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Abstract
Main conclusion A comprehensive understanding of LMA from the underlying molecular aspects to the end-use
quality effects will greatly benefit the global wheat industry and those whose livelihoods depend upon it.

Abstract Late-maturity a-amylase (LMA) leads to the expression and protein accumulation of high pl a-amylases during
late grain development. This a-amylase is maintained through harvest and leads to an unacceptable low falling number (FN),
the wheat industry’s standard measure for predicting end-use quality. Unfortunately, low FN leads to significant financial
losses for growers. As a result, wheat researchers are working to understand and eliminate LMA from wheat breeding
programs, with research aims that include unraveling the genetic, biochemical, and physiological mechanisms that lead to
LMA expression. In addition, cereal chemists and quality scientists are working to determine if and how LMA-affected grain
impacts end-use quality. This review is a comprehensive overview of studies focused on LMA and includes open questions

and future directions.
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Introduction

Wheat is one of the most important global food crops in
temperate zones, and the demand for this crop is continuing
to grow. In addition to serving as a major source of starch
and energy in traditional western diets, wheat crops are eco-
nomically important worldwide. The Hagberg—Perten falling
number (FN) test is the industry’s standard to gauge the pre-
dicted end-use quality of wheat flour (Hagberg 1960, 1961;
Perten 1964). This test measures the functional integrity of
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a whole meal slurry derived from ground wheat grains and
water by monitoring the gelling capacity of the slurry that
is formed by mixing and heating the wheat flour and water
mixture. When starch is degraded by hydrolytic enzymes,
the gelling capacity of this mixture decreases, leading to a
low FN and a decrease in end-use quality (Hagberg 1960,
1961; Perten 1964). In the United States Pacific Northwest,
discounts are applied for every 25 s below 300 s (Steber
2017). Furthermore, if low FN is detected in Australia, there
is a monetary loss of $AUS20-50 per ton (Newberry et al.
2018). These discounts contribute additively to the financial
hardships already experienced by growers.

The potential causes of low FN in wheat include pre-har-
vest sprouting (PHS), late-maturity a-amylase (LMA), and
retained pericarp a-amylase (Lunn et al. 2001; Mares and
Mrva 2008, 2014). PHS is the germination of mature grain
in the spike prior to harvest as a result of continuous rain and
high humidity (Mares 1993; Mares and Mrva 2014). Dur-
ing sprouting, hydrolytic enzymes are initially produced in
the epithelial cells of the scutellum, but as germination pro-
gresses, the aleurone layer takes over the role of enzyme syn-
thesis and secretion (Fincher 1989). The secreted enzymes
are transported to the endosperm where they degrade starch,
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proteins, lipids, and cell wall materials. The products of the
germination process are transported to the scutellum and
provide the energy and building blocks needed for germi-
nation (Fincher 1989). During sprouting, these degradative
processes decrease the quality of wheat flour when used
to make breads, cakes, noodles, and other cereal-based
products (Olaerts and Courtin 2018). LMA leads to the
production of high isoelectric point (high pI) a-amylases
in the aleurone as a result of a temperature shock during
mid-grain development or prolonged cold throughout grain
development (Mares and Mrva 2008; Barrero et al. 2013,
2020; Derkx and Mares 2020). During LMA, a-Amylasel
(a-Amyl) genes are expressed, resulting in the synthesis of
enzymes that are retained in the grain until harvest and lead
to unacceptably low FN (Mrva and Mares 1999; Barrero
et al. 2013; Cheng et al. 2014; Mieog et al. 2017). In con-
trast to PHS, where there is a gradient of a-amylase activ-
ity in the grain that is driven by an embryo-derived signal,
LMA leads to a random distribution of a-amylase activity
throughout the grain (Mrva and Mares 1996a; Mrva et al.
2006). Retained pericarp a-amylase, a rarer cause of low
FN, is caused by low temperatures that prevent the degrada-
tion of low pl a-amylases in the pericarp during early grain
development (Lunn et al. 2001).

In recent years, studies focused on the underlying genetic,
biochemical, and physiological mechanisms that lead to
LMA have increased (Kondhare et al. 2012, 2013, 2014;
Barrero et al. 2013, 2020; Cheng et al. 2014; Derkx and
Mares 2020; Derkx et al. 2021; Liu et al. 2021). Collec-
tively, LMA studies have shown that this condition is a con-
sequence of genotype, environment, and grain developmen-
tal stage (Mares and Mrva 2014; Derkx and Mares 2020;
Derkx et al. 2021). In addition, the level of expression of
pre-maturity, high pI a-amylase is variable and hard to pre-
dict. As a result, this condition has been a major challenge
to researchers, breeders, and members of the wheat industry,
and after decades of work, our understanding of this phe-
nomenon is still incomplete. In addition, as described above,
LMA may compromise the ability to produce high-quality
baked goods from wheat flour (Kiszonas et al. 2018; New-
berry et al. 2018). Here, we describe studies that identify the
underlying mechanisms that lead to LMA in wheat, describe
the effects of this condition on end-use quality, and identify
open questions and topics for future studies.

Genetic mechanisms of LMA

As early as the 1960s, researchers noticed that the UK culti-
var, Professeur Marchal, produced a-amylase in the absence
of sprouting (Bingham and Whitmore 1966; Gale and Mar-
shall 1975; Gale et al. 1987). Mohler et al. (2014) suggested
that Maris Huntsman, a descendant of Professeur Marchal,
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was the initial source of LMA within the UK germplasm.
Australian researchers did not identify LMA-susceptible
germplasm in the Australian breeding program until the
1990s. Research on Australian germplasm was largely
focused on the LM A-susceptible cultivars, Spica and Lerma-
52, but later research involved extensive testing of the germ-
plasm collection, including within the pedigrees of Spica
and Lerma-52 (Mrva and Mares 1996b; Mares and Mrva
2008). The source of Spica’s genetic susceptibility to LMA
has not been identified, but Mares and Mrva suggested that
Lerma-52 inherited the tendency to produce excess post-har-
vest a-amylase from the recurrent parent, Mentana (2008).
The cultivar Squarehead appears twice in the pedigree of
Mentana. Squarehead and descendants also appear multi-
ple times in the pedigree of Professeur Marchal, making
Squarehead a common ancestor of LM A-susceptible lines in
the UK, German, and Australian germplasm (Dobrotvorskiy
et al. 2021).

Recent studies examining the prevalence of LMA sus-
ceptibility within germplasm collections suggests that
LMA may be more common than originally thought. Liu
et al. (2021) phenotyped germplasm from ten geographical
regions of North America, 251 hard spring lines in total, and
identified reproducible LMA resistance in 27% of the lines.
A substantial number of LM A-susceptible lines have also
been identified in germplasm from Australia, Japan, Canada,
South Africa, China, Mexico, Germany, and the UK (Mares
and Mrva 2008; Mohler et al. 2014). In addition, when Mrva
et al. (2009) phenotyped 253 synthetic hexaploid varieties
and more than 300 derived synthetic lines, more than 85%
of the synthetic lines provided by CIMMYT were found to
be LMA susceptible. Synthetics were grouped according
to their genotypes at the LMA-associated QTL on 3B and
7B, which revealed an association between genotype and
the durum parents of the synthetic lines. Germplasm devel-
oped by CIMMYT has been disseminated widely across the
globe, but the incidence of LMA in durum lines, as well as
in breeding programs with low levels of CIMMYT mate-
rial, suggests that LMA susceptibility may be more common
than LMA resistance and may not have been introduced to
breeding programs by a single source as has been previously
suggested.

Studies have demonstrated that LMA is a multi-genic
trait, with associated QTL across all three genomes that
appear to be independently effective and additive in their
contribution to the LMA phenotype (Mrva and Mares 2002;
Mares and Mrva 2008; Derkx et al. 2021). At this time, the
major QTL located on the long arm of 7B explains 31-42%
of LMA phenotypic variance (Mrva and Mares 2001a;
Derkx et al. 2021). The 7B QTL has been confirmed in nine
publications and identified in germplasm from genetically
diverse breeding programs (Mrva and Mares 2001a; Mrva
et al. 2009; Emebiri et al. 2010; Mohler et al. 2014; Zhang
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et al. 2014; Martinez et al. 2018; Borner et al. 2018; Derkx
et al. 2021). Fifteen minor QTL have also been identified.
These LM A-associated QTL have been mapped to all seven
chromosome groups and across the three genomes (Table 1).

The 7B QTL is the first to be mapped to a single candidate
gene. Designated LMA-1, the proposed gene encodes a puta-
tive ent-copalyl diphosphate synthase (CPS), which in other
plant species is involved in gibberellin (GA) biosynthesis
(Derkx et al. 2021). When gene sequences were examined,
LMA-susceptible varieties carried a fully functional protein
encoding gene sequence. However, LM A-resistant varieties
carried alleles that led to premature stops or mutations that
could result in a functionally altered version of the encoded
protein. The LMA-1 locus had nine haplotypes which had
varying effects on the LMA phenotype (Derkx et al. 2021).

The minor QTL associated with LMA do not have can-
didate genes proposed, though several QTL appear to co-
locate with known genes. The QTL on 4B and 4D co-locate
the two most commonly utilized reduced height genes in
hexaploid wheat, Rht1(Rht-B1b) and Rht2 (Rht-D1b) (Mrva
and Mares 2001a; Mrva et al. 2009; Tan et al. 2010; Verbyla
and Cullis 2012; Mohler et al. 2014; Borner et al. 2018).
There are currently 24 genes known to reduce plant height
in wheat and they can be grouped into two categories: GA
sensitive and GA insensitive (Zhang et al. 2021). Rhtl and
Rht2 are GA insensitive, have a semi-dwarf phenotype, and
encode DELLA proteins, which inhibit downstream signal-
ing of GA. GA-sensitive Rht genes, such as Rht8, Rht13, and
Rht18, are characterized by a deficiency of endogenous GA

rather than the inability to sense GA. Studies have not yet
identified the mechanism behind reduced height in all GA-
sensitive Rht genes, though research into their agronomic
advantages suggests that the mechanisms are associated with
a plant’s ability to tolerate abiotic stress (Ford et al. 2018;
Tang et al. 2020; Yan et al. 2020; Mohan et al. 2021). Rht18
appears to reduce levels of bioavailable GA through upregu-
lated expression of GA20xA9, a GA-2 oxidase that metabo-
lizes intermediates of bioactive GA into inactive products
(Ford et al. 2018).

The relationship between endogenous GA levels, GA sen-
sitivity of DELLA proteins, and cold shock on the level of
alpha-amylase in LM A-sensitive wheat varieties needs fur-
ther study. Identifying and developing research lines which
are fixed at loci of known, but less common, GA-insensitive
and GA-sensitive genes should be a long-term research goal
for the larger scientific community. Rat/ and Rhz2 and their
alleles have been well characterized in the literature since
the Green Revolution, but the ability to directly sequence
genes allows us to investigate the influence of single base
pair mutations within an allele of a single gene. The Rht-Blc
allele of Rhtl is characterized by a 2 kb insertion that results
in the addition of 30 amino acids that are in frame with the
adjacent DELLA motif (Van De Velde et al. 2017). This
leads to a disruption of the binding site between GID1 (a GA
receptor) and the DELLA-B1c protein, complete dwarfism,
and strong dormancy. The spring wheat cultivar Maringa
was used to create intragenic alleles of the Rh#-Blc gene,
14 of which displayed a consistent plant phenotype of either

Table 1 LMA-associated QTL with proposed candidate genes and publications identifying specific QTL

LMA QTL Candidate genes Publications

1AS - Verbyla and Cullis (2012), Liu et al. (2021)

1BL/IRS - Mohler et al. (2014)

2DL - Tan et al. (2010), Mohler et al. (2014)

3A Homologous gene to 3B QTL Tan et al. (2010), Verbyla and Cullis (2012), Liu et al. (2021)

3B Associated with a Triticum aestivum Mrva and Mares (2001a), Verbyla and Cullis (2012), Zhang et al. (2014), Liu et al. (2021)
Boron transporter2 mRNA

3D Homologous gene to 3B QTL Tan et al. (2010), Verbyla and Cullis (2012)

4A B-Amy-Al Mohler et al. (2014), Bevan (2020)

4B Rhtl Mrva and Mares (2001a), Mrva et al. (2009), Tan et al. (2010), Verbyla and Cullis (2012)

4D Rht2 Tan et al. (2010), Verbyla and Cullis (2012), Mohler et al. (2014), Borner et al. (2018)

5A a-Amy-A3 Bevan (2020)

5BL a-Amy-B3 Tan et al. (2010), Verbyla and Cullis (2012), Mohler et al. (2014)

5DS - Tan et al. (2010), Verbyla and Cullis (2012)

6A - Mohler et al. (2014)

6B a-Amy-B1 Emebiri et al. (2010), Mohler et al. (2014), Bevan (2020), Liu et al. (2021)

TA - Mrva and Mares (2001a), Mohler et al. (2014), Bevan (2020), Liu et al. (2021)

7BL (LMA-1) ent-copalyl diphosphate synthase

Mrva and Mares (2001a), Mrva et al. (2009), Emebiri et al. (2010), Mohler et al. (2014),

Zhang et al. (2014), Martinez et al. (2018), Borner et al. (2018), Derkx et al. (2021)

7D -

Liu et al. (2021)
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tall or semi-dwarf and were termed overgrowth genes (ovg).
By backcrossing the ovg genes into diverse backgrounds and
growing the lines in multiple environments (greenhouse and
field experiments in Germany and Australia), consistent
effects on yield, grain quality, and vegetative organ growth
were observed. The design of this study along with direct
sequencing allowed the genetic effects of mutations within
the Rht-Blc gene to be separated from the noise of environ-
ment and genotype interactions. Mutations that occurred at
either the N- or the C-terminus of the DELLA protein had
significantly different yield and vegetative organ growth
that was consistent across genotypes and environments. The
ovg genes may provide a novel way of investigating LMA’s
relationship with GA that is more nuanced than in previous
studies, which focused on LMA’s interaction with Rht/ and
Rht 2.

It is also possible that novel RAt genes or alleles exist in
the D genome. Crosses between LMA-resistant, semi-dwarf
hexaploid wheat and synthetic hexaploid wheat varieties
resulted in nearly 25% of the progeny displaying a tall phe-
notype and a high instance of LMA expression. This result
suggested that GA insensitivity may be the sole source of the
requirement for a cold shock to induce LMA in semi-dwarf
lines (Tan et al. 2010). The link between LMA expression
and GA-insensitive dwarfing genes was identified in the first
studies describing LMA (Mrva and Mares 1996b). Further
studies showed the presence of GA-insensitive, dwarfing
genes reduced the constitutive expression of a-amylases
associated with LMA (as observed in tall, rht cultivars) to
stochastic expression that is induced by the presence of a
cold temperature shock (Mrva and Mares 2001b; Tan et al.
2010). Alternatively, in synthetic hexaploid wheat varieties,
created by the artificial hybridization of Triticum durum
(AABB) and Aegilops tauschii (DD), the presence of GA-
insensitive dwarfing genes does not reduce the incidence of
LMA. The GA-insensitive dwarfing genes from the durum
parent appear to be suppressed in the presence of the D
genome, with most synthetic hexaploid wheat lines exhibit-
ing tall phenotypes. This suppression of GA insensitivity
conferred by the dwarfing genes resulted in more than 85%
of the surveyed synthetic hexaploids exhibiting LMA sus-
ceptibility (Mrva et al. 2009).

QTL located on 4A, 5A, 5B, and 6B appear to co-locate
with known a-amylase or b-amylase genes (Mohler et al.
2014; Bevan 2020). Gene copies of Amyl, Amy2, and Amy3
map to group 6, group 7, and group 5 chromosomes, respec-
tively (Zhang and Li 2017). Amyl, Amy2, and Amy3 produce
a-amylase enzymes that play unique roles at different stages
of grain development, maturation, and germination in wheat
grains. These different alleles may lead to differences in total
a-amylase accumulation, but do not necessarily confer LMA
susceptibility or resistance. The QTL on 3A, 3B, and 3D
appear to be associated with a boron transporter gene (Zhang
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et al. 2014). Additionally, the 7B QTL is influenced by its
proximity to the Bo! locus that encodes a boron transporter
protein. Boron is an essential micronutrient for plants and
plays an important role in plant cell wall structure, sugar
mobilization, and formation of viable reproductive structures
(Bell 2017; Brdar-Jokanovi¢ 2020). In wheat, boron uptake
efficiency can affect the timing of anthesis, grain number per
spike, dry grain weight, and yield (Rerkasem and Jamjod
2004; Tahir et al. 2009; Shaaban 2010). If a boron-deficient
or boron toxic state exacerbates the severity or incidence of
LMA, the presence or absence of the Bol gene may explain
a portion of both genetic and environmental variance within
an LMA phenotype. Studies have shown that the uptake and
transportation of boron is reduced under cold stress, and
that the ability to move boron under low temperatures var-
ies depending on how tolerant a species is to frost damage
(Huang et al. 2005; Hajiboland 2012; Garcia-Sanchez et al.
2020; Rahman et al. 2020) It is also possible that Bol or
sensitivity to soil boron concentrations may contribute to the
signal of the 7B QTL due to a shared abiotic stress tolerance
mechanism that is also activated in the presence of LMA.

Another confounding genetic factor that affects LMA
expression is the 1B/1R translocation. Originally introduced
to hexaploid wheat in the 1950s from a German variety of
rye, the 1B/1R translocation harbors several disease resist-
ance genes, as well as genes with the potential to enhance
yields and increase environmental adaptability (Ren et al.
2017). The 1B/1IR translocation has an additive effect on
LMA expression in some LMA-susceptible lines with GA-
insensitive, dwarfing genes (Farrell et al. 2013; Mohler et al.
2014). The 1B/1R translocation may be interacting with
another part of the genome leading the additive effect to
vary across environments and genotypes. Further research is
required to understand the influence of the 1B/1R transloca-
tion on LMA expression.

Measuring the heritability of the LMA trait has been
difficult due to the impact of the environment on expres-
sion (Mares and Mrva 2008). It is also the case that LMA
expression varies within genotypes and does not consist-
ently present in the same proportion of grains (Derkx and
Mares 2020). The link between LMA expression and grain
moisture content explains some of this variance as the loss
of grain moisture is not uniform across fields, plots, plants,
tillers on the same plant, and even grains on the same spike
(Mares and Mrva 2008, 2014; Derkx and Mares 2020; Liu
et al. 2021). Future research that measures LMA suscep-
tibility by considering grain moisture content over days
post-anthesis may lead to more accurate measurements of
heritability.

Inaccurate sampling for LMA can affect heritability
calculations, but the method of quantifying LMA expres-
sion may also influence heritability. Liu et al. (2021) cal-
culated the heritability of LMA at 0.40 when using FN
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and Phadebas a-amylase enzyme assays to quantify LMA
in 242 lines. They noted that Emebiri et al. (2010) calcu-
lated a relatively high level of LMA heritability (86.6%)
when using an a-amylase ELISA to quantify LMA in an
association mapping study of 91 lines. The ELISA test used
to quantify LMA is only available in Australia, which has
prevented researchers from implementing cohesive meth-
odologies, limiting the ability to draw direct comparisons
between studies. In addition, the LMA-ELISA suffers from
batch-to-batch variation and generates results that are not
reproducible (Neoh et al. 2021). The heritability of LMA is
further complicated by LMA being a multi-genic trait with
multi-allelic QTL. A study that examined the haplotypes
of the genomic regions surrounding the 3B and 7B QTL
identified multiple alleles for both loci (McNeil et al. 2009).
The 3B QTL had 3 significant alleles, while the 7B QTL had
13. A study characterizing the effect of different alleles at
each LMA-associated QTL on LMA expression is yet to be
published. It is possible that previously published studies
have attempted to compare heritability for LMA in mapping
populations which contain different combinations of alleles
at the major QTL. Future studies that account for the specific
alleles at LM A-associated loci may be able to estimate the
heritability of LMA more accurately.

The past 25 years of research on LMA has greatly
expanded our understanding of the underlying genetic mech-
anisms that lead to this phenomenon. As the role of GA
sensitivity has become clearer, investigations into the source
of LMA resistance should focus on lines that produce low
levels of a-amylase even in GA-sensitive cultivars. Addition-
ally, efforts to create near-isogenic lines with different alleles
of high-pl a-amylase genes could aid in our understanding of
how different alleles and gene copy numbers influence LMA
expression and contribute to extreme LMA phenotypes.

Biochemical mechanisms of LMA

The underlying biochemical mechanisms associated with
the induction of LMA are currently unknown. Studies have
provided insights into the expression and protein accumu-
lation of a-amylase during this developmental event (Gale
et al. 1987; Mrva and Mares 1996¢, 1999, 2001a; Joe et al.
2005; Mrva et al. 2006, 2009; Farrell and Kettlewell 2008;
Barrero et al. 2013, 2020; Farrell et al. 2013; Kondhare et al.
2013, 2014; Cheng et al. 2014; Mieog et al. 2017; Derkx and
Mares 2020). In LM A-susceptible wheat varieties, the rela-
tive expression and protein abundance of high pI a-amylase
increased during late grain development, at 20 days post-
anthesis (dpa) (Barrero et al. 2013). Protein levels continued
to rise until 32—-35 dpa and remained at maximum levels
until harvest ripeness. TaAMY I-1 and TaAMY 1-2 relative
expression levels decreased to baseline levels in the majority

of LMA-susceptible varieties at 26 dpa (Barrero et al. 2013).
Mieog et al. (2017) showed that TaAMY4 was also expressed
during LMA, but TaAMY4 protein levels and activity dur-
ing this process remain unclear. Since previous studies have
not detected high pI a-amylase protein in developing grains
prior to 20 dpa or in LM A-inducible varieties that did not
receive a temperature stimulus, the a-amylase protein may
be a result of new protein synthesis (Mrva et al. 2006; Bar-
rero et al. 2013). Based on these studies, LMA has been
defined as a genetic defect that results in the synthesis of
high-pI a-amylase enzymes, primarily TAAMY 1, during the
late stages of grain development. It is well established that
high pI a-amylase is synthesized in the aleurone of germi-
nating grains (Cejudo et al. 1995; Appleford and Lenton
1997; Mrva et al. 2006; Cheng et al. 2014) and in isolated
aleurone treated with GA (Gubler et al. 1995; Mrva et al.
2006; Barrero et al. 2013). However, the underlying sign-
aling pathways and molecular components involved in the
expression of high pl a-amylase during LMA are not well
defined.

A gene expression study using constitutive and resistant
LMA cultivars provided some clues about the signaling pro-
cesses and cellular changes associated with LMA (Barrero
et al. 2013). In this study, 56 transcripts were significantly
more abundant in constitutive LMA cultivars. Some of the
transcripts are involved in programmed cell death (PCD),
GA response, stress response, and abscisic acid (ABA)
signaling (Barrero et al. 2013) and support previous work
that implicates these processes in LMA expression (Gale
et al. 1987; Mrva and Mares 1996b, 2001b; Mrva et al.
2006; Kondhare et al. 2013, 2014; Derkx and Mares 2020;
Derkx et al. 2021). The GA and ABA response during LMA
appears to be different from the pathways present in mature
aleurone (Barrero et al. 2013; Kondhare et al. 2013, 2014).
For example, GA-responsive genes, including GAMYB,
(1,3;1,4)-b-glucanase, triticain-a, and triticain-g, were not
induced by GA in LMA constitutive cultivars during late
grain development (Barrero et al. 2013). In addition, the tim-
ing and induction of LMA is associated with a change in GA
sensitivity, but not ABA sensitivity (Kondhare et al. 2014).
Because these studies on LMA have primarily focused on
isolated aleurones (Barrero et al. 2013) or half-grains (Kond-
hare et al. 2012, 2014), these results may be misleading.
Future studies focused on gene expression and hormone
sensitivity in individual aleurone cells, such as single-cell
RNA sequencing, could provide a more accurate picture of
the changes in the 2% of cells experiencing LMA (Mrva
et al. 2000).

Although LMA appears to only induce the expression and
protein synthesis of TaAMY1 and TaAMY4, some of the
developmental processes associated with additional hydro-
lytic enzyme expression and germination are present in the
aleurone of LM A-susceptible wheat varieties (Mrva et al.
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2006). Mrva et al. (2006) showed that aleurone cells had
symptoms of PCD during grain development and at maturity.
The PCD symptoms in mature aleurone layers of Spica and
Kennedy, two LMA-susceptible varieties, resemble aleurone
cells after 48 h of germination. Alternatively, Barrero et al.
(2013) reported no visible differences in the aleurone cells
of LMA constitutive varieties at 32 dpa. This may be due
to the startling low percentage of dead cells in the aleurone
of LMA-susceptible varieties or in LM A-resistant varieties
after 24 h of germination (Mrva et al. 2006). Germinated
grain showed about 2.3% dead cells after 24 h and LMA-
susceptible varieties showed about 1.9-2.1% dead cells at
maturity. In contrast to LMA, the percentage of dead cells
increased from 2 to 100% after 120 h of germination (Mrva
et al. 2006).

Another major difference in LM A-susceptible varieties
was the location of cells showing symptoms of PCD. In ger-
minating grains, aleurone cells positioned near the scutellum
initially showed symptoms of PCD (Mrva et al. 2006). Over
time, PCD symptoms spread directionally from the embryo
side to the brush side of the grain. In LM A-susceptible vari-
eties, PCD symptoms are present in individual cells or cell
patches in random locations throughout the aleurone (Mrva
et al. 2006). Previous studies have also shown that LMA
initially affected cells near the grain crease in UK varie-
ties (Major 1999; Lunn et al. 2001; Joe et al. 2005). The
low percentage of affected cells agrees with the relatively
lower levels of a-amylase when mature LM A-affected varie-
ties are compared to sprouted grain over time. The levels of
a-amylase in LM A-affected grain correspond to the quantity
of a-amylase in germinating grain after 20 h of imbibition
(Mrva et al. 2006).

Because some characteristics of LMA appear to be dif-
ferent from the process of germination and from the GA-
induced production of a-amylase in mature aleurone, the
regulation of high pI a-amylase gene expression may also be
distinct. During germination and in mature barley aleurone,
GA signaling is initiated by GA binding to and activating a
receptor (Lovegrove and Hooley 2000). The activated recep-
tor may interact with and initiate a signaling cascade that
includes a heterotrimeric G-protein complex (Jones et al.
1998), Ca>* (Bush 1996), cyclic GMP (cGMP), kinases, and
phosphatases (Bethke et al. 1997; Ritchie and Gilroy 1998;
Lovegrove and Hooley 2000). This pathway is regulated by
the transcription factors, SLN1 and SLR1 (Ikeda et al. 2001;
Chandler et al. 2002). Downstream of the initiation of this
pathway, the transcription factor, GAMYB, transactivates
the expression of high pl a-amylase (Gubler et al. 1995,
2002) Studies have shown that GAMYB is necessary and
sufficient for the expression of TaAMYI (Gubler et al. 1995;
Zentella et al. 2002). GAMYB binds to a region in the AMY]
promoter termed the GA Response Element (GARE) (Gubler
et al. 1995). To determine if wheat AMYI promoters include
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similar regulatory regions, we first identified the chromo-
some location of Triticum aestivum a-amylasel (TaAMY1)
genes using GenBank and accession numbers from Mieog
et al. (2017). The 500-base pair (bp) region upstream of
the transcriptional start site of TaAMY1 genes was used to
scan for plant cis-acting regulatory DNA elements using the
PLACE Database (Higo et al. 1999). We located at least one
GARE in most TaAMY1 promoter regions (Fig. 1). In addi-
tion to GAREs, the pyrimidine and TATCCAC box were
also located in the promoter region of several TaAMY1 gene
promoters. Together, the GARE, pyrimidine, and TATCCA
C box make up the GA response complex (GARC) in pro-
moters of plant a-amylase genes and play important roles
in GA-regulated expression (Skriver et al. 1991; Gubler
and Jacobsen 1992; Rogers et al. 1994). Promoter elements
that could be involved in the cold-induced expression of
AMY1 were also identified and labeled as low-temperature
response elements (LTRE) (Fig. 1) (Baker et al. 1994; Jiang
et al. 1996; Dunn et al. 1998). Interestingly, GAMYB is
also detectable in barley aleurone that have not been treated
with GA and without the accumulation of a-amylase activity
(Gubler et al. 2002). If GAMYB is expressed and maintained
in aleurone cells in the absence of GA, this may explain how
high pI a-amylase is expressed during LMA when there is
no detectable change in GAMYB expression.

In contrast to GA activation, the expression of TaAMY1 is
suppressed by ABA signaling components (Gémez-Cadenas
et al. 1999, 2001; Gubler et al. 2002). The protein kinase,
PKABALI, suppresses TaAMYI expression by downregu-
lating the transcription of GAMYB (Gémez-Cadenas et al.
2001). Another molecular component involved in this com-
plex interplay is the DELLA protein, SLN1 (Gubler et al.
2002). In barley, SLN1 repressed the expression of GAMYB.
However, SLN1 protein levels decline in response to GA,
and this leads to an increase in the expression of GAMYB
and TaAMY1 (Gubler et al. 2002). The complex network of
GA and ABA signaling components and mechanisms are
likely involved in the activation of TaAMY1 and/or TaAMY4
expression and protein accumulation during LMA. Hypo-
thetically, disruption in the expression or regulation of these
molecular components could lead to changes in accumula-
tion of the TAAMY 1 and/or TaAMY4 protein that are char-
acteristic of LMA.

Notably, a recent study identified the gene, LMAI, as
a genetic cause of variation in LMA phenotypes (Derkx
et al. 2021). From a biochemical perspective, this gene
encodes a protein with homology to an enzyme involved
in the first step of GA biosynthesis (Wu et al. 2012; Toyo-
masu et al. 2015). In LMA resistant varieties, the LMA1
protein sequence was changed or there was an introduc-
tion of a premature stop codon (Derkx et al. 2021). A
functional LMA1 gene led to LMA susceptibility in some
varieties and curiously, a functional allele of this gene was
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Fig.1 Motifs common to GA-responsive, o-amylase genes and
involved in response to low temperature were identified in TaAMY1
promoter regions. The 500 bp promoter regions of TaAMY1 genes
were analyzed for common, plant-specific promoter motifs. Most
TaAMYI1 promoter regions contained motifs involved in a-amylase

shown to be the more common, wild-type-like condition. If
this is the case, LMA may not be a genetic defect and may
not only be present in a few varieties (Mares and Mrva
2014; Barrero et al. 2020). This shift in understanding
leads to new questions about LMA and the prevalence of
this condition in cultivated wheat varieties. For example,
what gene or mechanism(s) are missing in varieties where

B Pyrimidine Box (CCTTTT)
O TATCCA Box (TATCCA)

H LTRE1 (CCGAAA)
O LTRE Core (CCGACQC)

gene expression regulation. In addition, regions that could be
involved in the cold-induced expression of AMY! were also identi-
fied. This figure was made using Adobe Illustrator. (Skriver et al.
1991; Gubler and Jacobsen 1992; Baker et al. 1994; Rogers et al.
1994; Jiang et al. 1996; Dunn et al. 1998; Higo et al. 1999)

a functional LMA1 protein is present, but it does not lead
to LMA susceptibility? Furthermore, as mentioned above,
previous studies have suggested that GA signaling may be
involved in LMA expression (Mrva and Mares 1996b; Far-
rell et al. 2013; Derkx and Mares 2020). Future research
focused on the functional role of LMAT1 in GA biosynthe-
sis during grain development and germination will provide
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further insights into why a functional LMA1 allele can lead
to LMA susceptibility.

Physiological mechanisms of LMA

To understand and fully describe the internal chemical and
physical processes that define the underlying physiological
mechanisms of LMA, it is important to describe the roles
that hormone signaling networks play in regulating wheat
grain germination. At the time of dispersal, seeds can be
dormant and fail to germinate immediately after transport. In
this way, seed dormancy is an evolutionary adaptation that
prevents precocious germination on the mother plant or in
unfavorable environments where soil moisture or nutrients
are limited (Bewley et al. 2012; Shu et al. 2015, 2016; Pen-
field 2017). During embryo development, dormancy is regu-
lated by the plant hormones, ABA and auxin, and decreases
over time in response to environmental conditions includ-
ing light, temperature, and moisture levels (Finkelstein et al.
2002, 2008; Bentsink and Koornneef 2008; Graeber et al.
2012; Liu et al. 2013; Shu et al. 2015; Shuai et al. 2016;
Matilla 2020). As dormancy is lost, germination capacity
increases, and the transition from a dormant to non-dormant
state occurs. This developmental shift is accompanied by a
decrease in ABA levels and signaling and an increase in GA
accumulation and signaling (Koornneef et al. 1982; Karssen
and Lacka 1986; Olszewski et al. 2002; Kushiro et al. 2004;
Okamoto et al. 2006; Tuan et al. 2018).

Once dormancy is lost, germination begins with water
uptake and ends with radicle emergence (Bewley et al.
2012). GA-induced signaling triggers embryonic growth
and the release of hydrolytic enzymes that help to weaken
the seed coat and break down storage reserves that provide
energy for embryogenesis and seedling establishment (Peng
and Harberd 2002; Gao and Chu 2020). In cereals, GA sign-
aling stimulates the expression of a-amylase enzymes in the
aleurone that are secreted and subsequently degrade starch
in the endosperm (Fincher 1989; Jones and Jacobsen 1991;
Gubler et al. 1995). As mentioned previously, elevated
a-amylase expression and protein accumulation, result-
ing from diminished seed dormancy or occurring outside
of the process of germination, are the primary indicators
of PHS and LMA (Mares and Mrva 2014). Although both
conditions result in the expression of relatively high levels
of a-amylase, the level of expression, timing of induction,
and location of enzyme activity differ. Studies in wheat and
barley have demonstrated that PHS tolerance and seed dor-
mancy are associated with relatively higher ABA sensitivity,
while PHS susceptibility is associated with relatively higher
GA sensitivity (Walker-Simmons 1987; Morris et al. 1989;
Barrero et al. 2009; Schramm et al. 2010; Tuttle et al. 2015).
In addition, during PHS, a-amylase levels are highest near
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the embryo end of the grain, a trend that is consistent with
germination (Mares et al. 1994; Mares and Mrva 2014). In
other words, PHS mirrors the process of germination, it is
just happening prior to harvest. Unlike PHS, LMA results
in the expression and protein accumulation of a-amylase
throughout the aleurone layer (Mrva et al. 2006; Mares and
Mrva 2008). Although the phenotypic manifestation of LMA
is distinct, studies have demonstrated that components of
GA signaling may also be involved in LMA (Kondhare et al.
2012, 2013, 2014; Barrero et al. 2013).

Historically, the role of GA signaling during seed devel-
opment in cereals has been controversial. This is in part
because bioactive GAs are difficult to measure, and the
expression of GA biosynthesis genes prior to germination
is typically low (Jacobsen et al. 2002; Ogawa et al. 2003;
Yamauchi et al. 2004; Ueguchi-Tanaka et al. 2005; Barrero
et al. 2009). Additionally, studies evaluating GA responses
in the barley DELLA Slender 1 (SInl) mutants indicate that
GA hormone may not be necessary for stimulating responses
downstream of SLN1 (Chandler et al. 2002; Chen et al.
2010). Research focused on the regulation of dormancy
in Arabidopsis has shown that the GA receptor, GID1, is
present in seeds even in the absence of GA biosynthesis
(Hauvermale et al. 2015; Hauvermale and Steber 2020).
Collectively, these observations suggests that for seeds to
complete the successful transition between germination
and seedling establishment, not only do components of GA
signaling need to be in place before germination is initi-
ated, but in some instances DELLA regulation may occur
through GA-independent and/or non-proteolytic mecha-
nisms (Chandler et al. 2002; Chen et al. 2010; Hauvermale
et al. 2012). In a similar way, GA signaling components may
also be required during the developmental transition between
embryo development and seed maturation, the time when
LMA events are likely to occur. Furthermore, enhanced GA
signaling during LMA could also occur through changes in
GID1 receptor accumulation or binding. Functional studies
have demonstrated that some GID1 isoforms have evolved
to bind DELLA proteins and initiate a relatively low level
of GA signaling in the absence of GA (Hauvermale et al.
2015; Nelson and Steber 2016; Hauvermale and Steber
2020). While studies in wheat suggest that GA signaling
most often occurs through GA binding to GID1, SNP anal-
ysis of the D genome donor, Aegilops tauschii Coss., has
identified modifications in GID/ gene sequences that may
lead to altered GID1 function and provides another route by
which enhanced or altered GA signaling may contribute to
LMA (Bazhenov et al. 2020). It has also been suggested that
cereal aleurone cells may have a GA-perception system that
is different than the GID1-DELLA-mediated GA-perception
system (Ueguchi-Tanaka et al. 2007). This hypothesis is sup-
ported by studies showing that aleurone cells cannot pro-
duce bioactive GA, but can only perceive GA that has been
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produced by the embryo and transported to the aleurone
(Kaneko et al. 2003). In addition, Gilroy and Jones showed
that a-amylase expression was not induced when GA was
injected into barley aleurone cells (Gilroy and Jones 1994).
Finally, there is also evidence that heterotrimeric G-proteins
play a role in GA signaling in the aleurone (Ashikari et al.
1999; Lovegrove and Hooley 2000; Ueguchi-Tanaka et al.
2000). Collectively, these experiments suggest that the site
of GA perception is outside of the plasma membrane and
that the GA-receptor in these cells may be located in the
plasma membrane. Although, in gidl aleurone cells, GA-
induced a-amylase expression is relatively low (Ueguchi-
Tanaka et al. 2005). A unique GA perception system in the
aleurone could provide an additional route by which changes
in GA signaling or GA sensitivity could lead to LMA during
wheat grain development.

In some LMA-susceptible varieties, a cold shock is
required to initiate a-amylase expression and protein accu-
mulation (Mrva and Mares 2001b; Tan et al. 2010). In addi-
tion, a cold shock can enhance the expression of high pl
a-amylase in LMA constitutive varieties (Derkx and Mares
2020; Derkx et al. 2021). Similarly, cold treatment during
seed imbibition functions to synchronize seed germination
and increases GA levels and sensitivity to GA (Yamauchi
et al. 2004). The purpose of enhanced GA signaling and
sensitivity resulting from cold imbibition may be to jump
start the germination process to ensure seedling establish-
ment (Hauvermale and Steber 2020). Therefore, it is interest-
ing to consider that cold increases the amount of a-amylase
accumulation in LMA-susceptible and LM A-constitutive
cultivars (Mrva and Mares 2001b; Derkx and Mares 2020;
Derkx et al. 2021). This observation suggests that GA accu-
mulation and signaling may be an important component
of LMA regulation that is enhanced by cold (Derkx et al.
2021). An alternative hypothesis is that LM A-associated
physiological changes that are induced by a cold snap, or
other environmental stressors, may activate sensing machin-
ery and signaling cascades that function to protect the devel-
oping embryo. Many studies have demonstrated that plants
show specific changes in gene expression, metabolism, and
physiology in response to environmental stressors and that
these changes occur through cell specific sensing machinery
(Zhu 2016). For example, the phytochrome photoreceptors
and downstream signaling pathway have been implicated
in thermosensing and facilitating adaptive responses (Jung
et al. 2016; Legris et al. 2019). After abiotic stress cues
are perceived, there is substantial overlap in the signaling
molecules that induce the cellular response (Lamers et al.
2020). This suggests that plants and seeds may sense specific
stresses during development, and that each cell or cell type
may have specific sensing machinery, but common molecu-
lar components are used to activate the downstream cellular
changes. In relation to LMA, there may be cell specific stress

sensors and varying sensitivities to stress or stress-induced
signals within the aleurone (Ritchie et al. 1999). This may
explain the stochastic expression and protein accumulation
of a-amylase in random cells or cell patches throughout the
aleurone during LMA.

Another hallmark of cereal grain germination is the PCD
of the aleurone after hydrolytic enzyme synthesis and secre-
tion (Kuo et al. 1996; Bethke et al. 1999; Fath et al. 2000). In
contrast to this tightly regulated developmental process, the
cellular changes characteristic of cell death and associated
with LMA are localized to individual or small groups of
aleurone cells and do not appear to affect the overall integ-
rity of the aleurone layer (Mrva et al. 2006). Thus, the pos-
sibility exists that LMA may be part of an apoptosis-like
process. Although apoptosis has not been well characterized
in plants, it is well described and highly conserved across
living organisms and is tightly regulated to function in spe-
cific cells at specific times (Hengartner 2000; Dickman et al.
2017). Therefore, future work will need to evaluate if the
cell death occurring in the aleurone during LMA occurs as
a consequence of PCD or apoptosis.

Overall, the underlying physiological processes of LMA
are distinct from what is seen during cereal seed germina-
tion. Some of the same plant metabolites, signaling pro-
cesses, and molecular components may be involved in
facilitating this developmental process. For example, there
is plenty of evidence supporting a role for GA and GA-sign-
aling components in the expression of LMA. Future studies
focused on identifying LM A-specific metabolites, signal-
ing mechanisms, and molecular components will provide
insight into the chemical and physical aspects of this pro-
cess. In addition, these studies will increase our fundamental
understanding of stress sensing and response during seed
development.

Effects of LMA on end-use quality

Much less is known about the effects of LMA on wheat qual-
ity compared to those of PHS. The falling number test was
originally designed for PHS-affected grain. As such, historic
correlations between FN and wheat quality are fairly lim-
ited to PHS only. More recently, LMA has been examined
more intensively and likely affects wheat quality differently
than does PHS (Kiszonas et al. 2018; Newberry et al. 2018).
The association between LMA and wheat quality has been
studied with hard wheat, primarily used for making bread
(Newberry et al. 2018). One limitation of the Newberry
et al. study, however, was that the range of FN was limited
to 193-294 s, all below typical contract specifications for
FN values of export wheat, and also below the domestic
use baking company specifications (2018). In bread, there
has been no difference across a FN range of 193-294 s for
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loaf volume or crumb structure (Newberry et al. 2018). In a
study with overexpressed TaAMY3, bread volume increased,
particularly with addition of a baking improver (Ral et al.
2016). Similarly, noodle firmness was unaffected by high
a-amylase levels in grain that had overexpressed TaAMY3,
although cooking loss was substantially greater for lines
with higher levels of a-amylase (Ral et al. 2018). As such,
with bread and noodles, there are mixed results for LMA-
affected grain. Bread appears to be unaffected, or improved
by LMA-affected grain, though noodles show a decrease in
quality for the cooking loss parameter.

Soft wheat, used for cookies, cakes, and pastries, is typi-
cally strongly influenced by low FN typically attributed to
PHS (Finney et al. 1981; Edwards et al. 1989; Kiszonas et al.
2018). Japanese sponge cakes, in particular, are dramati-
cally affected by PHS-affected grain, producing very small,
dense, highly unacceptable cakes because of small size and
very firm crumb (Finney et al. 1981; Kiszonas et al. 2018).
An unusual result reported in Kiszonas et al. (2018) was a
wide range of FN values, with some very low FN samples
having seemingly acceptable cake volume and quality. The
hypothesis was that these samples may have had low FN due
to LMA instead of PHS, though future studies will need to
focus on LMA-verified grain.

The challenge of obtaining verified-LMA affected sam-
ples in a sufficient quantity for milling and baking results in
few studies about LM A-affected wheat quality. Newberry
et al. (2018) acknowledged this challenge but did obtain
samples with FN from 193 to 294 s and found no defini-
tive correlations between FN and bread loaf volume or other
bread quality traits. The stated hypotheses about the lessened
effect of LMA-affected grain compared to PHS-affected
grain are largely based on anecdotal data and observations
over long study of cake quality. A critical step moving for-
ward will be to obtain LM A-verified grain at varied FN in a
sufficient quantity to perform extensive milling and baking
tests. These types of experiments would greatly expand the
knowledge and understanding of how LMA-affected grain
impacts end-use quality. Additionally, the findings that
LMA-affected grain had a positive impact on bread may
allow for some grain handling and supply chain changes
that allow LMA-verified grain to be supplied directly to
bakeries focusing on bread. If LM A-affected grain could be
redirected to these specialty supply chains, its value could
increase as opposed to the traditional economic penalty of
having low FN grain.

Concluding remarks
In the last decade, studies focused on the underlying genetic,

biochemical, and physiological mechanisms of LMA have
become increasingly important due to large financial losses
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resulting from low FN in the absence of sprouting (Kingwell
and Carter 2014; Mares and Mrva 2014; Steber 2017; Bettge
2018). Unfortunately, the complexity and variability of this
trait make it a challenging topic to study. Studies focused on
the genetics of LMA have identified several QTL that con-
tribute to LMA expression. In addition, these studies have
concluded that LMA is a multi-genic and multi-allelic trait
this is heavily influenced by the environment. As more LMA
associated QTLs are linked to functional genes, our under-
standing of the underlying mechanism(s) that lead to LMA
will increase and molecular markers of LMA susceptibility
or resistance can be developed.

LMA is defined as the expression and protein accumula-
tion of high pI a-amylase during grain development. Stud-
ies focused on identifying the underlying biochemical and
physiological mechanisms that lead LMA expression have
not yet identified any specific signal(s), signaling mecha-
nisms, or cellular environments. Single cell technologies
(Rich-Griffin et al. 2020; Thibivilliers and Libault 2021), a
recently expanded wheat genome release (Walkowiak et al.
2020; Zhu et al. 2021), and improved plant transformation
methods (Demirer et al. 2019) will help wheat researchers
to continue unraveling the complex mechanisms that lead
to LMA in wheat. In addition, we will gain a better under-
standing of how to balance the need for rapid and effective
germination versus controlling the damaging activity of
a-amylase prior to harvest. Changing climates with unpre-
dictable temperature fluctuations could lead to LMA occur-
ring more frequently and as a result have created a sense of
urgency for scientists working on understanding and solving
this wheat quality issue.

To date, most literature classifies LMA as a genetic
defect, which means that LMA results in a disruption of
normal physiological processes during grain development.
While the expression of high levels of a-amylase may neg-
atively impact end-use quality in some instances, there is
little evidence to suggest that LMA has a negative impact
on seed development, yield, viability, germination poten-
tial, or dispersal. Additionally, the discovery that LMA-1
encodes a wild-type copy of a CPS gene suggests LMA may
be a normal part of seed development (Derkx et al. 2021).
In contrast, the shruken2 mutation in maize, which causes
premature PCD-associated aleurone death during develop-
ment, has a negative impact on germination potential and
seed viability (Young et al. 1997). Therefore, future research
will need to carefully explore the environmental, genetic,
and biochemical processes that lead to LMA, and to parse
apart its fundamental roles both, negative and positive, in
cereal grain development.

Finally, although there is a strong interest in understand-
ing the underlying chemical and physical processes that lead
to LMA expression, it will also be important to determine
if LMA has a negative effect on end-use quality. Previous
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studies focused on the end-use quality effects of LMA-
affected grain have provided encouraging but incomplete
results (Kiszonas et al. 2018; Newberry et al. 2018). A
comprehensive understanding of LMA from the underlying
molecular aspects to the end-use quality effects will greatly
benefit the global wheat industry and those whose liveli-
hoods depend upon it.
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