural
plants, including apple, light and UVB
(ultraviolet-B, 280–315 nm) play key roles in
regulating the phenylpropanoid metabolism of
leaves, flowers, and fruits (Li et al. 2012). In
particular, it has been observed that transcript
levels of the apple MdMYB1 gene is induced by
light, and this gene transcriptionally activates
other structural genes that, in turn, regulate
anthocyanin biosynthesis (Li et al. 2012).
Moreover, as a critical repressor in the light
signalling pathway, a gene encoding for the
constitutive photomorphogenic1 (COP1) is
found to regulate light-mediated anthocyanin
accumulation by ubiquitination and degradation
of MdMYB1 (Li et al. 2012). In another study,
expression of the apple TF MdHY5, coding for a
bZIP protein, is reported to be induced by light,
and it promotes expression of MdMYB1 (An
et al. 2017b). On the other hand, an apple
MdSIZ1, a SIZI sumo E3 ligase, directly inter-
acts with and sumoylates MdMYB1 to modulate
anthocyanin accumulation at low temperatures
(Zhou et al. 2017a). Whereas, MdEIL1, an
ethylene-responsive regulator, binds directly to
the promoter of MdMYB1, thereby regulating
ethylene-modulated anthocyanin accumulation.
Furthermore, MdMYB1 interacts with the

MdERF3 promoter, a positive regulator of ethy-
lene biosynthesis, promoting ethylene biosyn-
thesis and anthocyanin accumulation in a
positive feedback pathway (An et al. 2018d).

In recent studies, it has been reported that
transcript levels of MdbZIP44 (An et al. 2018f),
MdWRKY40 (An et al. 2019c), MdERF38 (An
et al. 2020e), and MdTCP46 (An et al. 2020a)
can be induced by abscisic acid (ABA),
wounding, drought, and high-light intensity,
respectively. All of these TFs interact with
MdMYB1 and promote its transcriptional activity,
thereby inducing environmentally and hormon-
ally modulated anthocyanin accumulation and
fruit coloration (An et al. 2020c). Interestingly, it
has been observed that nitrate plays a negative
role in fruit coloration as an appleMdBT2 gene, a
member of the “bric-à-brac, tramtrack, broad-
complex” (BTB) domain gene family and
homologous to an Arabidopsis nitrate-responsive
gene, AtBT2, is induced by exogenous nitrate
(Wang et al. 2018c). In fact, MdBT2 interacts
with both MdMYB1 and MdMYB9, thus nega-
tively regulating their protein stabilities, and
inhibiting both anthocyanin and proanthocyani-
din (PA) accumulation and fruit coloration (An
et al. 2018a; Wang et al. 2018c). Furthermore, an
apple MdMIEL1, encoding a RING E3 ligase

Fig. 9.1 A model depicting
the identified TFs in
regulating apple growth and
development
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that responds to multiple abiotic stresses, is
found to interact with MdMYB1 to modulate its
ubiquitination and protein stability, thereby
negatively regulating MdMYB1-mediated
anthocyanin biosynthesis (An et al. 2017a).
Transparent testa2 (TT2) and PA1 types of MYB
TFs are involved in PAs biosynthesis, and ecto-
pic expression of MdMYB9 and MdMYB11,
homologs of Arabidopsis TT2 proteins, promote
both anthocyanin and PA accumulation. Fur-
thermore, MdMYB9 and MdMYB11 interact
with a bHLH TF, MdbHLH3, to regulate the
transcription of structural genes participating in
anthocyanin and PA biosynthesis (An et al.
2015). Moreover, MdMYB24L responds to jas-
monic acid (JA), and interacts with JA signalling
factors (MdJAZs and MdMYC2) to promote
anthocyanin accumulation (Wang et al. 2019a).

On the other hand, MdMYBPA1, a PA1-type
MYB TF, is found to respond to low temperature
and promotes the conversion of PA to antho-
cyanin (Wang et al. 2018b). In fact, cold stress
induces expression of the apple MdMYB23, and
that overexpression of MdMYB23 promotes
increased cold tolerance by activating transcrip-
tion of C-repeat binding transcription factors
(CBFs) MdCBF1 and MdCBF2. Furthermore,
MdMYB23 also modulates PA accumulation by
promoting the expression of MdANR, the key
enzyme of PA biosynthesis (An et al. 2018c).
Whereas, overexpression ofMdMYBDL1, a light-
inducible MYB-like gene, enhances anthocyanin
accumulation by inhibiting expression of both
MdMYB16 and MdMYB308, two negative regu-
lators of anthocyanin biosynthesis (Xu et al.
2017; Liu et al. 2019a). In another group of
MYB TFs, MdMYB12 and MdMYB22 are
reported to regulate the phenylalanine metabolic
pathway in apple (Wang et al. 2017). Whereas,
overexpression of MdMYB3 is found to be high
in red-skinned rather than in either yellow- or
green-skinned apples, as it promotes accumula-
tion of both anthocyanins and flavonols, and
regulates flower development (Vimolmangkang
et al. 2013). Moreover, in red-fleshed apples,
MdMYBL2 acts as a positive regulator of
cytokinin-induced anthocyanin biosynthesis
(Wang et al. 2019b).

Another functional property of MYB TFs is
their participation in organic acid accumulation
in apple. For example, MdMYB1 can not only
control anthocyanin biosynthesis, but it also can
influence organic acid accumulation by modu-
lating the vacuolar acidity via vacuolar H+-
ATPases (VHAs) and vacuolar H+-pyropho-
sphatases (VHPs) (Hu et al. 2016a). In another
TF, MdMYB73 interacts with MdCIbHLH1
influencing organic acid accumulation by pro-
moting expression of apple aluminium-activated
malate transporter 9 (MdALMT9), vacuolar
ATPase subunit A (MdVHA-A), and vacuolar
pyrophosphatase 1 (MdVHP1) (Hu et al. 2017).
While, MdMYB44, identified by bulk segregant
analysis, has an A/G SNP in its promoter region
that contributes to accumulation of different
levels of acidity in apple fruit (Jia et al. 2018b).

It has been well documented that MYB TFs
influence tolerance to biotic and abiotic stresses
in various plants, including apple (Dubos et al.
2010). For example, transcript levels of the apple
MdSIMYB1, an R2R3-MYB TF, are influenced
by various abiotic stresses, and overexpression of
MdSIMYB1 promotes apple tolerance to various
abiotic stresses, such as salinity‚ drought‚ and
cold stresses (Wang et al. 2014). While overex-
pression of MdMYB10 in Arabidopsis promotes
osmotic stress tolerance (Gao et al. 2011). In
another study, transgenic apple and tomato plants
over-/expressing MdoMYB121, induced by mul-
tiple stresses, demonstrate enhanced tolerance to
salinity, drought, and cold stresses (Cao et al.
2013). Furthermore, MdMYB4 is found to be a
positive regulator of cold and salt tolerance (Wu
et al. 2017b), while MdMYB15L is a negative
regulator of the cold stress response (Xu et al.
2018a, b). In a recent study, transgenic apple
overexpressing MdMYB46 demonstrates
enhanced tolerance to both salt and osmotic
stress (Chen et al. 2019). In another study,
transgenic plants expressing MdMYB88 and
MdMYB124, two homologs induced by cold,
demonstrate enhanced cold tolerance via elevated
expression of cold-related genes (Xie et al.
2018). Yet another TF, MdMYB308L promotes
cold tolerance through upregulation of tran-
scription of an MdCBF2 gene (An et al. 2020d).
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Another reported role of MYB TFs is their
involvement in regulating plant organ develop-
ment (Dubos et al. 2010). As reduced levels of
accumulation of the sugar alcohol sorbitol con-
tribute to abnormal stamen development, it has
been observed that a stamen-specific TF,
MdMYB39L, plays an essential role in sorbitol-
mediated growth and development of stamens
and pollen tubes (Meng et al. 2018a). Recently,
MdMYB39L is shown to bind to the promoter of
a sugar transporter, MdSTP13a, to promote
sucrose uptake and pollen tube growth (Li et al.
2020). Furthermore, an apple FOUR LIPS
(MdFLP), also known as MdMYB124, is also
found to regulate adventitious root development
by modulating the auxin response (Wang et al.
2019c).

In other roles, some MYB TFs are found to
regulate nutrient uptake and utilisation in apple.
For example, MdMYB58 is induced by iron
deficiency and transcriptionally represses
MdMATE43 expression, thus negatively regulat-
ing Fe homeostasis (Wang et al. 2018a). While,
ectopic expression of MdMYB2, found to be
responsive to phosphate deficiency, regulates
both phosphate utilization and gibberellin (GA)-
regulated growth (Yang et al. 2020).

It is quite likely that apple MYB TF may also
have additional functions. For example,
MdMYB93 is highly expressed in russeted sub-
erised skin of apple fruits, and it has been found
that transient expression of MdMYB93 promotes
suberin synthesis (Legay et al. 2016).

9.2.2 The bHLH TF Family

Similar to MYBs, bHLH proteins are also among
the largest TF families. These proteins consist of
a conserved bHLH domain of about 60 amino
acids that includes two functional motifs, a basic
(b) motif and an ‘HLH’ motif (Toledo-Ortiz et al.
2003). The ‘b’ motif is located at the N-terminus,
consists of 13–17 amino acids, and recognizes an
E-box DNA sequence (CANNTG) (Kavas et al.
2016), while the ‘HLH’ motif functions in
dimerisation with other interacting proteins
(Massari and Murre 2000).

In plants, bHLH TFs act as key regulators of
metabolic, physiological, and developmental
processes, such as light signalling, hormone
signal transduction, abiotic and biotic stress
responses, and nutrient utilization. Yang et al.
(2017) have identified 175 bHLH proteins in
apple using multiple sequence alignments, and
have classified them into 23 subfamilies. Mao
et al. (2017) have also characterized bHLH TFs
in apple, and have identified 188 bHLH TFs, and
these have been subdivided into 18 groups. Their
regulatory roles in secondary metabolism, abiotic
stress responses, as well as nutrient uptake and
utilisation have been functionally identified
(Table 9.3 and Fig. 9.1).

Among these apple bHLH TFs, MdbHLH3
and its homolog MdbHLH33 have been well
documented to be involved in regulating antho-
cyanin accumulation and in cold stress tolerance.
It has been observed that as low temperature
promotes biosynthesis of anthocyanin,
MdbHLH3 is found to be cold-induced, and it
interacts with MdMYB1 (allelic to MdMYB10)
to regulate low-temperature enhanced antho-
cyanin accumulation and fruit coloration in apple
(Xie et al. 2012). In addition to its interaction
with MdMYB1, MdbHLH3 interacts with
MdMYB9/11 to activate the expression of
MdMYB1, MdMYB9, and MdMYB11, thereby
promoting anthocyanin and PA accumulation
(An et al. 2015). It has been reported that the
apple hexokinase, MdHXK1, is a glucose sensor,
and it directly phosphorylates and stabilizes
MdbHLH3 to regulate glucose-modulated
anthocyanin accumulation (Hu et al. 2016b).
Furthermore, MdbHLH3 can also promote ethy-
lene release by promoting transcription of genes
involved in ethylene biosynthesis (Hu et al.
2019). Interestingly, MdbHLH33 positively reg-
ulates anthocyanin accumulation and cold stress
tolerance by promoting transcription of related
regulatory and structural genes (Xie et al. 2012;
Xu et al. 2017, 2018a).

Yet another bHLH TF, MdMYC2, is an
important regulator of the phytohormone jas-
monate (JA)-induced anthocyanin accumulation
(An et al. 2016). While expression of another
apple bHLH TF, MdCIbHLH1, a homolog of the
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Arabidopsis ICE1, is apparently induced by cold
treatment. In fact, overexpression of
MdCIbHLH1 contributes to cold stress tolerance
by inducing transcription of MdCBF2 (Feng
et al. 2012). It has also been observed that
MdCIbHLH1 interacts with MdMYB73 to reg-
ulate malic acid biosynthesis and vacuolar acidity
(Hu et al. 2017; Zhang et al. 2020).

As mentioned above, some bHLH TFs are
functional in apple fruit ripening, which is pro-
moted by both ethylene and JA. It has been
reported that MdMYC2 encodes a bHLH TF
whose transcript is induced by JA, wherein
MdMYC2 binds directly to promoters of apple
genes encoding 1-aminocyclopropane-1-
carboxylic acid (ACC) synthase (ACS1),
MdACS1, ACC oxidase, MdACO1, and the sec-
ondary TF ETHYLENE RESPONSE FACTOR
3 (ERF3), MdERF3, thereby promoting ethylene
biosynthesis. Furthermore, MdMYC2 also inter-
acts with MdERF2, a suppressor of ethylene
biosynthesis, thereby enhancing the expression

of MdACS1, and ultimately modulating both
ethylene biosynthesis and fruit ripening through
crosstalk between and ethylene and JA signalling
(Li et al. 2017b).

In addition to the above-described functional
roles, bHLH TFs play essential roles in both
nutrient uptake and utilization. As iron (Fe) defi-
ciency affects the growth and development of
fruit trees, some bHLH TFs belonging to the Ib
subgroup have been shown to regulate iron uti-
lization in apple (Yin et al. 2014; Zhao et al.
2016; Wang et al. 2018a). For example,
MdbHLH104 is a key regulator of the Fe defi-
ciency response, and transgenic apple plants
expressing MdbHLH104 have demonstrated
increased H+-ATPase activity in response to Fe
deficiency (Zhao et al. 2016). MdbHLH104
interacts with the promoter of the apple gene
coding for the Arabidopsis PM H+-ATPase
(AHA), MdAHA8, to positively regulate its
expression, and thereby promoting Fe uptake. In
addition, MdbHLH104 directly regulates

Table 9.3 A listing of bHLH transcription factors in apple, their counterparts in Arabidopsis, along with their
functions

Malus � domestica Corresponding counterparts in
Arabidopsis

Function(s) Reference(s)

MdbHLH3;
MdbHLH33

AtTT8 Flavonol biosynthesis;
Ethylene biosynthesis;
Cold stress tolerance

Xie et al. (2012),
An et al. (2015),
Hu et al. (2019),
Xu et al. (2017,
2018a)

MdMYC2 AtMYC2 Anthocyanin biosynthesis;
Ethylene biosynthesis;
Al tolerance

An et al. (2016),
Li et al. (2017b),
An et al. (2017c)

MdCIbHLH1 AtICE1 Cold stress tolerance;
Malic acid biosynthesis

Feng et al. (2012),
Zhang et al.
(2020)

MdbHLH104 AtbHLH104 Fe uptake Zhao et al. (2016)

MxFIT AtFIT Fe uptake Yin et al. (2014)

MdSAT1 AtbHLH19 Fe uptake Wang et al.
(2018a)

MdbHLH93 AtbHLH93 Leaf senescence An et al. (2019a,
b, c)

MdPIF1 AtPIF1 Seed germination; hypocotyl
elongation

Zhou et al.
(2017b)
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transcription of other Fe-responsive apple genes,
such as MdbHLH38, MdbHLH39, and
POPEYE (MdPYE)‚ an apple gene coding for a
bHLH protein induced by iron deficiency. It is
observed that MdbHLH104 interacts with sub-
group IVc bHLH proteins to co-regulate
MdAHA8 transcription, thereby promoting both
PM H+-ATPase activity and Fe utilization (Zhao
et al. 2016). In another study, an Fe deficiency-
induced transcription factor (FIT) bHLH gene,
MxFIT, has been isolated from the species M. x
iaojinensis, a promising apple rootstock with
resistance to iron chlorosis (Yin et al. 2014). It is
found that overexpression of MxFIT promotes
tolerance to iron deficiency stress (Yin et al.
2014). Furthermore, an apple member of the IVa
subfamily of bHLH TFs, MdSAT1 (an apple
symbiotic ammonium transporter1) interacts with
MdMYB58, and competitively weakens its
transcriptional activity, thereby promoting Fe
utilisation (Wang et al. 2018a).

It is important to point out that bHLH TFs
also participate in other biological processes
allowing for plants to acclimate to multiple
environments. For example, it has been found
that expression of MdbHLH93 is induced during
leaf senescence (An et al. 2019b). Furthermore,
overexpression of MdbHLH93 promotes expres-
sion of a SENESCENCE-ASSOCIATED GENE
(SAG), MdSAG18, and other apple senescence-
related genes, and that this regulates senescence
through an ABA-dependent pathway (An et al.
2019b). In another study, it is reported that
ectopic expression of an apple MdPIF1, coding
for PHYTOCHROME INTERACTING FAC-
TOR1 (PIF1)-a bHLH protein similar to AtPIF1,
inhibits seed germination and promotes hypoco-
tyl elongation (Zhou et al. 2017b). In another
example, it is reported that a MdMYC2 gene
interacts with MdERF3 promoter, thereby nega-
tively regulating aluminium (Al) tolerance via
regulation of ethylene biosynthesis mediated by
MdERF3 (An et al. 2017c).

9.2.3 The WRKY TF Family

WRKY TFs belong to a large family. To date, 74
and 109 WRKY TFs have been isolated from
Arabidopsis and rice, respectively (Phukan et al.
2016). WRKY TFs contain a conserved WRKY
domain consisting of a highly conserved DNA-
binding WRKYGQK motif and a zinc-finger
motif (C2H2 or C2HC) (Eulgem et al. 2000). In
general, this domain binds to a W-box cis-acting
element (C/T)TGAC(C/T) (Brand et al. 2013;
Chen et al. 2017a). Overall, WRKY TFs can be
classified into four subfamilies based on numbers
of WRKY domains and types of zinc finger
motifs. Type I proteins possess two WRKY
domains; type II proteins contain one WRKY
domain and a C2H2 zinc finger motif; while type
III proteins contain one WRKY domain and a
C2HC zinc finger motif; and type IV proteins
contain one WRKY domain with an incomplete
zinc-finger motif (Eulgem et al. 2000).

It is reported that WRKY TFs are involved in
various plant biological processes, including
tolerance to biotic and abiotic stresses, secondary
metabolites, and phytohormone responses (Chen
et al. 2017a). In one recent study, 127
MdWRKYs have been identified in apple. These
are classified into four subfamilies (Meng et al.
2016), while in another study, 119 WRKY can-
didates have been identified in the apple genome.
These have been classified into three types,
Types I to III, based on their conserved WRKY
and zinc-finger domains (Lui et al. 2017).

Most studies on apple WRKY TFs have pri-
marily focused on their roles in responses to
abiotic and biotic stresses (Table 9.4 and
Fig. 9.1). For example, it has been found that
MdWRKY79 induces expression of the
NUCLEOTIDE BINDING/LEUCINE-RICH
REPEAT (NLR) 16‚ MdNLR16‚ thereby modu-
lating sorbitol-mediated resistance to the fungal
pathogen Alternaria alternata that incites Alter-
naria blotch disease of apple (Meng et al. 2018b).
Whereas, MdWRKY15 enhances apple resistance
to the fungal pathogen Botryosphaeria dothidea,
inciting bot or white rot, by directly regulating
salicylic acid (SA) biosynthesis via Isochoris-
mate Synthase (ICS), MdICS1 (Zhao et al. 2020).
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Likewise, MdWRKY46 activates the expression
of an apple gene encoding for an auxin-
responsive GH3 family protein, also known as
AVR PPHB SUSCEPTIBLE 3 (PBS3),
MdPBS3.1, another key regulator of SA biosyn-
thesis (Zhao et al. 2019a). Expression of
MdPBS3.1 results in SA signalling that enhances
plant resistance to B. dothidea (Zhao et al.
2019a). Yet another WRKY TF member,
MdWRKY31, also responds to SA, and its ectopic
expression increases resistance to biotic stress via
increased transcription of SA-related genes
(Zhao et al. 2019b). Furthermore, expression of
both MdWRKYN1 and MdWRKY26 is induced in
apple leaves inoculated with A. alternaria f. sp.
mali (ALT1), and overexpression of these two
genes enhances disease resistance by promoting
transcription of pathogenesis-related (PR) genes
mediated by these WRKY proteins (Zhang et al.
2017). In another study, transcription of
MdWRKY1 is also reported to be induced by
ALT1, and ectopic expression of MdWRKY1 also
promotes plant resistance to the fungal pathogen
Phytophthora parasitica var. nicotianae, which
incites black shank (root and crown rot) disease
(Liu et al. 2019b). Furthermore, MdWRKY11 is
reported to pathogen-induced, and hence it is
also involved in disease resistance (Fan et al.
2011).

Recent studies have demonstrated that apple
WRKY TFs also play essential roles in antho-
cyanin accumulation and phytohormone
response. As wounding induces anthocyanin
accumulation, it has been observed that overex-
pression of MdWRKY40 promotes wounding-
mediated anthocyanin biosynthesis (An et al.
2019c). Interestingly, it has been found that in
red-fleshed apples, expression of MdWRKY11 is
associated with anthocyanin synthesis, and that
MYB TFs and MdHY5 (a master regulator that
integrates signals from multiple pathways) are
involved in this process (Liu et al. 2019b).
Whereas, it has been observed that MdWRKY31
is induced by the phytohormone ABA, and that
MdWRKY31 binds directly to the promoter of
the TF gene related to AB13/viviparous1 (RAV1),
MdRAV1, to regulate plant sensitivity to ABA
(Zhao et al. 2019b). Furthermore, expression of

MdWRKY9 is found to be relatively high in
dwarfing apple rootstocks (highly valued for
establishing high-density plantings and for pro-
moting precocious fruiting), and additional
studies have demonstrated that MdWRKY9
modulates dwarfing through direct repression of
brassinosteroids (BRs) via inhibition of expres-
sion of an apple DWARFING (DWF) gene
MdDWF4 (Zheng et al. 2018b).

9.2.4 The AP2/ERF Gene Family

The AP2/ERF TF family is characterized by the
presence of an AP2/ERF domain, a region of
approximately 60–70 amino acids that are
involved in DNA binding. AP2/ERF TFs can be
classified into three subgroups, including AP2
proteins with two repeated AP2/ERF domains,
ERF proteins with single AP2/ERF domains, and
RAV proteins with B3 domains (Nakano et al.
2006). AP2/ERF proteins regulate a variety of
processes, including plant growth and develop-
ment, as well as responses to multiple environ-
mental stimuli (Riechmann et al. 2000). In apple,
a total of 259 AP2/ERF proteins, each containing
at least one ERF domain, have been identified
(Girardi et al. 2013). It is important to point out
that the ERF family can also be subdivided into
two subfamilies, an ERF subfamily and a
CBF/DREB subfamily (Sakuma et al. 2002). The
apple genome has been found to contain 68
MdDREB genes that can be further classified into
six subgroups (Zhao et al. 2012). Their roles in
fruit growth and development, as well as in
abiotic and biotic stress responses, have been
identified (Table 9.5 and Fig. 9.1).

9.2.4.1 ERF TFs
ERF TFs participate in both fruit ripening and
anthocyanin accumulation in apple fruit. It has
been reported that both MdERF1 and MdERF2
are expressed during fruit ripening (Wang et al.
2007), wherein transcription of MdERF2 is
inhibited by ethylene during ripening, and
MdERF2 interacts with MdERF3 to repress
MdACS1 transcription, thereby negatively
influencing fruit ripening (Li et al. 2016a,
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2017b). Moreover, MdMYC2 promotes ethylene
biosynthesis and fruit coloration by binding
directly to the promoter of MdERF3, thereby
promoting MdACS1 transcription (Li et al.

2017b). It has been observed that serine repeat
insertions in the coding region of the MdERF17
gene enhance its transcriptional activity, pro-
moting the expression of chlorophyll-

Table 9.4 A listing of WRKY transcription factors in apple, their counterparts in Arabidopsis, along with their
functions

Malus � domestica Corresponding counterparts in
Arabidopsis

Function(s) Reference(s)

MdWRKY79 AtWRKY72 Disease resistance Meng et al.
(2018b)

MdWRKY15 AtWRKY7 Disease resistance Zhao et al. (2020)

MdWRKY46 AtWRKY53 SA biosynthesis Zhao et al. (2019a)

MdWRKY31 AtWRKY6 Disease resistance Zhao et al. (2019b)

MdWRKYN1 AtDSC1 Disease resistance Zhang et al. (2017)

MdWRKY1 AtWRKY15 Disease resistance Liu et al. (2019b)

MdWRKY11 AtWRKY11 Disease resistance Fan et al. (2011)

MdWRKY40 AtWRKY40 Anthocyanin
biosynthesis

An et al. (2019c)

MdWRKY9 AtWRKY11 BRs biosynthesis Zheng et al.
(2018b)

Table 9.5 A listing of AP2/ERF transcription factors in apple, their counterparts in Arabidopsis, along with their
functions

Malus � domestica /
other Malus sp.

Corresponding counterparts
in Arabidopsis

Function(s) Reference(s)

MdERF2 AtERF105 Fruit ripening Li et al. (2016a, 2017b)

MdERF3 AtERF1A Fruit ripening Li et al. (2016a, 2017b)

MdERF17 AtERF17 Fruit peel degreening Han et al. (2018)

MdERF38 AtERF38 Anthocyanin
biosynthesis

An et al. (2020e)

MdERF1B AtERF1 Anthocyanin and PA
biosynthesis

Zhang et al. (2018a)

MdERF11 AtERF008 Disease resistance Wang et al. (2020)

MdERF4 AtERF4 Salt stress tolerance An et al. (2018g)

MsDREB6.2;
MpDREB2A

AtDREB2A Drought tolerance Liao et al. (2017)

MdDREB76 AtERF060 Salt and drought stress
tolerance

Li et al. (2019), Sharma
et al. (2019)

MbDREB1 AtDREB1 Abiotic stress tolerance Yang et al. (2011)

MdSHN3 AtSHN3 Cuticle formation, russet
development

Lashbrooke et al. (2015)

MdANT1;
MdANT2

AtANT Cell proliferation Dash and Malladi
(2012)

200 X.-F. Wang and Y.-J. Hao



degradation-related genes and contributing to
fruit peel degreening (Han et al. 2018). Further-
more, the apple ERF protein MdERF38 plays a
positive role in drought-modulated anthocyanin
accumulation mediated by MdMYB1 (An et al.
2020e). Moreover, MdERF1B interacts with
specific MYB proteins, including MdMYB1,
MdMYB9, and MdMYB11 to activate ethylene-
modulated anthocyanin and PA biosynthesis
(Zhang et al. 2018a).

It is known that ERF TFs also play important
roles in stress tolerance. For example, ERF11
expression is induced following infection by B.
dothidea, and overexpression of MdERF11 con-
fers resistance to B. dothidea by modulating the
SA biosynthesis pathway (Wang et al. 2020). An
et al. (2018g) have isolated a salt-responsive ERF
gene, MdERF4, and have demonstrated that
ectopic expression of MdERF4 reduces salt stress
tolerance, which is in contrast to transgenic
plants expressing MdERF3 that are found to be
more tolerant to salt stress. It is reported that
MdERF4 binds directly to the promoter of
MdERF3 and suppresses its expression, thereby
regulating ethylene-modulated salt stress toler-
ance (An et al. 2018g).

9.2.4.2 Dehydration Response Element
Binding (DREB) TFs

DREB TFs operate in response to abiotic stress.
It has been reported that transgenic apple plants
carrying MsDREB6.2, a gene isolated from M.
sieversii, demonstrate cytokinin-deficient phe-
notypes due to expression of MdCKX4a, a
cytokinin (CK) catabolism gene that degrades
endogenous CK, and thereby promoting drought
tolerance (Liao et al. 2017). While another apple
DREB gene, MdDREB76, promotes salt and
drought stress tolerance by inducing transcription
of stress-related genes (Sharma et al. 2019).

A gene for dwarf growth habit isolated from
M. baccata, MbDREB1, was found to promote
abiotic stress tolerance via ABA-dependent and
ABA-independent pathways (Yang et al. 2011).
In another study, it was reported that the
methylation level of the promoter of an apple
DREB2A gene, MpDREB2A, from M. prunifolia
was shown to influence its transcription when

ectopically expressed in transgenic Arabidopsis,
and enhancing drought resistance (Li et al. 2019).

9.2.4.3 AP2 TF Subfamily
Within the AP2 subfamily, an apple MdSHN3 is
found to contain an APETALA2-domain, and
that overexpression of an apple MdSHN3, a
WAX Inducer1/SHINE1 TF, promotes cuticle
formation and represses russet development on
apple fruit (Lashbrooke et al. 2015). Moreover,
apple AINTEGUMENTA genes, MdANT1 and
MdANT2‚ are found to modulate cell production
during fruit development by balancing the tran-
scription of cell proliferation-related genes (Dash
and Malladi 2012).

9.2.5 The MADS-Box TF Family

Members of the MADS-box gene family play
critical roles in a variety of physiological and
developmental processes in plants. All MADS
proteins contain a highly conserved N-terminal
MADS-box domain with approximately 59
amino acids that function in DNA binding
(Riechmann and Ratciliffe 2000). Based on
phylogenetic analysis, the plant MADS-box
family can be divided into two major subfami-
lies, type I (serum response factor [SRF]) and
type II (myocyte enhancer factor 2 [MEF2])
(Alvarez-Buylla et al. 2000). Type I genes can be
classified into different MADS (M) protein
including Ma, Mb, and Mr subgroups, while type
II genes can be classified into MIKCC and
MIKC* subgroups, wherein these consist of a
MADS (M) domain, an intervening (I) domain, a
keratin-like (K) domain, and a C-terminal
(C) region, thus referred to as MIKC-type pro-
teins. The MIKCC can be further subdivided into
12 subfamilies (Henschel et al. 2002; Becker and
Theissen 2003).

Within the apple genome, a total of 146
MADS-box genes have been identified, and these
are clustered into six subfamilies (Tian et al.
2015). Yet, in another study, a total of 142 apple
MADS-box proteins have been identified,
including six Dormancy-Associated MADS-box
(DAM) proteins and four Flowering Locus C-
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like (FLC-like) proteins (Kumar et al. 2016).
Among these, the functions of three MdDAMs
and two SHORT VEGETATIVE PHASE-like
(MdSVPs) MADS-box genes have been investi-
gated in apple, and it is found that ectopic
expression of these genes contributes to delayed
budbreak and altered architecture changes (Wu
et al. 2017a). In another study, it is reported that
MdMADS8 and MdMADS9 bind to promoters of
MdACS1 and MdACO1, promoting their tran-
scription and ultimately regulating fleshy fruit
development (Ireland et al. 2013). While another
gene, FRUITFULL (FUL), is associated with the
regulation of fruit development and dehiscence,
and it is reported that an orthologous FUL-like
candidate apple gene, MdMADS2.1, influences
fruit flesh firmness (Cevik et al. 2010). Further-
more, ectopic expression of MdMADS2 in
tobacco results in earlier flowering and shorter
bolts, suggesting that MdMADS2 may regulate
flower development in apple (Sung et al. 1999).
Moreover, overexpression of an apple
MdMADS5, a putative homolog of Arabidopsis
APETALA1 (AP1), leads to early flowering
(Kotoda et al. 2002). Whereas in apetalous
mutants of apple, expression of an apple PIS-
TILLATA (MdPI) gene, is abolished by a retro-
transposon insertion in the intron position, and
this mutation confers parthenocarpic fruit devel-
opment (Yao et al. 2001).

9.2.6 The bZIP TF Family

The bZIP TF family consists of important regu-
lators of various plant biological processes. The
bZIP TFs are named based on their possession of
a conserved bZIP domain with 60–80 amino
acids, consisting of a basic region and a leucine
zipper region (Hu and Sauer 1992).

In apple, a total of 114 bZIP TFs have been
identified and classified into ten subfamilies
based on their sequences. These TFs have dif-
ferent expression profiles, wherein some
MdbZIPs are highly expressed during fruit
ripening, while others are differentially expressed
in vegetative organs (Li et al. 2016b).

Among these TFs, the ELONGATED
HYPOCOYTL5 (HY5) bZIP TF plays multiple
roles in plant photomorphogenesis and in stress
tolerance. In apple, MdHY5 is involved in reg-
ulating anthocyanin accumulation, and it is
reported that various environmental and hor-
monal factors promote its expression (An et al.
2017b). It has been observed that MdHY5 posi-
tively regulates the expression of MdMYB10 by
binding to the G-box cis-element. Furthermore,
expression of MdNRTs and MdNIRs, involved in
nitrate assimilation and uptake, are also induced
by MdHY5, thereby highlighting the role of
MdHY5 in nutrient utilization (An et al. 2017b).
Interestingly, an apple B-box MdBBX22,
belonging to a family of zinc-finger TFs, inter-
acts with MdHY5 and promotes its transcrip-
tional activity to regulate anthocyanin
accumulation and fruit coloration (An et al.
2019a). Another study reported that MdHY5
binds to the promoter of the light-inducible apple
gene MdMYBDL1 to activate its expression,
negatively regulating transcription of both
MdMYB16 and MdMYB308, two negative regu-
lators of anthocyanin biosynthesis, thereby pro-
moting anthocyanin accumulation (Liu et al.
2019a). Furthermore, MdHY5 also acts as a
positive regulator of cold tolerance (An et al.
2017d).

Among other bZIP TFs, an ABA-responsive
transcription factor, AREB2, is found to promote
soluble sugar accumulation by upregulating
transcription of related genes, including amylase
and sugar transporter genes (Ma et al. 2017).
Similarly, the bZIP TF MdbZIP44 regulates
ABA-modulated anthocyanin accumulation by
enhancing binding of MdMYB1 to promoters of
downstream target genes (An et al. 2018f).

9.2.7 The BBX TF Family

Plant BBX proteins belong to a zinc-finger TF
family, and they contain a B-box domain (either
one or two conserved B-box motifs) at their N-
termini along with a CCT (CONSTANS, CO-
like, and TOC1) domain at their C-termini
(Gangappa and Botto 2014). These BBX
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proteins are known to be involved in regulating
photomorphogenesis, shade avoidance, and
stress response (Gangappa and Botto 2014).

In apple, a total of 64 MdBBXs have been
identified, all of which are classified into five
subfamilies based on their phylogenetic rela-
tionships (Liu et al. 2018). MdBBX22 responds
to UV-B, and as mentioned above, it interacts
with MdHY5 to promote its transcriptional
activity and positively to regulate photomor-
phogenesis (An et al. 2019a). On the other hand,
the BBX protein MdBBX37 regulates photo-
morphogenesis through synergistic interactions
with MdMYBs and MdHY5 (An et al. 2020b). It
is reported that UV-B radiation enhances antho-
cyanin accumulation and fruit coloration, and an
apple B-box protein-encoding gene, MdCOL11,
positively regulates UV-B enhanced anthocyanin
biosynthesis (Bai et al. 2014). Interestingly,
expression of MdBBX20 is also significantly
induced by UV-B, and MdBBX20 can regulate
anthocyanin accumulation in response to both
ultraviolet radiation and low temperature (Fang
et al. 2019b). Furthermore, another BBX protein,
MdCOL4, links UV-B and high-temperature
signalling to regulate apple fruit coloration
(Fang et al. 2019a). Moreover, ectopic expres-
sion of MdBBX10 in Arabidopsis is found to
enhance tolerance to both drought and salt
stresses (Liu et al. 2019c).

9.2.8 The NAC TF Family

The plant-specific NAC (NAM, ATAF, and
CUC) TF family is recognized by a conserved
NAC domain that contains approximately 160
amino acids. The NAC TF family can be clas-
sified into five subgroups (A to E). NAC TFs
play diverse roles in regulating plant biological
processes, particularly in responses to both biotic
and abiotic stresses (Olsen et al. 2005).

A total of 180 NAC genes have been identi-
fied in apple, and these have been grouped into
six subfamilies (I-VI) based on their phyloge-
netic relationships (Su et al. 2013). Functional
characterization of apple NAC TFs has mainly

revealed their participation in plant abiotic stress
tolerance. For example, MdNAC1 is a NAC
transcription factor, and its overexpression leads
to a dwarfing phenotype, likely attributed to
reduced levels of endogenous ABA and brassi-
nosteroid (BR) (Jia et al. 2018a). Moreover,
overexpression of MdNAC1 confers drought
stress tolerance by promoting photosynthesis and
reactive oxygen species (ROS) scavenging (Jia
et al. 2019).

Interestingly, MdNAC029 responds to low-
temperature, and overexpression of MdNAC029
reduces cold tolerance by directly repressing the
expression of MdCBFs (An et al. 2018b).
Whereas it is found that salt treatment induces
MdNAC047 expression, and ectopic expression
of MdNAC047 facilitates the release of ethylene
by regulating MdERF3 transcription, thereby
promoting ethylene-modulated salt stress toler-
ance (An et al. 2018e).

On the other hand, it has been reported that
levels of expression of MdNAC52 increase dur-
ing apple colour development and that overex-
pression of MdNAC52 in apple calli promotes
anthocyanin accumulation (Sun et al. 2019).
Interestingly, MdNAC52 also regulates PA
accumulation by controlling transcription of
MdMYB9, MdMYB11 ‚ and LAR genes (Sun
et al. 2019).

9.2.9 The ARF TF Family

Auxin response factor (ARF) TFs regulate auxin
response by binding to auxin-responsive ele-
ments (AuxREs, TGTCTC) in promoters of
auxin-regulated genes (Guilfoyle et al. 1998).
ARF TFs contain three conserved domains,
including a DNA-binding domain (DBD), a
middle region (MR), and a protein–protein
interaction domain (conserved domains III/IV,
CTD) (Tiwari et al. 2003).

A total of 31 ARF proteins have been iden-
tified in apple, and these have been classified into
three subgroups (groups I, II, and III) (Luo et al.
2014). Studies on apple ARF TFs have focused
primarily on their roles in fruit coloration and
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ripening. For example, MdARF19 influences
anthocyanin accumulation by regulating expres-
sion of MdLOB52, a negative regulator of
anthocyanin accumulation (Wang et al. 2018d).
Whereas, MdARF13 interacts with MdMYB10,
and negatively regulates the anthocyanin meta-
bolic pathway (Wang et al. 2018a, b, c, d). On
the other hand, expression ofMdARF5 is induced
by auxin treatment, and MdARF5 binds to the
MdERF2 promoter to induce ethylene biosyn-
thesis, thereby participating in auxin-modulated
ethylene biosynthesis and fruit ripening (Yue
et al. 2020).

9.2.9.1 Other TF Families
In addition to the above-described list of tran-
scription factor families, other TFs have also
been investigated through genome-wide analyses
and functional characterization in apple. A total
of 58 LATERAL ORGAN BOUNDARIES
DOMAIN (LBD) genes (Wang et al. 2013), 60
putative DNA-binding one zinc-finger (Dof) ge-
nes (Zhang et al. 2018b), 52 TEOSINTE
BRANCHED/CYCLOIDEA/PROLIFERATING
CELL FACTOR (TCP) genes (Xu et al. 2014),
27 SQUAMOSA promoter binding protein
(SBP) genes (Li et al. 2013), 16 GROWTH-
REGULATING FACTOR (GRF) genes (Zheng
et al. 2018a), and 35 GATA genes, evolutionarily
conserved TFs that interact with the WGATAR
(W = T or A; R = G or A) sequence motif and
are ubiquitous in eukaryotes (Chen et al. 2017b),
have been identified in apple through genome-
wide surveys.

As for functional characterization of some of
these TFs, it has been reported that an apple
MdLBD13 plays a key role in nitrate-mediated
anthocyanin biosynthesis and nitrate utilization
(Li et al. 2017a) while MdLOB52 has been
observed to influence MdARF19-modulated
anthocyanin accumulation (Wang et al. 2018d).
On the other hand, LEAFY transgenic apple
plants exhibit columnar phenotypes with shorter
internodes (Flachowsky et al. 2010); whereas, an
MDH1, a homolog of BELL1 (BEL1), plays a
specific role in the regulation of apple ovule
development (Dong et al. 2000).

9.3 Conclusions

Overall, TFs play important roles in plant growth
and development by activating and/or repressing
the transcription of genes involved in a variety of
biological processes. The ongoing accumulation
of completed plant genome sequences and the
continued development of bioinformatics tools
have allowed for extensive identification, func-
tional characterization, and evolutionary investi-
gation of various plant TF families (Jin et al. 2017).

The completion of multiple draft apple gen-
ome sequences (Velasco et al. 2010; Daccord
et al. 2017; Zhang et al. 2019) has allowed for
the identification and characterization of tran-
scription factors at the whole-genome level.
Members of multiple TF families, including
those of MYB (Cao et al. 2013), bZIP (Li et al.
2016b), WRKY (Meng et al. 2016; Lui et al.
2017), bHLH (Mao et al. 2017; Yang et al.
2017), and BBX (Liu et al. 2018) families have
been identified in the apple genome, and the
functions of some TFs have been clearly
demonstrated. For example, more than 30 apple
MYB TFs have been functionally characterized
and shown to participate in secondary metabo-
lism, abiotic and biotic stress tolerance, nutrient
utilisation, and organ development, among other
biological processes (Fig. 9.1).

Transgenic apple plants with altered expres-
sion of MdMYB10 (Espley et al. 2009), Mdo-
MYB121 (Cao et al. 2013), MdSIMYB1 (Wang
et al. 2014), MdMYB88/124 (Liu et al. 2018),
MdMYB46 (Chen et al. 2019), MdbHLH3 (Xie
et al. 2012), MdCIbHLH1 (Feng et al. 2012),
MdbHLH104 (Zhao et al. 2016), MdMADS8/9
(Ireland et al. 2013), MdDAMb and MdSVPa
(Wu et al. 2017), MdAREB2 (Ma et al. 2017),
MsDREB6.2 (Liao et al. 2017), MdWRKY9
(Zheng et al. 2018b), and MdNAC1 (Jia et al.
2019) have been developed. These transgenic
lines have allowed for pursuing detailed charac-
terization of TFs and determine their roles in the
regulation of apple growth and development.
Recently, the CRISPR-Cas9 gene-editing tech-
nology can be used to pursue targeted edits in
important genes, as well as to generate novel
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alleles that confer important changes in apple
fruit traits (Osakabe et al. 2018). Such new
technologies will provide scientists with conve-
nient means for the rapid introgression of TF-
derived improvements in consumer traits based
on known functions of apple TFs.

9.4 Dedication

The Senior author, Prof. Xiao-Fei Wang, and this
book volume editor, Prof. Schuyler S. Korban,
would like to dedicate this chapter on “Regula-
tory Sequences in Apple” in memory of Prof.
Yu-Jin Hao who passed away on March 15,
2021, as he will leave behind an indelible void in
the plant molecular biology community, agri-
cultural science community, and the scientific
community at large, both in his native, China,
and around the world, and he will be sorely
missed. Prof. Hao has had a highly distinguished
career. He was the Cheung Kong Scholar
Distinguished Professor at Shangdong Agricul-
tural University (SDAU) and winner of several
awards, including the Chinese National Out-
standing Youth Science Foundation, the National
Millions of Talents Project, the Chinese Ministry
of Education “Changjiang Scholars and Innova-
tive Research” innovation team leader, and the
“Taishan scholar in Shandong Province” pro-
fessor. He also served as vice-president of
SDAU, director of the National Engineering and
Technology Research Center of Apple, and as an
expert reviewer for the National Natural Science
Foundation of China, among other critical roles.
He also served as an Associate Editor of the
journals of “Horticulture Research,” “Plant Cell,
Tissue & Organ Culture,” and “Scientia Horti-
cultureae”. He published over 237 scientific
articles in top-tier journals, focusing on func-
tional and regulatory roles of various transcrip-
tion factors and related transcription regulators of
genes associated with fruit quality traits, such as
anthocyanin and organic acids, among others, as
well as those genes involved in biotic and abiotic
stress tolerance in apple. A comprehensive list,
although not complete, of his publications is

available on https://www.researchgate.net/
profile/Yu-Jin-Hao.
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10Genome Editing in Apple

Chikako Nishitani, Keishi Osakabe, and
Yuriko Osakabe

Abstract

Genome editing with artificially engineered
nucleases is an advanced molecular technology
for pursuing precise and effective genetic engi-
neering. In this technology, engineered nucle-
ases induce DNA double-strand breaks at
targeted sites in a genome, stimulating the
DNA repair system in cells, thus enabling
site-directed mutagenesis. Genome editing
using CRISPR (clustered regularly interspaced
short palindromic repeats)/CRISPR-associated
protein9 (Cas9), originating from a defence
system of prokaryotes, is a powerful technology
that is now being widely utilized in molecular
research studies, as well as in breeding pro-
grammes of various plant species, including
fruit trees, to impart either novel or enhanced
traits to established commercial cultivars or to

new cultivars/genotypes. Recently, several
reports have demonstrated successful apple
genome editing and the introduction of impor-
tant traits, such as those for early flowering and
reduced fire blight susceptibility, to popular
commercial cultivars, such as ‘Gala’ and
‘Golden Delicious’. It is important to point out
that these reports reveal that such
genome-edited/mutant apple plants or cell lines
do not carry foreign genes. Nevertheless, during
the process of precise genome editing, the
coexistence of various types of mutations
referred to as “mosaic mutations” and
off-target effects are major concerns. Therefore,
to minimize such effects, selection of target
sequences and estimationof off-target effects for
CRISPR/Cas9 has been developed for many
organisms, and these have also been employed
for apple by using in silico analysis based on
genome information. On the other hand, apple
genome heterozygosity has led to difficulties in
genome editing, as the complex genome of
apple precludes the use of some of these basic
techniques for genome editing. Therefore, fur-
ther studies focused on genome information and
culture techniques tailored for apple are needed.
Itwill be highly critical for each apple cultivar in
developing precise and efficient genome editing
for apple. This chapter will provide an overview
of current studies of genome editing in apple and
will discern and explore how this strategy will
provide insights into molecular breeding tech-
nologies for genetic improvement of the apple.
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10.1 Introduction

Genome editing technologies using artificially
engineered nucleases are effective for site-
directed mutagenesis in various organisms
(Osakabe and Osakabe 2015). These technolo-
gies have introduced opportunities for precise
and rapid genetic improvement of various
organisms, including plants (Limera et al. 2017).
CRISPR (clustered regularly interspaced short
palindromic repeats)/CRISPR-associated pro-
tein9 (Cas9), a defence system of prokaryotes,
has been utilized as an efficient and easy-to-use
genome-editing tool that is now widely applied
to various crop plants (Kamburova et al. 2017).

In fruit trees, the first successful application of
genome editing targeting an endogenous gene by
CRISPR/Cas9 was reported in apple (Nishitani
et al. 2016). Since then, additional studies of apple
genome editing by CRISPR/Cas9 have been
reported (Malnoy et al. 2016; Charrier et al. 2019;
Pompili et al. 2020). Furthermore, genome editing
studies in other fruit trees, such as grape (Ren et al.
2016; Nakajima et al. 2017), citrus (Peng et al.
2017), banana (Kaur et al. 2018), kiwi (Wang et al.
2018), European pear (Charrier et al. 2019), and
blueberry (Ohmori et al. 2020) have also been
reported.All these reports confirm the applicability
and usefulness of genome editing for fruit trees. In
this chapter, we will first cover the fundamental
basis of genome editing, its advantages, and asso-
ciated technical issues of importance. Subse-
quently,wewill reviewprogress and technological
advances in pursuing apple genome editing and
then discuss future opportunities and challenges of
genome editing for apple and other fruit tree crops.

10.2 Genome Editing and Its
Advantages

10.2.1 Genome Editing Tools
and Mechanisms

In general, genome editing involves the follow-
ing outlined molecular and biological processes.
First, an artificial nuclease is designed and

optimized for target DNA recognition and
digestion. Following the delivery of this nuclease
into cells, digestion of the double-stranded DNA
occurs at the target site, that is, DNA double-
strand breaks (DSBs). Subsequently, this is fol-
lowed by the repair of these digested DNAs via
endogenous DNA repair pathways. There are
two major DNA repair pathways in eukaryotes,
non-homologous end joining (NHEJ) and
homology-directed repair (HDR) (Osakabe and
Osakabe 2015). NHEJ is an endogenous error-
prone repair system that induces insertions and
deletions (indels) at DSB sites, thereby generat-
ing altered sequences. Quite often, these muta-
tions disrupt gene function. On the other hand,
digested DNA can be precisely repaired using
homologous DNA templates in the HDR path-
way. Both NHEJ and HDR pathways have been
demonstrated in various plant species, and stud-
ies have suggested that overall, the frequency of
HDR repair is less than that of the NHEJ path-
way (Bortesi and Fischer 2015; Steinert et al.
2016). This is because activity of the HDR
pathway is likely to be limited to specific cell
cycle stages, such as that of the S/G2 stage and to
other more complex processes (Rozov et al.
2019). Moreover in homologous recombination
(HR), the homologous chromosome can be used
as a template (Rong and Golic 2003; Hayut et al.
2017). Recently, advanced HR technologies
using genome editing have been reported (Čer-
mák et al. 2015; Miki et al. 2018).

To date, three types of artificial nucleases
have been developed as genome editing tools.
These include a zinc finger nuclease (ZFN),
transcription activator-like effector nuclease
(TALEN), and CRISPR/Cas9. All these artificial
nucleases consist of a DNA-recognition molecule
along with a DNA cleavage molecule, and based
on DNA-recognition molecules, they are classi-
fied into two types, protein-based and RNA-
based genome editing tools (Osakabe and
Osakabe 2015). ZFN and TALEN have protein-
based DNA-recognition domains. The DNA-
recognition domain of either ZFN or TALEN is
fused to a restriction enzyme, FokI nuclease, to
cleave DNA at the target site. As FokI functions
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as a dimer, the formation of a heterodimer of
either ZFN or TALEN is necessary to induce
DSB. On the other hand, CRISPR/Cas9 utilizes
an RNA-based DNA-recognition system to form
a ribonucleoprotein (RNP) complex of a Cas9
nuclease and a guide RNA (gRNA).
CRISPR/Cas9 specifically binds the target DNA
through RNA–DNA pairing via a 20-nt gRNA.
Adjacent to gRNA target sequences, 5′-NGG-3′
sequences, referred to as protospacer adjacent
motifs (PAMs), are necessary for recognition by
SpCas9 (Streptococcus pyogenes Cas9). The
gRNA can be engineered more easily than other
protein-based tools, and due to its high efficiency
and ease of design, CRISPR/Cas9 has been used
widely in various organisms, including fruit
trees.

10.2.2 Efficiency of Mutation,
Mosaicism, and Off-
Target Effects
in Genome Editing

In general, the mutation efficiency depends on
target sequences; therefore, the design of a gRNA
target sequence is key for CRISPR/Cas9-mediated
genome editing (Liu et al. 2016). Any insufficient
or non-specific activity of genome editing tools
can sometimes yield secondary consequences,
such as mosaicism and off-target effects.

Mosaicism, that is, the incidence of various
mutation patterns within an individual plant or
line, is sometimes observed due to different
mutation profiles from individual cells. In brief,
its mechanism involves a non-simultaneous or
stochastic DSB followed by repair in cells under
different conditions (Mehravar et al. 2019). In
order to obtain genome-edited plants with stable
traits, mosaicism should be avoided. In tradi-
tional mutagenesis, several rounds of in vitro
regeneration and propagation have been effec-
tively utilized to achieve chimeral separation to
get rid of mosaicism in tree plants (Abu-Qaoud
et al. 1990; Spiegel-Roy 1990). Therefore, this
strategy can also be utilized to minimize the
incidence of mosaic mutations in genome
editing.

It has been observed that off-target effects are
influenced by gRNA specificity, as gRNA
sequences used to target DNA can highly impact
the efficiency of genome editing, and that muta-
tions may sometimes occur in genes of similar
sequences (Fu et al. 2014; Liu et al. 2016). To
minimize off-target effects, in silico software
programs for gRNA design using genomic
information with reference sequences such as
CasOT (Xiao et al. 2014), CRISPOR (Haeussler
et al. 2016), and CRISPR-P (Liu et al. 2017)
have been developed, and are widely used in
various plant species. It has been reported that no
clear off-target effects are detected in Arabidop-
sis, tomato, and apple when using in silico
designed gRNAs (Osakabe et al. 2016; Pan et al.
2016; Pompili et al. 2020).

An alternative approach to reduce off-target
effects would involve the use of truncated
gRNAs. Truncated gRNAs can induce mutations
in both mammalian and plant cells with low off-
target effects (Fu et al. 2014; Osakabe et al.
2016). Successful genome editing with an 18-bp
gRNA has been demonstrated in both apple and
tomato (Nishitani et al. 2016; Ueta et al. 2017).
As target specificity is a critical factor in the
utilization of genome editing, fully exploiting the
above-described technologies to minimize off-
target effects is highly necessary.

10.2.3 Advantages of Accuracy
in Genome Editing

Although genome editing can introduce muta-
tions via molecular mechanisms similar to those
of traditional methods for mutagenesis following
the DSB process, it can induce mutagenesis
specifically at a targeted genome position.
Compared with other traditional methods, this
observed precision and efficiency of mutagenesis
using genome editing are deemed important
features of genetic engineering for many crops.
Furthermore, with genome editing, there is a low
risk of generating unexpected traits due to
mutations in other loci.

To enhance the specificity of genome editing,
genome sequence information is essential for
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pursuing an experimental design. As genome
sequence information has become available for
many plant species, including that for apple
(Velasco et al. 2010; Kunihisa et al. 2016; Dac-
cord et al. 2017; Chen et al. 2019), target
sequences for genome editing can be widely uti-
lized. Further bioinformatic analysis to complete
high-quality and comprehensive sequences will
continue to contribute to successful genome edit-
ing in various crops. As fruit trees are widely
heterogeneous with high ploidy levels, precise and
efficient mutagenesis using genome editing is also
applicable to specific gene modifications, despite
the presence of sequences similar to those target
genes that are frequently detected within a gen-
ome. In apple, it has been reported that a genome-
wide duplication (GWD) event must have occur-
red in relatively recent times (over 50 million
years ago) that has resulted in polyploidization of
the genome size, from 9 ancestral chromosomes to
17 chromosomes (Velasco et al. 2010).

The complexity of the apple genome is one of
the major issues in genome engineering of this
crop. For example, there might be two loci from an
originally single-copy gene in a diploid apple
genome (Mimida et al. 2009); therefore, consid-
ering the presence of heterozygous alleles in the
apple, this suggests that there are up to four
homologous genes present in this genome. Hence,
due to sequence similarities among these genes, it
is rather difficult to conduct functional analysis for
each of the homologous genes to discern their
likely role(s). However, genome editing can be
employed to determine how each of the genes
within a gene family is involved in a trait
of interest or a plant developmental/biological
process. Recently, the CRISPR/Cas9-mediated
disruption of a single gene in a gene family of
apple has been reported (Pompili et al. 2020).
However, as apple reference genome sequences
are currently available forMalus � domestica cv.
‘Golden Delicious’ (Velasco et al. 2010; Daccord
et al. 2017), M. � domestica cv. ‘Hanfu’ (Zhang
et al. 2019), and M. baccata (Chen et al. 2019),
further studies of genome sequences will enhance
precision and efficiency of genome editing in
apple.

10.2.4 Genome Editing Without
Foreign DNA Insertion

Due to the nature of molecular mechanisms
involved in genome editing, insertion of foreign
DNA is not necessary, thereby rendering this
technology as highly desirable. Although stable
transformation via Agrobacterium is one of the
most widely popular methods used for the
delivery of artificial nucleases into plant cells,
transient expression of artificial nucleases in
plant cells is sufficient to induce mutations
(Clasen et al. 2016). Moreover, elimination of
engineered nuclease genes that are stably trans-
formed into plant cells following genome editing
has been reported (Pompili et al. 2020). Such
transgene-free mutagenesis will enhance future
applications when considering social acceptance
and regulations of genome-edited cultivars based
on the Cartagena Protocol for LMO (living
modified organisms) (Gao 2019). Furthermore,
recovery of null segregants offers yet an effective
strategy for eliminating foreign genes. However,
it is important to point out that the next genera-
tion of a genome-edited genotype is no longer
deemed as the original cultivar for heterozygous
plants, such as that of the apple.

Recent studies on the development of
transgene-free genome editing have revealed the
applicability of genome editing for genetic
engineering of various crops (Gao 2019). Direct
delivery of RNPs into plant cells has been
developed in apple and grape (Malnoy et al.
2016); Arabidopsis, tobacco, lettuce, and rice
(Woo et al. 2015); petunia (Subburaj et al. 2016);
potato (Andersson et al. 2018); soybean and
tobacco (Kim et al. 2017); maize (Svitashev et al.
2016); and wheat (Liang et al. 2017). Mutated
lettuce, maize, and wheat plants have been
regenerated using direct delivery of RNPs due to
ease of redifferentiation from either protoplasts or
callus (Woo et al. 2015; Svitashev et al. 2016;
Liang et al. 2017). As long as mutated cells can
grow into plantlets following RNP-mediated
mutagenesis, this technology is deemed as one
of the most robust methods to generate foreign
DNA-free genome-edited plants.
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10.3 Progress in Apple Genome
Editing Technology

10.3.1 CRISPR/Cas9 Vector-Mediated
Genome Editing

Currently, there are a few reports on genome
editing (Table 10.1). Among these,
CRISPR/Cas9-mediated genome editing target-
ing apple endogenous genes has been pursued
(Malnoy et al. 2016; Nishitani et al. 2016;
Charrier et al. 2019; Pompili et al. 2020). Within
these studies, Agrobacterium-mediated transfor-
mation have been used to develop genome-edited
plantlets (Nishitani et al. 2016; Charrier et al.
2019; Pompili et al. 2020). Whereas, Malnoy
et al. (2016) have attempted RNP genome editing
using a polyethylene glycol (PEG) gene transfer
method, they have not been able to recover
regenerated plantlets. In an earlier study, ZFN-
mediated genome editing, targeting a reporter b-
glucuronidase (GUS) gene, has been reported
(Peer et al. 2015).

In our laboratory, an endogenous apple phy-
toene desaturase (PDS) gene, a key gene in
carotenoid biosynthesis, has been targeted for
gene editing (Nishitani et al. 2016). Disruption of
the PDS gene results in an albino phenotype in
plants. This allows for readily visual observation
of such gene disruption; thus, the PDS gene is
commonly used as a target gene for early
attempts at plant genome editing. In this study, a
CRISPR/Cas9 vector, Cas9 and a single gRNA
have been used to target the PDS gene and to
stably transfer it into the apple rootstock ‘JM2’
(Table 10.1) (Nishitani et al. 2016). This vector
harbours a plant-codon-optimized Cas9 fused to
a selection marker gene coding for the green
fluorescent protein, GFP, via a 2A peptide under
the control of a 2� 35SCaMV promoter, along
with a gRNA expression cassette driven by an
Arabidopsis AtU6-1 promoter. Kanamycin is
used as a selection marker for T-DNA transfor-
mation. Transformation efficiency of 2.5–4.5% is
achieved using both kanamycin and PCR

detection of the transgenes. Approximately
8 months following transformation, albino phe-
notypes have been observed in 13.6% of regen-
erated T0 transformants when using a gRNA
having the highest activity (Fig. 10.1). Follow-
ing DNA sequencing, biallelic mutations of the
apple PDS gene have been detected, with low
mosaic levels detected. It is important to point
out that visible albino shoots developing from
basal regions of green regenerated shoots have
been observed around 3 months following the
transfer of these shoot explants onto a propaga-
tion medium (Osakabe et al. 2018). Furthermore,
the majority of mutations of small deletions
detected in these mutated plantlets are presum-
ably repaired via the NHEJ pathway. Interest-
ingly, involvement of the HR pathway is also
proposed in this study (Nishitani et al. 2016).
Analysis of alleles distinguished by their
sequence polymorphisms in biallelic mutations
has demonstrated that a single minor mutant
sequence in the two types of biallelic sequences
in one of the alleles is identical to a major type of
mutation in biallelic sequences of the second
allele. This ‘mirror’ phenomenon is frequently
observed in regenerated mutants, suggesting the
presence of a likely copying mechanism to repair
the target locus using the HR pathway. Together,
these results have suggested that activation of the
HR pathway is elicited without an exogenous
template (Nishitani et al. 2016).

In another study, PDS gene disruption has
been undertaken using stable transformation of
apple cv. ‘Gala’ (Charrier et al. 2019). The
CRISPR/Cas9 vector, wherein a SpCas9 is dri-
ven by the PcUbi4-2 promoter from parsley
(Petroselinum crispum) and two gRNAs is dri-
ven by two apple promoters MdU3 and MdU6, is
used for multiplex genome editing, while kana-
mycin is used for the selection of mutated
regenerants. Although simultaneous mutations of
both targets are frequently detected, in this study,
a long deletion, 272 bp, between these two tar-
gets is not observed. Moreover, repeated transfer
of selected albino sectors to fresh proliferation
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medium has reduced mosaic mutations in mutant
shoots; 36 lines with mosaic mutations are
obtained from a total of 41 transgenic lines
(87.8%).

These observed differences in mutation effi-
ciencies between the two studies may be attrib-
uted to gRNA activity, as well as to other factors,
such as apple cultivars, culture methods, and
vector systems (Nishitani et al. 2016; Charrier
et al. 2019) (Table 10.1). Moreover, the observed
reduction of incidence of mosaics by repeated
transfer of shoots to fresh proliferation media is
demonstrated by both Nishitani et al. (2016) and
Charrier et al. (2019). Therefore, further optimi-
zation of the protocol and associated factors is
required to develop highly efficient genome
editing and recovery of low mosaic mutations in
apple.

10.3.2 Genome Editing for Useful
Traits

10.3.2.1 Early Flowering
Charrier et al. (2019) have reported on genome
editing of the apple Terminal Flower (TFL1.1)
gene using the same vector as that for PDS. The
TFL gene is a floral repressor, and knockout
plants exhibit accelerated flowering (Shannon
and Meeks-Wanger 1991; Kotoda et al. 2006).
Previously, it has been reported that two TFL
genes, TFL1.1 and TFL1.2, have been expressed
in vegetative tissues of apple (Mimida et al.
2009). Recently, a CRISPR/Cas9 vector har-
bouring two gRNAs specifically targeting
TFL1.1 has been used to transform apple cv.
‘Gala’ (Charrier et al. 2019). Most of the
CRISPR/Cas9 transgenic lines for TFL1.1

Fig. 10.1 Transformation of
CRISPR/Cas9 vector into
‘JM2’ apple rootstock.
a Leaflet explants incubated
on a kanamycin-containing
redifferentiation medium after
1-week of co-culture with
Agrobacterium tumefaciens
harbouring a CRISPR/Cas9
vector. b Redifferentiating
explants following 2 to
3 months of incubation.
c Transformant genome-
edited shoots (albino
phenotypes) detected along
basal regions of regenerated
shoots; bar = 1 cm
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flowered within a period of 12 months following
the transfer of transformed lines onto a prolifer-
ation medium. Interestingly, flower buds are
observed on terminal buds of shoots, and opened
flowers have demonstrated the presence of all
floral organs, often in irregular numbers. If these
flowers are fertile, then null segregants could be
rapidly generated.

It is important to point out that the production
of early flowering phenotypes via genetic engi-
neering is more difficult than that of producing
albino phenotypes, as proliferation efficiency is
lower during culture due to cessation of vegeta-
tive growth. In fact, within the same study, ratios
of recovery of apple CRISPR/Cas9 transformants
for TFL1.1 range between 0.75 and 5.49%
compared to 14.25% for transformants carrying
the PDS gene (Charrier et al. 2019). Interest-
ingly, based on early flowering phenotypes, the
TFL1.1 mutation ratio within transformants is
90%. When five transformants with early flow-
ering have been subjected to sequence analysis,
biallelic mutations are confirmed. Furthermore,
when a vector harbouring the same gRNAs is
also used for the TFL1.1 gene in pear, which is
closely related to apple, wherein a single
nucleotide mismatch in the gRNA to target
sequences in pear is located at 18 bases upstream
of the PAM sequence, a mutation is induced in
the pear genome using this gRNA. Moreover, a
transformation efficiency of 24% is obtained, and
9% of transformants have demonstrated early
flowering. Similarly, when five transformants
with early flowering are sequenced, biallelic
mutations in all these transformants are detected.
It is important to point out that that the observed
low mutation efficiency in pear, compared to that
in apple, is attributed to the presence of a mis-
match at the target site (Charrier et al. 2019).

10.3.2.2 Disease Resistance
Disease resistance is one of the most critical
targets in apple breeding programmes. For
example, fire blight and apple scab are major
diseases of both apple and pear, incited by a
bacterium and a fungus, respectively (see other
chapters). To overcome these serious diseases,
genome editing targeting relevant susceptibility

genes would be one of the most powerful
strategies to deal with plant and microbial inter-
actions and thereby enhance disease resistance.

The bacterium Erwinia amylovora is the
causal pathogen of fire blight disease (Milčevi-
čová et al. 2010). In order to reduce susceptibility
to fire blight in apple, a gene encoding for the
disease-specific protein of E. amylovora, DspE-
interacting protein 4, the susceptibility gene
DIPM4 is knocked out with CRISPR/Cas9 using
a DIPM4-specific gRNA (Pompili et al. 2020). In
particular, an FLP (Flippase)/FRT (FLP Recom-
bination Target) site-specific recombination
system in the CRISPR/Cas9 allows for removal
of the T-DNA insertion following stable trans-
formation (Pompili et al. 2020). The vector has
been designed with the Flippase (FLP) gene
under the control of an Hsp17.5-E promoter from
soybean and two Flippase Recombination Target
(FRT) sites adjacent to each left and right bor-
ders. This vector system is used for Agrobac-
terium-mediated transformation of both ‘Gala’
and ‘Golden Delicious’ and yielding transfor-
mation efficiencies of 1.55% and 2.55%. A total
of 57 transformants (27 from ‘Gala’ and 30 from
‘Golden Delicious’) have been analyzed, and
mutation efficiencies of 77.8% and 73.3%,
respectively, have been obtained. Among edited
transformants, it is observed that 7.4% (‘Gala’)
and 20% (‘Golden Delicious’) yield single-type
mutations. Furthermore, all tested homozygous
lines have demonstrated significant reduction in
susceptibility to E. amylovora, on average by
50%, compared with controls for both cultivars.
This finding has demonstrated that the DIPM4
gene is associated with fire blight susceptibility.

In an earlier study, it has been reported that
using RNA interference (RNAi) of four DIPM
genes, resistance to fire blight increased in apple
cv. ‘Galaxy’; however, the functionality of each
of the individual DIPM genes has not been
clearly discerned as two or more DIPM genes are
simultaneously silenced by RNAi (Borejsza-
Wysocka et al. 2004).

Therefore, using an FLP/FRT-mediated T-
DNA elimination system has allowed for con-
firmation of the functionality of one of these
DIPM genes (Pompili et al. 2020). Moreover,
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mutant plants exhibiting stable removal of the
selection marker gene for kanamycin (NPTII)
have been obtained from four lines out of six
lines tested. Together, the above findings have
confirmed the usefulness of genome editing for
evaluating individual loci for DIPM genes
(Pompili et al. 2020).

10.3.3 Foreign-DNA-Free Genome
Editing in Apple

It has long been reported that the efficiency of
stable transformation of apple fluctuates
depending on the cultivar/genotype tested (James
et al. 1989; Norelli et al. 1994; Puite and Schaart
1996; Seong and Song 2008; Wada et al. 2009).
Therefore, it is difficult to exploit the genome
editing technology for apple cv. ‘Fuji’ due to its
low transformation efficiency (Seong and Song
2008). Thus, it is expected that either transient
expression or direct delivery of a genome editing
tool would be more applicable to a wider group
of cultivars than that of stable transformation.

Transient expression of CRISPR/Cas9 has
been utilized to target an endogenous PDS gene
in apple cv. ‘Gala’ (Charrier et al. 2019). Among
747 regenerated shoot buds induced from 229
leaf explants, three shoots are albino, and of
these, two shoots have demonstrated the absence
of integration of Cas9 and selection marker
(nptII) genes. Therefore, transient expression is a
simple and promising approach for assessing
utility of the CRISPR/Cas9 system; however,
mutation rates are very low (0.27%). Further-
more, removal of selection marker genes and
CRISPR/Cas9 cassettes using either Cre/IoxP or
FLP/FRT has also been reported for apple (see
above Sect. 10.3.2) (Pompili et al. 2020).

On the other hand, direct delivery of RNPs
into apple and grape protoplasts has been con-
ducted (Malnoy et al. 2016; Osakabe et al. 2018).
This approach is based on the transient intro-
duction of RNP into protoplasts. By using PEG-
mediated transformation, RNPs targeting DIPM-
1, 2, and 4 genes have been separately delivered
into ‘Golden Delicious’ protoplasts, prepared
from leaf tissues (Malnoy et al. 2016). It is

observed that one day following the introduction
of RNPs, mutations are detected in all targets.
Based on the results of targeted deep sequencing
for all protoplasts, it is found that mutation effi-
ciencies range between 3.3 and 6.9%. Moreover,
deletion mutations are preferentially observed for
genes DIPM-1 and 4; whereas, insertion muta-
tions are more frequent than deletion mutations
for DIPM-2, thus suggesting that both mutations
can be induced depending on target sequences or
genes (Malnoy et al. 2016). Furthermore, the
mutation efficiency for apple is influenced by the
ratio (w/w) of Cas9 protein to gRNA, suggesting
that a high amount of Cas9 protein is important
for this system; whereas, the Cas9/gRNA ratio
has no effect on the mutation efficiency for grape
(Malnoy et al. 2016). Overall, the regeneration
systems for mutated apple and grape protoplasts
require further improvements and should be
optimised.

10.4 Future Goals

The genome-editing technology is becoming a
useful technology for pursuing genetic engi-
neering efforts for apple. Recent studies have
provided promising results in using various
genome editing technologies for apple, such as
for purposes of trait modifications, identification
of functionality of distinct family genes, as well
as of foreign gene-free technologies using tran-
sient expression of RNP transfection. It is also
worth noting that genome editing has been
applied to apple rootstocks (Nishitani et al.
2016), as rootstocks are highly critical in pro-
moting fruit quality and cultivation of apples.
These collective efforts will provide further
opportunities for the genetic engineering of apple
for economically useful traits.

Thus far, recent studies in apple genome
editing have demonstrated the incidence of small
mutations resulting in gene disruptions. Indeed,
useful traits for apple would be improved by
gene disruption, as there are several studies of
using either antisense or RNAi technologies for
modifying apple traits (Murata et al. 2001;
Broothaerts et al. 2004). However, multiple
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mutagenesis efforts should be undertaken to
collectively improve these various critical eco-
nomic traits. Recently, gene targeting (GT) has
been developed in mammalian species as a pre-
cise genome editing technology for a knock-in
system (Čermák et al. 2015); however, HDR-
mediated GT is highly inefficient in plants. As
engineered nucleases efficiently induce targeted
DSBs in a genome, GT frequencies are dramat-
ically enhanced (Puchta and Fauser 2013).
Recently, several studies have demonstrated
efficient GT techniques using CRISPR/Cas9 and
a combination of virus‐based replicons in plants
(Gil‐Humanes et al. 2017; Wang et al. 2017;
Dahan‐Meir et al. 2018). All these efforts are
likely to be useful in future plant breeding pro-
grammes. In apple breeding, it is likely that
several targets could be modified using GT
technology. For example, using traditional cross-
hybridisation, it has taken a minimum of six
generations (at least 25 to 30 years) to transfer
the scab resistance gene, Vf (Rvi6), from the wild
species M. floribunda 821 into elite lines of the
cultivated apple, M. � domestica (Crosby et al.
1994). However, transfer of such a gene can now
be introduced into M. � domestica more readily,
and in a relatively short period of time via GT
technology.

It is also important to point out that both
efficient tissue culture regeneration and genetic
transformation methods are required for efficient
genome editing in plants. So far, the number of
apple cultivars that have been used in genome
editing are limited to ‘JM2’, ‘Golden Delicious’,
and ‘Gala’, for which both efficient regeneration
systems and genetic transformation systems are
already established. Although regeneration pro-
tocols have been developed for many apple
cultivars/genotypes, these protocols are widely
variable for each cultivar/genotype. Moreover,
these regeneration protocols should be optimized
to increase regeneration efficiency from somatic
tissues, particularly following the selection of
transformants, so that they can be amenable for
use in genome editing studies and applications.

Interestingly, genome-wide prediction tech-
nology, which can select parents that would
produce superior progenies, has recently been

explored in fruit tree crops (Iwata et al. 2016).
While genome editing is generally appropriate
for use in modifying traits controlled by a small
number of known genes, genome prediction is
suitable for traits influenced by unknown genes.
Therefore, it is worthwhile to consider the use of
both genome editing and prediction to accelerate
genetic engineering and breeding of apple.
Together, cross-hybridization of genome-edited
parents to introduce novel superior traits would
be one of the promising strategies in fruit tree
breeding programmes. As we continue to better
understand the whole apple genome, these efforts
will also enable the development of future tech-
nologies in apple breeding to generate novel and
valuable economic traits.
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11Flowering and Juvenility in Apple

Nobuhiro Kotoda

Abstract

Flowering and juvenility are important traits
for the cultivation and breeding of apples
(Malus spp.). As apples are reported to have
been cultivated long before ancient Greek
civilization, many findings related to morpho-
logical and physiological traits, and
well-developed cultivation techniques have
been accumulated for many cultivated, orna-
mental, and rootstock apples. During the first
half of the 1990s, elucidation of the molecular
mechanism(s) of flower development in model
plants has received much attention leading to
major advances. This is followed by determi-
nations of genetic sequences and functional
analyses of genes controlling flowering and
juvenility in these plants using genetic trans-
formation technologies during the latter half
of the 1990s. Subsequently, genes involved in
floral organ development and genes involved
in either flower induction or suppression of
the apple, such as MdFT1 and MdTFL1,
respectively, have been identified. Over the
past decade, either stable or transient gene

expression systems have been developed to
control the flowering time in apple. These
advances have had significant impacts on
functional analysis of various genes of interest
controlling fruit quality traits and pursuing
apple breeding efforts with significantly
reduced generation cycles. Future efforts
should pursue functional analyses of genes,
such as TFL1/FT-like genes; moreover, it is
necessary to investigate and delineate rela-
tionships between plant hormones/sugars and
flowering in apples.

11.1 Introduction

The cultivated apple, Malus � domestica
Borkh., presents unique challenges and con-
straints in pursuing rapid genetic improvement
efforts. This is attributed to its long juvenile
period (5–7 years for seedlings), large tree size,
self-incompatibility, and inbreeding depression
(Brown and Maloney 2003). Of these, shortening
the juvenile period directly impacts the efficiency
of breeding new cultivars. Furthermore, flower-
ing habits of apple trees also affect the produc-
tivity and fruit quality of established apple trees
(Dennis 2003). As clonal propagation, via
grafting/budding of scion cultivars onto dwarfing
rootstocks, is a common practice to maintain
genetic/phenotypic identity of desirable cultivars,
control tree size, and promote earlier flowering
and fruiting, this still requires a period of at least
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36–48 months. Yet, modern apple producers are
eager to begin earning return on investment
much sooner by shortening the non-fruiting
period as much as possible, promote earlier
fruiting in newly established orchards, as well as
having the flexibility of changing their orchards
from old to new promising cultivars within a
relatively shorter time frame without suffering
significant economic loss while awaiting for
these new orchards to come into bearing.
Therefore, understanding the mechanism of
flowering and juvenility of apples has long been
one of the most important objectives of interest.

This chapter provides an overview and
description of flower development, juvenility,
and those genes controlling flowering in apple.
Despite recent progress in genetic
engineering/tissue culture techniques, evaluating
phenotypes of seedlings derived from sexual
hybridizations in a breeding programme require
long periods of time. Likewise, conducting
genetic analyses of economic traits of interest,
particularly those for fruiting and fruit quality
traits, require more time due to the length of the
juvenile period. However, the development of
genetic transformation protocols (James et al.
1989; Wada et al. 2020), molecular markers,
such as simple sequence repeats (SSRs) (Gian-
franceschi et al. 1998; Hokanson et al. 1998) and
single nucleotide polymorphisms (SNPs) (Khan
et al. 2012), accumulation of expressed sequence
tags (ESTs) (Newcomb et al. 2005; Gasic et al.
2009), and release of whole-genome draft
sequences of the domesticated apple (Velasco
et al. 2010; Daccord et al. 2017) have facilitated
efforts for investigating the molecular mechanism
of flowering in apples.

Therefore, morphological and physiological
aspects of flowering and juvenility are described
herein based on earlier studies (reported before
the late 1990s). This will be followed by
molecular studies of genes controlling flower
development and flower induction (primarily of
studies after the late 1990s). Finally, reports on
transgenic approaches pursued, over the past
decade, to control flowering in apple will be
presented.

11.2 Life Cycle of the Apple

The overall life cycle of the apple is schemati-
cally presented in Fig. 11.1. In woody plants,
such as the apple, acquiring the ability to flower
marks the end of the juvenile phase. When actual
flowering does not coincide with the end of the
juvenile phase, such an intervening period is
referred to as an adult vegetative phase or tran-
sition phase (Zimmerman 1972; Hanke et al.
2007). In the adult phase, the reproductive organs
of an apple tree will produce fruit-bearing shoots
(FBS) and enter into a seasonal-flower/fruit for-
mation cycle (reproductive growth cycle). On the
other hand, vegetative organs will produce veg-
etative shoots, such as succulent shoots (SS) (or
water sprouts), and enter into a vegetative growth
cycle. After flowers bloom on FBS in the spring,
a newly budded shoot (bourse shoot) emerges
from an axillary meristem along the bourse
(Fig. 11.2). Approximately 95% of vegetative
meristems on bourse shoots will become com-
mitted to floral development, consequently con-
verting into inflorescence meristems and then
developing into floral meristems. The remaining
5% of vegetative meristems will continue to
produce vegetative shoots (Foster et al. 2003).

The morphology of SS, developing directly
from either a branch or trunk, is similar to that of
juvenile shoots with vigorous growth. Moreover,
SS does not bear floral buds for several years. As
the apple fruit ripens during the fall, the apple
tree enters into a dormant period beginning in
late fall.

It is also important to point out that if seeds
from ripened fruit are allowed to germinate, they
will enter an ontogenetic growth cycle.

11.3 Flower Development
in the Apple

11.3.1 Floral Organ Development

In the apple, floral primordia for the following year
is initiated 3–6 weeks after the current bloom
season or following the cessation of shoot growth
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(Buban and Faust 1982). In ‘Jonathan’ apple trees,
growth of most current shoots from a cluster base
(a bourse) ceases in late June in Morioka, Japan.
From this observation, it appears that the transition
from the vegetative to the reproductive phase
occurs in late June [45–50 days after full bloom
(DAFB)] (Kotoda et al. 2000).

In detailed microscopic observations, it is
revealed that the apical meristem is a narrow
pointed dome on July 3 (52 DAFB), slightly
domed on July 17 (66 DAFB), and is clearly
expanded by July 31 (80 DAFB). Thus, it
appears that floral bud formation is initiated in
the middle of July (65–70 DAF) in Morioka
(Japan). Furthermore, the apical meristem is
considerably domed-shaped in mid-September.
In early October, sepal primordia are formed, and
this is subsequently followed by the initiation of
stamen primordia. By mid-December, several
floral primordia are visible (Fig. 11.2). These

floral organs will rapidly expand following the
end of the dormancy period and are fully differ-
entiated in late April, prior to bloom.

In general, apple inflorescence consists of a
terminal flower and four lateral flowers. The
terminal flower (king flower) usually grows and
opens earlier than those lateral flowers. Scanning
electrographs and images of sectioned vegetative
and inflorescence meristems of ‘Royal Gala’ in
Havelock North, New Zealand are shown in
Fig. 11.3. It is noteworthy to point out that the
transition from stage 0 (apex � 130 lm in
diameter) to stage 1 (apex > 130 lm in diame-
ter) is critical for vegetative meristems to be
committed to floral development (Foster et al.
2003). Based on these findings, the first internal
cues for flower induction during the seasonal
flower/fruit formation cycle may be expressed
simultaneously or slightly earlier than the period
of cessation of shoot growth in apple.
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Fig. 11.1 Schematic representation of the life cycle of the apple (Mimida et al. 2009)
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Fig. 11.2 Morphologies of shoots with fruit; floral bud differentiation; and expression of flowering genes in the apple.
V, vegetative shoots. The numbers above the panels represent months and days (Kotoda et al. 2000; Kotoda and
Wada 2005)
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Fig. 11.3 Scanning electron micrographs (SEM) and
images of sectioned vegetative and inflorescence meris-
tems of ‘Royal Gala’ apple. a stage 0; c stage 1; and

e stage 2 of SEM; b stage 0; d stage 1; and f stage 2 of
median longitudinal sections. Bars = 100 lm (Foster
et al. 2003)
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11.3.2 Mutants of Flower
Development

A typical flower of a dicotyledonous plant is
organized into four whorls, from the outermost to
the innermost, consisting of sepals (collectively
referred to as the calyx), petals (collectively
referred to as the corolla), stamens (androecium),
and carpels (gynoecium). Some of the most
important and compelling studies in plant science
are those that have investigated and explained the
molecular genetic mechanism of determination
of floral organ formation. In the early 1990s, a
hypothesis, the ABC model of flower develop-
ment, explaining the mechanism(s) for deter-
mining the formation of the four floral organs is
proposed. This ABC model is based on analysis
of homeotic mutants of three types of flowers in
both Arabidopsis and snapdragon, namely class
A (carpel–stamen–stamen–carpel, from the outer
to inner whorls), class B (sepal–sepal–carpel–
carpel), and class C (sepal–petal–petal–sepal)
mutants (Bowman et al. 1991; Coen and
Meyerowitz 1991).

In the ABC model, it is proposed that genes
involved in homeotic mutations are subdivided
into three groups, A, B, and C, and that floral
organs are determined by the manner of func-
tionality (presence or absence of expression) of
these three genes in each of the four whorls.
When only the A gene is functional, then sepals
are formed; when both A and B genes are
functional, then petals are formed; when both B
and C genes are functional, then stamens are
formed; when only C genes are functional, then
carpels are formed; and when none of these
genes are functional, then leaves are formed.
Moreover, the A function and the C function are
mutually antagonistic. This is the basic concept
of the well-known classical ABC model.

In the Arabidopsis model plant, those genes
responsible for A, B, and C functions have been
identified. All of these genes are found to belong
to the MADS-box gene family, except for APE-
TALA2 (AP2), and these function as transcription
factors (TFs). Genes involved in the formation of
floral organs have been isolated and identified in
various plants, and the quartet model, consisting

of SEPALLATA proteins functional in combina-
tion with A, B, and C proteins, has since been
postulated (Melzer and Theissen 2009). It is
important to point out that the ABC model has
been found to be applicable to many other plants,
and it is still used to explain flower development
and evolution (Bowman 2012).

Interestingly, seedless apples, such as ‘Spen-
cer Seedless,’ ‘Rae Ime,’ and ‘Wellington
Bloomless,’ also feature a different flower form
(Fig. 11.4). This flower form has long been
known in ornamental apples. As flowers lacking
petals and stamens exhibit a phenotype similar to
that of the B class mutant, these are proposed to
result from a loss-of-function mutant of the B
gene in apple. Such mutants have a
retrotransposon-like sequence inserted into the
intron of MdPI, an apple PISTILLATA (PI)
homologous gene, thereby not allowing forMdPI
expression in flower buds (Yao et al. 2001). On
the other hand, cultivars with double flowers, a
highly desirable trait in ornamental plants, may
be observed due to a mutation in the homeotic C
gene involved in the formation of floral organs
(Fig. 11.5).

11.4 Juvenility in the Apple

11.4.1 Developmental Phases
in Plants

In general, plant growth consists of three to four
developmental phases that are qualitatively dif-
ferent. Although definitions of terms relevant to
the growth phase have long been discussed, in
recent years, the general growth phase of plants
—including perennial plants—has been divided
into three developmental phases: the juvenile
vegetative phase, adult vegetative phase, and
adult reproductive phase (Poethig 1990, 2003).
In other words, the developmental phase is first
divided into two phases, vegetative and repro-
ductive; moreover, the vegetative phase is further
subdivided into a ‘state without the ability to
respond to external flower induction’ (juvenile
phase) and a ‘state with the ability to respond to
external flower induction’ (adult phase).
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Furthermore, the phase change from the juvenile
vegetative to the adult vegetative is progressive,
and it is rather difficult to discriminate this tran-
sition period, from juvenile to adult, in many
plant species. Nevertheless, the change from
adult vegetative to reproductive entails a radical

change involving floral bud formation; thus it is
relatively easy to identify this phase change. In
the fields of pomology, arboriculture, and for-
estry, the developmental phases of woody plants
are often classified simply into juvenile and adult
phases, while the intermediate growth phase in-
between these two phases is referred to as the
transition phase (Zimmerman 1972; Hackett
1985).

11.4.2 Juvenility and Rejuvenility

It is relatively easy to estimate the duration of the
juvenile phase in plants wherein flower induction
conditions have already been delineated, but in
plants that have not, it is necessary to confirm
their periodic and stable flowering, as it is an
indisputable indicator of the end of the juvenile
phase (Hackett 1985). The time frame following
seed germination during which seedlings are not

Fig. 11.4 Normal-type and ‘Rae Ime’ apple flowers. a A
normal apple flower with sepals (se), petals (pe), anthers
(an), and styles (st). b A ‘Rae Ime’ flower with no petals
or stamens, but with higher numbers of sepals and styles.
c Arrows indicate insertion sites in MdPI for ‘Rae Ime’
(RI), ‘Spencer Seedless’ (SS), and ‘Wellington

Bloomless’ (WB). Numbers indicate nucleotide positions
beginning with the ATG codon in the wild-type MdPI of
‘Granny Smith.’ Dark boxes are coding regions, while the
white box corresponds to a 39 noncoding region. Lines
between boxes represent introns (Yao et al. 2001)
(Copyright (2001) National Academy of Sciences, USA)

Fig. 11.5 ‘Prince Georges’ crabapple. Bar = 6 cm
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capable of flowering/fruiting is generally referred
to as a juvenile period. The length of the juvenile
period varies from 12 months or less, in herba-
ceous plants, to 50 to 60 years, in woody plants.
The juvenile periods (periods required for flow-
ering) for major horticultural and arboricultural
crops, including fruit trees and model plants, are
listed in Table 11.1.

Woody crops, such as apples, have long
juvenile periods, and such juvenility is an
obstacle to efficient breeding (Zimmerman 1972;
Hackett 1985). Morphological, physiological,
and biochemical characteristics of a seedling in
the juvenile phase are described as juvenility. For
example, spines are well-known morphological
features of juvenility. As a seedling undergoes a
phase change from the juvenile to the adult
phase, this is accompanied by likely changes in
morphological features, as well as in both phys-
iological and biochemical traits, such as leaf
shape, spines, adventitious root formation, biotic
stress resistance, anthocyanin content, and pho-
tosynthetic efficiency. For example, it has long
been known that adventitious root formation in
young trees or root induction in vegetative cut-
tings is readily induced and highly observed.

It is commonly known that after a seedling or
tree undergoes a change from the juvenile to the

adult phase, it is rather rare to go back to the
juvenile phase under normal growing conditions.
This is attributed to the fact that each develop-
mental phase is likely maintained by factors that
are not directly related to sequence changes of
genes (epigenetics) and the role of DNA
methylation in these processes (Poethig 1990).
However, depending on the plant species, juve-
nility may be recovered under some conditions,
even following phase inversion. This phe-
nomenon is known as rejuvenation. For example,
it is known that juvenile characteristics, such as
the enhanced capability for adventitious root
formation and for delayed flowering have been
observed during the following: (1) regeneration
of plants from adventitious buds and embryos;
(2) grafting of scions onto rootstocks with strong
juvenility; (3) applications of plant hormones
such as gibberellin; (4) severe pruning; and
(5) shoot proliferation by cuttings (Hackett
1985).

It is important to point out that rejuvenation
by grafting and severe pruning results from vig-
orous growth, which is in contrast to ontogenetic
ageing. Although it is rare to induce complete
rejuvenation, it is possible to induce partial
rejuvenation for various plants by some of the
methods described above.

Table 11.1 Durations of
juvenile periods for major
horticultural and
arboricultural crops

Plant species Juvenile period

Thale cress/Arabidopsis (Arabidopsis thaliana) 1 month

Tomato (Solanum Lycopersicum) 2–3 months

Tobacco (Nicotiana tabacum) 3 months

Chestnut (Castanea crenata) 3–4 years

Stone fruits (Prunus spp.) 4–5 years

Apple (Malus spp.) 5–7 years

Persimmon (Diospyros kaki) 5–7 years

Pear (Pyrus spp.) 6–10 years

Citrus (Citrus spp.) 7–10 years

Avocado (Persea americana) 15 years

Poplar (Populus spp.) 20 years
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11.4.3 In Vitro Flowering

Although it is rather rare to observe flower bud
formation in shoots grown in tissue culture,
in vitro flowering has indeed been detected. In
vitro flowering is likely to occur when the tissue
used for in vitro culture is derived from an adult
phase organ, and it is less likely to occur from a
juvenile phase organ (Scorza 1982). In pome
fruits, it has been reported that sometimes in vitro
flowering is observed in regenerated shoot cul-
tures of European pears (Pyrus communis), a
closely-related crop to apple; however, in vitro
flowering of regenerated shoots of apples has not
been reported under normal culture conditions
(Pers. commun.).

11.4.4 Cultural Methods
for Promoting Flowering

As perennial crops such as fruit trees have long
juvenile periods, various cultural methods and
techniques have been devised and used for
shortening these juvenile periods to promote
earlier flowering. For example, by optimizing
cultural conditions such as growth temperature,
light interception, day length, nutrients, and
suppression of dormancy (by defoliation), it has
been reported that 60–80% of apple seedlings
can flower within a period of only 20 months
following seed germination in a greenhouse
(Aldwinckle 1975). This is in accordance with
the proposal that a minimum plant size (mini-
mum numbers of cell divisions) is necessary for a
seedling to acquire the capability of developing
flower buds. Furthermore, it is well known that
grafting of apple scions onto rootstocks is
effective in shortening the juvenile period, and
promotes earlier flowering (Visser 1964).

In fruit breeding, cultural methods for short-
ening the juvenile period by grafting scions
(budwood/scionwood) onto dwarfing rootstocks
or top-grafting (grafting onto upper sections of
mature trees) are commonly used. However, the
physiological and molecular basis of early flower
induction by grafting have not yet been delineated
in woody plants such as the apple, although a

mobile flowering promoter, FLOWERING
LOCUS T (FT) protein, a systemic inducer of
flowering may be involved in this mechanism, as
will be presented in the next section.

11.5 Genes Controlling Flowering
in Apple

Based on knowledge of flowering in Arabidopsis
(Koornneef et al. 1998; Levy and Dean 1998),
studies on the development of an early
flowering/fruiting apple have been undertaken.
Of course, as it is critical to shorten the breeding
time for apple, as well as for other fruit trees,
there has been a strong interest in identifying
genes related to flower/fruit development in the
apple.

Sung and An (1997) first reported on the
isolation of an apple MADS-box gene,
MdMADS1, that was expressed in reproductive
organs of the ‘Fuji’ apple. Thereafter, several
apple MADS-box genes likely related to flower-
ing were isolated and characterized (Sung et al.
1999, 2000; Yao et al. 1999, 2001; Kotoda et al.
2000; van der Linden et al. 2002; Kitahara et al.
2004). The apple gene MdMADS5 (MdAP1),
proposed to be involved in promoting flower bud
differentiation and calyx formation, was isolated
and characterized (Yao et al. 1999; Kotoda et al.
2000). Using genetic transformation, MdMADS5
(MdAP1) was found to be functionally homolo-
gous to a class A gene, APETALA1 (AP1), a
member of the Arabidopsis MADS-box gene
family, in a heterologous system, transgenic
Arabidopsis (Kotoda et al. 2002).

In addition to MADS-box genes, apple LEAFY
(LFY) homologous genes, AFL1 and AFL2, have
been isolated and are found to be functionally
similar to LFY in transgenic Arabidopsis (Wada
et al. 2002). Moreover, MdTFL1, an apple gene
homologous to TERMINAL FLOWER1 (TFL1)
that acts to maintain vegetative growth and sup-
presses flowering, is characterized using both
transgenic Arabidopsis and apple (Kotoda et al.
2003; Kotoda and Wada 2005). Subsequently,
Esumi et al. (2005) have identified two TFL1
genes of apple, while Kotoda et al. (2006) have
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described an early flowering phenotype of
transgenic apple using antisense MdTFL1.
Thereafter, MdTFL1a, one of the two apple
TFL1s, is fully characterized by Mimida et al.
(2009).

The FLOWERING LOCUS T (FT), one of the
floral promoters, was characterized in Ara-
bidopsis using molecular genetics tools (Kar-
dailsky et al. 1999; Kobayashi et al. 1999). The
characteristics of FT attracted a lot of attention as
it was proposed to be ‘Florigen,’ a mobile flower-
promoting compound. Later, an apple MdFT
(GenBank No. AB161112, referred to asMdFT1)
was identified, together with MdTFL1 (Kotoda
and Wada 2005). Subsequently, two apple FTs
were characterized in detail using both transgenic
Arabidopsis and apple (Kotoda et al. 2010;
Tränkner et al. 2010).

11.5.1 Genes Involved in Floral
Organ Development

Thus far, many apple MADS-box genes (more
than 100) have been isolated, and some of these
genes have been classified into several
classes/groups based on sequence analyses.
These include class A, or AP1/FRUITFULL
(FUL)-group (MdMADS2, MdMADS5, and
MdMADS12); class B, or PI/APETALA3 (AP3)-
group (MdPI, MdMADS13, and MdTM6); class
C, or AGAMOUS (AG)-group (MdMADS10,
MdMADS14, and MdMADS15); and SEPAL-
LATA (SEP)-group (MdMADS1/MdMADS8,
MdMADS3/MdMADS7, MdMADS4/
MdMADS24, MdMADS6, and MdMADS9) (Yao
et al. 1999; van der Linden et al. 2002; Ireland
et al. 2013).

Within class A or the AP1/FRUITFULL
(FUL)-group genes in apple, expression analysis
of MdMADS2, MdMADS5 (MdAP1), and
MdMADS12 has been conducted. It is observed
that MdMADS2 is highly expressed in both
sepals and petals but weakly expressed in both
stamens and carpels; however, it is not expressed
in leaves (Sung et al. 1999). On the other hand,
MdMADS5 (MdAP1) is preferentially expressed
in sepals, beginning from the time of sepal

formation following floral bud differentiation
(Fig. 11.2; Kotoda et al. 2000). Whereas,
MdMADS12 is highly expressed in receptacles
and vegetative tissues, such as leaves. Moreover,
it is interesting to note that MdMADS12 accu-
mulates higher amounts of transcripts in mature
leaves and shoots than in juvenile tissues (van
der Linden et al. 2002). Therefore, as all three
genes are expressed in floral organs, their
involvements in floral organ development require
further investigations.

Within class B or PI/APETALA3 (AP3)-group
genes, MdPI, MdTM6, and MdMADS13 have
been identified and characterized. As mentioned
above, Sect. 11.3.2, the function of MdPI,
responsible for the formation of petals and sta-
mens in the apple, has been elucidated using
genetic analysis of apple mutants of a class B
gene (Yao et al. 2001). Furthermore, Yao et al.
(2018) have developed transgenic ‘Bolero’ apple
lines with either upregulated or downregulated
MdPI and have confirmed that suppression of
MdPI confers petal-to-sepal and stamen-to-carpel
conversions. Additionally, overexpression of
MdPI has resulted in the development of flat-
tened apple fruit due to reduced cell growth. In
Arabidopsis, PI is found to associate with AP3,
thereby generating a PI/AP3 heterodimer that is
functional (Riechmann et al. 1998; Honma and
Goto 2001). Moreover, using a yeast two-hybrid
experiment, it is revealed that MdMADS13 also
interacts with MdPI, thus suggesting that these
two proteins function cooperatively in apples
(Wada et al. 2018).

Within class C or AGAMOUS (AG)-group
genes, MdMADS10, MdMADS14, MdMADS15,
and MdMADS22 have been identified and char-
acterized. Of these four apple genes,
MdMADS10, similar to the Arabidopsis SEED-
STICK (STK) (Pinyopich et al. 2003), is found to
be expressed within the core of apple fruit. While
MdMADS14, similar to the Arabidopsis SHAT-
TERPROOF (SHP) (Ma et al. 1991; Liljegren
et al. 2000), is reported to be expressed mainly in
carpels; whereas, MdMADS15, similar to the
Arabidopsis AG, is observed to be expressed
mainly in sepals, stamens, carpels, and recepta-
cles (van der Linden et al. 2002).
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Recently, Klocko et al. (2016) have developed
a transgenic ‘Galaxy’ apple wherein both
MdMADS15 and MdMADS22 are downregulated
by RNA interference (RNAi) and have observed
that suppression of AG-like genes increased
numbers of whorls of petals but lacked anthers,
thus enhancing the attractiveness of flowers
possessing many petals. Therefore, the expres-
sion of AG-like genes would be either down-
regulated or lacking in those ornamental
crabapples with double flowers (Fig. 11.5).

11.5.2 Genes Involved in Flower
Induction

Over the past three decades, many genes
involved in flower induction have been isolated,
and their functions have been delineated in
model plants, such as Arabidopsis, snapdragon,
and rice. In the early 1990s, it has been reported
that FLORICAULA (FLO)/LFY and SQUAMOSA
(SQUA)/AP1 play important roles in the transi-
tion from inflorescence to floral meristems (Coen
et al. 1990; Irish and Sussex 1990; Huijser et al.
1992; Mandel et al. 1992; Weigel et al. 1992).
LFY is defined as a floral meristem identity gene,
similar to FLO of snapdragon; whereas, AP1
functions as both a floral organ and a meristem
identity gene.

Following a report that the juvenile phase of
an aspen hybrid of two poplar species was
reduced by constitutive expression of an Ara-
bidopsis LFY gene (Weigel and Nilsson 1995),
an apple AP1 (MdAP1) and LFY (AFL1 and
AFL2) genes were isolated and characterized
(Kotoda et al. 2000; Wada et al. 2002). It was
observed that MdMADS5 (MdAP1) was expres-
sed at the developmental stage when sepal pri-
mordia would undergo differentiation
(Fig. 11.2). Moreover, it was observed that AFL2
was constitutively expressed throughout the year,
but AFL1 was seasonally expressed, with low
levels of expression detected from mid-June to
early July, just before floral bud differentiation
(Fig. 11.2). Following expression analysis of
these three genes, transgenic apples with consti-
tutive expression of either MdAP1 or AFL1 were

generated to develop an early flowering apple;
however, these transgenic apples did not show
early flowering (Wada and Kotoda 2003; Kotoda
et al. 2006). Thus, it was proposed that apple
LFY and AP1 genes might not be sufficient for
inducing apple flowering, and that overexpres-
sion of either LFY or AP1 was not involved in
breaking the juvenile phase in apple.

Subsequently, two genes related to flowering,
TFL1 and FT, have been isolated, wherein TFL1
is a floral repressor (Bradley et al. 1997;
Ohshima et al. 1997) and FT is a floral promoter
(Kardailsky et al. 1999; Kobayashi et al. 1999).
These two genes are similar in sequence, and
they belong to the TFL1/FT family that consists
of six members, including ARABIDOPSIS
THALIANA CENTRORADIALIS (ATC),
BROTHER OF FT AND TFL1 (BFT), MOTHER
OF FT AND TFL1 (MFT), and TWIN
SISTER OF FT (TSF) in Arabidopsis, but TFL1
and FT function quite differently from each other
(Kobayashi et al. 1999).

Based on TFL1, an apple TFL1 (MdTFL1)
was isolated, and its expression was investigated.
It was found that expression of MdTFL1 in apical
buds of FBS was upregulated just before floral
bud differentiation, but was downregulated as
these buds approached stage 3 (inflorescence
meristem) of development; that is, *80 DAFB
(Fig. 11.2), and was not detectable at stage 4
(floral meristem) of development. These findings
clearly demonstrated that MdTFL1 was devel-
opmentally regulated around the time of flower
induction. To further delineate the function of
MdTFL1, transgenic ‘Orin’ apples expressing
antisense RNA of MdTFL1 (35S:MdTFL1AS)
were generated. A single transgenic apple plant
flowered eight months following transfer to the
greenhouse, while the control (non-transgenic)
‘Orin’ apples did not flower over a period of
seven years (Fig. 11.6a–c). These findings fur-
ther confirmed that MdTFL1 was functional just
like TFL1, and that MdTFL1 was involved in
maintaining the juvenile/vegetative phase in
apples.

Following the discovery of the FT gene, many
homologous genes were isolated from a variety
of plant species. Endo et al. (2005) reported that
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overexpression of citrus FT (CiFT, later referred
to as CiFT1) resulted in highly precocious
flowering in transgenic trifoliate oranges. This
was the first report on the precocious flowering
of transgenic woody plants by using an FT gene.
Later, a total of three citrus FTs were identified,
and CiFT3 was then deemed to be involved in
flower induction in citrus (Nishikawa et al.
2007). In the meantime, two apple FTs (MdFT1
and MdFT2) were isolated and characterized in
both transgenic Arabidopsis and apples (Kotoda
and Wada 2005; Kotoda et al. 2010; Tränkner
et al. 2010). Interestingly, these two apple FTs

induced in vitro flowering, the first such obser-
vation in tissue culture of a standard apple cul-
tivar. A transgenic ‘JM2’ apple line,
overexpressing an MdFT1, with an early flow-
ering phenotype (flowering 8–12 months after
Agrobacterium infection, or 2–6 months follow-
ing in vitro shoot regeneration) was subjected to
further analysis (Figs. 11.6d and e). It was found
that FT was expressed in leaves, and FT proteins
translated from FT mRNA were then transported
to apical meristems to induce flowering by
forming an FT-FD complex (Abe et al. 2005;
Corbesier et al. 2007; Giakountis and Coupland

B

C

A

ED

35S:MdTFL1AS

35S:MdTFL1AS

35S:MdTFL1AS

35S:MdFT1

35S:MdFT1

Fig. 11.6 Transgenic apple
lines either suppressing
MdTFL1 or overexpressing
MdFT1. a Twelve-month-old
transgenic ‘Orin’ apple with
35S:MdTFL1 antisense (35S:
MdTFL1AS) following the
break of the first dormancy
period. b A flower of a
transgenic line carrying an
35S:MdTFL1AS construct.
c Fruit of a transgenic line
carrying an 35S:MdTFL1AS
construct. d Flower of a
transgenic apple ‘JM2’ (line
MdFT1#1-1), overexpressing
an MdFT1, growing in the
greenhouse; a white bar
corresponds to 3 cm. e A
close-up view of this ‘JM2’ as
shown in d (Kotoda et al.
2006, 2010)
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2008; Zeevaart 2008). Therefore, this mobile
flower-promoting substance was proposed to
conform to the concept of a ‘florigen’, a long
sought after plant flowering signal (Chailahyan
1968).

In another study, overexpression of
BpMADS4, a birch (Betula pendula) FUL-like
MADS-box gene, in transgenic apple has induced
early flowering in apple cv. ‘Pinova’, with fre-
quent in vitro flowering (Flachowsky et al.
2007). Interestingly, this phenotype resembles
that of the MdFT1-overexpressing apple in that it
produces solitary flower buds along with rounded
leaf blades in tissue culture (Kotoda et al. 2010).
As MdMADS12 is a putative ortholog of FUL,
MdMADS12 is likely to play an important role in
apple flower induction downstream of MdFT1.

11.5.3 Genetic Mapping of Apple
TFL1 and FT

The genus Malus, belonging to the Rosaceae
subfamily Amygdaleae, has a higher chromo-
some number, x = 17, than other members of the
family Rosaceae, such as peach (Prunus persica;
x = 8), due to its polyploid origin (Sax 1933;
Chevreau et al. 1985), resulting from a recent
(> 50 Mya) genome-wide duplication (Velasco
et al. 2010).

The genes TFL1 and FT in apple have
duplicates, MdTFL1 and MdTFL1a for TFL1 and
MdFT1 and MdFT2 for FT, that are localized at
similar positions on likely homoeologous linkage
groups, LGs12 and 14 and LGs12 and 4,
respectively (Fig. 11.7). As MdTFL1 and
MdTFL1a are similarly expressed in vegetative
tissues in both adult and juvenile tissues, they
could also function redundantly as floral repres-
sors (Mimida et al. 2009). On the other hand,
expression patterns of MdFT1 and MdFT2 are
quite different as MdFT1 is mainly expressed in
apical buds of FBS, while MdFT2 is mainly in
both flower buds and young fruit (Kotoda et al.
2010). This suggests that these genes, MdFT1
and MdFT2, must have undergone differentiation
in function during the process of evolution

following genome-wide duplication (Kotoda
et al. 2010).

11.6 Transgenic Approaches
for Controlling Flowering
in Apple

It is well known that the apple is a woody
perennial crop requiring a period of 5 to 7 years
from seed germination to first flowering (juvenile
period), and this is considerably longer than that
of annual crops such as rice and tomatoes.
Therefore, breeding fruit trees, such as apples,
often takes at least 15–25 years, from sexual
hybridization to selecting a new cultivar. As an
example, ‘Fuji’ apple has been first evaluated as
a seedling tree for its fruit characteristics
12 years following sexual hybridization (around
1951) and then has been subsequently released
after 23 years from crossing (in 1962) as a
named and registered cultivar (Sadamori et al.
1963). Therefore, shortening the juvenile period
of fruit trees, such as that for apple, is directly
related to the efficiency of breeding any new
cultivars.

Earlier studies in Arabidopsis have demon-
strated that artificial control of flowering time is
possible by either enhancing or suppressing the
expression of particular genes involved in flow-
ering. Thus, two approaches, described below,
can be considered to develop early flowering
plants. In one approach, enhancing expression of
genes involved in promoting early flowering
depends on LFY and AP1 genes, as they are
involved in switching plants to move from veg-
etative to reproductive growth, as has been
demonstrated in Arabidopsis (Weigel and Nils-
son 1995; Levy and Dean 1998; Liljegren et al.
1999). In a second approach, suppressing
expression of genes involved in flowering inhi-
bition focuses on TFL1 as it suppresses expres-
sion of LFY and AP1. Thus loss of TFL1 function
results in early flowering, and similar to the use
of a flowering promoter (Bradley et al. 1997;
Ohshima et al. 1997; Levy and Dean 1998; Lil-
jegren et al. 1999).
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Over the last decade, it has become abun-
dantly clear that TFL1- and FT-like genes are key
for controlling flowering in woody plants,
including apples, as described above
(Sect. 11.5). A description of the utilization of
TFL1- and FT-like genes to control flowering
time in apples is herein presented.

11.6.1 Overexpression of Genes
Promoting Flowering

As mentioned above, overexpression of
BpMADS4 (Flachowsky et al. 2007), MdFT1
(Kotoda et al. 2010), and MdFT2 (Tränkner et al.
2010, 2011) have been demonstrated to promote
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Fig. 11.7 Locations of TFL1/FT-like genes on linkage
maps of apple cultivars ‘Ralls Janet’ (Ra) and ‘Delicious’
(De). Loci are listed on the right-hand side of the linkage
maps, while genetic distances (cM) are shown on the left-
hand side. Chromosomes 4, 6, 12, and 14 have originated

from duplications of ancient chromosomes V and VI,
followed by translocation and a deletion event. Shared
colours in boxes indicate homology between extant
chromosomes (Mimida et al. 2009; Kotoda et al. 2010;
Velasco et al. 2010)
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very early flowering, including in vitro flowering
in apples. These transgenic approaches have
paved the way for the development of an early
flowering system for fruit trees. In particular,
BpMADS4 has been used to develop a “high-
speed” or “fast-tracking” system for breeding
apples. For example, transgenic apples have been
developed wherein both scab- and fire-blight
resistance genes are pyramided within a period of
about two years following hybridization with a
wild apple carrying fire-blight resistance, and
then with a scab-resistant apple cultivar (Fla-
chowsky et al. 2011; Le Roux et al. 2012). In
another fast-track breeding approach, heat-
induced expression of poplar (Populus tri-
chocarpa) FT genes, driven by the heat-inducible
Gmhsp 17.5-E (HSP)-promoter from soybean
(Glycine max) is used (Wenzel et al. 2013). In
this system, heat treatment of transgenic lines of
apple cv. ‘Pinova’ at 42 °C for 1 h per day for
about one month has induced flowering, and
these flowers are found to be fertile, thus yielding
viable offspring (Wenzel et al. 2013).

Likewise, another revolutionary system has
been developed using a virus vector for reducing
the generation time in apple seedlings. Yamag-
ishi et al. (2011) have reported on the induction
of early flowering in apple seedlings using the
Apple Latent Spherical Virus (ALSV) vector
expressing an Arabidopsis FT gene. It is
observed that apple seedlings flowered within 1.5
to 2 months after inoculation of seed cotyledons
with ALSV expressing FT, and these flowering
seedlings have produced a new generation fol-
lowing hybridizations with a cross-compatible
cultivar. Thus, this system reduces the generation
time of apples to less than one year using a
transient expression system of a virus vector
without incurring any genetic modification for
the next generation.

11.6.2 Development of an Early
Flowering System Using
Both TFL1 and FT Genes

In another approach, an early flowering system
has been developed using both TFL1 and FT

genes. In this system, expression of an Ara-
bidopsis FT and silencing of MdTFL1 accelerate
flowering time and the life cycle of apple seed-
lings using an ALSV vector, ALSV-
AtFT/MdTFL1 (Yamagishi et al. 2014). It is
reported that more than 90% of infected seed-
lings flower within 1.5 to 3 months. It is also
important to point out that in most cases, ALSV
is not transmitted via seeds to successive proge-
nies. Again, this transient expression system
using a virus vector is different from that of an
Agrobacterium-mediated transformation, as a
transient expression system does not alter the
genome of the host plant, while the latter modi-
fies it by integrating T-DNA into the host
genome.

11.6.3 Grafting of a Scion
onto a Rootstock
Expressing FT Genes
to Induce Early
Flowering

Grafting is often used for propagating apple
scion cultivars onto rootstocks in order to main-
tain identity and obtain clonal plants. In addition,
top-grafting is often used to promote earlier
flowering (and fruit set) of seedlings in tradi-
tional apple breeding programmes. In this con-
text, a highly desirable rootstock for promoting
the early flowering of scion cultivars has also
long been sought after. Thus, the discovery of
FT, likely phloem-mobile florigen, sheds light on
the development of such a desirable flower-
promoting rootstock.

In grafting experiments of Arabidopsis, an ft-7
rootstock expressing an FT-Green Fluorescent
Protein (GFP) fusion encoding gene under the
control of a SUC2 promoter is reported to pro-
mote flowering of an ft-7 mutant scion grafted
onto this rootstock, and an FT-GFP protein is
detected in the vascular tissue of the ft-7 shoot
(Corbesier et al. 2007). Furthermore, ft-TWIN
SISTER OF FT (tsf) double-mutant scions grafted
onto 35S::FT plants (ft tsf/35S::FT plants) have
been observed to flower considerably earlier than
ft tsf/ft tsf controls (Jin et al. 2015). In contrast, an
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apple rootstock expressing either PtFT1 or
PtFT2 (P. trichocarpa FT) under the control of a
heat-shock inducible promoter (HSP) has not
contributed to the early flowering of a grafted
wild-type scion apple cultivar following a long-
term heat treatment (Wenzel et al. 2013). How-
ever, transgenic apple expressing either PtFT1 or
PtFT2 is observed to flower within six days
following a heat treatment (Wenzel et al. 2013).

Similarly, transgenic hybrid aspen (Populus
tremula � P. tremuloides or P. trem-
ula � P. alba) rootstocks expressing an Ara-
bidopsis FT under the control of a heat-shock
inducible promoter have not induced flowering
of non-transgenic scions, although 66% of non-
grafted FT-expressing plants have flowered fol-
lowing an inductive heat treatment (Zhang et al.
2010). In trees such as apples and aspens, FT is
likely to be either non-transmissible or effective
enough to promote flowering by grafting, unlike
what is observed in annual plants and in shrubs
(Putterill and Varkonyi-Gasic 2016).

11.7 Concluding Remarks
and Future Perspectives

The history of cultivated apples is quite long,
dating all the way back before the Grecian era
(Janick et al. 1996; Luby 2003). Thus, many
apple cultivars/strains have been identified and
selected. Furthermore, descriptions of various
physiological traits for apple have long been
accumulated, thereby offering clues that aid in
elucidating mechanisms of such physiological
and genetic traits, such as those for flowering and
juvenility.

Based on ever-accumulating knowledge and
recent studies, it has been revealed that TFL1/FT-
like genes play critical roles in controlling
flowering, including that in fruit trees. However,
additional physiological traits/factors are yet to
be elucidated, both physiologically and geneti-
cally, in apples. These include those factors that
maintain juvenility, internal and external condi-
tions of flower induction in the seasonal flower-
ing cycle, promotion of flowering by grafting,

biennial bearing, and dormancy, although the last
two traits have not been discussed herein (see
Chaps. 5 and 12 in this volume).

The various traits/factors mentioned above
seem to be partially associated with the actions of
TFL1/FT genes, as well as with their regulators.
Therefore, interacting genes with TFL1/FT
should be of interest in unveiling those multiple
functions of FT-like genes (Mimida et al. 2011;
Putterill and Varkonyi-Gasic 2016). When
growing apple seedlings as single stems under
appropriate environmental and cultural manage-
ment conditions, flowering can be induced along
the top sections of stems in either the second or
third year, thus suggesting that moving inhibitory
compounds produced in the roots and moving up
along through the stem may prevent flowering
during the juvenile phase (Dennis et al. 2003).
This reported hypothesis is known as the effect of
the distance from the roots on juvenility. Inter-
estingly, likely floral repressors of apples,
MdTFL1, MdTFL1a, and MdCENa, are highly
expressed in roots (Mimida et al. 2009). Thus,
the functions of floral repressors should be thor-
oughly investigated to further elucidate the
mechanism of juvenility in various woody plants.

Although not mentioned here, the involve-
ment of low-molecular signalling compounds,
such as plant hormones and sugars, in flower
induction or suppression should be further
investigated (Xing et al. 2015; Li et al. 2018).
Moreover, developing a system that enables
control of flowering time, either directly or
indirectly, using either TFL1/FT or other flow-
ering genes related thereto, would also be of
great importance for the fruit industry, including
that of the apple industry.
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12Genetics and Genomics of Cold
Hardiness and Dormancy

Jianyang Liu, Timothy S. Artlip,
Sherif M. Sherif, and Michael E. Wisniewski

Abstract

Successful cropping of apple depends on the
ability of trees in the orchard to undergo both
a period of dormancy and to acclimate to low
winter temperatures. These physiological pro-
cesses are inter-connected and involve cross-
talk via shared signal transduction pathway
components, phytohormones, and the envi-
ronment. However, these processes also pos-
sess unique components, including activities
of downstream regulons that do not appear to
interact with each other. Apple dormancy
differs from those of many other woody
perennials in that it is solely temperature-
dependent, rather than relying on both pho-
toperiod and temperature cues. Apple cultivars
can also vary considerably in dormancy

duration. Dormancy duration is regulated by
chilling and heating requirements, that is,
numbers of hours between 0 °C and 7 °C, and
numbers of hours above 7 °C following
chilling, respectively, and both requirements
are genetically controlled. Several quantitative
trait loci (QTLs) have been identified on
Linkage Group (LG) 9 using mapping popu-
lations derived from crosses between low- and
high-chilling genotypes. Furthermore, regula-
tion and genetics of cold hardiness have also
been widely investigated. It is observed that
levels of cold tolerance vary among seasons
and among apple genotypes. Interestingly,
there are several similarities in responses of
both herbaceous and woody perennial plants
to low temperatures. Notably, C-repeat bind-
ing transcription factors (CBFs) appear to
serve as central regulators of cold signal
transduction and initiation of cold acclimation.
However, some regulators in the CBF path-
way in apple have not been identified in
herbaceous plants, thus suggesting that the
CBF-regulatory pathway in apple, and per-
haps in other woody perennials, may differ
from that in herbaceous plants, such as
Arabidopsis. Most low-temperature plant
research studies have focused on plant
responses to acute low-temperature stress,
but not on the abilities of plants, such as
apple, to maintain freezing tolerance under
chronic and extended periods of
low-temperature stress. Therefore, acquiring
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a better understanding of apple genetics,
molecular biology, and plant responses to
complex and dynamic environmental changes
is critical for apple genetic improvement
efforts and management of apple orchards in
response to environmental stress, particularly
under current climate change conditions.

12.1 Introduction

As bud dormancy and cold hardiness in perennial
plant crops are critical for apple production,
related research studies have been ongoing for
many decades. Recently increased concerns over
climate change and its potential impact on sev-
eral aspects of plant phenology, particularly
those associated with overwintering mechanisms
of temperate fruit crops, have highlighted the
necessity for increased research.

The apple has originated in temperate regions
of Central Asia, where the seasonal temperature
fluctuates well above and below 0 °C (Luby et al.
2001; Velasco et al. 2010; Daccord et al. 2017).
Malus species, both wild and domesticated, have
developed adaptive strategies to cope with low-
winter temperatures by entering dormancy and
undergoing a process of cold acclimation. As
active growth of meristematic tissues is inhibited
during dormancy and during the process of cold
acclimation, living cells undergo biochemical
and structural changes that enable them to either
avoid or tolerate dehydration stress associated
with freezing temperatures. These processes
involve several phenological events, including
growth cessation, dormancy establishment, cold
acclimation, chilling and heat accumulation,
dormancy release, and growth resumption in the
next growing season. In woody perennials,
including temperate fruit trees, endodormancy
and survival of plant organs in response to low
temperatures (chilling; 0 °C to ca. 7 °C) and/or
freezing are linked traits. Cold acclimation is a
complex phenomenon involving structural and

biochemical alterations, both of which are regu-
lated by changes in gene expression in response
to environmental cues. Even when cold hardy,
winter injury can still occur in all organs of an
apple tree, including roots, despite having
undergone cold acclimation. This is due to the
extent and duration of freezing tolerance, as well
as to the apple tree’s ability to maintain maxi-
mum freezing tolerance during periods of fluc-
tuating temperatures. These capabilities are under
genetic control, and these can vary among apple
genotypes/species. Interestingly, studies related
to the causes and effects of winter injury on apple
trees have been undertaken for over 100 years, as
evidenced in a description of the problem by
Gardner et al. (1922).

Freezing damage to cells can be attributed to
either extracellular or intracellular ice formation.
Extracellular ice formation imposes dehydration
stress on a cell, as differences in water potential
between the cell and the extracellular ice cause
water to move out of the cell. In fact, the level of
cold hardiness of a genotype is often defined by
its ability to withstand a specific level of dehy-
dration stress. In response to the presence of
extracellular ice, plant cells undergo the process
of cytorrhysis, wherein the whole plant cell
compresses and collapses, resulting in permanent
damage of the cell wall (Molisch 1897; Wiegand
1906). This process differs from osmotic-induced
dehydration, such as salt stress, whereby the
plasma membrane pulls away from the cell wall
but retains its original shape. It is important to
point out that intracellular ice formation is
deemed an immediate lethal event wherein all
plant cell membranes, organelles, and other
structures are disrupted by ice crystals. Upon
thawing, these leak out of the cell.

In woody perennials, dormancy is usually
referred to as the absence of detectable growth.
Based on sources of signals inducing dormancy,
it can be categorised into three classes: parador-
mancy, whereby signals from apical meristems
suppress lateral bud growth; endodormancy,
whereby growth inhibition is governed by bio-
chemical and molecular signals released from
buds; and ecodormancy, whereby bud growth is
inhibited by surrounding environmental
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conditions, such as low temperatures (Lang
1987). In recent years, the definition of bud
dormancy has been revised as the “inability to
resume growth from meristems under favorable
conditions” (Rohde and Bhalerao 2007). This
definition highlights the status of the meristem,
distinguishing it from ecodormancy, and has
gained growing recognition (Rohde and Bhalerao
2007; Cooke et al. 2012; Considine and Con-
sidine 2016). In this chapter, we will focus on
endodormancy, the key mechanism for apple
trees to overwinter. Therefore, the term dor-
mancy will be used interchangeably with
endodormancy, unless otherwise specified.

Dormancy is a highly regulated and complex
process that is subject to influences by various
internal and external factors. Regrowth and
flowering of apple buds in the spring are
dependent on successful bud dormancy and cold
acclimation during the winter; thus, highly
impacting annual fruit production. Unlike several
other woody species, apple trees receive cues
from low temperatures in the fall season, instead
of short photoperiods, to initiate dormancy
(Heide and Prestrud 2005). During dormancy,
apple trees must undergo a period of cold
exposure, referred to as the chilling requirement
(CR), typically expressed as chilling hours/units
(CUs), to exit dormancy. Following completion
of CR, a period of warm temperature, referred to
as the heat requirement (HR), is required to
induce uniform budbreak or flowering. Both CR
and HR are genetically determined traits, and
these are highly variable across apple cultivars
(Labuschagné et al. 2002). If CRs or HRs are
unmet, this may lead to uneven budbreak or poor
floral competency in apple (Hawerroth et al.
2013). CR in apple is reported to have a higher
influence than HR on flowering date (Celton
et al. 2011). However, HR can counterbalance
either insufficient or excess chilling exposure
(Ruiz et al. 2007); moreover, exposure to heat
wave(s) during endodormancy can partially
counterbalance or offset chilling effects (Anza-
nello et al. 2014), thus suggesting

interdependence and overlap between CR and
HR. Dormancy parameters are critical in breed-
ing programmes and cultivar selection, as they
largely determine the geographical distribution
and production of apple worldwide. Recent
research has indicated that such parameters are
also influenced and shaped by global climate
change (Nanninga et al. 2017; Rinne et al. 2018;
Wenden et al. 2020).

A major consequence of global climate
change is inadequate or disturbed dormancy.
A direct demonstration of the effect(s) of such
disturbance is an increased risk of frost damage.
Therefore, following budbreak, deciduous trees
lose cold hardiness, and meristem tissues within
buds may suffer cold injuries as a result of a rapid
drop in temperature. Global climate change
increases frequencies of both spring frosts (Liu
et al. 2018) and warm spells in late winter or in
early spring (Ma et al. 2019), both of which
contribute to increased odds of frost damage.
Studies have reported that, over the last three
decades, apple bloom has advanced by 6–9 days
in Europe (Vitasse et al. 2011; Hoffmann and
Rath 2013; Vitasse et al. 2018), thereby exposing
fragile floral tissues to damaging spring freeze.
Furthermore, the loss of winter chilling condi-
tions required for release from dormancy for
many temperate perennials, including apple, is
projected to continue for decades to come
(Augspurger 2013; Unterberger et al. 2018; Ma
et al. 2019). By comparing dormancy dynamics
in apple trees grown under contrasting climates,
Malagi et al. (2015) have demonstrated that cli-
mate dictates entry into and intensity, of dor-
mancy, as a mild winter leads to weakened and
shortened endodormancy. As dormancy-related
issues are becoming of the general concern in
fruit production, various efforts are underway to
combat mild winters and late frosts (Liu and
Sherif 2019). A key question, which is of con-
siderable interest in apple biology, is how the
dormancy-growth cycle is controlled and what
key components are involved and orchestrated in
dormancy regulation.

12 Genetics and Genomics of Cold Hardiness and Dormancy 249



12.2 Dormancy

12.2.1 Hormonal Control of Bud
Dormancy

Plant hormones are extensively involved in the
regulation of dormancy. While functions of some
hormones such as abscisic acid (ABA) and
gibberellins/gibberellic acid (GA) have been con-
vincingly associated with particular aspects of
dormancy, roles of some other hormones, such as
ethylene and cytokinin (CK), appear to defy clear
generalisation, as their functions are highly
context-dependent, and are variable at different
stagesofplant developmentor acrossplant species.

Often, the roles of plant hormones are inves-
tigated based on the dynamics of metabolism and
signalling. In addition to direct measurements of
hormone levels, useful insights can be gained via
various molecular tools, such as mutagenesis,
analysis of expression of biosynthetic and cata-
bolic genes, and omics. In particular, advances in
knowledge of hormone signalling pathways such
as perception, signal transduction, and signal
interplay for several major hormones has greatly
expanded our understanding of hormonal regu-
lation of dormancy.

The phytohormone ABA has been widely
recognized as a key regulator of growth cessation
and dormancy initiation (Finkelstein 2013; Zheng
et al. 2015). In several deciduous woody peren-
nials, ABA content in buds increases at the
inception of endodormancy in the fall (Wang et al.
2015; Tuan et al. 2017; Li et al. 2018), and
decreases prior to dormancy release with the
accumulation of either chilling exposure (Leida
et al. 2012) or dormancy-breaking agents; e.g.,
hydrogen cyanamide (Zheng et al. 2015). During
dormancy, bud ABA contents are mainly regu-
lated by in situ synthesis and catabolism, and
regulatory steps involved in these two processes
are controlled by gene families of nine-cis-epox-
ycarotenoid dioxygennases (NCEDs) and cyto-
chrome P450s (CYP707s), respectively. In pear,
apple’s closest relative, ABA PpNCED-2 and
PpNCED-3 are found to be responsible for

increased levels of ABA with chilling accumula-
tion, whileCYP707-3 controls the decline of ABA
content towards dormancy release (Li et al. 2018).
Exogenous ABA, when applied on apple and pear
trees in the fall, induces physiological changes
characteristic of endodormancy, confirming
ABA’s role in promoting dormancy (Guak and
Fuchigami 2001; Li et al. 2018). In addition to
oxidation, ABA can also be deactivated by con-
jugating with glucosyl ester (GE) to form anABA-
GE complex, catalysed by glucosyltransferase.
ABA-GE is mobile and serves as the storage form
of ABA. Some recent reports have indicated that
ABAconjugationmay participate in the regulation
of ABA content during dormancy (Chmielewski
et al. 2018; Zhang et al. 2018). However, it still
remains unclear to what extent this mechanism
supplements the oxidative catabolism of ABA,
and how it is spatially and temporally regulated
during the bud dormancy cycle.

In addition to ABA metabolism, ABA
responses are also regulated at the signalling
level. The ABA signalling pathway consists of
the following three key components: ABA
receptors (RCAR/PYR/PYL), Protein Phosphate
2Cs (PP2Cs), and SNF1-Related Protein Kinase
2s (SnRK2s). The binding of ABA to its recep-
tors releases SnRK2s from suppression of PP2C,
thus activating downstream ABA response genes
that are mediated by cis-regulatory elements
(ABREs) (Soon et al. 2012). Genetic studies
have suggested that environmental signals and
ABA levels modulate transcript levels of these
central components. In a transcriptomic study
with the Japanese pear Pyrus pyrifolia Nakai
‘Kosui’, Li et al. (2018) have demonstrated that
expression of ABA receptor PYL and SnRK2s, a
positive regulator of ABA responses, are upreg-
ulated at the point of a tree’s entry into dor-
mancy. In contrast, expression of PP2Cs has
remained low during deep endodormancy, but
increases as ABA content decreases towards
dormancy release. In the same study, exogenous
ABA promotes the expression of SnRK2s, but
suppresses that of PP2Cs. Similar results have
also been observed in the Japanese pear
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P. pyrifolia ‘Suli’, wherein PP2C genes are
upregulated and SnRK2s are downregulated after
buds exit from dormancy (Bai et al. 2013).

On the other hand, GAs serve as critical reg-
ulators of the plant growth/dormancy cycle,
playing prominent roles in countering the effects
of ABA. Of all naturally occurring forms of GAs,
it is GA1, GA3, GA4, and GA7 that are known
to possess significant bioactivities, with GA3
being the predominant form in vegetative tissues
of apple (Yang et al. 2013). Reduction of GA
levels is required for the proper establishment of
endodormancy, while the elevation of GA levels
is detected towards or soon after the release of
endodormancy (Molmann et al. 2005; Cooke
et al. 2012). During dormancy, levels of GA and
ABA are inversely correlated, with the ABA/GA
ratio varying in parallel with the depth of dor-
mancy (Duan et al. 2004). GA is primarily reg-
ulated at the metabolic level, with critical steps
controlled by biosynthetic genes GA20ox and
GA3ox along with catabolic genes, such as
GA2ox (Choubane et al. 2012; Wen et al. 2016;
Zheng et al. 2018). Transgenic plant studies have
revealed that expression of GA metabolic genes
is subject to the influence of ABA levels, thus
suggesting that there is a very close interdepen-
dence of GA and ABA in modulating the pro-
gression of dormancy (Seo et al. 2006; Oh et al.
2007; Wen et al. 2016; Yue et al. 2018).

Several mechanisms have been proposed for
GA-mediated dormancy release. Firstly, GAs
may control the dormancy cycle by restoring
intercellular communications via induction of
expression of Group 17 1, 3-b-glucanases that
hydrolyse callose, a major polysaccharide that
contributes to symplastic closure (Rinne et al.
2011). Secondly, GA promotes the production of
Reactive Oxygen Species (ROS), known to play
central roles in triggering budbreak (Sudawan
et al. 2016; Liu et al. 2017; Beauvieux et al.
2018). Finally, GA may induce dormancy release
by activating metabolic pathways, particularly
those associated with sugar metabolism (Zhuang
et al. 2015). Furthermore, soluble sugars not only
function as important sources of energy to sustain

regrowth but also serve as potential signalling
elements that indirectly activate the expression of
growth-related genes (Ruan et al. 2010).

In the GA signalling pathway, the GA-GID1-
DELLA module is highly conserved in angios-
perms (Sun 2011). In this model, GID1 (Gib-
berellin Insensitive Dwarf1) is a GA receptor,
which can, upon forming a GA-GID1 complex,
induce degradation of DELLA proteins, as it is a
negative regulator of GA responses (Itoh et al.
2003; Ariizumi et al. 2013; Hauvermale et al.
2014). Expression of GID1 correlates with GA
levels during dormancy (Zhu et al. 2015; Yue
et al. 2018); whereas, DELLA genes appear to
respond to dormancy-inducing cues, such as
short day (SD) photoperiod (Zawaski and Busov
2014; Yue et al. 2018). Recently, Yue et al.
(2018) have proposed that both GID1 and
DELLA are subject to the effects of ABA. In
apple, expression of RGL, a DELLA gene, can be
induced by overexpression of C-repeat binding
transcription factor(s) (CBFs) genes, suggesting
the involvement of the GA signalling pathway in
cold perception (Wisniewski et al. 2015).

Ethylene is also required for both dormancy
initiation and dormancy release, as demonstrated
by elevated ethylene levels at both stages.
Ethylene deficiency or impaired ethylene recep-
tion have been reported to result in either
abnormal or failed dormancy establishment
(Suttle 2004; Ruonala et al. 2006; Sumitomo
et al. 2008). The involvement of ethylene in
dormancy induction may be ascribed to its ability
to confer growth inhibition, which may involve
GA deactivation and accumulation of DELLAs
(Dubois et al. 2013, 2015). Moreover, ethylene
can stabilize DELLAs via CTR1, an ethylene
receptor target, without recruiting GA (Achard
et al. 2007). The requirement of ethylene during
budbreak, as demonstrated by temporary activa-
tion of ethylene synthesis in response to dor-
mancy breaking stimuli, enhanced budbreak
following exogenous ethylene application, as
well as delayed dormancy release via blocking of
ethylene signalling, may involve ethylene-
mediated ABA degradation (Ophir et al. 2009;
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Zheng et al. 2018), repression of CBF genes (Shi
et al. 2012), or production of ROS (Ionescu et al.
2017; Beauvieux et al. 2018). However, the
effects of ethylene in apple budbreak are rather
different from those observed in other plant
species, as ethylene production in apple floral
buds declines during bud expansion in the spring
(Blanpied 1972). Moreover, though fall applica-
tions of ethylene-based chemicals, such as
ethephon, have been shown to effectively delay
the blooming date in Prunus species, such effects
appear to be insignificant in apple (Gianfagna
et al. 1989; Durner et al. 1990; Durner and
Gianfagna 1991; Durner 1995).

Both auxins, such as indole-3-acetic acid
(IAA) and cytokinins (CKs) are growth-
promoting phytohormones that have been pri-
marily implicated in dormancy release. Tran-
scriptomic analysis data from Japanese apricot
and poplar have suggested that the majority of
auxin-associated genes are downregulated during
endodormancy (Zhong et al. 2013; Howe et al.
2015), and IAA levels can be induced by either
low temperature or SD photoperiod (Zhang et al.
2012a). In dormant apple buds, overexpression
of Dormancy Associated MADS (DAM) appears
to lower IAA levels (Yamane et al. 2019), pos-
sibly contributing to the maintenance of deeper
dormancy. On the other hand, IAA production
increases during dormancy release (Nagar and
Sood 2006; Qiu et al. 2013; Zhang et al. 2018),
preparing for regrowth by restoring symplastic
paths (Aloni and Peterson 1997), enhancing GA
production (Wolbang and Ross 2001; Wolbang
et al. 2004; Frigerio et al. 2006), and switching
on the cell cycle machinery (Noriega and Pérez
2017). Indeed, expression analysis has indicated
that auxin production and transport may act as
essential regulatory nodes in apple dormancy
(Porto et al. 2015). This is supported by a recent
finding, in which a CBF-overexpressing trans-
genic apple line (T166), with prolonged
endodormancy, is characterized by upregulation
of auxin catabolism and storage genes, while
genes related to auxin transport are

downregulated in transgenic plants compared to
wild-type M26 rootstock plants (Artlip et al.
2019).

It has been reported that the production of
CKs is also subject to environmental signals.
That chilling exposure is required for shoot-
derived CK increases in apple buds and bark in
the spring, which subsequently triggers budburst
(Cook et al. 2001). Indeed, genes for CK inac-
tivation or storage are upregulated; whereas,
genes for the cell division cycle are downregu-
lated in the aforementioned transgenic apple line
T166 displaying delayed exit from dormancy
(Artlip et al. 2019). As increased levels of CKs
can activate cell cycle genes, thereby increasing
rates of cell division and cellular respiration, as
both are major events preceding the reactivation
of dormant buds (Noriega and Pérez 2017).

12.2.2 Intercellular Regulation
of Dormancy

In perennials, the dormancy/growth cycle is
highly dependent on the cell-to-cell transport in
the symplastic continuum, which in turn relies on
the connectivity of specialized channels between
adjacent cells known as plasmodesmata
(PD) (Cooke et al. 2012). Passage of mobile
molecules across the PD is primarily controlled
by the deposition and degradation of callose, a 1,
3-b-glucan polymer, and catalyzed by callose
synthase (CALS1) and glucanase, respectively
(Wu et al. 2018). PD closure plays a central role
in plant defence mechanisms, especially against
invading viruses, and it has been demonstrated to
serve as a critical step in the establishment of
dormancy (Rinne and van der Schoot 2003). In a
recent study, an ABA-mediated PD constriction
in hybrid aspen is demonstrated to prevent dor-
mancy release by limiting the passage of growth
factors, such as the Flowering Locus T (FT) into
dormant buds (Tylewicz et al. 2018). In this
study, an ABA-insensitive mutant (abi1-1) has
been reported to fail in producing PD callose,
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exhibiting compromised dormancy establishment
under dormancy conducive conditions, while PD
closure and dormancy are restored via either
downregulation of a chromodomain remodelling
factor, PICKLE (PKL), or ectopic expression of
Plasmodesmata Located Protein 1 (PDLP1)
(Tylewicz et al. 2018). It is noteworthy to point
out that PKL is a chromatin remodeller involved
in facilitating epigenetic marks (such as histone
H3 lysine 27) and repressing expression of
tissue-specific genes associated with develop-
mental transitions (Zhang et al. 2012b); whereas,
PDLPs are important regulators of PD perme-
ability and symplastic transport (Lim et al. 2016).
Furthermore, ABA can induce the expression of
callose synthase 1 (CALS1) by suppressing the
expression of PKL (Singh et al. 2019). In addi-
tion to regulation by ABA, the connectivity of
PD channels can be restored by GA4, which can
induce expression of Group 17 1, 3-b-glucanases
to hydrolyze callose (Rinne et al. 2011). In a
recent RNAi study with aspen, Singh et al.
(2019) have proposed a model linking GA to
ABA-mediated PD closure. In this model, it is
proposed that upon exposure to SD photoperiod,
elevated ABA levels suppress expression of
PKL, releasing suppression of a short vegetative
phase (SVP)-Like (SVL), a transcription factor
orthologous to an Arabidopsis floral repressor
(SVP), which activates expression of CALS1 and
the GA catabolic gene GA2 oxidase; thus,
inducing callose accumulation. An analysis of
Differentially Expressed Genes (DEGs) in trans-
genic apple line T166 with enhanced dormancy
has revealed that Group 17 1, 3-b-glucanases are
downregulated relative to non-transformed con-
trols, and this may contribute to the observed
delay in dormancy release in line T166 (Artlip
et al. 2019). Using microscopy and synchrotron
techniques, Lee et al. (2017) have demonstrated
that PD closure and reduction of pectin pore size
limit water movement into dormant buds of
spruce. The facts that free-water can only be
detected in dormant apple buds that have satis-
fied the CR (Liu et al. 1993), and that high
temperatures favour a quick transition between
endodormancy and ecodormancy in apple buds
via shortening the rehydration period (Malagi

et al. 2015) only reinforce the hypothesis that PD
permeability is tightly-linked to the regulation of
bud dormancy in apple. This is similar to sce-
narios observed in other deciduous woody
species.

12.2.3 Cell Cycle Progression During
Dormancy

When viewing dormancy as a dynamic state of
meristems, the cell cycle is of particular impor-
tance in understanding the dormancy/growth
cycle. In the cell cycle, the G1 phase primes
the cell for the S phase, and the G1/S transition
phase determines cell cycle progression by inte-
grating environmental signals (Inze and De
Veylder 2006). Progression of the cell cycle is
governed by cyclins (especially types A, B, and
D), in partnership with Cyclin-Dependent Kina-
ses (CDK), that can be repressed by an Inhibitor
of a CDK/Kip Related Protein (ICK) (Yam-
aguchi et al. 2000; Verkest et al. 2005; Lipavska
et al. 2011; Torres Acosta et al. 2011). Dormancy
is predominantly characterized by an arrested
phase at either G1 or G0, and an extended stage
of G1 (Devitt and Stafstrom 1995; Gutierrez
et al. 2002). Entry into G1 is subject to the reg-
ulation of both internal and environmental sig-
nals. In a recent study, Vergara et al. (2017) have
demonstrated the central role of ABA in modu-
lating the cell cycle during dormancy, in which
endogenous ABA suppresses the expression of
both cyclins and CDK, while upregulating the
expression of ICKs in dormant grapevine buds.
In the same study, an exogenous ABA is reported
to suppress expression of cell cycle genes
(CCG); however, this observed effect is reversed
by the application of hydrogen cyanamide (HC),
which reduces the ABA content (Vergara et al.
2017). On the other hand, the cell cycle also
participates in the perception of environmental
signals by virtue of AP2 transcription factors,
AINTEGUMENTALIKE1-4 (AIL1-AIL4). In
hybrid aspen, downregulation of AIL1-AIL4 is
required for photoperiod-dependent growth ces-
sation and downregulation of D-type cyclins
(CYCs) (Karlberg et al. 2011; Azeez et al. 2014).
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Therefore, it has been proposed that D-type
CYCs (e.g., CYCD3;1) play critical roles in
regulating the G1/S transition (Menges et al.
2006). Recently, Artlip et al. (2019) have
demonstrated that the apple AIL1 gene is down-
regulated in a transgenic apple line, T166, over-
expressing the CBF gene. This finding sheds
additional light on the mechanism of cold-
dependent dormancy induction, which may
involve an AIL1-mediated cell cycle regulation.

12.2.4 Molecular Controls of Apple
Dormancy

It has been long observed that the mechanism(s)
regulating dormancy is under strong genetic
control and that our knowledge of dormancy has
been considerably improved with studies of
Dormancy Associated MADS genes (DAMs)
(Bielenberg et al. 2004; Li et al. 2009). It is
reported that DAMs have been first identified in
peach, and that expression of some DAMs,
including PpDAM5 and PpDAM56 are highly
correlated with progression of endodormancy (Li
et al. 2009; Jimenez et al. 2010). DAM genes are
highly similar to the SVP/AGL24 gene family in
Arabidopsis, wherein members control
vernalization-promoted flowering (Jimenez et al.
2009; Saito et al. 2015). In apple, several DAM
orthologs have been identified and functionally
characterized (Mimida et al. 2015; Porto et al.
2016; Wu et al. 2017); however, there is some
inconsistency in the nomenclature of these genes.
Among them, two genes, MdDAMa and
MdDAMc, have been proposed as having roles in
triggering growth cessation, while three other
genes, MdDAMb, MdSVPa, and MdSVPb, are
found to participate in the maintenance of bud
dormancy (Falavigna et al. 2014; Wu et al.
2017). The functions of some of the DAM genes
in apple have been assessed in transgenic plants,
wherein overexpression of a Prunus mume gene,
PmDAM6, in apple is found to suppress growth
and delays bud outgrowth, likely through mod-
ulation of contents of the phytohormones ABA
and cytokinin in terminal buds (Yamane et al.
2019).

In addition to DAM genes, a MADS box gene,
FLOWERING LOCUS C (FLC), known to
repress flowering in Arabidopsis, was also pro-
posed as a candidate regulator of dormancy.
A comparative study of apple cultivars with
contrasting CRs revealed differential expression
of FLC-like genes (Porto et al. 2015). Moreover,
expression patterns of FLC-like genes in apple
were highly correlated with both progression of
both dormancy and chilling accumulation
(Kumar et al. 2016a; Nishiyama et al. 2019).
This finding was highly reminiscent of those
observed for DAM genes. It should be noted that
FLC genes have been located at the top of
Linkage Group 9 (LG9), a region harbouring
major QTLs responsible for both budbreak and
flowering in apple (Segura et al. 2007; Allard
et al. 2016; Miotto et al. 2019).

In the photoperiod-dependent induction of
dormancy, the CONSTANS (CO)/FT regulon has
been demonstrated to be the main mediator in the
SD signalling pathway, which culminates in
arrested cell cycle via regulation of AIL, an AP2
transcription factor (Karlberg et al. 2011; Srini-
vasan et al. 2012). In contrast, various distinct
signalling pathways in temperature-induced dor-
mancy are less understood. Recently, the CBF-
dependent DAM gene pathway has been pro-
posed as the main mechanism mediating autumn
chilling and dormancy induction. In this path-
way, CBF may directly bind to promoter regions
(C-repeat/DRE) of DAM genes and enhance their
transcriptional activities, as confirmed by yeast
one-hybrid and transient expression experiments
in Japanese pear (Saito et al. 2015; Niu et al.
2016) and Japanese apricot (Zhao et al. 2018).
The function(s) of CBF in dormancy has been
revealed via ectopic expression of a peach CBF
gene in apple (line T166) as it induces precocious
initiation of dormancy, increases freezing toler-
ance, and delays budbreak (Wisniewski et al.
2011; Artlip et al. 2014). In addition to enhanc-
ing expression of DAM-like genes, ectopic
expression of CBF alters EARLY BUD-BREAK-
like (EBB-like) genes in buds (Wisniewski et al.
2015), and that MdEBB1 is yet another major
regulator of dormancy release, first identified in
poplar (Yordanov et al. 2014; Busov et al. 2016).
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Dormancy has been proposed as a phe-
nomenon driven by epigenetic mechanisms (Liu
et al. 2015). Epigenetic modifications could
either activate or repress gene expression pat-
terns, either globally or locally, but without
altering DNA sequences. In apple, global DNA
and histone methylation changes have been
reported to be closely associated with chilling,
thus highlighting the importance of epigenetic
controls mediating environmental cues in dor-
mancy (Kumar et al. 2016b). In particular, DAM
genes appear to be under strong epigenetic reg-
ulation during the dormancy cycle (Kumar et al.
2016b). In peach, a repressed histone marker,
H3K27me3, is associated with high-chill culti-
vars, and that with chilling accumulation, the
promoter of a DAM6 gene is characterized by
enriched H3K27me3 and reduced H3K4me3 and
H3ac, thus pointing to activated expression
(Leida et al. 2012). Similarly, a decrease of
H3K4me3 is found to result in reduced expres-
sion of a DAM homolog (PpMADS13-1) in pear
(Pyrus pyrifolia), and thus contributing to dor-
mancy release (Saito et al. 2015). In addition to
histone modification, recent studies have indi-
cated that DAM genes can also be inactivated by
DNA methylation and small interfering RNAs
(siRNAs), both of which target promotors of
DAM genes in response to chilling accumulation
(Niu et al. 2016; Rothkegel et al. 2017). Alto-
gether, these findings point to the central role of
epigenetic modifications in regulating DAM
genes, thereby confirming the importance of
DAM genes in regulation of dormancy.

12.2.5 An Overall View of Dormancy

In conclusion, dormancy in perennials is a
complex phenomenon involving the orchestra-
tion of a variety of processes at the physiological,
molecular, and biochemical levels (Fig. 12.1).
These processes include but are not limited to
biosynthesis, signalling, and transport of phyto-
hormones, modulation of cell cycle machinery,
intracellular transport of signalling components,
dehydration/hydration of dormant buds, tran-
scriptomic and epigenetic regulation of

dormancy-related genes, among others
(Fig. 12.1). As such, attempts in deciphering the
molecular and biochemical regulation of bud
dormancy in fruit trees, including apple, require
that concurrent multiple factors are taken into
consideration.

Recent research efforts have generally con-
cluded that the apple enters endodormancy by
taking cues from low temperatures, and in this
process, the transcription factor CBF appears to
be a prominent regulator in the conduit of low-
temperature perception. This in itself involves
DAM genes and several downstream mechanisms
that are shared among photoperiod-dependent
pathways. Further molecular data are required to
fully characterise key components in regulatory
pathways of apple dormancy, particularly those
related to cold hardiness.

12.3 Cold Hardiness

12.3.1 Avoidance, Tolerance,
and Resistance to Cold
Temperatures

Plants rely on three main strategies to deal with
low temperatures: avoidance, resistance, and
tolerance, all of which are employed by various
temperate woody perennials (Levitt 1980). An
obvious example of an avoidance mechanism is a
life-cycle adaptation, such as shedding leaves
prior to freezing temperatures, thus avoiding high
vapour pressure deficits/desiccation, and pho-
toinhibition, resulting from low temperatures
coupled with high-light levels, as well as ice
formation in mesophyll tissues. Some woody
perennials, including apple, can also avoid
deleterious effects of ice formation in tissues by
undercooling (supercooling); i.e., maintaining
water in a liquid state at sub-zero temperatures.
Cells, tissues, and organs that retain cellular
water in a liquid phase at low subfreezing tem-
peratures (–20 to –40 °C), and remain free from
internal heterogeneous ice nuclei, as well as
isolated from nucleating effects of extracellular
ice, are reported to undergo deep undercooling
(Wisniewski et al. 2003, 2018). Deep
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undercooling has been reported to occur in xylem
parenchyma of apple twigs (Hong and Sucoff
1982; Sakai and Larcher 1987; Kuroda and
Sagisaka 2005; Pramsohler et al. 2012). In con-
trast to xylem tissues, apple buds cannot deep
undercool in the winter (Salazar-Gutierrez 2016),
but may slightly undercool following budbreak
(Pramsohler and Neuner 2013). Some data sug-
gest that the cytoplasm in cells of vegetative
apple buds undergo a glass transition and thus
avoid desiccation and intracellular ice formation
(Vertucci and Stushnoff 1992; Pramsohler and
Neuner 2013). While structural in nature, the
ability to deep undercool is brought about
through developmental programmes that are
induced by changes in gene expression. In this
regard, it is similar to various other survival
strategies outlined by Levitt (1980).

Tolerance or resistance to low temperatures
typically encompasses active changes in gene
expression leading to alterations at cellular and
sub-cellular levels (Preston and Sandve 2013;
Wisniewski et al. 2018). Notably, these include
changes in membrane lipid composition, with a
bias towards increased unsaturation, thereby
allowing membranes to maintain their integrity at
sub-freezing temperatures (Uemura and Ste-
ponkus 1999). Seasonal changes in various cel-
lular components have been reported in apple
(Wang and Faust 1990). Changes in specific
oligosaccharides and polyols have also been
correlated with cold hardiness in woody plants,
including apple (Stushnoff et al. 1999). These
compounds contribute to the stabilization of
membranes, acting as ROS scavengers or as
compatible solutes that provide protection

Cold stimuli Chilling accumulation Warm temperature

MdDAMs

Growth Ceasing Events

ABA

CK

FT

Growth Resuming Events

IAA

GA

ET

FLC DELLA

ICE

CBF

Ini a on of ED Endodormancy Ecodormancy Budbreak

Fig. 12.1 A schematic model of endodormancy progres-
sion in apple. Arrows indicate activating actions, with red
arrows denoting actions for growth cessation and green
arrows denoting actions for growth resumption, while T
ended bars denote inhibiting actions. Hexagons represent
transcription factors; ovals represent hormones or pro-
teins. Growth Ceasing Events indicate major events
related to growth cessation, which include callose depo-
sition, cell cycle arrested at G1/G0 stage, and repressive
marks of histones, among others. Growth Resuming
Events include callose degradation, cell cycle progressing
to G1/S transition, and active marks of histones, among
others. Components under the grey dome are upregulated

during the initiation of endodormancy, and decline
gradually with the chilling accumulation. In contrast,
components in the green dome increase as buds transition
from endodormancy to ecodormancy, reactivating growth
and culminating in budbreak. ABA = abscisic acid,
CBF = C-repeat binding transcription factors, CK = cy-
tokinin, DELLA = a negative regulator in GA signalling
pathway, containing a DELLA motif, ET = ethylene,
GA = gibberellins, IAA = Indole-3-acetic acid (auxin),
ICE = Inducer of CBF Expression, FLC = FLOWERING
LOCUS C, FT = FLOWERING LOCUS T. This sche-
matic model is adapted from the information presented by
Liu and Sherif (2019) and Miotto et al. (2019)
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against osmotic stress (Tarkowski and Van den
Ende 2015).

Plants must undergo a period of cold accli-
mation (CA) for their highest levels of tolerance
to low temperatures. Cold acclimation in apple is
first induced by short days (SDs) followed by
exposure to chilling/low temperatures in the fall
(Howell and Weiser 1970a; Ketchie 1984).
Continued low temperatures are required to
maintain maximum levels of cold hardiness, as
well as dormancy. Epigenetic modifications,
such as methylation, are strongly associated with
maintaining dormancy in apple (Kumar et al.
2016b). Significant aspects of the molecular
regulatory machinery underlying CA have been
reported, particularly those related to plant
response to low temperatures. However, details
of low-temperature perception are still in debate.
The current model proposes that a cold shock
causes changes in membrane fluidity, and a
rearrangement of the cytoskeleton triggering an
influx of Ca2+, which in turn induces transcrip-
tional activation and post-transcriptional modifi-
cations of relevant genes and proteins (Fig. 12.2;
Zhu 2016). Several regulatory pathways have
been documented, with the central pathway
involving induction of CBF transcription factor
(s).

12.3.2 CBF Transcription Factors—
The Central Cold
Response Pathway

CBFs are members of the AP2/EREB family of
transcription factors, and they bind to a con-
served CCGAC promoter motif, termed the C-
repeat (CRT) when plants are subjected to low
temperature(s) or termed the Dehydration
Response Element (DRE) in plants subjected to
water deficit (Baker et al. 1994; Jaglo-Ottosen
et al. 1998; Liu et al. 1998; Medina et al. 1999).
Due to simultaneous studies conducted in dif-
ferent laboratories, dual nomenclatures have been
proposed, C-repeat Binding Factor (CBF) and
DRE Binding1 (DREB1). As the emphasis in this
section is focused on cold hardiness, the CBF
term will be used.

It is reported that the CRT is present in pro-
moters of COld Regulated (COR) genes and/or
osmotic stress-related genes (Fig. 12.2). Many of
these genes encode functional proteins presumed
to provide cryoprotection, such as dehydrins
(Graether and Boddington 2014; Falavigna et al.
2015), or active osmotic adjustment via either
carbohydrates or quaternary amine accumulation,
such as those via various enzyme pathways (see
Kozlowski and Pallardy 2002; Welling and Palva
2006). Several amino acid motifs distinguish
CBF/DREB1 proteins from other members of the
AP2/EREB family, as well as from a related
DREB2 group, which is solely responsive to
either water deficit or heat shock in dicots, and
also binds to the conserved CRT motif (Mizoi
et al. 2012).

There are wide variations in the numbers of
CBF genes present in different species (Wis-
niewski et al. 2014; Shi et al. 2018). Three of the
six CBF genes in Arabidopsis are cold-
responsive (AtCBF1,2,3), while all five apple
CBFs (MdCBFs1-5) are cold-responsive at
varying levels (Wisniewski et al. 2011; Feng
et al. 2012; Wisniewski et al. 2015). There are
relatively few differences between sequences of
cold-inducible Arabidopsis CBFs. In contrast,
notable amino acid sequence differences are
present among different apple CBFs (Wisniewski
et al. 2011), leading to distinct phylogenetic
groupings (Zhao et al. 2012; Wisniewski et al.
2014). Interestingly, there is experimental evi-
dence demonstrating functional differences
among AtCBFs despite their sequence similari-
ties (Novillo et al. 2004, 2007; Jia et al. 2016;
Zhao et al. 2016; Shi et al. 2017; Li et al. 2017).
It has been reported that differences in low-
temperature adaptation in natural Arabidopsis
populations can also be traced to functional
AtCBF dissimilarities (Gehan et al. 2015). Fur-
thermore, differences in low-temperature induc-
tion kinetics (Wisniewski et al. 2011, 2015) and
responses to various regulatory factors among
MdCBFs suggest that there are likely functional
differences in apple (Fig. 12.2).

It is known that regulation of CBF genes is
complex, with most knowledge gained from
Arabidopsis studies (Fig. 12.2; Mizoi et al. 2012;
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Eremina et al. 2016; Kidokoro et al. 2017; Shi
et al. 2018). An Inducer of CBF Expression
(ICE), an MYC-like transcription factor, has
been demonstrated as a primary regulator of
CBFs. Moreover, studies in Arabidopsis have
confirmed that ICE is constitutively expressed
and requires post-translational modification for
activity (Chinnusamy et al. 2003). Interestingly,
Arabidopsis has two ICE genes that largely
overlap in function (Kim et al. 2015). In contrast,
apple has four ICE-like genes (Wisniewski et al.
2014), and among these, it is found that
MdClbHLH1 is cold-inducible and that it induces
MdCBFs1-5 (Feng et al. 2012). The regulation of
ICE in Arabidopsis is also complex, with ubiq-
uitination, SUMOylation, and phosphorylation
all playing significant regulatory roles

(Fig. 12.2). Many of the components of ICE
regulation have apparent apple homologs that are
expressed or active during periods of low tem-
peratures (Du et al. 2015; Zhang et al. 2016;
Artlip et al. 2019; Li et al. 2019).

Homologs of other positive and negative
AtCBF-regulatory factors/pathways are also
found in apple, but these have not been charac-
terized to determine whether or not they have
either direct or indirect effects on MdCBF
expression (Fig. 12.2). In addition, promoter
elements for BZR1, CESTA, and EIN3 binding
have not been found in MdCBF genes (Wis-
niewski et al. 2015). In contrast, evidence is
provided for the presence of either promoter
elements or regulatory inputs of MdCBFs by
various elements, including MYB15, PIF3/4/7,
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Fig. 12.2 A model of low-temperature signal transduc-
tion and transcriptional responses in apple. Lines with
arrows denote positive/activation steps. Lines with a “T”
denote inhibitory steps. Dashed lines represent uncon-
firmed pathways. Green circles with a “P” denote
phosphorylation, while red circles with a “P” denote
dephosphorylation. Green circles with as “S” denote
activation/stabilisation of SUMOylation, and red circles
with “U” denote deactivation of ubiquitination. Hexagons
indicate transcription factors; ovals indicate interacting
proteins. Gold shaded hexagons and ovals denote apple
homologs of Arabidopsis genes, while green to blue
shaded symbols represent apple genes that have not been

associated with low-temperature responses in Arabidop-
sis. The MdCBF genes containing promoter-specific
transcription factor motifs are indicated, while “???”
indicates those relevant promoter motifs that have not yet
been identified in apple CBF genes. ABA = Abscisic
Acid, BR = Brassindole, JA = Jasmonic Acid,
ETH = Ethylene. This schematic diagram is based on
findings reported by Feng et al. (2012), Mizoi et al.
(2012), Du et al. (2015), Wisniewski et al. (2015),
Eremina et al. (2016), Zhang et al. (2016), Kidokoro et al.
(2017), Wisniewski et al. (2018), An et al. (2017, 2018a,
2018b, 2019), Shi et al. (2018), Xie et al. (2018), and
Artlip et al. (2019)
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CAMTA3/5, MdHY5, MdMYB88/124 (with
CAA/LHY), MdNAC029, MdMYB23, and
MdbHLH33 (Du et al. 2015; Wisniewski et al.
2015; Xie et al. 2018; An et al. 2017, 2018a,
2018b, 2019).

In Arabidopsis and in other plant species, an
abrupt temperature shift is typically used in CBF-
regulatory studies. However, few studies have
utilized either a gradual drop in temperature or
long-term exposure to low temperature when
conducting CBF studies. Kidokoro et al. (2017)
have suggested that two partially overlapping
low-temperature signal-transduction pathways
regulating CBFs, CAMTA and CCA/LHY, are
capable of differentiating between rapid- and
slow-cooling of induction of CBF gene expres-
sion in Arabidopsis. This finding may be highly
relevant when considering the perennial nature of
apple, particularly during day/night temperature
fluctuations in temperate regions, as these fluc-
tuations generally occur gradually, and perennial
plants are often exposed to long-term (chronic)
low-temperature conditions. Kidokoro et al.
(2017) have reported on the involvement of cir-
cadian rhythms in the regulation of CBF genes,
and in this regard, promoters of MdCBFs have
numerous light/circadian rhythm elements (Wis-
niewski et al. 2015), thus suggesting sensitivities
to these inputs. In fact, Wisniewski et al. (2015)
have demonstrated that under long-term
(3 weeks) SD (8 h light) and constant 4 °C con-
ditions, expression levels of MdCBF1, MdCBF2,
and MdCBF4, but not of MdCBF3 and MdCBF5,
are higher than those of time zero controls. It has
been reported that ABA-dependent and -inde-
pendent pathways may also play important
functional roles under chronic low-temperature
conditions given the osmotic/dehydration stresses
that occur in frozen tissues (Yang et al. 2010;
Eremina et al. 2016). Furthermore, many func-
tional genes or regulon(s) for cold/freezing and
osmotic stress/dehydration are known to overlap
(Fig. 12.2). In addition, bark tissues of temperate
trees, including those of apple, are known to
undergo active osmotic adjustment during winter
months, and this may contribute to the observed
freezing resistance of buds as water is withdrawn

from buds due to differences in osmotic potential
(Pramsohler and Neuner 2013).

Most MdCBFs should also be subject to either
auto- or cross-regulation as all, but MdCBF4,
have either a single or more CRTs in their pro-
moter regions (Wisniewski et al. 2015). Inter-
estingly, at least two MdCBF genes, both
possessing a CRT motif, are not upregulated in a
transgenic apple line overexpressing a peach
CBF gene (PpCBF1), even though they are
inducible by a shift to low temperature (Wis-
niewski et al. 2011). Additionally, none of these
genes are even differentially upregulated in field-
grown transgenic trees relative to non-transgenic
trees (Artlip et al. 2019). These findings provide
further evidence that multiple regulatory signals
are involved in MdCBF expression.

It is reported that strict regulation of CBFs is
warranted as overexpression of CBFs elicits
various pleiotropic effects. Interestingly, overex-
pression of CBFs results in enhanced freezing
tolerance in both herbaceous plants (Liu et al.
1998; Kasuga et al. 1999; Gilmour et al. 2000)
and woody perennials, including poplar and
apple (Benedict et al. 2006; Wisniewski et al.
2011; Artlip et al. 2014, 2016). This latter finding
is reported to be due to the upregulation of genes
encoding stress-tolerance-related proteins within
the CBF regulon (e.g., Wisniewski et al. 2011;
Artlip et al. 2019). In fact, Wisniewski et al.
(2011) have observed increased freezing toler-
ance, of –3 °C, in non-acclimated transgenic
apple and for –5 °C for cold-acclimated (CA)-
transgenic apple trees, growing in a controlled-
environment chamber, compared to those of non-
transgenic (control) trees. Artlip et al. (2014)
have reported an improvement of nearly –2 °C in
the month of June in field-grown trees. However,
overexpression of CBFs frequently leads to
undesirable effects, such as growth abnormalities
in both herbaceous (e.g., Liu et al. 1998; Kasuga
et al. 1999; Gilmour et al. 2000) and woody
perennials, including apple (Wisniewski et al.
2011; Artlip et al. 2014; Wisniewski et al. 2015;
Artlip et al. 2016). Moreover, overexpression of
PpCBF1 in apple has also resulted in novel
sensitivities to SD photoperiods, leading to early
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bud set and dormancy, as well as to delayed
budbreak in the spring (Wisniewski et al. 2011;
Artlip et al. 2014; Wisniewski et al. 2015).
These SD sensitivities have been further inves-
tigated as the onset of dormancy in apple (and
pear) is strictly temperature-dependent, and this
is in contrast to that of other woody perennials
wherein SD regulates dormancy (Heide and
Prestrud 2005).

Both Wisniewski et al. (2015) and Artlip et al.
(2019) have demonstrated that various genes
associated with growth, dormancy, and hormonal
activities are altered, in complex manners, in
transgenic apple trees overexpressing PpCBF1.
As noted above in Sect. 12.2.4, DAM (Dormancy
Associated MADS-box) and EBB (Early Bud
Break) exhibit expression patterns in transgenic
apple buds that are consistent with delayed
budbreak (Wisniewski et al. 2015). Apparently,
upregulation of auxin, gibberellic acid, and
cytokinin storage/inactivation genes along with
downregulation of genes involved in dormancy
release likely contribute to delayed-release from
dormancy, as observed in PpCBF1-over-
expressing apple trees (Artlip et al. 2019), and as
noted above in Sect. 12.2.1. Furthermore, as
mentioned above in Sect. 12.2.4, epigenetic
modifications may also play a role in the regu-
lation of dormancy. In this regard, Artlip et al.
(2019) have also noted upregulation of genes
associated with epigenetic regulation, thus sup-
porting earlier findings wherein methylation
changes have been tracked during both dormancy
entry and dormancy release (Kumar et al.
2016b). The above collective studies further
underscore the need for tight regulation of CBF
expression, particularly for both deacclimation
and dormancy release.

12.3.3 Deacclimation
and Reacclimation

Deacclimation (DA), reduction in levels of cold
hardiness at any stage of the seasonal cycle of
cold hardiness, is a complex process, and not
merely a reversal of CA. While CA requires
periods of weeks to months, DA requires shorter

periods, of days to weeks, and may involve the
conversion of carbohydrates and proteins or
stored energy reserves, available during cold
hardiness, into forms required for growth and
increased metabolism (Kalberer et al. 2006).
Moreover, reacclimation (RA), the subsequent
increase in plant cold hardiness following some
level of DA, is not a rapid process. Nevertheless,
there is a wide genetic variability for RA capa-
bility. For instance, RA for apple bark that is
deacclimated by a single day of 15 °C would
require a period of three cold days for reversal
(Howell and Weiser 1970b).

It is noteworthy to point out that chilling soil
temperatures also influence bud phenology and
xylem hydraulics, but it is not known as to
whether or not this also impacts the cold hardi-
ness of aerial tissues. It is reported that chilled
soil temperatures apparently reduce xylem con-
ductivity, thereby delaying tissue rehydration
(Greer et al. 2005; Beikircher et al. 2016). Fur-
thermore, decreases in root metabolism and
xylem conductivity inhibit both conversion and
transport of carbohydrate reserves to sink tissues
of aerial portions of trees (Greer et al. 2005).

It has been reported that the duration of
endodormancy in temperate fruit trees is geneti-
cally controlled and environmentally regulated
by the need to accumulate a genetically deter-
mined number of chilling units, the number of
hours between 0 °C and 7 °C (Naor et al. 2003).
Once completed, endodormancy is followed by a
period of ecodormancy, also genetically con-
trolled, requiring an accumulation of heat units,
duration of warm temperatures for buds to swell,
open, and begin to grow (Wisniewski et al.
2018). In a study by Anzanello et al. (2014) on
the effects of erratic temperature events on dor-
mancy and CA, they have reported that daily
15 °C temperature fluctuations do not impact
endodormancy; however, prolonged elevated
temperatures (25 °C) would initiate DA and
promote bud development, provided the chilling
requirement has been met. Moreover, endodor-
mant tissues are significantly less impacted by
warmer temperatures than ecodormant tissues
(Anzanello et al. 2014). As ecodormancy pro-
gresses, there is increased sensitivity to warmer
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temperatures culminating in complete DA and a
commitment for growth (Howell and Weiser
1970a, b; Kalberer et al. 2006; Arora and
Taulavori 2016). Thus, DA and a shift to growth
competency would increase hydration of tissues,
thereby increasing risks of detrimental ice for-
mation and propagation if freezing temperatures
were to return (Kalberer et al. 2006).

It has been well established that widespread
changes in gene expression must occur during
CA, dormancy, and DA in buds and cambial
tissues of poplar (Populus spp), often used as a
model (Cooke et al. 2012; Petterle et al. 2013;
Ding and Nilsson 2016). Transcriptional profil-
ing of apple buds has revealed changes compa-
rable to those observed in poplar, with shifts
moving away from genes associated with dor-
mancy and cold hardiness towards growth-
related gene expression (Falavigna et al. 2014;
Porto et al. 2015; Wisniewski et al. 2015;
Falavigna et al. 2015; Kumar et al. 2016b; Miotto
et al. 2019). In poplar, the vascular cambium,
responsible for stem growth, also undergoes a
period of dormancy and exhibits changes in gene
expression similar to those observed in bud tis-
sues (Schrader et al. 2004; Bhalerao and Fischer
2016). Furthermore, analogous changes are
observed in the expression of apple bark (cam-
bium, phloem, epidermis, and/or phellem) genes,
and these are characterised by marked shifts
towards cell division and cambial growth-related
genes (Wisniewski et al. 2015; Artlip et al. 2019)
upon incidence of DA (Howell and Weiser
1970b).

12.3.4 Genetic Diversity in Cold
Hardiness

The genetic background of a cultivar plays a
critical role in defining capacities for CA, DA,
and RA. Cultivars are known to differ in their
levels of freezing tolerance or deep undercooling
during periods of both CA and DA (e.g., Cole-
man 1985; Moran et al. 2018). Concomitantly,
chilling requirement, heat requirement, and
duration of dormancy are also highly genotype-
dependent (Haugge and Cummins 1991;

Labuschagné et al. 2002; Celton et al. 2011;
Anzanello et al. 2014). This has been demon-
strated in expression profiles of dormancy-related
genes (Falavigna et al. 2014). Moreover, map-
ping studies using segregating populations have
provided information on genetic regulation and
inheritance of CA-related traits. For example,
Celton et al. (2011) have identified cold
hardiness-related QTLs on LGs 01, 03, 09, 10,
12, 15, and 17, with LG 08 and 09 harbouring
major QTLs. More specifically, clusters of cell
cycle genes have been identified within confi-
dence intervals for a major QTL on LG09. Using
a different mapping population, Miotto et al.
(2019) have also identified a major QTL on
LG09, but have concluded that genes other than
those involved in the cell cycle are more closely
associated with this QTL. One of the genes in the
QTL on LG09, MdICE1, is reported to directly
influence the regulation of cold hardiness in
different apple genotypes. This gene is involved
in the control of MdCBF gene expression, and it
is indirectly involved in the regulation of dor-
mancy through transcriptional activation of
dormancy-promoting MdDAM genes via MdCBF
genes (see also Wisniewski et al. 2015; Artlip
et al. 2019).

12.3.5 Cold Hardiness—Summary
and Future Prospects

In summary, plant cold hardiness (tolerance or
avoidance) and seasonal changes in the regula-
tion of cold hardiness are complex, requiring
multiple environmental cues that directly influ-
ence genetic and epigenetic determinants that are
genotype- and species-specific. Both structural
and biochemical changes occur in organs and
tissues of fruit trees, and these are regulated by
changes in gene expression and epigenetic
modifications; moreover, these determine the
ability of an apple tree to withstand freezing
temperatures and the presence of ice in its tis-
sues. Regulation of CBF genes and the CBF
regulon(s) are vital in this regard. The different
phases of cold hardiness (acclimation, deaccli-
mation, and reacclimation) along with stages of
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dormancy (endodormancy and ecodormancy) are
inextricably related processes, with extensive
crosstalk between them. Both are subject to
hormonal and environmental cues that impact
gene expression in a genotype-specific manner.
The ability to grow aeconomically-viable apple
trees in a changing climate and provide a con-
sistent supply of fruit to consumers will require a
better understanding of dormancy and cold har-
diness, including the role(s) of microRNAs, non-
coding RNAs, and alternative splicing (e.g.,
Calixto et al. 2019). Rapid cycle breeding of
apple (Flachowsky et al. 2011; Luo et al. 2020),
along with advanced gene-editing techniques,
such as CRISPR/Cas9 in apple (e.g., Osakabe
et al. 2018) will increasingly play important roles
in cultivar improvement and the development of
advanced breeding stocks better adapted to
erratic weather conditions and overall winter
temperatures. These genetically improved
breeding stocks will impact the ability of a
specific cultivar to accumulate chilling units in a
specific geographical location. These approaches
can be complemented by enhanced knowledge of
gene expression in the primary apple progenitor,
M. sieversii. Malus sieversii is known for thriv-
ing in harsh climates in Central Asia, disease
resistance traits, and potentially valuable fruit
quality traits (Luby et al. 2001). Wisniewski et al.
(2020) have recently described an apple FOX
library in Arabidopsis that overexpresses cDNA
inserts taken from winter acclimated M. sieversii
bark. This forward-genetics approach allows
high throughput screening for a variety of envi-
ronmental stresses such as freezing, osmotic, and
salt stresses along with disease tolerance. The
apple FOX library has over 4000 lines that have
been partially characterised for sequence identity,
with numerous inserts having no homologs
known in the M. � domestica, A. thaliana, or
Populus trichocarpa genomes. With tools such
as these in hand, the future looks bright for apple
breeders to keep pace with the challenges ahead.
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13Genetics and Genomics of Fruit Color
Development in Apple

Nan Wang and Xuesen Chen

Abstract

Apple (Malus � domestica Borkh.) is one of
the most widely produced and economically
important fruits in temperate regions. Fruit
color development in apples is a major focus
for both breeders and researchers as con-
sumers associate brightly colored red apples
with ripeness and good flavor. In this chapter,
we will discuss research efforts on the
coloration of the apple fruit, including the
development of important genomic databases
to identify important genomic regions and
genes, genetic and transcriptional factors that
regulate pigment accumulation, environmental
factors influencing anthocyanin synthesis, and
current goals for breeding for red-skinned and
red-fleshed apples. We will also cover key
transcription factors, such as MYB, bHLH,
and WD40 that are involved in the regulation
of anthocyanin synthesis and of fruit color
development in apples. We will also discuss
the regulation of apple color development by
external environmental factors such as light,
temperature, and water. Furthermore, we will
offer insights into the molecular mechanisms
underlying anthocyanin biosynthesis in

apples. This knowledge will provide valuable
guidance for the breeding of high-quality
red-skinned and red-fleshed apple cultivars.

13.1 Introduction

Apple (Malus � domestica Borkh.) is one of the
most widely grown and economically important
fruits in temperate regions (Velasco et al. 2010).
It is popular with growers and consumers alike
due to its strong ecological adaptability and high
nutritional value (Eberhardt et al. 2000; Boyer
and Liu 2004; Hyson 2011). Although the apple
has been widely distributed in Europe, Asia, and
North America, following nearly 2000 years of
domestication and cultivar breeding efforts, apple
cultivars are now grown in all five continents
around the world. According to statistical data in
the World Apple Review (2017), apples account
for 12.26% of the world’s fruit production from
2012 to 2014, second only to bananas and citrus
(Belrose, Inc. 2018; see Chap. 1 in this volume).
According to the Food and Agriculture Organi-
zation of the United Nations (FAO), global apple
production in 2015 has exceeded 80 million tons
(FAO 2015). The major apple cultivars can be
roughly divided into either red-colored bearing
fruit, such as ‘Red Delicious’, ‘Fuji’, and ‘Royal
Gala’, among others, and yellow/green-colored
bearing fruits, such as ‘Golden Delicious’,
‘Granny Smith’, and ‘Orin’, among others.
Consumers associate red-colored apples with
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ripeness and good flavor. Consequently, red
apple cultivars are often highly marketable along
with higher economic value than their counter-
parts (King and Cliff 2002; Ban et al. 2007).
Therefore, fruit color development is of major
interest for both apple breeders and researchers.

Fruit color is mainly determined by antho-
cyanins (Allan et al. 2008), an important class of
secondary metabolites synthesized in higher
plants. Anthocyanins contribute to different color
development, depending on the pH of cells, thus
conferring leaves, flowers, fruits, and seeds of
plants with different colors, such as red, purple,
or blue (Ogata et al. 2005; Jaakola 2013).

Biochemically, anthocyanins are glycosylated
derivatives of anthocyanidins which are generated
via the formation of glycosidic bonds between
anthocyanidin and various monosaccharides,
including glucose, rhamnose, galactose, xylose, or
arabinose. The basic structure of an anthocyanidin
is C6-C3-C6; i.e., a C15 skeleton comprising two
benzene rings and a single oxygen-containing
heterocyclic ring (Fig. 13.1). Based on functional
groups at the R1 and R2 sites, anthocyanidins in
plants can be subdivided into the following six
types: pelargonidin, cyanidin, delphinidin, peoni-
din, petunidin, and malvidin. In apple, cyanidin is
the main type of anthocyanidin, and it mainly
combines with galactose to form cyanidin-3-
galactoside, which accounts for about 80% of
the total anthocyanins (Treutter 2001).

The biosynthesis pathway of anthocyanins in
plants has been thoroughly investigated. It is
reported that the metabolic pathway is highly

conserved in various species; moreover, genes
encoding key enzymes have been cloned and
characterized (Winkel-Shirley 2001; Honda et al.
2011). In particular, anthocyanins are synthe-
sized through the phenylalanine metabolic path-
way (Fig. 13.2). In the early stages of the
anthocyanin biosynthetic process, phenylalanine
ammonia lyase (PAL) converts phenylalanine
into cinnamic acid, which in turn is converted
into 4-coumaroyl-CoA via activities of both
cinnamate-4-hydroxylase (C4H) and 4-
coumarate-CoA ligase (4CL). Then, chalcone is
produced from the substrate 4-coumaroyl-CoA
and malonyl-CoA by chalcone synthase (CHS).
Subsequently, chalcone isomerase (CHI) cat-
alyzes the formation of naringenin, which is then
converted into dihydroflavonol by flavonoid 3-
hydroxylase (F3H). In turn, dihydroflavonol-4-
reductase (DFR) converts dihydroflavonol into
leucocyanidin, which is then converted to
cyanidin by anthocyanidin synthase (ANS).
Finally, unstable anthocyanidins are glycosylated
by UDP-Glc:flavonoid-3-O-glucosyltransferase
(UFGT) to form stable anthocyanins (Hugo and
Timothy 1991; Holton and Cornish 1995; Wang
et al. 2018a, b, c, d, e).

In addition to structural genes involved in this
biosynthetic pathway, transcription factors
(TFs) that regulate anthocyanin synthesis have
also attracted interest. Many TF families related
to anthocyanin synthesis including MYB
(myeloblastosis), bHLH (basic helix-loop-helix),
WD40 (a short structural motif of * 40 amino
acids, often terminating in a tryptophan-aspartic
acid (W-D) dipeptide), WRKY (a domain of 60–
70 amino acids, DNA binding domain, charac-
terized by a highly conserved core WRKYGQK
motif and a zinc-finger region), and zinc-finger
proteins have been identified in and isolated from
a range of plants (Walker et al. 1999; Borevitz
et al. 2000a, b; Johnson et al. 2002; Liu et al.
2019). A tertiary protein complex comprising
MYB, bHLH, and WD40 proteins (MBW) is
deemed as an important element in the regulation
of anthocyanin synthesis, and MYBs would serve
as main genes (Gonzalez et al. 2008).

The first MYB genes to be identified and iso-
lated from apple are MdMYB1 (MdMYBA) and
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Fig. 13.1 The basic structure of an anthocyanidin

272 N. Wang and X. Chen



MdMYB10, encoding TFs regulating anthocyanin
synthesis in red-skinned apple and red-fleshed
apple, respectively (Takos et al. 2005; Ban et al.
2007; Espley et al. 2007). Subsequent studies
have identified additional MYB TFs involved in
promoting anthocyanin synthesis in apples,
including MdMYB3, MdMYB9, MdMYB11,
MdMYB24, MdMYBPA1, and MdMYB110a
(Vimolmangkang et al. 2013; Chagné et al. 2013;
An et al. 2015; Wang et al. 2018a, b, c, d, e;
Wang et al. 2019a, b). Other studies have iden-
tified MYB TFs that negatively regulate antho-
cyanin synthesis in apples, such as MdMYB16,
MdMYB17, MdMYB111, and MdMYBL2
(Linwang et al. 2011; Xu et al. 2017a, b; Wang
et al. 2018a, b, c, d, e). In addition to MYB TFs,
MdbHLH3 and MdbHLH33 of the bHLH TF
family are involved in apple fruit coloration (Xie

et al. 2012; Xu et al. 2017a, b). Most of the
WD40 proteins play important roles in enhancing
the stability of MBW complexes, but they do not
have catalytic activities (Baudry et al. 2004;
Hichri et al. 2011).

The whole-genome sequence of apple,
*742.3 Mb, has been first reported by Velasco
et al. (2010). Of this first draft genome sequence,
603.9 Mb has been assembled, and 593.3 Mb
has been mapped to 17 chromosomes of the
haploid genome of apple. Genomic analyses
have revealed that *500.7 Mb (67%) of the
apple genome comprises repetitive sequences. In
total, 57,386 genes (including 4021 TFs, 178
miRNAs, 992 resistance genes, and 1246
biosynthetic genes) have been annotated in this
first draft of the apple genome (Velasco et al.
2010). This information is essential for pursuing
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Fig. 13.2 A simplified schematic diagram of the biosyn-
thetic pathway of anthocyanins. PAL, phenylalanine ammo-
nia lyase; C4H, cinnamate-4-hydroxylase; 4CL, 4-
coumaroyl-CoA synthase; CHS, chalcone synthase; CHI,
chalcone isomerase; F3H, flavonoid 3-hydroxylase; F3’H,

flavonoid 3’-hydroxylase; F3’5’H, flavonoid-3’,5’-hydroxy-
lase; FLS, flavonol synthase; DFR, dihydroflavonol-4-
reductase; ANS, anthocyanidin synthase; LAR, leucoantho-
cyanidin reductase; ANR, anthocyanidin reductase; UFGT,
UDP-Glc:flavonoid-3-O-glucosyltransferase
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systematic quantitative genetic analyses in apple,
such as the construction of fine-linkage maps and
mapping of quantitative trait loci (QTLs) (Velasco
et al. 2010). Since then, high-quality apple genome
sequences have been assembled, one after another,
using next-generation sequencing (NGS) technolo-
gies or homozygous apple lines (Li et al. 2016;
Daccord et al. 2017; Zhang et al. 2019a, b). As the
genome has been completely sequenced, the apple
has become a model perennial fruit tree species, and
this has contributed to rapid progress in research on
the development of apple fruit color, biotic and
abiotic resistance, fruit flavor, and fruit storage
attributes, among other traits. For example, Kumar
et al. (2012) have located a fruit color locus on
linkage group (LG) 9 by identifying a single
nucleotide polymorphism (SNP), ss475879555, that
is associated with MdMYB10, and this is found to
be consistent with earlier findings of Espley et al.
(2007). Subsequently, Migicovsky et al. (2016)
have conducted a genome-wide association study
(GWAS) using 8657 SNP markers and 36 pheno-
types of apple, and have confirmed an association
between fruit color and the MdMYB1 locus (Migi-
covsky et al. 2016).

With the continuous improvement and refine-
ment of the apple genome sequence along with the
development of genetic maps, research on apple
fruit color development has entered a new era, as
this has offered new opportunities for investigating
the genetic basis of red-skin color and red-flesh
color traits. Moreover, with the development of
biotechnological/molecular tools, molecular-assisted
selection (MAS) and molecular-assisted breeding
(MAB) are now gradually being pursued in apple
breeding. These methods can greatly shorten the
duration of the breeding period, as well as improve
the breeding efficiency for developing red-skinned
and red-fleshed-colored apple cultivars.

13.2 Advances in Genomics
of Apple Fruit Color
Development

With the development of de novo genome assem-
bly, increased numbers of robust molecular markers,
such as SNPs, as well as an expanded knowledge of

functional genes, these tools can be used to conduct
comparative genomics studies. Such analyses can
reveal structural variations in chromosomes, such as
replicated regions, deletions, inversions, or rear-
rangements. This expanded knowledge will provide
tools and resources for undertaking population
genetics and functional gene mapping analyses, as
well as for pursuing MAS/MAB efforts to develop
new enhanced cultivars.

13.2.1 Genomic Basis of Fruit Color
Development in Apple

As mentioned above, red-colored fruits are not
only attractive to consumers, but they are also
rich in anthocyanins, known to have high nutri-
tional and health benefit values. Therefore, color
is an important agronomic trait in apple research.
In addition to the common red-skinned apple
fruit, the red-fleshed apple has attracted increas-
ing attention in recent years. With continuous
improvements of the apple genome sequence
along with the development of genetic maps,
research on apple fruit color development has
entered a new era with new opportunities to
analyze red-skinned and red-fleshed traits.

Mapping of quantitative trait loci (QTLs) is
the first step in understanding complex genetic
traits, wherein the mapping of a large number of
QTLs allows for the construction of more detailed
genetic maps. Earlier studies have mapped many
QTLs related to flavonoids, anthocyanins, and other
polyphenols in the apple genome. A total of 488
fruit skin and 181 flesh metabolite QTLs (mQTLs)
have been identified and located using the mapping
population of ‘Prima’ � ‘Fiesta’ (Khan et al. 2012).
Interestingly, four LGs (LG1, LG8, LG13, and
LG16) are found to contain mQTL hotspots, har-
boring QTLs related to the regulation of the
phenylpropanoid metabolic pathway. In particular,
the most important mQTL hotspot is located on
LG16 as this included 33 QTLs for skin-related
phenolic compounds and 17 QTLs for flesh-related
phenolic compounds. Moreover, a structural gene
encoding the enzyme leucoanthocyanidin reductase
(LAR1), which is involved in flavonoid synthesis, is
detected at this locus followed by the analysis of the
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apple genome sequence (Khan et al. 2012). Later,
Verdu et al. (2014) have detected 69 and 72
phenolic-related QTLs in the female parent ‘X5210’
and the male parent ‘X8402’. These QTLs are
located on 14 LGs in the female parent and on 11
LGs in the male parent (Verdu et al. 2014). Fur-
thermore, Kumar et al. (2012) have detected a fruit
color locus on LG9 associated with the SNP
molecular marker ss475879555, and this has
allowed for identifying MdMYB10, which is con-
sistent with earlier findings of Espley et al. (2007).

Coincidentally, Chagné et al. (2012) used a
segregating population of ‘Royal Gala’ � ‘Brae-
burn’ to locate QTLs related to chlorogenic acid,
quinine, anthocyanin, catechin, epicatechin, quer-
cetin, and phloridzin on LG1, LG6, LG7, LG9,
LG13, LG14, LG15, LG16, and LG17, with limits
of detection (LODs) ranging from 3.03 to 41.28.
These QTLs could explain 8.4–71.8% of the
phenotypic variation observed in their corre-
sponding traits. A QTL related to anthocyanins
(cyanidin 3-O-galactoside and cyanidin 3-O-
arabinoside) is also detected on LG9 (Chagné
et al. 2012). Concomitantly, two homologous
genes to MdMYB10, MdMYB110a and
MdMYB110b, were found to co-locate with a QTL
for the type II red-flesh trait on LG17. These
genes were found to control a similar trait for red
coloration of apple fruit flesh (Chagné et al. 2013).

As GWAS investigations are based on the
linkage disequilibrium (LD) of a population’s
genome, they do not depend on genetic mapping.
Thus, high-density molecular markers, selected
from the whole genome, are used to scan a
population, and correlations between molecular
marker data and phenotypic traits are analyzed.
In other words, LD within the whole genome is
used to identify those genes associated with
phenotypic or quantitative traits (Hirschhorn and
Daly 2005). Furthermore, genetic mapping of
complex traits can be achieved by breaking
associations of polymorphic loci in LD or chro-
mosome regions by using recombination events
that must have occurred over generations during
a population’s evolution (Flintgarcia 2013).

Efforts to conduct GWAS in apples have been
launched over the past decade, and these studies

focused mainly on fruit color and texture. Kumar
et al. (2012) assessed the accuracy of genomic
selection (GS) in a population of 1120 seedlings
genotyped using an Illumina Infinium chip
comprising 8,000 SNPs. They located a fruit
color locus on LG9 associated with the molecular
marker ss475879555 and the gene MdMYB10,
and this was consistent with the findings of
Espley et al. (2007). Recently, McClure et al.
(2019) carried out GWAS using *100,000 SNP
markers and polyphenol content data for two
diverse apple populations. A single strong asso-
ciation signal was identified on chromosome 16
for concentrations of catechin, epicatechin, and
procyanidins B1, B2, and C1. This genomic
region contained a candidate gene encoding
leucoanthocyanidin reductase (LAR1). More-
over, a strong GWAS peak for cyanidin-3-
galactoside was identified on chromosome 9
(chr9:33717323). Interestingly, the most strongly
associated SNP at this locus was the same as that
demonstrating the strongest association with total
anthocyanins (Mcclure et al. 2019). This locus,
located 666 kb downstream from the SNP
ss475879531 (chr9:33001375), was successfully
used to predict apple skin color (Chagné et al.
2016).

Migicovsky et al. (2016) carried out GWAS
using 8657 SNP markers and 36 apple pheno-
types and confirmed the existence of an associ-
ation between fruit color and the MdMYB1 locus.
Recently, Zhang et al. (2019a, b) conducted a
comparative genomics analysis of 148 natural
apple populations and a single segregating pop-
ulation and demonstrated that a gypsy-like
retrotransposon insertion, 1 kb upstream of
MYB1 (chr9:35,541,127–35,541,721), functions
as an enhancer for controlling apple coloration. It
is reported that weak coloration of some cultivars
is due to the absence of this enhancer, termed
redTE, which prevents anthocyanin synthesis
(Zhang et al. 2019a, b).

Therefore, it is important to summarize that
various genomic studies have focused on
MdMYB1 and MdMYB10 as the two core genes
regulating apple skin and flesh color develop-
ment. However, with continuous progress in the
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availability of new molecular biology tools,
additional regulatory factors have been isolated
and identified, and their functions in the antho-
cyanin synthesis pathway have been widely
demonstrated. This has laid out the foundation
for efforts to enhance the anthocyanin metabolic
network, and for manipulating/modulating apple
fruit color development.

13.3 Transcriptional Regulation
of Fruit Color in Apple

Anthocyanin biosynthesis is catalyzed by a series
of structural enzymes, and the expression of
encoding genes is regulated by various TFs, as
well as transcription complexes. Transcriptional
regulation of anthocyanin synthesis has been first
investigated in model plants such as maize,
Arabidopsis, and petunia, over 30 years ago, but
recent research has focused on fruit trees. It is
known that TFs regulate the expression of most
genes by binding to cis-elements in promoter
regions of these genes. Moreover, some TF genes
possess their own cis-elements that can be reg-
ulated by other TFs (Fickett and Wasserman
2000; Hobert 2018). Here, we will cover those
TF families that regulate anthocyanin synthesis.
We will introduce the basic characteristics of
those widely studied MBW ternary complex
proteins, including MYB, bHLH, and WD40, as
well as other TF families such as WRKY, NAC,
and ERF, and we will discuss their roles in
anthocyanin synthesis.

13.3.1 The MYB TF Family

In plants, the structure of MYB TFs is charac-
terized by a highly conserved MYB domain that
binds to DNA. The MYB domain usually con-
tains one to four amino acid sequence repeats (R
motifs). Based on the number of R motifs, MYBs
can be subdivided into four categories, including
R1R2R3-MYB, R2R3-MYB, R1-MYB, and R4-
MYB, among which R2R3 MYBs with two
motifs are the most abundant (Dubos et al. 2010).

It is commonly known that MYB TFs recognize
various DNA sequences (Dubos et al. 2010).

Structural analyses of R2R3-MYBs have shown
that both R2 and R3 are necessary for the recog-
nition of DNA sequences, and that the specificity
of R3 is higher than that of R2 (Ogata et al. 1996).
Most of the R2R3-MYB proteins can recognize the
TAACTAAC (MBSII) sequence, and some MYB
proteins can recognize T/CAACG/TGA/C/TA/C/T
(MBSI) sequences (Hartmann et al. 2005).

It is reported that the first MYB TF identified to
regulate anthocyanin biosynthesis in plants is
ZmC1, encoding chalcone synthase, in maize (Paz-
Ares et al. 1987). Subsequently, PhAn2 and
PhAn4, R2R3-type MYB factors, in Petunia
hybrida are found to play important roles in the
regulation of anthocyanin biosynthesis in petals
and anthers, respectively (Quattrocchio et al. 1993).
Later, Arabidopsis production of anthocyanin pig-
ment1 (AtPAP1) and AtPAP2, whose products are
involved in regulating anthocyanin biosynthesis in
Arabidopsis thaliana, have also been isolated and
characterized (Borevitz et al. 2000a, b).

The first MYB TFs isolated from apple are
MdMYB1 and MdMYBA, involved in regulat-
ing anthocyanin synthesis in apple peel (Takos
et al. 2005). Expression levels of their two
encoding genes are reported to significantly
increase under strong light, and they are posi-
tively correlated with anthocyanin accumulation
(Takos et al. 2005; Ban et al. 2007). Subse-
quently, MdMYB10 is identified as an allele of
both MdMYB1 and MdMYBA (Espley et al.
2007), and it has been demonstrated that
MdMYB10 promotes anthocyanin synthesis not
only in apple peel and leaves but also in fruit
flesh of apples, resulting in a red-flesh phenotype
(Espley et al. 2013). Interestingly, it has been
found that five repeated 23-bp motifs in the
promoter region render MdMYB10 to be self-
activating, and that this is the main driving force
for a strong MdMYB10 transcription and
anthocyanin synthesis (Espley et al. 2009).

Following completion of the first draft of the
apple genome sequence (Velasco et al. 2010),
additional MYB TFs have been cloned and
characterized. It has been reported that
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anthocyanin synthesis in the pericarp of apple
fruit is also regulated by MdMYB10, a homolog
of MdMYB110a (Chagné et al. 2013). Coinci-
dently, these two homologs have conserved
functions in particular apple cultivars; however,
their responses during fruit ripening along with
their expression patterns are different (Chagné
et al. 2013).

Studies have revealed that MdMYB3 pro-
motes apple skin coloration by binding to pro-
moters of MdDFR (encoding dihydroflavonol-4-
reductase) and MdUFGT (encoding UDP-
glucose: flavonoid 3-O-glucosyltransferase)
(Vimolmangkang et al. 2013), while
MdMYBPA1 in red-fleshed apple can switch
proanthocyanidin (PA) synthesis to anthocyanin
synthesis in response to low temperature (Wang
et al. 2018a, b, c, d, e). For other TFs,
MdMYB88 and MdMYB124 have been found to
promote anthocyanin accumulation, and posi-
tively regulate cold hardiness in apples (Xie et al.
2018). In addition, some MYB TFs can nega-
tively regulate anthocyanin synthesis in apples.
Using transient expression analysis in tobacco
leaves, it is found that MdMYB16, MdMYB17,
and MdMYB111 can inhibit the promoter
activity of MdDFR (Linwang et al. 2011).
Specifically, these TFs block the activation of the
MdDFR promoter via the MYB10-bHLH3
complex, thus inhibiting anthocyanin synthesis
(Linwang et al. 2011). Furthermore, the inhibi-
tory effect of MdMYB16 on anthocyanin syn-
thesis is related to an ethylene-responsive
element-binding factor-associated amphiphilic
repression (EAR) domain inhibitory sequence at
its C-terminal. Accordingly, the removal of the
EAR sequence from MdMYB16 eliminates its
inhibitory effect (Xu et al. 2017a, b). On the
other hand, MdMYB6 can bind to promoters of
the structural gene MdANS (encoding antho-
cyanin synthase) and the anthocyanin transport-
related gene MdGSTF12 (encoding glutathione
S-transferase F12) to inhibit their expression,
thus directly inhibiting anthocyanin accumula-
tion (Xu et al. 2020). In addition to regulating
anthocyanin synthesis in apples, MYB TFs also
regulate the synthesis of other flavonoids. For
example, MdMYB9 and MdMYB11 bind to the

promoter of DFR, thereby influencing the syn-
thesis of proanthocyanidins (PAs) and antho-
cyanins in the skin of apple fruit (Gesell et al.
2014; An et al. 2015). However, MdMYB12 and
MdMYB22 play important roles in regulating the
synthesis of PAs and flavonols in red-fleshed
apples (Wang et al. 2017). On the other hand,
MdMYB23 is involved in cold tolerance and
accumulation of PAs in apples (An et al. 2018a,
b, c, d). Furthermore, MdMYB8 regulates the
synthesis of flavonols in apple skin by regulating
the expression of MdFLS (encoding flavonol
synthase) (Li et al. 2020). A listing of apple
MYB TFs involved in the regulation of antho-
cyanin or flavonoid synthesis that has been
cloned and identified to date is presented in
Table 13.1.

13.3.2 The BHLH TF Family

The bHLH (basic helix-loop-helix) family is the
second-largest TF family in plants. Members of
this family contain a bHLH domain comprising
about 60 amino acids (Heim et al. 2003; Feller
et al. 2011). The N-terminal of the bHLH domain
contains 13–17 hydrophilic basic amino acid
residues, followed by a helix-loop-helix
(HLH) comprising hydrophobic residues (Heim
et al. 2003). In the basic amino acid sequence of
the bHLH domain, the HER (His5-Glu9-Arg13)
motif is highly conserved, and this motif com-
bines with the E-box motif (CANNTG) in the
promoter region of its target gene to regulate
transcription (Feller et al. 2011). Proteins con-
taining HLH motifs usually form either homol-
ogous or heterologous dimers. This is a
prerequisite for a protein to recognize and bind to
specific DNA sequences, and it is also an
important factor in determining the expression
pattern of a protein. For example, the bHLH TFs
can bind to the [DE]Lx2[RK]x3Lx6Lx3R motif
in the R3 domain of MYB TFs to form a protein
complex that participates in the regulation of
anthocyanin synthesis (Dubos et al. 2010; Feller
et al. 2011).

The first bHLH TFs that have been identified
are those encoded by ZmR and ZmB, both of
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which are involved in regulating anthocyanin
biosynthesis in Zea mays (Chandler et al. 1989).
Subsequently, it has been demonstrated that the
interaction between ZmC1 and ZmR in maize
could significantly enhance the promoter activity
of ZmUFGT, a key gene in anthocyanin

biosynthesis (Roth et al. 1991). Further studies
have identified PhAN1 which plays an important
role in the regulation of anthocyanin biosynthesis
in P. hybrida. Moreover, it is found that PhAN2
and PhAN4 form transcriptional complexes with
PhAN1 and PhAN11, respectively, and

Table 13.1 MYB transcription factors associated with anthocyanin synthesis

Gene Gene ID Regulatory targeta Positive/negative
effect

Reference(s)

MdMYB1 DQ886414 Anthocyanin
synthesis

Positive Takos et al. (2005)

MdMYB3 AEX08668 Anthocyanin
synthesis

Positive Vimolmangkang et al.
(2013)

MdMYB6 DQ074461 Anthocyanin
synthesis

Negative Xu et al. (2020)

MdMYB8 MD06G1217200 Flavonoid
biosynthesis

Positive Li et al. (2020)

MdMYB9 ABB84757 Anthocyanin and PA
biosynthesis

Positive An et al. (2015), Gesell
et al. (2014)

MdMYB10 ABB84753 Anthocyanin
biosynthesis

Positive Espley et al. (2007)

MdMYB11 AAZ20431 Anthocyanin and PA
biosynthesis

Positive An et al. (2015)

MdMYB12 XP_008337875 PA biosynthesis Positive Wang et al. (2017)

MdMYB16 HM122617 Anthocyanin
biosynthesis

Negative Linwang et al. (2011), Xu
et al. (2017a, b)

MdMYB17 HM122618 Anthocyanin
biosynthesis

Negative Linwang et al. (2011)

MdMYB22 AAZ20438 Flavonol biosynthesis Positive Wang et al. (2017)

MdMYB23 MDP0000230141 PA biosynthesis Positive An et al. (2018a, b, c, d)

MdMYB24L XM_008343218 Anthocyanin
biosynthesis

Positive Wang et al. (2019a, b)

MdMYB88 KY569647 Anthocyanin
biosynthesis

Positive Xie et al. (2018)

MdMYB110a EB710109 Anthocyanin
biosynthesis

Positive Chagné et al. (2013)

MdMYB111 EB137767 Anthocyanin
biosynthesis

Negative Linwang et al. (2011)

MdMYB124 KY569648 Anthocyanin
biosynthesis

Positive Xie et al. (2018)

MdMYB308L MDP0000950559 Anthocyanin
biosynthesis

Positive An et al. (2020a, b)

MdMYBL2 NP_001281006.1 Anthocyanin
biosynthesis

Negative Wang et al. (2019a, b)

MdMYBPA1 AIF70441 Anthocyanin and PA
biosynthesis

Positive Wang et al. (2018a, b, c, d,
e)

aPA, proanthocyanidin
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participate in the regulation of anthocyanin
biosynthesis in either petunia petals or anthers
(Quattrocchio et al. 1993, 1999; Spelt et al.
2000). In Arabidopsis, bHLH TFs AtGL3,
AtEGL3, and AtTT8 are also found to be
involved in anthocyanin and PA biosynthesis
(Nesi et al. 2000; Heim et al. 2003), and that the
transcription of AtTT8 is induced by AtPAP1
(Baudry et al. 2006).

In apples, MdbHLH3 and MdbHLH33 are
two of the core bHLH TFs involved in antho-
cyanin synthesis. Both MdbHLH3 and
MdbHLH33 can interact with MdMYB10 to
promote anthocyanin synthesis by promoting the
activity of the MdDFR promoter (Espley et al.
2007). MdbHLH3 can also be induced by low
temperature and binds to promoters of MdDFR,
MdUFGT, MdMYB10, and MdMYBPA1 to reg-
ulate their expression (Xie et al. 2012; Wang
et al. 2018a, b, c, d, e). Interestingly, MdbHLH33
can also interact with the inhibitor MdMYB16,
thus weakening the inhibitory effect of
MdMYB16 on anthocyanin synthesis (Xu et al.
2017a, b). Wang et al. (2017) have found that
both MdbHLH3 and MdbHLH33 can interact
with MdMYB12 to promote PA synthesis (Wang
et al. 2017).

13.3.3 The WD40 Protein Family

Members of the WD40 protein family have four
to ten random WD repeat domains, each of
which comprises about 40 amino acid sequences
ending in tryptophan (W) and aspartic acid (D).
The WD40 protein itself has no catalytic func-
tion, but it can reversibly interact with a variety
of proteins to provide either a platform or a link
for the assembly of large protein–protein com-
plexes (Smith et al. 1999; Van Nocker et al.
2003). In P. hybrida, the WD40 protein encoded
by PhAN11 has a regulatory function, as it can
activate the transcription of PhAN2 to promote
anthocyanin synthesis (De Vetten et al. 1997).
Another WD40 protein that can regulate antho-
cyanin synthesis is identified in A. thaliana, as
this WD40 protein encoded by AtTTG1 can

interact with bHLH TFs to enhance anthocyanin
synthesis in Arabidopsis seeds (Walker et al.
1999).

The first WD40 protein to be isolated and
identified from apple is MdTTG1. Similar to
AtTTG1 in Arabidopsis, MdTTG1 can interact
with both MdTT2 and MdTT8 and enhance the
promoter activity of a downstream gene, MdBAN
(Brueggemann et al. 2010). Furthermore,
MdTTG1 can also interact with both MdbHLH3
and MdbHLH33, but not with MdMYB1, and it
does not affect the promoter activity of the
downstream structural genes MdDFR and
MdUFGT (An et al. 2012). This finding differs
from the reported interactions of AtTTG1 with
MYB and with bHLH in A. thaliana, thus
highlighting the differences present among vari-
ous plant species (Baudry et al. 2004, 2006).

Studies have demonstrated that the antho-
cyanin synthesis pathway is mainly regulated by
the ternary MBW (MYB-bHLH-WD40) com-
plex in various plant species (Feller et al. 2011).
Other TF families, such as WRKY, ERF, NAC,
and bZIP, can also either coordinate or partici-
pate in the regulation of anthocyanin synthesis,
thereby enriching the anthocyanin regulatory
network (Zhou et al. 2015; Zhang et al. 2018; An
et al. 2018a, b, c, d; Liu et al. 2019).

13.3.4 The WRKY TF Family

The WRKY family of TFs is only found in
higher plant species. A total of 74 WRKY pro-
teins identified in Arabidopsis can be subdivided
into three groups according to the number of N-
terminal conserved domains and the type of C-
terminal zinc-finger structure (Rushton et al.
2010). Proteins in group I have two conserved
WRKY domains, and they have higher molecular
weights than proteins in the other two groups.
Although proteins in both groups I and II have
the same C2-H2 zinc-finger structure, group II
proteins have a single zinc-finger motif, while
group I proteins have two zinc-finger motifs. In
addition, group II proteins can be further subdi-
vided into five subfamilies based on levels of
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homology within the WRKY domain and the
presence of additional domains. Group III pro-
teins are characterized by having a C2-H-C zinc-
finger structure (Journot-Catalino et al. 2006).
Interestingly, the WRKY proteins with the con-
served amino acid sequence WRKYGQK can
specifically bind W-box (TTGAC[C/T]) cis-act-
ing elements in promoter regions of target genes
to either promote or inhibit the expression of
these genes (Eulgem et al. 2000).

Previous studies have confirmed that WRKY
TFs play important roles in regulating various
processes, including developmental processes
and stress responses (Rushton et al. 2010).
Moreover, there is increasing evidence that
WRKY TFs are also involved in regulating
anthocyanin biosynthesis. For instance, overex-
pression of BnWRKY41-1 in the A. thaliana
WRKY41-2 mutant rescues the high-
anthocyanin content phenotype in rosette leaves
(Duan et al. 2018). Compared to the wild type,
the AtWRKY75-silenced strain is more likely to
accumulate anthocyanins under conditions of
phosphate deficiency (Devaiah et al. 2007).
Furthermore, transcriptome analysis of red-
fleshed apples has revealed that MdWRKY11 is
involved in regulating the biosynthesis of both
flavonoids and anthocyanins (Wang et al. 2018a,
b, c, d, e). Subsequently, it is confirmed that
MdWRKY11 participates in anthocyanin accu-
mulation via interactions with MYB TFs and the
photoresponse factor MdHY5 (Liu et al. 2019). It
is observed that overexpression of MdMYB111
in red-fleshed apple callus decreases the antho-
cyanin content, and the color changes from red to
yellow. However, overexpression of
MdWRKY40 in callus overexpressing
MdMYB111 leads to a change in color from
yellow to pink (Zhang et al. 2019a, b). It is
proposed that MdWRKY40 also interacts with
MdMYB1, and enhances binding of MdMYB1
to target genes in response to wounding, thus
promoting anthocyanin biosynthesis (An et al.
2019).

Some WRKY TFs promote the synthesis of
both flavonoids and PAs. For example,
TRANSPARENT TESTA GLABRA2 (TTG2), a

trichome and seed coat development gene in
Arabidopsis, encodes a WRKY TF that promotes
PA accumulation (Gonzalez et al. 2016). In fact,
it is proposed that TTG2 must interact with
TTG1 in order to be functional, thus the
WRKY TF is added to the MBW ternary com-
plex to form a new MBWW quaternary complex
(Lloyd et al. 2017). Interestingly, PhPH3 and
VvWRKY26 are homologs of AtTTG2, and
these require TTG1 to induce PA and flavonoid
synthesis. These findings provide evidence for
the existence of an MBWW quaternary complex
(Verweij et al. 2016; Amato et al. 2016).

13.3.5 The NAC TF Family

It is known that NAC TFs are present only in
plants, widely identified in various plant species,
and are among the largest TF families. The NAM
gene has been first cloned from P. hybrida, and
then ATAF1/2 and CUC2 have been identified in
A. thaliana. As all these genes encode proteins
with a highly conserved amino sequence at the
N-terminal, the conserved sequence is termed the
NAC domain (i.e., the first letters of the three
genes mentioned above), and the proteins carry-
ing the NAC domain are known as NAC TFs
(Souer et al. 1996; Aida et al. 1997). The NAC
domain comprises about 150 amino acid resi-
dues, and includes five subdomains, A, B, C, D,
and E. Subdomain A is related to the formation
of a protein dimer, while B and E are related to
functional differentiation of NACs, and C and D
subdomains are related to DNA binding (Ernst
et al. 2004; Jensen and Skriver 2014). The NAC
TFs play important roles in plant growth and
development, metabolic regulation, as well as
hormone and stress response networks. These
TFs are of particular interest in studies of plant
gene function, as well as in the regulation of gene
expression.

Some members of the NAC TF family par-
ticipate in the control of flavonoid and antho-
cyanin synthesis. In A. thaliana, AtNAC078 is a
membrane-bound protein that is released from
the membrane following stimulation by either
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internal or external signals. Following its release,
AtNAC078 becomes available for promoting
expression of genes related to flavonoid biosyn-
thesis and anthocyanin production under high-
light stress (Morishita et al. 2019), while another
protein, AtNAC032, inhibits anthocyanin
biosynthesis under high-sucrose, oxidative, and
abiotic stresses (Mahmood et al. 2016). In Nor-
way spruce, PaNAC03 is induced in response to
biotic and abiotic stresses to form a homodimer
that subsequently inhibits flavonoid biosynthesis
(Dalman et al. 2017). However, LcNAC13 in
litchi directly binds to promoters of genes related
to anthocyanin biosynthesis and inhibits their
transcription. Interestingly, the interaction
between LcR1MYB1 and LcNAC13 reverses the
negative effect of LcNAC13 (Jiang et al. 2019).
In peach, BLOOD (BL), encoding a NAC TF, has
been identified using gene-linkage analysis of a
red-flesh line, and its silencing can reduce
anthocyanin accumulation in blood peach (Zhou
et al. 2015).

In apple, overexpression of MdNAC029 in
callus of ‘Orin’, a yellow-skinned Japanese cul-
tivar, can significantly promote expression of
MdMYB1, as well as of downstream genes rela-
ted to anthocyanin synthesis. A transient
expression analysis in tobacco has confirmed that
MdNAC029 can directly activate the expression
of MdMYB1, thereby promoting anthocyanin
synthesis (An et al. 2018a, b, c, d). For another
related TF member, MdNAC52 can bind to
promoters of both MdMYB9 and MdMYB11 to
promote the biosynthesis of anthocyanins and
procyanidins, as well as to regulate PA metabo-
lism by directly regulating MdLAR, encoding
leucoanthocyanidin reductase (Sun et al. 2019).
Recently, it is reported that the abundance of
MdNAC42 is positively correlated with antho-
cyanin content as fruits ripen, and it interacts
with MdMYB10 to participate in the regulation
of anthocyanin synthesis in the red-fleshed apple
‘Redlove’, released from a breeding program in
Switzerland (Zhang et al. 2020).

13.4 Environmental Regulation
of Fruit Color in Apple

Plant secondary metabolism has evolved during
interactions between plants and biotic/abiotic
environmental factors. Secondary metabolites
such as flavonoids, anthocyanins, terpenoids, and
alkaloids play important roles in plant protection
and competitiveness, and are involved in coor-
dinating the relationships between plants and the
environment (Yan et al. 2007). Therefore, in
addition to genetic and transcriptional regulation,
environmental factors such as light, temperature,
water, sugars, and plant hormones have impor-
tant regulatory effects on anthocyanin biosyn-
thesis and in apple fruit color development
(Winkel-Shirley 2002; Takos et al. 2005; Lepi-
niec et al. 2006).

13.4.1 Light

Light is one of the most important environmental
factors influencing color development in apple
fruit. Bagging of apple fruits significantly inhi-
bits anthocyanin synthesis in the skin, and
removal of bags to expose fruit to light results in
anthocyanin accumulation in the skin (Ju et al.
1999). Expression of genes encoding structural
genes in the anthocyanin biosynthesis pathway
and TFs is promoted by light and inhibited by its
absence (Kondo et al. 2002; Jeong et al. 2004).
As reported by Takos et al. (2005), light induces
the expression of MdMYB1 and promotes
anthocyanin accumulation in apple skin (Takos
et al. 2005). However, under dark conditions, an
apple ubiquitin E3 ligase CONSTITUTIVE
PHOTOMORPHOGENIC1 (MdCOP1) interacts
with and ubiquitinates MdMYB1. Light inhibits
the transport of COP1 into the nucleus to degrade
MYB1, thus stabilizing the function of MYB1.
Therefore, light induces anthocyanin synthesis,
as well as the development of apple fruit color
(Li et al. 2012).
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Among all light qualities, ultraviolet
(UV) light and blue-violet light have the stron-
gest effects in promoting anthocyanin synthesis,
while far-infrared light has the weakest or even
inhibitory effects (Mol et al. 1996). Ultraviolet-A
(wavelength > 320 nm) can burn apple skin and
turns it brown in color, while UV-B (wavelength
280–320 nm) can promote phenylalanine
ammonia lyase (PAL) activity and expression of
related structural genes, thus promoting antho-
cyanin synthesis (Song et al. 2009). The pho-
toreceptor of UV-B is UVR8, which normally
exists as a homodimer, but UV-B can induce
depolymerization of the UVR8 dimer into two
monomers (Rizzini et al. 2011; Wu et al. 2012;
Christie et al. 2012). It is reported that the TFs
COP1 and ELONGATED HYPOCOTYL5
(HY5) play key roles in the UV-B signaling
pathway, wherein COP1 has a ubiquitinase
activity and inhibits photomorphogenesis in the
dark, but promotes photomorphogenesis in
response to a UV-B signal (Lau and Deng 2012).
Under UV-B conditions, UVR8 can interact with
COP1 to form a protein complex (Favory et al.
2014). This UVR8-COP1 complex can bind to
SPA (suppressor of phya-105) and promotes the
transcriptional activity of the downstream TF
HY5, thus regulating the expression of genes
related to anthocyanin synthesis (Oravecz et al.
2006). A model summarizing the light regulation
of fruit coloration is presented in Fig. 13.3.

13.4.2 Temperature

Temperature is another environmental factor
influencing the synthesis of anthocyanins and
color development in apple fruit. Various studies
have reported that low temperature can signifi-
cantly promote the synthesis of anthocyanins in
apples. For example, Ubi et al. (2006) have
demonstrated that low temperature and UV-B
radiation can significantly increase expression
of several genes involved in the anthocyanin
biosynthesis pathway, including those encoding
for chalcone synthase (CHS), anthocyanin syn-
thase (ANS), and UDP-Glc:flavonoid-3-O-
glucosyltransferase (UFGT), as well as promote

accumulation of anthocyanins in apple skin (Ubi
et al. 2006). Further studies have shown that
MdBBX20 responds to low temperature with the
participation of MdbHLH3, and together they
regulate the UV-B signaling pathway along with
a low-temperature signal to promote anthocyanin
synthesis in apple by interacting with MdHY5
(Fang et al. 2019). Tian et al. (2015) have
reported that low temperatures can induce
expression of McMYB10, McbHLH3,
McbHLH33, and McTTG1 in Malus crabapples,
thus leading to anthocyanin accumulation in
leaves. In addition, it is reported that low tem-
perature leads to the phosphorylation of
MdbHLH3, thereby enhancing its ability to bind
to promoters of the downstream genes MdDFR
and MdUFGT, and promoting anthocyanin syn-
thesis in apple skin (Xie et al. 2012). Recently,
Wang et al. (2019a, b) have reported that the
promoter of MdMYBPA1 contains a low
temperature-responsive cis-element, LTR, that

Fig. 13.3 A schematic model of light- and UV-B-
regulated anthocyanin synthesis. A constitutive photo-
morphogenic1 (COP1) and an elongated hypocotyl 5
(HY5) play key roles in the light and the UV-B signaling
pathway. HY5 and MYB1 proteins accumulate in light
but are degraded by COP1 via a ubiquitin-dependent
pathway in the dark. UV-B can induce the depolymer-
ization of the UV Resistance Locus 8 (UVR8) dimer into
two monomers. Under UV-B conditions, UVR8 can
interact with COP1 to form a protein complex. This
UVR8-COP1 complex can promote the transcriptional
activity of the downstream TF HY5, thus regulating the
expression of genes related to anthocyanin synthesis

282 N. Wang and X. Chen



can respond to low temperature. Therefore,
binding of MdbHLH33 to this element causes a
switch from PA to anthocyanin synthesis (Wang
et al. 2019a, b).

On the other hand, high temperature inhibits
anthocyanin synthesis and fruit coloration in
apples. It has been observed that under high-
temperature conditions, the rate of anthocyanin
synthesis slows down, while its rate of degrada-
tion increases, thus contributing to reduced
anthocyanin content (Shaked-Sachray et al.
2010). In particular, it has been observed that
high temperature inhibits expression of
MdMYB10, thereby resulting in reduced antho-
cyanin biosynthesis and accumulation in apple
skin (Linwang et al. 2011).

13.4.3 Water

In general, plants require water as well as
appropriate air humidity and soil moisture con-
ditions to maintain normal growth. With global
climate change, drought stress has become a
critical worldwide problem due to rising tem-
peratures and expanded arid lands. Drought
affects growth and productivity of the most
important crops (Fedoroff et al. 2010).

It has long been reported that water deficit can
significantly promote expression of genes related
to anthocyanin synthesis pathways (Castellarin
et al. 2007; Ma et al. 2014). In Arabidopsis,
overexpression of either MYB12/PFG1 (pro-
duction of flavonol glycosides 1) or
MYB75/PAP1 (production of anthocyanin pig-
ment 1) alone, or co-expression of both MYB12
and MYB75 have resulted in overaccumulation
of flavonoids, thereby mitigating accumulation of
reactive oxygen species (ROS) in vivo under
drought stress conditions (Nakabayashi et al.
2014). In another study, overexpression of
UGT79B2/B3 significantly increases antho-
cyanin accumulation and enhances antioxidant
activity in response to low temperature, drought,
and salt stress (Li et al. 2017).

In a recent study in apple, MdERF38
(ethylene-response factor) is found to promote
anthocyanin biosynthesis by enhancing the

transcriptional activity of MdMYB1 in response
to drought stress (An et al. 2020a, b).

13.4.4 Sugars

Sugars are not only precursors for anthocyanin
biosynthesis, but also serve as signaling sub-
stances that can induce anthocyanin synthesis
(Smeekens 2000). Interestingly, unstable antho-
cyanidins are glycosylated by UDP-Glc:
flavonoid-3-O-glucosyltransferase (UFGT) to
form stable anthocyanins (Hugo and Timothy
1991; Holton and Cornish 1995). Furthermore,
sugars serve as synthetic substrates for various
glycosides of anthocyanins, and such synthesis
occurs in the cytoplasm (Vogt and Jones 2000).

It is reported that different types of sugars
have different effects on anthocyanin synthesis.
For example in Arabidopsis, sucrose has the
strongest effect in promoting anthocyanin accu-
mulation, as sucrose can regulate expression of
both AtPAP1 and the structural gene AtDFR to
induce anthocyanin synthesis (Lloyd and
Zakhleniuk 2004; Teng et al. 2005; Solfanelli
et al. 2006). Moreover, it is proposed that sucrose
transporters (SUCs) may serve as signal recep-
tors involved in sucrose-induced anthocyanin
synthesis as it is observed that anthocyanin
accumulation in a suc1 mutant is inhibited when
this mutant is grown on a medium containing 3%
sucrose (Solfanelli et al. 2006; Sivitz et al. 2008).

In apple, UDP-galactose is the main substrate
for anthocyanin synthesis, and it plays an
important role in fruit coloration (Ban et al.
2009). It has been reported that MdSUT4 trans-
fers sucrose from the vacuole to the cytoplasm
through the vacuolar membrane, thereby leading
to increased contents of precursors for antho-
cyanin synthesis, thus promoting anthocyanin
synthesis (Xu et al. 2017a, b). In a recent study, it
is observed that MdMYB6 can inhibit the syn-
thesis of anthocyanins by regulating the
monosaccharide transporter MdTMT1 to reduce
the contents of the substrates UDP-glucose and
UDP-galactose (Xu et al. 2020). However, glu-
cose can activate the activity of the hexokinase
MdHXK1, which phosphorylates the
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MdbHLH3 TF to mediate apple fruit coloration
(Hu et al. 2016).

13.4.5 Phytohormones

It has long been known that phytohormones
participate in the regulation of anthocyanin syn-
thesis and in fruit color development. Moreover,
different phytohormones have different effects on
anthocyanin synthesis.

For example, ethylene is an important plant
hormone that is involved in many aspects of
plant growth and development. It promotes leaf
senescence and fruit ripening, and it induces root
hair and adventitious root formation (Iqbal et al.
2017). In apple orchards, applications of the
ethylene inhibitor 1-methylcyclopropene (1-
MCP) to trees can significantly inhibit ethylene
release and anthocyanin accumulation (Liu et al.
2012). As ERF is a key TF in the ethylene sig-
naling pathway, it is reported that MdERF1B
binds to promoters of both MdMYB9 and
MdMYB11 to regulate both anthocyanin and PA
accumulation in apple (Zhang et al. 2018). Fur-
thermore, ethylene treatment markedly induces
fruit coloration, as well as expression of
MdMYB1 (An et al. 2018a, b, c, d). It has been
observed that MdMYB1 can interact with the
promoter of MdERF3, thereby providing positive
feedback for the regulation of ethylene biosyn-
thesis (An et al. 2018a, b, c, d).

Abscisic acid (ABA) is another important
phytohormone that participates in many plant
growth and development processes (Mehrotra
et al. 2014). In strawberry, ABA plays a key role
in fruit color development during ripening by up-
regulating ethylene and anthocyanin production,
and stimulating PAL activity (Jiang and Joyce
2003). In grape and litchi, ABA promotes
anthocyanin biosynthesis at the fruit coloration
stage (Ban et al. 2000; Singh et al. 2014). In
apple, the Bric-à-brac, tramtrack, and broad
complex (BTB) protein MdBT2, which is a
MdbZIP44‐interacting protein, degrades
MdbZIP44 through the ubiquitin‐26S protea-
some system, thus inhibiting MdbZIP44‐

modulated anthocyanin biosynthesis (An et al.
2018a, b, c, d).

Jasmonic acid (JA) regulates diverse pro-
cesses in plants, including defense against biotic
and abiotic stresses, organ development, and the
biosynthesis of secondary metabolites (Sasaki
et al. 2001). It is reported that JA induces
degradation of JAZ (JA ZIM DOMAIN) repres-
sor proteins in Arabidopsis, resulting in the
release of bHLH and MYB TFs, thus promoting
anthocyanin accumulation (Qi et al. 2011). In
apple, methyl jasmonate can rapidly degrade
MdJAZ2 and destroys the competitive binding
between MdJAZ2 and MdbHLH3, thus releasing
MdbHLH3 and promoting anthocyanin synthesis
(An et al. 2015). Furthermore, the JA signaling
factors MdJAZ8 and MdJAZ11 form transcrip-
tion complexes with MdMYB24L, thus affecting
anthocyanin synthesis (Wang et al. 2019a, b).

Cytokinin (CK) is yet another phytohormone
that induces anthocyanin accumulation (Deikman
and Hammer 1995). The ability of CK to induce
anthocyanin biosynthesis is dependent on the
redox state of the photosynthetic electron trans-
port mediated by sugar-induced Suc signaling
(Das et al. 2012). In Arabidopsis, it has been
observed that increasing the concentration of CK
can promote the expression of MYBD that is
conducive to anthocyanin synthesis (Nguyen
et al. 2015). Ji et al. (2015) have also found that
CK can induce anthocyanin accumulation in
apple calli, and that a high concentration of auxin
inhibits anthocyanin synthesis (Ji et al. 2015).

Finally, auxin (Aux) is known to induce rapid
cellular responses and gene expression to regu-
late plant growth, and its function mainly
depends on auxin response factor (ARF)-
Aux/indole acetic acid (IAA) interactions (Tiwari
et al. 2001). Furthermore, a high concentration of
auxin can inhibit anthocyanin synthesis. In apple,
it has been reported that a high concentration
of auxin inhibits expression of MdMYB10,
MdbHLH3, and structural genes involved in
anthocyanin synthesis (Ji et al. 2015). In addi-
tion, a high concentration of auxin significantly
promotes expression of MdARF13, and in turn,
MdARF13 interacts with MdMYB10 to form a
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protein complex that inhibits anthocyanin syn-
thesis (Wang et al. 2018a, b, c, d, e).

13.5 Breeding of Red-Skinned
and Red-Fleshed Apples

With the increasing demand for high-quality
apples, fruit with a bright color, rich aroma, and
excellent flavor has become an important goal for
breeders, as consumers associate red-colored
apple cultivars with ripeness and good flavor
(King and Cliff 2002; Ban et al. 2007). In addi-
tion, the red-fleshed apple, as a novel fruit, has
attracted more attention in recent years by
researchers and breeders (Wang et al. 2018a, b, c,
d, e).

13.5.1 Breeding of Red-Skinned
Apples

Understanding the genetic basis of red color
development is critical for breeding red-skinned
apples. Early on, it has been proposed that the
red-skin fruit color trait is controlled by a single
dominant gene, designated as Rf (Klein 1958).
Maliepaard et al. (1998) have constructed a
genetic map with 17 linkage groups (LGs) using
apple cultivars ‘Prima’, ‘Fiesta’, and their seg-
regating progeny as test materials, speculating
that the 17 LGs correspond to the 17 chromo-
somes of the apple genome. It is found that the Rf
gene is located on LG9, close to the sequence-
characterized amplified region (SCAR) marker
BC226 (Maliepaard et al. 1998). With the
development of additional molecular markers, it
has become clear that red-skinned apples are
either heterozygous or homozygous dominant,
while yellow (green)-skinned apples are
homozygous recessive (Cheng et al. 1996; Zhao
et al. 2006).

Over time, it has been observed that the red-
skinned fruit color trait is a quantitative trait
controlled by multiple genes. Lespinasse et al.
(1985) have reported that the red-skin color trait
is controlled by two dominant complementary
genes, wherein two dominant genes contribute to

a yellow-skinned color fruit; otherwise, the
fruit’s skin color is red. Subsequently, Takos
et al. (2005) have found that MdMYB1-1-linked
fragments could be amplified from most red-
colored fruit cultivars, but not from non-red
cultivars. Furthermore, it is confirmed that
MdMYB1-1 is closely related to the red-skin fruit
color trait (Takos et al. 2005; Ban et al. 2007;
Migicovsky et al. 2016).

It is widely known that red fruit color
sports/mutants serve as valuable genetic resour-
ces for the red-skinned color fruit trait. In fact,
about 30% of current red-skinned apple cultivars
are derived from sport selection; moreover,
*50% of all apples grown worldwide are sport
mutants, and most are red-colored sports (Yi
et al. 2006). A typical case of using red sports to
breed red-skinned apples is the series of red sport
cultivars selected from the original ‘Delicious’.
In 1872, ‘Delicious’ has been first discovered as
a chance seedling by Jesse Hiat in an apple
orchard on a farm in Peru, Iowa, USA. By 1921,
a red sport mutant of ‘Delicious’ with good red
color, ‘Starking’, is identified and selected in
New Jersey, thus ‘Starking’ has served as a
second-generation red sport derived from ‘Deli-
cious’. In 1953, a third-generation red sport
mutant, ‘Starkrimson’, is discovered in a popu-
lation of ‘Starking’ (Fig. 13.4a). Over the dec-
ades, several hundreds of red sports, with varying
levels of color pigmentation, have been selected
and grown for generations. Many red sport cul-
tivars have also been derived from ‘Fuji’. During
early breeding efforts, the Japanese ‘Red Fuji’
apple cultivar ‘Changfu 2’ has been poorly col-
ored; however, subsequently, breeders in Yantai
city, China have selected a better red sport,
‘Yanfu 3’. Over time, additional red sport culti-
vars with enhanced and red-colored fruits have
been selected from ‘Yanfu 3’, including ‘Yanfu
8-10’ and ‘Yuanfuhong’ (Fig. 13.4b).

Recently, the mechanism of apple red
sport/mutant development has been investigated.
It is reported that RNA‐directed DNA methyla-
tion (RdDM) may play essential roles in apple
fruit color development, as it is involved in
repressive epigenetic regulation that can initiate
transcriptional gene silencing (Jiang et al. 2020).
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Moreover, it is reported that argonaute 4 (AGO4)
is one of the key components of the RdDM
pathway. Therefore, it has been observed that
AGO4 proteins can recognize the ATATCAGA
sequence in the MdMYB1 promoter, and, in turn,
these recruit domains rearranged methyltrans-
ferase2 (DRM2s) to catalyze CHH (H = Adenine
(A), Thiamine (T), or Cytosine (C) base)
methylation of the MdMYB1 promoter. It is this
demethylation of the MdMYB1 promoter that
promotes synthesis of anthocyanin in the skin of
apple fruits (Jiang et al. 2020).

13.5.2 Breeding of Red-Fleshed
Apples

In recent years, red-fleshed cultivars of sweet
orange, peach, kiwi fruit, and other fruits have

been bred. Consequently, there is increased
interest in breeding for the red-flesh fruit trait in
various fruit crops (Pinheiro et al. 2015;
Rumainum et al. 2016).

Breeding efforts of red-fleshed apple can be
traced back to the 1800s. In 1897, the horticul-
turist Niels Hansen encountered an unusual apple
species in the wild fruit forests of Turkestan. This
cold, hardy wild species, M. pumila var.
niedzwetzkyana, a close relative of M. sieversii,
produces fruit with red-colored skin and flesh, as
well as red-colored blossoms and young foliage.
Thus, M. pumila var. niedzwetzkyana has been
hybridized with the cultivated apple yielding a
series of red-fleshed apple cultivars such as
‘Almata’. These cultivars produce fruit with
dark-red flesh and skin, as well as dark-red
blossoms and juvenile foliage, and these have
been designated as Type I red-fleshed apple

Fig. 13.4 ‘Delicious’ and ‘Fuji’ apple cultivars along
with their corresponding red sport/mutant cultivars.
a ‘Delicious’ apple and its red sports, including ‘Starking’
(https://www.21food.com/products/starking-apple-

547405.html) and ‘Starkrimson’ (https://www.planfor.co.
uk/buy,apple-tree-starkrimson,0113,EN). b ‘Fuji’ apple
and its red sports, including ‘Yanfu 3’ and ‘Yanfu 8’
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(Volz et al. 2009; Deacon 2017). An earlier
horticulturist, Albert Etter, has bred ‘Pink Pearl’
and other red-fleshed apple cultivars with ‘Sur-
prise’ as a parent. However, only the skin layer
of ‘Pink Pearl’ fruit has pink flesh, and there is
no red pigmentation in its leaves, stems, or other
vegetative tissues; thus, these cultivars are des-
ignated as Type II red-fleshed apples (Green-
mantle 2017).

Research efforts to investigate this red-color
pigmentation trait have been undertaken using
molecular analysis tools. It is found that Type I
red-fleshed apple has a minisatellite-like structure
comprising six 23-bp repetitive sequences in the
promoter of MdMYB10. This repeated sequence
endows MdMYB10 with self-activation charac-
teristics, whereas in white-fleshed apple, the
same promoter region has only one of these 23-
bp motifs (Espley et al. 2009). However,
MdMYB10 is not expressed in Type II red-
fleshed apple. Instead, another MYB TF,
MdMYB110a, is correlated with the red pig-
mentation of the flesh of Type II apples (Chagné
et al. 2013).

In recent years, breeders in the United King-
dom, Japan, Germany, New Zealand, Switzer-
land, and China have bred a series of red-flesh
apple cultivars such as ‘jpp35’, ‘Weirouge’,
‘Baya Marisa’, ‘Redlove’, and ‘Meihong’
(Fig. 13.5). However, breeding objectives have
gradually changed over time from earlier orna-
mental and processing traits to current interests in
fresh-eating or functional fruit traits (Brooks and
Olmo 1997; Sadilova et al. 2006; Sekido et al.
2010; Wang et al. 2018a, b, c, d, e).

13.6 Conclusions

The complexity of the regulation mechanism of
anthocyanin biosynthesis in apple is the embod-
iment of germplasm diversity. With the rapid
development of molecular biology technologies,

further research will provide additional details on
the regulation of anthocyanin synthesis and fruit
color development. Such information will be useful
in enhancing the anthocyanin content and the
overall quality of fruits. Current research efforts are
mainly focused on the regulation of anthocyanin
biosynthesis at the transcriptional and translational
levels. In addition to genetic factors, many biotic
and abiotic factors influence anthocyanin synthesis,
and these regulatory relationships may depend on
post-translational modifications of proteins. It is
clear that the metabolism and regulation mecha-
nisms of anthocyanins are rather complex. In par-
ticular, regulatory mechanisms of anthocyanin
synthesis are not only complex, but they are highly
specific, rendering it difficult to gain a full picture
of apple fruit color development.

As it has been found that MdMYB10 regulates
flesh color development in red-fleshed apples, it
is also closely linked with malate accumulation
and astringency, thereby affecting the eating
quality of apple (Hu et al. 2016). Therefore,
further breeding efforts of red-fleshed apple cul-
tivars with good fresh eating qualities will
require pursuing linkage analysis of genes related
to the regulation of sugar content, acidity, and
astringency. Moreover, as apples are grown for
either fresh eating or for processing, research on
the cultivation physiology of red-fleshed apple is
limited. At present, there is a lack of supporting
cultivation technologies such as suitable tree
types, planting areas, and rootstocks.

Against the current background of big data,
integrated genomic, transcriptomic, proteomic,
and metabolomic analyses will shed new light on
unknown segments of anthocyanin regulatory
models and metabolic pathways in apple. More-
over, these will further delineate relationships
among color and sugar content, acid content,
texture, and other flavor attributes. This is an
important direction for pursuing studies on apple
fruit color development, and for breeding of
high-quality red-colored apple cultivars.
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14Genomics of Fruit Acidity and Sugar
Content in Apple

Bo Zhang and Yuepeng Han

Abstract

Soluble sugars and organic acids play important
roles in determining fruit taste. For apple,
fructose is the most abundant soluble sugar,
while the predominant organic acid is malic acid
(Ma) that accounts for up to 90% of the total
organic acids. The earliest genetic studies of
inheritance have uncovered that apple fruit
acidity is controlled by a single major locus on
linkage group (LG) 16, designated Ma. Later,
another important quantitative trait locus
(QTL) for fruit acidity has been identified on
LG 8. Besides these two QTLs, five other QTLs
for apple fruit acidity are also found on LGs 2,
10, 13, 15, and 17. Sugar content is a heritable
quantitative trait, and two QTLs for sugar
content have been identified on LGs 1 and 3.
Several strong candidate genes for fruit acidity,

such as Ma1 and MdPP2CH encoding a protein
phosphatase2C that inactivates H+-ATPases and
Ma1 via dephosphorylation, have been reported.
However, few candidates for sugar content have
been identified. This review will cover these
findings as well as assess their impact on
pursuing genetic enhancement efforts to
manipulate/modify these important components
of fruit taste in apples.

14.1 Introduction

Key components of fruit taste consist of soluble
sugars and organic acids, which, along with
aromas, have a strong influence on the overall
flavor of fruits (Borsani et al. 2009). In fruits,
primary soluble sugars consist of sucrose, fruc-
tose, and glucose; whereas, organic acids are
mainly composed of malic, citric, and tartaric
acids. However, it is important to point out that
fructose, glucose, and sucrose are not equally
sweet, and malic, citric, and tartaric acids differ
in acidity (Doty 1976). Therefore, organoleptic
fruit quality (or fruit taste) is highly associated
with the composition and content of soluble
sugars and organic acids (Pangborn 1963).
Moreover, the sugar–acid ratio is also important
in determining the taste and flavor of fruits. In
addition to their impacts on the flavor of fresh
fruit, soluble sugars and organic acids also highly
influence the flavor of processed products, such
as juices and ciders. Hence, it is clear that the

B. Zhang � Y. Han (&)
CAS Key Laboratory of Plant Germplasm
Enhancement and Specialty Agriculture, Wuhan
Botanical Garden, the Innovative Academy of Seed
Design, Chinese Academy of Sciences, Wuhan
430074, China
e-mail: yphan@wbgcas.cn

Y. Han
Center of Economic Botany, Core Botanical
Gardens, Chinese Academy of Sciences, Wuhan
430074, China

Y. Han
Sino-African Joint Research Center, Chinese
Academy of Sciences, Wuhan 430074, China

© Springer Nature Switzerland AG 2021
S. S. Korban (ed.), The Apple Genome, Compendium of Plant Genomes,
https://doi.org/10.1007/978-3-030-74682-7_14

297

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-74682-7_14&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-74682-7_14&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-74682-7_14&amp;domain=pdf
mailto:yphan@wbgcas.cn
https://doi.org/10.1007/978-3-030-74682-7_14


metabolism and accumulation of soluble sugars
and organic acids in fruits are very critical in fruit
tree breeding programs.

Over the past two decades, reports on the
mechanisms of soluble sugar and organic acid
accumulation in fleshy fruits have increased
significantly (Borsani et al. 2009; Sweetman
et al. 2009). Among the key steps for soluble
sugar and organic acid accumulation in fleshy
fruits include the following: (1) phloem unload-
ing of sucrose and/or sorbitol into fruit cells;
(2) sugar and organic acid metabolism; and
(3) solute accumulation in vacuoles. The network
of sugar and organic acid metabolism in meso-
carp cells consists of multiple pathways, and this
is related to the cytosol, as well as to several
organelles, such as mitochondria, chloroplasts,
and glyoxysomes. Similarly, vacuolar storage of
both soluble sugars and organic acids is involved
in different types of transport, including simple
diffusion, facilitated diffusion, primary active
transport, secondary active transport, and elec-
trochemical potential gradient (Etienne et al.
2013). Therefore, those mechanisms underlying
the metabolism of sugars and organic acids in
mesocarp cells are very complex.

The complex network of soluble sugar and
organic acid metabolism, as well as accumulation
involves numerous genes, and each gene is pre-
sent in multiple copies, as most fruit crops are of
polyploid origin. Theoretically, it is difficult to
identify major genes responsible for variations in
soluble sugar and organic acid in fruits using
reverse genetic approaches. Genetic map-based
approaches such as linkage mapping are practical
tools for identifying major genes controlling
complex traits, such as those for sweetness and
acidity in fruit tree crops.

Linkage mapping is to identify molecular
markers that are tightly linked to a gene of
interest. To identify candidate genes, it is
important to develop a physical map that covers
the candidate gene region. Finally, the function-
ality of a candidate gene(s) must be validated
through genetic complementation and/or gene
knockout studies. Due to the availability of
whole-genome sequences for numerous plant

species, map-based cloning of genes of interest
has been greatly facilitated. Whole-genome
sequences are very helpful for the development
of DNA markers, such as Indels, simple
sequence repeats (SSRs), and single nucleotide
polymorphisms (SNPs), that can be used to sat-
urate a genetic map spanning the target gene
region. This fine mapping delimits candidate
genes to a narrow target region, wherein candi-
date genes can be predicted based on reference
genome sequences.

The apple belongs to the Rosaceae family.
The domesticated apple (Malus � domestica
Borkh.) is one of the most popular and important
fruit tree crops worldwide. Despite an allopoly-
ploid origin, the apple is a diploid (2n = 34) with
a relatively small genome size of
750 Mb/haploid (Tatum et al. 2005; Korban et al.
2009). The apple is highly heterozygous due to
self-incompatibility and has a juvenile period of
6–10 years or more, which makes it difficult to
conduct genetic studies. The apple genome is
known to be a rich source of genes involved in
pest and disease resistance, with major effects
that are simply inherited (Gardiner et al. 2007;
Korban and Tartarini 2009). Moreover, pheno-
types for resistance to diseases and insects are
relatively easily identifiable, and phenotypic data
are usually reliable. Therefore, the identification
of resistance genes is the predominant goal of
most initial genetic studies through the develop-
ment of molecular tools and resources for linkage
mapping. With the release of whole-genome
sequences of apple (Velasco et al. 2010; Daccord
et al. 2017; Zhang et al. 2019), along with the
rapid development of high-throughput ‘next-
generation sequencing’ (NGS) technology,
genotyping-by-sequencing (GBS), and SNP-
arrays, these have provided good opportunities
for pursuing forward genetics studies to delineate
mechanisms controlling complex traits, such as
those of soluble sugar and organic acid accu-
mulation in fruits of apple (Chagné et al. 2007;
Khan and Korban 2012; Kumar et al. 2013). In
this chapter, we will provide an overall descrip-
tion of genomics studies for apple fruit acidity
and sugar content.
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14.2 Composition and Content
of Organic Acids and Soluble
Sugars in Apple Fruits

There are two distinct characteristics related to
sugar and organic acid accumulation in apple
fruits. One is that apple fruits are rich in fructose,
accounting for 44–75% of the total soluble sug-
ars, while sucrose and glucose account for 11–
40% and 9–36%, respectively (Hecke et al. 2006;
Wu et al. 2007). Moreover, there are distinct
differences between cultivated and wild apple
fruits in their contents of major components of
soluble sugars (Ma et al. 2015a). In cultivated
apple fruits, average concentrations of fructose
and sucrose are 2- to 3-folds higher than those of
glucose; whereas, in wild apple fruits, average
contents of fructose and glucose are over 3-folds
higher than those of sucrose. Overall, fructose
and sucrose are the major components of soluble
sugars in cultivated apples, while fructose and
glucose are the major components of soluble
sugars in wild apples. However, both cultivated
and wild apple fruits contain high amounts of
fructose. Another is the predominance of malic
acid in apple fruits, which accounts for up to
90% of the total organic acids (Wu et al. 2007;
Zhang et al. 2010).

Overall comparisons of sugar and organic acid
contents between wild and cultivated apples have
revealed that wild apple fruits are significantly
more acidic compared with cultivated apple
fruits, with an average malic acid content of over
2.2-fold higher than that of cultivated apple fruits
(Ma et al. 2015a). The malic acid content ranges
from 0.8 to 22.7 mg/g in wild apples and from
0.5 to 18.9 mg/g in cultivated apples (Fig. 14.1).
Thus, variations in fruit acidity are greater in
wild genotypes than in cultivated genotypes. By
contrast, average concentrations of total sugars
are slightly higher in fruits of cultivated apple
than in wild apple, but this difference is not
markedly significant. Moreover, wild genotypes
have higher variations in total sugar concentra-
tions than those of cultivated genotypes.

As mentioned above, the sugar–acid ratio
plays an important role in determining the

organoleptic fruit quality. In apple fruits, there is
a positive correlation between the malic acid
content and glucose content, but the malic acid
content is negatively correlated with sucrose
content (Ma et al. 2015a). This finding is similar
to those correlations found between organic acid
and sucrose accumulation detected in peach fruits
(Dirlewanger et al. 1999). Thus, metabolic net-
works of soluble sugars and organic acids are
likely to be communicating with each other. For
example, it has been reported that genetic mod-
ifications of malate metabolism result in dramatic
effects on the soluble solid accumulation in
tomato fruits (Centeno et al. 2011). Therefore, it
is worth to investigate those mechanisms under-
lying these observed interactions between soluble
sugars and organic acid metabolism in fruits.

14.3 Genetic Mapping of QTLs
for Fruit Acidity
and Sweetness in Apple

QTL mapping for sugar content and acidity in
apple fruits has been widely reported. For
example, Liebhard et al. (2003) reported on QTL
mapping for sugar content in apple fruits using a
cross between ‘Fiesta’ and ‘Discovery’. A total
of five QTLs for soluble solids were identified,
and these were located on linkage groups
(LGs) 3, 6, 8, 9, and 14 (Table 14.1). Of these
five QTLs, two were detected on LG6 and LG8
of both ‘Fiesta’ and ‘Discovery’, accounting for
10–17% of the observed variance. Subsequently,
Kenis et al. (2008) assessed the inheritance of
fruit sugar content using progeny derived from
‘Telamon’ x ‘Braeburn’. A major QTL for Brix
(sweetness) was identified on LG10 in both
parents over 2 successive years and accounting
for up to 30% of the observed phenotypic vari-
ation. Furthermore, a minor QTL was also
detected on LG2 in both parents over 2 succes-
sive years, and this accounted for about 8% of
the observed phenotypic variation. These find-
ings suggested that the genetic control for fruit
sweetness was polygenic or quantitatively con-
trolled (Kenis et al. 2008).
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Recently, QTL mapping for contents of indi-
vidual sugars has also been reported. Guan et al.
(2015) identified QTLs for individual sugars,
including those for fructose, glucose, sucrose,
and sorbitol using multiple apple breeding pop-
ulations. A single QTL region on LG1 was
consistently identified for both fructose and
sucrose contents in ripe fruits in 2 successive
years, accounting for 34–67 and 13–41% of the
total observed phenotypic variation, respectively.
However, two QTLs for soluble solids content
(SSC) in ripe fruits were located on LG3 and
LG2, accounting for 22% and 3% of total phe-
notypic variations, respectively. These reported
discrepancies between QTLs for SSCs and indi-
vidual sugars indicated that map cloning of some
of these major QTLs responsible for fruit
sweetness would be rather difficult. Subse-
quently, Ma et al. (2016) conducted QTL map-
ping for individual sugars using a cross between
‘Jiguan’ and ‘Wangshanhong’. It was found that
four QTLs for glucose, sucrose, fructose, and
sorbitol contents were clustered within a single

region on LG3, accounting for 11.7–28.0% of the
total observed phenotypic variation. Moreover,
an additional QTL for glucose content was
detected on LG4, accounting for 16.7% of the
total phenotypic variation. These two clustered
QTLs on LG1 and LG3 controlling individual
sugar contents might serve as promising genomic
regions for marker-assisted selection (MAS) for
sweetness in apple breeding programs.

On the other hand, QTL mapping for fruit
acidity has identified a major QTL for malic acid,
Ma gene, initially mapped onto LG16
(Table 14.2), and explaining *30% of the
observed variance (Maliepaard et al. 1998;
Liebhard et al. 2003; Kenis et al. 2008). Later on,
Xu et al. (2012) have identified several SSR
markers within the Ma region using the whole-
genome sequence of ‘Golden Delicious’. These
newly developed SSR markers have been used to
screen two half-sib populations, and have
allowed for delimiting the Ma locus to a physical
region no longer than 150 kb on chromosome 16
of the ‘Golden Delicious’ genome.

Fig. 14.1 Range and distribution of malic acid and
soluble sugar contents (mg/g FW), along with the
sweetness index in both cultivated and wild fruits of
apple. Horizontal lines within boxes correspond to mean

values. A box corresponds to the distribution for 50% of
the data. Approximately 99% of the data fall within
whiskers. Data outside these whiskers are denoted by
solid dark circles
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Besides the Ma gene, other QTLs for apple
fruit acidity have also been reported on LGs 2, 8,
10, 13, 15, and 17 (Liebhard et al. 2003; Kenis
et al. 2008). Interestingly, the QTL on LG8
accounts for up to 46% of the observed variance
in an F1 population derived from a cross between
‘Fiesta’ and ‘Discovery’ (Liebhard et al. 2003).
This QTL has been confirmed to be linked SSR
marker CH05a02y on LG8 of apple cv. ‘Jona-
than’ (Zhang et al. 2012).

As malic acid is the major organic acid in
apple fruit, QTL mapping for malate content has
also been conducted using a cross of
‘Jiguan’ � ‘Wangshanhong’ (Ma et al. 2016).

Genotyping of this segregating apple population
using a 1536 EST-derived SNP GoldenGate
genotyping platform has allowed for the con-
struction of a high-density linkage map spanning
1368.4 cM and with an average of 2.28 cM per
marker. Interestingly, two QTLs for malic acid
content have been identified on LG8 and LG16,
while no QTL is detected for citric acid content.
Interestingly, the QTL detected on LG8 is con-
sistent with the findings reported in previous
studies (Liebhard et al. 2003; Zhang et al. 2012).
Taken together, these results strongly indicate
that the genetic control for fruit acidity in apples
is complex, and it is likely that major gene(s),

Table 14.1 Linkage mapping for soluble sugar content in apple fruit

Traita Cross Molecular markersa References

Name Distance
(cM)

Linkage
group

Sugar
content

‘Fiesta’ � ‘Discovery’ D02-700 3.2 3 Liebhard et al.
(2003)E38M35-0298 0.7 6

E35M32-200 0.3 8

E32M38-0188 1.6 9

CH05g07z 1.1 14

Brix ‘Telamon’ � ‘Braeburn’ EAATMCCT108 <16.0 2 Kenis et al.
(2008)CH03d11 <4.0 10

Fructose
content

Multiple populations ss475883868 <25.9 1 Guan et al.
(2015)

Glucose
content

ss475876871 <24.6 1

Sucrose
content

ss475876912 <21.7 1

Sorbitol
content

ss475878145 <7.6 5

ss475882286 <22.8 1

SSC ss475875869 <8.6 2

ss475877706 <23.2 3

Glucose
content

‘Jiguan’ � ‘Wangshanhong’ MdSNPui01586 <8.7 4 Ma et al. (2016)

WBGCAS142 <8.1 3

Sucrose
content

MdSNPui08437 <8.1 3

Fructose
content

WBGCAS134 <17.4 3

Sorbitol
content

WBGCAS130 <22.0 3

aOf those markers identified to date, only those most closely linked to fruit sugar-related traits are listed. All sugar-
related traits are derived from ripe fruits. SSC, soluble solids content
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other than theMa locus, are also present that play
roles in the regulation of fruit acidity.

As mentioned above, mature fruits of
domesticated apple cultivars have lower contents
of malic acid than those of wild species. This
suggests that apple domestication is likely
accompanied by directional selection for fruit
acidity, resulting in the loss of functionality of
gene(s) responsible for fruit acidity during the
period of apple domestication. It has been
reported that the D locus in peach controls fruit
acidity and that a low level of acidity is deter-
mined by a dominant allele (Boudehri et al.
2009); whereas, high acidity is controlled by a
dominant allele in apple. This observed differ-
ence suggests that the Ma gene in apple must be
different from that of the D gene in peach.

As fruit trees are known to have long juve-
nility periods, an F1 progeny resulting from full-
sib crosses between two outbred parents is often
used for pursuing QTL mapping in fruit crops.
Thus, the incidence of a recombination event in

an F1 cross corresponds to a single meiotic event,
thereby resulting in low resolution of QTLs.
Moreover, QTL mapping is both time-consuming
and laborious in long-lived forest trees and in
fruit crops, particularly when a trait is controlled
by several genes of small effects. Hence, QTL
mapping is not a promising approach to identify
genes for complex traits in fruit trees (Khan and
Korban 2012). Unlike linkage mapping, associ-
ation mapping reveals recombination events
present within the gene pool of a natural popu-
lation and does not require the often time-
consuming development of segregating proge-
nies. It is known that apple trees are usually self-
incompatible, resulting in random mating,
unstructured populations, and rapid decay of
linkage disequilibrium (LD). Thus, association
mapping can overcome the limitations of
pedigree-based mapping in apple and has
recently emerged as a highly powerful approach
for discovering links between markers or genes
and complex traits of interest (Peace et al. 2019).

Table 14.2 Linkage mapping for fruit acidity in apple

Trait Cross Molecular markersa References

Name Distance
(cM)

Linkage
group

Ma ‘Prima’ � ‘Fiesta’ OPT-16-1000 0.0 16 Maliepaard et al.
(1998)

Fruit
acidity

‘Fiesta’ � ‘Discovery’ E31M38-0193 0.2 8 Liebhard et al.
(2003)CH05b06x-162 0.5 16

Fruit
acidity

‘Telamon’ � ‘Braeburn’ EAATMCAT85 <1.3 2 Kenis et al.
(2008)EAATMCAC314 <2.2 8

ECAAMCGA385 <2.7 10

CH05c04 <5.1 13

ECAAMCGA48 <3.0 15

CH05c06 <8.8 16

CH05g03 <7.0 17

Malate
content

‘Jonathan’ � ‘Golden
Delicious’

CH05a02y <16.7 8 Zhang et al.
(2012)

pH/TA ‘Royal Gala’ � Malus
sieversii

Hi02h08/Hi22f06 <4.7 16 Xu et al. (2012)

Malate
content

‘Jiguan’ � ‘Wangshanhong’ MdSNPui10630 <9.7 8 Ma et al. (2016)

MdSNPui08981 <8.8 16
aOf those markers identified to date, only those most closely linked to fruit sugar-related traits are listed. TA, titratable
acidity
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In apple, genome-wide association mapping
studies (GWAS) have been undertaken in various
studies (Farneti et al. 2017; Moriya et al. 2017;
Urrestarazu et al. 2017; McClure et al. 2018,
2019). Larsen et al. (2018) have conducted a
GWAS by combining GBS-generated SNPs with
sugar-related traits, including fructose as a per-
centage of total sugar content (‘fructose%’),
sucrose as a percentage of total sugar content
(‘sucrose%’), and sucrose content. SNPs associ-
ated with the ‘fructose%’ trait are located on
Chr1, while SNPs associated with both sucrose
content and the ‘sucrose%’ trait are located on
Chr7 and Chr11. Lee et al. (2017) have con-
ducted GWAS for soluble solids using 237 apple
cultivars genotyped using the GBS strategy.
SNPs with significant associations with SSC
have been detected on chromosomes 2, 3, and
15, while SNPs with significant associations with
fruit acidity are located on chromosomes 1, 3, 8,
9, and 16. However, these fruit acidity-associated
SNPs on both Chr8 and Chr16 could not match
up to previously reported QTLs. In another
study, Amyotte et al. (2017) have detected a
significant locus for SSC on Chr8, thus con-
firming a previously reported QTL on Chr8 that
accounted for 11% of the total phenotypic vari-
ation observed in ‘Fiesta’ � ‘Discovery’ (Lieb-
hard et al. 2003). However, this locus has no
significant association with the sensory sweet
taste. Furthermore, no significant locus is detec-
ted for either titratable acidity (TA) or for the
sensory acid taste.

In brief, the above GWAS studies have con-
firmed the presence of QTLs for fruit sugar-
related traits on both Chr1 and Chr3, and that
SSC is weakly associated with sweet taste.

14.4 Identification and Functional
Analysis of Candidate Genes
for Fruit Acidity

In an effort to identify the candidate geneMa, Bai
et al. (2012) have pursued a fine-mapping strat-
egy to narrow down the region of theMa locus to
65–82 kb. It is found that this region contains 12–
19 predicted genes, depending on the haplotypes,

and that two aluminum-activated malate
transporter-like (ALMT) genes, designated Ma1
and Ma2, are deemed to be strong candidates of
Ma. An analysis of expression profiling has fur-
ther indicated that Ma1 is a major determinant at
the Ma locus controlling fruit acidity, as Ma1
expression is found to be highly correlated with
fruit TA. Furthermore, a low-acidity allele ofMa1
is primarily characterized by the presence of a
mutation at base 1455 in the open reading frame.
Later, the candidate Ma1 gene has been further
confirmed to co-segregate with malic acid content
in yet another study (Khan et al. 2013). It is found
that the dominant allele of the Ma1 gene has an
increased level of expression, resulting in an
observed 3-fold increase of malate concentration,
and a pH reduction from 4 to 3 in mature apple
fruits (Khan et al. 2013). By contrast, the reces-
sive allele of the Ma1 gene (ma1) is lowly
expressed in low-acidic apple cultivars. The
presence of a premature stop codon mutation at
base 1455 in the open reading frame ofMa1 leads
to a truncated protein with a deletion of 84 amino
acids at its C-terminal. As the C-terminal domain
is conserved in all tonoplast-localized ALMTs, a
deletion of 84 amino acids has a significantly
negative impact on malate transport activity (Li
et al. 2020). Moreover, the mutant ma1 allele has
a reduced capacity to mediate malate influx into
the vacuole, resulting in a low-acid trait in apple
fruit. Furthermore, it is observed that frequencies
of the Ma1Ma1 genotype are low in apple culti-
vars, but are high in wild relatives; thus, sug-
gesting that domestication of the apple is likely
accompanied by selection for the Ma1 gene (Ma
et al. 2015b).

It is noteworthy that high levels of expression
of the dominant Ma1 allele are not always con-
sistent with increased malate accumulation (Ma
et al. 2015b). Moreover, malic acid content
variations in mature fruits have also been
observed among accessions of the same genotype
in the Ma locus (Ma et al. 2015b). Therefore, this
suggests that the Ma1 gene is not necessarily the
single genetic determinant of fruit acidity in
apples. In fact, there is evidence demonstrating
that complex traits are usually controlled by
genetic regulatory module networks, wherein
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major genes interact with regulatory genes to
form functional units (Bar-Joseph et al. 2003).
This seems to be also true for the regulation of
fruit acidity in apples. A fine-mapping study has
revealed the presence of a candidate gene in the
QTL controlling fruit acidity on Chr8 that
encodes protein phosphatase 2C (PP2C) (Jia
et al. 2018). As PP2C is well known to be
involved in dephosphorylation (Spartz et al.
2017), the candidate MdPP2C gene is deemed to
regulate malate accumulation in apple fruit via
dephosphorylation of the Ma1 protein (Jia et al.
2018). Moreover, transcription of the Ma1 gene
can be regulated by MdMYB1 that plays an
important role in the anthocyanin coloration of
apple fruit (Hu et al. 2016). These findings are
consistent with previous reports proposing that
genes encoding tonoplast transport proteins are
also regulated at both transcriptional and post-
transcriptional levels (Hong-Hermensdorf et al.
2006; Wingenter et al. 2011; Delhaize et al.
2012). Thus, those genetic regulatory networks
related to the Ma1 gene will facilitate marker-
assisted breeding (MAB) for the genetic
improvement of fruit acidity in apple or in related
fruit tree crops.

In addition to forward genetics, reverse
genetic approaches have also aided in our
understanding of some of the mechanisms con-
trolling organic acid accumulation in fruits
(Famiani et al. 2005; Martınez-Esteso et al.
2011). In apple, some structural genes involved
in metabolic networks have been deemed
responsible for variations in organic acid con-
tents in fruits (Yao et al. 2011b). However, there
is increasing evidence demonstrating that organic
acid accumulation in fruits is regulated by vac-
uolar storage (Yao et al. 2009; Bai et al. 2012). It
is reported that transport of organic acids into a
vacuole requires the presence of a proton gradi-
ent across the vacuolar membrane (tonoplast)
that is generated by a variety of tonoplast proton
pumps, such as V-ATPase, V-PPase, and P-
ATPase (Faraco et al. 2014). Interestingly, sev-
eral studies have demonstrated that CitPH1 and
CitPH5 genes encoding a vacuolar proton-
pumping P-ATPase complex are responsible for
the hyperacidification of Citrus fruits by creating

a steep proton gradient across the tonoplast to
drive massive transport of citrate into the vacuole
(Butelli et al. 2019; Strazzer et al. 2019).

Recently, Ma et al. (2019) have conducted a
comparative transcriptome analysis between two
apple cultivars with significant differences in fruit
acidity, although they carry non-functional
homozygous alleles at the Ma1 locus controlling
apple fruit acidity. As a result, a candidate gene,
designated Ma10, for fruit acidity is identified.
This Ma10 gene codes for a P-type proton pump,
P3A-ATPase, that is targeted to the tonoplast.
High levels of expression of the Ma10 gene can
contribute to the incidence of an electrochemical
gradient across the vacuole membrane, thereby
inducing transport of malate into the vacuole
through this Ma1 channel (Fig. 14.2). Further-
more, this Ma10 gene has been found to be highly
associated with fruit malate content and accounting
for*7.5% of the phenotypic variation in the apple
germplasm. Therefore, the Ma10 gene plays an
important role in fruit vacuolar acidification in
apples. In addition, an apple transcription factor,
MdMYB73, is also found to regulate malate accu-
mulation and vacuolar pH in apple fruit (Hu et al.
2017). This MdMYB73 gene can activate tran-
scription of several genes involved in vacuolar
transportation of organic acids, such asMdALMT9,
MdVHA-A, encoding a vacuolar ATPase subunit
A, and MdVHP1, encoding a vacuolar pyrophos-
phatase 1, by directly binding to their promoters.
Taken together, all the above findings suggest that
there is a complex mechanism for fruit acidity
regulation in apples.

14.5 Identification and Functional
Analysis of Candidate Genes
for Fruit Sugar Accumulation

As mentioned above, several QTLs for fruit
sugar accumulation have been reported in apple.
However, few candidate genes controlling apple
fruit sugar accumulation have been thus far
identified. A recent GWAS analysis has revealed
that MDP0000149570 on Chr1 is a good candi-
date gene for the QTL controlling fructose con-
tent in apple fruit (Larsen et al. 2019). This gene
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codes for vacuolar invertase, and it is the same
VIN1 gene that has been reported earlier by Hyun
et al. (2011).

Other than QTL mapping, a reverse genetics
approach has also been carried out to investigate
the mechanism underlying sugar accumulation in
apple fruits. Several studies have reported that
structural genes of the soluble sugar metabolic
pathway are important for sugar accumulation in
apple fruit (Teo et al. 2006; Li et al. 2012; Zhu
et al. 2013). However, an increasing number of
studies indicate that genes encoding the tonoplast
monosaccharide transporter may play important
roles in controlling sugar accumulation in fruits
(Jung et al. 2015; Cheng et al. 2018; Peng et al.
2020). Moreover, Wang et al. (2016) have con-
ducted a comparative evolutionary study,
wherein evolutionary rates, gene duplication, and
selective patterns of genes involved in sugar
metabolism and transport between grasses and

eudicots have been assessed. Overall, it is
observed that divergent evolutionary patterns are
detected in sugar transporter genes, while similar
evolutionary patterns are detected in sugar
metabolism genes between monocots and eudi-
cots. This suggests that sugar transporter genes
are likely to have undergone positive selection in
eudicots, but not in grasses (Wang et al. 2016).
These findings further confirm that it is sugar
transporter genes rather than sugar metabolism
genes that play important roles in sugar accu-
mulation in plants. In apples, MdTMT1, coding
for a tonoplast monosaccharide transporter, is
reported to play an important role in fruit sugar
accumulation, as silencing of this gene results in
a sharp drop in glucose content (Ma et al. 2017).
In addition to tonoplast sugar transporter encod-
ing genes, TSTs, other sugar transporter genes,
such as SWEETs may be also involved in fruit
sugar accumulation in apples (Zhen et al. 2018).

Fig. 14.2 A proposed working model for malic acid
accumulation in apple fruit (Ma et al. 2019). The
transporter Ma10 pumps protons from the cytosol into
the vacuole, while Ma1 mediates the transport of malate
from the cytosol to the vacuole. High levels of expression
of the Ma10 allele, wide arrows, are prone to cause an

electrochemical gradient across the vacuole membrane,
which induces transport of malate into the vacuole
through the Ma1 channel. Low levels of expression of
the Ma10 allele, narrow arrows, are insufficient to activate
the Ma1 channel, thus resulting in low levels of malate
accumulation
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It has been reported that sugar transporter
genes are regulated at both transcriptional and
post-transcriptional levels (Lecourieux et al.
2010). Recently, an abscisic acid (ABA)-
responsive transcription factor, MdAREB2 has
been reported to play a vital role in sugar accu-
mulation in apple fruit (Ma et al. 2017). Inter-
estingly, the expression of MdAREB2 can be
induced by an ABA signal. Subsequently,
MdAREB2 is found to bind to promoters of
several sugar transporter genes, such as an apple
sugar (SUT) encoding gene, MdSUT2, and
MdTMT1, to positively activate their expression,
thus leading to increased sugar accumulation.

As the vacuolar accumulation of sucrose
requires an energy source, this is probably related
to vacuolar proton-pumping P-ATPase. In apple,
overexpression of MdVHP1 encoding a vacuolar
H+-pyrophosphatase results in an increase in
sucrose accumulation, but it has little impact on
the accumulation of both glucose and fructose in
transgenic apple calli (Yao et al. 2011a, b).
However, there is no correlation between
expression levels of MdVHP1 and MdSUT1
suggesting that MdVHP1 cannot preferentially
energize transport of soluble sugars. By contrast,
overexpression of MdVHA-A induces a signifi-
cant increase in the accumulation of both sucrose
and hexoses, such as fructose and glucose.
Moreover, expression levels of MdVHA-A are
well correlated with expression levels of
MdSUT1. These findings indicate that MdVHA-
A, instead of MdVHP1, plays an important role in
sugar accumulation in apple fruit.
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15Metabolomic Approaches for Apple
Fruit Quality Improvement

Stefano Brizzolara, Leonardo Tenori,
and Schuyler S. Korban

Abstract

Knowledge of plant metabolism is fundamen-
tal for understanding mechanisms involved in
plant growth and development, as well as
those related to plant responses to various
abiotic and biotic stresses. Metabolomics is a
scientific field that provides valuable informa-
tion and contributes to our understanding of
the biology of any organism, such as plants,
by unravelling the metabolic profile of an
organism. Essentially, metabolomics is a key
analytical tool useful to study plant systems
and it has already contributed to our under-
standing of a number of different biological
processes. This valuable tool has become even
more important and useful with the develop-
ment of high-throughput metabolomic tech-
nologies. These tools have allowed for our

global understanding of functional outcomes
of metabolites in apples, including those
associated with fruit quality traits. Therefore,
as the amount of metabolomics data has
increased, public databases have evolved in
order to collect and catalog these data to aid in
exploiting the fundamental knowledge of
these metabolite datasets in order to unravel
metabolic pathways. In this chapter, we will
explore the global value of metabolomics,
provide an overview of analytical tools that
are commonly used in metabolic profiling, as
well as assess their values in developing a
better understanding of apple fruit quality
traits.

15.1 Introduction

Genetic enhancement of crops is nowadays
highly dependent on knowledge of the molecular
mechanisms underlying plant development using
various comprehensive methodologies, such as
systems biology approaches, including various
‘omics’ approaches such as those of genomics,
transcriptomics, proteomics, and metabolomics,
among others. Although major efforts have been
devoted to genomics, transcriptomics, and pro-
teomics leading to significant advances in these
‘omics’ approaches, more recently major efforts
have been directed toward metabolomics. The
detection of metabolic changes in plant tissues
and organs at different developmental stages has
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contributed to new knowledge of metabolites and
metabolic markers. In fact, plant metabolomics
aids plant breeders in identifying biomarker
metabolites that integrate the genetic background
of a plant when subjected to various stress con-
ditions, thereby rendering a selected biomarker
as a valuable diagnostic metabolite for plant
stress (Gauthier et al. 2015).

15.1.1 The Role of Metabolomics
in Systems Biology

The comprehensive study of plant metabolism, or
metabolomics, is highly valuable in identifying
phenotypic alterations during plant growth and
development, as well as in plant response to
abiotic and biotic stresses (Brunetti et al. 2013).
This will further expand our knowledge of the
systems biology of plants and unravel those
metabolic mechanisms involved (Bais et al.
2010). Metabolomics measures pool sizes of
metabolites (small molecules of Mr � 1,000 D)
that collectively compose the metabolome of a
biological sample (Hall et al. 2002). Essentially,
metabolomics provides a comprehensive over-
view of cellular metabolites that participate in
various cellular events, thus elucidating the
absolute physiological state of a cell. It is esti-
mated that there are over 200,000 different
metabolites within the plant kingdom (Goodacre
et al. 2004). Thus, generating the entire meta-
bolome of a plant is not simple. However, with
the rapid technological advances in recent dec-
ades, it has become possible to generate well-
defined profiles of diverse plant systems and
investigate alterations induced by biological
responses during plant growth and development,
as well as respond to varying environmental
conditions. As plants grow, develop, and respond
to various biotic and abiotic pressures, they
undergo various changes in their metabolic pro-
files. As an example, plant growing conditions
constantly vary, such as changes in nutrient and
water availability, temperature, irradiance, and
humidity, and in turn these specific conditions
will influence the composition and the content of
metabolites present in different plant tissues as

plants adapt their metabolic profiles in response
to these changes. In addition to natural hetero-
geneity, evolutionary influences on the environ-
ment such as atmospheric CO2 enrichment and
nitrogen deposition contribute to additional
environmental variation (Stevens et al. 2004).

Phenotypic plasticity enables plants to with-
stand biological and environmental changes,
within both short and long time scales, as these
are governed by genes that not only determine
the character of an organism but also levels of the
response of that character to biological and
environmental stimuli (Brunetti et al. 2013;
Bradshaw 2006). This phenotypic plasticity is
measured by a plant’s ability to modify its
growth (morphological traits) and function
(metabolic traits) (Brunetti et al. 2013). There is a
wide variation in the extent to which these
metabolic traits respond to environmental pres-
sures, ranging from slight to major shifts in
metabolite turnover, such as those observed in
response to changes in C/N/P/K within an envi-
ronment (Rivas-Ubach et al. 2012; Brunetti et al.
2013), characterized by the activation or upreg-
ulation of highly specialized metabolic pathways
(Kusano et al. 2011). Over time, plant traits have
been selected through evolutionary processes of
natural selection under various conditions
prevalent within habitats and distribution of a
given species. Thus, understanding of resultant
variations in metabolic traits is critical to clarify
how environmental factors influence plant
growth, and how these responses are ecologically
manifested (Brunetti et al. 2013). As the amount
of metabolomics data has exploded, public
databases have come along to collect and catalog
these data to allow for exploiting knowledge of
metabolite data generation, annotation, and inte-
gration along with metabolic pathway data (Bais
et al. 2010; Hall et al. 2002).

15.1.2 Methodologies
for Metabolome Analysis

Metabolomics depends largely on methodologies
and instrumentations for collective identification,
quantification, and localization of metabolites.
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The two primary methodologies are dependent
on the non-destructive nuclear magnetic reso-
nance (NMR) spectroscopy and mass spec-
troscopy (MS) (Fig. 15.1). Large-scale analysis
of highly complex mixtures can be conducted
using a variety of integrated technologies and
methodologies based on MS and NMR spec-
troscopy, including gas chromatography-mass
spectroscopy (GC-MS), liquid chromatography-
mass spectroscopy (LC-MS), and capillary
electrophoresis-mass spectroscopy (CE-MS), as
well as Fourier transform (FT) ion cyclotron
resonance (ICR) MS, FT-ICR-MS, and field
asymmetric waveform ion mobility spectrometry
(FAIMS) (Hong et al. 2016; Kumar et al. 2017).
NMR is extensively used to identify metabolites
of small molecular weight (< 50 kDa), including
those that have physicochemical properties of
ligands, binding sites on proteins, uncovering
structures of protein–ligand complexes, and
direct binding of target proteins; however, this
technique is of low sensitivity due to its limited
coverage of low-abundance biomarkers. On the
other hand, MS has a higher sensitivity than
NMR, thus providing wide coverage of meta-
bolome data, and identification of novel meta-
bolic biomarkers. Recently, MS has achieved
higher accuracy due to advances in ionization
methods, such as atmospheric pressure chemical
ionization (APCI), electrospray ionization (ESI),

and matrix-assisted laser desorption/ionization
(MALDI)-time of flight (TOF) (Kumar et al.
2017). Therefore, to enhance throughput analy-
sis, MS is usually combined with chromatogra-
phy techniques, such as in the case of GC-MS,
LC-MS, CE-MS, FT-ICR, and FAIMS, as men-
tioned above.

For the purpose of the topic of interest in this
chapter, we will focus mainly on GC-MS, LC-
MS, and NMR as these are the most appropriate
and commonly used methods.

The above-mentioned methodologies are
accompanied by other technologies for sampling
to allow for analysis of metabolites at the sub-
cellular level, as well as those of single cells
(Kueger et al. 2012; Misra et al. 2014). As each
analytical platform has an intrinsic limitation, it
is essential that combined approaches are used in
metabolomics analysis (Hong et al. 2016). This is
attributed to a plant’s high chemical diversity,
broad dynamic range of concentrations, and
specific cellular compartmentalization of plant
metabolites, thus no single analytical platform
can cover the whole plant metabolome. As a
consequence, different extraction techniques and
a combination of complementary analytical
technologies must be used to pursue a compre-
hensive analysis of a plant metabolome (Alseekh
and Fernie 2018; Rodrigues et al. 2019). As
metabolomics is downstream of other functional

Fig. 15.1 A schematic diagram of a high-throughput data analysis of a metabolome. Modified from Kumar et al.
(2017)
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genomics tools, such as transcriptomics and
proteomics, the metabolome of a plant species,
unlike its transcriptome or proteome, cannot be
inferred via known genomic information, as it is
genome-independent (Hong et al. 2016; Alseekh
and Fernie 2018).

It is known that metabolomics allows for
collecting large amounts of information to pursue
the discovery of genes and associated metabolic
pathways through high-throughput corollary
peak annotation (Tohge et al. 2014). Given the
complicated regulatory network among small
molecules in plants, including interactions
among these metabolites, only metabolomics
analysis can contribute to our understanding of
relationships between a genotype and its meta-
bolic outputs by unraveling such key network
components (Toubiana et al. 2013). There are
examples of metabolomic analysis, integrated
with transcriptomic analysis, that have been
successfully exploited to investigate the coordi-
nated patterns of metabolic fluxes and metabolite
concentrations in plants (Toubiana et al. 2013;
Kleessen and Nikoloski 2012). Recently, high-
throughput and low-cost approaches have yiel-
ded significant omics outputs within short peri-
ods of time to reconstruct metabolic models in
microbial organisms (Hong et al. 2016). How-
ever, such integration of sequential multiple
omics data remains challenging in plant systems,
as the relationships between each of the omics
tools are complex and not always linear. Never-
theless, plant metabolomics has become a pow-
erful tool to explore various aspects of plant
physiology and biology, contributing to our
expanded knowledge of metabolic and molecular
regulatory mechanisms regulating plant growth,
development and stress responses, and genetic
improvement of crop productivity and quality.

Overall, NMR‐based technologies have been
outperformed by MS‐based approaches due to
the lower number of compounds that can be
resolved given its relatively lower sensitivity
(Rodrigues et al. 2019). While NMR is mostly
used to elucidate structures of natural com-
pounds, quality control of medicinal plants, and
pharmaceutical drug analysis, MS technologies

have been used to characterize metabolomes to
discern and develop networks of metabolic
pathways (Gomes et al. 2018; Rodrigues et al.
2019). Although advances in MS technology are
ongoing, it remains challenging to cover the
plant metabolome. Currently, only a few thou-
sand metabolites (>14,000) can be measured,
when an estimation of 200,000 up to one million
metabolites are expected to be present in the
plant kingdom, and associated analyses are con-
centration‐dependent (Alseekh and Fernie 2018).
These analytical approaches have been widely
used in plant metabolomics studies of various
plant species, including tomato, rice, wheat, and
maize, as well as in fruit crops for various pur-
poses (Hong et al. 2016; Kumar et al. 2017).

15.1.3 Computational Resources
for Metabolomics

A critical component of metabolomics is the
availability of computational resources to build
large‐scale libraries of metabolites to identify and
characterize structures of metabolites, as this is
accomplished by matching mass spectral features
of measured metabolites to spectra of reference
standards (Bais et al. 2010; Frainay et al., 2018;
Rodrigues et al. 2019). These MS‐based plant
metabolomics databases have been extensively
reviewed by de Souza et al. (2017). Nevertheless,
despite the availability of bioinformatic tools for
metabolite annotation, there are many unknown
molecules, thereby curation of any putative
metabolomics information is critical to secure
uniformity and quality of data available in data-
bases (de Souza et al. 2017; Töpfer et al. 2018;
Rodrigues et al. 2019). As the access to large‐
scale libraries of ‘omics’ data has expanded, the
challenge of integrating genomics, transcrip-
tomics, and proteomics information into meta-
bolic networks is critical to achieving a better
understanding of the structure and regulation of
metabolic pathways (Fernie and Stitt, 2012;
Tohge et al. 2015; Frainay et al., 2018; Töpfer
et al. 2018). Furthermore, integration of meta-
bolomics and physiological data to assess
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growth, yield, and various agronomic traits offers
yet another critical role for crop improvement
(Tohge et al. 2015; Hong et al. 2016; Rodrigues
et al. 2019).

As metabolomics relies heavily on large
datasets, it is imperative that good data man-
agement practices are applied and implemented,
as this will allow for these data to be exploited
for knowledge discovery and innovation, and for
subsequent data and knowledge integration, as
well as for reuse by the research community
following data publication (Wilkinson et al.
2016). Therefore, it is critical to enhance
reusability of data. As a result, a set of guiding
principles, designated as the FAIR principles and
consisting of findability, accessibility, interoper-
ability, and reusability, have been established
and endorsed by members of academia, industry,
funding agencies, and scholarly publishers
(Wilkinson et al. 2016). For reusability purposes,
data must comply with the FAIR data principles.
It is critical that deposition of metabolomics data
in dedicated electronic repositories is identified
and presented in a standardized format to allow
for integration with data or tools obtained from
non‐cooperating resources; i.e., interoperable, as
this would allow for discovery, sharing, and
reusability of these data (Rodrigues et al. 2019;
Stall et al. 2019).

Datasets generated from high-throughput
analysis tools are processed using a variety of
data processing platforms such as MET-COFEA,
Met-Align, ChromaTOF, and MET-XAlign,
among others (Kessler et al. 2014; Zhang et al.
2014, 2015; Ma et al. 2016; Misra and van der
Hooft 2016). This processing includes baseline
correction, alignment, separation of co-eluting
peaks (deconvolution), and normalization prior
to identification of compounds (Fig. 15.1).
Metabolome databases, such as METLIN, NIST,
GOLM, and PM, among others, can be used for
identification of metabolites (Bais et al. 2010,
2011; Johnson and Lange 2015; Kumar et al.
2017). Moreover, identified metabolites data are
subject to statistical analysis using correlations,
principal component analysis (PCA), partial least
squares (PLS), K-means clustering, boxplot,
heatmap, and reconstruction of metabolic

pathways, by using various web tools and soft-
wares, such as MetaboAnalyst, Cytoscape, and
Statistical analysis, to monitor and identify
metabolic markers associated with agronomic
traits of interest (Tsugawa et al. 2015; Xie et al.
2015; Kumar et al. 2017).

There are several web‐based available reposi-
tories for depositing metabolomics data and rel-
evant information to allow access of all these data
by the research community. These include
MetaboLights (Haug et al. 2013), hosted by the
European Bioinformatics Institute (EMBL‐EBI),
and the U.S. National Institutes of Health
(NIH) repository Metabolomics Workbench (Sud
et al. 2016) housing datasets from various
organisms. The Metabolomic Repository Bor-
deaux (MeRy‐B) for 1H‐NMR metabolite profiles
provides experimental and analytical metadata for
plant datasets (Ferry-Dumazet et al. 2011).
However, the Metabolic Phenotype Database
(MetaPhen) hosts a majority of plant datasets, and
it is part of the MetabolomeExpress, a web‐server
for GC‐MS metabolomics datasets (Carroll et al.
2010). In addition to these databases, the Meta-
bolomeXchange service, a database/management
system that allows for metadata management to
aggregate data from several data providers,
including MetaboLights, Metabolomics Work-
bench, MeRy‐B, and Metabolonote (Ara et al.
2015). Yet, another comprehensive and dedicated
source for these data is hosted by the BioSharing
Initiative (McQuilton et al. 2016).

15.1.4 Trends and Advantages
of Metabolomics in Plant
Improvement Efforts

The fields of genomics, transcriptomics, and
proteomics have contributed to our expanded
knowledge of plant growth and development, as
well as their responses to biotic and abiotic
stresses. As metabolites correspond to end‐prod-
ucts of cellular regulatory processes involved in
plant growth and development and in response to
various stresses, they serve as phenotypic signa-
tures of a plant system and its variants (Rodrigues
et al. 2019). As numerous plant species have been
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sequenced due to advances in sequencing tech-
nologies, the pursuit of functional genomics
studies of plant development has been made
possible due to advances in metabolomics tools
along with quantitative trait loci (QTL) analysis,
genome-wide association studies (GWAS), and
gene knock-out or knock-down technologies
(Rodrigues et al. 2019). As QTLs are distributed
along various regions of a chromosome, and large
numbers of alleles have accumulated during the
process of plant domestication, this contributes to
difficulties in mapping of complex QTLs due to
limitations in obtaining accurate phenotypic data.
Furthermore, as a plant phenotype depends on
synthesis and accumulation of a series of
metabolites in specific organs, at specific devel-
opmental stages, and in response to various
environmental signals, different metabolites have
organ and tissue-specific characteristics (Hong
et al. 2016). Interestingly, in metabolome-based
QTL (mQTL) studies, primary metabolites often
have high heritability, while secondary metabo-
lite loci have higher r2 for a metabolic phenotype
(Soltis and Kliebenstein 2015). Furthermore,
metabolome-based GWAS (mGWAS) has been
used to understand genetic mechanisms underly-
ing metabolic diversity, as well as their associa-
tions with complex traits in plants (Hong et al.
2016).

As a plant phenotype depends on synthesis
and accumulation of a series of metabolites in
specific tissues and organs, at specific develop-
mental stages and under random environmental
signals, various metabolites exhibit tissue- and
organ-specific characteristics (Hong et al. 2016).
As numerous biochemical components vary at
different cell levels or even at subcellular levels
within a plant, presence of 40 different cell types
in plants renders regulation of metabolic pro-
cesses via asymmetric distribution of regulatory
elements highly complex and requiring high-
resolution of spatially resolved plant metabo-
lomic technology for accurate tracing of these
metabolites and demonstrating their regulation
(Bartels and Svatoš 2015; Etalo et al. 2015;

Sumner et al. 2015). As plants are exposed to
various biotic and abiotic stresses, they undergo
adaption at both transcriptional and post-
transcriptional levels, thereby resulting in a
reconfiguration of regulatory networks to main-
tain homeostasis (Hong et al. 2016). Once plant
receptors are induced via stress signals, plants
adapt to such stress signals by inducing stress
response genes, which in turn result in synthesis
of specialized metabolites, particularly of sec-
ondary metabolites. Rapid qualitative and quan-
titative analyses of metabolic responses allow for
identification of phenotypic responses to abiotic
and biotic stresses, and for screening and selec-
tion of stress-tolerant plant genotypes.

15.2 Metabolomics in Fruit Crops

The tools of metabolomics have been used in
various fruit crops to dissect maturity and
ripening events, as well as to elucidate bio-
chemical pathways and networks, particularly
those of various valuable horticultural traits, such
as fruit biology, including fruit quality (volatile
compounds, antioxidants, carbohydrates, and
flavonoids, among other metabolites) and fruit
ripening (Kumar et al. 2017; Brizzolara et al.
2020; Moing et al. 2020).

As fruit shelf-life is highly critical for com-
mercial viability of these high-value crops, it is a
common practice that fruit crops are subjected to
various environmental conditions and stresses to
prolong shelf-life. Therefore, metabolome pro-
files of fruits in response to various cultural
practice manipulations and environmental stres-
ses, such as postharvest treatments and storage,
including storage at low temperatures alone or in
combination with modified atmospheres
(MAs) and controlled atmospheres (CAs) have
been investigated in various fruit crops, such as
apple, peach, grape, and strawberry, among other
tropical and subtropical fruits (Brizzolara et al.
2017, 2018, 2020; Duan et al. 2019; Vallarino
et al. 2018).
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15.3 Apple Metabolomics

Metabolomics has been used to assess genetic
diversity for apple fruit quality traits, particularly
for carbohydrates, organic acids, antioxidants, as
well as for flavonoid and phenolic compounds,
among others (Cuthbertson et al. 2012; De Paepe
et al. 2015; Farneti et al. 2015; Eisenmann et al.
2016). As an example, metabolic profiles of
‘Golden Delicious’ apples have revealed that this
fruit has high myo-inositol, sugars, and succinic
acid contents, while ‘Red Delicious’ and ‘Fuji’
fruits have relatively higher levels of
triterpene/sterols, flavonoids, phenolic acids,
stearic acid, anthocyanins and carbohydrates
(Cuthbertson et al. 2012; Kumar et al. 2017).
Moreover, Farneti et al. (2015) have analyzed
metabolic profiles of 190 apple accessions to
characterize aroma composition of this large
collection of apples. Other studies focused on
analysis of different apple fruit tissues. As an
example, it has been reported that peel tissues of
‘Fuji’ have higher levels of carbohydrates,
including glucose and sorbitol, while peel tissues
of ‘Red Delicious’ and ‘Granny Smith’ have
higher levels of unsaturated fatty acids (oleic and
linoleic acid) than those in other cultivars
(Cuthbertson et al. 2012). Furthermore, metabo-
lomic analysis has been conducted to assess
metabolome profiles within single apple fruits (of
sunlit vs. shaded areas of a specific fruit) across
its width versus length for phenolic compounds,
sugars, and organic acids (Cebulj et al. 2017).

Several studies have been conducted to study
metabolomic profiles and modulations of apple
fruits during postharvest, as well as during stor-
age (Hatoum et al. 2014, 2016; Brizzolara et al.
2017, 2018). For instance, it has been observed
that increased levels of mannose and xylose
during postharvest correspond to break down of
cell wall hemicellulose, thereby promoting fruit
senescence (Hatoum et al. 2014).

15.3.1 The Role of Metabolomics
in Postharvest Storage
of Apple

During the past decade, many efforts have been
undertaken for use of omics tools in fruit science,
particularly for apples. This is mainly due to
worldwide economic importance of apple fruit,
and to its long-term storability. In fact, it is
possible to store apple fruit for up to 12 months
under low-temperature conditions coupled with
controlled atmosphere within storage chambers.

Metabolomics can be exploited via either
targeted or untargeted approaches based on the
desired final outcome. In the first case, a specific
class of compounds, or even a single specific
molecule is targeted in order to gain specific
information pertaining to such
compounds/molecules. As for the second case, a
whole group of untargeted compounds will be
analyzed in order to obtain an overall metabolic
profile of a fruit.

Apple fruit storage is an essential practice for
sustaining and/or prolonging shelf-life of apple
fruits by maintaining high-quality standards.
There are various available storage technologies
used in the commercial apple industry to prolong
shelf-life of fruits during storage, and to either
alleviate and/or avoid fruit storage disorders that
may impact fruit quality and salability. In fact,
these practices undoubtedly have major impacts
on primary metabolism with effects on compo-
sition and overall flavor of apple fruit. For
instance, controlled atmosphere (CA) storage is
applied mainly by lowering the level of oxygen
(O2), as low as possible, while increasing the
concentration, up to a certain level, of carbon
dioxide (CO2). CA storage works synergistically
with refrigeration (low temperature) to maintain
high-quality fruit throughout long storage peri-
ods. This affords apple producers to stay in the
market for very long periods of time, and
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likewise allowing consumers to benefit from the
availability of apples all year long.

Since early days of application of CA tech-
nology in apple storage, there has been a com-
mon trend of using a steady lowering of O2 levels
along with increasing of CO2 concentrations
within cold storage chambers. Often, the stan-
dard CA technology for storage of some horti-
cultural crops is based on O2 levels of about 2–
3 kPa; however, over the past 15 years, dramatic
changes and innovations in CA-based methods
have been made, based on significant reductions
in O2 levels. However, it is important to point out
that while reducing O2 concentration and
increasing CO2 levels are effective in slowing
down the overall general metabolism of stored
fruits, these environmental conditions exert high
levels of stress on these fruits. Therefore, it is
important to keep in mind that beyond certain
limits of low O2/high CO2 concentrations and
storage duration, negative effects are incurred,
and symptoms of physiological disorders can be
observed. In particular, when there is a shift from
aerobic to anaerobic metabolism, the concentra-
tion of oxygen should not be lower than that
corresponding to the anaerobic compensation
point (ACP). This dual positive versus negative
effect, depending on storage time by stress level
interaction, must always be taken into consider-
ation when CA protocols are applied. This is
especially critical when extreme atmospheric
conditions (very low O2 concentrations and/or
high CO2 levels) are used.

With our ever-expanding knowledge of stress
physiology and stress monitoring tools, metabolic
responses are accompanying technical advances,
as well as applications of such advanced CA
technologies. Examples of such advances include
the ultra-low oxygen (ULO) technology, wherein
O2 is maintained near 1 kPa, and initial low O2

stress (ILOS), wherein O2 levels are maintained
as low as 0.25–0.7 kPa for short time periods
following fruit harvest. Furthermore, due to
advances in technologies that allow for sensing
fruit responses to hypoxic stress conditions,
dynamic CA (DCA) represents yet an innovative
step in most recent advanced CA-based storage

protocols. With this new technology (currently
used only on a few crops, and especially on
apples), fruit is stored at oxygen atmospheres of
about 0.4–0.5 kPa for as long as possible until the
earliest stress symptoms/conditions are observed.
Only at that point, O2 concentration is promptly
adjusted to a higher level, deemed as ‘safe’.
As DCA protocols dictate that reduction of O2

levels should either reach or are very close to the
lowest level tolerated by the fruit (ACP),
accompanied with high risks of severe quality
losses due to an anaerobic metabolism, evalua-
tions of physiological and metabolic conditions of
the fruit are critical. Therefore, the following
major parameters are used to monitor metabolic
responses and to identify early symptoms of
stress conditions, including measurements of fruit
ethanol release/production, chlorophyll fluores-
cence (CF), and/or respiratory quotient (RQ). If
appropriately managed, DCA maintains fruit
quality in terms of aroma, firmness, acidity, and
also prevents the onset of the most important
disorders better than other static CA protocols.

As for CO2 levels in CA technology, most
protocols suggest that these should be set around
1.5–3.0 kPa, depending on the specific com-
modity and O2 levels. Higher levels are detri-
mental to the quality of the fruit due to cellular
toxicities of the CO2 gas. However, specific
crops such as cherries, blueberries, raspberries,
and strawberries respond positively to higher
CO2 levels and storage conditions based on high
(>10 kPa) CO2 atmospheres along with more
limited reductions of O2 levels are applied;
whereas, high CO2 levels should be avoided for
apples.

The above-described technical advances cou-
pled with the use of appropriate monitoring
systems have contributed to better and prolonged
maintenance of apple fruit quality parameters, as
well as to longer marketable shelf-life. More-
over, further reductions of O2 concentrations,
characterized by DCA in comparison with tra-
ditional CA protocols, have generally con-
tributed to higher scores for fruit crispness,
acidity, firmness, and flavor, as observed in
several apple cultivars.

318 S. Brizzolara et al.



15.4 Apple Metabolomics Using
GC-MS

15.4.1 Features of the GC-MS
Platform

Among target metabolites, one of the classes that
have been heavily investigated due to its
importance in both environmental and physio-
logical studies is that of volatile molecules. As
the plant volatilome contains all volatile organic
molecules present in plant tissues, it can also
include molecules that are exogenously gener-
ated as these can be adsorbed/incorporated by
plant organs (e.g., pollutants and pesticides,
among others). Over the last 50 years, these
exogenous compounds have been widely inves-
tigated. Moreover, there are many ongoing
efforts due to continuous emissions of new
molecules used in agricultural practices and by
various industries, as these molecules can inter-
act with biological systems, such as those of
plants, animals, and human beings. Furthermore,
organoleptic profiles, including aroma and flavor,
of agricultural produce are gaining more and
more importance due to increased consumers’
interest and awareness of their nutraceutical
values.

Gas chromatography coupled with mass
spectrometry, GC-MS, is the most important and
powerful analytical technique used to study the
volatilome. This technology allows for the sep-
aration, via gas chromatographic equipment, of
gaseous mixtures of compounds that can be
identified and quantified by mass spectrometry.
With increased use of GC-MS, reliable and vast
mass spectral and retention index libraries have
been generated, and these are useful in identify-
ing compounds without a priori knowledge of
the molecules present in tested samples. The
most commonly used MS equipment coupled
with a GC component remains a simple quad-
rupole device. This is primarily due to the
availability of a large set of compound spectra
produced using this MS system that has been
included in libraries, as these can be used in an
untargeted manner for analyzing biological

samples. The fact that GC-MS libraries have
been widely shared among laboratories, together
with relatively cheap and simple maintenance
protocols of this equipment, has contributed to
increased use of this analytical approach as it is
deemed both robust and reliable.

GC-MS analysis relies on the volatility of
analytes, that also have to be sufficiently ther-
mostable so that these can be analyzed in their
original states. Volatile and semi-volatile frac-
tions of a sample analyzed using GC-MS
equipment will yield a typical spectrum, also
referred to as a ‘signature’ or a ‘fingerprint’. The
information present in a signature can then be
used in several different ways, such as for clas-
sification of samples for food authentication
purposes (Cubero-Leon et al. 2014). Volatilomes
have also been used to study pathogen profiles, in
particular for isolating specific compounds
emitted by microorganisms of interest that can be
used as marker molecules to monitor their pres-
ence in fruit and vegetables, among others. As an
example, GC-MS has been used for early
detection of onion postharvest diseases by vola-
tile organic compound (VOC) profiling, and as a
result 16 volatiles have been assigned as
biomarkers for Botrytis allii and Burkholderia
cepacian infection (Li et al. 2011). In general,
GC-MS fingerprinting is more effective than
other profiling techniques for detection of
pathogenic bacteria present in food (Cevallos-
Cevallos et al. 2011). During recent decades,
more sophisticated GC-MS protocols, such as
GCxGC-TOF-MS (multidimensional GC cou-
pled with high-resolution spectra produced by
a Time of Flight MS detector), have been
developed and used for similar purposes (Bean
et al. 2012).

As aroma and flavor are quality parameters of
critical importance for food quality and consumer
acceptance, GC-MS analysis has been often used
for aroma profiling. Moreover, additional inno-
vative and powerful analytical protocols have
been used, such as solid phase micro extraction
(SPME) fibers due to their reliability and rela-
tively easy protocols (Merkle et al. 2015; Zhang
et al. 2020). In recent years, new sampling and
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desorbing techniques for VOCs analysis have
been developed with enhanced analytical capac-
ities (Arbulu et al. 2013; Maragò et al. 2016). As
a result, higher numbers of compound classes
can be detected, along with higher sensitivity,
with the desorption procedure for VOC sampling
traps. Furthermore, to increase analytical resolu-
tion, multidimensional gas chromatography,
either 2D-GC or GCxGC, has been explored and
successfully implemented for compounds that
can be isolated and identified by GC-MS.
Specifically, this allows for improved instrument
resolution wherein for the same run two separate
columns with different stationary phases can be
used in order to increase compound separation
along two different dimensions. The retention
times of both first and second dimensions are
recorded by the detector, and the results can be
plotted onto a chromatographic plane. This
approach is highly useful for quali-quantification
of volatile and semi-volatile compounds for a
wide range of fruits, vegetables, and foods
(Cordero et al. 2010; Humston et al. 2010; Ris-
ticevic et al. 2012).

As long as non-volatile compounds are turned
into volatiles using different protocols, the most
important of which is derivatization, GC-MS can
also be used for detection and quantification of
molecules that are normally non-volatile at the
cellular level. However, it is important to be
aware that specific reaction protocols must be
carefully optimized for each metabolite in order
to avoid producing artifacts. Whereas, for non-
volatile molecules, a typical GC-MS metabo-
lomic workflow for investigating polar metabo-
lites involves the following phases: sample
collection and preprocessing (e.g., cutting, seed
removal, and separation of pulp and peel, among
others); quenching in liquid nitrogen and crush-
ing (samples can then be stored at −80 prior to
analysis); extraction (combination of organic
solvents); drying; derivatization (multistep pro-
cedure); transfer to tubes for GC-MS analysis;
chromatographic separation; metabolite quali-
quantification; and data analysis (Fig. 15.2).

As mentioned above, optimization of each
phase of this workflow is of critical importance
and must be undertaken based on the specific

compound(s) of interest. For example, the
extraction phase is required to maximize the
yield and range of a metabolite’s chemical
characteristics while reducing as much as possi-
ble its enzymatic, chemical, and physical degra-
dation (Villas-Bôas et al. 2005). Moreover, the
specific solvent (or a mixture of solvents) that
will be used must also be optimized for such a
specific compound(s). However, as repeated
extraction(s) tends to increase yield, adding of
such steps to an already complex workflow will
also dramatically impact reproducibility.

GC-MS metabolomics has been employed for
various different investigations of biological
samples, including fruits and other foodstuffs
(Gorzolka et al. 2012; Beale et al. 2018; Wu et al.
2019; Adebo et al. 2020). One of the most widely
used applications for which GC-MS equipment is
employed is for screening of food contaminants
(McGhie and Rowan 2012; Pinu 2016; López-
Ruiz et al. 2019; Carraturo et al. 2020). In fact,
depending on specific contaminants of interest,
GC-MS is deemed as the reference technique for
most environmental pollutants, such as PCBs,
PAHs, and PBDEs. Typically, MS/MS system is
used for such investigations. In recent years,
MS/MS has highly improved efficacy of meta-
bolomics tools, as the application of tandem mass
spectrometry and the use of ion traps have
enhanced the power of identifications, as well as
of sensitivity and speed of analysis (Fernandes
et al. 2011; Farcuh et al. 2018; Xu et al. 2018;
Maoz et al. 2019; Schulz et al. 2020). The
development of these new mass spectrometry
tools has contributed to rapid GC separation via
the use of fast-GC instruments, using narrower
and shorter columns that exert optimal separation
with shorter temperature ramps (Du et al. 2012;
Tranchida and Mondello 2012). Given the vast
heterogeneity of food pollutants, the previously
discussed bi-dimensional GC (GCxGC) is par-
ticularly interesting as it allows for better sepa-
ration with an improved peak capacity of sample
mixtures containing compounds that are chemi-
cally very different from each other (Tranchida
et al. 2011; Kalachova et al. 2012).

GC-MS analysis of food derivatized samples
has also been used to study fingerprints of
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foodstuffs in terms of primary non-volatile
metabolites, as well as (and more specifically
for fruits and vegetables) for physiological
studies related to several different aspects, such
as metabolite (e.g., nutraceuticals)
production/degradation under different growing
or storage environments (Farag et al. 2014),
metabolic reset of plant cells following exposure
to different biotic or abiotic stresses, as well as
for related physiological disorders (Brizzolara
et al. 2018). Considering these latter types of
physiological studies, many efforts have specifi-
cally focused on apple fruits.

15.4.2 Apple Metabolomics Using
GC-MS

The apple fruit metabolome has been quite
extensively investigated using GC-MS for qual-
ity attributes, fingerprinting, screening of con-
taminants, response to postharvest treatments,

metabolic reset under different storage and
growing conditions, development of storage
disorders, and pathogen-related damage.

The production of VOCs by apple fruit has
been widely investigated, and hundreds of com-
pounds have been identified (Espino-Díaz et al.
2016). Although VOCs of many apple cultivars
are yet to be characterized, aroma profiles of the
most important commercial cultivars, such as
‘Granny Smith’, ‘Red Delicious’, ‘Golden Deli-
cious’, ‘Royal Gala’, ‘Fuji’, ‘Pink Lady’, and
‘Braeburn’ have been identified (Dunemann et
al. 2009; Aprea et al. 2012; Both et al. 2014;
Brizzolara et al. 2017; Giannetti et al. 2017;
Chitarrini et al. 2020). In addition to cultivar
characterization, apple fruit VOC profiles have
been also used to discriminate among samples
collected from different growing conditions and
geographic origins (Masi et al. 2017; Perestrelo
et al. 2019). Moreover, studies have reported on
apple VOCs fingerprinting to detect pathogens
responsible for fruit spoilage (Cellini et al. 2016).

Fig. 15.2 A typical GC-MS
metabolomics workflow
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The production of high-resolution mass
spectra, such as TOF-MS, have also been used
(Aprea et al. 2011; Song et al. 1997). In other
studies, a combined high-resolution mass spec-
trometry along with multidimensional gas chro-
matography has been used, whereby there is a
coupling of advantages of high-resolution mass
spectra to a better chromatographic separation of
compounds of interest (Risticevic et al. 2012).
Lastly, thermal desorption gas chromatography
has also been successfully employed. As an
example, Roberts and Spadafora (2020) have
reported on the identification of several volatile
molecules never detected before in apple fruit
using this recent analytical tool for sampling and
desorption of volatiles. Other authors have also
reported similar results (Maragò et al. 2016;
Lucht et al. 2020).

Apple volatiles have also been evaluated in
parallel using both GC-MS and olfactometry
techniques in order to identify the most intense
odorant volatiles, and to associate these to
specific sensory descriptors. Examples of such
volatiles include hexanal and 2-hexenal (abun-
dant compounds often emitted by fruits, and at
high levels in apple) that have been referred to as
‘green apple-like’ odors (Mehinagic et al. 2006;
Vanzo et al. 2013; Fuhrmann and Grosch 2002).
Furthermore, also electronic nose and tongue
have been coupled with GC-MS equipment to
specifically evaluate the capabilities of these two
innovative approaches to discriminate among
flavor differences (Zhu et al. 2020). In this latter
study, differences related to sourness, saltiness,
and umami have been identified using E-tongue
and E-nose analyses on five different apple cul-
tivars, and specific signals from these E-tools
have been associated to related volatiles coupling
these results with the output of an SPME-GC-MS
analysis.

Considering apple quality assessment, non-
volatile compounds such as antioxidant com-
pounds and, more in general, nutraceuticals have
been used as quality markers for apple fruit. For
example, apple metabolomics with an emphasis
on antioxidants, such as phenolics and in par-
ticular anthocyanins, has been employed in order

to isolate marker compounds, including
cyanidin-3-O-galactoside, (−)-epicatechin, and
(+)-catechin, among others, that are useful for
selection in apple breeding programs in order to
either maintain or enhance fruit quality traits
(Cuthbertson et al. 2012).

Another important quality-related aspect that
has been widely investigated in apple fruit is the
identification and quantification of contaminants.
Among these efforts, apple fruits have been
screened for pesticides used in apple growing
protocols, such as PCBs, PAHs, and PBDEs
(Abdulra’uf and Tan 2015; Branković et al. 2019;
El Hawari et al. 2019). Moreover, efforts have
been undertaken to monitor compounds widely
used as postharvest treatments, such as dipheny-
lamine (DPA) that has been recently banned in
several countries, in fruit tissues to prevent
commercial fraud (Song et al. 2014). Further-
more, efforts have been employed to detect
presence of mycotoxins, such as patulin (Cunha
et al. 2009), as these are also of primary impor-
tance in the apple industry. In these efforts, GC-
MS has been widely used for detection of such
contaminants, as well as for assessing apple fruit
safety. Furthermore, volatile markers for bacterial
spoilage have also been detected using GC-MS,
such as acetone, ethyl acetate, ethyl alcohol, and
acetaldehyde, that in turn would allow for early
detection of the presence of Staphylococ-
cus, Salmonella, and Shigella bacterial infec-
tions of apple fruit (Ezhilan et al. 2018).
However, screening for contaminants is often
exerted via an integrated analytical approach
using GC-MS complemented by LC-MS equip-
ment in order to expand the range of detectable
pesticides, as well as for more precise detection of
non-volatile pesticide residues (Kim et al. 2016).

In addition, GC-MS metabolic profiling has
focused on apple fruit physiology, particularly
relative to non-volatile metabolites. Many efforts
have been undertaken to study apple fruit
development using isotopically-labeled sub-
strates, as well as in adopting GC-MS-based
metabolomics approaches to gain information on
carbon allocation in sink fruit during fruit
development. For example, Beshir et al. (2017)
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have used such an approach to investigate apple
fruit carbon intake and re-allocation by tracking
labeled metabolites, including glucose, fructose,
sucrose, sorbitol, pyruvate, citrate, succinate,
fumarate, malate, alanine, aspartate, GABA,
serine, valine, proline, epicatechin, catechin,
among others, throughout different metabolic
pathways. In this latter work, in vivo 13C labeling
experiments have been carried out using apple
pulp tissue discs. In this study, imported mole-
cules have been demonstrated to be involved not
only in carbohydrate metabolism, but also in the
production of amino acids and related proteins,
as well as in the biosynthesis of secondary
metabolites, such as polyphenols, during fruit
development up to 149 days after full bloom
(Beshir et al. 2017).

15.4.3 GS-MS Metabolomics in Apple
Postharvest

In recent years, GC-MS analysis has been em-
ployed in apple fruit postharvest management.
Many different treatments used to extend apple
postharvest life, such as ultraviolet irradiation
and antioxidant treatments, have been evaluated
(Rudell and Mattheis 2009; Lee et al. 2011).
Moreover, various studies have been dedicated to
apple fruit storage technologies, as understanding
of apple stress physiology is critical for opti-
mizing fruit storage technologies. In addition to
investigating the influence of low temperature,
the main pillar of apple storage, various studies
have been specifically focused on CA (low O2

and relatively high CO2 levels) storage, which is
widely employed in the apple industry.

Studies of apple fruit metabolic responses to
storage stress conditions have accompanied
technical advances in CA, including those of
advanced CA protocols, in particular of DCA. As
mentioned above, it is critical that fruit responses
to hypoxic stress conditions are constantly
monitored in DCA, as fruits are stored at
approximately 0.4–0.5 kPa O2 until the earliest
stress symptoms appear. When the monitored
stress level exceeds a certain threshold, oxygen

levels are adjusted to higher concentrations,
deemed ‘safe’ for apple fruit.

The influence of different CA technologies on
the apple fruit metabolome and volatilome has
been widely investigated. In fact, the influence of
these CA technologies on VOC profiles has been
of particular interest to assess and better under-
stand observed differences in flavor and in con-
sumer acceptance. It is reported that depending
on CA conditions, apple cultivar, and cultivar-
specific ACP, production of volatiles can be
enhanced, deemed either as a positive or a neg-
ative outcome (Thewes et al. 2017; Brizzolara
et al. 2017).

On the other hand, non-volatile metabolites
have also been targeted to better understand the
metabolic reset of apple fruit coping with low
oxygen stress. Moreover, the influence of dif-
ferent CA protocols has been evaluated to unra-
vel those specific mechanisms involved in
oxygen sensing, as well as those subsequent
cascading events coupled with these mechanisms
(Bekele et al. 2016; Cukrov et al. 2016). It is
reported that specific amino and organic acids,
such as alanine, gamma-aminobutyric acid
(GABA), aspartate, pyruvate, lactate, succinate,
as well as proline, glycine, and serine have been
identified in these mechanisms, thus partly con-
firming a common re-arrangement of energy
metabolism in apple fruit. Furthermore, a meta-
bolism shift to alcoholic and lactic fermentation,
with the accumulation of fermentation products,
such as ethyl alcohol and acetaldehyde, is likely
accompanied by a metabolic re-arrangement
involving molecules that allow for partial stor-
age of carbon and nitrogen reserves at the cellular
level. These findings are also in agreement with
other studies addressing the effects of a partial re-
oxygenation phase, often used in DCA protocols
when apple fruits display high stress levels
(Brizzolara et al. 2019). Following such partial
re-oxygenation, a quick down-regulation of fer-
mentation metabolism and a GABA shunt are
observed, thereby counter-balancing activation
of these two metabolic routes, often deemed as
responses to low oxygen stress. Interestingly, it is
reported that during long-term CA storage,
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metabolic profiles of apple fruit samples are
observed to undergo specific changes, wherein
alanine, galactose, mannitol, sorbitol, and xylose
levels are found to increase over time, while, in
contrast, malate and sucrose levels are found to
decrease (Hatoum et al. 2014).

Interestingly, CA technology is widely used
as it positively influences fruit quality traits, such
as acidity and color, while reducing the incidence
of chilling injuries (e.g., superficial scald).
However, given the fact that in DCA protocols
oxygen levels either reach or are slightly higher
than the lowest oxygen levels tolerated by fruit
(ACP) the risk of severe fruit quality losses due
to an anaerobic metabolism or to the develop-
ment of storage disorders remains high.

Following new advances in CA technology,
research efforts have focused on the metabolic
causes of storage-related disorders. As knowl-
edge of these metabolic causes would further
enhance apple fruit postharvest life, as well as
fruit storage protocols. For example, an inte-
grated metabolomics approach employing both
GC-MS and LC-MS technologies have allowed
for the determination of specific compounds,
such as GABA and several antioxidant mole-
cules, that are likely altered in fruit tissues
exhibiting soggy breakdown (soft, brown, and
spongy tissue within the fruit cortex) symptoms
(Leisso et al. 2015). Moreover, metabolic alter-
ations preceding soft and superficial scald
appearance have also been appropriately delin-
eated (Rudell et al. 2009; Leisso et al. 2016). In
fact, metabolic profiling has revealed specific
alterations in metabolite content involving dif-
ferent pathways, both before and after the onset
of apple soft scald, including elevated GABA, 1-
hexanol, acylated steryl glycosides, and free p-
coumaryl acyl esters. On the other hand, elevated
levels of methanol and methyl ester have been
associated with fruit peel exhibiting scald
symptoms (Gapper et al. 2017). Major efforts
have also been undertaken to study fruit brown-
ing symptoms and those metabolic alterations
induced by browning, a commercially important
disorder that is sometimes observed during CA
storage (Hatoum et al. 2014, 2016). It is reported
that levels of several compounds are likely to

increase in injured brown fruit tissues, such as
alanine, galactose, mannitol, sorbitol, xylose,
while other compounds, such as malate and
sucrose, are likely to decrease. Moreover, the
radial distribution of different metabolites has
also been observed, with levels of some com-
pounds, such as galactose and mannitol,
decreasing, while levels of other compounds,
such as mannose and sucrose, increasing, moving
from the outer to the inner apple cortex (Hatoum
et al. 2014).

In order to prolong postharvest life and avoid
several storage-related fruit disorders, apple fruits
are often treated with the ethylene inhibitor 1-
methylcyclopropene (1-MCP) prior to storage.
The metabolic effects of this chemical compound
have been widely investigated. It is reported that
1-MCP influences both volatile and non-volatile
compounds in apple fruits (Bekele et al. 2015;
Lee et al. 2012a, b, 2017). 1-MCP reduces levels
of ‘off-flavor’ volatile compounds, such as 1-
butanol and butyl butanoate, while it promotes
accumulation of non-volatile metabolites,
including alanine and succinate in apple fruits
(Bekele et al. 2015; Lee et al. 2012a, b, 2017).

Interestingly, GC-MS metabolomics has been
used to characterize apple cider and juice aroma
in order to develop fingerprints useful for iden-
tifying the geographical origin(s) of the pro-
cessed apple fruit (Maragò et al. 2016; Medina
et al. 2019; Sousa et al. 2020). Moreover, GC-
MS profiling has also been used to optimize
apple processing protocols. For example, effects
of the cultivar, fruit ripening stage at harvest, and
yeast strain used in cider processing have been
investigated on apple cider composition and
VOCs profiles (Nicolini et al. 2018; Rosend et al.
2019). In addition, GC-MS analysis is used to
assess the effects of storage on alterations of
apple juice quality (Kebede et al. 2020). Thus,
identification of shelf-life markers is of critical
importance for processed apple products too. In
fact, specific volatile compounds have been
identified as potential shelf-life markers for apple
juice storage, including hexanal, trans-2-hexenal,
ethyl acetate, and 1-pentanol, and these com-
pounds are useful for early detection of product
quality decay (Kebede et al. 2020). The above
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studies are critical in maintaining high quality of
processed apple, as these products are highly
valued in commercial markets.

15.5 Metabolomics Using LC-MS

15.5.1 Features of the LC-MS
Platform

As mentioned earlier, LC‐MS is often used in
plant metabolic studies, and it is commonly used
as a complementary analytical platform to the
above described GC‐MS equipment. In LC-MS,
metabolites are separated based on their varying
chemical properties, thereby requiring selection of
an appropriate column for the separation of these
metabolites. These columns could include
reversed‐phase (RP), porous graphitic carbon
(PGC), anion exchange (AEC), and hydrophilic
interaction chromatography (HILIC) for target
analysis of polar metabolites (Jorge et al. 2016a,
b). Nevertheless, most LC‐MS applications capi-
talize on RP stationary phases, such as C18 func-
tional groups covalently bonded to the surface of a
silica particle, and mobile phases composed of
aqueous/organic solvent mixtures, such as
water/acetonitrile or water/methanol. Although
polar analytes, including most primary metabo-
lites, such as carbohydrates, glycolytic interme-
diates, and sugar phosphates, have minor
interactions with the apolar C18 stationary phase,
they elute close to the void volume with no chro-
matographic retention (Rodrigues et al. 2019).
Therefore, alternative columns, including HILIC,
PGC, andAEC are then used for analysis of a wide
variety of polar metabolites commonly detected in
plant metabolomes (Jorge et al. 2016a,b; Rodri-
gues et al. 2019).

In LC-MS, the most commonly employed
ionizationmethod is that of electrospray ionization
(ESI), a soft‐ionization technique that introduces
little internal energy to result in little fragmenta-
tion, thereby yielding low structural information
(Jorge et al. 2016b). However, this can be over-
come by undertaking collision‐induced dissocia-
tion experiments, usually by coupling ESI with
tandem MS instruments (ESI‐MS/MS) to allow

two (MS/MS) or multiple (MSn) sequential stages
of mass spectrometric analysis (Jorge et al. 2016b;
Rodrigues et al. 2019). There are two types of
tandem MSn instruments used in routine LC‐MS
metabolite analysis. These are tandem‐in‐time and
tandem‐in‐space (Rodrigues et al. 2019). Themost
common tandem‐in‐time instruments used are ion‐
trap mass spectrometers, such as the linear ion trap
(LTQ)‐MS, orbitrap, and Fourier transform ion
cyclotron resonance (FT‐ICR)‐MS,while tandem‐
in‐space instruments include triple quadrupoles
(QqQ)‐MS and quadrupole time-of-flight (qTOF)‐
MS (Jorge et al. 2016b; Rodrigues et al. 2019). As
ion‐trap MS instruments can perform MSn
sequential stages, they are deemed well-suited for
elucidating structures of metabolites, particularly
of unknown plant metabolites. Whereas, tandem‐
in‐space MS instruments consist of two mass
analyzers separated by a collision cell; thus, they
are used in an MS/MS tandem mode through
spatial separation of the precursor and its products
(Jorge et al. 2016b; Rodrigues et al. 2019).

Often, LC‐QqQ‐MS/MS methods are used in
quantitative targeted approaches for absolute
quantification of low‐abundance metabolites, as
QqQ‐MS technology allows for highly sensitive
and selective detection of these metabolites in
selected reaction monitoring (SRM) experiments.
This will allow for monitoring of specific pre-
cursor‐to‐product ion transitions for each
metabolite. In this technology, the first quadru-
pole (Q1) specifically selects the mass of a
molecule, m/z value, of a target precursor ion,
while in the second quadrupole (Q2), or collision
cell, product ions are generated as a result of a
collision of the precursor ion with an inert col-
lision gas (such as Ar, N2, or He), and those
resultant product ions are then transferred into a
third quadrupole (Q3) whereby ions of m/z val-
ues corresponding to one or more structure‐
characteristic product ions are filtered (Jorge
et al. 2016b; Rodrigues et al. 2019). As this
technology reduces background chemical noise,
it significantly increases selectivity and limits
detection and quantification, and it has been
often used to quantify phytohormones and other
important metabolites in plant tissues (Rodrigues
et al. 2019).
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15.5.2 LC-MS Analysis of Various
Apple Fruit Traits

As the apple fruit is a rich source of phyto-
chemicals, including phenolic compounds, there
has been a great interest in investigating the
metabolic profiles of these phenolic compounds.
Some of the major phenolic compounds isolated
and identified from apples include procyanidins,
anthocyanins, chlorogenic acid, hydroxycin-
namic acid, flavan-3-ols, such as (–)-epicatechin,
(+)-catechin, gallaocatechin, phloridzin, and
quercetin glycosides (Khan et al. 2012). Phenolic
contents of apples are indeed highly variable
among cultivars (Francini and Sebastiani 2013),
but they are also highly variable within tissues of
a single fruit (peel vs. flesh) (Kim et al. 2019a, b,
2020). For example, total phenolic contents have
been found to vary widely among 12 apple cul-
tivars in both peel and flesh tissues—ranging
between 1157 and 5119 lg/g in peel and 423 and
1534 lg/g in flesh (Kim et al. 2019a, b). Fur-
thermore, while quercetin-3-O-galactoside,
quercetin-3-O-glucoside, catechin, phloridzin,
and cyanidin-3-O-galactoside are the predomi-
nant phenolics in apple peel (Tsao et al. 2003), it
is chlorogenic acid, epicatechin, phloridzin, and
protocatechuic acid that are the predominant
phenolics in apple flesh tissues (Veberic et al.
2005). Furthermore, these observed differences
in chemical compositions in apple fruits are
undoubtedly influenced by genetic effects, but
these chemical compounds are also influenced by
environmental factors during the growing season,
along with various agricultural practices and
postharvest practices, such as the application of
1-MCP, an ethylene antagonist, and CA storage
conditions (Kim et al. 2020).

Beshir et al. (2019) using a non-aqueous
fractionation (NAF) method, a promising
approach that allows for studying a broader range
of metabolite pool sizes at the subcellular level
by combining LC-MS and GC-MS-based meta-
bolomics, have investigated subcellular com-
partmentalization of metabolites during apple
fruit (cv. ‘Braeburn’) development, particularly
in three main cellular compartments, namely
cytosol, plastids, and vacuoles. It is observed that

most of the sugars and organic acids are pre-
dominantly located in the vacuole, while some of
the amino acids are distributed between the
cytosol and the vacuole.

In another study, Zupan et al. (2016) have
used LC-MS to determine phenolic content, as
well as sugar levels in the fruit of three apple
cultivars, including ‘Delicious’, ‘Gloster’, and
‘Fuji’, that are susceptible to the development of
the physiological disorder of watercore, wherein
the flesh has a water-soaked appearance due to
development of fluid‐filled intercellular spaces. It
is observed that total phenolic content is higher
in flesh of fruit without watercore, attributed
mainly due to higher individual and total flavanol
contents. Whereas, total and individual dihy-
drochalcone contents are higher (2.4-fold) in
watercore flesh than that without watercore.
Furthermore, it is observed that peroxidase
activity is higher in watercore flesh due to
oxidative stress. On the other hand, sugar content
analysis has revealed that sorbitol content is
higher (4-fold) and fructose content is lower (0.7-
to 0.85-fold) in flesh with watercore than in flesh
without this disorder. Furthermore, glucose con-
tent is found to be significantly higher in flesh
without watercore in cvs. ‘Delicious’ and ‘Fuji’,
while sucrose content is not different between
these two tissues; whereas, ‘Gloster’ apple has
a higher sucrose content.

Seo et al. (2015) used an isotope dilution (ID)-
LC/MS/MS as a higher-order reference method
for accurate value-assignment of certified refer-
ence materials (CRMs) of mycotoxins, such as
patulin produced by mold in apple fruits, among
other fruits, which significantly impact quality
and storability, as well as salability of these
fruits.

15.5.3 LC-MS Analysis of Apple Fruit
Response to Postharvest
Storage

It is well known that apple fruit storage tech-
nologies can extend commercial life for several
months while having major impacts on primary
metabolism resulting in changes in the
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composition of these primary metabolites,
thereby influencing the overall flavor of apple
fruit, as well as marketability and consumer
acceptance. By reducing the general metabolism,
cold storage protocols are applied to delay fruit
ripening and senescence processes by controlling
the respiration rate, as low temperature reduces
catalytic activities of different enzymes, includ-
ing those involved in various steps of respiration,
and measured using a Q10 temperature coeffi-
cient corresponding to the rate of a reaction due
to a 10 °C temperature increase (Brizzolara et al.
2020). In general, Q10 values associated with
respiration range between 2.0 and 3.0; therefore,
when lowering storage temperature from 20 to
10 °C, respiration is decreased by a factor of 2–3,
thereby prolonging fruit shelf- or commercial-
life.

Among physiological disorders of apple fruit
that are impacted by storage conditions, bitter pit
is characterized by early symptoms that appear as
water-soaked spots caused by plasma membrane
breakdown, but subsequently, these turn brown
in color, and over time these become desiccated.
This disorder has been attributed to calcium
(Ca2+) deficiency in apple fruit and it is initiated
during preharvest, while symptoms normally
develop further along during storage (Zupan
et al. 2013). Pits are mostly located in the outer
cortex of the fruit and underneath the peel. Pit-
ting often results in small depressions in the peel
that can extend deeper into the flesh. Bitter pit is
one of the most important physiological disor-
ders as affected fruits are highly undesirable,
often culled and diverted for processing.
Although bitter pit incidence can be reduced by
calcium sprays, it remains a problem. Early
studies have reported that resistance to bitter pit
is a genetic trait and controlled by two major
genes (Korban and Swiader 1984). Later studies
have indicated that there are significant geno-
type � environment interactions for some
genetic populations (Volz et al. 2006). Moreover,
fruit loss during storage (within one or two
months) due to bitter pit can be high, up to
almost 50% losses, in apples with no calcium
treatments against bitter pit. Zupan et al. (2013)
have used LC-MS to assess phenolic content in

healthy and bitter pit spots of both peel and flesh
tissues of three apple cultivars, including
‘Golden Delicious’, ‘Jonagored’, and ‘Pinova’
stored at temperatures of 0.5 °C (for ‘Golden
Delicious’) or 1.5 °C to 2 °C (for ‘Jonagored’
and ‘Pinova’) for a period of three months. They
have observed that of 15 phenolic compounds
analyzed, flesh tissues with bitter pit have higher
levels than those of healthy flesh tissues. Fur-
thermore, it is reported that chlorogenic acid and
catechin are five-fold higher in bitter pit flesh
tissues. However, hydroxycinnamic acids and
flavanols in the peel of bitter pit tissues are
higher, while flavonols and anthocyanins are
higher in healthy peel tissues. Moreover, antho-
cyanins in a healthy peel of ‘Jonagored’ are ten-
fold higher than in bitter pit peel tissues.

15.6 Metabolomics Using Nuclear
Magnetic Resonance
(NMR) Spectroscopy

15.6.1 Features of NMR Spectroscopy

NMR spectroscopy is an analytical technique
that exploits magnetic properties of certain
atomic nuclei. When placed in a magnetic field,
nuclei with non-zero nuclear spin (such as 1H,
13C, and 31P) absorbs electromagnetic radiation
at characteristic frequencies (resonance frequen-
cies) that can be revealed as signals in NMR
spectra. The resonance frequency and the corre-
sponding intensity of each signal are dependent,
respectively, on the chemical environment where
that particular nucleus is located (i.e., molecular
structure) and on the concentration of that
molecule (Calabrò et al. 2014).

NMR spectroscopy is a highly reproducible
spectroscopic tool capable of providing detailed
information on the molecular structure of both
pure compounds and complex mixtures (Claridge
2008). In a typical biological fluid, all hydrogen-
containing molecules will yield a 1H-NMR
spectrum as long as they are present at concen-
trations above the detection limit. The NMR
spectrum of a biological fluid is therefore the
superposition of spectra of hundreds of different

15 Metabolomic Approaches for Apple Fruit Quality Improvement 327



small molecules present in a sample at concen-
trations >1 µM (Wishart et al. 2007). One of the
advantages of NMR is that the biological fluid
requires only minimal preparation prior to anal-
ysis. Further, the development of high-resolution
(HR) 1H magic angle spinning (MAS) spectra
has allowed for viable acquisition of data using
small-sized tissues without any pretreatment
(Cheng et al. 1998; Tomlins et al. 1998; Garrod
et al. 1999; Cacciatore et al. 2013).

One-dimensional 1H NMR spectra are par-
ticularly useful for high-throughput metabolomic
studies (Emwas et al. 2019; Vignoli et al. 2019).
This is due to the fact that the 1D 1H NMR
technique is highly automatable, very reliable,
and very fast (Takis et al. 2019). Indeed, 1D 1H
NMR acquisition times for a single spectrum are
often in the order of a few minutes. Furthermore,
the chemical information contained in a single
1D 1H NMR spectrum of a biological mixture or
tissue extract is often sufficient to identify and
quantify 50–100 metabolites at a time (Vignoli
et al. 2019). This identification process is highly
supported by the fact that many reference 1H
NMR spectra from hundreds of known metabo-
lites have been compiled and stored in a number
of public databases (Wishart et al. 2018). How-
ever, a major disadvantage of NMR is its rela-
tively low sensitivity, thus limiting (for 1H NMR
spectra acquired at 600 MHz) detection to
molecules in the order of the micromolar range
(Pan and Raftery 2007). Another disadvantage of
NMR is the difficulty in identifying all metabo-
lites in samples, as 1H-NMR spectra of biological
fluids are very complex, thus likely requiring
additional experiments to assign previously
unidentified molecules in complex mixtures.

As agricultural practices, postharvest treat-
ments, and food processing incur significant
effects on the metabolic composition of resulting
foods (Santucci et al. 2015a, b; Tenori et al.
2018), NMR-based metabolomics has been suc-
cessfully employed in monitoring the effects of
different manufacturing procedures on food
quality, safety, and traceability (Meoni et al.
2020).

15.6.2 Apple Metabolomics Using
NMR

Eisenmann et al. (2016) investigated the meta-
bolic diversity of apple cultivars, apple pulp, and
peel extracts of 14 different popular and new
apple cultivars, using an untargeted NMR meta-
bolomic approach. Multivariate analyses per-
formed on NMR spectra of pulp and peel extracts
were able to unequivocally identify all cultivars,
with peel extracts showing a higher discrimina-
tive power. Furthermore, it was observed that
while sugar levels among cultivars varied within
a limited range, levels of both polyphenols and
acids were widely variable among these cultivars
(Eisenmann et al. 2016).

As mentioned above (Sect. 15.6.1), NMR
coupled with HR-MAS probe has allowed for
analysis of semisolid materials. This approach
provides direct access to the chemical composi-
tion of food matrices and without the necessity
for sample preparation by extraction protocols, as
these protocols could potentially modify or
change the metabolic composition. Vermathen
et al. (2011) have utilized this approach to
identify and characterize metabolic profiles of
different apple cultivars.

One of the important benefits of metabolite
profiling of various apple cultivars is the ability to
better assess and fine-tune flavors in apple-
processed products. For example, apple cider is
a major beverage. Cider is usually prepared from
a blend of different apple cultivars possessing
various characteristics, including higher acidity
and phenolic content, compared to fresh-eating
apple, thus contributing peculiar flavoring to the
final product (Del Campo et al. 2005). The pro-
portion of each cultivar in a blend is selected to
achieve balanced ratios of phenolic compounds,
sugars, and acids required for a particular taste of
the product. Therefore, to produce a suitable cider
blend of homogeneous and consistent quality, it is
important to know of and characterize those
physicochemical features of the contributing dif-
ferent apple cultivars using advanced molecular
techniques (Del Campo et al. 2005).
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For the above reasons, Del Campo et al.
(2006) used NMR-based metabolomics for
characterization and chemometric differentiation
of 52 apple juices derived from six apple culti-
vars. A discriminant analysis was conducted for
40 samples in one year, resulting in 100%
accuracy of classification of these apple juice
samples. The most discriminant features corre-
sponded to polyphenols, epicatechin, phloridzin-
phloretin, p-coumaric, chlorogenic, and malic
acids. More strikingly, this classification model
was used for 12 samples of apples harvested in
two subsequent years, and the prediction ability
resulted in 91.7% accuracy, thus demonstrating
the robustness of this approach, independently of
the year of apple harvest (Del Campo et al.
2006).

A more integrated approach was attempted in
a similar study, wherein 35 cider apple juices
obtained from five different apple cultivars were
analyzed (Del Campo et al. 2005). A combina-
tion of techniques, including NMR, HPLC, and
enzymatic assays, was used to identify discrim-
inant features, including such physicochemical
parameters as sugars, acids, and phenolic com-
pounds. It was found that titratable acidity, malic
acid, pH, (−)-epicatechin, and glucose, as well as
(−)-epicatechin/chlorogenic acid and
glucose/fructose ratios were critical parameters,
and these had the highest discriminating power in
identifying these cider apple juices (Del Campo
et al. 2005).

The metabolic composition of any agricultural
product is influenced by several cultural and
environmental factors, including growing condi-
tions such as the chemical composition of soil,
irrigation, temperature, and altitude, among oth-
ers. All these factors contribute to the phenotype
of a cultivar, and in turn, this contributes to a
specific metabolic fingerprint, which indirectly
encodes geographical information about the cul-
tivation site. This property is widely employed to
assess the origin of such processed products as
wine (Pereira et al. 2005; Caruso et al. 2012) and
olive oil (Sacchi et al. 1998; Mannina et al. 2009;
Rongal et al. 2017; Girelli et al. 2018). The same
approach, mutatis mutandis, has been applied to
apple fruit. For example, 1H NMR-based

metabolic profiling has been used to character-
ize five apple cultivars grown either in Japan or
New Zealand (Tomita et al. 2015). Using multi-
variate statistical analysis, it is observed that there
is a distinct separation of spectra according to the
two geographical apple production regions. The
major contributions to this discrimination are
attributed to sugar signals, including those of
glucose, fructose, and sucrose. However, minor
metabolites, such as 2-methylmalate, aspartic
acid, and L-rhamnitol (the latter identified inte-
grating data from LC/MS and 2D NMR analyses)
have also contributed to the geographical phe-
notype (Tomita et al. 2015).

The study of plant physiology and diseases is
yet another important field of application of
NMR metabolomics. For example, NMR meta-
bolomics has been used to analyze for metabolite
characters of apple fruits with browning disor-
ders (Vandendriessche et al. 2013).

15.6.3 NMR Analysis of Apple Fruit
Response to Postharvest
Storage

One of the important uses of NMR analysis is
that of apple fruit response to postharvest storage
conditions. In particular, sample form along with
its storage and preparation methods serve as
critical steps in obtaining robust and reproducible
data of metabolite status in apple fruits.

It is well known that different procedures for
collection, handling, and storage result in differ-
ent molecular profiles of samples; consequently,
non-optimized procedures could severely bias
analytical data (Bernini et al. 2011; Ghini et al.
2019). In particular, for complex matrices such as
fruit and vegetable extracts, it is very important
to account for effects induced by preanalytical
manipulations. For example, Santucci et al.
(2015a, b) have evaluated the quality of NMR
spectra of apple pulp extracts (juice), obtained
from fresh and frozen biological materials, to
develop a robust protocol for analysis of apple
fruit samples (cortex tissue). This study has been
undertaken to assess the effects of specific
postharvest treatments on apple fruit, with an
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effort to avoid likely bias and any confounding
source of variance (Santucci et al. 2015a, b).
Thus, the following two protocols for postharvest
treatment have been evaluated: (1) frozen pulp
tissue is thawed, homogenized into a puree,
placed in a 0.2 lm nitrocellulose filter, cen-
trifuged to separate debris from the liquid phase,
and 700 ll of this liquid phase is collected in
1.5 ml Eppendorf tubes; and (2) frozen juice is
thawed, and 700 ll are collected in 1.5 ml
Eppendorf tubes. Both sets of samples are then
subjected to NMR analysis. Following analysis,
multivariate and univariate techniques are
employed to evaluate differences in NMR spectra
resulting from the two sets of samples. Although
both protocols have resulted in high-quality
NMR spectra, these spectra have allowed for
distinguishing samples obtained from these two
preparations. Specifically, some organic mole-
cules, particularly organic acids, are detected
only in fresh apple pulp, and these samples are
also characterized by low inter-sample variance.
Thus, it is suggested that use of samples from
fresh fruit tissues is best for monitoring meta-
bolic changes due to specific growth or storage
conditions (Santucci et al. 2015a, b).

Using an integrated approach to investigate
responses of apple fruit to hypoxic storage con-
ditions, Cukrov et al. (2016) compared NMR and
RNA-seq profiles of ‘Granny Smith’, harvested
at commercial ripening time, and kept at 1 °C
under either normoxic, used as control, or two
hypoxic, 0.4 and 0.8 kPa oxygen, treatment
conditions for up to 60 days. It was observed that
fruit maintained under extremely low oxygen
conditions underwent marked changes in overall
metabolism, with some metabolic processes ini-
tiated at the earliest stages of exposure to
hypoxia. In particular, apple fruit cortex tissues
were found to be highly sensitive even to subtle
differences in oxygen concentrations close to
ACP. This was also reflected in ethanol con-
centrations, expression of hypoxia marker genes,
such as those encoding alanine aminotransferase
(AlaAT), b-amylase (b-amy), sucrose synthase
(SuSy), and phosphofructokinase (PFK), along
with detection of more than 1000 differentially
expressed genes that were highly responsive to

small changes in oxygen concentrations (Cukrov
et al. 2016). Interestingly, it was observed that
fruit maintained at the lowest oxygen concen-
tration (0.4 kPa) induced higher expression of
transcription factors (TFs) belonging to
auxin/indole-3-acetic acid (AUX/IAA), WRKY,
homeobox (HB), zinc-finger families, while fruit
maintained under 0.8 kPa oxygen induced higher
levels of expression of MADS box family genes.
Moreover, it is suggested that ethylene-
responsive factors (ERFs) are also involved in
modulating hypoxia-dependent gene expression.

Although the above findings are informative,
they cannot be extended to other apple cultivars,
as fruit responses to storage conditions under low
oxygen conditions depend on the genetic back-
ground of these cultivars. Therefore, Brizzolara
et al. (2017) have investigated metabolic
responses of fruits of cvs. ‘Granny Smith’ and
‘Red Delicious’ to hypoxia. Fruits have been
stored under two different low -oxygen protocols
(ULO, at 0.9 kPa O2 and DCA based on
chlorophyll fluorescence [CF], DCA-CF,
between 0.2 and 0.55 kPa O2) for up to 214 days
of storage. Subsequently, using an integrated
metabolomics approach, consisting of 1H NMR,
GC–MS, and headspace (HS)-SPME-GC–MS
analyses, a total of 130 metabolites have been
quantified. It is observed that most of these
metabolites (117) are shared by both cultivars,
while a total of 95 metabolites are found to be
significantly different between these two culti-
vars; however, 13 volatile compounds, identified
via HS-SPME-GC–MS, are found to be specific
for either ‘Granny Smith’ or ‘Red Delicious’.
After four months of storage, it is observed that
‘Red Delicious’ must have undergone higher
marked metabolic changes than ‘Granny Smith’,
and this is likely to be attributed to differences in
ripening periods (Brizzolara et al. 2017). Based
on analytical data related to pyruvate-derived
metabolites, including alanine, acetaldehyde,
ethanol, and lactate, it is suggested that there are
different major metabolic reconfiguration strate-
gies in each of ‘Granny Smith’ and ‘Red Deli-
cious’ in addressing energy deficiencies due to
hypoxia. While ‘Granny Smith’ has demon-
strated more distinct responses in nitrogen
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metabolism along with limited induction of
ethanol fermentation, ‘Red Delicious’ has ex-
hibited higher induction of ethanol fermentation
(Brizzolara et al. 2017).

Thus, NMR-based metabolomics is an effi-
cient and increasingly utilized tool to character-
ize apple fruit for various traits of interest, as well
as for a wide variety of breeding and/or pro-
duction purposes. However, the full potential of
this tool is yet to be fully exploited.

15.7 Conclusions and Future Efforts

It is clear that the field of metabolomics has
allowed for pursuing studies of changes in the
chemical composition of apple cultivars,
mutants, or genetic populations, as well as in
responses of apple fruit to various treatments,
including CA storage conditions and their impact
on metabolomics changes in apple fruit tissues.
Those major high-throughput metabolomics
technology platforms, including GS-MS, LC-
MS, LC-MS/MS, and 1H NMR have proven to
yield valuable information and knowledge of
various apple fruit traits of interest. In particular,
metabolomics has been critical in identifying
genomic regions associated with metabolite traits
of valuable fruit quality traits, including those of
VOCs. Moreover, metabolomics has been
demonstrated to be a highly powerful tool in
characterizing the chemical behavior of fruit
under storage conditions, in particular to modern
CA fruit storage conditions. This has signifi-
cantly contributed to our expanded knowledge of
the mechanisms involved in responses of fruit
tissues subjected to the stress of storage condi-
tions, including those of low temperatures and
low oxygen levels, among others. Moreover,
metabolomics can be exploited via either targeted
or untargeted approaches based on the desired
final outcome.

High-throughput metabolomics is a critical
tool in pursuing biochemical phenotyping of
genetic resources for collection, maintenance, or
breeding programs. Our understanding of fruit
growth, ripening, and postharvest is particularly
critical in pursuing fast-breeding approaches in

apple breeding programs. Furthermore, metabo-
lomics is highly useful in expanding our
knowledge of apple fruit responses to biotic and
abiotic stresses. As apple fruit, compared with
other fruits, are complex organs consisting of
different tissues, thus the distribution of
metabolites and bioactive compounds throughout
these different fruit tissues, such as pericarp,
cortex, and seeds, can influence fruit quality, and
its sensory, nutritional, and associated health
qualities.
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16The Apple Microbiome: Structure,
Function, and Manipulation
for Improved Plant Health

Susan R. Whitehead, Michael E. Wisniewski,
Samir Droby, Ahmed Abdelfattah,
Shiri Freilich, and Mark Mazzola

Abstract

Apple trees host diverse communities of
bacteria, fungi, viruses, and other microbes
that occupy all plant surfaces and internal
tissues. In the past two decades, our under-
standing of these communities has burgeoned
due to new technologies that allow culture-
independent characterisation of microbial

communities. In this chapter, we provide a
comprehensive review of our current under-
standing of the composition and assembly of
the apple tree microbiome. We discuss factors
that shape variation in the microbiome,
including host genotype, domestication, plant
chemistry, and agricultural practices. Next, we
discuss the consequences of the microbiome
for plant health and the opportunities and
challenges associated with attempts to manip-
ulate the microbiome for improved sustain-
ability of orchard ecosystems. Finally, we
suggest future research priorities that promise
to facilitate a paradigm shift in orchard
management from viewing trees as individual
organisms to viewing trees as diverse ecosys-
tems that must be managed holistically to
maximise the environmental and economic
sustainability of production systems.

16.1 Introduction

Plants have been evolving for hundreds of mil-
lions of years in the midst of intimate associa-
tions with microbes. Microbes occupy all plant
surfaces and internal tissues, including roots,
leaves, stems, flowers, and fruits (Vorholt 2012;
Philippot et al. 2013; Aleklett et al. 2014; Droby
and Wisniewski 2018; Compant et al. 2019).
Although there is a long history of research on
plant–microbe interactions, recent advances in
high-throughput sequencing and bioinformatics
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have revolutionised our ability to characterise the
complex microbial communities associated with
plants and their environments (Di Bella et al.
2013; Knight et al. 2018).

As our understanding of microbiome diversity
and function has grown, there has been increas-
ing recognition of the fundamental roles that
microbes play in plant physiology and ecology
(Berg et al. 2016; Cordovez et al. 2019).
Microbes can directly affect growth, develop-
mental processes, nutrient uptake, stress toler-
ance, and pest resistance (Berg et al. 2016;
Cordovez et al. 2019). Often, microbial coloni-
sation induces rapid physiological changes in
plants, such as the upregulation of phytochemi-
cals, leading to complex feedback loops among
plants, microbes, and the environment (Chisholm
et al. 2006; Kiers et al. 2011; Pieterse et al.
2013). In fact, plant phenotype may be best
understood as a manifestation of the combined
genomes of plants and their complex communi-
ties of associated bacteria, fungi, viruses, and
other symbionts (Zilber-Rosenberg and Rosen-
berg 2008; Vandenkoornhuyse et al. 2015).

New technologies allow for near complete
characterization of organisms associated with
plants, as well as a breadth of plant responses (e.g.,
metabolomic analyses of phytochemicals; Hall
2006; Wang et al. 2016b). This provides novel and
exciting opportunities to understand how micro-
biome interactions may alter plants in profound
ways that impact productivity, resistance to pests
and pathogens, nutritional content, and phyto-
chemical profiles of plant tissues. Clearly, plant–
microbe interactions have immense implications for
improving crop production, and we are poised to
make significant advances that will improve agri-
cultural sustainability (APS 2016; Busby et al.
2017; Toju et al. 2018). However, the composition
and function of plant microbiomes are highly
dependenton theplant genomeand the environment
in which they reside (Turner et al. 2013; Cordovez
et al. 2019). Thus, translating basic knowledge into
agricultural practices will require more compre-
hensive studies of microbial communities and an
interdisciplinary systems-level approach to under-
stand how these communities interact with other
components of the agroecosystem.

A large number of studies have been pub-
lished on the apple microbiome in recent years,
and this chapter is intended to provide an over-
view of what is known and an outlook for
applications in sustainable agriculture. First, we
provide a systematic review of studies reporting
on the composition and assembly of microbial
communities associated with different micro-
habitats of the apple tree. Second, we discuss
major factors that can shape the microbiome,
including apple genotypes, domestication, phy-
tochemistry, and orchard management practices.
Third, we discuss how the apple microbiome can
be manipulated for improved plant health,
focusing particularly on some of the major dis-
eases, such as fire blight and apple replant dis-
ease, affecting commercial orchards. Lastly, we
provide a summary and perspectives on promis-
ing new directions for future research.

16.2 Composition and Assembly
Across Apple Tree
Microhabitats

From a microbe’s perspective, an apple tree
represents a complex ecosystem with numerous
distinct microhabitats (Fig. 16.1). These include
the rhizosphere (soil immediately surrounding
the roots), root endosphere (internal root tissues),
phyllosphere (used here to strictly refer to leaves,
as it was originally defined; Last 1955; Ruinen
1956; Leveau 2015; Shade et al. 2017), caulo-
sphere (stems), anthosphere (flowers), and car-
posphere (fruits). Research in apple and other
systems has shown that these different plant
microhabitats support distinct microbial assem-
blages (Shade et al. 2013b; Ottesen et al. 2013;
Berg et al. 2016; Cregger et al. 2018). We review
key ecological factors that may shape micro-
biome composition and assembly in each
microhabitat, and provide a brief historical con-
text of their study in apple. Next, we provide a
comprehensive review of studies that have used
culture-independent methods to characterize
apple microbiome diversity and composition.
Our review is based on a systematic literature
search that resulted in 69 relevant studies
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published between 2000 and 2020 (Table 16.1).
These include early studies on the rhizosphere
and phyllosphere using either cloned libraries or
molecular fingerprinting technologies, such as
terminal restriction fragment length polymor-
phism (T-RFLP) or denaturing gradient gel
electrophoresis (DGGE), as well as more recent
work using either amplicon sequencing or whole-
genome shotgun sequencing to understand how
microbial composition is affected by genotype,
habitat, disease state, or other factors
(Table 16.1).

16.2.1 The Root Microbiome

Plant root systems provide a unique and
resource-rich habitat for microbes. The root
microbiome includes microbes living within root
tissues (endosphere), on root surfaces

(rhizoplane), and in soils immediately surround-
ing roots (rhizosphere). The rhizosphere is the
most diverse microbial habitat on earth—a small
sample of soil can host thousands of unique
microbial taxa that are an order of magnitude
more diverse than those on plant surfaces or
tissues (Thompson et al. 2017). Although the
rhizosphere microbiome is largely derived from
surrounding soils, the factors shaping its com-
position are distinct from other soil habitats
(Bakker et al. 2013; Philippot et al. 2013).
Microbe communities in bulk soil are shaped
largely by soil pH and other edaphic factors. The
rhizosphere microbiome is shaped and supported
by nutrients, exudates, secondary metabolites,
mucilage, and border cells secreted by roots (i.e.,
rhizodeposits). Rhizodeposits can differ among
plant species and genotypes, leading to host-
specific rhizosphere communities of substantially
different compositions from those of bulk soils
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Endosphere Bark

Phyllosphere

Carposphere

peel stem calyx

Fungal CommunitiesBacterial Communities

The Apple Microbiome

Phylum
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Other
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Fig. 16.1 Microbiome composition across microhabitats
of the apple tree. Charts show relative abundances of
microbial communities as reported in the literature for the
carposphere (Abdelfattah et al. 2020), phyllosphere

(Ottesen et al. 2016), anthosphere (Steven et al. 2018),
caulosphere (Liu et al. 2018; Arrigoni et al. 2018), and
rhizosphere (Wang and Mazzola 2019a). Taxa grouped as
“other” include unidentified and identified minor phyla
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Table 16.1 Results from a systematic literature review of studies using culture-independent methods to evaluate the
apple microbiomea

Microbial habitat Technologyb Factors evaluatedc References

Bulk orchard
soil, rhizosphere,
rhizoplane,
and/or root
endosphere

Fingerprinting
(DGGE, T-RFLP, or
ARISA) and/or
culture-independent
clone libraries

Rootstock genotype; disease
status (ARD, phytoplasma,
apple scab, violet root rot);
ARD mitigation treatments
(amendments, fumigation, and
row position, among others);
fertilization; ground
management; time since
planting

Rumberger et al. (2004, 2007);
Yao et al. (2005, 2006); St.
Laurent et al. (2008, 2010);
Shishido et al. (2008);
Shanmugam et al. (2011);
Kelderer et al. (2012); Bulgari
et al. (2012); Yim et al. (2013,
2016); Chen et al. (2014);
Manici et al. (2015); Caputo
et al. (2015); Franke-Whittle
et al. (2015); Hewavitharana
and Mazzola (2016); Peruzzi
et al. (2017); Lucas et al.
(2018); Wang and Mazzola
(2019a, b); Mazzola et al.
(2020)

Amplicon sequencing Rootstock genotype;
microhabitat (e.g., rhizosphere
vs. rhizoplane); disease status
(ARD, rapid apple decline);
ARD mitigation treatments;
planting history; soil
amendments (compost,
biochar, manure); fertilisation;
ground management;
streptomycin treatment; time
since planting; spatial
structuring; analytical methods

Shade et al. (2012a, 2013a);
Zhang et al. (2013); Sun et al.
(2014, 2017); Walsh et al.
(2014); Mazzola et al. (2015);
Franke-Whittle et al. (2015);
Hewavitharana and Mazzola
(2016); Wang et al. (2016a,
2017); Abujabhah et al. (2016);
Qin et al. (2016); Jiang et al.
(2017); Yim et al. (2017);
Peruzzi et al. (2017); Tilston
et al. (2018); Zheng et al.
(2018); Deakin et al. (2018,
2019); Liang et al. (2018);
Chai et al. (2019, 2020); Wang
and Mazzola (2019a); Singh
et al. (2019)

Shotgun sequencing Disease status (ARD);
microhabitat (rhizosphere vs.
bulk soil); ground
management; fertilisation

Zheng et al. (2019); Radl et al.
(2019)

Phyllosphere Fingerprinting (T-
RFLP) and/or culture-
independent clone
libraries

Scion genotype; disease status
(Alternaria leaf spot);
management system
(conventional vs. organic);
streptomycin use; time

Ottesen et al. (2009); Yashiro
et al. (2011); Yashiro and
McManus (2012); Hirakue and
Sugiyama (2018)

Amplicon sequencing Management system
(conventional vs. organic)

Glenn et al. (2015); Ottesen
et al. (2016)

Caulosphere Amplicon sequencing Scion genotype; rootstock
genotype; microhabitat (young
vs old bark)

Liu et al. (2018); Arrigoni et al.
(2018)

Anthosphere Amplicon sequencing Scion genotype: microhabitat
(different floral parts); Erwinia
amylovora inoculation;
temporal succession; spatial
variation

Shade et al. (2013b); Steven
et al. (2018); Cui et al. (2020)

(continued)
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(Mazzola 1999; Bais et al. 2006; Bakker et al.
2013; Philippot et al. 2013; Leisso et al. 2017).
An even smaller and more specialised subset of
soil microbes is able to penetrate and establish
themselves in host tissues, forming a root endo-
phyte community (Gaiero et al. 2013; Liu et al.
2018; Van Horn and Mazzola 2019).

Microbiota of the apple rhizosphere have been
studied for decades (e.g., Covey et al. 1981;
Čatská et al. 1982; Mazzola 1999; Rumberger
et al. 2007). In particular, the role of microbial
ecology in soil-borne disease has been widely
investigated. Among these soil-borne diseases,
the most economically important is apple replant
disease, caused by a complex of pathogens,
including fungi (Ilyonectria spp. and Rhizoctonia
solani), oomycetes (Phytophthora spp. and
Pythium spp.), and nematodes (Turechek 2004;
Mazzola and Manici 2012). Disease symptoms
include stunted, uneven growth, shortened
internodes, root-tip necrosis, and reduced root
biomass, which can ultimately result in either
tree death or reduced productivity that is main-
tained over the lifetime of an orchard (Mazzola
and Manici 2012). Thus, the need for effective
management of this disease in commercial

orchards has led to extensive studies of how
disease-causing agents persist in the soil and
interact with other members of the microbial
community (see Sect. 16.5 below on ‘Manipu-
lating the Microbiome’). In addition to this focus
on disease-causing agents, there is a long history
of studies of beneficial microbes in the apple
rhizosphere, including arbuscular mycorrhizal
fungi and plant-growth-promoting bacteria (re-
viewed in Mosa et al. 2016).

With advances in technology that allow
culture-independent characterization of microbial
communities, new studies have greatly increased
our understanding of the diversity of organisms
present in the apple root microbiome (Table 16.1).
Most of these studies have continued to focus
largely on the rhizosphere community and its role
in the development and control of apple replant
disease. The first culture-independent studies
applied fingerprinting technologies to illustrate
the complexity of microbial communities associ-
ated with apple replant disease and the clear dif-
ferences in composition in soils subjected to
different management practices (Rumberger et al.
2004, 2007; Yao et al. 2005, 2006). Amplicon
sequencing has further elucidated the diversity

Table 16.1 (continued)

Microbial habitat Technologyb Factors evaluatedc References

Carposphere Fingerprinting
(DGGE)

Scion genotype, fruit vs. cider
microbiota

Alonso et al. (2015)

Amplicon sequencing Microhabitat (fruit part);
management system
(conventional vs. organic);
storage time; post-harvest
treatment; site; analytical
methods

Leff and Fierer (2013);
Abdelfattah et al. (2016, 2020,
2021); Vepštaitė-Monstavičė
et al. (2018); Shen et al.
(2018); Wassermann et al.
(2019a, b); Meakem (2020);
Sare et al. (2020)

Shotgun sequencing n/a Angeli et al. (2019)
aA search was conducted on July 2, 2020 of all databases in Web of Science for studies between 2000 and 2020 with the
following keywords: Malus AND microbiome OR rhizosphere OR phyllosphere OR caulosphere OR anthosphere OR
carposphere. This search produced 295 articles, and an additional 42 sources were identified through Google Scholar
searches with the same terms. Abstracts and full-texts of these articles were screened, and we excluded any studies that
did not report results from culture-independent studies of the microbial communities associated with apple trees or
harvested fruit
bARISA, automated method of ribosomal intergenic spacer analysis; DGGE, denaturing gradient gel electrophoresis; T-
RFLP, terminal restriction fragment length polymorphism
cARD, Apple replant disease
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and taxonomic composition of rhizosphere com-
munities, as well as differences between the rhi-
zosphere and root endosphere (Shade et al. 2013a;
Mazzola et al. 2015; Lucas et al. 2018; Wang and
Mazzola 2019a; Van Horn and Mazzola 2019).
For example, Wang and Mazzola (2019a) esti-
mated that fungal communities can contain over
400 operational taxonomic units (OTUs) at 97%
sequence similarity. These fungal taxa belonged
to seven phyla, but were dominated by Ascomy-
cota, Zygomycota, and Basidiomycota. Bacterial
communities were estimated to contain over 1100
OTUs from 20 phyla, and were dominated by
Proteobacteria, accounting for over 40% of
sequences (Wang andMazzola 2019a). The actual
level of diversity is likely to be even higher, and
communities may include many rare taxa present
at very low abundance. Shade et al. (2012a,
2013a) used culture-based approaches in con-
junction with amplicon sequencing to explore rare
biota of the apple rhizosphere and found that more
than 60% (out of >1,000 total OTUs) of bacterial
taxa detected using culture-dependent approaches
were not detected with amplicon sequencing
alone. These included sequences from many
genera with known functional significance in the
rhizosphere, such as Psuedomonas and Bacillus
(Shade et al. 2012a).

Current knowledge of microbial community
composition, and particularly of rare taxa, will
also likely increase as costs of whole-genome
shotgun sequencing continue to decrease
(Caporaso et al. 2012; but see Tessler et al.
2017). Shotgun sequencing provides a random
sampling of sequences across genomes of bac-
teria, fungi, archaea, and viruses. An advantage
of this approach for understanding composition
is that it provides an estimation of the relative
abundance of taxa across kingdoms. Our litera-
ture search found only two studies that have
applied shotgun sequencing to the apple rhizo-
sphere (Zheng et al. 2019; Radl et al. 2019;
Table 16.1). Radl et al. (2019) assessed apple
replant disease and control soils and reported
that, in all cases, apple rhizosphere communities
were highly dominated by bacteria. Of sequences
assigned at the kingdom level (63% of all
sequences), 96% were bacteria, 3% were

eukaryotes, <1% were archaea, and <0.1% were
viruses (Radl et al. 2019). Annotation of gene
function indicated that microbes from apple
replant disease soils had a higher prevalence of
genes related to both stress sensing and degra-
dation of aromatic compounds, thereby providing
hints to functional mechanisms shaping micro-
bial influence on the development of apple
replant disease (Radl et al. 2019). Continued
application of such approaches will provide
additional insights into both taxonomic and
functional compositions of communities and will
offer novel opportunities for improving plant
health (see Sect. 16.6 below on ‘Future Research
Priorities’).

16.2.2 Phyllosphere

The phyllosphere refers to the microbial habitat
associated with leaves (Last 1955; Ruinen 1956;
Leveau 2015; Shade et al. 2017) and can be
further subdivided into leaf surfaces (phyllo-
plane) and internal leaf tissues (leaf endosphere).
Leaf surfaces can be considered extreme and
unstable habitats for microorganisms. In contrast
to the rhizosphere, where large amounts of pho-
toassimilates are exuded into the surrounding
soil, leaf surfaces are nutrient-limited and exhibit
highly fluctuating physicochemical constraints,
including high levels of light, ultraviolet radia-
tion, temperature, and desiccation (Vorholt 2012;
Bulgarelli et al. 2013; Griffin and Carson 2015).
In contrast, leaf and stem endospheres may pro-
vide a more stable habitat, but access to this
niche requires special adaptations to penetrate
leaf surfaces, and the endosphere typically har-
bours many fewer taxa (Vorholt 2012; Thomp-
son et al. 2017). Nevertheless, fungal and
bacterial endophytes are ubiquitous among
plants, and the close symbiosis between plants
and endophytes suggests that these organisms are
particularly important for plant health and phys-
iology (Arnold and Lutzoni 2007; Griffin and
Carson 2015).

In either annual or deciduous plants, the
phyllosphere is an ephemeral environment in
which microbial assembly is linked to the annual

346 S. R. Whitehead et al.



process of leaf emergence (Vorholt 2012). The
assembly of both epiphytic and endophytic
microbial communities of leaves is non-random
and shaped by host genotype, abiotic conditions,
and microbe–microbe interactions, among other
factors (Vorholt 2012). Leaf surfaces may be
colonized from either ad hoc sources, such as air,
dust particles, and rain droplets, or local sources,
including soils and other plant tissues (Vorholt
2012). Leaf communities do exhibit some level
of stability from year to year, thus suggesting
important contributions from local pools, but
rules governing assembly of microbial commu-
nities in above-ground tissues remain poorly
understood (Vorholt 2012; Bulgarelli et al. 2013;
Griffin and Carson 2015).

Most early studies conducted on microbial
communities of the apple phyllosphere focused
on causal agents of specific apple diseases or on
potential biocontrol agents. For example,
researchers used culture-based techniques to
understand the ecology of bacterial communities
in relation to biological control of the fire blight
organism, Erwinia amylovora, and its resistance
to streptomycin and oxytetracycline (Sobic-
zewski et al. 1991; Norelli et al. 1991; Burr et al.
1993; Chiou and Jones 1993; Huang and Burr
1999; Schnabel and Jones 1999; Johnson and
Stockwell 2000; Lindow and Brandl 2003).
Other studies explored microbial communities of
apple leaves to search for fungal and bacterial
antagonists that could protect apple against post-
harvest pathogens (Falconi and Mendgen 1994)
and Venturia inaequalis, the causal agent of
apple scab (Andrews et al. 1983; Heye and
Andrews 1983; Burr et al. 1996; Kucheryava
et al. 1999). At least one culture-based study
focused specifically on yeast diversity and doc-
umented hundreds of strains from the phyllo-
plane belonging to at least 13 species, the most
common of which were Aureobasidium pullu-
lans, Cryptococcus laurentii, and Metschnikowia
pulcherrima (Sláviková et al. 2009). A number
of studies have investigated the immigration
dynamics of leaf epiphytic communities in the
field (Kinkel et al. 1989a, b; Andrews et al. 2002;
McGrath and Andrews 2006, 2007; Woody et al.
2007). Kinkel et al. (1989a, b) provided valuable

insights into community assembly by demon-
strating rapid immigration to disinfested leaves,
with up to 29,200 individuals colonising a leaf
within a 12 h period during mid-summer.
Immigration rates varied widely over time (cor-
relating largely with air spora) and depended on
leaf area, but, in general, communities assembled
in a relatively predictable manner with the reg-
ular arrival of common genera, such as Aure-
obasidium, Alternaria, Cladosporium, and
Microsphaeropsi (Kinkel et al. 1989a).

More recently, culture-independent studies
have broadened our understanding of the diver-
sity of organisms that occupy the apple phyllo-
sphere. Ottesen et al. (2009) used 16S clone
libraries to assess bacterial epiphytes collected
from surfaces of pooled leaf and fruit samples
and identified 136 OTUs from eight bacterial
phyla. Communities were found to be largely
dominated by Proteobacteria, including Alpha-,
Beta-, and Gammaproteobacteria, collectively
accounting for approximately 80% of observed
sequences (Ottesen et al. 2009). Yashiro and
MacManus (2012) and Yashiro et al. (2011)
observed similar patterns of composition using
16S clone libraries to study leaf epiphytes across
eight orchards in Wisconsin. Yashiro et al.
(2011) also directly compared culture-
independent clone libraries and culture-based
approaches using the same samples, and, similar
to patterns reported from rhizosphere communi-
ties (Shade et al. 2012a), they found that many
phyllosphere taxa captured by culturing were not
detected using culture-independent methods and
vice versa. Notably, Actinobacteria were only
detected using culture-based techniques, but
several orders in the phyla Bacteroidetes and
Proteobacteria were only detected using clone
libraries (Yashiro et al. 2011).

More recently, amplicon-based studies have
further documented a large diversity of bacteria
and fungi associated with above-ground tissues,
including leaves (Glenn et al. 2015; Ottesen et al.
2016). In both of these studies, samples were
obtained from washes of pooled leaf and fruit
samples, thus leaving uncertainty about the
specific composition of leaves versus other
microhabitats. However, these findings have
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informed our understanding of the impacts of
pest management (see Sect. 16.3 below on
‘Factors Affecting Community Structure’).
Undoubtedly, there is much to learn about the
composition of the apple phyllosphere and the
rules governing its structure and assembly
through leaf phenology.

16.2.3 Caulosphere

The caulosphere includes epiphytic and endo-
phytic microbiomes associated with stem and bark
tissues of plants. This habitat can also be further
subdivided to account for bark surfaces (some-
times referred to as the dermosphere or caulo-
plane) and internal tissues (endosphere). The
caulosphere is perhaps the least-studied plant
microhabitat, although it hosts diverse communi-
ties that may be critical for plant health and
physiology. Bark and stem tissues can, at least in
some cases, be highly diverse relative to other
above-ground plant parts, and they have unique
compositions that include many pathogenic as
well as mutualistic organisms (Martins et al. 2013;
Leff et al. 2015; Cregger et al. 2018; Vitulo et al.
2019). The bark surface is an extreme habitat for
microbial life, characterized by dry, nutrient-poor
conditions, along with a recalcitrant substrate
composed largely of lignin, cellulose, and hemi-
cellulose (Valentín et al. 2010; Arrigoni et al.
2018). Still, within the complex surface structure
of bark, there are many microsites, such as len-
ticels, that can provide a more favourable habitat
and support diversemicrobial communities (Sivak
and Person 1973; Buck et al. 1998). Furthermore,
both bark and stems serve as stable above-ground
habitats for microbes, as compared to ephemeral
tissues, such as deciduous leaves, flowers, and
fruits. In temperate regions, many pre- and post-
harvest pathogens, such as E. amylovora (causal
bacterium of fire blight), Peltaster fructicola,
Geastrumia polystigmatus, Leptodontium elatus,
and Zygophiala jamaicensis (causal fungi of sooty
blotch),Neofabraea species (causal fungi of bull’s
eye rot), are known to overwinter in bark or twigs
(Turechek 2004). Many commensal or mutualistic
microbes are likely to do the same. These factors

likely contribute to the high microbial diversity in
the caulosphere and make it a key microbial niche
that influences plant health and shapes the
microbial assembly of other above-ground
microhabitats.

The caulosphere of apples has been investi-
gated for many years in the context of canker and
rot diseases, especially E. amylovora, that can
infect both stem and bark tissues (Schroth et al.
1974; Johnson and Stockwell 1998; Wang et al.
2011; Weber 2014). However, we found only
two studies that have investigated the broader
community composition of these tissues using
culture-independent approaches (Table 16.1). Liu
et al. (2018) investigated bacterial and fungal
communities associated with the stem endo-
sphere of different apple genotypes by surface-
sterilizing shoots and removing all bark tissues.
They detected 513 bacterial OTUs from nine
phyla, primarily belonging to Proteobacteria or
Firmicutes. Fungal richness was more than dou-
ble that of bacteria, with 1246 fungal OTUs from
six phyla. These were mostly from the phyla
Ascomycota and Zygomycota, including several
interesting genera, such as Zoophthora, which
includes well-known insect pathogenic species
(Liu et al. 2018). Arrigoni et al. (2018) also
studied the apple caulosphere, but focused on
fungal and bacterial communities in bark tissues.
Fungal communities were largely dominated by
Ascomycota, particularly Auereobasidium,
which accounted for 58–83% of sequences
across young and old bark tissues (Arrigoni et al.
2018). Dominant bacteria included Bacteroidetes
(especially Hymenobacter), Actinobacteria, Pro-
teobacteria, and Deinococcus-Thermus. Addi-
tional studies on the caulosphere will likely
reveal many new taxa and downstream conse-
quences for both apple growth and disease
resistance.

16.2.4 Anthosphere

Flowers are reproductive plant organs that func-
tion primarily to attract insects and other polli-
nators. Although studies of anthosphere
communities have lagged behind those of the
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phyllosphere, it has long been recognized that
flowers harbour microbiota, including pathogens,
beneficial mutualists, and commensal symbionts
(Aleklett et al. 2014; Rebolleda‐Gómez et al.
2019). Flowers are highly ephemeral, but they
provide a more protected and nutrient-rich habi-
tat for microbes than leaves. In some cases,
anthosphere diversity can exceed that of phyllo-
sphere diversity (Ottesen et al. 2013; Wei and
Ashman 2018), though in other cases, the
opposite may be true (Junker et al. 2011). Fur-
thermore, flowers are complex structures, thereby
creating diverse niches for microbes. Microbial
communities can vary substantially among dif-
ferent floral microhabitats, such as petals, stigma,
pollen, or nectar (Pozo et al. 2012; Aleklett et al.
2014; Steven et al. 2018; Rebolleda–Gómez et al.
2019). Similar to leaves, flower communities are
assembled as floral organs emerge, and microbes
may originate from either ad hoc or local reser-
voirs in soils or other plant tissues. Additionally,
flowers are regularly visited by insects that
transport pollen among different flowers and/or
individual plants, and there is good evidence
that both insects and pollen can serve as reser-
voirs for introducing microbes to flowers (re-
viewed in Aleklett et al. 2014). As flowers have
discrete lifespans, and offer relatively pristine
environments at initiation, they provide rare
opportunities for studying assembly of ecological
communities “from scratch” along with ongoing
changes over time in response to changing abi-
otic and biotic conditions, a topic of broad con-
ceptual interest in ecology (Fierer et al. 2010;
Shade et al. 2013b).

Although research is still limited, the apple
has served as an important model system for
studies on the floral microbiome. In particular,
much work has been undertaken to understand
the biology of E. amylovora along with the
ecology of its interactions with its hosts and with
other microbes. Much is known about both the
specific abiotic conditions that facilitate E. amy-
lovora establishment and the potential for other
co-occurring microbes to act as antagonists and
biocontrol agents (Steiner 1990; Johnson and

Stockwell 1998; Bubán and Orosz-Kovács 2003;
Pusey and Curry 2004; Pusey et al. 2009).
Culture-based studies have suggested floral bac-
terial communities are dominated by Proteobac-
teria, especially Pseudomonas, and
Actinobacteria (Pusey et al. 2009), while fungal
communities are dominated by yeasts and yeast-
like organisms, including Aeurobasidium and
Metschnikowia (Ascomycota), as well as Cryp-
tococcus (Basidiomycota) (Pusey et al. 2009;
Vadkertiová et al. 2012).

The first culture-independent study of the
apple flower microbiome was conducted by
Shade et al. (2013a), who investigated temporal
patterns of microbial succession under a man-
agement programme of treating flowers with
streptomycin to control fire blight. They detected
a total of 1,677 OTUs (97% similarity) from 13
phyla, and found that members of the Saccha-
ribacteria, formerly designated as phylum TM7,
and Deinococcus-Thermus were predominant.
Furthermore, they identified distinct successional
communities that develop in a predictable man-
ner as flowers age (Shade et al. 2013a). Addi-
tional studies by Steven et al. (2018) and most
recently by Cui et al. (2020) reported that com-
munities were dominated by Proteobacteria,
especially Pseudomonas, and several genera of
Enterobacteriaceae (Table 16.1). Steven et al.
(2018) compared communities across different
floral tissues and found the highest taxonomic
richness in petals (1274 OTUs at 97% similar-
ity), followed by receptacles (1023 OTUs), sta-
mens (790 OTUs), and stigmas (434 OTUs). To
date, the most extensive sampling of the apple
floral microbiome was reported by Cui et al.
(2020), who sequenced 140 samples that asses-
sed temporal succession, spatial variation, and
the effects of inoculation by E. amylovora.
Although this study focused only on stigmas, it
detected a total of 46,809 amplicon sequence
variants (ASVs) from 24 phyla (averaging 222
per sample), suggesting that the floral micro-
biome is highly diverse and variable in space and
time.
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16.2.5 Carposphere

In most plant systems, studies of the fruit
microbiome have lagged behind those focused on
leaves and flowers. However, the carposphere
represents an exciting frontier for improving our
basic understanding of plant–microbe interac-
tions and developing innovative agricultural
practices (Shade et al. 2017; Nelson 2018; Droby
and Wisniewski 2018). Natural selection has
produced fleshy fruits, such as apples, as a
nutritional reward to attract seed-dispersing ani-
mals, but these same rewards also attract and
support diverse microbial communities (Howe
and Smallwood 1982; Cipollini and Stiles 1992;
Tewksbury 2002; Whitehead et al. 2016). Further
selection during crop domestication has pro-
duced fruits that are larger in size, more nutrient-
rich, and lower in chemical defences against
pests and pathogens (Meyer et al. 2012; White-
head et al. 2017; Whitehead and Poveda 2019).
As a result, domesticated fruits represent a
resource-rich habitat for microbes. Furthermore,
as fruits are harvested organs of many crops,
fruit-microbe interactions directly affect fruit
production economics and human health. Similar
to flowers, fruits are complex organs composed
of distinct tissues that provide unique habitats for
microbes, including the seed (embryo, endo-
sperm, and seed coat) and pericarp (endocarp,
mesocarp, and exocarp). Microbes may either
colonize any of these tissues as endophytes, or
they may colonize fruit surfaces as epiphytes. Of
the distinct tissues in fruits, the seed microbiome
has received the most interest in plants due to its
relevance for plant fitness and its potential
importance for vertically transmitted microbes
(Shade et al. 2017; Nelson 2018). The seed
community and several other fruit tissues have
been shown to share many taxa with floral
communities (Compant et al. 2011; Mitter et al.
2017), suggesting that the floral microbiome
provides an initial source of inoculum for
developing fruits. However, fruits are much
longer-lived than flowers, and many other
microbes may colonize fruits during develop-
ment. Little is known about processes that shape

community assembly and succession during fruit
development.

As with other plant organs, studies of fruit-
associated microorganisms in apple have been
largely focused on pathogenic microbes of eco-
nomic importance and on natural antagonists that
could be used as biological control agents (Tur-
echek 2004; Droby et al. 2016). Many pre-harvest
pathogens colonize both external surfaces and
internal tissues of fruits, resulting in significant
economic losses (Grove et al. 2003; Turechek
2004). Classic microbiological studies of these
diseases have provided an important foundation
for understanding the broader fruit microbiome.
For example, sooty-blotch flyspeck is a common
disease that affects the waxy layer of fruit sur-
faces. Previously, it was thought that this disease
was caused by two co-occurring pathogens,
Gloeodes pomigena (sooty blotch) and Schi-
zothyrium pomi (flyspeck). However, culture-
based studies have identified more than 60 fungal
species associated with this disease, requiring a
paradigm shift in our understanding of its epi-
demiology and control (Gleason et al. 2011).
Several of the fungi detected along the fruit sur-
face or found within the fruit are also responsible
for causing significant economic losses after
harvest. Major post-harvest diseases caused by
fruit pathogens include blue mould (Penicillium
spp.), grey mould (Botrytis cinerea), bitter rot
(Colletotrichum gloeosporioides), and bull’s eye
rot (Neofabrea spp.) (Jijakli and Lepoivre 2004;
Henriquez et al. 2004). Other microbes resident
on the fruit surface, both pre- and post-harvest,
have been isolated and studied for their potential
beneficial role(s) in reducing disease severity by
directly interacting with pathogens or inducing
host resistance (Droby et al. 2016; Wisniewski
et al. 2016). As we continue to learn more about
the diversity and composition of the apple
microbiome, it is likely that many other taxa will
be discovered that either decrease (pathogen
antagonism) or increase (pathogen facilitation)
severity of fruit diseases (Busby et al. 2017).

A growing number of studies have used high-
throughput amplicon sequencing to study the
apple fruit microbiome (Table 16.1). The first

350 S. R. Whitehead et al.



was Leff and Fierer (2013), who evaluated bac-
terial communities associated with apples and
other fresh produce in supermarkets and detected
high levels of taxonomic richness with commu-
nities dominated by Proteobacteria. This pattern
has been confirmed in subsequent studies (Vep-
štaitė-Monstavičė et al. 2018; Wassermann et al.
2019b; Abdelfattah et al. 2020, 2021). Fungal
communities associated with apple fruit were
first reported by Abdelfattah et al. (2016) who
also focused on fruit at the consumer point-of-
purchase. They demonstrated high levels of
fungal diversity, including 1,591 OTUs from
four phyla, dominated by Ascomycota. Further-
more, they also detected major differences in
fungal communities across different fruit micro-
habitats, including the calyx-end, stem-end, and
equatorial zone. Penicillium was the most abun-
dant group in the fruit equatorial region, while
Alternaria was more abundant in calyx- and
stem-end samples (Abdelfattah et al. 2016).
Recently, it was further confirmed that fruit
microhabitat may be one of the most important
drivers of composition for both bacteria and
fungi (Wassermann et al. 2019b; Abdelfattah
et al. 2020, 2021; Meakem et al. 2020), along
with the specific orchard or site of fruit harvest
(Vepštaitė-Monstavičė et al. 2018; Shen et al.
2018; Abdelfattah et al. 2021). In addition to
these differences in composition, tissues might
also differ in the total abundance of microbes
harboured. Wasserman et al. (2019b) provided
quantitative assessments of bacterial abundance
across tissues, and estimated that the apple stem
and seeds carried the highest numbers of bacte-
rial cells (Wassermann et al. 2019b), but these
tissues have been under-investigated in apple
relative to the fruit surface.

Most recently, a global analysis of the
microbiome of ‘Royal Gala’ apples at harvest
maturity was conducted to assess whether apple
fruits possess a core microbiome shared across
regions, climates, and management regimes
(Abdelfattah et al. 2021). This effort involved the
participation of plant pathologists in various
apple production regions, including the United
States (West Virginia, New York, and Wash-
ington State), Canada (Ontario and New

Brunswick), Uruguay, Israel, Turkey, Italy,
Spain, and Switzerland. Altogether, 504 samples
were analyzed from 21 sites with eight replicate
trees per site and three fruit microhabitats (stem-
end, calyx-end, and equatorial region). Taxa
present in at least 75% of samples were consid-
ered part of the core microbiome, consisting of
two bacterial genera (Sphingomonas and
Methylobacterium) and six fungal genera (Aure-
obasidium, Cladosporium, Alternaria, Filoba-
sidium, Vishniacozyma, and Sporobolomyces).
Two fungal genera, Aureobasidium and Cla-
dosporium, were the most prevalent, occurring in
up to 96% of samples. These core taxa repre-
sented only a small subset of the microbial
diversity detected globally in apple fruit, which
included a total of 558 bacterial and 822 fungal
genera (Abdelfattah et al. 2021). Although many
fewer taxa were identified as part of a core
microbiome in apples compared to other
plants (Xu et al. 2018; Abdelfattah et al. 2021),
this information provides a critical starting point
for the development of biological strategies
for disease management that are consistently
effective across sites and regions (Toju et al.
2018).

As technologies have advanced, studies of the
fruit microbiome have also moved beyond
composition and diversity to further explore the
metagenome and describe the microbiome func-
tion. Recently, Angeli et al. (2019) used a shot-
gun metagenomic sequencing approach to
taxonomically and functionally characterize
bacterial and fungal communities present on
surfaces of apple cv. ‘Pinova’, collected from an
organic orchard in Belgium, with a particular
interest in biocontrol agents. Taxonomic assign-
ment with MG-RAST (Metagenomics Rapid
Annotation using Subsystem Technology; Meyer
et al. 2008) confirmed that fungal communities
were dominated by Ascomycota, and bacterial
communities were dominated by Bacteroidetes,
followed by Firmicutes, and then Proteobacteria
(Angeli et al. 2019). Moreover, gene function
was annotated using both MG-RAST (Meyer
et al. 2008) and Integrated Microbial Genomes
with Microbiome Samples (IMG/M) systems
(Chen et al. 2017), but most genes (>70%) could
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not be annotated. Nevertheless, 65 genes related
to biocontrol were identified, though many were
assigned to known pathogenic species (Angeli
et al. 2019). The power of this approach will
likely increase dramatically with increasing
numbers of annotated sequences deposited in
databases.

16.3 Factors Influencing Spatial
and Temporal Variation
in Community Structure

A complex suite of factors drives variation in
plant microbiome diversity and composition.
These include host factors such as genotype,
phytochemical composition, and other functional
traits (Köberl et al. 2013; Kembel et al. 2014; van
Dam and Bouwmeester 2016; Wagner et al.
2016), microbial community processes, such as
competition and facilitation (Agler et al. 2016;
Hassani et al. 2018), as well as abiotic factors,
such as climate, season, soil type, nutrient
availability, and pest management practices
(Schreiter et al. 2014; Haesler et al. 2014; San-
chez–Barrios et al. 2017; Fitzpatrick et al. 2018;
Timm et al. 2018). Communities may vary in
time during plant or plant organ development
(Shade et al. 2013b; Chaparro et al. 2014;
Wagner et al. 2016; Arrigoni et al. 2018), or even
throughout the day based on the circadian clock
of the plant (Hubbard et al. 2018). Furthermore,
these many factors may interact in complex ways
to shape communities. For example, it has been
demonstrated that host genotype and abiotic
factors shape Arabidopsis microbial communities
by interacting with “hub” taxa—strongly inter-
connected taxa that have cascading effects on
other members of the microbial community
(Agler et al. 2016). As of now, we still have a
limited understanding of the major drivers of
community structure in the apple microbiome.
However, as sequencing costs continue to drop
and new bioinformatics tools become available,
more broad-scale sampling efforts are allowing
us to assess variation in the apple microbiome at
multiple spatial and temporal scales. In this

section, we discuss four interrelated factors that
are likely to be critical in shaping the apple
microbiome structure. These include host geno-
type, domestication, phytochemical composition,
and pest management practices.

16.3.1 Genotype Effects

The extent to which plant microbiome compo-
sition is, in part, determined by plant genotype is
of considerable interest to both evolutionary
biologists and plant breeders, as this determines
the potential for selection to act on the combined
plant and microbial genome, that is, the holo-
biont (Zilber-Rosenberg and Rosenberg 2008;
Vandenkoornhuyse et al. 2015; Douglas and
Werren 2016; Rosenberg and Zilber-Rosenberg
2018). Strong host genotype effects on the
microbiome have been reported in apple (Liu
et al. 2018; Arrigoni et al. 2018; Van Horn and
Mazzola 2019), poplar (Bálint et al. 2013), wild
mustard (Wagner et al. 2016), sunflower (Leff
et al. 2017), and pine (Pérez–Izquierdo et al.
2017; Gallart et al. 2018). In other cases, host
genotype may have only weak effects (Weinert
et al. 2010). Host genotype effects on the
microbiome may be driven either by particular
suites of host traits that act as filters of environ-
mental communities or by vertical transmission
of microbes during sexual (parent to seed) or
asexual (vegetative) reproduction.

In domesticated apples, trees are vegetatively
propagated by grafting/budding, and the micro-
biome may be shaped by both the rootstock and
scion genotypes. The rootstock genotype has
repeatedly been shown to shape recruitment and
ultimate composition of the rhizosphere and the
root endophytic microbiome (St. Laurent et al.
2010; Liu et al. 2018; Wang and Mazzola 2019a;
Deakin et al. 2019). For instance, in an orchard
field trial, the rhizosphere bacterial community
structure differed between ‘Gala’/Geneva (G.) 41
and ‘Gala’/Malling (M.) 26 trees (Wang and
Mazzola 2019a). In addition to rhizosphere
communities, the root endophytic microbiome
can differ among apple rootstock genotypes
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when planted in the same orchard soil (Van Horn
and Mazzola 2019). Specifically, Geneva series
rootstocks (G.41 and G.890) were found to differ
from one another and from those of Malling
series (M.9 and M.26), but Malling series root-
stocks were similar to one another (Van Horn
and Mazzola 2019).

In some, but not all, cases, microbiomes of
above-ground tissues have also been shown to
differ based on both scion and rootstock geno-
types. Arrigoni et al. (2018) found differences in
community composition between ‘Golden Deli-
cious’ and ‘Gala’ cultivars for both bacteria and
fungi. However, Steven et al. (2018) found no
differences in floral bacterial communities among
‘Braeburn’, ‘McIntosh’, and ‘Sunrise’ apples.
Thus, the strength of host genotypic effects may
vary across different tissues or different microbial
taxa. Recently, Liu et al. (2018) compared bac-
terial and fungal stem endophyte communities
among three scion cultivars (‘Royal Gala’,
‘Golden Delicious’, and ‘Honeycrisp’) grafted
onto two rootstocks (M.9 and M.111), as well as
of shoots of ungrafted rootstocks. Although no
clear host genotype effects were detected for the
bacterial community, their findings suggest that
both rootstock and scion genotypes can influence
fungal community composition, with the highest
differences attributed to scion genotypes (Liu
et al. 2018; Fig. 16.2a). Interestingly, the com-
position of fungal microbiota of ‘Golden Deli-
cious’ and ‘Royal Gala’ was similar, but the
community associated with 'Honeycrisp' was
distinctly different from the other two cultivars.
These findings may be explained by the relative
genotypic relatedness of ‘Royal Gala’ and
‘Golden Delicious’ compared to that of ‘Hon-
eycrisp’ (Fig. 16.2b). Based on these preliminary
findings, a more comprehensive analysis of the
relationship between apple genotypes/pedigrees
and endophytic fungal microbiomes is currently
in progress, wherein endophytic microbes are
being characterised from several apple progenitor
species and apple evolutionary clusters.

Host plant genotypes can interact in complex
ways with the environment to shape both host
plant phenotypes and microbiome compositions
(Leon et al. 2016; Wagner et al. 2016;

Hewavitharana and Mazzola 2020). For instance,
Wang and Mazzola (2019b) found that apple
rootstock genotypes vary in their abilities to
recruit beneficial microbial constituents to the
rhizosphere from a soil microbiome specifically
modified via applications of bioactive soil
amendments. However, there are limited studies
on how genotype � environment interactions
shape the apple microbiome. This is likely due,
in part, to sequencing costs as these studies
require large enough sample sizes to effectively
disentangle complex interactions. With advances
in technology, these large-scale studies are now
becoming more feasible. Our ongoing research
aims to assess how genotypes interact with pest
management practices to shape the microbiome
using a large experimental orchard with repli-
cated mixed-cultivar blocks. Additional work in
this area will improve our fundamental under-
standing of host-microbiome interactions while
helping to optimize the design of management
practices to account for host genotype effects.

16.3.2 Domestication

Throughout the history of agriculture, humans
have, mostly inadvertently, altered the plant
microbiome. In natural ecosystems, selection
favours plants that support a beneficial micro-
biome; however, during domestication, many of
these selective pressures are removed (Van-
denkoornhuyse et al. 2015; Pérez-Jaramillo et al.
2016; Wallenstein 2017; Hassani et al. 2018).
Apples were originally domesticated from wild
populations of Malus sieversii (Lbd.) Roem
native to the Tian Shan mountains of Central
Asia. Cultivated apples travelled west along the
Silk Road trading routes and came into contact
with several other wild species, including M.
sylvestris, M. orientalis, and M. baccata that
made secondary contributions to the gene pool of
modern apples (Cornille et al. 2014). Domesti-
cation has greatly altered fruit quality traits,
including sugar and acid content (Khan et al.
2014; Ma et al. 2015), and has reduced both
concentration and diversity of phenolic metabo-
lites (Whitehead and Poveda 2019). However,
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these traits were historically highly variable
among apple cultivars. Although most crops
experience extreme genetic bottlenecks during
domestication, a relatively high genetic diversity
was initially maintained in the cultivated apple,
perhaps due to its mating system, which requires
outcrossing and regional variations in tastes and
uses (Cornille et al. 2012). However, genetic
diversity has markedly declined in recent decades
due to the low numbers of cultivars selected for
modern global markets based on productivity,
size, texture, disease resistance, and storability
(Khan et al. 2014; Cornille et al. 2014).

To our knowledge, there are no studies that
have specifically assessed the role of domesti-
cation in shaping the apple microbiome. How-
ever, we do know that domestication greatly
alters plant phenotypes, such as chemical
defences, that shape plant-biotic interactions
(Meyer et al. 2012; Whitehead et al. 2017;
Whitehead and Poveda 2019). Moreover, there is
accumulating evidence in other crops that
domestication and modern breeding have con-
tributed to complex shifts in plant microbiome
structure (Bulgarelli et al. 2015; Leff et al. 2017;
Pérez-Jaramillo et al. 2017). A meta-analysis of
the effects of domestication on bacterial com-
munities revealed a broad pattern wherein wild
plants are more enriched in Actinobacteria and
Proteobacteria, while domesticated crops are
more enriched in Bacteroidetes (Pérez-Jaramillo
et al. 2018). Considering the long evolutionary
history of plant–microbe interactions, wild
ancestors of crops may serve as important
resources for the discovery of beneficial
microbes that can help improve the performance
and stress tolerance of modern cultivars (Berg
and Raaijmakers 2018). Thus, future studies
should seek to characterize the diversity associ-
ated with wild apples and understand how the
process of domestication and modern breeding
have shaped the structure and function of the
apple microbiome.

16.3.3 Host Plant Chemistry

The phytochemical profile of plants is undoubt-
edly a key factor shaping microbiome composi-
tion, and may provide much of the mechanistic
underpinning behind demonstrated genotype and
domestication effects. Phytochemicals are key in
shaping biotic interactions, as they are present in
all plant organs/tissues, and they can function to
attract, reward, deter, kill, or modulate consumer
physiology (Dicke and Takken 2006). Moreover,
phytochemicals are responsible for conferring
characteristic odours, flavours, and colours for
different plant species and cultivars and have
important health consequences for humans. In
fact, many of the health benefits of a plant-rich
diet are attributed to antioxidant and free-radical
scavenging activities of phytochemicals (Dillard
and German 2000; Wang et al. 2014). Studies of
the rhizosphere have provided strong evidence
that the phytochemical composition of root
exudates is one of the most important factors
shaping the composition of rhizosphere com-
munities (Bais et al. 2006; Sasse et al. 2018).
Root exudates include small molecules, such as
sugars, amino acids, organic acids, phenolics,
and other secondary metabolites, as well as high-
molecular-weight compounds such as polysac-
charides (mucilage) and proteins (Bais et al.
2006). These molecules provide a carbon source
that fuels microbial activity and can also specif-
ically function as signalling (Venturi and Keel
2016) and/or defence compounds (Baetz and
Martinoia 2014). Above-ground, it is well-
known that phytochemistry influences patterns
of pathogen incidence and increasing evidence
suggests it may also influence the broader
microbial community (Pusztahelyi et al. 2015;
Aizenberg-Gershtein et al. 2015).

Apples are rich in several groups of phyto-
chemicals, including phenolics, a large class of
compounds with diverse consequences for ecol-
ogy and human health, as well as volatile organic
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compounds that are essential determinants of
flavour and also have numerous ecological roles
(Lee et al. 2003; Natale et al. 2003; Piskorski and
Dorn 2010; Zhang et al. 2010a; Cuthbertson
et al. 2012). The composition of these com-
pounds in various apple tissues and exudates are
known to depend highly on both scion and
rootstock genotypes (Holderbaum et al. 2014;
Kviklys et al. 2015; Leisso et al. 2017, 2018;
Whitehead and Poveda 2019) and may also
change substantially in response to insect and
microbial interactions (Dangl and Jones 2001;
Kessler and Baldwin 2002; Chisholm et al. 2006;
Whitehead and Poveda 2011). In the apple rhi-
zosphere, roots exude a diverse group of phe-
nolics, especially the dihydrochalcones phloretin
and phloridzin (Hofmann et al. 2009; Leisso
et al. 2017, 2018). These compounds are more
abundant in trees affected by apple replant dis-
ease, particularly during the early onset of dis-
ease symptoms (Hofmann et al. 2009).
Furthermore, several bacteria and fungi are
known to degrade these and related compounds
(Jayasankar et al. 1969; Zhang et al. 2010b;
Huang et al. 2013), suggesting that phenolic root
exudates may play a key role in shaping both
trophic structure and community composition of
the apple rhizosphere. Aboveground, phenolic
diversity in apple fruits is correlated with fungal
endophyte diversity (Meakem et al. 2020), and
further efforts are underway to explore the
complex relationships between the apple meta-
bolome and microbiome. The complex feedback
loops through which chemistry may affect the
microbial composition, and vice versa, render the
causal nature of these relationships difficult to
decipher. However, technologies such as axenic
plant propagation (Leisso et al. 2018) or the
production of transgenic trees with altered
metabolism (Li et al. 2018) provide opportunities
to study the role of host plant chemistry as a key
mechanistic link shaping plant–microbe
interactions.

16.3.4 Agricultural Practices

Plant cultivation reduces competition, stabilizes
water regimes, and decouples the process of
decomposition from plant growth by removing
organic matter and detritus from fields. Since the
development of the Haber–Bosch process, we
have dramatically altered the way in which cul-
tivated plants access nitrogen, often a major
limiting factor for growth. Cultivated plants are
also treated with pesticides, biocontrol agents,
and various amendments to reduce damage from
insect and microbial pests. These practices likely
have major consequences for plant–microbe
interactions (Yeoh et al. 2016; Turcotte et al.
2017; Wallenstein 2017; Hartman et al. 2018).

Apples are attacked by numerous insects and
pathogens, and they require intensive manage-
ment to produce marketable fruit (Beers et al.
2003; Grove et al. 2003; Turechek 2004).
Although pest management practices often target
specific microbial pathogens that are causal
agents of disease, these practices are also likely
to affect the broader microbial community,
including many commensal or mutualistic
organisms (Walter et al. 2007). As many non-
pathogenic microbes may either interact with
pathogens or serve as biocontrol agents (Droby
and Wisniewski 2018), understanding the
impacts of pest management practices on the
microbiome is critical for improving the sus-
tainability of apple production.

Several studies have suggested that there are
large differences in microbial communities
between apple trees managed with organic versus
conventional systems (Purin et al. 2006; Ottesen
et al. 2009; Leff and Fierer 2013; Abdelfattah
et al. 2016; Wassermann et al. 2019b), though this
might not be a universal pattern (Ottesen et al.
2016). The most extensive sampling was con-
ducted by Ottesen et al. (2009), who collected
samples at six-time points from an experimental
orchard with replicated organic and
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conventionally managed blocks. Epiphytic bac-
terial communities were washed from pooled leaf
and fruit samples, and community composition
was assessed using clone libraries of 16S rRNA
sequences. They found differences in community
composition between conventional and organic
blocks at four of the six-time points (Ottesen et al.
2009). Notably, samples from the same experi-
mental site that were collected in subsequent
years and analyzed using amplicon sequencing
did not reveal any consistent differences between
conventional and organic treatments (Ottesen
et al. 2016). This suggested the relative impor-
tance of management systems versus other factors
in shaping the apple microbiome might be
context-dependent and variable over time. Other
studies have focused on differences between
organic and conventional fruits at the consumer
point-of-purchase and have found differences in
community composition of both bacterial (Leff
and Fierer 2013) and fungal communities
(Abdelfattah et al. 2016). These studies demon-
strate the potential effects of different production
and processing systems on the microbial com-
munity. However, the mechanisms behind these
effects remain unclear due to wide variations in
specific management practices both within and
across organic and conventional systems. Fur-
thermore, post-harvest variables might contribute
to differences in the fruit microbiome at the
consumer point-of-purchase, including post-
harvest sanitation practices, storage, supply
chain, or handling practices at stores. Thus, there
is much more to learn about the key drivers of
microbial community composition in orchard
environments and harvested fruits.

Several studies have investigated whether or
not the antibiotic streptomycin, commonly used
to control E. amylovora, can alter the apple
microbiome. Unexpectedly, these studies have
not detected any effect of streptomycin on bac-
terial communities associated with leaves, flow-
ers, or soil (Yashiro and McManus 2012; Shade
et al. 2013a, b; Walsh et al. 2014). In a study
employing both culture-dependent and culture-
independent techniques, Yashiro and McManus
(2012) reported that streptomycin applications in
apple orchards do not have long-term effects on

the diversity or phylogenetic composition of
phyllosphere bacterial communities. Surpris-
ingly, the proportion of cultured bacteria resistant
to streptomycin was lower in orchards with a
history of streptomycin exposure than in non-
exposed orchards. It is suggested that this unex-
pected finding may be attributed to the higher
abundance of both Sphingomonas and Pseu-
domonas in non-exposed orchards, as these
genera are known to have high levels of stable,
intrinsic, or acquired resistance to streptomycin
regardless of exposure (Yashiro and McManus
2012).

In another study, Shade et al. (2013b) com-
pared bacterial community composition and
succession on apple flowers that were either
treated with streptomycin or controls. Although
flowers treated with streptomycin had slightly
lower phylogenetic diversity, they did not differ
in overall community structure or succession
compared to untreated flowers. Most recently,
Walsh et al. (2014) reported that there were no
differences in rhizosphere bacterial communities
as a result of streptomycin applications across
three experimental orchards in Switzerland.
Furthermore, Duffy et al. (2014) provided quan-
titative analysis of the presence of antibiotic
resistance genes in flower, leaf, and soil micro-
bial communities from the same orchards and
detected no effects of streptomycin use on the
evolution of antibiotic resistance.

Collectively, the above-mentioned studies
suggest that some major components of the apple
microbiome may be surprisingly stable to dis-
turbances caused by antibiotic use, though there
is much more to learn about the context-
dependency of these effects as well as the
extent to which stability is due to resistance (a
lack of sensitivity to disturbance) versus resi-
lience (a quick recovery following a disturbance)
(Shade et al. 2012b).

In addition to the effects of pre-harvest man-
agement practices on the microbiome, post-
harvest treatments of fruits can substantially
alter the fruit microbiome. Abdelfattah et al.
(2020) evaluated the effects of apple fruit wash-
ing, waxing, and cold-temperature storage on
bacterial and fungal compositions associated
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with different fruit tissues (stem-end, calyx-end,
and equatorial region). They found a decrease in
diversity along with marked differences in com-
munity composition following either washing or
washing-waxing of fruits. The composition was
also highly affected by storage time over a period
of six months, and there were highly significant
two- and three-way interactions among tissue,
treatment, and time. These findings suggested
that post-harvest practices had major effects on
the microbiome associated with fruits, and
therefore they might influence the effectiveness
of any post-harvest chemical or biological con-
trol of pathogens.

Applications of commercial fruit waxes on
apple have also been shown to affect the survival
of food-borne pathogens infecting humans in
various ways, including increased survival of
Listeria (Macarisin et al. 2019), but with
decreased survival of both Escherichia coli and
Salmonella (Kenney and Beuchat 2002). Thus,
an improved understanding of the functional
consequences of post-harvest treatments for fruit
microbiome structure will provide new opportu-
nities to both improve food safety and control
major post-harvest diseases associated with eco-
nomic losses.

16.4 Consequences
of the Microbiome for Plant
Health

The significance of the plant and soil microbiome
as determinants of agricultural ecosystems’
overall health and productivity is well recognized
(Berendsen et al. 2012; Stone et al. 2018).
Belowground, the rhizosphere and root endo-
sphere contribute significantly to plant health
status by directly influencing growth or devel-
opmental processes (Bonkowski and Brandt
2002; Molina-Favero et al. 2008; Panke-Buisse
et al. 2015; Santoyo et al. 2016), enhancing
nutrient uptake or availability (Oldroyd 2013;
Alegria Terrazas et al. 2016), and reducing abi-
otic or biotic stress (Tanaka et al. 2005;
Zamioudis and Pieterse 2011; Raaijmakers and
Mazzola 2016; Lata et al. 2018; Caddell et al.

2019). The historical study of disease suppres-
sive soils has also provided clear insights into the
role of the rhizosphere soil microbiome in lim-
iting the development and severity of soil-borne
plant diseases (Raaijmakers and Mazzola 2016).
Aboveground, there is increasing evidence that
the microbiome associated with both leaves and
other above-ground organs can also modulate
plant growth and nutrient acquisition and play a
key role in plant defence against major pests and
pathogens (Vorholt 2012; Compant et al. 2019).
Overall, the microbiome has major consequences
for crop yield and quality of harvested organs
(Saminathan et al. 2018; Rho et al. 2020), the
risks of food-borne pathogens (Berg et al. 2014;
Macarisin et al. 2019), and the likelihood of post-
harvest food loss (Buchholz et al. 2018; Droby
and Wisniewski 2018).

Investigation of the apple rhizosphere and root
endosphere has served as an important model for
understanding the role of the microbiome in plant
health, particularly with regard to disease sup-
pression. Evidence suggests that the apple rhi-
zosphere microbiome functions as an initial
barrier to apple root infection by soil-borne
pathogens, such as those associated with apple
replant disease, through either direct pathogen
suppression (Weerakoon et al. 2012) or induction
of host defence responses (Zhu et al. 2016). In
addition, the rhizosphere microbiome includes
mycorrhizal fungi and growth-promoting bacte-
ria that enhance uptake of nutrients and influence
root development (Covey et al. 1981; Resendes
et al. 2008; Dohroo et al. 2014). For instance,
plant growth stimulation by Azospirillum brasi-
lense, a diazotroph commonly recovered from
the apple rhizosphere soil and associated micro-
flora (Cohen et al. 2004), has been attributed to
both promotion of lateral root development and
enhanced levels of plant-available nitrogen
(Dobbelaere et al. 2003). Those microbes that
can colonize root tissues as endophytes may have
even broader consequences for tree physiology.
Rho et al. (2020) found that inoculation of apple
trees with select endophytes resulted in decreased
stomatal density, delayed leaf senescence, and
increased lateral root biomass for trees growing
under poor nutrient conditions. Notably, they
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also observed significant increases in both fruit
glucose content and biomass, emphasizing the
systemic effects that endophytes may have on
developmental processes across plant organs.

Although most studies documenting conse-
quences of the microbiome for apple tree health
have focused on below-ground communities,
several studies have investigated links between
the microbiome of above-ground organs and
plant physiology or disease status. For example,
several epiphytic yeasts from fruit surfaces that
have been evaluated for use as biocontrol agents,
including Rhodotorula glutinis and Aureobasid-
ium pullulans, are known to cause apple russet
when applied on fruits (Matteson Heidenreich
et al. 1997; Gildemacher et al. 2006). The
capability of yeast isolates to persist on fruit
surfaces and cause russet may be determined by
cutinase activity, which could disrupt the fruit
cuticle and facilitate both epiphytic survival and
phytotoxin production responsible for epidermal
cell death (Matteson et al. 1995; Matteson Hei-
denreich et al. 1997). Another recent study on the
apple flower microbiome investigated links
between the floral microbiome and E. amylovora
infection (Cui et al. 2020). They observed sig-
nificant shifts in the community composition of
flowers in response to E. amylovora inoculations,
with high abundance of these bacteria developing
on stigmas of almost all inoculated flowers.
However, only 42% of inoculated flowers
developed disease symptoms (Cui et al. 2020).
Although they were unable to definitively link
variation in disease development to the broader
microbiome community structure, the pattern of
low disease incidence despite high pathogen
abundance suggests that disease development is
the result of complex interactions between
microbial communities and host-level factors,
such as chemical defences and disease tolerance
(Pusey et al. 2009; Medzhitov et al. 2012; Cui
et al. 2020).

Microbes may also interact with major insect
pests of apples to determine plant health. For
example, the attractiveness of apple fruits to
codling moth, a worldwide pest, depends on fruit

colonization by Metschnikowia yeasts (Witzgall
et al. 2012). Such yeasts are suggested to act as
codling moth mutualists by decreasing mould
incidence in feeding tunnels of larvae, thereby
decreasing larval mortality (Witzgall et al. 2012).
Thus, the use of yeasts as biocontrol agents
against the disease should be evaluated within
the context of potential unintended increases in
codling moth susceptibility. In one case, apply-
ing a yeast biocontrol agent against powdery
mildew resulted in increased codling moth
oviposition (Alaphilippe et al. 2008). In general,
these intricate feedback loops among the micro-
biome, host plant, and other community mem-
bers, such as insect herbivores and pollinators,
are likely ubiquitous. However, we still have a
limited understanding of the cascading conse-
quences of plant–microbe interactions.

16.5 Manipulating the Microbiome
to Improve Sustainability
of Orchard Ecosystems

As we expand our knowledge of the structure
and function of the microbiome, there are wide
opportunities to shape and engineer communities
that will increase the sustainability of agricultural
systems (Busby et al. 2017; Wallenstein 2017).
In fact, extending our management systems to
include the microbiome will likely be one of the
most transformative agricultural advances of the
twenty-first century (APS 2016). To date, how-
ever, effective management of the microbiome in
a manner that yields consistent and predictable
plant responses has largely remained elusive.
Different strategies for microbiome management
all aim to increase the yield and quality of har-
vested products and/or increase resistance to
pests and pathogens. Generally, these strategies
can be divided into at least three broad cate-
gories: (1) inoculations with beneficial microbes
(Jones et al. 2007; Berg 2009; Trabelsi and
Mhamdi 2013; Coleman-Derr and Tringe 2014);
(2) environmental/resource manipulation to alter
microbiome structure and function (Bakker et al.
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2012; Raaijmakers and Mazzola 2016); and
(3) breeding or gene editing of plant traits to alter
microbiome structure and improve the function
of the holobiont (Bakker et al. 2012; Nogales
et al. 2016). Thus far, efforts to manipulate the
microbiome in apple have focused on the first
two of these categories. Here, we briefly review
these efforts and the challenges involved.

16.5.1 Microbial Inoculations
for Enhanced Plant
Growth and Disease
Resistance

Perhaps the most obvious strategy to manipulate
the microbiome is direct inoculation with
microorganisms that can increase the yield or
quality of harvested products (i.e., biostimulants;
du Jardin 2015). The application of microbial
inoculants to improve either growth or manage
apple diseases has long been explored, but
examples of successful adoption in commercial
plant production systems are limited. A long-
acknowledged limitation of inoculants is the
inconsistent ability of beneficial microbes to
establish, persist, or achieve the same functional
outcome in complex field environments (Sundin
et al. 2009). However, opportunities may be
identified that will enable effective use of such
inoculants as advances are made in
formulating/designing conditions optimal for
their activities.

Several studies in apples have demonstrated
increased growth following soil inoculations with
either specific growth-promoting bacteria or
mycorrhizal fungi (Mosa et al. 2016; Rho et al.
2020). Plant growth-promoting bacteria include
strains of Pseudomonas, Aztobacter, Bacil-
lus, and Burkholderia (Aslantaş et al. 2007;
Khosravi et al. 2009; Kurek et al. 2013). Many of
these organisms likely improve growth by pro-
ducing phytohormones that directly increase
plant growth, such as indole acetic acid
(IAA) and cytokinin (Aslantaş et al. 2007;
Kumar et al. 2015). Various bacteria and myc-
orrhizal fungi also improve growth by increasing
the availability of soil nutrients or associating

with roots to enhance nutrient uptake (Covey
et al. 1981; Fortuna et al. 1996; Sharma et al.
2002; Yang et al. 2014). Although soil inocula-
tions can provide clear benefits, their effective-
ness can be highly variable and depend on plant
genotype (Aslantaş et al. 2007). Inoculations
with consortia, rather than individual strains, may
be one approach to improve the survival and
resilience of the inoculum and increase its
effectiveness (Grzyb et al. 2012; Woo and Pepe
2018; Rho et al. 2020). For example, Rho et al.
(2020) used a mixture of nine endophytes with
known growth-promoting properties from wild
cottonwood and willow trees to inoculate ‘Hon-
eycrisp’ apple trees. These inoculations
decreased stomatal density, delayed leaf senes-
cence, increased lateral root biomass, increased
trunk width, and increased fruit size and sugar
content, thereby highlighting the broad potential
downstream consequences of plant–microbe
interactions for plant growth and fruit quality.

Microbial inoculations have also been widely
investigated in apples as biocontrol agents
against below-ground pathogens (Mazzola and
Freilich 2017), including crown and root rots and
apple replant disease (Turechek 2004; Mazzola
and Manici 2012). In general, these efforts have
focused on a relatively small set of organisms,
including the biocontrol fungi Trichoderma and
Gliocladium (Smith et al. 1990; Roiger and Jef-
fers 1991; Singh et al. 2017) and bacteria such as
Bacillus, Rhizobium, Enterobacter, and Pseu-
domonas (Utkhede 1987; Kawaguchi et al. 2012;
Ju et al. 2014; Singh et al. 2017; Sharma et al.
2017). Although inoculations with single bio-
control strains often show promise in initial tri-
als, these strategies have often failed under
variable field conditions. This may be due largely
to the complex aetiology of soil-borne diseases
such as apple replant disease, the causal agents of
which are often variable from site to site (Maz-
zola and Manici 2012).

The efficacy of inoculants may improve as we
increase our knowledge of how plant genotypes
shape associations with potentially beneficial
microbial inoculants. For instance, the apple
rootstock G.41 supports a significantly greater
abundance of the disease suppressive bacterium
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Bacillus megaterium in the root endosphere than
M.9 rootstock (Zheng and Sinclair 2000; Van
Horn and Mazzola 2019). Success may also be
improved with the development of consortia of
microbial communities that are more multi-
functional and resilient or with the combination
of inoculations with manipulation of the soil
habitat (e.g., anaerobic soil disinfestation or
Brassica seed meal amendments; see below) to
selectively favour persistence of an introduced
agent. However, the biocontrol model for the
management of soil-borne disease may be gener-
ally quite limited. Inoculations are often restricted
to the time of planting, and biocontrol agents must
be established within complex pre-existing com-
munities. These challenges are reflected in the fact
that only a very limited number of biocontrol
agents for soil-borne diseases have been brought
to market (Pertot et al. 2015).

Aboveground, biocontrol has also been of
considerable interest for the control of several
key diseases, including fire blight and apple scab
(Johnson and Stockwell 2000; Carisse and
Dewdney 2002; Bonaterra et al. 2012). The most
extensive area of research has been in the
development of biocontrol agents for fire blight
disease (Johnson and Stockwell 1998; Bonn and
van der Zwet 2000). Most strategies have
focused on inoculations of flowers with antago-
nistic bacteria from several genera, including
Psuedomonas, Pantoea, Bacillus, and the yeast
Aureobasidium, that limit either establishment or
growth of E. amylovora (e.g. Ishimaru et al.
1988; Wilson and Lindow 1993; Pusey 1998;
Pusey et al. 2009). Although at least six com-
mercially available biological control products
have been developed based on these efforts
(Mechan Llontop et al. 2020), control has not
always been satisfactory (Sundin et al. 2009). As
technologies for screening microbial communi-
ties have advanced, the search for effective fire
blight biocontrol agents has continued, and many
potential antagonists have been identified in
recent years (Sharifazizi et al. 2017; Ait Bahadou
et al. 2018; Mikiciński et al. 2020; Mechan
Llontop et al. 2020). Numerous studies have also
explored the potential for biocontrol of fire blight
using bacteriophages (Svircev et al. 2006; Jones

et al. 2007; Nagy et al. 2012). A large number of
phages have been isolated from apple soils and
plant tissues that are capable of infecting E.
amylovora, and in some cases, field trials have
demonstrated efficacy levels rivalling those of
antibiotic use (Gill et al. 2003; Svircev et al.
2006; Nagy et al. 2012; Akremi et al. 2018;
Sharma et al. 2019). Resources for the develop-
ment of phages as biocontrol agents for fire
blight and for other bacterial diseases continue to
expand as a result of both whole-genome
sequences for many potential taxa (Esplin et al.
2017; Sharma et al. 2018) and methods for
genetic engineering of phages to improve host
colonization (Born et al. 2017).

Post-harvest quality and marketability of fruit
are also negatively impacted by many pathogens
that cause significant economic losses, and this
has been another key area where biocontrol
agents have been investigated (Droby et al.
2016). Apples in storage are damaged by
organisms such as Botrytis cinerea, Penicillium
expansum, and Colletotrichum, which can cause
5–25% fruit loss if not effectively controlled
(Jijakli and Lepoivre 2004). Therefore, develop-
ing biocontrol agents as alternatives to chemical
treatments of these pathogens has been the focus
of considerable research efforts over the last
30 years (Droby et al. 2016). Efforts for the
discovery of effective agents have covered a wide
range of potential microorganisms derived from
apple leaves (Janisiewicz 1988) to rainwater
(Mechan Llontop et al. 2020) to Antarctic soils
(Vero et al. 2013). Several products have been
developed based on these efforts for use on
apples, such as BioSave, a formulation of Pseu-
domonas syringae (Janisiewicz and Jeffers 1997;
Janisiewicz and Peterson 2004), yet most have
had limited commercial use. With the availability
of next-generation sequencing (NGS) technolo-
gies, post-harvest biocontrol efforts are moving
toward new approaches that will take into
account not only one-to-one antagonisms
between a pathogen and a biocontrol agent, but
the community and environmental context of
these interactions (Droby and Wisniewski 2018).

Overall, there is clear evidence that microbial
inoculations have the potential to impact diverse
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aspects of plant physiology, growth, and biotic
resistance, ultimately shaping the yield and
quality of harvested fruits along with the sus-
tainability of orchard ecosystems. The main
shortcoming that must be overcome to develop a
successful biostimulant or biocontrol product is
similar—field trials generally show weak and/or
variable effectiveness compared to chemical fer-
tilisers and pesticides (Burr et al. 1996; Sundin
et al. 2009; Nagy et al. 2012). As knowledge of
the broader community structure and functional
interactions among natural microbial communi-
ties on aboveground tissues increases, our ability
to design inoculants will likely dramatically
improve. A number of strategies have been pro-
posed to improve the effectiveness of biocontrol
agents. These include the following: designing
microbial consortia that form resilient networks
and function synergistically, developing formu-
lations of inoculants that include nutritional
supplements to improve survival, improving
biocontrol agents through artificial selection
under conditions of osmotic stress to increase
physiological adaptation to harsh abiotic condi-
tions in the field, and improving biocontrol
agents with genetic engineering (reviewed in
Bonaterra et al. 2012). Much additional work is
necessary to optimize the design of beneficial
inoculants for apples, characterize the mecha-
nisms of their effects, and understand how out-
comes will vary depending on the cultivar,
rootstock, and agricultural environment.

16.5.2 Manipulation of the Resource
Environment to Re-
Structure Microbial
Communities

Considering the fundamental limitations of
single-strain inoculations or simple consortia as a
means to direct the structure of complex natural
microbial communities (Mazzola and Freilich
2017), achieving desired outcomes may instead
require more holistic approaches that take into
account complex processes of succession and
microbial syntrophy that determine microbiome
function (Morris et al. 2013; Hewavitharana et al.

2019). This could include directed manipulation
of the functional microbiome indigenous to the
orchard ecosystem via alterations to the resource
environment (analogous to the concept of pre-
biotics) in ways that benefit apple production
systems.

In apples, a number of management practices
have been evaluated for their abilities to support
a beneficial below-ground microbiome. These
efforts have focused in particular on structuring
healthy rhizosphere communities that can sup-
press apple replant disease. Historically, man-
agement of apple replant disease has focused on
chemical fumigation during the period of orchard
establishment. Although this treatment yields a
positive growth response of young trees on
replant sites, this effect is generally of limited
duration, and it corresponds with a transient
reduction in populations of soil-borne pathogens.
For example, when evaluated at 12–18 months
post-planting, trees cultivated in fumigated soils
had either equivalent or greater levels of root
infestations from Pratylenchus penetrans and
Pythium spp. compared to those in untreated
orchard replant soil (Mazzola et al. 2015; Wang
and Mazzola 2019a). Furthermore, the micro-
biome structure in fumigated soils is indistin-
guishable from that of trees established in
untreated orchard replant soil (Mazzola et al.
2015; Wang and Mazzola 2019a).

One strategy that can selectively modify the
microbiome to a structural and functional state
that limits the activity and proliferation of soil-
borne pathogens is the use of selective orchard
soil amendments. Several studies have addressed
the usage of soil amendments of non-specific
composition, such as compost and biochar, as a
means for control of soil-borne diseases in
orchard ecosystems, with mixed results (Rum-
berger et al. 2004; Khorram et al. 2019). In
contrast, defined soil amendments that selec-
tively amplify disease suppressive components of
the soil/rhizosphere microbiome have consis-
tently provided control of apple root pathogens in
field trials (Mazzola et al. 2015; Hewavitharana
et al. 2019; Wang and Mazzola 2019a). For
example, pre-planting application of a Brassi-
caceae seed meal formulation in replant orchards
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induced transformation of the soil and rhizo-
sphere microbiome and conferred disease sup-
pression and tree growth similar to that achieved
with fumigation (Mazzola et al. 2015; Wang and
Mazzola 2019a). Interestingly, the microbiome
composition in seed meal amended soils differed
across orchard sites, but there was consistent
amplification of certain functional characteristics
within the modified community (Somera et al.
2019). Specifically, while the mycoparasitic/
antibiotic-producing fungus Chaetomium globo-
sum dominated in the apple rhizosphere post-
seed meal application in certain orchards, fungi
from the Hypocrea/Trichoderma complex with
the same attributes dominated in others (Somera
et al. 2019). This outcome raises the need to
focus on functional consortia rather than indi-
vidual microorganisms when attempting to
define elements with the potential to generate a
specific desired outcome.

As an alternative to specific amendments, the
soil microbiome can be transformed through the
implementation of specific processes that
increase the production of anti-microbial
metabolites. One such process, termed anaero-
bic soil disinfestation (Blok et al. 2000; Momma
et al. 2013), brings about sequential transforma-
tions through aerobic, facultatively anaerobic,
and anaerobic soil phases, thus shifting the
composition of the soil microbiome and leading
to effective soil-borne disease control in an
orchard environment (Hewavitharana and Maz-
zola 2016, 2020; Hewavitharana et al. 2019). In
particular, changes in the Firmicutes community
during the anaerobic phase have been linked to
increased specific metabolites with known
antimicrobial activity, such as small chain
organic acids, methyl sulphide compounds,
hydrocarbons, and p-cresol (Hewavitharana et al.
2019). Such identified metabolites, along with
microbes producing these metabolites, may serve
as useful biomarkers in monitoring the soil
environment during anaerobic soil disinfestation
to determine the required treatment duration and
predict treatment efficacy.

Overall, the success of holistic strategies, such
as Brassica seed meal amendments and anaero-
bic soil disinfestation, demonstrate that

management practices that change the resource
environment of the microbial community may
provide more robust and long-term solutions to
microbiome management than inoculations.
Even simple management changes, such as
rotating rootstock genotypes or re-planting trees
in orchard grass lanes rather than previously
planted rows, can have profound impacts on the
apple tree microbiome and reduce populations of
plant pathogens (Rumberger et al. 2004, 2007;
Kelderer et al. 2012; Deakin et al. 2019). Many
other practices have been used for decades by
small-scale, holistic, and no-spray growers to
support beneficial microbial associations, but
most are yet to be scientifically investigated
(Jacke and Toensmeier 2005; Phillips 2012). As
we develop a more sophisticated understanding
of what constitutes a “healthy” apple micro-
biome, we can also further explore other holistic
management practices that can support these
beneficial communities. Ultimately, combining
practices that support a healthy indigenous
microbiome with specific interventions, such as
inoculations, may prove the most effective
approach to tree and microbiome management.

16.6 Future Research Priorities

16.6.1 Further Defining the Core
Microbiome

Despite many factors that may lead to spatial and
temporal variation, some microbial taxa are
ubiquitous, while others may consistently appear
in particular microhabitats. A critical challenge in
microbial ecology is to determine whether or not
certain environments possess a core microbiome,
defined as a suite of microbial taxa that repeat-
edly appear in a particular habitat regardless of
other environmental factors (Hamady and Knight
2009; Shade and Handelsman 2012). Defining a
core provides a critical baseline for understand-
ing which components of a community are stable
in response to disturbance and, thus, may play
critical functional roles.

Recently, a large collaborative effort defined a
core microbiome for fruit of ‘Royal Gala’
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(Abdelfattah et al. 2021). By identifying a
number of stable fungal and bacterial genera that
occur across the globe (see Sect. 16.2.5 on the
Carposphere), this study provides a starting point
for prioritizing taxa for further research or for
inclusion in culture collections (Busby et al.
2017; Toju et al. 2018). Similar global studies
have been conducted on the citrus rhizosphere
microbiome (Xu et al. 2018), as well as the
carposphere of nine cultivars of wine grapes
(Zhang et al. 2019). Continued work identifying
a core microbiome associated with additional
apple microhabitats (e.g., rhizosphere and phyl-
losphere) or across microhabitats of healthy trees
should be a top research priority in apple.
Additional studies should also identify the extent
to which core microbiomes vary across apple
genotypes, further informing our understanding
of the extent to which host genotype shapes
microbiome composition. These studies will
require coordinated efforts across research groups
and standardized methods for sample collection,
metadata, molecular analysis, and downstream
data processing in order to provide broad-scale
comparative data across apple-growing regions.

16.6.2 Functional Analysis
of the Microbiome

New sequencing technologies, particularly
whole-genome shotgun approaches, will provide
data beyond community structure that will also
support efforts in exploring functional outcomes
of microbiome interactions (Quince et al. 2017).
While amplicon sequencing targets only specific
biomarker genes, shotgun metagenome
sequencing targets total genomic DNA of a
sample. Therefore, metagenome analysis can
identify all genes present in the plant micro-
biome, allowing for both gene- and pathway-
based functional analysis. This approach has
already been exploited to study rhizosphere and
phyllosphere communities of several crop plants
(Ofek-Lalzar et al. 2014; Xu et al. 2018). In a
recent study, Angeli et al. (2019) used a shotgun
metagenomics approach to study the apple car-
posphere microbiota, leading to the

characterization of functions associated with
plant pathogens and biocontrol agents. Further
utility of these types of datasets will be achieved
with increasingly advanced analysis approaches.
For example, metabolic network analyses are
becoming a central framework for translating
discrete data from ecological samples into a
structured view of biological functions, and also
allow for the subsequent pursuit of simulations
that explore associations between environments
and communities (Ponomarova and Patil 2015;
Noecker et al. 2016; Widder et al. 2016). Such
simulations facilitate the formulation of predic-
tions for functional roles of beneficial/non-
beneficial taxonomic groups and potential mod-
ifications that will encourage a desired function
(Mazzola and Freilich 2017). The application of
such a network-based approach for the analysis
of metagenomics data from rhizosphere com-
munities was demonstrated by Ofaim et al.
(2017). Root-specific effects linked utilization of
specific plant exudates (e.g., flavonoids and
organic acids) with specific taxonomic groups,
pointing to roles of these compounds as deter-
minants of microbial community structure.
Beyond community-level analysis based on
metagenomics gene catalogues, the sequencing
depth of current genome sequencing projects will
allow for the recovery of significant segments of
genomes of highly abundant species (Anan-
tharaman et al. 2016). Genome-scale metabolic
models (GSMM) and respective simulation
algorithms, such as Flux Balance Analysis
(FBA), will further enable in silico analysis of
microbial functions (Faust 2019). Computational
simulations can compare performances of dif-
ferent species under different conditions and aid
in prioritising potential amendments to support
desired groups and suppress undesired groups
(Xu et al. 2019; Faust 2019).

The capacity to explore the wealth of func-
tional attributes within the apple microbiome is
ever-increasing, and continued progress will rely
on the integration of various currently available
approaches. For example, profiling the apple
microbiome using amplicon sequencing is now
relatively common and low-cost, and can be
integrated with field-based approaches with large
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enough sample sizes to determine the impacts of
management practices, environmental condi-
tions, and genotype (scion and rootstock) on
consortia known to have beneficial functional
roles. However, many orchard ecosystem func-
tions are likely dependent on diverse plant–mi-
crobe and microbe–microbe interactions that are
yet to be elucidated. Understanding the mecha-
nisms shaping these interactions will require
studies that go beyond documentation of micro-
bial assemblages to integrate additional analyti-
cal tools, such as metabolomics, to assess how
interactions between members of microbial
assemblages and their host induce and regulate
the production of functional metabolites. Shotgun
metagenomics and metatranscriptomics can also
be integrated to increase our knowledge of how
the microbiome modulates gene expression in
apple. This information can be subsequently used
to optimize plant–microbe interactions for
improved apple production, especially with
regards to plant diseases and biotic/abiotic stress
tolerance.

16.6.3 Systems Approaches—
Integrating Across
the Agroecosystem

Transformative progress toward sustainable
agricultural solutions will require systems-based
approaches that embrace a holistic view of
agroecosytems (Schut et al. 2014). Microbiome
composition is shaped by numerous interacting
factors, many of which can also be shaped by the
microbiome through complex ecological and
evolutionary feedback loops (e.g., phytochem-
istry). Moreover, both the composition and
diversity of the apple microbiome have numer-
ous downstream consequences for plant growth,
pest resistance, harvestable fruit yield, fruit
quality, economic crop value, and human health
(Fig. 16.3). Although no single study can address
all of these factors simultaneously, a more
systems-based view can guide research priorities
and identify fruitful areas for collaboration and
integrative studies.

An important first step for acquiring a more
integrative understanding of the apple micro-
biome is to consider the apple tree as a holistic
ecosystem. Most microbiota can occupy multiple
niches within the orchard. Thus, studies should
move beyond exploring individual sub-divisions
(i.e., phyllosphere, rhizosphere, endosphere, and
carposphere) to account for multiple sources of
specific microbes or microbial consortia
(Fig. 16.1). For instance, Penicillium and
Alternaria species are significant post-harvest
pathogens of apple, and studies addressing their
control have, understandably, focused largely on
the carposphere. However, potential inocula for
these fungi are diverse and include the orchard
soil microbiome. Thus, management of the
orchard soil microbiome may facilitate reducing
inoculum potential of these post-harvest patho-
gens. In fact, a specific type of Brassica seed
meal formulation has consistently resulted in a
reduction in the relative abundance of these two
genera of fungi over two orchard growing sea-
sons (Wang and Mazzola 2019a). Assessment of
microbial resources in an ecosystem-inclusive
manner, rather than as individual components, is
likely to reveal numerous opportunities that will
benefit apple production, health, and fruit quality.

A second priority is to integrate studies of the
apple microbiome across apple production sys-
tems; that is, from soils and farmers to consumer
markets (Fig. 16.3). Harnessing of the micro-
biome for improved sustainability and ecosystem
health will require not only technological
advances but also social and institutional inno-
vations. Involving various stakeholders during
the early stages of studies will likely lead to
faster research advances and improved transla-
tion to practices that can be readily adopted by
the apple industry.

16.7 Conclusions

Most research on plant microbiomes has been
conducted in a few model annual plant species
(e.g., corn, soybean, and Arabidopsis), and less is
known about the microbiota of trees (APS 2016).
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Yet, there is enormous potential for microbiome
management in long-lived perennials to max-
imise beneficial interactions and minimize the
accumulation of damaging pest populations over
time. As we begin to harness the power of
microbiomes for more sustainable agriculture, a
key priority is the development of new model
systems for microbiome research (APS 2016).
The apple tree is poised to fill this role. Cur-
rently, we have a strong foundational knowledge
of the apple microbiome composition (Table 16.1
and Fig. 16.1), and we are beginning to move
toward an understanding of both factors shaping
the microbiome and downstream consequences
of the microbiome for plant health. Other chap-
ters in this volume provide details of expansive
resources available for understanding the biology
of the apple as a host, including whole-genome
sequencing (Velasco et al. 2010; Daccord et al.
2017; see Chap. 8 in this volume), as well as an
expanded knowledge of apple phytochemistry
(Lee et al. 2003; Zhang et al. 2010a; Cuthbertson
et al. 2012; see Chap. 15 in this volume).

There is a strong need to pursue new strate-
gies for sustainable apple production, as apples
are heavily attacked by insects and diseases.
They require intensive management practices to
produce marketable fruit (Beers et al. 2003;
Grove et al. 2003). Developing strategies to
manage the apple microbiome to address these
challenges will require a comprehensive under-
standing of microbial communities occupying
various niches in the orchard ecosystem and the
functional contributions of individual members
of these communities to interactions with their
hosts. Coordinated efforts are required among
experts in various components of production
systems, including the orchard ecosystem (the
tree, its associated microbiome, and other abiotic
and biotic components of the orchard environ-
ment), post-harvest systems of processing, stor-
age, and distribution, and finally, the various
consumer markets involved (fresh eating, pro-
cessing, and specialty use) (Fig. 16.3). We hope
this review will inspire more coordinated
research efforts among these groups and help

harness the power of the microbiome for
increased economic and environmental sustain-
ability of apple production.
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17Origin of the Domesticated Apples

Awais Khan, Ben Gutierrez, C. Thomas Chao,
and Jugpreet Singh

Abstract

Genomic, genetic, and archaeobotanical find-
ings have confirmed that alongside interspeci-
fic hybridizations between Malus sieversii
from Central Asia and wild species along the
Silk Road, segmental duplications, point muta-
tions, and clonal propagation have led to the
fixation of traits in cultivated apples, unlike in
annual crops. Moreover, there is minimal
evidence for long-term intentional and targeted
selection for fruit quality and horticultural
traits; whereas, self-incompatibility, long juve-
nile phase, and clonal propagation have main-
tained genetic diversity in apples. Only
modern (commercial) apple cultivars hint at
the reduction of diversity and selection for
commercially important traits. Furthermore,
the wide phenotypic variations present in
pre-breeding and advanced breeding material
reveal that a great deal of genetic diversity is
still maintained in the cultivated gene pool.

17.1 Introduction

The cultivated apple, Malus � domestica,
belongs to Rosaceae, a vast family of flowering
plants, and to the sub-tribe Pyreae (containing
pome fruits). Rosaceae consists of over 100
genera and 3,000 species, most of which are
perennial trees, shrubs, and herbs (Korban and
Tartarini 2009). This family includes several
important genera that account for most of our
important deciduous fruit crops, including apple
(Malus), pear (Pyrus), loquat (Eriobotrya), and
stone fruits, such as peach, cherry, plum, apricot,
and almond (Prunus), as well as various orna-
mental plants, including Rosa (rose), Mespilus
(medlar), and Crataegus (hawthorn). Of these
genera,Malus is commercially the most valuable.

Most cultivated apples are self-incompatible,
highly heterozygous, display a juvenile period of
6–10 years or more, and are maintained through
vegetative propagation; i.e., by grafting or bud-
ding (Janick et al. 1996). The haploid chromo-
some numbers of most Rosaceae are 7, 8, or 9. In
contrast, Pyreae has a distinctive x = 17. Molec-
ular phylogenetic and sequence-based studies
suggest that Pyreae must have originated through
either autopolyploidization or by hybridization
between two sister taxa with x = 9, followed by
diploidization and aneuploidization to x = 17
(Shulaev et al. 2008; Korban et al. 2009; Velasco
et al. 2010), as has been proposed earlier (Janick
et al. 1996). Most apples are diploid (2n = 34), but
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there are many significant triploid and tetraploid
cultivars (Ordidge et al. 2018). The apple has a
relatively small genome size of 1.54 pg DNA/2C
or 743.2 Mb per haploid genome along with
some variations across different Malus species
(Tatum et al. 2005; Höfer and Meister 2010;
Velasco et al. 2010). The genome of the apple
cultivar ‘Golden Delicious’ has been sequenced
using a combination of Sanger and next-
generation sequencing (NGS) technologies
(Velasco et al. 2010). Recently, a doubled-
haploid ‘Golden Delicious’ has also been
sequenced, providing a higher quality genome
sequence for apples (Daccord et al. 2017). Fur-
thermore, advances in genomics are leading to
the development of a pan-genome for apples and
their wild relatives (Peace et al. 2019).

Genome sequencing along with integrated
linkage and physical maps of the apple genome
reveals that there are large numbers of repetitive
sequences, chromosomal rearrangements, and
segmental duplications present across the apple
genome (Velasco et al. 2010; Daccord et al.
2017; Han et al. 2007, 2011).

Throughout the evolutionary history of plants,
domestication has contributed to alterations of
plant genomes. During domestication, humans
have selected wild plants based on their desirable
attributes, thus resulting in changes to the genetic
compositions of these species. Those beneficial
alleles present in genomes of domesticated plants
have either existed in wild plants or arose during
domestication via spontaneous mutations (Paran
and van der Knaap 2007). Plants undergo various
changes over the course of domestication, collec-
tively referred to as the “domestication syndrome”.
These changes include synchronization of flower-
ing time, larger seed size, loss of seed dormancy,
and loss of seed dispersal (Miller and Gross 2011;
Meyer et al. 2012; Meyer and Purugganan 2013).
While these changes occur over generations of
selection, instant domestication can occur when
traits of an individual are fixed through vegetative
propagation. For fruit crops, traits commonly
selected through domestication and fixed through
vegetative propagation are larger fruit size, fruit
flavor and texture, and shortened life cycle (Meyer
and Purugganan 2013).

17.2 Apple Domestication—Along
the Silk Road to the World

Apple has an intriguing history that has been
noted in many tales and books written about its
role in commerce, trade, and ancient civilizations.
It has been well documented that the wild M.
sieversii is the main progenitor of modern apples
(Cornille et al. 2019; Duan et al. 2017). Fur-
thermore, bears and other animals must have
played key roles in the evolution of apple fruit
size and sweetness by disseminating seeds from
larger and sweeter fruit (Juniper and Mabberley
2006; Spengler 2019). Meanwhile, the collision
of tectonic plates in central Asia along with
melting glaciers must have yielded in fertile soils
in the Tian Shan Mountain region that may have
provided a suitable environment for the germi-
nation of dispersed seeds. Subsequently, M.
sieversii has been transported by humans along
the Silk Road to Central Asia and to Europe
(Fig. 17.1).

Meanwhile, people of the Fergana Valley in
Uzbekistan were known to be pioneers in Neo-
lithic agriculture techniques (Juniper and Mab-
berley 2006). Thus, around the timewhen grafting
technology was invented, apples similar to mod-
ern apples appeared in the Near East, approxi-
mately 4,000 years ago (Juniper and Mabberley
2006). From the Middle East, apples were passed
on to the Greeks and Romans, who in turn, spread
fruit cultivation across Europe. At some point,M.
sieversii hybridized with the acidic, but small-
fruited European crabappleM. sylvestris (Cornille
et al. 2012). From Europe, the cultivated apple
was then introduced to the Americas.

Nowadays, apples are grown throughout the
world in temperate climates. As asexual clonal
propagation (grafting) has been more broadly
introduced, further developments have resulted
from active selection of new mutations and of
chance seedlings (open-pollinated). Controlled
breeding of apples has been initiated in the early
1800s (Kellerhals 2009). Compared to annual
crops, with much more protracted domestication
histories, interspecific hybridization followed by
clonal propagation has contributed to rapid
domestication of the apple, as much of the
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modern diversity in apple has risen fairly recently
(Spengler 2019). This would likely explain the
absence of a domestication syndrome in apple, as
often observed in other crops, thus suggesting
that the apple is still in the early stages of
domestication.

17.3 Molecular Clues
to Domestication

The cultivated apple, M. � domestica, is a model
species for studying domestication in long-lived
woody perennial angiosperms. This is due to the
availability of an extensive germplasm and
genomic resources, including wild apple rela-
tives, landraces, heirloom cultivars, genome ref-
erences, integrated genetic and physical maps,
along with its relatively small genome size. Early

on, it has been proposed that morphological
comparisons among Malus species have pro-
posed that M. sieversii, M. sylvestris, M. pruni-
folia, and M. baccata are likely contributors to
the domesticated apple (Kumar et al. 2014).
Molecular markers designed for genetic, geno-
mic, and chloroplast DNA have been used to
explore the phylogeny and origin of domesti-
cated apples. Molecular studies of diverse Malus
species have determined that M. sieversii is the
principal genomic contributor to modern apples
(Velasco et al. 2010), with secondary contribu-
tions from M. sylvestris (Cornille et al. 2012,
2014; Nikiforova et al. 2013). Analysis of
chloroplast DNA shows a maternal lineage of M.
sylvestris in many, but not all modern cultivars
(Nikiforova et al. 2013). Subsequently, genome
re-sequencing has revealed that 46% of the
modern M. � domestica genome is derived from

Fig. 17.1 A schematic diagram describing the domesti-
cation process in apples. Different Malus species con-
tributed alleles (colored circles) to modern domesticated
apples through selection and hybridization across the silk
route. These processes led to selection of several fruit

traits and to introgression of novel traits into the
domesticated apple germplasm through hybridization
from different wild species in Europe and Caucasian
regions
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M. sieversii in Kazakhstan, 21% from M. syl-
vestris, with the remaining 33% of unclear origin
(Duan et al. 2017).

Interestingly, there is minimal evidence for
the incidence and presence of a domestication
bottleneck in apple. Interspecific hybridization,
self-incompatibility, and overlapping generations
through clonal propagation have maintained
genetic diversity in apple. In one study, genome-
wide genetic diversity of M. � domestica (2.2 x
10−3) is found to be lower than that of M. siev-
ersii in Kazakhstan (2.35 x 10−3), M. sylvestris
(2.55 x 10−3), and other wild Malus species (4.26
x 10−3) (Duan et al. 2017). Moreover, the genetic
diversity of M. sieversii in Xinjiang, China has
the lowest genetic diversity (1.3 x 10−3),
although this is likely influenced by limited
sampling. Nevertheless, this study has focused
on key founder cultivars of modern breeding
programs identified by Noiton and Shelbourne
(1992), and therefore this may not be a good
representation of apple diversity. In another
study, the genetic diversity of apples is evaluated
over time from both old and modern cultivars,
and it is reported that there is no significant loss
of diversity, with the exception of modern cul-
tivars (Gross et al. 2014). Although bottlenecks
are presumed to occur early in domestication,
new evidence in other crops has suggested
otherwise (Allaby et al. 2018). Similar
archaeogenomic insights may further elucidate
domestication in apples (Cornille et al. 2019).

Resolving relationships between wild and
domesticated apples is critical to understanding
the history of domestication, but this requires
information from as many geographically dis-
persed Malus species and accessions of apples as
possible. One challenge is in differentiating rep-
resentative primary species from hybrid species
for pursuing genetic studies. Admixture is com-
mon in the Malus germplasm (Volk et al. 2015),
and domestication of apple is primarily based on
interspecific hybridizations. Conversely, wild
Malus populations are subject to gene flow from
M. � domestica, as observed in M. sieversii

(Kumar et al. 2014), M. sylvestris (Wagner et al.
2014), andM. coronaria in North America (Kron
and Husband 2009). Further genetic introgres-
sion of cultivated apples into wild populations
will render future domestication studies even
more challenging.

17.4 Traits of Domestication
in Apples

Globally, apple is the most economically valu-
able temperate fruit crop. It is consumed fresh
and in multiple processed and cooked forms,
including juice, sauce, and cider. The importance
of apple in a balanced human diet is well known,
due to its fiber, vitamin, and antioxidant content
(Farneti et al. 2015). The selection of apples for
different end uses and broad consumer prefer-
ences across generations and cultures have pre-
served broad phenotypic diversity in apples.
Unlike M. sieversii, most wild Malus species in
both China and North America have not been
intensely selected for domesticated traits, except
for rootstock and ornamental cultivars. These
wild Malus species have many different charac-
teristics from those of cultivated apples, includ-
ing fruit quality, growth habits, and reproduction
(apomixis) due to their separate evolutionary
histories from apple and its progenitors (Spengler
2019). These highlights of phenotypic variations
among apples, progenitors, and distant crabapple
relatives from North America are presented in
Table 17.1. Commonly, fruits of wild Malus
species are smaller in size, with thinner pedicels
and deciduous calyces, along with more astrin-
gent flavors (Gutierrez et al. 2018). Some of
these variations in fruit morphology of Malus
species are presented in Fig. 17.2.

The potential roles of fruit quality traits in the
domestication of apples have also been observed
using sequence-based single nucleotide poly-
morphisms (SNPs) to uncover genome-wide
linkage disequilibrium (LD) patterns and signa-
tures of selective sweeps in genes and in genomic
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regions of a diverse core collection of apples
from 30 Malus species (Khan et al. 2014). These
findings have suggested that sensory attributes,
such as fruit color and taste, have been important
during the early selection in M. sieversii by
animals, and later on in M. � domestica, to some
extent.

17.4.1 Fruit Size

Fruit size varies broadly across primary Malus
species and hybrid species. As mentioned above,
animals have contributed to fruit size variation in
Malus, with larger fruit potentially developing in
response to selection by large-animal seed

Table 17.1 Trait variations and ploidy levels in Malus � domestica and in wild Malus species based on descriptor
data available on GRIN-Global (USDA 2014)

Trait M. � domestica M. sieversii M.
sylvestris

M.
coronaria

M.
fusca

Fruit diameter in cm
(mean)

3.0 – 12.0
(7.0)

2.2 – 8.5
(4.5)

1.2 – 7.7
(4.0)

2.4 – 5.5
(3.5)

0.6 –

1.4
(1.0)

Total soluble solids
in ºBrix (mean)

8.0 – 26.3
(13.3)

6.8 – 21.0
(11.6)

5.9 – 17.6
(12.2)

8.5 – 15.9
(12.1)

12.4 –

20.9
(16.7)

Ploidy 2�; but with some important
3� and 4� cultivars

2�; but with
some 3�

2� 2�; 3�;
4�

2�

Predominant fruit
over color

Yellow and red Yellow and
red

Green; red
to brown

Yellow Brown

Fig. 17.2 Variations in fruits of cultivated
(Malus � domestica) and accessions of wild Malus
species from the USDA National Malus collection at
Geneva, NY. Accessions listed left to right. Top
row: M. � domestica ‘Honeycrisp’ (PI 644,174), ‘Jon-
agold’ (PI 588,941), ‘Razor’ (PI 589,136), ‘Red Spitzen-
burg’ (PI 589,100), and ‘Gala’ (PI 392,303). Middle

row: M. sieversii from Kazakhstan PI 613,987, PI
613,976, PI 613,997, PI 613,998, PI 657,080. Bottom
row (left): M. sylvestris PI 589,382, PI 590,061, PI
633,827. Bottom row (right): North American species M.
coronaria PI 589,344, M. ioensis 613,908, M. coronar-
ia PI 613,907, and M. fusca PI 613,910
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dispersers as opposed to avian-dispersed seeds
(Spengler 2019). Descriptor data from the U.S.
National Malus collection reveal that mean
diameters of M. sieversii and M. sylvestris fruits
are about 4.5 and 4.0 cm, respectively, with some
medium- to large-fruited outliers. Whereas, mean
fruit diameter is about 7.0 cm in M. � domestica
and ranges from 3.0 to 12.0 cm (USDA 2014).

It has been reported that differences in fruit
size among Malus species are attributed to dif-
ferences in cell number and/or cell size, which
could potentially be revealed through the
expression of histone (MdH1) and expansin
(MdExp3) genes (Harada et al. 2005). Both genes
are expressed at low levels in small-fruited crab
apples, while high levels of expression are
detected for MdH1 at the cell proliferation stage
and for MdExp3 at the cell enlargement stage in
large-fruited domesticated apples. Furthermore,
large-fruited apples also differ from smaller fruit-
sized cultivars both in early cell production (or
proliferation) rate and duration of cell produc-
tion; thus, suggesting that both factors influence
final cell number and fruit size in apple (Malladi
and Hirst 2010). Expression of cell cycle genes,
such as cyclin-dependent kinases (CDKs), among
others, in ‘Gala’ and its larger fruit sized mutant
‘Grand Gala’, has revealed that genes such as
MdCDKA1 are expressed at higher levels in the
mutant fruit during the early stages of fruit
development (Malladi and Hirst 2010).

Genome resequencing of M. sieversii, col-
lected from both Kazakhstan and China, M. syl-
vestris, M. � domestica, and other wild Malus
species has revealed that increased fruit size in
apple must have involved a two-step process
over the course of apple domestication (Duan
et al. 2017). Two quantitative trait loci (QTLs)
for fruit weight, fw1 on chromosome 15 and fw2
on chromosome 8, are part of selective sweeps
that harbor 11 and 7 genes, respectively, in
regions of M. � domestica derived from M.
sieversii; and 8 and 21 genes, respectively, in
regions of M. � domestica derived from M.
sylvestris. Some of these genes encode regulators
of cell division, such as fw2.2 in tomato and
CNR1 in maize, and the b-galactosidase gene
involved in the regulation of fruit weight and size

in strawberry. Interestingly, a single cell division
regulator gene and two b-galactoside genes are
located in the fw1 region, along with five other
cell division regulator genes and a single gene
homologous to rice GS3, controlling grain size,
are found in other selective regions. Moreover,
microRNAs genes including miRNA172p that
regulate apple fruit size by targeting APETALA 2
(AP2) transcription factors (TFs), along with two
new miRNA172 genes, miRNA172g and miR-
NA172h, that may also target AP2 TFs have also
been identified within both M. � domestica and
M. sieversii.

17.4.2 Fruit Flavor

The organoleptic qualities of apples are influ-
enced by sugars, organic acids, and aromatic
composition. Although it is routinely suggested
that during domestication, apple has been selec-
ted for higher sugar content, it has been reported
that total sugar content variation is similar among
wild and domesticated apple (Ma et al. 2015).
When a collection of apple germplasm is evalu-
ated, it is found that while acid content is higher
in wild Malus species, total sugar content is not
significantly different between domesticated and
wild apples (Ma et al. 2015). However, sugar
composition is reported to vary, with domesti-
cated apples accumulating fructose at higher
concentrations. As acid accumulation is inter-
connected with sugar metabolism, levels of
acidity, not sweetness, are suspected as being
targets for selection. Moreover, malic acid is
found to be the predominant organic acid
impacting acidity in apples. In fact, fruit acidity
is regulated by the malate transporter Ma1, pre-
sent in the Ma locus on apple linkage group
(LG) 16 (Bai et al. 2012). Furthermore, reduced
nucleotide diversity in the Ma1 coding sequence
in M. � domestica, relative to those found in M.
sylvestris and M. sieversii, suggests the incidence
of selective pressure in M. � domestica (Duan
et al. 2017). While wild apple fruits also accu-
mulate citric acid, it is present only at low con-
centrations in mature fruits of M. � domestica,
M. sieversii, and M. sylvestris (Ma et al. 2018).
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As the apple is known to contain phenolic
compounds, it is reported that the phenolic con-
tent impacts fruit quality of apples, and it is
particularly important for the bitterness and
astringency of cider apples. In general, M. siev-
ersii and M. sylvestris have higher phenolic
contents than M. � domestica (Stushnoff et al.
2002; Volz and McGhie 2011). Interestingly, the
phenolic composition of apples has changed over
many generations, with phenolic content
decreasing over time (De Paepe et al. 2015;
Jakobek and Barron 2016), although the genetic
potential for high phenolic content is still main-
tained in breeding materials (Volz and McGhie
2011).

17.4.3 Fruit Color

Fruit color is linked to consumer perception of
quality, with many consumers favoring red-
colored fruit (Treutter 2010). The anthocyanin
organic compound cyanidin-3-O-galactoside
confers the red pigment to apple fruit, and it is
controlled by MYB1, MYB10, and MYBA TFs
involved in regulation of anthocyanin biosyn-
thesis (Espley et al. 2007; El-Sharkawy et al.
2015). Furthermore, MdMYB10 and
MdMYB110a are involved in anthocyanin pro-
duction in red-fleshed apples (Chagné et al.
2013; Espley et al. 2013). Red fruit skin color is
commonly found in wild M. sieversii fruit, and it
has been one of the major traits selected during
the domestication process. Recently, a retro-
transposon, redTE, upstream of MdMYB1 has
been identified and found to significantly
upregulate peel anthocyanin content in red-
skinned cultivars (Zhang et al. 2019). The
redTE insertion has originated from M. sieversii
in Xinjiang, China, a population that is report-
edly not a direct contributor to apple domesti-
cation (Duan et al. 2017).

Apple genes related to secondary metabolites
vary greatly in copy number, including those
involved in anthocyanin, flavonoids, isoflavones,
isoflavonones, and terpene pathways. For exam-
ple, multiple copies and alleles of genes in the
apple genome encode caffeic acid O-

methyltransferase (COMT) and are related to
such secondary metabolites as lignin, flavonoids,
anthocyanins, suberin, and isoflavonoids (Han
et al. 2007). Two clusters encoding COMT have
been identified, one cluster containing three
copies and another cluster with four copies. This
finding is consistent with results obtained from
analyzing a total of over 320,000 apple expressed
sequence tags (ESTs), wherein high copy num-
bers of genes involved in secondary metabolism
are found to be frequent in the apple genome
(Newcomb et al. 2006; Gasic et al. 2009). It is
reported that the clustering of genes involved in
secondary metabolism may be the result of seg-
mental duplications. For example, copies of
genes involved in either secondary metabolism
or abiotic stress in Arabidopsis are likely to be
retained when derived from segmental duplica-
tions but are more rapidly lost following whole-
genome duplications (Maere et al. 2005; New-
comb et al. 2006; Han et al. 2011). Furthermore,
when comparing 20 MYB10-like genes (for pig-
mentation) from crabapples, domesticated
apples, and pears, it is found there are high levels
of similarity, except within a region of intron 2
that includes a 2500-bp insertion (Lin-Wang
et al. 2010). This insertion could be the result of a
local genome rearrangement following the
divergence of apple and pear lineages, but before
the divergence of apples and crabapples. A few
studies highlight the role of genes that may have
been involved in the general evolution of Pyreae,
but no comprehensive study has focused on
genes involved in the domestication of apples.

17.4.4 Fruit Texture

Fruit texture is a dynamic and complex trait that
affects storability and consumer acceptance.
There are several genes and QTLs that have been
previously reported for apple flesh texture,
wherein many are associated with cell wall
composition, organization, and modification
through fruit ripening (Di Guardo et al. 2017).
Duan et al. (2017) have provided evidence of the
presence of selective sweeps for fruit firmness-
associated genes across multiple chromosomes in
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both M. sieversii, from Kazakhstan, and M. syl-
vestris. Although there is evidence for selective
(either natural or artificial) pressure for fruit
texture, broad variation persists in cultivars and
in wild Malus species, with fruit texture ranging
from coarse and dry to crisp and juicy.

17.4.5 Disease Resistance

Disease resistance remains a major goal of apple
genetic enhancement efforts. However, unlike
fruit quality traits, there is no direct evidence for
selection for disease-related traits during apple
domestication. Previous studies have reported
that wild Malus species have mainly contributed
towards major resistance against various apple
diseases (Gygax et al. 2004; Patocchi et al.
2005; Bus et al. 2005, 2011; Fahrentrapp et al.
2013; Emeriewen et al. 2018). Major resistance
genes against apple scab disease, incited by the
fungal pathogen Venturia inaequalis, have also
been identified in M. sieversii (Bus et al. 2005,
2011), the direct progenitor of domesticated
apples. In contrast, domesticated apples mostly
demonstrate susceptible disease responses, and
only a few sources of major genetic resistance
have been mapped in these genotypes (Crosby
et al. 1994; Khan et al. 2006; Bus et al. 2011).

Studies suggest that domestication has indi-
rectly altered the host response against patho-
gens, but both the extent and magnitude of this
effect are not well investigated in apples. There
are likely several reasons for observed differ-
ences in resistance between wild and domesti-
cated apples. For example, disease resistance
traits could have been totally ignored, and their
associated genomic regions are, thus, uninten-
tionally filtered out during selection for fruit
quality traits, particularly in earlier selection by
animal seed dispersers. Alternatively, exposure
to new pathogens, as well as severity and fre-
quency of disease incidence due to
domestication-related habitat changes may have
led to loss of non-specific wild resistance alleles.
This is particularly relevant as some of the
resistance genes from wild backgrounds have

demonstrated gene-for-gene interactions with
corresponding pathogens (Singh et al. 2021; Bus
et al. 2005; Vogt et al. 2013). Furthermore, a
transition from resistant to tolerant disease phe-
notypes can be expected under these circum-
stances, whereby domesticated plants can rely on
multiple genes with small additive effects to
overcome rapid pathogen evolution in monocul-
ture environments. A range of highly susceptible
to highly tolerant fire blight disease, incited by
the bacterial pathogen Erwinia amylovora, phe-
notypes have been recently identified in apple
cultivars (Kostick et al. 2019); however, the
genetic mechanism(s) related to these differences
is yet to be explored. Some of these differences
can be attributed to genetic variations in disease-
related susceptibility (S) genes and resistance
(R) genes in domesticated plants (Campa et al.
2019; Pompili et al. 2020). Nonetheless, differ-
ences in disease resistance between wild and
domesticated apple groups can provide opportu-
nities to explore unique sources of host genetic
resistance, as well as their interactions with
varying pathogens (Singh et al. 2021).

17.5 Alternative Domestication
Events of Apple Landraces

Studies have identified apple landraces that are
genetically distinct from cultivated apples. Some
are either more closely related to M. sieversii or
show no signs of genetic introgression of M.
sylvestris. Presumably, these landraces have their
own unique domestication histories, separate
from M. � domestica, and they provide insights
into apple domestication and historic uses of
apples.

Along the eastern side of the Tian Shan
Mountains, M. sieversii has been cultivated for
fruit production and has undergone selection
independently of M. � domestica. These fruits
have distinctive qualities, such as lower acid
content due to lack of genetic introgression of M.
sylvestris (Duan et al. 2017). Interestingly,
domestication of wild M. sieversii in China has
also resulted in the development of the ‘Nai’
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apple (Yao et al. 2010; Ma et al. 2017). ‘Nai’
apples are among the earliest recorded cultivated
apples in China, dating back 2,200 years ago.
Until recently, these have been commonly used
as either cultivars or rootstocks in Central and
Western China, but they are now being replaced
by modern apple cultivars and rootstocks.

Similarly, landraces in former Soviet Repub-
lics are also more closely related to M. sieversii
(Gao et al. 2015). Moreover, landraces in Iran
and Turkey are not only likely selections of M.
sieversii but also with secondary contributions
from M. orientalis instead of M. sylvestris. A
study of apples from Iran and Turkey, including
local cultivars and landraces, wild species, and
cultivars, and rootstocks from other countries,
have demonstrated that Iranian and Turkish
accessions are genetically close to M. sieversii
from Central Asia and to M. orientalis from
Turkey and Russia (Gharghani et al. 2009; Burak
et al. 2014).

17.6 The Future of the Cultivated
Apple and of Wild Malus
Species

Modern apples will continue with the domesti-
cation process. As efforts to search and to utilize
novel traits such as disease resistance genes from
wild Malus species will continue to be of
importance for both germplasm collections and
to apple breeders (Singh et al. 2021). Although
grafting fixes genotypes indefinitely, mutations
will continue to arise, and these will significantly
impact cultivar phenotypes, as well as serve as
new targets for selection. For example, the
spontaneous columnar mutation in ‘Wijcik
McIntosh’, with reduced branching and increased
spurs, has been a game-changer for apple pro-
duction in high-density plantings (Morimoto and
Banno 2015). Apple sports with mutations for
early ripening, delayed ripening, longer tree
storage capability, spur bearing, increased
attractiveness (red skin, red flesh, and russeting,
among others), and uniform ripening have also
been selected for and will contribute to the
domesticated apple.
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18Future Prospects of ‘Omics’
and of Other Technologies
for Genetic Improvement of Apple

Schuyler S. Korban

Abstract

Efforts for the genetic improvement of apple
have tremendously benefited from the avail-
ability of modern tools of genomics, tran-
scriptomics, metabolomics, proteomics,
bioinformatics, as well as of genetic engineer-
ing, among others, over the past two decades.
These tools are continuing to expand, and they
have become more critical for use in modern
apple breeding programs. All current and
future ‘omics’ technologies should be fully
exploited to develop a better understanding of
the complex system and biology of apple
trees, as well as for pursuing efficient and
robust genetic enhancement efforts to develop
well-adapted apple cultivars with enhanced
resistance to biotic and abiotic stress condi-
tions, as well as those cultivars with desirable
targeted nutritional and palatable preferences
for consumers and for commercial markets
alike. This chapter will cover the prospects of
‘omics’ technologies that are currently having
an impact as well as those with potential
impacts on apple biology and genetic
enhancement efforts for the near future.

18.1 Introduction

Apple is the most important temperate tree fruit
crop grown around the world. Apple production
requires intensive agricultural practices, includ-
ing training, pruning, and annual applications of
pesticides for control of fungal and bacterial
diseases, insects, mites, and weeds; thus, con-
tributing to significant production costs. In
comparison to other agricultural crops grown,
cultural management practices for apples are
labor-intensive and costly. Therefore, it is
important to have access to apple cultivars,
rootstocks, and grafted trees that are optimal for
maintenance in a productive orchard with mini-
mal labor and production costs. Moreover, it is
critical that modern apple orchards are growing
trees that are tailored for a growing apple
industry that is both attentive and catering to
discerning consumers, with changing eating
habits and preferences, who are highly aware of
the nutritional and health benefits of fresh and
processed fruits, such as that of apples, among
other agricultural food crops.

The importance of apples in a balanced
human diet is well known, and this pertains to
fiber, vitamins, and antioxidant contents,
including various phytochemicals such as quer-
cetin, catechin, phloridzin, chlorogenic acid, and
proanthocyanins (PA). Several epidemiological
studies have reported that apples are associated
with decreased risk of lung cancer in both men
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and women, decreased risk of cardiovascular
disease (CVD) in women and thrombotic stroke,
decreased risk of asthma and bronchial hyper-
sensitivity, lower risk for Type II diabetes, and
reducing total cholesterol, LDL (‘bad’) choles-
terol and triglyceride levels (Boyer and Lui 2004;
Hansen et al. 2010; Hodgson et al. 2016; Jedry-
chowski and Maugeri 2009; Koutsos et al. 2020;
Sun and Rui 2008; Woods et al. 2003).

Apples are known to be excellent sources of
polyphenols (*110 mg/100 g) and fiber (*2–
3 g/100 g), and it is these bioactive components
that are likely responsible for the observed
potential health effects (Koutsos et al. 2015,
2020). Among these polyphenols, flavanols
(catechin and PAs) account for the major class
(71–90%), followed by hydroxycinnamates (4–
18%), flavonols (1–11%), dihydrochalcones (2–
6%), and anthocyanins (1–3%) that are present
only in red apples (Koutsos et al. 2015). How-
ever, it is important to point out that based on
their skeleton structure, phenolic compounds can
be distinguished into phenolic acids and flavo-
noids (Cuthbertson et al. 2012). Within phenolic
acids, one of the most relevant in apple is
chlorogenic acid, while for flavonoids, these
include various compounds including flavonols
(quercetin), flavan-3-ols or flavanols (catechin
and epicatechin), hydroxycinnamates (coumaric
acids, 5’-caffeoyl quinic acid), dihydrochalcone
(phloridzin), and anthocyanins (Volz and
McGhie 2011). The protective role of these
compounds on human health is primarily attrib-
uted to their redox capacity that enables
quenching of singlet oxygen molecules, as well
as of scavenging of free radicals and reactive
oxygen species (ROS) (Kshonsek et al. 2018;
Busatto et al. 2019). It is the consumption of
these polyphenols that contributes to either
modifications of these molecules into other
bioactive compounds or directly leads to inter-
actions with gut microbiota, thus promoting
human health (Busatto et al. 2019). Recently,
Ichwan et al. (2021) have reported that both
flavonoids, in particular quercetin, the most
abundant flavanol in apple peel, and 3,5-
dihydroxybenzoic acid, unrelated to flavonoids
but found in apple flesh, are pro-neurogenic. It is

found that quercetin and 3,5-dihydroxybenzoic
acid not only activate precursor cell proliferation
but also promote cell-cycle exit, cellular survival,
and neuronal differentiation in brains of test
animals, and therefore they likely promote adult
hippocampal neurogenesis, i.e., brain plasticity
wherein functional neurons are generated
throughout life and integrated into the existing
circuitry, thereby mediating particular forms of
learning and memory (Ichwan et al. 2021).

It is important to point out that levels of
polyphenols along with other compounds in apple
fruit vary during ripening, as contents of phenolic
acids and flavonoids in epicarp and endocarp
tissues change during ripening, and these are
likely influenced by growing conditions (Stracke
et al. 2009; Alberti et al. 2017). Overall, it is the
genetic variability that likely plays a primary role
in determining polyphenol levels, as most of these
observed variations are attributed to differences
among apple cultivars (Drogoudi et al. 2008;
Kschonsek et al. 2018; McClure et al. 2019).

In the USA, it is reported that 22% of the
polyphenols in the human diet originate from
apples, rendering apples as primary dietary
sources of these antioxidant compounds
(McClure et al. 2019). Furthermore, pectin, the
main soluble fiber in apples, is reported to
influence transit time, gastric emptying, and
nutrient absorption, thereby impacting lipid and
glucose metabolism, as well as playing a role in
modulating gut microbiota, a key determinant of
the bile acid chemical structure, and thus has a
signaling potential (Koutsos et al. 2015). Overall,
these critical ‘health-associated’ qualities of
apples provide them with advantages that are
becoming more readily promoted to expand their
marketability.

18.2 The Role of Omics
in Understanding the Biology
of Traits of Interest in Apple

A major determinant of an apple’s
nutritional/health-promoting value is likely
determined by its genome, and therefore genetic
mapping of polyphenols has been pursued in
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recent years. McClure et al. (2019) have inves-
tigated the genetic architecture of polyphenols in
apples by combining high performance liquid
chromatography (HPLC) data with *100,000
single nucleotide polymorphisms (SNPs) from
two diverse apple populations. They have
observed that polyphenol contents can vary by
up to two orders of magnitude across cultivars,
and that this wide variation is predicted using
genetic markers, wherein it is found that this
variation is often controlled by a small number of
large effect genetic loci. Using genome-wide
association study (GWAS), McClure et al.
(2019) have identified candidate genes for the
production of quercetin, epicatechin, catechin,
chlorogenic acid, 4-O-caffeoylquinic acid, and
procyanidins B1, B2, and C1. This has demon-
strated that often a relatively simple genetic
architecture underlies such wide variations in
contents of key polyphenols in apples. Therefore,
this raises the hope that breeders are likely cap-
able of improving the nutritional value of apples
through either marker-assisted breeding
(MAB) or gene editing.

Due to recent advances in sequencing tech-
nology, this has allowed for taking on wide
genetic testing of both populations and individual
apple genotypes using both transcriptome and
genome sequencing efforts. As a transcriptome
sequences the entire protein-coding region of a
genome, corresponding to less than 2% of a
genome, this region contains approximately 85%
of known stress–response trait variants (Horton
and Lucassen 2019). On the other hand, genome
sequencing encompasses the transcriptome as
well as sequences of all non-protein-coding
DNA. Therefore, transcriptome sequencing can
serve as a diagnostic tool to characterize a trait or
traits of interest. Moreover, as sequencing tech-
nologies have significantly advanced in both
depth and breadth, these have contributed to
better and expanded understanding of various
traits of interest. It is important to point out that
sequencing genomes of various accessions car-
rying mutant apple genotypes have contributed to
rapid identification of driver mutations that allow
for uncovering those complex relationships
among different variants for traits of interest,

such as disease resistance traits, over space and
time, demonstrating the wide heterogeneity of
reactions to a pathogen (and pathogenic races)
infection, as well as of those corresponding dif-
ficulties in addressing such disease reactions. As
sequencing technologies have advanced to levels
wherein individual cells can be sequenced, this
allows for uncovering and identification of pre-
viously unknown mutational mechanisms, such
as those of fruit russeting (Legay et al. 2015;
2017) and resistance/susceptibility to fruit blue
mold (Ballester et al. 2017), among others.

Nevertheless, these capabilities of generating
genomic data have substantially outstripped our
ability to interpret the significance of these
resultant data (Horton and Lucassen 2019).
While improvements in genomic technologies
are in many cases driving improvements in our
apple breeding efforts, we will continue to
encounter new problems as genomic testing
shifts into the diagnostic realm. Moreover, such
detailed and targeted approaches for genomic
analysis offer opportunities to address questions
that go beyond issues of a single trait or a few
traits of interest while pursuing incremental
improvements in a few selected traits. However,
this should allow us to pursue efforts to target
and improve multiple traits, such as nutritional
fruit quality, keeping quality of fruit, disease and
pest resistance, tree architecture and fruiting
habit, as well as tolerance to various environ-
mental stresses. So, herein lies in the challenging
quandary. How can we make decisions in
determining which of the variety of possible
outputs obtained from such genomic analyses
ought to be considered at any given time? For
example, we do recognize that linkages between
many genetic variants and disease reactions are
often not definitively confirmed or not quite well
understood. Therefore, multidisciplinary inputs
and collaborations are increasingly key for
interpreting the significance of findings of geno-
mic analyses.

Along these lines of thought, it is known that
genome sequencing will characterize and identify
variants for a trait of interest, this requires
detailed and careful filtering to achieve a mean-
ingful output. Thus, this necessitates a significant
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change in our mindset from an era when most
variants have been identified within the context
of carefully selected single gene sequencing, and
so had a much higher prior probability of being
causative. As most traits of interest are complex
and polygenic, controlled by quantitative trait
loci (QTLs), it is imperative that we remain alert
to the importance of how these ‘groups of genes’
are tandemly arranged, interact, and operate in
concert to deliver a favorable or a desirable
phenotype.

18.3 The Use of Omics in Discerning
and Predicting of Desirable
Genetic Variants

In many cases, our understanding of why the
same genetic trait may be expressed quite dif-
ferently among different cultivars is at an early
stage at this time; thus, this often renders genetic
prediction very challenging. Therefore, func-
tional studies are critically important. For
example, the use of a polygenic risk score
(PRS) using disease resistance/susceptibility
SNPs identified via population GWAS may
reveal wide differences in absolute disease inci-
dence among individuals carrying disease vari-
ants of higher polygenic risk scores compared to
those with lower PRS values.

While it is now easy and inexpensive to
sequence genomes of individual cultivars, it is
more difficult to turn raw sequence data into
actual insights to assess whether a nucleotide
misspelling, a C instead of a T, a deletion, or
insertion of sequences predicts an increased
likelihood of a certain condition. Moreover,
linking these data with environmental and cul-
tural management determinants is no small feat.
This is attributed to advances in next-generation
sequencing (NGS) technologies along with rapid
progress in genomic data analysis. As these have
resulted in yields of high-throughput data for
genomes, including SNPs, copy number variants
(CNVs), loss of heterozygosity variants, genomic
rearrangements, and rare variants; for epigen-
omes, including DNA methylation, histone
modifications, chromatin accessibility,

transcription factor (TF) binding; as well as for
transcriptomes, including gene expression, alter-
native splicing, long non-coding RNAs and small
RNAs such as microRNAs (Ritchie et al. 2015).
Thus, mastering how to utilize these various
sources of data in tandem will likely require more
researchers with computer science backgrounds,
as well as more use of artificial intelligence
(AI) technologies.

As most often, apple diseases are rarely
attributed to single-gene mutations, they cannot
be overcome by replacing a mutated gene with a
normal copy, which is the premise for ‘gene
repair’ via gene editing. Gene editing has grad-
ually progressed and likely to be successful in
addressing traits controlled by a single gene or a
mutation controlled by gene(s) with large effects.
Gene repair for single-gene disorders is likely to
succeed, but this must be tailored to each indi-
vidual trait of interest/status.

In recent efforts, new sources of variation for
such fruit traits as fruit taste and texture have
been identified by analyzing widely diverse apple
germplasm using either QTL mapping or asso-
ciation studies (Amyotte et al. 2017). However,
an alternative to QTL mapping, wherein
designed mapping populations derived from
controlled crosses are used, is that of GWAS
whereby population(s) of diverse germplasm
is/are used instead. For example, Kumar et al.
(2013, 2014) have mapped fruit quality traits
using a six-parent family of 1200 apple seedlings
along with a diverse collection of 115 apple
accessions using GWAS. It is observed these two
populations (seedlings vs. accessions) differed in
terms of their significant associations, wherein
titratable acidity (TA) trait is mapped to LG8 in
the seedling population while it mapped to LG16
in the diverse accession collection. Therefore,
these findings demonstrate that genetic mapping
using a diverse germplasm can reveal distinct
loci from those found in segregating seedling
populations. Moreover, loci detected in both
multi-family and diverse germplasm mapping
studies have wide practical applications for
breeding, as they capture QTLs present in
numerous potential breeding parents. Further-
more, GWAS of diverse germplasm allows for a
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finer resolution of a QTL, as historical recombi-
nation events would have reduced the extent of
linkage disequilibrium (LD) within a diverse
germplasm (Khan and Korban 2012). Thus, sig-
nificant markers are more likely to be physically
close to true genetic regions controlling variation
in fruit quality (Khan and Korban 2012).

With increased interest in identifying new
sources of variation for fruit quality traits, various
phenotyping approaches must be used. For
example, genetic components of apple texture
have been analyzed via breaking of fruit cell walls
by biting and mastication, while earlier texture
phenotyping has relied mainly on measuring fruit
firmness using the amount of mechanical force
(pressure) required to penetrate an apple with a
blunt probe, a penetrometer. When components
of apple texture are broken down into four
acoustic and eight mechanical parameters, sig-
nificant QTLs have been detected on 13 out of all
17 apple LGs (Longhi et al. 2012). Similarly,
when mechanical compression and penetration
parameters are used, it is observed that large
numbers of texture QTL are detected, and these
have been mapped to 14 LGs alongside sensory
descriptors of apple texture (Ben Sadok et al.
2015). These studies illustrate the genetic com-
plexity of apple texture and the need for the dis-
covery of new QTLs by mapping fruit quality
traits using different phenotyping approaches.

18.4 Challenges of Phenotyping
and Phenomics

With all current advances in genomics, metabo-
lomics, transcriptomics, gene editing, and other
modern omics and breeding tools, one of the
most critical and remaining bottlenecks in pur-
suing efficient and effective MABs is in the area
of pan-phenotyping, i.e., phenomics, which
allows for early selection of seedlings carrying
multiple desirable traits of interest, including
those related to fruiting and fruit quality traits in
an apple breeding program.

For example, in a phenotyping approach for
fruit texture, trained sensory panels are used to
evaluate descriptive sensory parameters,

including texture, taste, and flavor, and these
collective data are then used to discover new
QTLs (Corollaro et al. 2013). These descriptive
sensory evaluations for QTL discovery capitalize
on incorporating consumer preferences in
breeding for new or superior genotypes. Inter-
estingly, although most apple genetic mapping
studies for fruit quality traits utilize instrumental
measures to phenotype taste, flavor, and texture,
such evaluations can widely differ from those
obtained from instrumental predictions (Amyotte
et al. 2017). Thus, in spite of its potential value,
descriptive sensory evaluation for QTL discovery
in apple has been rather limited due to its high
cost and low throughput as both time and cost are
rather prohibitive (Corollaro et al. 2013). Thus,
Amyotte et al. (2017) have used a trained sensory
panel to evaluate a moderately sized and diverse
collection consisting of both heritage and com-
mercial apple cultivars (85 genotypes) over
2 years. However, they have also used instru-
mental measurements for a few traits, including
those for fruit firmness, soluble solids content,
and TAs. Furthermore, they have used genotyp-
ing by sequencing (GBS) data to conduct a
GWAS of apple sensory taste, flavor, and tex-
ture. It is reported that using descriptive sensory
phenotyping combined with a diverse population
and robust GBS data have allowed for the dis-
covery of previously unreported apple fruit
quality loci including a novel locus associated
with both juiciness and crispness, two critical
palatable drivers of consumer preference (Amy-
otte et al. 2017). Therefore, this study has
demonstrated the value of descriptive sensory
evaluations in combination with genomic analy-
sis to identify fruit quality loci that likely have
direct utility in breeding apple cultivars for
desirable consumer preference.

Thus, further advances in apple breeding
efforts are dependent on the discovery of new
genomic targets for marker-assisted selection
(MAS). These advances can be made through the
assessment of distinct apple populations as well
as via the use of alternative approaches to phe-
notypic data collection (Amyotte et al. 2017).

As with other desirable target traits, efforts to
breed for polyphenolic compounds using MAS

18 Future Prospects of ‘Omics’ and of Other … 399



are dependent on identifying robust molecular
markers associated with such novel and impor-
tant traits for introgression into elite genetic
backgrounds are an essential tool for breeders.
This is particularly critical when a donor parent is
either of low-quality, heritage, or a wild apple
accession (Busatto et al. 2019). To that end,
several efforts have been undertaken to charac-
terize various fruit quality traits such as phenolic
compound content and composition of apple
fruits. Both Khan et al. (2012) and Chagné et al.
(2012a) have identified a number of QTLs likely
associated with phenolic metabolites, as well as
of markers linked to a leucoanthocyanidin
reductase (LAR1) gene, a major gene controlling
flavanol biosynthesis.

In addition, QTLs for metabolite accumula-
tion in both peel and flesh have also been
detected (Khan et al. 2012). Specifically, quan-
titative variations of phenolic compounds in
apple fruits have been investigated using a seg-
regating F1 population of ‘Prima’ � ‘Fiesta’
consisting of 113 individuals to map metabolite
quantitative trait loci (mQTLs). Untargeted
metabolic profiling, using liquid
chromatography-mass spectroscopy (LC–MS),
of peel and flesh tissues of ripe fruits has been
performed on all 113 individuals along with the
two parents. In this study, genetic linkage maps
of each of ‘Prima’ and ‘Fiesta’, representing all
17 linkage groups of apple, have been used,
wherein the ‘Prima’ map consists of 562 mark-
ers, while the ‘Fiesta’ map consists of 452
markers. For untargeted mQTL mapping of
metabolites, individual maps of ‘Prima’ and
‘Fiesta’ are used; whereas, for targeted mQTL
mapping, using MapQTL® 6.0, an integrated
map of both parents has been constructed, con-
sisting of 801 markers spanning 1348 cM, and
used for the analysis of annotated metabolites.
A total of 418 metabolites in peel and 254
metabolites in flesh tissues are detected. As
standard QTL mapping software is designed to
map individual traits, one at a time, it has not
been deemed well suited to map hundreds of
metabolites simultaneously; therefore, MetaNet-
work has been used instead as it allows for
simultaneous genome-wide screening of

numerous traits (Fu et al. 2007). Therefore,
mQTL mapping using MetaNetwork has resulted
in identifying 669 significant mQTLs, wherein
488 are detected in the peel and 181 detected in
the flesh. Furthermore, four linkage groups
(LGs), including LG1, LG8, LG13, and LG16
are found to contain mQTL hotspots, mainly
regulating metabolites belonging to the phenyl-
propanoid pathway (Fig. 18.1). Therefore, the
genetics of annotated metabolites has been
investigated further using MapQTL®, and it is
found that a number of quercetin conjugates have
mQTLs on LG1 or LG13. Moreover, the most
important mQTL hotspot with the largest number
of metabolites is detected on LG16, wherein
mQTLs for 33 peel-related and 17 flesh-related
phenolic compounds are located, including the
gene encoding LAR1, mentioned above, along
with seven transcription factor (TF) genes
(Fig. 18.1). Using the apple genome sequence,
structural genes involved in the phenylpropanoid
biosynthetic pathway have also been located.

Furthermore, QTLs have also been identified
for the selection of apple cultivars for cider
production (Verdu et al. 2014). To enhance
anthocyanin content in apple fruits, molecular
markers linked to a MYB transcription factor for
anthocyanin content have been developed, and
these have been used to pre-select red-fleshed
apple seedlings (Chagné et al. 2013). As breed-
ing efforts have been designed for selection of
red-fleshed apples using wild Malus species as
sources of anthocyanin and of other phenolic
compounds to enhance antioxidant properties in
future apple accessions, wherein accumulation of
polyphenolic compounds has been associated
with expression profiles of candidate genes
involved in related biochemical pathways in leaf
and fruit of apple (Henry-Kirk et al. 2012).

Interestingly, Busatto et al. (2019) have
screened apple fruits for 19 phenolic compounds
in both skin and pulp tissues of seven apple
accessions across the Malus genus collected at
two stages, during fruit development and at
harvest. They have found that the major differ-
ence in phenolic content between wild and
domesticated accessions, particularly in the pulp
tissue, could be accounted for the higher fruit
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growth rate of domesticated apples. Furthermore,
this proposed dilution effect is also confirmed
following observations of increased contents of

procyanidin B2 + B4 and phloridzin in russet-
skinned apples, known to have higher levels of
these phenolic compounds. This metabolite
screening is also accompanied by expression
analysis of 16 polyphenolic genes revealing that
for nine genes, there are higher levels of
expression at harvest than during fruit
development.

Although there are several available DNA
tests, locus-specific, and trait performance-
predictive assays for different traits for apple
(Evans and Peace 2017), DNA-informed breed-
ing has been rather slow due to lack of predictive
DNA tests applicable to breeding germplasm, as
well as lack of access to DNA-based diagnostic
services (see Chaps. 5 and 6 in this volume).
Nevertheless, availability of tools for accelerated
trait introgression, termed as ‘fast-track’ or
‘rapid-cycle’ breeding, capitalize on developing
transgenic intermediate generations overex-
pressing an early flowering gene, BpMADS4,
from silver birch to shorten the juvenile phase of
apple, is then followed by selection of non-
transgenic lines carrying target traits of interest
(Flachowsky et al. 2009; Weigl et al. 2015;
Schlathölter et al. 2018; also see Chaps. 5 and 11
in this volume). Although the final selection is
non-transgenic, it remains to be seen whether or
not the apple industry and consumers are willing
to accept these new apple cultivars.

As noted above, there has been much progress
made in identifying various genomic regions,
including markers and LGs, as well as tran-
scriptomic, proteomic, metabolomic datasets
critical for various target traits for many desirable
traits for apple. Therefore, we should continue to
build and expand on this growing knowledge
base for desirable phenotypic traits, and under-
take serious efforts to develop and establish
curated datasets and reliable tools dedicated to
pursuing robust, effective, and efficient apple
phenomics. By building up pan-apple phenotypic
datasets and tools, these will serve as key com-
ponents for establishing a robust apple phe-
nomics field that will hopefully overcome this
critical bottleneck in apple breeding programs
(also see Sect. 18.7.1 below).

Fig. 18.1 Mapping of (+)-catechin, (–)-epicatechin,
several procyanidins, and pH (Ma) on linkage group 16.
This figure is taken from Khan et al. (2012), courtesy of
Dr. Henk Schouten
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18.5 Challenges in Genotyping
in Apple

It is clear that SNPs are now highly used as
genetic markers for pursuing various genetic
analyses; moreover, the vast abundance of
available SNPs in a genome allows for simulta-
neous screening of many thousands of poly-
morphic loci in multiple platforms including
SNP arrays, genotyping-by-sequencing (GBS),
or resequencing efforts (Vanderzande et al.
2019). These large numbers of generated SNPs
require robust curation. SNP arrays are available
for apple, including an 8K apple array (Chagné
et al. 2012b), a 20K apple array developed by
FruitBreedomics (Bianco et al. 2014), both
developed on an Illumina Infinium platform, and
a 480K apple array by FruitBreedomics on an
Affymetrix axiom platform (Bianco et al. 2016).
These SNP arrays allow for genotyping individ-
uals via automated scoring of thousands of SNPs.
However, with increasing numbers of SNPs on
these arrays, the likelihood of potential errors in
calling SNPs increases, as it is both time-
consuming and less feasible to manually review
all automated SNP calls to identify potential
errors. Furthermore, incorrect genotype assign-
ments using automated SNP scoring software in
SNP arrays are likely to increase when intensity
plots deviate from expected patterns.

On the other hand, automated genotyping is
based on associations of specific alleles to dif-
ferent fluorescent molecules, detection of such
fluorescent molecules, clustering of individual
marker data points, based on intensity ratios
between different fluorescent dyes across multi-
ple individuals into distinct regions of a
genotype-calling space, and leading to final
assignments of these clusters to genotypes
(Vanderzande et al. 2019). Therefore, such a
curation workflow for high-resolution genetic
marker data would identify and resolve errors,
thereby yielding a robust set of genotypic data.
This workflow maximizes genotypic data

obtained from high-throughput genome-scanning
tools while minimizing the time required to
identify and remove errors. Such genotypic data
sets can then be used for undertaking multiple
efforts for reconstructing pedigrees, determining
quantitative genetic relationships, identifying and
validating QTLs, and tracing allele sources
(Vanderzande et al. 2019).

Recently, Zhang et al. (2019) have assembled
a high-quality apple genome, with a N50 contig
of 6.99 Mb and a maximum contig length of
18.01 Mb, of an anther-derived homozygous
trihaploid ‘Hanfu’ line, “HFTH1”, including 22
telomere sequences, using a combination of
PacBio single-molecule real-time (SMRT)
sequencing, chromosome conformation capture
(Hi-C) sequencing, and optical mapping. It is
observed that the assembly size is close to the
estimated genome size of the ‘Golden Delicious’
dihaploid line “GDDH13” (Daccord et al. 2017),
but corresponds to 92.99% of the estimated
genome size (708.54 Mb) for “HFTH1” by k-
mer analysis, and *97.89% of the Illumina
reads of “HFTH1” could be mapped to their
assembly. In addition, a 160,068 bp chloroplast
genome and 396,939 bp mitochondrial genome
have been assembled into two complete contigs.
In comparison to the first ‘Golden Delicious’
reference genome (Velasco et al. 2010), a total of
18,047 deletions, 12,101 insertions, and 14 large
inversions have been identified by Zhang et al.
(2019). Furthermore, it is proposed that these
wide genomic variations among the different
genome sequences are largely attributed to reg-
ulatory activities of transposable elements
(Zhang et al. 2019).

Therefore, significant progress has been made
in undertaking robust and reliable genotyping
efforts; however, there are some challenges in
handling the volume of genotyping datasets that
are generated, and this has to be addressed and
better integrated with phenomics and other omics
tools to contribute to effective genetic enhance-
ment efforts for the apple.
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18.6 The Role of Gene Editing
in Uncovering and Exploiting
Genetic Diversity for Desirable
Traits

Genetic diversity is critical for pursuing the
improvement of apple, as it is for all other crops.
Although there is a wide genetic diversity
available in the Malus genus, the fact that most
traits of interest are controlled by QTLs, and that
some of these traits are present in wild Malus
species, this renders their transfer via sexual
hybridization strategies rather highly involved
and cumbersome, even if these efforts capitalize
on fast-tracking or rapid-cycling approaches. It is
now known that much of the genetic changes
underlying traits of economic importance are
present in cis-regulatory regions; i.e., non-coding
DNA sequences controlling transcription of
genes, as these changes in genes have likely been
selected during domestication, thereby resulting
in desirable traits caused by altered gene
expression (Li et al. 2020; Swinnen et al. 2016).

Therefore, the advent of genome editing or
gene editing via clusters of regularly interspaced
short palindromic repeats/cas9 associated protein
(CRISPR/Cas-9)-based platform offers a power-
ful tool for engineering cis-regulatory regions,
cis-engineering, to introduce and/or modify
genetic traits of interest (Wolter et al. 2019; Li
et al. 2020). Despite the importance of regulatory
changes in genes, the application of
CRISPR/Cas-mediated cis-engineering provides
a more refined method for modulating gene
expression and for creating phenotypic diversity
to benefit crop improvement, and therefore it
should be assessed and exploited in apple.

CRISPR/Cas-based technologies offer multi-
ple strategies to engineer cis-regulatory regions
based on prior knowledge of the target region or
desired goal. If there is no prior knowledge of the
target region, a multiplexed CRISPR/Cas pro-
moter targeting approach can be used to putative
‘negative regulators’ of the desired traits by
generating a collection of reduced function alle-
les. Furthermore, a well-defined promoter can be
exchanged with the promoter of the gene of

interest to increase expression level or change
the temporal/spatial expression pattern(s) of the
target gene. For a given cis-regulatory element
(CRE) in a target region of interest, this CRE can
be either disrupted or deleted based on random
indel mutations introduced by a non-homologous
end joining (NHEJ) repair pathway (Schmidt
et al. 2019). In addition, CRISPR/Cas-mediated
point mutations and CRE swaps are also impor-
tant approaches to manipulate gene expression
(Schmidt et al. 2019).

Recently, SNPs that are critically involved in
the domestication of crops have been docu-
mented as single-nucleotide alterations in regu-
latory sequences, and they are deemed as
contributors to major effects on gene expression
(Li et al. 2020). Insertions are sources of genetic
diversity that can alter gene expression by either
introducing new or disrupting existing CREs. In
particular, transposable elements (TEs) play
important roles in generating genomic variations
by altering gene regulation (Li et al. 2020). For
example, the presence of an R6 motif, a binding
site of MdMYB10, in the promoter of the apple
MdMYB10 results in auto-activation of this gene
resulting in higher levels of anthocyanins (Espley
et al. 2009); moreover, a 36-bp insertion in the
promoter of MdSAUR37 contributes to high fruit
malate content in apple (Jia et al. 2018).

Malnoy et al. (2016) have demonstrated effi-
cient targeted mutagenesis (0.5–6.9%) of the
apple gene loci DIPM-1, 2, and 4 (DspA/E-
interacting proteins, 198 kDa effector proteins
homologous to the type III effector AvrE of
Pseudomonas syringae pv. tomato), using direct
delivery of CRISPR ribonucleoproteins (RNPs).
Although the mutation efficiency is found to vary
with the targeted gene locus and the ratio of Cas9
and sgRNA, mutation patterns and frequency
assays have shown that CRISPR RNPs to be
effective for targeted mutagenesis of gene loci in
apple protoplasts. Subsequently, Pompili et al.
(2019) have generated MdDIPM4 knockouts in
apple cvs. ‘Gala’ and ‘Golden Delicious’ using
the CRISPR/Cas9 system delivered via
Agrobacterium tumefaciens, using a construct
containing a heat-shock inducible flippase (FLP)/
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flippase recognition target (FRT) recombination
system designed specifically to remove the T-
DNA carrying the expression cassette of
CRISPR/Cas9, the kanamycin selectable marker
gene, and the FLP, and have obtained an editing
efficiency of 75%. Among 57 lines screened,
they have identified seven edited lines exhibiting
loss-of-function mutations. These lines have
been inoculated with the bacterial pathogen
Erwinia amylovora, inciting fire blight disease,
and have been found to exhibit highly significant
reductions in susceptibility to fire blight com-
pared to control plants.

Other efforts in genome and gene editing in
apple are underway in other laboratories (Char-
rier et al. 2019). Recently, it has been reported
that transcription activator-like effector nuclease
(TALEN) having a DNA-binding domain that is
comprised of a tandem array of 33–34 amino
acid-long customizable monomers that likely can
be assembled to recognize any genetic sequence
following a one-repeat-binds-one-base-pair
recognition code (Jain et al. 2021). Therefore, it
has been found that TALEN has up to a five-fold
increase in editing efficiency compared with that
of Cas9 in heterochromatin regions (Jain et al.
2021). Thus, these gene-editing efforts should
yield more promising results in apples as more
studies are undertaken to capitalize on these new
technologies (also see Chap. 10 in this volume).

Thus, the potential and capability of gene
editing in apple are promising, yet they are yet to
be fully exploited. Efforts should continue to
pursue gene editing in apple and to assemble a
portfolio of traits of interest that can be readily
addressed using this currently available and
evolving tool for genetic enhancement of the
apple.

18.7 Other Novel Technologies

18.7.1 Advances in Plant Phenomics

As mentioned above, one of the critical bottle-
necks of modern apple breeding programs is that
of availability of a robust phenotyping system
that captures a large number of traits of interest,

including those relevant to reproductive growth
and fruit quality traits. Currently, phenotyping
relies on measurements of selected traits, such as
vegetative growth, biotic stress, and perhaps to
abiotic stress, using small numbers of plants, and
thus offer limited throughput and do not provide
a comprehensive analysis of multiple traits
within a single plant and across different cultivars
(Pieruschka and Schurr 2019; Ubbens and Stav-
ness 2017). This limits a breeding program’s
capability of determining how expressed pheno-
types correlate with underlying genetic factors
and with environmental conditions, as well as
with ensuing interactions. Collecting multi-
dimensional phenotypic data at multiple levels
from cell level, organ level, plant level, to pop-
ulation level offer opportunities for pursuing
more deliberate and robust plant phenomics
(Zhao et al. 2019). This is particularly critical for
tree fruit crops, such as apples.

In recent years, a combination of new imaging
technologies, robotic and conveyer-belt systems
in greenhouses, and ground-based and aerial
imaging platforms, including the use of drones,
in fields have become more feasible to generate
large numbers of photographic images of crops
(Fahlgren et al. 2015). In turn, this has allowed
for the expansion of high-throughput phenotyp-
ing capabilities with increasing amounts of data
from high-dimensional imaging sensors along
with interests in measuring more complex phe-
notypic traits (Knecht et al. 2016). As availability
and reuse of interoperable data have expanded,
this requires standardization from calibration
procedures of sensors, via standard operation
procedures of experiments and extraction of data
from multimodal images, to experimental design
and metadata, to data ontology formats and
standardized interfaces to generate meaningful
data (Pieruschka and Schurr 2019).

As a result, an open-source deep-learning
software platform, termed as ‘Deep Plant Phe-
nomics’ (DPP), has been developed (Ubbens and
Stavness 2017). This DPP platform capitalizes on
deep convolutional neural networks for plant
phenotyping. This easy platform provides pre-
trained neural networks for several common
plant phenotyping tasks, and a ‘proof of concept’
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of this platform has been used in three complex
phenotyping tasks, including leaf counting,
mutant classification, and age regression for top-
down images of plant rosettes in Arabidopsis
thaliana (Ubbens and Stavness 2017). This tool
is built up to use deep learning in machine
learning (ML) for tackling large data analytics
(see also Sect. 18.8 below). Deep convolutional
neural networks (CNNs) serve as deep learning
methods that are particularly well suited to
computer vision issues. Thus, a typical setup for
a CNN utilizes a raw RGB image as input,
deemed as an n � m � 3 volume, wherein ‘n’ is
image height, ‘m’ is image width, and ‘3’ cor-
responds to the number of color channels in an
image, such as red, green, and blue channels.
A CNN is based on several different layers of
three main types, including convolutional layers,
pooling layers, and fully connected layers. As
with other supervised methods, CNNs are trained
via an iterative optimization procedure to mini-
mize differences between a network’s output and
a known ground-truth label for each input
(Ubbens and Stavness 2017).

Therefore, this is an opportunity to capitalize
on this DPP platform, and perhaps others that
might become available to pursue efforts in
establishing a more robust and high-throughput
phenomics system for apple (Pieruschka and
Schurr 2019).

18.7.2 Optogenetics

Ochoa-Fernandez et al. (2020) have pursued
optogenetics, a genetic approach for controlling
cellular processes with light, as this approach
provides spatiotemporal, quantitative, and rever-
sible control over biological signaling and
metabolic processes, thereby overcoming limita-
tions of chemically inducible systems. However,
optogenetics lags in plant studies as ambient light
required for growth leads to an undesirable sys-
tem activation. However, this problem has been
overcome by developing plant usable light-
switch elements (PULSE), an optogenetic tool
for reversibly controlling gene expression in

plants under ambient light. The PULSE system
combines a blue light-regulated repressor with a
red light-inducible switch. This system is com-
prised of two engineered photoreceptors exerting
combinatorial activities over the regulation of
transcription initiation. One of the photoreceptors
represses gene expression under blue light (BOff),
engineered from the EL222 (a 222 amino acid
protein isolated from the marine bacterium Ery-
throbacter litoralis HTCC2594) photoreceptor,
while the second photoreceptor activates gene
expression with red light (ROn), based on a
phytochrome B (PhyB)–PIF6 optoswitch.
Therefore, gene expression is only activated
under red light, and it remains inactive under
white light or in darkness.

Using a quantitative mathematical model,
Ochoa-Fernandez et al. (2020) have characterized
PULSE in protoplasts and achieved high induction
rates, and they have combined it with CRISPR–
Cas9-based technologies to target synthetic sig-
naling and developmental pathways. This
approach has been used to control light-inducible
immune responses in leaves of Nicotiana ben-
thamiana as well as in leaves of transgenic Ara-
bidopsis plants. PULSE offers new broad
experimental opportunities in plant research and
biotechnology. As PULSE provides opportunities
for quantitative and spatiotemporal reversible
control over gene expression, this can result in
high induction rates of gene expression (of up
to *400-fold), while this system is in the ‘off’
state under white light or in the dark. The devel-
oped mathematical model allows for quantitative
characterization of the dynamic behavior of the
system, and to guide experimental design. There-
fore, by combining PULSE with a plant tran-
scription factor (TF) or a CRISPR–Cas9-derived
gene activator, this has allowed for demonstrating
the functionality of light-controlled activation of
both Arabidopsis and orthogonal promoters
(Ochoa-Fernandez et al. 2020).

Thus, optogenetics offers a possible new
opportunity for capitalizing on light activation to
modulating gene expression, as well as for tar-
geting synthetic signaling and developmental
pathways in apple genetic enhancement efforts.
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18.7.3 Nanotechnology

The tools of nanotechnology, including nano-
materials, nanofluidics, microfluidics, and
nanosensors offer various opportunities for use in
the apple industry whether it is for the purposes
of diagnostics or for treatment of biotic or abiotic
stresses via delivery of targeted biocontrol agents
or other treatments.

It is likely that nanoproteomics could serve as
an opportunity for use in apple to enhance probing
and evaluation of protein systems. Protein
biosensing changes the morphology of a surface
from plain to a nanostructured form; moreover,
this alters the sensing properties of materials
(Kobeissy et al. 2014). This is achieved by
increasing available binding sites, as well as by
enhancing the accessibility of a target to that of a
surface-immobilized probe. This would allow for
the detection of specific target(s) with higher sen-
sitivity and faster kinetics (Kobeissy et al. 2014).

In other nanotechnology efforts, Kim et al.
(2012) used microencapsulation, uniform core–
shell alginate microcapsules of 60–300 lm in
diameter, and controlled release of the biocontrol
agent Pantoea agglomerans strain E325 (E325),
an antagonist to the bacterial pathogen Erwinia
amylovora, causal pathogen of fire blight disease
in apple. It was observed that proliferation of the
biocontrol E325 agent within these microcap-
sules was also followed by their subsequent
release and colonization activities within apple
flowers. This study demonstrated a ‘proof of
concept’ of the use of such a microencapsulation
protocol for control of fire blight disease, and
these highly promising findings should be pur-
sued further.

18.8 Integrating Omics Datasets

Availability and access to large-scale omics
datasets for genomics, transcriptomics, pro-
teomics, metabolomics, metagenomics, and
phenomics, among others, require serious efforts
to handle these datasets in order to convert this
vast volume of data into holistic knowledge and
understanding of biological processes (Fig. 18.2;

Misra et al. 2019). Currently, these datasets from
these different omics are handled separately
using various bioinformatics software packages.
However, with reduced time and cost to generate
these datasets, integration of omics data has
become necessary, thereby offering both oppor-
tunities and challenges for biologists, computa-
tional biologists, and biostatisticians. Data file
sizes ranging from tera- to peta-byte sized data
files generated on a daily basis, together with
differences in nomenclature among these data
types, render integration of these multi-
dimensional omics data into biologically mean-
ingful context challenging (Misra et al. 2019).
These challenges include differences in data
cleaning, normalization, biomolecule identifica-
tion, data dimensionality reduction, biological
contextualization, statistical validation, data
storage and handling, sharing, and data archiving
(Misra et al. 2019). Commonly used approaches
are currently limited by the three ‘i’s, consisting
of integration, interpretation, and insights. Post
integration, these very large datasets aim to yield
unprecedented information of cellular systems at
high resolution that will offer transformative
insights into processes, activities, and traits of
interest through various computational and
informatics frameworks (Fig. 18.2).

A trans-omics concept of dynamic networks
has been proposed for integrating omics data.
This concept relies on the three most commonly
used layers of omics datasets, including tran-
scriptomics, proteomics, and metabolomics, as
well as of other newer datasets such as protein–
protein interactions, DNA–protein interactions,
and allosteric regulation, that allow for identify-
ing critical components of dynamic biological
networks (Yugi et al. 2016). This concept has
been demonstrated by using three case studies in
datasets from bacteria and rats, revealing an
interplay of omics layers, and introducing
phenome-wide association, pathway-wide asso-
ciation, and trans-ome-wide association (Trans-
OWAS) studies to connect phenotypes with
omics networks that reflect genetic and environ-
mental factors (Misra et al. 2019).

When dealing with individual omics datasets,
there are certainly challenges, particularly when
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handling large sample numbers, even if they do
not have the four ‘v’s (volume, variety, velocity,
and veracity) associated with the integration of
‘big data’. Moreover, for high-dimensional
datasets of more than 1,000 variables, often
referred to as the ‘curse of dimensionality’,
variances among samples are expected to be
large and sparse, thus rendering cluster analysis
uninformative, and further posing challenges in
interpreting integrated omics datasets (Misra
et al. 2019; Ronan et al. 2016).

It is known that simplistic, descriptive, and
exploratory approaches such as multivariate
analysis tools such as principal component
analysis (PCA) are often used to reduce data
dimensionality, while canonical correlation
analysis (CCA) is used to investigate overall
correlations between two sets of variables.
However, other omics integrative frameworks
involve sparse CCA (Parkhomenko et al. 2009),

multiple factor analysis (De Tayrac et al. 2009),
and multivariate partial least square regression
analysis (Palermo et al. 2009). Wanichthanarak
et al. (2015) have identified several available
tools and packages for integration of genomic,
proteomic, and metabolomic datasets using
pathway enrichment, biological network, or
empirical correlation analysis. Although most of
these tools require either standard R-statistical
programming, Python, or Galaxy, pursuing this
has been deemed rather difficult, particularly
when there is high heterogeneity among samples.
Therefore, there is a definite need for user-
friendly tools (Misra et al. 2019).

It has been proposed that using a fuzzy logic
modeling framework will help in efforts to inte-
grate multiple types of omics data with expert-
curated biological rules (Pavel et al. 2016; Xu
et al. 2008). Furthermore, in order to overcome
issues of sample heterogeneity, it has been

Fig. 18.2 An integrated omics workflow outlining input
datasets, output datasets, and outcomes. This capitalizes
on omics datasets of genomics, transcriptomics, pro-
teomics, and metabolomics, as well as those of other

omics platforms, to integrate these data using statistical
and/or advanced machine learning tools. Likely outcomes
are either simple pathways or complex networks. This
figure is adapted and modified from Misra et al. (2019)
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proposed that the following three clustering cat-
egories are taken into consideration, including
direct integrative clustering, clustering of clus-
ters, and regulatory integrative clustering (Wang
and Gu 2016). It is suggested that when inte-
grating complementary data sources, e.g., tran-
scriptomic and proteomic, it is best to use a
‘proteomics-first’ approach as it will enhance the
discovery of candidate sub-networks, such as
protein–protein interaction (PPI) sub-networks
that are functionally associated with a phenotype
of a biological trait of interest (Nibbe et al.
2010).

Ideally, generating networks will not rely
predominantly on known function(s) of a mole-
cule as many genes and proteins are shown to
have different activities and functions in different
biological systems, and the target system may
include key molecules with novel functions
and/or novel molecules. Moreover, although
weighted gene co-expression network analysis
(WGCNA) is heavily used for unbiased integra-
tion of genomic and transcriptomic data with
quantitative trait data to identify coordinated
modules of genes and gene variants associated
with changes in phenotypic variation, such an
algorithm is yet to be found useful in integrating
other omics datasets from diverse analytical
platforms, such as proteomics or metabolomics,
or other heterogeneous data (Misra et al. 2019).
Fortunately, current available tools for integra-
tion of omics data include web-based tools that
require no computational experience, such as
Paintomics, 3Omics, and Galaxy (P, M), as well
as more versatile tools for those with computa-
tional experience. For those users with expertise
in programming and interfacing with computa-
tional tools, there are available tools such as
IntegrOmics, SteinerNet, Omics Integrator, and
MixOmics that allow for customization of vari-
ous parameters and settings that afford for better
control of data analyses (Misra et al. 2019).

Artificial intelligence (AI), specifically
machine learning (ML) algorithms, is currently
being explored in multi-omics data analysis due
to capabilities of making decisive interpretations
of large-sized complex data (Biswas and Chak-
rabarti 2020). Analysis and interpretation of

multi-omics data require collaborative efforts of
biologists and computer scientists. ML deals with
computer programs where programs learn auto-
matically from earlier experiences, as mentioned
above in the development of the Deep Plant
Phenomics platform (in Sect. 18.7.1 above).
Early on, a program initially performs some
tasks, measures performance, gains experience,
and then learns from these experiences, and
subsequently undertakes remaining tasks to pro-
vide better performance. As ML algorithms learn
from these experiences, depending on the types
of feedbacks available from earlier experiences,
there are three types of learning, including
unsupervised, reinforcement, and supervised
learning. Therefore, ML tools offer advanced
analytical methods along with predictive capa-
bilities (Biswas and Chakrabati 2020).

Different combinations of auto-encoders have
been used to study the most effective approach
for multi-omics data integration in human dis-
eases, such as breast cancer (Simidjievski et al.
2019). Furthermore, a multiple-kernel framework
is also used to integrate multi-omics datasets and
to find closeness between subtypes of disease
traits (Simidjievski et al. 2019). These kernels are
ML methods wherein a function, termed as ker-
nel function, maps non-linear data sets into a
higher dimensional space that will render such
data linearly separable, thus allowing for their
classification (Hofmann et al. 2008).

18.9 Conclusions

While significant advances have been made in
apple genomics, transcriptomics, metabolomics,
and proteomics, as well as in ongoing efforts in
gene and genome editing, there are yet many
other opportunities for fully exploiting the ever-
expanding omics technologies, as well as other
new technologies for genetic improvement of
apple, both scions and rootstocks, as well as that
of the overall apple biome, particularly in light of
the impact of climate change. Furthermore, these
various tools and technologies are critical for
monitoring, controlling, and ameliorating biotic
and abiotic stress conditions, including post-
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harvest storage issues in the apple industry.
Peace et al. (2019) have proposed that studies
should expand the concept of a single genome
for apple toward that of a pan-genome concept to
account for the genomic variation of the entire
domesticated apple, wherein this variation is
captured, annotated, and cataloged, as well as
account for intraspecific sequence differences,
and associate such differences with phenotypic
observations. Therefore, in light of the current
and new technologies described above, it is
important to establish an ‘Apple Atlas Dataset’.
Such an ‘Apple Atlas Dataset’ will allow us to
better understand genetic relationships, construct
detailed networks and pathways for biological
relationships, identify biomarkers and effectors,
identify targets and variants for economic traits
of interests, as well as pursue efficient and
effective genetic enhancement/breeding efforts.
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