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Abstract Carrot is typically categorized as a cool-season vegetable crop that is
grown globally with largest per capita production in Europe, but with significant
increased production in warmer regions of Asia in the last 50 years. As a high-
value vegetable with relatively long postharvest storage life, combined with a high
nutritional value attributable to its familiar orange carotenoid pigments, continuing
adaptation of carrot to diverse climatic conditions is critical. Traits important to past
success and future progress in improving climate resilience depend on the broad
genetic diversity of carrot. Classical and modern approaches readily lend themselves
to carrot improvement, with significant application of genome-assisted breeding tools
expected to expand future prospects of success.

Keywords Daucus carota - Cool-season vegetable + Root crop + Climate change *
Abiotic stress tolerance * Biofortification

6.1 Introduction

Plants, as sessile organisms, are at mercy of the environment in which they grow and
develop. Abiotic stresses, such as heat, drought, and salinity, can result in suboptimal
growing conditions for many crops, and although they can survive in environments
with abiotic stress , they are likely to experience a reduction in growth and produc-
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tivity (Bray et al. 2000; Rockstrom and Falkenmark 2000). It has been suggested
that abiotic stressors are the number one cause of crop loss and, on average, reduce
yields by 50% or more (Boyer 1982). The amount of abiotic stress affected cropland
is expected to increase as many climate models predict a mean global temperature
increase of 1-4 °C by 2100 (Pachauri and Reisinger 2007). This increase in temper-
ature will be accompanied by more intense heat waves, drought-like conditions, and
an increase in salt accumulation in the soil (Mittler and Blumwald 2010). There is
no doubt that abiotic stress is going to be an important issue facing the production of
crops worldwide. The development of stress-tolerant cultivars through breeding may
be one method to reduce the negative impact of abiotic stress. Until now, relatively
little has been written in regards to the relationship between carrot and abiotic stress
(Grzebelus 2019).

The origins of carrot were in what is now a warm, dry semiarid region. Best
evidence points to Central Asia as the origin of carrot as a root crop only 1100 years
ago, with Afghanistan (Mackevic 1929) and then Persia (Laufer 1919) being early
sites of carrot cultivation. Molecular evidence also supports a Central Asian origin
for carrot (Iorizzo et al. 2013) with a rapid spread and extensive domestication effort
to the west of Central Asia into Anatolia, North Africa, and then into Europe by
the 1300s (Banga et al. 1957a, b; Banga 1963). Carrot developed somewhat more
slowly to the east of Central Asia with its estimated arrival time in China around
1300 (Laufer 1919).

The carrot crop today is grown on 1.2 million hectares and valued at $14 billion
globally, placing it in the middle of the top 10 vegetables grown globally (FAO
2019). Global carrot production has increased steadily in the last 50 years, rising at
a rate more than compensating for the increase in global population, with the most
pronounced increase, greater than eightfold per capita, recorded for Asia (Simon
2019). Consequentially more of the carrot crop is grown in warmer, drier climates
now than in the last several hundred years. Carrot breeders have responded to this
trend by developing cultivars with improved heat tolerance. The most notable of
these is “Brasilia” (Vieira et al. 1983) with not only greater tolerance to heat but
also improved Alternaria leaf blight tolerance, making it better suited for climatic
conditions of northeastern Brazil and accounting for a significantincrease in Brazilian
carrot production. Crop improvement to sustain increasing production will require
much more attention to global climate trends than it has in the past.

Carrot is a diploid (2n = 2x = 18) outcrossing insect-pollinated crop traditionally
bred for open-pollinated (OP) cultivar production until cytoplasmic male sterility
was discovered in the 1940s and 1950s, when cultivar development for large-scale
production shifted to hybrids, which account for the majority of large-scale carrot
production today (Simon 2000).
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6.2 Prioritizing Climate-Smart (CS) Traits

6.2.1 Flowering Time

Floral initiation in carrot is stimulated by exposure to cool temperature, or vernal-
ization, and is required to trigger the transition from the vegetative crop, which is
the commodity grown for commercial production, to flowering and seed production
(Linke et al. 2019). Early flowering in the vegetative crop results in fibrous, woody
storage roots which are unmarketable, and strong selection against early flowering
(“bolting”) has been exercised by European and North American breeders since car-
rots became popular in the 1500s. This strong selection was carried out in geographic
regions where winters are too cold for production of a winter crop. In this biennial
system, carrots grown as a root crop in one year are stored in root cellars until the next
spring, when they are planted for seed production in the second year. Carrot cultivars
with this biennial flowering behavior are referred to as “temperate.” This is in con-
trast to carrots grown in warmer climates on an annual cycle starting with production
of the vegetative crop during the winter with seed production the following summer
after minimal vernalization. This second category of carrots is referred to as “sub-
tropical.” The fact that subtropical carrots flower with much less exposure to cold is
critical to farmers in warm climates who produce their own seed crop since they have
no extended cold season to vernalize carrots, and access to refrigerated cold storage
can be limited. Consequentially they must rely on early flowering in the field to be
assured of a seed crop. Given their tendency toward early flowering, subtropical car-
rot cultivars typically flower very readily in temperate root crop production regions
and cannot be relied upon for commercial production. Similarly, when temperate
carrot cultivars are grown in subtropical carrot crop production regions, access to
refrigerated storage is required to be assured of a seed crop and consequentially they
may not be suitable if that access is limited.

Given the independent development of temperate and subtropical carrot cultivars
in the last 500 years and the role that temperature plays in differentiating them,
increasing global temperatures may be expected to require a shift in production
regions of temperate cultivars away from the Equator, and a concomitant expanded
use of subtropical cultivars, assuming current vernalization requirements remain as
they are. As new cultivars are developed, field trialing during development in targeted
production regress will be more critical to be assured of reliable performance. The
genetic control of vernalization requirement has been elucidated for carrot with
a single gene identified by Alessandro and Galmarini (2007) and a second gene
described by Wohlfeiler et al. (2019).
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6.2.2 Root Characters

Genetic variation in fibrous root growth pattern has not been reported for carrot, but
storage root growth, structure, and shape of cultivated carrots have received extensive
attention since the storage root is the commodity of commerce. Only recently has
genetic control of cultivated carrot root shape been analyzed with several quantitative
trait loci (QTLs) controlling diameter, length, and shape (Macko-Podgorni et al.
2017; Turner et al 2017). The relationship between storage root shape and fibrous
root growth will be of some interest.

6.2.3 Heat Tolerance

Heat stress can be defined as a rise in temperature above a specific threshold for
a period long enough to cause damage to crop growth and development, with that
temperature and period of time varying for each species (Wahid et al. 2007). Plant
response to heat stress varies depending on the duration of stress, intensity of the
temperature, and stage of development. The effects of high temperature can influence
many aspects of plant physiology, including reduction of photosynthesis, oxidative
stress, reduced plant growth, and inhibition of seed germination (Hasanuzzaman
et al. 2013). At extreme temperatures, unrecoverable cellular injury, cell death, and
collapse of crucial metabolic processes may occur within a few minutes (Schoffl et al.
1999). Although heat stress can be severely damaging, plants do have the ability to
tolerate a certain level of heat stress through physiological and biochemical changes
resulting from altered gene expression (Hasanuzzaman et al. 2013).

Of all the physiological aspects of plant growth, photosynthesis is one of the most
profoundly affected by heat. It has been suggested that photosystem II (PSII) is the
most sensitive element of the photosynthetic machinery (Berry and Bjorkman 1980)
and PSII activity may be reduced or halted under heat stress (Morales et al. 2003).
High temperatures also negatively affect leaf water status, stomatal conductance, and
assimilation of CO, (Greer and Weedon 2012). It has been shown that the ability
to successfully assimilate CO, and continue exchange of gases is directly related
to whether the plant is considered heat tolerant. The reduction in CO, assimilation
under high temperatures is likely attributed to a decrease in Rubisco activity, which
is known to begin denaturing at approximately 40 °C (Feller et al. 1998). In crop
plants, a reduction in photosynthetic activity reduces the amount of sequestered
carbon, decreasing plant growth and adversely affecting yield.

Like Rubisco, many other enzymes important for metabolic functions are also sen-
sitive to high temperatures. As enzymes uncouple, mechanisms normally responsible
for scavenging reactive oxygen species (ROS), such as superoxide radical (¢O;_),
hydrogen peroxide (H,O,), and hydroxyl radicals (*OH), begin to degrade, caus-
ing an increase in oxidative stress (Asada 2006). These ROS can react with many
biomolecules, such as proteins, pigments, lipids, and DNA, and cause a decrease in
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cell membrane stability (Rodriguez and Redman 2005; Mgller et al. 2007; Huang
and Xu 2008). When ROS are allowed to accumulate to a high enough concentration
in cells, they may even trigger programmed cell death. Examples of oxidative stress
resulting from high temperatures have been demonstrated in many crops, e.g., wheat
(Savicka and Shkute 2010), tobacco (Tan et al. 2011), Arabidopsis (Larkindale and
Knight 2002), and maize (Gong et al. 1997). Notably, the oxidative stress is not only
associated with the heat stress, but rather a general response to many abiotic stresses.

Seed germination is the first stage of plant growth affected by heat stress. The
inhibition of seed germination, either complete prevention or rate reduction, typically
occurs via the induction of abscisic acid (ABA), which is a known stress response
hormone (Shinozaki and Yamaguchi-Shinozaki 2006). It has been suggested that
as ABA increases in the seed as a response to stress, it limits the availability of
energy and nutrients, thus preventing the seed from having the energy required to
germinate (Garciarrubio et al. 1997). At extreme temperatures, germination may be
completely inhibited due to cell death and unrecoverable embryo damage, as has
been demonstrated in wheat seeds (Essemine et al. 2010).

Heat tolerance, sometimes called thermotolerance, is defined as the ability of a
plant to grow under high temperatures and produce economically viable yields and is
a highly complex trait that varies greatly both among and within species (Hasanuz-
zaman et al. 2013). Plants demonstrate different mechanisms for dealing with high
temperatures depending on the duration and intensity of the heat stress. Some impor-
tant mechanisms of heat tolerance include the production of antioxidants to combat
oxidative stress (Maestri et al. 2002), the accumulation of compatible osmolytes to
increase intracellular osmolarity (Sakamoto and Murata 2002), an increase in the
chlorophyll a:b ratio and carotenoid content to maintain PSII function (Camejo et al.
2006), and the production of heat shock proteins (HSPs) (Bowen et al. 2002). There
are multiple mechanisms by which HSPs aid in combating heat stress. HSPs help
proteins normally disrupted by high temperatures maintain their shape and function,
shuttle proteins aid in protein translation and translocation, reactivate denatured pro-
teins, and protect photosystems from oxidative damage (Neta-Sharir et al. 2005;
Stetler et al. 2010).

Carrot, as a cool-season crop, may be particularly sensitive to high temperatures,
which is one of the major abiotic factors limiting all stages of growth (Landjeva
et al. 2008). Although relatively little work has been undertaken regarding carrot
thermotolerance, a few mechanisms and candidate genes have been suggested. The
first, alternative oxidase (AOX), is an enzyme that is noted to relieve oxidative stress
caused by the formation of ROS (Amirsadeghi et al. 2007). The carrot genome carries
three AOX genes, one representing AOX/ and two AOX2 paralogs (Campos et al.
2009). The AOX genes might be responsible for relieving environmentally induced
oxidative stress by limiting the formation of ROS in the mitochondria (Nogales et al.
2016). Indeed, the expression of carrot AOX was markedly affected by temperature
changes, e.g., DcAOXI was highly upregulated when ambient temperature raised
from 21 °Cto 28 °C (Campos et al. 2016). Possibly, allelic variability within DcAOX1
could have an impact on the heat stress tolerance and the gene could be a target for
marker-assisted selection (Nogales et al. 2016).



314 A. Bolton et al.

Heat Tolerance Index
mWild = Cultivated

1

0.6

0.4
St
“all |||

Fig.6.1 Variationin the heat tolerance index for a collection of wild and cultivated carrot germplasm
accessions. Each bar represents a different germplasm accession reported in Bolton et al. (2019)
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DcHsp17.7, a carrot HSP, was reported by Malik et al. (1999) as being capable
of increasing plant tolerance to high temperatures, up to 42 °C. Park et al. (2013)
showed that it was rapidly synthesized in response to the heat treatment, remained
abundant two days later, and subsequently decayed. Night exposure to heat showed
a more pronounced effect on the accumulation of DcHsp17.7. Several other HSPs
were shown to be upregulated by heat stress (Huang et al. 2015).

With the development of carrot cultivars targeted for production in a warmer cli-
mate, the influence of elevated temperature on early crop growth has been evaluated.
Nascimento et al. (2008) and Bolton et al. (2019) observed seed germination to be
reduced with elevated temperatures where, relative to the control temperature of
24 °C, germination of most carrots was reduced at least 50% up to 35 °C, but several
OPs evaluated exhibited no significant reduction in germination at 35 °C compared
to 24 °C (Fig. 6.1). At 37.5 °C, only “Brasilia” seed germinated among the cultivars
tested, but at a rate less than 10%. Temperature levels under which the carrot root
crop can survive during stand establishment and crop growth beyond germination
have not been reported.

Beyond production of the root crop, heat tolerance may also play an important
role in carrot seed production. Broussard et al. (2017) exposed flowering carrots
to “cool”, “average,” and “warm” greenhouse conditions and observed reduction in
volatile terpenoid production and nectar quality, which was conjectured to reduce
attractiveness of insect pollination. Since adequate seed production is critical to
sustain crop production, expanded studies on the effects of climatic effects on the
reproductive phase of the carrot life cycle will be of great importance.

6.2.4 Cold Tolerance

Climate change can include temperature fluctuations not only above recent averages,
but also temperatures below recent averages. Carrot is generally regarded as cold-
hardy and able to recover from cold temperatures as low as —8 °C. Beyond leaf
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damage, cold temperatures cause taproot cracking in carrot. Palta and Simon (2004)
observed variation among breeding stocks for leaf and root damage, and exercised
selection for reduced incidence of taproot cracking. Two frost tolerant hybrid cultivars
were developed and released.

6.2.5 Salinity Tolerance

There are two distinct mechanisms by which high levels of salinity impede plant
growth and development. The first occurs when high levels of salt in the soil create
an osmotic effect that reduces the ability of the seeds and roots to pull water from the
surrounding environment and into the plant tissue, creating drought-like symptoms
such as reduced cell expansion in the leaves, roots, and seeds (Munns and Tester
2008). The second mechanism is the accumulation of salts to toxic levels within the
plant tissue, interfering with major biological processes critical to plant growth, and
creating ionic stress that often results in tissue death. For example, the accumula-
tion of Na* can reduce the functionality of chlorophylls, carotenoids, and essential
photosynthetic enzymes (Davenport et al. 2005), which can result in oxidative stress
caused by the formation of ROS (Apel and Hirt 2004). Mineral nutrient deficiencies
can occur when Na* competes for transport protein sites that normally uptake critical
macronutrients such as K, N, and P (Carillo et al. 2011). It was first suggested by
Munns et al. (1995) that both of these effects on plant growth and survival occur in a
two-phase model. In Phase 1, high levels of salts create osmotic stress that tends to
decrease growth rate, followed by the toxic ionic effects of Phase 2, which are often
more harmful (Carillo et al. 2011). During the second phase, ions are transported
through the xylem and deposited in the leaf blade where they accumulate and can
kill older leaves. These two phases of salinity stress have a greater negative effect
on the shoots, which tend to be less tolerant than the roots (Munns and Tester 2008).
Response to salinity varies with developmental stage, or ontogeny; the most sen-
sitive and critical stages of the plant life cycle are typically germination, seedling
establishment, and flowering (Flowers 2004). Tolerance is also dependent on other
environmental conditions such as soil temperature, soil moisture, physical proper-
ties of the soil, air temperature, and humidity (Munns and James 2003). Salt-tolerant
plants (halophytes) have developed mechanisms to overcome the accumulation of
these toxic ions through multiple salinity tolerance mechanisms that each have been
found to be under independent genetic control.

Salinity tolerance mechanisms can be broken up into three main categories: (1)
tolerance to osmotic stress, (2) Na* exclusion from the leaves, and (3) tolerance of
tissue to Na* accumulation (Munns and Tester 2008). Osmotic stress tolerance is
typically conferred by increased water-use efficiency and/or osmotic adjustment via
increased proline or soluble sugar accumulation (Munns 2005). Na* exclusion from
the leaves starts with the selective exclusion of Na* over K* by the roots (Munns and
Rawson 1999) or by efflux of Na* back out into the soil rather than transport into
the xylem (Tester and Davenport 2003). In many species, salt exclusion is strongly
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correlated with salt tolerance and has been shown to have a wide range of natural
variation among species (Yeo and Flowers 1986; Munns and James 2003; Tester
and Davenport 2003). Tissue tolerance of Na* accumulation occurs when plants are
able to compartmentalize Na™ into the vacuole to prevent reaching toxic levels in the
cytoplasm. This also requires the synthesis of solutes in the cytoplasm to maintain
osmotic balance with the vacuole (Tester and Davenport 2003). These solutes (e.g.,
proline, sucrose, glycine betaine, and mannitol) are compounds that do not interfere
with normal biochemical functions (Shomer-Ilan etal. 1991). Several candidate genes
related to these salinity tolerance mechanisms have been identified and could be
combined to give higher levels of salinity tolerance in many crops (Yeo and Flowers
1986). Major genes have been identified that contribute to salinity tolerance, but
the functions in which they are involved (ion transport, protein synthesis, hormone
signaling) are complex, and consequently it is not surprising that much of adaptation
to salinity stress, as well as to other abiotic stresses, is governed by quantitative
variation (Sreenivasulu et al. 2007). Phenotypic parameters for screening salinity
tolerance vary depending on the salinity concentration, duration of stress, and the
developmental stage of the plant (Shannon 1985). The strictest measure of tolerance
is whether a genotype has the ability to survive through the completion of its life
cycle at high salinity levels. A genotype that can survive from seed germination,
through seedling establishment, and on to flowering is considered tolerant in the
most absolute sense. This level of tolerance may not be necessary for most crop
species, but even relatively low levels of salinity can reduce biomass accumulation
and yield significantly. For many crop species, biomass and yield reduction under
salinity stress are useful criteria for quantifying tolerance but do not provide insight
into the mechanisms conferring tolerance (Bado et al. 2016).

As mentioned previously, leaves are often more sensitive to salinity stress than
roots, and thus have been a focus of phenotyping procedures. Leaf damage can be
easily observed as necrosis or yellowing and has been successfully used to phenotype
salinity stress response in wheat and barley (Richards et al. 1987), and rice (Gregorio
et al. 1997). Scoring of leaf wilting, another leaf trait, has been shown to be effective
in adzuki bean, Vigna angularis L. (Yoshida et al. 2016), but can be inaccurate due
to the subjectivity of scoring.

Phenotyping at seed germination is a relatively easy and fast (7-21 days) measure-
ment that is critical for plants in saline conditions and found to be controlled by other
genes than those controlling leaf damage. The most frequently used measurement
for germination tolerance is relative percent germination in salinity: percent germi-
nation under a defined salinity concentration divided by percent germination without
salinity. Relative percent germination as a tolerance trait has been evaluated in many
species including Triticum durum L. (Almansouri et al. 2001), Arabidopsis thaliana
L. (DeRose-Wilson and Gaut 2011), Zea mays L. (Radi¢ et al. 2007), and Pisum
sativum L. (Shahid et al. 2012). Independent screening for specific traits related to
all three physiological mechanisms of salt tolerance (Na* exclusion, K*/Na* discrim-
ination, and tissue tolerance) has been argued as the best method for maximizing the
genetic improvement of salt tolerance (Noble and Rogers 1992; Munns and Rawson
1999; Munns and James 2003; Yoshida et al. 2016). Each of these traits is frequently
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controlled by specific genes and therefore there is potential to pyramid these traits
together to increase tolerance above what may be normally found in one genotype
(Noble and Rogers 1992). Harvesting root and shoot tissue grown with and without
salinity stress and analyzing it for Na* and K* concentrations allow for identification
of mechanisms, whether it be salinity exclusion or tolerance, that the plant is utiliz-
ing to cope under the stress. Comparing these concentrations with percent biomass
reduction under stress allows for the identification of tolerant genotypes/accessions
and the mechanisms of tolerance utilized (Munns and James 2003). Quantifying the
concentration of the ions can be done by studying the “Ionome” of plants (Baxter
2009).

Carrot, as a salt-sensitive glycophytic plant, has long been observed to be one of the
most salt-sensitive vegetable crops (Bernstein and Ayers 1953; Maas and Hoffman
1977). Carrot yield, measured in terms of root biomass, declines approximately 14%
for every unit increase in salinity past 1.0 dS m~! threshold, which is much lower than
the defined threshold, 4 dS m~!, for a saline soil. Carrot seed germination and seedling
establishment (Fig. 6.2) also suffer greatly from increased salt concentrations in the
soil (Schmidhalter and Oertli 1991). Both the capacity for total seed germination
and rate of germination are decreased greatly under salinity stress with these effects
becoming greater as concentration of salt increases (Kahouli et al. 2014). Salinity
stress has also been noted to cause reduced rates of photosynthesis and stomatal
conductance in carrot (Gibberd et al. 2002).

Similar to heat stress tolerance, relatively little work has been undertaken to iden-
tify mechanisms of salt tolerance in carrot, but some have been suggested. Changes
in the enzymatic and nonenzymatic antioxidant defense system of carrots under salt
stress have been demonstrated by Bano et al. (2014) suggesting that increase in
glycine betaine, ascorbate, and other antioxidants may place a role in salt stress tol-
erance. Possibly, phytoene synthase 2 (DcPSY?2) may also be involved in the reaction
of carrots to salinity. DcPSY2 is one of the key proteins in the carotenoid biosynthesis
pathway in carrot roots (Fuentes et al. 2012; Wang et al. 2014). In turn, carotenoids
are precursors of ABA. Simpson et al. (2018) showed that the salinity stress and

Fig. 6.2 Carrot plants at 42 days of growth without (left) and with (right) 150 mM NaCl added to
irrigation solution
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Fig. 6.3 Variation in the salt tolerance index for a collection of wild and cultivated carrot germplasm
accessions. Each bar represents a different germplasm accession reported in Bolton and Simon
(2019)

ABA upregulate DcPSY?2 through binding of DcAREB3 transcription factor to ABA
responsive elements (A located in the promoter of DcPSY?2).

Since carrot is irrigated in much of its global production, and rising levels of salin-
ity is an increasing problem, an assessment of genetic diversity in carrot germplasm
for salinity tolerance can provide important insights into future prospects for greater
salinity tolerance in the carrot crop. Kahouli et al. (2014) evaluated 10 carrot cultivars
and observed variation indicating a genetic component to carrot salinity tolerance.
Bolton and Simon (2019) evaluated 294 diverse cultivated and wild carrot accessions
and confirmed broad variation for tolerance to 150 mM NaCl during germination
(Fig. 6.3), including breeding stocks and OPs. The observation of relatively high
levels of salinity tolerance in cultivated germplasm provides an optimistic outlook
for future CS carrot crop improvement.

6.2.6 Drought Stress

Reduced rainfall and changes in rainfall patterns are very dangerous for agricul-
ture (Fahad et al. 2017). Typical symptoms of drought stress in plants are reduced
leaf water potential and decreased cell growth, which adversely affect both the plant
growth as well as a range of physiological or biochemical processes, including photo-
synthesis, nutrient metabolism, respiration, and chlorophyll synthesis (Hussain et al.
2018). Thaumatin-like proteins are included in a group of pathogenesis-related pro-
teins. However, these proteins are also involved in response to abiotic stresses. In
carrot, a dcTLP gene encoding a thaumatin-like protein (TLP) was reported to be
upregulated upon dehydration, independently from the developmental stage and not
regulated by ABA, salicylic acid or jasmonic acid. Possibly it is one of the elements
conferring physiological adaptation of carrots to drought, in combination with other
drought-induced genes (Jung et al. 2005). A small HSP, DcHsp17.7, referred to in the
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heat stress section, was also shown to accumulate in carrots suffering from osmotic
stress (Ahn and Song 2012).

Few reports of carrot growth under drought stress have been published. Sorensen
et al. (1997) reported yield reduction and significant changes in sugar content and
other components of nutrient composition in carrot due to drought, and they noted
variation among cultivars tested to suggest a genetic component to drought tolerance
in carrots. Given the recurring shortage of rainfall and dwindling access to adequate
quality irrigation water in recent decades, detailed field performance information
evaluating the effects of drought on carrot productivity will be valuable.

6.2.7 Disease and Pest Resistance

Several diseases challenge carrot growers (du Toit et al. 2019; LeClerc et al. 2019).
The most widespread foliar disease globally is Alternaria leaf blight which especially
threatens carrot production in humid climates. Genetic analyses have identified sev-
eral QTLs contributing to the resistance response (LeClerc et al. 2015, 2019) and
many breeding programs are selecting for improved resistance. Root-knot nema-
todes are another significant pest of carrot, and resistance genes to protect against
Meloidogyne incognita and M. javanica have been identified (Simon et al. 2000; Par-
sons et al. 2015). Both Alternaria leaf blight and root-knot nematodes are widespread
challenges in subtropical carrot production regions, so durable resistance is critical
as climate-resilient carrots are developed. The most important postharvest disease in
carrot is cavity spot, caused by several Pythium species. Variation in Pythium resis-
tance is observed among cultivars and breeding stocks. The relatively long potential
postharvest season storage is an attractive feature of carrots, but to fully realize
that potential, resistant cultivars will be important. Numerous other diseases of car-
rots have been identified, and as production expands in subtropical carrot-growing
regions, several diseases may become more important (du Toit et al. 2019).

6.2.8 Insect Resistance

Carrot fly (Psila rosae) is the most important insect pest that damages the carrot crop
(Collier and Finch 2009). Partial resistance has been identified but additional sources
of resistance are expected to be necessary. Carrot fly is primarily a problem in cooler
growing regions of Northern Europe and Canada. If temperate carrot production
moves north in these regions with the advance of warmer climates carrot fly could
become more of a problem.

Insects vector several microbial diseases of carrot (Groves et al. 2019). Carrot
psyllid-vectored diseases may pose especially challenging threats (Nissinen et al.
2012) and warmer climates have been projected to potentially heighten their likely
impact.
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6.2.9 Antioxidants and CS Carrots—A Role in Plant Stress
Tolerance and Human Health

6.2.9.1 Antioxidant Response to Environmental Stress

While much research has been focused on the antioxidant content of carrots from
a human nutritional perspective, little has been done on the antioxidant activity of
carrots prior to harvest. The most prominent antioxidants in carrot are the pigments
that determine the many possible colors of their roots; the carotenoids, which include
alpha- and beta-carotene, lycopene, and lutein, and confer orange, red, and yellow
pigmentation, respectively, and the anthocyanins, which confer purple pigmentation.
These photosynthetic pigments, which only occur in the shoot in most plants, accu-
mulate in carrot roots due to a defect in light sensing that allows the carotenoid,
and possibly also the anthocyanin, metabolic pathways to be expressed in darkness
(Iorizzo et al. 2016). Both carotenoids and anthocyanins function as nonenzymatic
low molecular metabolites in enzymatic antioxidant systems (Gill and Tuteja 2010).

Many known antioxidants are synthesized in the carotenoid biosynthetic and its
related pathways. Just upstream of carotenoid biosynthesis is the synthesis of ter-
penoids, which function as antioxidants (Gramann 2005) and contribute to the dis-
tinctive flavor of carrots (Keilwagen et al. 2017). Among these, isoprene, a hemiter-
pene found in carrot roots (Duke 1992), is known to increase thermotolerance in
kudzu (Singsaas et al. 1997), while monoterpenes, too, improve thermotolerance
and protect plants against oxidative stress (Gill and Tuteja 2010). The first commit-
ted step of the carotenoid biosynthetic pathway is catalyzed by phytoene synthase,
and the overexpression of its two isoforms in carrot is responsible for orange root pig-
mentation (Wang et al. 2014). Expression of the second isoform in carrot, DcPSY2,
is induced by salt stress and the phytohormone ABA, which is synthesized down-
stream of carotenoids and plays a major role in mediating abiotic stress tolerance
across plant species (Simpson et al. 2018), indicating a direct link between orange
root pigmentation and abiotic stress response. ABA has also been shown to specifi-
cally enhance antioxidant response in several other diverse plant species, including
intertidal seaweed species (Guajardo et al. 2016), Malabar plum (Syzygium cumini)
(Choudhary et al. 2012), and pumpkin-grafted cucumber seedlings (Shu et al. 2016).
The carotenoids synthesized in this pathway are known for protecting plants against
photooxidative stress by efficiently scavenging singlet oxygen and peroxyl radicals
(Stahl and Sies 2003), and among them, lycopene is the strongest antioxidant in terms
of singlet oxygen quenching (Di Mascio et al. 1989). While growing carrot roots are
mostly shielded from the sun, these pigments can protect plants from oxidative stress
in general (Sies and Stahl 1995), which can be induced by drought, heat, and salinity
stresses (Krishnamurthy and Rathinasabapathi 2013).

Anthocyanins, ubiquitous and abundant in purple carrots, are synthesized in the
flavonoid pathway in response to abiotic stress as well as other stimuli. The produc-
tion of anthocyanins often correlates with increased stress tolerance, and the pro-
posed mechanisms for this include quenching of ROS, photoprotection, and stress
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signaling (Kovinich et al. 2015). The accumulation of anthocyanins may also inhibit
foliar senescence under nutrient deficiency (Landi et al. 2015), a condition which
can be induced by salt stress (Acosta-Motos et al. 2017). In fact, salt stress has been
shown to stimulate anthocyanin accumulation in higher plants (Eryilmaz 2006). In a
small comparative study of black and orange carrots from Cuevas Bajas, Spain, the
black carrots displayed a higher antioxidant activity than the orange, potentially due
to higher total phenolic content, including anthocyanins (Algarra et al. 2014). This
could also be due to higher antioxidant capacity of anthocyanins over carotenoids,
or to higher total pigment content, or perhaps even to synergistic antioxidant effects
of anthocyanins and carotenoids.

While there is an evident correlation between photosynthetic pigment accumu-
lation and abiotic stress response, a causative relationship between pigment content
and tolerance has not yet been determined. However, while most crops are more
stress-sensitive than their wild progenitors, Bolton and Simon (2019)demonstrated
that wild D. carota, which is predominantly white-rooted, is significantly less salt-
tolerant, at least at the germination stage, than variously colored Turkish and Indian
landraces of carrot, suggesting that these root pigments may directly enhance abi-
otic stress tolerance of carrot. This would accord with the biological principle of
xenohormesis, which dictates that plants subjected to environmental stresses pro-
duce bioactive compounds that provide stress resistance to consumers (Hooper et al.
2010); carrots that thrive under abiotic stress conditions would then contain more of
the antioxidant pigments that benefit human consumers, which has been the primary
focus of carrot antioxidant studies.

There have been few reports of environmental effects on the accumulation of carrot
carotenoids, anthocyanins, or other antioxidant compounds. Barnes (1936) reported
that both root size and carotene content were higher at 17-19 °C than at either 11—
13 °C or at 23-25 °C soil temperatures, and anecdotal information on carrot color
intensity from season to season supports the conclusions from these early studies.
Given their involvement in plant growth and response to stress and their importance
in human nutrition, more information on antioxidant accumulation will be valuable.

6.2.9.2 Antioxidants and Human Health

The pigments familiar to consumers in orange carrots are provitamin A carotenoids,
while lutein in yellow carrots, lycopene in red carrots, and anthocyanins in purple
carrots also have important roles in human nutrition as antioxidants promoting eye
health and protecting against certain forms of cancer (Simon et al. 2008; Arscott and
Tanumihardjo 2010). Wide variation for pigment content and composition can be
found among diverse cultivated carrots and a wide range of research has been pub-
lished on the genetic control of carrot pigments (Table 6.1; reviewed by Cavagnaro
and Jorizzo 2019; Simon et al 2019). Given the rise in carrot production in regions
of the world with significant micronutrient deficiency and stressful climates for crop
production, additional research on the antioxidants of carrot in global agricultural
settings will have multiple significant implications.
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Table 6.1 Mapped simply inherited traits and QTLs of carrot

A. Bolton et al.

Gene symbol

Trait

References

Growth and reproductive biology

Vrnl

Vernalization

Alessandro et al. (2013)

Rfl

Nuclear restorers of CMS

Alessandro et al. (2013)

Guml-2, Marl-2, Gadl-2

Novel cytoplasms and sterility

Borner et al. (1995)

STS1-STS6

14 primer pairs

Petaloid male sterile and fertile
cytoplasm

Nakajima et al. (1999)

Bach et al. (2002)

Phenl Small, dark green, annual Schulz et al. (1994)

COLA Compressed lamina Budahn et al. (2014)

YEL Yellow leaf Budahn et al. (2014)

cult Root thickening Macko-Podgorni et al. (2017)
5,4, and 3 QTLs Shoot height, biomass, area Turner et al. (2018)

1,5,and 3 QTLs Petiole number, width, and

6, 2, and 2 QTLs

length
Root length, biomass, and area

Disease and pest resistance

3 QTLs

Alternaria leaf blight

LeClerc et al. (2019)

11 QTLs LeClerc et al. (2015)

Mj-1 M. javanica root-knot Boiteux et al. (2000, 2004)
nematodes

Mj-2 M. javanica root-knot Ali et al. (2013)
nematodes

7 QTLs M. incognita root-knot Parsons et al. (2015)

nematodes

Nutritional quality and flavor

Y Yellow xylem and phloem Just et al. (2009), Iorizzo et al.
(2016)
2 Differential orange Bradeen and Simon (1998),
phloem/xylem Just et al. (2009), Yildiz et al.
(2013), Ellison et al. (2017)
16 QTLs Carotene content Santos and Simon (2002)
Or Carotene content Ellison et al. (2018)
Py Root anthocyanins Vivek and Simon (1999), Yildiz
et al. (2013), Cavagnaro et al.
(2014)
P3 Root and petiole anthocyanins Cavagnaro et al. (2014)
Raal Acylated anthocyanins
15 QTLs Anthocyanin content
30 QTLs Volatile terpenoid content and Keilwagen et al. (2017)
composition
Rs Reducing sugar Vivek and Simon (1999, Yau

et al. (2003, 2005)
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6.3 Genetic Resources

The primary gene pool of carrots includes cultivated carrot (Daucus carota ssp.
sativus) and wild carrot (Daucus carota ssp. carota). Their range of genetic and
phenotypic diversity is broad, and they are freely intercrossable (Peterson and Simon
1986; Simon 2000). A secondary gene pool for carrot includes those North African
and eastern Mediterranean species with the same chromosome number as carrot, 2n
= 2x = 18. Interspecific crosses with species in the secondary pool have not been
reported. The genus Daucus includes approximately 40 species (Banasiak et al. 2016;
Spooner 2019) and may be considered a tertiary gene pool of carrots. A relatively
extensive collection of Daucus germplasm has been collected (Allender 2019), but
wild carrot germplasm is not well represented (Castaneda-Alvarez et al. 2016).

6.4 Classical Genetics and Breeding

6.4.1 Genetics

Carrot is not a model organism for genetic studies and genetic analysis of carrot
has not been extensively pursued. Seed production requires time and experience
beyond production of the root crop to vernalize plants and produce the seed crop.
Furthermore, carrot flowers are very small and each flower produces a maximum
of two seeds, making pollinating by hand challenging and not very rewarding. In
contrast, insect pollination of carrot umbels with houseflies or blue bottle flies can
yield several hundred seeds per plant.

Twenty single genes controlling phenotypic traits were reported for carrot by 1985
and no linkages had been identified. The carrot chromosome number was known but
no genes were associated with chromosomes. Isozyme analysis had been used for
taxonomic research but not genetic analysis (Peterson and Simon 1986). The advent
of the use of biochemical and molecular markers in the 1990s stimulated more
extensive carrot genetic analysis.

6.4.2 Breeding

Shorter term carrot breeding objectives focus on improving disease and pest resis-
tance, storage root appearance, color, flavor, and population uniformity (Peterson
and Simon 1986; Simon and Goldman 2007; Simon et al. 2008; Simon and Grze-
belus 2019). The popularity of hybrid cultivars stems from the uniformity that they
can afford, and their proprietary nature stimulated an expanded interest in initiating
carrot breeding programs among seed companies (Simon 2000). Longer term carrot
breeding objectives have included abiotic stress tolerance and introgression of traits



324 A. Bolton et al.

between temperate and subtropical breeding pools. Introgression of traits from wild
carrot into cultivated breeding stocks can be expected to be a much longer term effort.

6.5 Diversity

6.5.1 Phenotypic Diversity

Cultivated carrot varies widely in phenotypic diversity (Fig. 6.4) as reflected in traits
ranging from storage root color, shape, and flavor to leaf morphology, size, and
pubescence and to umbel shape, petal color, and pollinator attractiveness. Wild car-
rot also varies widely in most of these traits except that roots are typically narrower,
more fibrous with prominent lateral roots, and root color is white or very pale yel-
low. Diversity analysis of carrot has typically included an evaluation of not only
phenotypic diversity but also genotypic diversity as molecular genetic markers were
developed.

Fig. 6.4 Variation in carrot color attributable to carotenoid (orange, red, yellow) and anthocyanin
(purple) pigments (Photo by Steve Ausmus, USDA/ARS)
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6.5.2 Genotypic Diversity

Several studies have utilized diverse collections of wild and cultivated carrots to
evaluate genetic diversity, geographic substructure, and patterns of domestication
in carrot. Bradeen et al. (2002) utilized less than 200 molecular markers, primarily
AFLPs and ISSRs, and observed clear separation between wild and cultivated carrots,
but no structure among cultivated carrots evaluated based on storage root color or
shape, or geographic origin. However, based on an evaluation utilizing 4,000 SNPs,
lTorizzo etal. (2013) distinguished not only wild carrots from cultivated, but also found
that wild carrots from Central Asia (Afghanistan, Uzbekistan) were genetically most
similar to cultivated carrots, than were wild carrots from other geographic origins.
This study also confirmed that cultivated carrots from east of this Central Asian
center of domestication grouped separately from cultivated carrots west of Central
Asia. Utilizing additional markers and diverse carrots, Ellison et al. (2018) confirmed
these observations and also noted an additional cluster among cultivated carrots that
included western hybrid carrots of the Imperator type. The differentiation between
eastern and western geographic origins of cultivated carrots in these studies agrees
with historical records indicating a separate historical development of carrot as a
root crop progressing west from Central Asia around 900 through Anatolia and
North Africa to southern Europe by the 1100s, while the first records of carrot in
China were in the 1300s and Japan in the 1700s (Banga et al. 1957a, b; Banga 1963).

A small reduction in overall genetic diversity, if any, has been observed during
the domestication of carrot. H,in both wild and cultivated carrots was 0.32 in the
Torizzo et al. (2013) study, while genetic diversity was 3.25 x 1075 and 3.13 x 1073
for these respective groups in the Ellison et al. (2018) study. This may reflect the
likely recurring introgression of wild carrot, thought to be widespread throughout
temperate regions of Europe and Asia thousands of years ago, into cultivated carrots
during domestication.

6.6 Association Mapping

Few genome-wide association studies (GWAS) have been reported for carrot (Iorizzo
et al. 2019a). An evaluation of 109 SNPs distributed in 17 carotenoid biosynthesis
genes in a collection of carrots varying in carotenoid-based root color by Jourdan
et al. (2015) found orange color and carotenoid content to be associated with two of
these genes, ZEP and CRTISO. With the availability of the carrot genome sequence
(Iorizzo et al. 2016), Keilwagen et al. (2017) associated 15 volatile flavor compounds
found in carrot roots with 30 QTLs. Ellison et al. (2018) detected genomic regions
that differentiated wild and cultivated carrots. Three genes previously known to be
associated with carotenoid accumulation and composition in orange carrots—Y, Y,
and carotene hydroxylase—were included in the genomic regions mapped, as was a
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candidate gene for root thickening (Macko-Podgorni et al. 2017), and a previously
unidentified gene associated with carotenoid accumulation, Or.

The ability to detect genomic regions in GWAS depends on the occurrence of
linkage disequilibrium (LD), with rapid decay expected in an outcrossing crop like
carrots. In fact, Ellison et al. (2018) observed rapid decay rates, <1 kb, in wild carrots
and moderate decay, <10 kb, in cultivated carrots. As in other crops, LD values vary
across the genome and even slower decay is observed around genomic regions under
selection during domestication in carrot. With the rapid LD decay observed in carrot,
high levels of SNP coverage will benefit GWAS in carrot.

6.7 Molecular Mapping

Genetic linkage in carrot was first reported by Westphal and Wricke (1991) with four
linkage groups identified mapping 12 isozyme markers. By the middle of the 2000
to 2010 decade, four additional reports mapped approximately 900 more markers,
primarily RFLP, RAPD, and AFLPs, and four morphological traits (reviewed by
Bradeen and Simon 2007).

Progress in molecular mapping has accelerated since 2000. QTL analysis was first
reported for carrot in 2002, first extensive SSR map and FISH map in 2011, SNP
map in 2013, and both DArT map and GBS map in 2014 (reviewed by lorizzo et al.
2019a).

Early carrot genetic maps were usually derived from F, populations developed
from unrelated parents. Mapped traits that contribute to climate resilience include
floral initiation; male sterility, important for hybrid production; leaf growth, impor-
tant for weed competitiveness; storage root morphology, size, and shape; leaf blight
and nematode resistance; nutritional pigments; and sugars that contribute to culi-
nary quality (6.1). As an example, the QTL map for Meloidogyne incognita resis-
tance (Fig. 6.5) and table describing the contributions of those QTLs to resistance
(Table 6.2) are included.

6.8 Marker-Assisted Breeding

Molecular markers have been developed for carrot root color and sugar type, and root-
knot nematode resistance. Bradeen and Simon (1998) identified linkage between the
Y, locus, which conditions carotene accumulation in the carrot xylem core, and six
linked AFLP markers. A simple codominant PCR-based marker ~2 cM from Y,
was developed. Ellison et al. (2017) refined markers for Y, by developing cleavage
amplified polymorphic sequences < <1 cM away that were very accurate in predicting
orange and non-orange phenotypes. Yau developed markers within the candidate
gene for the Rs locus that controls the type of sugar stored in the storage root (Yau
and Simon 2003) and effectively selected for sugar type of mature plants based on
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Table 6.2 Chromosomal locations of QTL conferring M. incognita nematode resistance in the
three carrot mapping populations and their contribution to resistance

(Mapping QTL Position | LOD | % Resistant | 1.5 Additive
population) (cM) VE?® | parent LODY | effect®
chromosome

(Br1091 x

HM)

1 Mi-BrHM1-C1-Q3 67.2 39 6.1 B1091 52-75 | 0.6

2 Mi-BrHM1-C2-Q1 63.1 17.3 | 34.0 | HM1 61-67 | 1.4

8 Mi-BrHM1-C8-Q2 41.9 8.4 13.7 | B1091 41-56 | 1.0

9 Mi-BrHM1-C9-Q4 4.2 2.6 4.1 HM1 4-22 | 0.6
Summed % variance explained by multi-QTL model = 55.5%

(SFFx

HM2)

2 Mi-SFFHM2-C2-Q3 | 42.6 2.8 8.0 | HM2 4-66 1.1

4 Mi-SFFHM?2-C4-Q1 | 33.3 4.6 13.4 | SFF 15-57 | 1.0

8 Mi-SFFHM2-C8-Q2 | 41.5 32 9.2 | SFF 27-59 | 0.8
Summed % variance explained by multi-QTL model = 34.8%

(HM3)

1 Mi-HM3-C1-Q3 34.8 4.0 4.3 | HM3 23-65 | 0.4

8 Mi-HM3-C8-Q2 41.9 13,5 | 15.8 | HM3 4144 | 0.9

9 Mi-HM3-C9-Q1 9.6 149 | 177 | HM3 4-13 | 0.1

Summed % variance explained by multi-QTL model = 35.7%

#Percentage of variation explained
b1.5 LOD support interval (cM)
“Half phenotypic difference between means of resistant and susceptible homozygous genotypes
(revised from Parsons et al. (2015) Meloidogyne incognita nematode resistance QTLs in carrot. Mol
Breeding 35:114)

evaluations made in one-week old plants (Yau et al. 2005). Boiteux et al. (2000)
mapped the Mj-1 gene that confers resistance to Meloidogyne javanica root-knot
nematodes, and Boiteux et al. (2004) successfully identified homozygous resistant
plants in breeding populations.

6.9 Candidate Genes

6.9.1 A Candidate Gene For Root Shape

The cultivated carrot storage root is typically much wider than the taproot of wild
carrots. In the evaluation of a collection of wild and cultivated carrots, a polymor-
phic indel on chromosome 2 was associated with root diameter and referred to as
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cult. Using a mapping population developed from a cross between wild and culti-
vated carrots, root diameter segregated and Macko-Podgorni et al. (2017) identified
DcAHLcl as a candidate for cult. The genomic region that includes cult was among
those identified as differentiating wild and domesticated carrots in a GWAS study
(Ellison et al. 2018).

6.9.2 Genes for Pigments and Color

Three genes controlling the accumulation and distribution of orange and yellow
carotenoids in the carrot storage root, Y, Y,, and Or, have been mapped in segregat-
ing populations and candidate genes identified for ¥ and Or. The Y candidate is an
interesting homolog of the Arabidopsis thaliana gene PSEUDO-ETIOLATION IN
LIGHT, responsible for the regulation of photomorphogenesis. Two frameshift muta-
tions identified turn off the constitutive repression of genes downstream that usually
require exposure to light to trigger plastid biogenesis (Iorizzo et al. 2016). The Y,
and Or genes described above both influence plastid development. Or was identified
in GWAS, as described above. While a definite candidate for Y, has not been identi-
fied, a relatively short list including transcription factors and genes involved in light
signaling and carbon flux are among them (Ellison et al. 2017).

The carotene hydroxylase gene is the candidate for controlling the relatively high
amount of a-carotene in carrot roots. In transgenic experiments, Arango et al. (2014)
overexpressed carotene hydroxylase CYP97A3 in orange carrots and observed that
the content of a-carotene in leaves and roots was several-fold higher than in control
plants. Transgenic experiments involving overexpression of CYP97A3 lowered a-
carotene content of leaves and carrots.

Three genes, P1, P2, and P3, control anthocyanin accumulation in purple carrots.
P3 controls root and petiole pigmentation and a MYB, DcMYB7, was identified as
a candidate (Iorizzo et al. 2019b). DcMYB7 is in a cluster of MYB genes and its
identification as the candidate is based on fine mapping plus transcriptome analysis.

6.9.3 A Candidate for Sugar Type

Most carrots store a mixture of glucose and fructose but a single gene mutation, Rs,
was discovered to condition storage roots to primarily accumulate sucrose (Freeman
and Simon 1983). Yau and Simon (2003) determined that a 2.5 kb insert in the acid-
soluble invertase II gene was associated with Rs so that roots of carrots homozygous
rs/rs accumulate sucrose.
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6.10 Genomics-Assisted Breeding and Genome Editing
for CS Traits

Systematic investigations on the genetics of abiotic stress tolerance in carrot are of
high significance, as they are essential for the development of new cultivars better
adapted to the changing environmental conditions imposed by global warming. It can
be obtained by exploring the existing genetic diversity both in the cultivated gene
pool and in the wild crop relatives. For instance, wild D. carota and carrot landraces
subspecies might be a source for increased tolerance to salinity (Kasiri et al. 2013).
Kietkowska et al. (2019) showed that increased tolerance to salinity in some Iranian
landraces and their progeny was related to higher anthocyanin accumulation in peti-
oles and increased trichome formation on leaves and petioles. While carrots have
been widely cultivated in temperate climatic zones, efforts have been undertaken to
breed for varieties that could be cultivated in warmer regions. In Brazil, breeding of
carrot cultivars suitable for production in the subtropical climate using well-adapted
local landraces of the European origin was successful. The open-pollinated cultivar
“Brasilia” and its derivatives constitute the major fraction of carrot production there
(Simon et al. 2008). Elucidation of major genetic determinants of adaptation to abi-
otic stresses and incorporation of molecular tools in breeding would certainly shorten
the time required for developing and selecting plant materials showing desired char-
acteristics, which could subsequently be introduced for production in regions suffer-
ing from malnutrition and vitamin A deficiency, supporting previous efforts imple-
menting conventional selection methods. Application of molecular techniques (e.g.,
marker-assisted backcrossing) might also support more efficient transfer of abiotic
stress tolerances present in the wild D. carota gene pool.

Genetic modifications might be another method of choice, depending on the pub-
lic acceptance of genetic transformation and novel, more precise techniques of gene
editing. Abiotic stresses can be applied postharvest, in order to increase synthesis
of valuable biologically active secondary metabolites. Carrot is highly amenable for
genome engineering, using both transgenesis (Baranski 2008) and CRISPR/Cas9
genome editing (Klimek-Chodacka et al. 2018; Baranski and Lukasiewicz 2019; Xu
et al. 2019). The latter technology has appeared very recently as a new possibil-
ity, and has not yet been implemented as a tool to modify the reaction of plants to
abiotic stresses. However, genetic transformation has been used to improve carrot
tolerance and several reports on the expression of heterologous stress-related genes
in carrot have been published. Transgenic carrot plants carrying a gene coding for
betaine aldehyde dehydrogenase (BADH) showed highly increased betaine content
and significantly improved tolerance to salt stress (Kumar et al. 2004). Carrot trans-
formation with mammalian 6-phosphofructo-2-kinase/fructose2,6-bisphosphatase
(6-PF-2-K/Fru2,6-P2ase) gene resulted in highly increased levels of fructose 2,6-
bisphosphate (Fru-2,6-P2) in roots of the transgenic plants. Under drought and cold
stress, it allowed the mobilization of energy reserves by gluconeogenesis (Kovacs
etal. 2006). Attempts have been undertaken to use genetic engineering, which allows
the introduction of specific genes, closely related to the production of compounds that
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give the plant advantage in stress conditions. For this purpose, different approaches
have been used: (a) the introduction of genes involved in ion and water uptake or
ions transport; (b) genes encoding osmolytes, such as glycine, mannitol, or proline;
(c) genes encoding transcription factors like MAPK, DREBI, and others (Parmar
etal. 2017).

Among pathogenesis-related protein family PR-5, there are osmotins that have
been isolated for the first time from cell cultures of tobacco (Singh et al. 1985). These
proteins are usually located in the electron-dense inclusion bodies in the vacuoles.
Their synthesis is regulated by various hormonal and environmental factors, including
abiotic stress (salinity or desiccation). Osmotins are presumed to protect cell mem-
branes causing membrane permeability during stress, resulting in increased tolerance
in transgenic tobacco (Barthakur et al. 2001), wheat (Noori and Sokhansanj 2008),
or pepper (Subramanyam et al. 2010). Callus formed from carrot hypocotyl explants
was transformed with a truncated tobacco osmotin gene lacking the sequence encod-
ing a 20-aminoacid C-terminal end (Annon et al. 2014). Removal of the C-terminal
end fragment results in extracellular secretion of the protein. Transgenic lines with
the overexpression of tobacco osmotin conferred tolerance to drought stress in car-
rot plants and exhibited faster and fuller recovery than control plants after drought
treatment. Transformed plants had also higher water content, less ion leakage, lower
level of lipid peroxidation, and higher relative water content. Tolerance to drought
as desiccation was also the subject of research by Shiota and Kamada (2000). As
a result of the research, non-embryogenic carrot cells with a high expression of C-
ABI3 gene, a carrot homolog of the VPI/ABI3 gene, were obtained. This enabled
tolerance of desiccation upon ABA treatment.

In plants grown in saline soil, an increased accumulation of osmoprotective com-
pounds (glycine betaine (Gly betaine) and PB-alanine betaine) is often observed,
which allow plant cells to maintain homeostasis. The synthesis of Gly betaine in
plants involves choline monooxygenase and BADH, which are localized in chloro-
plasts. Kumar et al. (2004) performed successful engineering of the carrot chloroplast
genome with the vector pDD-Dc-aadA/badh by homologous recombination in the
16S-23S spacer region. Researchers observed an increase in tolerance to salinity
in both cell suspension cultures and plants. Transformed cells were able to survive
higher NaCl concentrations. The activity of BADH enzyme was eightfold higher in
the presence of 100 mM of NaCl, and 50 times more betaine was accumulated in the
transformed cells, as compared to the wild type. Transgenic plants tolerated salinity at
400 mM of NaCl, whereas non-transformed plants exhibited severe growth reduction
at 200 mM of NaCl. Also, Han and Hwang (2003) performed genetic transformation
of carrot to enhance salt tolerance. Researchers introduced pyrroline-5-carboxylate
synthetase (P5SCS) gene from moth bean which is a key gene in regulation of proline
biosynthesis. Proline is known as an osmoprotectant that is accumulated in large
quantities in response to environmental stresses (Ashraf and Foolad 2007). Proline is
responsible for the stabilization of sub-cellular structures (e.g., membranes and pro-
teins), scavenging free radicals, and regulating the cellular redox potential. The PSCS
gene under control of P35S promoter was transferred to carrot cells via Agrobac-
terium genetic transformation. The transgenic cell lines showed six times increased
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relative growth following treatment with 250 mM NaCl, as compared to wild type
cells. Also, a significant, up to sixfold, increase of proline content in transgenic cells
was observed.

Recent years have brought a new tool that allows even more precise modification
of plant DNA: Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)
and CRISPR-associated protein-9 nuclease (Cas9). In this system, the Cas9 protein
derived from Streptococcus pyogenes is engineered to target specific DNA based on
Watson—Crick base complementary paring and to create double-stranded breaks. An
important role is also played by the, usually 3-nucleotide, protospacer adjacent motif
(PAM) located directly at the recognized DNA sequence (Mushtaq et al. 2018). The
resulting breaks in the DNA are then repaired by homologous recombination (HDR)
or nonhomologous end joining (NHEJ), which is often accompanied by point muta-
tions. The CRISPR/Cas9 system was developed in model plants such as Arabidopsis
(Jiang et al. 2013; Mao et al. 2013), rice (Feng et al. 2013), and tobacco (Li et al.
2013), but also carrot (Klimek-Chodacka et al. 2018). It has been successfully used for
genome editing endogenous genes of many crop plants, mainly causing phenotypic
changes such as change in the content of biochemical compounds, development of
parthenocarpy, and increase in tolerance to diseases (Mushtaq et al. 2018). CRISPR
technology has also been successfully used to obtain plants tolerating abiotic stresses.
Osakabe and Osakabe (2017) focused on the OPEN STOMATA 2 (OST2) (AHAI)
gene encoding a plasma membrane H*-ATPase in the stomatal response in Arabidop-
sis. The mutation contributed to faster stomatal closing during abiotic stress, resulting
in significantly reduced water loss rates in leaves of engineered plants. CRISPR tech-
nology has also been used for editing the maize ARGOSS gene, a negative regulator
of ethylene responses (Shi et al. 2017). It has already been demonstrated that over-
expression of the ARGOSS gene resulted in increased grain yield under drought
conditions but has no effect on yield under optimal conditions (Shi et al. 2015). The
CRISPR-edited variants of the gene also enabled its overexpression and the increase
of yield of drought-stressed plants.

Currently, it seems that the CRISPR technology will allow us to achieve significant
progress and allow for a significant advantage of plants over abiotic stresses. Plant
response to stress factors is very complex, including numerous interactions between
signaling, regulatory, and metabolic pathways (Jain 2015). Often, these genes are
represented by multi-gene families with functional redundancy, which are also asso-
ciated with duplications present in the genome. The CRISPR system, thanks to its
simplicity, is an ideal tool for simultaneous editing of a number of genes.

6.11 Bioinformatic Tools

The first carrot plastid genome (Ruhlman et al. 2006), several additional plastid
and mitochondrial genomes, and two draft nuclear genomes have been published.
The two available nuclear genomes include an assembly of 371.6 Mb at CarrotDB
corresponding to 32 x coverage (Xu et al. 2014), and an assembly of 421.5 Mb
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corresponding to 186 x coverage (lorizzo et al. 2016). A dedicated, comprehensive
bioinformatics platform for carrot and other Apiaceae called CarrotOmics is being
developed (Bostan et al. 2019). Transcriptome data, linkage maps based on all marker
systems, phenotypic data, and other “omics” data will be included at CarrotOmics.

6.12 Future Perspectives

Carrot production has risen in recent decades with an especially large increase in
Asia. With anticipated challenges from heat, drought, and salinity arising from cli-
mate change in as soon as the next few decades, combined with much of the newer
carrot production being realized in warmer climatic regions of the world, the urgency
for dedicating a significant effort to improved abiotic stress tolerance by carrot breed-
ers and other scientists involved in applied agricultural research is critical. The broad
range of genetic diversity in carrot germplasm provides a strong foundation for under-
taking this important effort, and the growing availability of genome-assisted breeding
tools will make that task more efficient. The significant nutritional contribution that
carrot can deliver to warm, dry regions of the developing world as a sustainable
vitamin A source with a relatively long postharvest storage shelf life provides an
additional incentive for developing nutritious CS carrots.
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