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Abstract Preharvest sprouting (PHS) and late maturity o-
amylase (LMA) are the two major causes of unacceptably
high levels of a-amylase in ripe wheat grain. High o-
amylase activity in harvested grain results in substantially
lower prices for wheat growers and at least in the case of
PHS, is associated with adverse effects on the quality of a
range of end-products and loss of viability during storage.
The high levels of a-amylase are reflected in low falling
number, the internationally accepted measure for grain
receival and trade. Given the significant losses that can
occur, elimination of these defects remains a major focus
for wheat breeding programs in many parts of the world. In
addition, the genetic, biochemical and molecular mecha-
nisms involved in the control of PHS and LMA as well as
the interactions with environmental factors have attracted a
sustained research interest. PHS and LMA are independent,
genetically controlled traits that are strongly influenced by
the environment, where the effects of particular environ-
mental factors vary substantially depending on the stage of
grain development and ripening. This review is a summary
and an assessment of results of recent research on these
important grain quality defects.
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Introduction

Much of the early research on preharvest sprouting (PHS)
in wheat has been captured in a publication edited by
(Derera 1989a). In addition, there have been regular
international symposia on preharvest sprouting in cereals
beginning in 1975 (see Supplementary 1 for a list of
symposia proceedings). More recent research has tended to
concentrate on grain dormancy, the major genetic mecha-
nism involved in providing resistance to preharvest
sprouting, informed to some extent by the extensive
research on grain dormancy in barley and rice as well as in
the model plant species, Arabidopsis thaliana. By com-
parison, late maturity o-amylase (LMA) is a relatively new
area of research and involves the untimely synthesis of o-
amylase during the middle stages of grain development.
Most of this research has been carried out in Australia and
the UK and wheat breeders in some parts of the world are
only just coming to the realization that it represents a
source of low falling number in their germplasm. LMA was
reviewed by (Mares and Mrva 2008b).

This review will be restricted to wheat and focuses
mainly on developments in the time since these reviews.

@ Springer


http://dx.doi.org/10.1007/s00425-014-2172-5

1168

Planta (2014) 240:1167-1178

The authors express their apologies to those whose work
may have been unintentionally overlooked or, given that
this is not intended to be a compilation of literature, could
not be cited.

Definitions

Preharvest sprouting (PHS) refers to the germination of
grain in the ear prior to harvest generally in response to
rain.

Late maturity a-amylase (LMA) refers to the synthesis
of high pl a-amylase during the middle stages of grain
development in the absence of sprouting or rain. The
enzyme is retained in the grain through to harvest-ripeness.

Preharvest sprouting

Preharvest sprouting (Fig. 1a) in wheat under field condi-
tions is triggered by rain, but the amount of sprouting that
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Fig. 1 a Sprouted and non-sprouted spikes of wheat. b black point
affected, non-sprouted grains (columns 1-3), sound grains (columns
4-6) and black point affected, sprouted grains (columns 7-9). ¢ LMA-
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occurs in response to a particular rain event or series of
events is not easy to predict.

Apart from rain, which is in most cases an absolute
requirement, sprouting is affected by a large number of
factors that include the following:

Varietal variation in genetic resistance to preharvest
sprouting. This represents the base response to a particular
rain event that can be modified by environmental condi-
tions during grain ripening, during the rain event and
indeed immediately following the rain event. Basically,
grain of varieties with greater resistance needs to stay wet
for a longer period of time before sprouting will be initi-
ated. This resistance gradually disappears with after-rip-
ening but can dissipate very quickly if moist grain is
subjected to cold temperatures (Mares 1984).

Stage of maturity. Sprouting susceptible varieties
acquire the capacity to sprout sometime after the middle
stages of grain development whereas in resistant varieties it
may not occur until well after physiological maturity and

harvest-ripeness. As ripening and/or after-ripening
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affected grains with sound appearance but low falling Number/high
a-amylase. Photographs by Cameron Mares
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proceeds, the time required for grains to germinate or
sprout decreases until eventually a significant proportion of
grains will germinate in 1-2 days if wet. As a consequence,
the amount of sprouting triggered by a rain event is very
dependent on the stage of maturity. Note here that primary
tillers ripen earlier than secondary tillers such that by the
time all the crop is ready for harvest, some primary tillers
may have been ripe for several days. Similarly some areas
of the crop may ripen earlier than others due to variation in
the microenvironment and will be at greater risk.

Amount of rain, duration of the rain event, and weather
conditions after the rain (i.e. do they favor the grain
remaining wet or do they favor drying). As a rough guide, it
would appear that around 10—-15 mm of rain is probably the
minimum required to initiate sprouting but obviously if it is
spread over several hours more water is likely to be captured
by the wheat ear than if it all falls in a short burst. Overall, for
sprouting susceptible crops at harvest-ripeness, the grain
will need to stay moist for around 2 days although this time
will decrease further the longer harvest is delayed.

Temperature and moisture stress. The effects of tem-
perature on sprouting are quite complex and can be quite
different depending on the moisture content of the grain.
However, provided the crop is not under moisture stress
then warmer temperatures during ripening tend to result in
greater susceptibility to sprouting at harvest-ripeness. If the
crop is under moisture stress combined with high temper-
atures then resistance to sprouting may be significantly
increased compared to expectation (Biddulph et al. 2007).
One possible explanation for this is that environmental-
associated variation on grain drying rate may not be
accompanied by a similar variation in rate of grain after-
ripening. The effects of temperature on germinability of wet
grain are also quite complex; cool temperatures may reduce
or break dormancy whilst higher temperatures can accen-
tuate any grain dormancy that is present (Mares 1984).

Rainfall prior to harvest-ripeness. Rain (more than
15-20 mm) during the 10-20 days prior to harvest-ripe-
ness often results in little or no sprouting but may predis-
pose the crop to be more susceptible to later rainfall (Mares
1993). In a study conducted in northern NSW, Australia,
there was a strong positive correlation between the total
rainfall in the 10-20 days prior to harvest-ripeness and the
amount of sprouting that occurred when samples were
subsequently subjected to a standard wetting treatment at
harvest-ripeness or at 10 or 20 days after harvest-ripeness.

Crop phenology, crop architecture, and physical/chem-
ical properties of the wheat ear. These can all play a role in
determining how much water is retained by the ear and
how long the ear remains wet. Some of these factors were
considered by King (1989) but there has been little sub-
sequent research. Possible inhibitory effects of the glumes
on the germination of the enclosed grains have been

proposed but not confirmed. There is a significant lag phase
between wetting of intact spikes and both water uptake and
germination of the enclosed grain relative to isolated
grains, and indeed some variation in the length of this lag
phase (Mares 1983).

Black point. Grains exhibiting black point symptoms
(Fig. 1b) such as described by Williamson (1997) and
(Fernandez et al. 2011) tend to germinate more readily than
grains from the same sample that are free of symptoms.

Stages in preharvest sprouting

Sprouting encompasses a sequential series of events from
the interception of rain by the vegetative structures of the
wheat ear, transfer of water to the enclosed grain, germi-
nation and subsequent production of a range of hydrolytic
enzymes. Potentially therefore there are a number of steps
that could be affected by genetic or environmental factors
to confer resistance. The extent of variation in the rate of
these events was compared in a small set of genotypes with
the results suggesting that genetic variation was greatest for
grain dormancy, i.e. failure of grains to germinate when
placed in a warm, moist environment normally considered
conducive to germination, and therefore the most promis-
ing target for variety improvement (Mares 1987). That
being said, a resistance mechanism, whether it be germi-
nation inhibitors or simply variation in the rate of transfer
of water from the glumes of the wheat ear to the enclosed
grain, associated with the vegetative structures of the wheat
ear would be very advantageous since it would have no
carry-over effects on the germination of seed to establish
the next crop generation. This would greatly simplify the
retention of sprouting resistance in breeding programs that
use rapid population development techniques or in long
season wheat varieties where the turnaround between har-
vest and seeding is very short. In both of these situations,
there is significant selection pressure for low or no dor-
mancy unless active measures are taken to break dormancy
prior to seeding. Once grains achieve the level of moisture
required to initiate germination, and if the grains remain
wet, the production of hydrolytic enzymes can proceed,
and in the case of a-amylase, this follows an exponential
rate curve. This is important to understand since only a
relatively small increase in total o-amylase of a bulk
sample is required to reduce falling number below receival
standards and create issues for end-product processing and
quality. End-products prepared from sprouted grain are
invariably poorer in quality compared with sound grain
(Edwards et al. 1989). As a general rule, it is not common
for all, or even a high proportion of, grains to sprout
simultaneously, rather a small percentage of grains ger-
minate to varying degrees depending on the conditions.
However, because of the propensity of grains to produce
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very high levels of o-amylase, a small proportion of
sprouted grains may be sufficient to drop the falling
number below receival standards (Canadian Grain Com-
mission fact sheet). Visual inspection provides only a
rough indication of the extent of damage and is unreliable
for classification of incoming wheat deliveries. Once
sprouting is detected, the use of an objective test such as
falling number is far more reliable method of determining
the extent of sprouting damage and its likely impact on
processing.

Selection for preharvest sprouting resistance

Since preharvest sprouting results in significant losses in
many wheat growing areas of the world, a high priority
target for many wheat breeders is resistance to sprouting.
Early work in this area tended to rely on opportunistic
screening in field trials in response to rain. In view of the
complex interactions between genotype, environment, and
stage of maturity this is not seen as a viable method even
where rainfall patterns are very reliable; there are simply
too many variables. The most appropriate screening
method for selecting resistance to preharvest sprouting is
effectively a choice between sprouting induced by artificial
wetting in a controlled environment with scoring achieved
by visual observation, percent germination or falling
number; or grain dormancy assessed by a standard germi-
nation test on isolated grains. In both cases, it is important
to remove maturity effects as far as possible by testing
material, sampled either from specifically designed field or
glasshouse experiments, at a defined stage of ripening. For
reasons that are not entirely clear, the heritability of
resistance scored after wetting of ears can often be very
low compared with heritability for grain dormancy (Tre-
thowan 1995). By contrast, DePauw and McCaig (1991)
reported that rain simulation treatments gave high herita-
bility estimates. Muncvold et al. (2009) and Chao et al.
(2010) both compared ear wetting treatments and grain
germination tests in genetic studies of resistance to pre-
harvest sprouting and reported a number of genetic loci
associated with variation in wetting induced sprouting that
did not correspond with loci associated with dormancy.
However, it was evident in these studies that the major loci
affecting both PHS and dormancy tended to be consistent
across environments in contrast to loci associated only with
ear sprouting but not grain dormancy. Mares (1993)
observed a significant effect of rain prior to maturity on the
level of resistance retained at harvest-ripeness and pro-
posed the use of rain shelters to exclude rain during the
final 2 weeks of ripening (Mares 1989). Further modifica-
tion of screening trial management was reported by Mares
et al. (2005) with the aim of maximizing genetic effects
and reducing effects of environmental factors.

@ Springer

Grain dormancy

For a short period after flowering as the embryo develops,
grains or detached embryos are incapable of germination.
At a later stage, around the middle of the period between
flowering and maturity, detached embryos, and indeed
proximal sections of grains, will germinate readily when
placed on agar or moist filter paper at 20 °C. Germination
characteristics and rates for detached embryos or embryo-
containing grain sections are similar for most wheat
genotypes irrespective of the germinability of intact grains
sampled at the same point in development. Observations of
this nature are the basis for the generally held view that
dormancy in wheat is primarily coat imposed although the
mechanism(s) involved is far from clear. This hypothesis is
supported by genetic (Noll et al. 1982; Mares 1999; Flin-
tham et al. 1999) and mutation studies (Warner et al. 2000;
Mares 1999) as well as observations that damage to the
seed coat reduces grain dormancy (Mares 1989). Results of
reciprocal crosses involving dormant and non-dormant
parents (Noll et al. 1982; Mares 1993) also provide strong
evidence that the seed coat of dormant genotypes is an
important factor in the expression of the dormant pheno-
type. Seed coat-imposed dormancy does not necessarily
mean that all the genes involved are expressed in the seed
coat, rather it is likely that there are a number of genes
expressed in the embryo that determine whether the
embryo is sensitive to the effects of the seed coat. It is
likely that oxygen availability, limited by the low solubility
of oxygen in water and the reported diffusion coefficient of
oxygen through seed coats of various seeds (Edwards 1973;
Lenoir et al. 1986), could restrict germination. Whether
there is genetic variation for sensitivity to oxygen con-
centration, whether the effects simply enhance existing
dormancy mechanisms as appears to be the case in barley
(Benech-Arnold et al. 2006) and whether changes during
after-ripening affect oxygen availability remain unclear.
For isolated grains, water uptake by the embryo appears to
be independent of variation in dormancy and restricted to
the micropyle (Rathjen et al. 2009). In a wheat spike, the
micropyle is located within the zone of attachment of the
grain to the rachilla and it is not known whether this
impedes moisture flow into the grain.

Approaching physiological maturity, intact grains of
some genotypes become capable of germination or in other
words are released from dormancy. Grains of these geno-
types will germinate or sprout quite readily when harvest-
ripe and are consequently characterized as non-dormant
and the variety ranked as sprouting susceptible. It is not
clear whether such genotypes simply acquire the capacity
to germinate as soon as the embryo is mature or whether
dormancy is imposed but then released after a very short
period. Some observations appear to be consistent with the
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latter proposal; firstly, under some but certainly not all
environmental conditions, wheat grains may show a tran-
sient period of germinability at around the time detached
embryos acquire the capacity to germinate; and secondly,
when detached embryos or embryo-containing grain sec-
tions are incubated with abscisic acid (ABA), the germi-
nation characteristics typical of the intact grain can be re-
imposed. Sensitivity of germination to inhibition by ABA
has been reported to change in parallel with dormancy loss
during after-ripening (Walker-Simmons 1987). For geno-
types that are characterized as being dormant or sprouting
resistant, dormancy release is either delayed until after
harvest-ripeness or in some cases requires a prolonged
period of after-ripening. At least in the latter instance, the
changes that trigger dormancy release take place in grain
that may have less than 10 % moisture content. These
changes have not been characterized and most research has
concentrated on changes that occur when the grains are
imbibed to initiate germination. In using terms such as
dormancy and dormancy release, it is important to
remember that these are not absolute traits but rather they
are changing continuously with time, are dependent on the
environmental conditions during grain development and
also on the temperature used in the germination test.
Indeed, even grains of reputed non-dormant cultivars
continue to change during after-ripening with germination
rate increasing and time to 50 % germination decreasing
for some weeks. Taking a snapshot at a particular stage in
development/after-ripening, e.g. at physiological maturity,
at a particular moisture content, at a set time after flow-
ering, or a point when the grain is ready to harvest provides
useful information that is used in genetic and molecular
studies. Whilst not practical for large numbers of geno-
types, a more complete picture can be obtained by sam-
pling for germination testing at intervals during grain
development and during after-ripening (Gerjets et al.
2009). Gerjets et al. (2009) used a small number of wheat
varieties that varied in dormancy. In reports presented at
the 12th International Symposium on Preharvest Sprouting
in Cereals in 2012, Mares et al. and Torada et al. used the
same technique to compare changes in closely related
genotypes that not only differed in dormancy but also for
closely related genotypes that contained different individ-
ual dormancy quantitative trait loci (QTL) or combinations
of QTL. This provided strong evidence for the additive
effects of QTL on the time to dormancy release and on
their relative effects on dormancy measured at a particular
stage of ripeness. This information will be useful to
breeders since it allows QTL to be ranked according to the
magnitude of the effect on dormancy and its relationship to
the relative risk of sprouting in the breeder’s target envi-
ronment. The grain development/germination profile
(Fig. 2) can be characterized by a number of parameters
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Fig. 2 Alternate methods for describing changes in dormancy/
germination during grain ripening for genotypes (1-5) with increasing
numbers of PHS QTL and increasing dormancy. Germination index at
harvest-ripeness (12 % moisture, 55 Dpa) (black dashed line), time to
achieve a GI of 0.5 (Dpa) (blue dashed line), slope of the GI x Dpa
curve for genotype 2 following release from dormancy (red dashed
line), with the time of release from dormancy estimated by the
intercept on the Dpa axis

that vary in their ease of estimation. These include: time to
dormancy release, time to 50 % germination in a test
conducted for a fixed number of days, the slope of the
germination response following the release of dormancy, or
the germination index at a specific point in ripening, often
the point corresponding to harvest-ripeness in a particular
country. It should be noted that the final phase of grain
ripening involves the loss of moisture, whose rate is very
much dependent on the environmental conditions (tem-
perature, relative humidity, wind) and to some extent
independent of the rate of processes leading to grain har-
vest-ripeness.

Grain of bread wheat, T. aestivum, can be red or white in
color. Red color is controlled by dominant wild-type
alleles, R-A1b, R-B1b, and R-DI1b, at independent R gene
loci located on the long arms of the homoeologous group 3
chromosomes. The presence of any one, two or all three
dominant alleles confers red grain coat color with the
darkness of the color generally increasing with the number
of wild-type alleles. In contrast, white grain coat color is
recessive and requires naturally occurring mutant alleles,
R-Ala, R-Bla, and R-Dla, to be present at all three R loci.
Historically, sprouting resistance and grain dormancy has
been linked to red grain coat color, however, it is now clear
that there is substantial variation for resistance in both
classes. Despite the independent development of sprouting
tolerant white-grained wheat varieties in several countries
over the past 30 years (Derera 1989b; Anderson et al.
1993; Mares et al. 2005; Muncvold et al. 2009; Liu and Bai
2010), it is still common unfortunately to find sweeping
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statements in recent literature to the effect that white-
grained wheat varieties are susceptible and red-grained
wheat varieties resistant to preharvest sprouting. Whilst
there are numerous examples of red wheat varieties that are
susceptible to sprouting it is quite evident that the most
resistant red types are more resistant than the best white-
grained genotypes. Mares (1999) reported the isolation of
dormant and non-dormant red-grained progeny from
crosses between a single gene red, dormant variety and a
white, non-dormant variety clearly demonstrating the red
color does not guarantee resistance. Later work indicated
that the variation within the red-grained sub-population
was associated with a QTL on chromosome 4A and that
this QTL conferred intermediate dormancy in some of the
white-grained progeny (Mares et al. 2005). Similarly,
Flintham (2000) compared the resistance in progeny from a
cross between two 3-gene red varieties, one resistant, and
one susceptible and observed a 1:1 (resistant: susceptible)
segregation ratio. The difference between the two groups
was reported to be a major gene referred to as PHS that was
not associated with red grain coat color. This gene was
subsequently shown to be located on chromosome 4A
(Flintham et al. 2002) consistent with earlier reports of the
association between a QTL on 4A and grain dormancy
(Anderson et al. 1993; Mares and Mrva 2001; Kato et al.
2001). These observations appear to suggest that dormancy
in red-grained wheat varieties involves an interaction
between the R-gene(s) and other genes that are not asso-
ciated with grain color but which on their own confer some
level of dormancy. These other genes can therefore be
utilized to develop sprouting resistant white-grained wheat
genotypes. Populations derived from crosses between red,
dormant, and white, non-dormant parents contain some
white-grained progeny with dormancy intermediate to, but
never equivalent to, the red dormant parent. The interme-
diate dormancy of a white-grained mutant recovered from
mutagenesis of dormant red wheat, AUS1490, (R-Alb, R-
Bla, R-Dla) is consistent with this hypothesis (Mares
1999; Mares et al. 2005). Himi et al. (2011) reported that
the R genes are in fact myb transcription factors, Tamybl0,
and demonstrated that the AUS1490 mutant contained a
point mutation in the R-Al gene, Tamybl0-Al. Earlier,
Warner et al. (2000) reported that two white grained
mutants derived from Chinese Spring, R-D1b, had reduced
dormancy compared with the parent genotype. To this
point, it has not been unequivocally demonstrated whether
red grain coat color per se has an effect on dormancy
phenotype. Flintham (2000) compared sprouting resistance
in sets of near-isogenic lines representing individual
R genes in several white-grained backgrounds and con-
cluded that the different dominant R alleles had similar
effects on resistance. In contrast, Fofana et al. (2009)
mapped germination index, sprouting index and falling
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number in AC Domain x White RL4137, both derived
from the 3-gene red wheat RL4137, and reported that the
proportion of variation associated with QTL linked to the
individual R genes were quite different and ranked in order
3B > 3D > 3A. The R genes appear to be additive in terms
of their effect on grain coat color and there is anecdotal
evidence to suggest that the effects of the individual
R genes on sprouting resistance are also additive.

Quantitative trait loci (QTL) associated with variation
in grain dormancy

Clearly, given the complexity of preharvest sprouting and
the difficulties associated with phenotypic selection of
resistant genotypes, marker-assisted selection is an extre-
mely attractive option for breeders. This aspiration must be
tempered by the substantial number of QTL reported to be
associated with sprouting resistance (Flintham et al. 2002,
Supplementary 2) although many have not been validated
in subsequent studies. In the case of red-grained wheat,
breeders have the advantage of simple visual selection for
presence of R genes, which are additive in effect with QTL
not associated with grain color. Depending on the level of
resistance required in their target environment it may well
be that red coat color in combination with one of the major
dormancy QTL provides sufficient protection, particularly
given the advances in machine technology that allow rapid
harvest of large areas. By comparison, there are no visual
markers for dormancy in white-grained wheat genotypes
and several QTL may have to be assembled to provide
adequate resistance in higher risk environments. Not a
simple task in view of the numbers of individuals that
would need to be tested, the difficulties in phenotyping, and
the need to retain a host of other traits required in a com-
mercial wheat variety. Major QTL that have been validated
by several researchers in different germplasm are located
on chromosomes 4A (Kato et al. 2001; Mares and Mrva
2001; Mares et al. 2005; Flintham et al. 2002), 3AS (Osa
et al. 2003; Mori et al. 2005) and 2B (Muncvold et al.
2009; Chao et al. 2010; Somyong et al. 2011). Tightly
linked or diagnostic markers have been developed for these
QTL however, a substantial proportion of observed genetic
variation remains unexplained (Mares et al. 2009) and a
combination of phenotyping and genotyping is required to
recover the full dormancy at least from some sources.
Dormancy QTL located on chromosome 4A has been fine
mapped but as yet a candidate gene has not been identified.
By contrast, the QTL on the distal end of 3AS is reported to
be co-localized with wheat homologue of Mother of FT
and TFL1 (MFT) which appeared to be upregulated in
dormant seeds grown at lower temperature (Nakamura
et al. 2011; Liu et al. 2013a). The QTL on 2B has been fine
mapped and a potential candidate gene, a putative ABA
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receptor, identified (Somyong et al. 2011). Zhang et al.
(2014) cloned a wheat ortholog of the rice dormancy gene,
OsSdr4, and whilst it was reported to reside in a similar
chromosome interval as the 2B QTL described by
(Muncvold et al. 2009) it explained only a small proportion
of the observed variation in dormancy phenotype. A single
nucleotide polymorphism in the promotor region of TaSdr-
BI gave rise to two alleles that were associated with dif-
ferences in germination index. Other QTL of potential
interest are the wheat homologues of Vp-I, a mutant of
which was shown to be associated with vivipary in maize
(McCarty et al.1989). McKibbin et al. (2002) reported that
the majority of transcripts of Vp-I homologues in modern
wheat and ancestral species are mis-spliced, possibly
contributing to susceptibility to preharvest sprouting.
Whilst the Vp-1 locus does not appear to have figured
strongly in PHS and dormancy QTL mapping studies,
Yang et al. (2007, 2014) and Chang et al. (2011) have
presented evidence that allelic variants of Vp-1B and Vp-1A
are associated with resistance to sprouting. These studies
were conducted using collections of cultivars and should be
validated in specifically constructed populations. Similarly,
considerable research in Arabidopsis seed dormancy has
focused on DOGI (delay of germination) genes and
insertion of a DOG-I-like wheat homologue into Arabi-
dopsis was reported to increase dormancy, prompting
Ashikawa et al. (2010) to suggest that overexpression of
these genes might reduce sprouting in wheat.

Role of plant hormones

Mechanisms involved in grain dormancy in wheat remain
elusive (Jacobsen et al. 2013). Abscisic acid and gibberellin
have long been implicated in development of, and release
from, dormancy in a wide range of plant species. Whilst
abscisic acid appears to be critical for development of grain
dormancy in wheat it seems likely that it is the sensitivity of
the embryo to this hormone rather than the actual concen-
tration that is critical. Walker-Simmons (1987) reported that
embryo sensitivity to ABA was retained longer in dormant
wheat varieties and a number of subsequent studies have
shown that changes in embryo sensitivity parallel changes
in dormancy as measured by germination of the intact grain.
A common method of breaking dormancy in wheat involves
imbibition at cool, usually 4 °C, for a few days. Loss of
dormancy in this system was rapid and associated with an
equally rapid loss in embryo sensitivity to ABA (Noda et al.
1993). Noda et al. (2002) reported that ABA sensitivity was
conditioned by the QTL located on chromosome 4A. More
recent work has failed to confirm this hypothesis and rather
suggests that embryo sensitivity to ABA is a characteristic
of grain that shows reduced germination rather than a
property related to a particular QTL (Mares unpublished

data). In contrast to the establishment of dormancy, the role
of hormones in the release from dormancy during dry after-
ripening remains unclear. (Liu et al. 2013b) investigated
hormone synthesis, catabolism and signaling in dormant
and after-ripened grain, finding little or no significant
change except following imbibition. Unfortunately these
authors only examined whole grains and changes in the
embryo may have been masked by the much larger endo-
sperm and seed coat tissues. In contrast, Barrero et al.
(2009) concentrated on the embryo of barley and reported
evidence of changes in ABA metabolism and sensitivity
related to after-ripening. Wilson et al. (2005) concluded that
most of the transcripts required for germination in wheat
grains accumulated in the embryo prior to imbibition and
germination. A role for gibberellin has not been demon-
strated and its function rather appears to facilitate germi-
nation once dormancy has been released (Bewley 1997). In
addition to ABA, Jacobsen et al. (2013) have reported that
blue light, jasmonate, and nitric oxide play important roles
in regulation of dormancy in imbibed wheat grain.

Late maturity alpha-amylase (LMA)

LMA refers to a genetic defect that appears to be widely
distributed in bread, 7. aestivum L., and durum, 7. durum,
wheat as well as in synthetic hexaploid wheat (Mares and
Mrva 2008a; Mrva et al. 2009). Depending on the genotype
and the environment, presence of the defect can result in a
short period of new synthesis of high pl a-amylase by the
grain aleurone beginning around 20-30 days after anthesis.
The enzyme is retained through to harvest causing a
reduction in falling number and potentially a failure to
meet receival or market specifications. LMA-affected grain
retains a bright, sound appearance (Fig. Ic) and both
incidence and magnitude are very difficult to predict.

Expression of LMA

Tall LMA genotypes (wild-type height genes, Rht-Bla and
Rht-Dla) and semi-dwarf LMA genotypes where height
reduction is not due to gibberellin insensitivity (for
example Rht8 as opposed to GA-insensitivity mutant
alleles Rhtl (Rht-BIb) or Rht2 (Rht-DI1b)) may show a
constitutive pattern of expression in a wide range of
environmental conditions (Mrva et al. 2008). By compar-
ison, semi-dwarf LMA genotypes, where height reduction
is conditioned by the mutant alleles RhAtl/ or Rht2, only
show constitutive expression when grown under a very
narrow range of conditions (Mrva and Mares unpublished
data). Whilst these conditions are still to be fully charac-
terized, constitutive expression in these semi-dwarfs has
been observed in controlled environments where
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temperature ranged from 15 to 25 °C (night/day), in
glasshouse experiments where maximum daily temperature
was maintained below 25 °C, and in some field experi-
ments that ripened under mild conditions in the absence of
moisture stress. LMA can be consistently triggered by
subjecting these semi-dwarf LMA genotypes to a cool
temperature shock (transfer from warm day temperatures
>25°C to cool, 18/12 °C, day/night environment) of
several days duration applied during a window of sensi-
tivity that occurs in mid-grain development (Mrva and
Mares 2001). The difference in pattern of LMA expression
between tall and semi-dwarf genotypes appears to be solely
attributable to the effects of the GA-insensitivity alleles,
Rht] and Rht2, and there is no evidence that there is a
fundamental difference in LMA per se. Transfer of LMA
from tall to semi-dwarf backgrounds, or vice versa, results
in a shift in expression pattern to that typical of the reci-
pient height type. An exception to this pattern appears to be
Rhtl or Rht2 LMA semi-dwarfs that also contain the 1B/IR
wheat rye translocation. Some of these genotypes may
exhibit constitutive expression (Mrva et al. 2008) sug-
gesting that the presence of the translocation may under
some conditions overcome the effects of the GA-insensi-
tive semi-dwarfing genes. In many field situations, semi-
dwarf LMA genotypes do not exhibit an LMA phenotype
either because the maximum daily temperature during
ripening exceeds 25 °C, there is no cool temperature shock
or the shock does not coincide with the window of sensi-
tivity, or there is some level of moisture stress which acts
to repress LMA expression. Semi-dwarf wheat varieties
now dominate global wheat production and whilst we know
from targeted phenotyping that LMA is widespread, the
strong effects of environment and maturity make it extre-
mely difficult to predict the occurrence and severity of
LMA expression in the field.

Quantitative assessment of LMA phenotype

Determination of the LMA status of a particular wheat
genotype currently depends on facilitating effective LMA
expression, either constitutive or cool temperature shock
induced, followed by the measurement of o-amylase pro-
tein or activity.

During grain development the low pl a-amylase, con-
trolled by Amy-2 genes located on the group 7 chromo-
somes, which is synthesized in the pericarp shortly after
anthesis declines to residual levels of activity by physio-
logical maturity. This decline may be variable between
genotypes and may be affected by environmental condi-
tions, notably frost which may disrupt the normal degra-
dation. The activity of low pl o-amylase can therefore
confound the determination of LMA if assays for total o-
amylase activity are used. To overcome this problem, a
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high pl-specific ELISA based on the method described by
Verrity et al. (1999) has been developed (Mares and Mrva
2008b; Barrero et al. 2013). Unfortunately the antibodies
required for the ELISA are not available commercially or
outside Australia and as a result, effort has been focused on
alternative methods. Cheng et al. (2014) cloned the family
members of high pI genes expressed in LMA and suggested
that it would be possible to develop a PCR-based assay.
The obvious limitation of this proposal is the apparent short
life of the high pI a-amylase mRNA (Barrero et al. 2013).

Physiology and biochemistry of LMA

Wheat grains normally do not synthesize high pI a-amylase
until after maturity when they may sprout in response to
rain or germinate following sowing the next season’s crop.
In LMA-prone wheat genotypes, synthesis may be trig-
gered before the grain has reached physiological maturity
and whilst the grain moisture content is still between 50
and 60 % fresh weight. It involves the coordinated tran-
scription of the Amy-I genes located on the long arms of
the group 6 chromosomes and takes place in isolated cells
or cell islands distributed throughout the grain aleurone
system (Mrva et al. 2006). There is no evidence for
involvement of the embryo in contrast to the situation in
germinating grains where synthesis is initiated in the scu-
tellum, and later the aleurone, and gradually extends
towards the distal end of the grain. Appearance of high pl
a-amylase is preceded by a transient period of mRNA
synthesis and whilst the mRNA appears to be short-lived,
the enzyme protein is quite stable and is retained through to
maturity (Mares and Mrva 2008b; Barrero et al. 2013). The
mechanism(s) involved in the inhibition of further mRNA
synthesis have not been identified. Unlike germination
where o-amylase synthesis can follow an exponential rate
curve, in LMA, synthesis reaches a plateau at a relatively
low level of activity which is nevertheless sufficient to
reduce falling number below the acceptable limits for re-
ceival into milling grades. The different patterns of enzyme
synthesis mean that LM A-affected and sprouted grains can
be distinguished by cutting grains in half and comparing o-
amylase activities in each half. Also unlike germination,
there is no evidence of concomitant synthesis of low pI a-
amylase, endo-protease or other hydrolytic enzymes by the
aleurone. Either LMA is limited to specifically high pI o-
amylase, or the period of aleurone activation is too short
for synthesis of enzymes that normally appear sometime
after a-amylase in germinating grains. The period in grain
development immediately preceding and during high pl o-
amylase synthesis is characterized by quite dramatic
changes in gene expression and hormone composition
(Barrero et al. 2013). Microarray experiments identified a
limited numbers of genes whose expression was either up-
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regulated or down-regulated in LMA versus non-LMA
genotypes. Barrero et al. (2013) reported dramatically
elevated levels of gibberellins such as GA19 and much
lower levels of auxin in the de-embryonated fraction of
grains sampled shortly after the initiation of o-amylase
synthesis. Follow-up studies by the authors of this review
have demonstrated that the increase in GA levels precedes
the synthesis of both mRNA and a-amylase protein (Mrva
and Mares unpublished data). Interestingly, the predomi-
nant GA species identified, GA19, is reported to be an
inactive precursor of biologically active GA1l which was
not detected making it difficult to connect the hormone
profile with the stimulation of a-amylase synthesis. By
contrast, Kondhare et al. (2014) reported both GAl and
GA3 in extracts from whole grains of LMA genotypes,
however, it is possible their results may have been con-
founded by the use of whole grain rather than the specific
grain fraction, aleurone, involved in LMA expression.
Nevertheless, several lines of evidence are consistent with
the involvement of GA in LMA expression: the well-
established signal transduction pathway in grain aleurone
involving GA, DELLA (RhAt in wheat) and a GAmyb that
triggers a-amylase synthesis; the effect of the GA-insen-
sitive mutants, Rhtl, Rht2 and RAt3, in reducing the
expression of LMA; and stimulation of o-amylase syn-
thesis in LMA-prone cultivars following application of
exogenous GA during grain development (Kondhare et al.
2012). The latter report is open to some question given that
only total a-amylase was measured and it is well estab-
lished that application of exogenous GA may stimulate
expression of both low and high pI a-amylase. It is possible
that GA19 is only converted to biologically active GA in
the small fraction of aleurone cells that were reported by
Mrva et al. (2006) as undergoing programmed cell death
similar to germination or GA-challenged aleurone. If this is
the case, the amounts of active GA might well be below the
level of detection due to dilution by the bulk of aleurone
cells that do not appear to express LMA.

Alternatively, the failure to detect GA1 may be a con-
sequence of efficient 1B-hydroxylation of GAs that occurs
in developing grains of wheat. 1B-hydroxylated derivatives
of GA20 and GAl (GA60 and GASS respectively) have
been detected in developing wheat grains, as well as 1pB-
hydroxylated derivatives of GA9 and GA4 (GA61 and
GA54 respectively) (Gaskin et al. 1980). Very efficient 13-
hydroxylation is suggested by the estimate of a 5000-fold
excess of GA54 compared to GA1 (Lenton and Gale 1987).
Although GA54 was much less (30- to 100-fold) active than
GA1 in the induction of a-amylase, it would still contribute
the majority of bioactive GA activity (Lenton and Gale
1987). Unfortunately, the lack of deuterated standards for
the 1B-hydroxylated GAs means that quantitation by stan-
dard GC-MS procedures is lacking. Mares and Mrva

(2008b) suggested that the effect of a cool shock in stimu-
lating expression of LMA in LMA-prone semi-dwarfs
might be due to a reduction in the GA insensitivity based on
earlier reports summarized in Mares and Mrva (2008b), a
report by Tomkinson et al. (1997) and the absence of the
cool temperature shock requirement in semi-dwarfs where
height reduction was not dependent on GA insensitivity
(Mrva et al. 2008). This suggestion appears to be supported
by recent work reported by Kondhare et al. (2013).

Genetic control

LMA is inherited as a recessive trait (Mrva and Mares
1999). Early research using a population involving the
LMA-prone Australian variety, Cranbrook, indicated that
the trait appeared to be multigenic with a major locus on
the long arm of chromosome 7B and a minor locus on 3B
(Mrva and Mares 2001). Subsequent research has identified
other QTL on 3A, 2D (Mrva and Mares unpublished data)
and 6B (Emebri 2010) whilst the major QTL on 7B has
been confirmed in over eight sources of LMA used in
Australian breeding programs, germplasm from China and
Mexico and in synthetic hexaploid wheat (Mrva et al.
2009), as well as in cultivars derived from the UK variety,
Huntsman (Mohler et al. 2014). The QTL on 3A and 3B are
located close to the centromere and appear to be homo-
eologous loci. Fine mapping of the LMA QTL on 7B and
3B is already well advanced to the point of identification of
a very small number of candidate genes residing in a
chromosome interval of a fraction of a cM around the 7B
QTL. Interestingly, with the exception of the minor LMA
2D QTL, the LMA QTL are restricted to the A and B
genomes. LMA has been identified in a significant number
of durum cultivars (AABB) whilst LMA is present at
extremely high frequency in synthetic hexaploid wheat
(SHW) (Mrva et al. 2009) that are produced by interspecies
hybridization of durum wheat and the D-genome donor of
bread wheat, Aegilops tauschii. This is very disappointing
given that the generation of SHWs was strategy devised to
access the previously untapped genetic variation present in
these wild diploids. Whilst there has been only limited
study of the genetic control of LMA in SHWs there has
been no indication of novel QTL on the D genome, rather
the LMA QTL appear to derive from the durum parent.

Concluding remarks
PHS
Major sprouting and/or dormancy QTL have been identi-

fied that explain part of the genetic variability and the
identification of the underlying genes, or candidate genes,
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for major QTL is an exciting development. Marker-assis-
ted-selection is very effective for these QTL but to capture
the entire resistance from some sources it is still necessary
to supplement genotyping with phenotyping. The need for
phenotyping raises the issue of how to retain resistant or
dormant individuals within breeding programs where there
is often little opportunity for natural after-ripening. Imbi-
bition at cold temperatures or physical damage to the seed
coat are quite effective at eliminating dormancy but are not
necessarily very practical in a large scale breeding opera-
tion. Finally, some of the major QTL that have been
identified are much less effective when grain ripens under
warmer temperatures and may therefore become less useful
in a warming global environment. Preliminary results
indicate that QTL that are clearly present in some sources,
but not as yet identified, could be very useful in buffering
resistance or dormancy against the effects of fluctuating
environmental conditions. Mutation studies have identified
both ABA-insensitive (reduced dormancy) and ABA-
hypersensitive (increased dormancy) mutants in wheat
(Schramm et al. 2013 and references cited) with the latter
offering some prospect for improving PHS resistance. Vp-1
genes in wheat are associated with a high degree of mis-
splicing and much less effective in reducing premature
germination. However, insertion of Vp-I genes from wild
oat, Avena fatua, (McKibbin et al. 2002) or maize, Zea
mays, (Huang et al. 2012) into wheat has been reported to
increase resistance to preharvest sprouting.

LMA

Recent surveys of breeders germplasm have demonstrated
that this genetic defect is widespread and at high fre-
quency. Because the research is relatively new it is not
possible to decide whether this is a recent development or
whether it has long been the case but simply not detected.
The scale of the problem presents a serious impediment to
progress in breeding new cultivars, particularly in countries
where grain is exported into markets with stringent quality
specifications, and a significant economic concern for
breeding companies. Fortunately screening procedures are
improving rapidly whilst advances on the molecular
genetic front provide a real hope that genotyping screening
will be an effective strategy in the near future. Whilst LMA
is associated with dramatic changes in both hormone
content and transcript profiles during grain development
there are no obvious effects on grain appearance, devel-
opment, or morphology. The high degree of retention of
LMA in breeding programs may reflect some as yet
unknown positive effects on grain production or alternately
simply reflect the absence of significant selection pressure
against this trait.

@ Springer
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