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Key findings
 • Late maturity alpha-amylase (LMA) is a genetic defect, commonly observed in 

Australian wheat breeding germplasm, that can cause low falling numbers (FN) at grain 
receivals.

 • Twenty-four cultivars considered to range in susceptibility to LMA expression were 
subjected to a simulated ‘cool shock’ temperature treatment under controlled 
conditions (24 hours of 23 °C day/19 °C night, then 48 hours of 16 °C day/11 °C night) 
during a critical period of grain filling and were tested for FN for an indication of LMA 
expression.

 • Under controlled conditions (without ‘cool shock’ temperature treatment), 71% of the 
cultivars tested exceeded a threshold FN of 250 seconds. In comparison, the effect of 
the ‘cool shock’ temperature treatment reduced the proportion of cultivars exceeding 
the FN threshold to 42%.

 • In general, the FN response of the cultivars to the cool shock reflected their anticipated 
LMA sensitivity. A simulated cool shock treatment under controlled conditions could 
provide a rapid phenotyping methodology to identify wheat germplasm with high 
LMA susceptibility, earlier in a breeding program.
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Abbreviations LMA late maturity alpha-amylase FN falling number

PHS pre-harvest sprouting DPA days post-anthesis

l.s.d. least significant difference cv. cultivar

Introduction  Late maturity alpha-amylase (LMA) is a genetic defect that is widespread in Australian wheat breeding 
germplasm. High levels of alpha-amylase in mature wheat grain can result in a low falling number 
(FN) at grain receivals. Grain with a low FN is considered unsuitable for a wide range of end-product 
applications (Derera 1989; Barrero et al. 2013) and is downgraded resulting in an economic loss for 
growers. Traditionally, a low FN has been indicative of pre-harvest sprouting (PHS) or frost damage 
(Mares and Mrva 2008), but LMA and the associated occurrence of high levels of alpha-amylase in grain 
also occurs in the absence of PHS or frost damage. This is thought to be associated with short periods 
of low temperature (i.e. cool shock) during grain filling (Mares and Mrva 2014). The presence of LMA 
restricts genetic gains in breeding programs and consumes valuable breeding resources. Currently 
20–50% of breeding lines are rejected due to high LMA expression, which is often not able to be 
identified until late in the breeding process (Armstrong et al. 2019; Mrva and Mares 2001).
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Previous research has shown an interaction between alpha-amylase expression, cool temperature 
shock timing, and other environmental parameters (Mares and Mrva 2014). The conditions of the 
controlled environment experiments described in the literature often do not mimic daily temperature 
variations experienced in the field and, as such, critical temperature thresholds for expression of LMA 
under field conditions remain unclear.

The aim of this experiment was to develop a better understanding of a cool temperature shock on 
the expression of LMA which represented field conditions under controlled conditions. A cool shock 
treatment was derived from temperature variations normally found in the field during a critical window 
of seed maturity. Cultivars considered to represent a range in LMA expressions were examined to 
quantify the effects of genotype (G) × environment (E) interactions on LMA expression and to help 
define a method for screening for genotypic predisposition for LMA expression in wheat lines earlier in 
a breeding program.

Methodology Glasshouse conditions

Cultivars of wheat (Triticum aestivum L.) identified as likely to differ in their level of LMA expression 
(Table 1 [unpublished data, Armstrong and Mares 2021]) were grown in pots in a glasshouse (located 
at Wagga Wagga Agricultural Institute, Department of Primary Industries) with non-limiting moisture 
and nutrients. Two seeds were sown in 60 × 60 × 150 mm square pots and vernalised at 4 °C under 
low light for 4 weeks to saturate any cold requirements in the different cultivars. Plants were then 
transferred to the glasshouse and provided with supplementary lighting (16-hour days) to synchronise 
any remaining differences in their phenology patterns due to photoperiod responses. This was 
done to enable targeted temperature treatments at the same growth stage of the wheat cultivars. 
Temperatures were recorded using data loggers and are summarised in Table 2.

 Controlled environment temperature treatments

The LMA cool shock cycle was based on daily temperature cycles that were predicted to trigger LMA 
development in cropping areas where LMA risk is high. Using the Armstrong et al. (2019) predictive 
model a daily temperature cycle was developed and applied to the plants until they had passed their 
window of sensitivity (>35 days post-anthesis [DPA]). The temperature cycle was developed to meet 
the model’s four conditions:

1. at least one day with a daily maximum >24 °C

2. any 3 days with a daily maximum temperature ≤18 °C (need not be consecutive; hence the cycle 
implemented 2 days cool, before returning to one high day)

3. for conditions 1. and 2. to be applied during the LMA sensitivity window

4. temperature regime to reflect a daily temperature cycle.

Individual tillers were tagged at anthesis (first anthers extruded, Zadoks growth stage 61). Cultivars 
were transferred at 12 DPA to one of 3 controlled environment chambers located at Charles Sturt 
University, Wagga Wagga. Each growth chamber (Conviron – PGW40) was set to an acclimation period 
to replicate glasshouse conditions before a gradual introduction to the LMA cool shock cycle (Figure 1). 
The LMA cool shock treatment was a looped cycle of 24 hours of 23 °C day/19 °C night, then 48 hours 
of 16 °C day/11 °C night for 10 days during the critical grain filling period for LMA sensitivity with a 
16-hour photoperiod. Untreated controls remained in glasshouse conditions at 23 °C day/14 °C night 
throughout the entire experiment. Plants were transferred from the controlled environment chambers 
back to the glasshouse for grain ripening.

 Laboratory testing

Grain samples were harvested at maturity and milled for laboratory testing. Grain was tested for FN 
using the Hayberg-Perten methodology (Perten 1964) for an indication of LMA expression. The FN test 
is adequate to determine alpha-amylase presence in controlled environment experiments, where there 
is no confounding effect of weather damage or PHS (D. Mares, 2020 pers comm).
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 Statistical analysis 

The experiment was a randomised design with 2 treatments (control or cool shock temperature), 
blocked by replication with 3 replicates. Duplicates of each cultivar × treatment were sown, so that 
each treatment was represented in 2 pots (subplots), these were each sampled and tested for FN, 
then averaged for the treatment before analysis. An analysis of variance (ANOVA) was performed using 
GenStat software (VSN International, UK). The least significant differences at 5% level were used to 
assess whether means were statistically different from each other.

Treatments Wheat cultivars

Table 1 Wheat cultivars used in experiment with associated LMA expression levels (unpublished data, 
Armstrong and Mares, 2021).

LMA rating Wheat cultivar

Nil detected Calingiri, EGA GregoryA, EspadaA, Hartog, Janz, LongReach CobraA, LongReach SpitfireA, 
MaceA, MagentaA, YitpiA

Very low CorackA, Emu RockA

Low to moderate LongReach LancerA, Westonia, WyalkatchemA

High AGT KatanaA, BD159, CharaA, Cranbrook, Kennedy, RAC655

Very high Reeves, Seri, Spear

 Temperature treatments

Table 2 Temperature and humidity conditions from vernalisation treatment, glasshouse and controlled 
environment room.

Growth stage Sowing to 2-leaf (Z12) 2-leaf (Z12) to 
anthesis (Z61)

12 to 35 DPA 
(LMA sensitivity 
window)

Grain 
ripening

Experimental stage Vernalisation chamber Glasshouse Controlled environment  
(cool shock)

Glasshouse

Temperature 
conditions (°C)

Minimum 5 14 See Figure 1 13

Average 5 17 20

Maximum 8 23 34

Humidity conditions 
(%RH)

Minimum 78 42 51 41

Average 96 72 75 67

Maximum 100 100 100 94
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Figure 1 
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Note: The cycle repeated 2 days of cool and one day of high to meet model conditions from Armstrong et al. (2019) model parameters.

LMA cool shock cycle applied during LMA sensitivity window in controlled environment growth rooms. 

Results Falling number and the effect of the cool shock treatment

Falling number of the cultivars grown under the control conditions (23 °C day/14 °C night during a 
critical window of the grain filling period) ranged from 78 seconds to 395 seconds and from 62 seconds 
to 396 seconds under the controlled environment conditions designed to imitate a cool shock (a cycle 
of 24 hours of 23 °C/19 °C, then 48 hours of 16 °C /11 °C during the critical grain filling period). The FN 
of cultivars differed significantly (P<0.05; Table 3) and the main effect of the cool shock treatment was 
significant (P<0.05) causing an average decline in FN of 50 seconds. The FN of 71% of cultivars grown 
in control conditions exceeded 250 seconds, the grain quality threshold required at grain receivals 
to avoid a quality downgrade (GrainCorp Ltd 2021). However, when subjected to the cool shock 
treatment, only 42% of the cultivars exceeded this FN threshold.

 Susceptibility of individual cultivars to low falling number outcomes

Large variability was associated with the average FN of the expected LMA susceptibility groups. It 
was clear that at least part of the large error term was associated with the intrinsic variability of FN 
assessments which, across all cultivars, had an average coefficient of variance of 22%.

In general, the FN response of the cultivars to the cool shock reflected their anticipated LMA sensitivity. 
However, there were a few exceptions:

• Cultivars that returned high FN results under both conditions were comprised mainly of cultivars 
categorised as having nil to low susceptibility to LMA. However, cv. Kennedy, which was expected to 
have a high susceptibility to LMA expression, had a high FN value under both conditions indicating 
that it might not be susceptible to LMA under these screening methods.

• Seri and BD159, cultivars considered to be susceptible to LMA and categorised as having high or 
very high LMA susceptibility, had low FN values under both control and cool shock conditions. These 
cultivars were considered to be ‘risky’ and likely to produce LMA regardless of conditions.
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• Two cultivars (cv. CorackA and Janz) which were expected to be of very low and nil LMA 
susceptibility respectively, had low FN values under both conditions. 
During the glasshouse stage of the experiment, before temperature treatments were imposed, 
sterile florets were observed in all replications of these varieties. The unknown stress that caused the 
sterility could explain the lower FN and quality in these cultivars.

Table 3 Falling number (seconds) of 24 cultivars grown under either control or cool shock conditions. 
The LMA susceptibility rating of each cultivar is listed.  
Values in bold show treatments with a low FN value where LMA is assumed to be present.

Genotype LMA susceptibility 
rating

Falling number (seconds) FN % change
(% change of 

treated compared 
with control)

Control Cool shock 
temperature cycle

Reeves Very high 285.8 148.8 −48

Seri Very high 86.5 67.7 −22

Spear Very high 318.8 219.2 −31

BD159 High 78.2 62.0 −21

Chara High 199.0 135.7 −32

Cranbrook High 206.7 131.7 −36

AGT Katana High 301.5 235.5 −22

Kennedy High 318.0 333.8 5

RAC655 High 327.5 116.3 −64

LongReach Lancer Low to moderate 362.7 332.0 −8

Westonia Low to moderate 333.2 261.7 −21

Wyalkatchem Low to moderate 308.7 213.0 −31

Corack* Very low 131.7* 77.3* −41*

Emu Rock Very low 391.0 243.8 −38

Calingiri Nil detected 232.0 276.7 19

LongReach Cobra Nil detected 342.3 303.5 −11

EGA Gregory Nil detected 317.8 194.2 −39

Espada Nil detected 305.5 395.7 30

Hartog Nil detected 273.3 259.8 −5

Janz* Nil detected 235.3* 211.8* −10*

Mace Nil detected 278.3 331.5 19

Magenta Nil detected 356.0 244.2 −31

LongReach Spitfire Nil detected 295.5 300.0 2

Yitpi Nil detected 372.2 374.8 1

Mean 277.4 227.9

l.s.d. (P = 0.05) Genotype 72.51

l.s.d. (P = 0.05) Coolshocktemp. 20.93

l.s.d. (P = 0.05) Genotype × coolshocktemp. 102.54
* These values show treatments where the result is believed to have been compromised due to a sterility issue at anthesis from unknown 
causes that occurred prior to receiving the temperature shock.
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Summary The aim of this experiment was to develop a better understanding of cool shock as an environmental 
trigger for LMA expression under controlled environment conditions. When subjected to cool shock 
conditions during the LMA sensitivity window (12–35 DPA) there was a higher incidence of low FN 
results among cultivars.

Cultivars considered to represent a range in LMA susceptibilities were examined to quantify the effects 
of genotype (G) × environment (E) on LMA expression. It was found that in most cases, cultivars rated 
as having nil to low LMA susceptibility maintained their FN when subjected to a cool shock treatment. 
Cultivars considered as having a high to very high LMA susceptibility were found to be at risk of a low 
FN under both conditions tested.

The results indicated that a cool shock treatment during the sensitivity window could provide a 
technique to identify wheat germplasm with high LMA susceptibility earlier in a breeding program. 
However, direct measurement of LMA levels (e.g. LMA ELISA test) would be preferable given the higher 
variability of FN results. A sound understanding of genotypic susceptibilities to LMA would be an 
invaluable tool for informing breeders and growers of LMA risk and the choice of cultivar for growing 
environments.
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