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ABSTRACT

Context. Wheat (Triticum aestivum L.) adaptation is highly dependent on crop lifecycle duration,
particularly the time at which flowering occurs in a specific environment. Frost, low solar
radiation, heat and drought can significantly reduce yield if a crop flowers too early or late. Wheat
genotypes have different lifecycle durations determined by plant responses to temperature (thermal
time accumulation and vernalisation) and photoperiod. These responses are largely controlled by five
phenology genes (two PPD1 and three VRN1 genes). Advances in crop phenology modelling suggest
that flowering time under field conditions could be accurately predictedwith parameters derived from
photoperiod and vernalisation responses obtained in controlled environments. Aims. This study
quantified photoperiod and vernalisation responses of 69 Australian wheat genotypes selected for
diversity at the PPD1 and VRN1 loci. Methods. Spring and winter genotypes were grown in four
controlled environments at a constant temperature of 22°C with photoperiod (17 or 8 h) and
vernalisation (0 or 8 weeks) treatments as factors. Key results. Thermal time from coleoptile
emergence to flowering in spring genotypes was typically decreased more by long photoperiod
than by vernalisation; the opposite was true for winter genotypes. Spring genotypes that were
sensitive to vernalisation contained a sensitive allele at the Vrn-A1 locus. Conclusions. There is
large diversity in phenological responses of wheat genotypes to photoperiod and vernalisation,
including among those with matching multi-locus genotype. Implications. Data from this study
will be used to parameterise and test a wheat phenology model in a future study.

Keywords: flowering time, G x E, phenology, photoperiod, thermal time, Triticum aestivum L.,
vernalisation, wheat.

Introduction

Domestication of wheat (Triticum aestivum L.) has led to its adaptation to a wide range 
of environments, primarily through adjustment of the duration of the crop life cycle 
(phenology). All environments have a seasonal period most conducive for wheat growth, 
defined by favourable temperatures, water availability and radiation (Flohr et al. 2017). 
Yield is maximised when these environmental optima and crop critical growth periods 
align (Hunt et al. 2021). Flowering is an important marker of crop critical period 
(Sadras and Dreccer 2015); flowering too early will reduce yield through increased frost 
risks and insufficient radiation interception, whereas flowering too late will reduce yield 
through drought and heat stresses (Flohr et al. 2017). Flohr et al. (2017) define an 
environment’s optimal flowering period as the time of year when combined yield loss 
from these stresses are minimised. 

As a temperate long-day plant, wheat progresses through its lifecycle in response to 
increasing temperature and photoperiod. The cardinal temperature range in which 
wheat develops spans from ~0°C to 35–40°C, with an optimal temperature of ~22–27°C 
(Porter and Gawith 1999; Parent and Tardieu 2012; Wang et al. 2017). Photoperiod 
response occurs at ~8–16 h daylength with some genotypic variation (Slafer and Rawson 
1995). For spring wheat, warm temperatures and long days reduce time to flowering, 
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whereas cool temperatures and shorter days delay flowering. 
Winter wheat has an additional obligate requirement for 
vernalisation (a prolonged cool period, i.e. winter), which 
triggers progression from the vegetative to reproductive 
phase (Chouard 1960). Vernalisation is upregulated in the 
cardinal temperature range from ~−1°C to 16°C, with an 
optimal temperature of ~5°C (Porter and Gawith 1999). 
Davidson et al. (1985) demonstrated that winter wheat 
requires 4–8 weeks of constant vernalising temperature to 
fully satisfy vernalisation; they also showed that some spring 
genotypes exhibit a facultative response to vernalisation. 

There are three major phenophases in wheat that are 
genetically regulated in response to environment from 
sowing to harvest: vegetative (sowing to floral initiation), 
reproductive (floral initiation to anthesis), and grain-filling 
(anthesis to harvest) (Slafer et al. 2014). Key development 
stages occur within each phase, and the timing of these stages 
and the lengths of the phases relative to environmental 
conditions will have a large impact on grain yields. For 
example, an extended stem elongation subphase (during the 
reproductive phase) can lead to yield increase associated 
with increased grain number per unit area (Miralles et al. 
2000; Slafer et al. 2001; González et al. 2005; Acuna˜ 
et al. 2019). 

Regulation of VERNALISATION1 (VRN1) and 
PHOTOPERIOD1 (PPD1) genes largely controls phenology 
in response to the environment (i.e. temperature and 
daylength). It is further finetuned by other minor genes, 
broadly termed earliness per se genes (EPS), that regulate 
the circadian clock and light perception and interact with 
VRN1 and PPD1 genes (see review by Hyles et al. 2020; 
and references therein). 

Alleles at the VRN1 genes Vrn-A1, Vrn-B1 and Vrn-D1, 
located on chromosomes 5A, 5B and 5D, respectively, deter-
mine a genotype’s vernalisation requirement and whether it is 
of winter or spring habit (Trevaskis et al. 2003; Yan et al. 
2004; Fu et al. 2005; Chen et al. 2009; Santra et al. 2009; 
Shcherban et al. 2012; Zhang et al. 2012). Recessive wild 
type alleles at all three VRN1 loci confer winter habit, and 
these multi-locus genotypes develop from the vegetative to 
reproductive phase significantly faster when vernalisation is 
satisfied. Genotypes carrying a dominant mutant allele at 
one or more of the VRN1 loci have spring habit and 
vernalisation has less to nil effect on development rate. 

The major genes controlling daylength response are the 
PPD1 genes Ppd-B1 and Ppd-D1, located on chromosomes 
2B and 2D, respectively (Pugsley 1966; Beales et al. 2007; 
Guo et al. 2010; Díaz et al. 2012). Daylength sensitivity is 
conferred by wild type recessive alleles at both the Ppd-D1 
and Ppd-B1 loci. A recessive allele at the Ppd-D1 locus 
and a dominant increased copy number allele at the Ppd-B1 
locus confer photoperiod sensitivity, and dominant mutant 
alleles at the Ppd-D1 locus confer photoperiod insensitivity 
regardless of which allele is present at the Ppd-B1 
locus (Shaw et al. 2012; Cane et al. 2013). Genetically 

photoperiod ‘insensitive’ wheat genotypes still exhibit a 
short but significant delay to flowering under short days 
relative to long days, but to a lesser degree than sensitive 
genotypes (Law et al. 1978; Gomez et al. 2014; Steinfort 
et al. 2017; Bloomfield et al. 2018). 

In Australia, wheat accounts for ~10–13 Mha (~50%) of 
the winter cropping area sown each year, and ~65–70% of 
the grain is exported (ABARES 2020). The winter cropping 
regions of Australia, historically termed the Australian 
wheatbelt, cover a diverse range of climates. Environments 
include high rainfall (>500 mm year –1) temperate, semi-arid 
(250–400 mm year –1) Mediterranean areas (in the south-east 
and south-west where most of Australia’s wheat is grown), 
areas with evenly distributed annual rainfall in the mid-
east, and subtropical summer-dominant rainfall areas in the 
north-east (Richards et al. 2014). Owing to relatively mild 
winter temperatures, spring wheat is most commonly sown 
in late April to early June following the first major autumn 
rainfall events of each season (referred to as the autumn 
break). However, the timing of the autumn break has become 
later and the quantity of rainfall has decreased in recent 
decades because of anthropogenic climate change (Pook 
et al. 2009; Cai et al. 2012; Cai and Cowan 2013; Flohr 
et al. 2021). This means that growers require access to 
phenologically diverse cultivars that can be sown anywhere 
from mid-March to mid-June depending on the timing of 
the break, and in environments ranging from latitude 23°S 
to 42°S with mean annual temperature of 23–10°C. 

Appropriate phenology is especially important for wheat 
yields across Mediterranean grain-growing environments, 
owing to the hot dry conditions in spring and summer. 
Spring wheat cultivars can be sown at different times to 
alter flowering time, whereas winter wheat cultivars have a 
relatively stable flowering time across a range of sowing 
dates (Hunt 2017; Flohr 2018). Winter cultivars have a 
strong requirement for low temperatures (vernalisation) to 
induce flowering. Once vernalisation requirement is satisfied, 
alleles at the PPD1 loci and other minor genes affecting 
development per se will determine whether a winter culti-
var flowers in the optimal flowering period of a given 
environment. Relative to spring cultivars, winter cultivars 
are therefore suited to a narrower range of environments in 
which their flowering time falls within the optimum period 
(Cann et al. 2020). 

In addition to less reliable autumn rainfall, phenologically 
diverse cultivars are also required because farm sizes have 
increased (Fletcher et al. 2016), and in turn, sowing occurs 
over a longer period. Spring wheat cultivars have only a 
~2-week sowing window, and multiple cultivars with 
differing phenology are required to ensure optimal flowering 
across the whole farm if sowing extends beyond 2 weeks. 
However, accurate sowing guides are not available when a 
new cultivar is released because of the large costs associated 
with conducting multi-year time-of-sowing field experiments 
across the broad range of cropping environments in Australia. 
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It can take at least 2 years for growers and advisers to optimise 
sowing times of new cultivars to their environments to ensure 
that the crops flower during the optimal period, by which time 
much opportunity has been missed and new cultivars have 
superseded the older ones. 

An opportunity exists to use crop simulation software to 
better inform growers’ decision making of cultivar and 
sowing date for their given environments. Wheat simulation 
models have been developed and improved over many years, 
but issues about their accuracy to predict phenology and/or 
yields outside of the environments in which they were 
parameterised remain prevalent. It has been proposed that 
genetically derived parameters could be incorporated into 
physiological models to predict phenology accurately 
across a broad range of environments based on alleles at 
the PPD and VRN genes (White et al. 2008; Brown et al. 
2013; Zheng et al. 2013). However, a genetically derived 
parameter estimate model used by White et al. (2008) 
accounted for less of the variation in flowering time than 
the conventional model, and a model used by Zheng et al. 
(2013) required additional experimentally derived cultivar-
specific parameters to predict heading time accurately. The 
results from these models indicate that further genetic 
information is required to derive parameters to predict 
flowering time accurately. Brown et al. (2013) incorporated 
molecular concepts based on the literature of VRN genes 
into a physiological model framework to predict flowering 
time for a spring isoline and a winter isoline of wheat cv. 
Batten. The release of the Agricultural Production Systems 
sIMulator Next Generation software (APSIM NG; Holzworth 
et al. 2014, 2018) and the plant modelling framework (PMF; 
Brown et al. 2014) that models growth and development 
provides a new and innovative approach to crop modelling. 
The wheat PMF phenology module simulates development 
through a series of phases of which the start and end points 
are characterised by important physiological stages, and 
the length of each phase is determined by environment 
(temperature and photoperiod) and a genotype’s sensitivity 
to vernalisation and photoperiod (Brown et al. 2018). 
The major benefit of the PMF is that genotype-specific 
parameters can be derived from controlled-environment 
experiments that record development over time in response 
to vernalisation and photoperiod. This avoids the need 
for expensive and time-consuming field experiments to 
parameterise genotypes, particularly when a new cultivar is 
released. In theory, the model should be able to predict 
phenology across a much broader range of environments than 
traditional physiological models (e.g. APSIM Classic; Keating 
et al. 2003), which have historically performed poorly outside 
of environments in which they were parameterised. 

A secondary benefit of crop simulation models is that they 
provide useful insights into the growth and development 
dynamics of crop species in different environments. They 
can inform management decisions for growers and advisers 
(e.g. Yield Prophet; Hochman et al. 2009) and can be used 

by researchers to simulate different scenarios such as 
examining genotype responses to different environments 
and/or management practices; crop rotations; and mixed 
cropping–livestock systems (e.g. APSIM Classic and APSIM 
NG; Keating et al. 2003; Holzworth et al. 2014, 2018). Of 
particular importance to future global food security is the 
role of crop models to predict development and growth in 
changing climates (Hunt et al. 2019; Collins and Chenu 2021). 

We sought to improve understanding of the pheno-
logical diversity of contemporary Australian wheat cultivars 
by studying a diverse group of Australian wheat cultivars 
and near-isogenic lines (NILs), herein termed the Australian 
Phenology Panel (APP). Genotypes were grown in four 
controlled environments (photoperiod of 17 or 8 h and 
vernalisation of 0 or 8 weeks) to quantify the timing of 
important phenological traits in response to photoperiod 
and vernalisation treatments. Data presented here have been 
used to derive genotype-specific parameters for a new version 
of the APSIM NG wheat phenology model, the derivation 
and validation of which will be described in a subsequent 
publication. 

Materials and methods

This experiment was conducted in controlled-environment 
rooms at AgriBio, Centre for AgriBioscience, Bundoora, 
Victoria, Australia (−37.724253, 145.053287). 

Genotype selection

Forty-seven elite commercial wheat cultivars and 17 NILs 
were selected to form the APP. The cultivars were selected 
based on diversity of allele variation at the PPD1 and VRN1 
loci, popularity among Australian growers, and variation in 
phenology under field conditions. The NILs were selected to 
match the alleles of multi-locus genotypes (MLGs) of the 
five major PPD1 and VRN1 genes of cultivars where available. 
The NILs, as described by Steinfort et al. (2017), were  
developed by introgressing target alleles of PPD1 and VRN1 
into the recurrent parent (cv. Sunstate) through five rounds 
of recurrent crossing. The APP and an additional four 
commercial cultivars and one breeding line (Condo, LRPB 
Nighthawk, Illabo, DS Bennett and ADV08.0008) were 
selected for this experiment (Table 1). The additional four 
commercial cultivars and the breeding line were selected 
for their use in previous time-of-sowing field experiments 
(Porker et al. 2019, 2020) and for future use in optimisation 
and development of the APSIM NG phenology model. Seeds of 
the cultivars were sourced from the Australian Winter Cereals 
Collection and/or breeding companies, and the NILs were 
provided by one of the authors (Dr B Trevaskis, CSIRO 
Agriculture and Food, Canberra). All cultivars were grown 
in a glasshouse at 22°C during daylight hours (14 h natural 
irradiance and supplemental sodium halide lamps when 
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Table 1. Fifty-one commercial cultivars (Cv.), one breeding line (BL) and 17 cv. Sunstate near-isogenic lines (NILs), and their alleles for two PPD1
and three VRN1 genes.

Genotype Class Habit Ppd-B1 Ppd-D1 Vrn-A1 Vrn-B1 Vrn-D1 MLG

Condo Cv. Spring NP a a/v a a –aa/vaa

Ellison Cv. Spring NP b v a a –bvaa

Forrest Cv. Spring NP c a a v –caav

Kelalac Cv. Spring NP d a a a –daaa

Young Cv. Spring a a a a a aaaaa

CSIROW077 NIL Spring a a a a a aaaaa

Axe Cv. Spring a a a a v aaaav

LRPB Gauntlet Cv. Spring a a a v v aaavv

LRPB Lancer Cv. Spring a a a v v aaavv

CSIROW029 NIL Spring a a a v/a v aaav/av

CSIROW005 NIL Spring a a v a v aavav

CSIROW105 NIL Spring a a v a v aavav

EGA Wills Cv. Spring a a v v a aavva

CSIROW007 NIL Winter a a v v v aavvv

CSIROW087 NIL Spring a b a v v abavv

CSIROW002 NIL Spring a b v a a abvaa

CSIROW018 NIL Spring a b v a a abvaa

Sunbri Cv. Spring a c a v v acavv

LRPB Trojan Cv. Spring a c v a a acvaa

LRPB Nighthawk Cv. Spring a c w v a acwva

Grenade CL Plus Cv. Spring a d a a v adaav

Braewood Cv. Spring a d a v v adavv

AGT Scythe Cv. Spring a d v a v advav

CSIROW023 NIL Spring a d/a v a v ad/avav

LRPB Kittyhawk Cv. Winter a d v v v advvv

Rosella Cv. Winter a d v v v advvv

CSIROW021 NIL Winter a d v v v advvv

LRPB Catalina Cv. Spring b a a a a baaaa

CSIROW011 NIL Spring b a a a a baaaa

Emu Rock Cv. Spring b a a a v baaav

EGA Hume Cv. Spring b a a v a baava

CSIROW027 NIL Spring b/a a a v/a a b/aaav/aa

Merinda Cv. Spring b a a v v baavv

LRPB Beaufort Cv. Spring b a b v v babvv

LRPB Spitfire Cv. Spring b a v a a bavaa

LRPB Scout Cv. Spring b a v a a bavaa

Sunstate B NIL Spring b a v a a bavaa

Sunstate A NIL Spring b a v a a bavaa

Mace Cv. Spring b a v a v bavav

Wyalkatchem Cv. Spring b a v a v bavav

Scepter Cv. Spring b a v a v bavav

Magenta Cv. Spring b a v a v bavav

EGA Gregory Cv. Spring b a v v a bavva

(Continued on next page)
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Table 1. (Continued).

Genotype Class Habit Ppd-B1 Ppd-D1 Vrn-A1 Vrn-B1 Vrn-D1 MLG

Strzelecki Cv. Spring b a v v a bavva

CSIROW003 NIL Spring b/a a v v a b/aavva

Longsword Cv. Winter b a v v v bavvv

EGA Wedgetail Cv. Winter b a v v v bavvv

SQP Revenue Cv. Winter b a v v v bavvv

Illabo Cv. Winter b a v v v bavvv

CSIROW073 NIL Winter b a v v/a v bavv/av

ADV08.0008 BL Winter b a v/w v v bav/wvv

CSIROW102 NIL Spring b a w a a bawaa

Manning Cv. Winter b a w v v bawvv

EGA Eaglehawk Cv. Spring b b b v a bbbva

Sunlamb Cv. Spring b b v v a bbvva

Cutlass Cv. Spring b d a a v bdaav

Yitpi Cv. Spring b d v a v bdvav

Janz Cv. Spring c and b a a v v c&baavv

Suntop Cv. Spring d a a a a daaaa

H45 Cv. Spring d a a v a daava

Bolac Cv. Spring d a a v v daavv

Ouyen Cv. Spring d a a v v daavv

Peake Cv. Spring d a a v v daavv

Derrimut Cv. Spring d a a v v daavv

LRPB Crusader Cv. Spring d a v a a davaa

Calingiri Cv. Spring d a v a v davav

Whistler Cv. Winter d a v v v davvv

DS Bennett Cv. Winter d a v v v davvv

Mitch Cv. Spring d a w a a dawaa

Alleles are as described in Cane et al. (2013) and Bloomfield et al. (2018). Habit indicates whether a genotype is a spring or winter type. Multi-locus genotype (MLG)
indicates a genotype’s allele combination for the PPD1 (Ppd-B1: a, c, d, insensitive; b, sensitive; Ppd-D1: a and d, insensitive; b and c, sensitive) and VRN1 (Vrn-A1: a, b,
insensitive; v, w, sensitive; Vrn-B1 and -D1: a, insensitive; v, sensitive) genes. NP (–), known alleles at the Ppd-B1 locus not present.

natural irradiance fell below 170 W m –2) and 14°C at night 
(10 h), in order to provide seed grown in a consistent 
maternal environment for the experiment. 

Molecular marker analysis

Four seeds per genotype of APP seed stock used in the 
experiment were grown in a glasshouse, and leaf tissue was 
collected during the seedling stage. DNA was extracted in a 
high-throughput genotyping facility (CSIRO, Canberra) by 
using the protocol of Ellis et al. (2005) with a Microlab 
NIMBUS (Hamilton, Reno, NV, USA) robotic liquid-handling 
procedure. Major wheat genes and alleles were assayed by 
using perfect markers and, where possible, conversion to 
KASP (Kompetitive Allele-Specific PCR; LGC, Teddington, 
UK; as reported in Bloomfield et al. 2018). KASP markers 
developed in other studies (Dreisigacker et al. 2016; 

Grogan et al. 2016; Sukumaran et al. 2016) were also 
deployed. Sequential screening of the bi-allelic KASP markers 
(based on a process of elimination) was used to confirm 
the alleles present. The high-throughput genotyping facility 
comprised Meridian and Kube instrumentation (LGC) and 
CFX qPCR machine/software (Bio-Rad, Hercules, CA, USA) 
for single nucleotide polymorphism (SNP) calling. 

Genotyping results conducted on a separate stock of APP 
seed of the NILs CSIROW011, CSIROW023, CSIROW027 and 
CSIROW102 are included in Table 1 because of insufficient 
quantities of seed from the APP stock used in this experiment. 
Seven genotypes were mixed at one locus and one at two loci 
(Table 1; see Supplementary Table S1 for the genotypes and 
allele frequencies). All four replicates of Janz appeared 
heterozygous for both the Ppd-B1b and c alleles. CSIROW027 
had heterozygous alleles appear for some replicates of both 
Ppd-B1 and Vrn-B1. All other genotypes showed differing 
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homozygous alleles between replicates. This could have been 
caused by segregation during seed bulk-up. Alleles for Ppd-B1 
could not be identified for Condo, Ellison, Forrest and Kelalac. 

Experimental design and setup

The experiment was conducted in four controlled-
environments, where each environment was a combination of 
one of two photoperiods (17 or 8 h) and two vernalisation 
treatments (vernalisation period 0 or 8 weeks). The same 
set of 69 genotypes was used in each environment, with three 
replications. A complete spatial grid of 27 columns × eight 
rows was maintained by replicating three randomly selected 
genotypes twice in each block. One-directional blocking 
(randomised complete block design) was used, where the 
first nine columns × eight rows comprised Replicate (block) 
one, the next nine columns × eight rows Replicate two, and 
the final nine columns × eight rows Replicate three. 

Environments
The four controlled-environment treatments were the 

same as those used by Bloomfield et al. (2018): short-day, 
not vernalised (SN); short-day, vernalised (SV); long-day, 
not vernalised (LN); long-day, vernalised (LV). 

Six seeds of each genotype per environment were germi-
nated on three Whatman 70-mm filter papers (Whatman, 
Maidstone, UK) with reverse-osmosis water (3 mL) in 
90-mm Petri dishes for 48 h (24 h at 5°C and 24 h at 22°C) 
to break potential dormancy. Six germinated seeds for 
each vernalised treatment (SV, LV) were directly sown 
into seedling trays containing a standard potting mix 
with slow-release fertiliser. They were then grown in a 
Humiditherm temperature and humidity-controlled growth 
cabinet (Thermoline, Wetherill Park, NSW, Australia) at 
5°C for 8 weeks to fulfil vernalisation requirements. For 
non-vernalised treatments (SN, LN), two germinated seeds 
per replicate were directly sown in 90-mm olive pots in 
standard potting mix and transferred to a controlled-
environment room with the applicable daylength. One 
seedling was removed from each pot after 7 days so that only 
one plant per pot remained. Following the 8-week vernali-
sation period for the vernalised treatments, one seedling of 
each genotype per replicate was transplanted into 90-mm 
olive pots containing standard potting mix and placed in 
the appropriate controlled-environment room. 

Photosynthetically active radiation (PAR) was 
m−2 s−1300 μmol at pot height in the controlled-

environment rooms and 180 μmol m−2 s−1 in the growth 
cabinet. Controlled-environment rooms were set to a constant 
temperature of 22°C, and air (at pot height) and soil tempera-
tures were monitored at 30-min intervals with Tinytag Plus 2 
data loggers (Gemini Data Loggers, Chichester, UK) in 
radiation shields. There was minimal difference between air 
and soil temperatures, and so only air temperatures were 

used in calculations of thermal time (degree-days) 
(see below). 

Phenology measurements

Progressive leaf number was recorded as Haun stage 
(HS) twice per week on all plants, following Haun’s scale 
(Haun 1973). All plants were monitored at least 5 days per 
week during busy periods (i.e. when emergence, flag 
leaf appearance, heading and flowering were occurring for 
most plants) so as to record the following: emergence date, 
coleoptile emerged above soil surface; final leaf number 
(FLN), total number of leaves on main stem; flag leaf date, 
flag leaf fully emerged from preceding leaf collar on main 
stem; heading date, whole spike fully emerged above flag 
leaf collar on main stem, or on first culm if main stem has 
died; median heading date, spikes fully emerged on 50% of 
culms on a plant; flowering date, first visible anthers extruded 
from spikelets or white/yellow anthers observed within 
spikelets on main spike, or on first culm if main stem has 
died; and median flowering date, flowering on 50% of spikes. 

Statistical analyses

Daily thermal time (DTT) was calculated for each environ-
ment using mean daily temperature from the half-hourly 
temperature (HT) logger data (Eqn 1). Eqn 1 is a simple 
equation that does not account for base temperature (assumed 
0°C) or maximum temperature (assumed 35°C) because the 
controlled-environment temperatures for vernalisation in the 
growth cabinet (5°C) and development in the controlled-
environment room (22°C) are the optimal values and falling 
within the cardinal range for wheat (Porter and Gawith 1999): 

Pð HTÞ
DTT = (1) 

48 

Accumulated thermal time (TT) was calculated as the sum 
of DTT from date of coleoptile emergence to a given date of 
interest (n, Eqn 2). Accumulated TT was used to standardise 
the time from emergence to the key phenological stages 
measured over time rather than calendar days: 

P
Accumulated TT = DTT (2)n 

Linear mixed model techniques were used to analyse data 
from the controlled environments. The model accounted for 
the blocking structure, treatment structure and the extra 
sources of variation such as spatial trends and extraneous 
variation (Gilmour et al. 1997; Stefanova et al. 2009). FLN 
and TT from coleoptile emergence date to flag leaf date 
(TTFL), heading date and flowering date (TTF), and from flag 
leaf to flowering dates (TTFL–F), were analysed by fitting 
genotype, environment and their interaction as fixed effects, 
a random blocking term to account for the randomisation 
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process, and additional random or fixed terms to model the 
spatial variability within each environment. This model 
allowed comparative study of the performance of genotypes 
for the listed traits. In order to assess the magnitude of the 
variance components, genotype and genotype:environment 
were modelled as random, and a diagonal variance–covariance 
structure was fitted on genotype: environment, while assuming 
different genotypic variances for each environment. Statistical 
software ASReml-R (Butler et al. 2009) and  R (R Core  Team  
2020) were used to conduct the analyses. Additionally, 
a regression model with a grouping factor of environment 
was used to calculate phyllochron (degree-days leaf–1) as the  
slope of accumulated TT vs progressive leaf number (HS) 
between Leaves 3 and 7 in GENSTAT Edn 19 (VSN International,  
Hemel Hempstead, UK). Graphs were created in R using 
the packages ‘ggplot2’ (Wickham 2016) and  ‘gridExtra’ 
(Auguie 2017). 

Results

Phyllochron

The phyllochron (TT between appearance of successive leaf 
tips from Leaves 3 to 7) varied among genotypes and 
environments (Fig. 1). Both of the long-day environments 
(LN and LV) decreased phyllochron for nearly all genotypes 
compared with the short-day environments (SN and SV). 
Environment LV decreased phyllochron for most genotypes, 
but increased it for a handful of spring genotypes, compared 
with LN. Environment SV had varying effects on phyllochron 
compared with SN. No genotypes had a phyllochron <100 
degree-days leaf−1 in the SN or SV environments, and none 
of the winter types achieved a phyllochron ≤100 degree-
days leaf−1 in the LN environment, whereas 27 of the 
spring types did have a phyllochron <100 degree-days 
leaf−1 in the LN environment. The impact of vernalisation 
on phyllochron was greater under long days than under 
short days. Vernalisation accelerated leaf emergence under 
long days for most genotypes and under short days for 
winter genotypes, but its impact on spring genotypes was 
variable. 

Final leaf number

Both the spring and winter types produced ≤9 leaves in the LV 
environment, with spring NIL CSIRO105 producing the fewest 
(5) leaves (Fig. 2). FLN was markedly higher for winter types 
in the LN and SN environments than in LV, and all winter 
genotypes except CSIROW007 and DS Bennett had at least 
one more leaf in the SV environment than in LV. Of the 
spring types, 13 genotypes in LN and seven genotypes in SV 
differed by less than one leaf from their values in the LV 
environment. 

Thermal time to flag leaf

The TTFL also varied among genotypes and environments 
(Fig. 3). TTFL was typically lower for spring types than 
winter types in the non-vernalised environments (LN and 
SN). TTFL of all genotypes was delayed in the SN and SV 
environments compared with LV, and TTFL of all winter 
types was delayed in the LN environment compared with 
LV. TTFL of 22 spring types in the LN environment was 
within 156 degree-days of that in LV, with two spring NILs 
reaching flag leaf >100 degree-days quicker in the LN 
environment than in LV. 

Thermal time to flowering

Data for TT to heading and flowering were similar, and 
therefore, only TTF is presented. TTF was delayed 
considerably for the winter types in all three limiting 
environments compared with the LV environment (Fig. 4). 
TTF was also delayed for the spring types in the short-day 
environments (SN and SV) compared with LV. Nineteen 
genotypes in SV and 43 genotypes in SN had TTF delayed 
by >1000 degree-days compared with LV. TTF of 34 of the 
spring types in the LN environment was within 260 degree-
days of that in LV. Of those 34 spring types, 14 reached 
anthesis quicker in the LN environment. 

Thermal time from flag leaf appearance to
flowering

The TTFL–F occurred within a narrow range in both long-day 
environments (LN and LV) for both spring and winter types, 
and variation was much greater in the short-day environ-
ments (SN and SV) (Fig. 5). All but five genotypes had 
a lower  TTFL–F in the LN environment than in LV. Of these, 
Magenta showed the greatest difference, flowering 233 
degree-days quicker after flag leaf emergence in LN than LV. 
Five winter and 13 spring genotypes flowered >226 degree-
days slower after flag leaf emergence in the SV environment 
than LV. Fifteen of the 19 genotypes that had TTF delayed 
by >1000 degree-days (Fig. 4) were in this group. 

Vernalisation and photoperiod effects

The individual and combined effects of vernalisation and 
photoperiod on each trait in each genotype are shown in 
Fig. 6. Vernalisation effects were measured as the values of 
the traits in the LN environment compared with values in 
LV. Photoperiod effects were measured as the values of the 
traits in the SV environment compared with LV. Combined 
effects of both vernalisation and photoperiod were measured 
as the values of the traits in the SN environment compared 
with LV. 

Vernalisation effects were pronounced for all winter types, 
whereas effects on the spring types varied. A clear separation 
can be seen between spring and winter types where the largest 
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Fig. 1. Phyllochron (thermal time between appearance of successive leaf tips from Leaves 3 to 7) of (a) 42 spring
cultivars, (b) 14 cv. Sunstate spring near-isogenic lines (NILs), (c) 10 winter cultivars, and (d) three winter NIL wheat
genotypes grown in four environments: LV, long days with vernalisation; SV, short days with vernalisation; LN, long
days without vernalisation; SN, short days without vernalisation.

vernalisation effect on TTF for a spring type (LRPB Beaufort, 
742 degree-days) was ~200 degree-days lower than for the 
least affected winter type (CSIROW021, 944 degree-days). 
A similar distinct separation in TTFL was also observed. 
Twenty-seven of the 56 spring types flowered ≥230 degree-
days quicker when vernalisation was saturated, whereas 
four of the spring NILs flowered >100 degree-days slower. 
Twenty-nine spring types were quicker to flag leaf emergence 
by >156 degree-days when vernalisation was saturated, 
whereas two of the four previously mentioned spring NILs 
were slower to flag leaf emergence by >100 degree-days. 
Most genotypes were marginally delayed in TTFL–F when  
vernalised, with eight spring types being >100 degree-days 
slower to flower after flag leaf emergence. 

Photoperiod effects were typically distinct in all genotypes 
for phyllochron, TTFL and TTF. Short photoperiod increased 
FLN by ≥1 in all but seven genotypes (two winter and five 
spring types). All genotypes were markedly slower to reach 
the flag leaf stage (delayed in TTFL), and five winter and 
13 spring types were >226 degree-days slower to flower 
after flag leaf emergence (delayed in TTFL–F) under short 
photoperiod. 

Combined effects of vernalisation and photoperiod showed 
an increase with short photoperiod and no vernalisation (SN 
vs LV) for all genotypes in the traits phyllochron, FLN, TTFL 
and TTF. The main stems on all replicates of winter genotype 
Whistler died before they were able to produce a flag leaf. 
TTFL–F was delayed by >226 degree-days in 16 genotypes 
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Fig. 2. Final number of leaves of (a) 42 spring cultivars, (b) 14 cv. Sunstate spring near-isogenic lines (NILs), (c) 10 winter
cultivars, and (d) threewinterNILwheat genotypes grown in four environments: LV, long dayswith vernalisation; SV, short
days with vernalisation; LN, long days without vernalisation; SN, short days without vernalisation. Black bar indicates the
average standard error of differences (0.5) for the two-way interaction between environment and genotype.

(seven spring and nine winter types) of the 68 (Whistler 
excluded). Of these 16, 11 were genotypes that were also 
delayed >226 degree-days under shorter photoperiod. 

All spring genotypes with the Vrn-A1v allele, except 
CSIROW105, expressed a vernalisation response as shown 
in their quicker flowering (by 203–726 degree-days; lower 
TTF) in LV than LN. All but one of the genotypes with the 
Vrn-A1a allele expressed minimal to no vernalisation 
response (−156 to 114 degree-days in LV vs LN), the exception 
being Bolac (329 degree-days quicker), with some genotypes 
flowering quicker in LN than LV. 

Although all genotypes showed strong photoperiod 
response (SV compared to LV), genotypes with the Ppd-D1a 
allele had lower photoperiod responses than genotypes 
with the Ppd-D1b, c or d allele, except for Bolac and 

Manning. Axe and CSIROW105 were the only two genotypes 
with TTF in SV within <260 degree-days of that in LV. 

Multi-locus genotype

Genotypes with matching MLG of the two PPD1 and three 
VRN1 genes developed at a similar rate with respect to some 
traits and environments and not others. There was generally 
less variation between genotypes with matching MLG in the 
LV environment than in SN, SV or LN. As examples, Young 
was slower to flower than CSIROW077 (MLG aaaaa) across 
all environments. EGA Gregory was quicker than Strzelecki 
(MLG bavva) in SN and LN but similar in SV and LV. 
Longsword, EGA Wedgetail and Illabo were quicker than 
SQP Revenue (MLG bavvv) in LV; Longsword and Illabo 
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Fig. 3. Thermal time from coleoptile emergence to flag leaf emergence of (a) 42 spring cultivars, (b) 14 cv. Sunstate spring
near-isogenic lines (NILs), (c) 10 winter cultivars, and (d) three winter NIL wheat genotypes grown in four environments:
LV, long days with vernalisation; SV, short days with vernalisation; LN, long days without vernalisation; SN, short days
without vernalisation. Black bar indicates the average standard error of differences (78) for the two-way interaction
between environment and genotype.

were quicker than EGA Wedgetail, which was quicker than 
SQP Revenue, in SV; they all differed in LN; and Illabo was 
much quicker than EGA Wedgetail, which was quicker than 
SQP Revenue and Longsword, in SN. 

Variation in TTF within MLGs in the long-day environ-
ments was caused by differences in phyllochron and FLN. 
Phyllochron, FLN and TTFL–F caused variation in TTF in 
the short-day environments. 

Discussion

The controlled-environment conditions used in this study 
allowed quantification of photoperiod and/or vernalisation 

sensitivities of a phenologically diverse panel of 69 wheat 
genotypes. Confounding effects were removed by adopting 
conditions that completely saturated or limited vernalisation 
and/or photoperiod while using optimal temperatures. 

Vernalisation and photoperiod sensitivities varied greatly 
in the 69 wheat genotypes. Short photoperiod (SV vs LV) 
increased phyllochron, delayed TTFL (including when 
there was minimal difference in FLN), and delayed TTF for 
all genotypes. Vernalisation (LV vs LN) accelerated TTF 
for all winter genotypes by ~950–1700 degree-days but 
did not accelerate it for 26 of the 56 spring genotypes 
(≤100 degree-days difference). TTF was decreased by 
~115–750 degree-days in the 30 spring types that did show 
a vernalisation response. Similarly, mixed vernalisation 
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Fig. 4. Thermal time from coleoptile emergence to flowering of (a) 42 spring cultivars, (b) 14 cv. Sunstate spring near-
isogenic lines (NILs), (c) 10 winter cultivars, and (d) three winter NIL wheat genotypes grown in four environments: LV,
long days with vernalisation; SV, short days with vernalisation; LN, long days without vernalisation; SN, short days without
vernalisation. Black bar indicates the average standard error of differences (130) for the two-way interaction between
environment and genotype.

responses were exhibited by the spring genotypes for 
phyllochron, FLN and TTFL. 

Vernalisation and photoperiod effects under
controlled conditions

As expected, vernalisation accelerated development of 
all winter types by reducing phyllochron, FLN, TTFL and 
TTF. Vernalisation also reduced FLN in 43 of the spring 
genotypes. TTFL increased by >150 degree-days in spring 
types only when FLN increased by >2 in the LN environ-
ment compared with LV. It may be that the introduction 
of mutant dwarfing alleles (Rht-B1b and Rht-D1b) into 

Australian wheat breeding programs is responsible for these 
small differences in TTFL, which reduce cell number and 
length in leaves (Keyes et al. 1989). This hypothesis would 
need to be explored further, because there were no older/ 
taller cultivars with the wild-type Rht alleles in this study for 
comparison. Modern Australian cultivars (i.e. those selected 
in the APP) typically have smaller flag leaves (Vandeleur 
and Gill 2004), which could result in a shorter phyllochron 
to extrude smaller flag leaves (Mossad et al. 1995). Mossad 
et al. (1995) also showed that some spring genotypes 
had lower phyllochron when not vernalised than when 
vernalised, which also occurred in some spring genotypes 
in this study. 
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Fig. 5. Thermal time from flag leaf emergence to flowering of (a) 42 spring cultivars, (b) 14 cv. Sunstate spring near-
isogenic lines (NILs), (c) 10 winter cultivars, and (d) three winter NIL wheat genotypes grown in four environments:
LV, long days with vernalisation; SV, short days with vernalisation; LN, long days without vernalisation; SN, short days
without vernalisation. Black bar indicates the average standard error of differences (113) for the two-way interaction
between environment and genotype.

Long photoperiod decreased phyllochron and TTFL of all 
genotypes, and decreased FLN and TTF for most genotypes. 
Compared with LV, SV delayed TTF more so than LN for 
most of the spring types, whereas the opposite occurred for 
winter types. A decrease in phyllochron associated with 
long days has also been shown in previous studies (Cao and 
Moss 1989; Mossad et al. 1995; Slafer and Rawson 1997). 
Friend et al. (1967) demonstrated an increasing leaf 
area ratio in spring wheat (cv. Marquis) with decreasing 
photoperiods (8-, 12-, 16-, 20- and 24-h treatments), and 
perhaps this photoperiod response in growth dynamics is 
linked with development rate, but growth traits were not 
measured in the present study to test this. More recently, 
Baumont et al. (2019) showed a clear relationship between 

leaf appearance rate and irradiance, indicating that leaf 
appearance rate is carbon-limited. They incorporated 
photothermal quotient in a leaf appearance rate model to 
account for carbon limitation, and this improved the accuracy 
of the model. Incorporating a photothermal quotient factor to 
account for differences in phyllochron of the long- and short-
day treatments in the present study may also shed further light 
on this, given the large number of genotypes used. TTFL–F 
was delayed by >100 degree-days in 31 genotypes in the SV 
environment compared with LV, but was similar, and in some 
cases accelerated, in LN compared with LV. There are complex 
interactions between photoperiod, vernalisation and develop-
ment phases. For example, Slafer et al. (2014)  stated that 
some plant species exhibit a short photoperiod-independent 
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Fig. 6. Effects of photoperiod (Pp; short days with vernalisation minus long days with vernalisation), vernalisation (Vrn; long days without
vernalisation minus long days with vernalisation), and their combined effects (Vrn+ Pp; short days without vernalisation minus long days with
vernalisation) on phyllochron (PHYL), final leaf number (FLN), thermal time to flag leaf (TTFL), thermal time to flowering (TTF), and thermal
time from flag leaf to flowering (TTFL–F) of 56 spring and 13 winter wheat genotypes.

‘juvenile’ phase following seedling emergence, but it is not the 
case for wheat, which exhibits photoperiod sensitivity from 
emergence. Conversely, Steinfort et al. (2017)  reported that 
eight wheat NILs differing at the PPD1 and VRN1 loci were 
more affected by vernalisation earlier during the vegetative 
phase (emergence to first node), whereas photoperiod affected 
plants more in the late vegetative to mid-reproductive phases 
(stem elongation). This was supported by results presented 
here. Some spring genotypes displayed a higher sensitivity 
to vernalisation than to photoperiod for FLN, but the lower 
FLN in SV than LN did not necessarily translate to parallel 
differences in TTF. For example, Beaufort produced fewer 
leaves, by 5.3 on average, in SV than LN, and in turn 
flowered 345 degree-days quicker, whereas Scythe produced 
fewer leaves, by 3.7 on average, but flowered 605 degree-
days later. 

‘Short-day vernalisation’, a vernalisation-like response of 
some winter genotypes grown under short daylength and 
temperature above the upper limit of vernalisation induction 
compared with long daylength at the same temperature, has 

been reported in controlled-environment experiments grow-
ing NIL (cv. Batten; Brooking and Jamieson 2002) and 
doubled haploid (cv. Triple Dirk; Allard et al. 2012) wheat 
genotypes. Those studies reported lower FLN and TTF in 
winter lines exposed to an initial period of short daylength 
for varying periods (10–84 days) before being transferred to 
long daylength, compared with constant exposure to long 
daylength. Except for FLN for winter genotype SQP Revenue 
being the same in both SN and LN environments, winter 
genotypes in our study developed quicker for all traits in LN 
than SN; however, we did not experiment with treatments 
that transferred plants from periods of short to long daylength. 

Relevance to vernalisation and photoperiod
effects in the field

Winter cropping environments in Australia cover a large 
range of latitudes and temperatures. The southern cropping 
regions experience the shortest and longest days and cooler 
winters. Conversely, daylength varies less in the northern 
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regions (i.e. winter days are longer but summer days 
are shorter) and mean winter temperatures are higher. 
Vernalising temperatures are experienced in all of the 
major winter cropping areas in Australia, with the possible 
exception of Central Queensland. Although daylengths 
vary, the shortest day experienced in the southern areas 
is ~9.5 h. Therefore, it is harder to quantify a genotype’s 
photoperiod and vernalisation response under field condi-
tions because environmental conditions will always be at 
least partially upregulating the vernalisation and photoperiod 
response. For example, Sadras and Lawson (2011) selected 
13 genotypes released over the period from 1958 to 2007 
based on their similar phenology in South Australian field 
conditions in order to quantify traits contributing to yield 
gains over that time. Three of those genotypes (Janz, Yitpi 
and Wyalkatchem) were also selected in our study. Sadras 
and Lawson (2011) observed similar phenology progression 
for all three genotypes in three field environments, with 
Yitpi being marginally slower to flower than Janz and 
Wyalkatchem. Under the controlled environment conditions 
in our study, Yitpi experienced a much larger delay to 
flowering in the short-day environments than Janz and 
Wyalkatchem; Wyalkatchem and Yitpi showed decreased 
TTF in SV compared with SN more so than Janz; Janz was 
quickest in LN, whereas Yitpi and Wyalkatchem were slower 
in LN but had reduced TTF in LV, comparable with Janz. 
The larger differences in the controlled environments are 
supported by the allelic variation of these cultivars at the 
Ppd-D1 and Vrn-A1 loci. 

Major development genes

Of interest with regard to crop modelling was that 
photoperiod and vernalisation responses differed between 
genotypes that carry the same MLG (the same alleles at 
the five PPD1 and VRN1 loci). This has also been shown 
previously in both controlled-environment experiments 
(Bloomfield et al. 2018) and field experiments (Eagles et al. 
2010; Cane et al. 2013; Harris et al. 2017; Christy et al. 2020). 
Bloomfield et al. (2018) showed that MLG was not able to 
predict accurately flowering time by growing 13 commercial 
cultivars paired with matching NILs under the same four 
controlled environments used in our study. Eagles et al. 
(2010) showed that alleles of Ppd-D1, Vrn-A1, Vrn-B1 and 
Vrn-D1 accounted for 45% of the variation in heading date 
in a large dataset of multiple south-eastern Australian field 
sites and years (128 in total), and Cane et al. (2013), with 
addition of the Ppd-B1 gene and additional Ppd-D1 alleles, 
accounted for 53% of the variation in the same dataset. 
Harris et al. (2017) found that Ppd-B1, Vrn-A1 and Vrn-B1 
accounted for 75% of the variation in anthesis date in a 
doubled-haploid population that was fixed for the a and v 
alleles at the Ppd-D1 and Vrn-D1 loci, respectively. In the 
doubled-haploid population of Harris et al. (2017), spring 
genotypes differing only at Vrn-A1 and Vrn-B1 (bavav and 

baavv; cavav and caavv) flowered at the same time. Eagles 
et al. (2010) found that the presence of Vrn-D1v delayed 
flowering more than the presence of Vrn-A1v and Vrn-B1v 
in spring genotypes with different combinations of spring 
and winter alleles at the other two loci. Genotypes with 
Vrn-A1v grown by Zheng et al. (2013) showed a larger 
vernalisation response than genotypes with Vrn-A1a and 
different combinations of Vrn-B1 and Vrn-D1 a and v 
alleles when comparing field experiments with and without 
pre-vernalisation treatments and extended photoperiod, with 
the exception of the genotype with VRN1 MLG avv, which 
also exhibited a strong vernalisation response. Our findings 
concur, all genotypes with the Vrn-A1v allele (except 
CSIROW105) exhibited medium to strong vernalisation 
responses (LN vs LV), as well as Sunbri and Bolac (VRN1 
MLG avv) and others with Vrn-A1b or w. Nine genotypes 
with VRN1 MLG avv and one with Vrn-A1w exhibited little 
to no vernalisation response. 

A few alleles at various loci differed in some genotypes 
compared with those presented in other studies (Eagles 
et al. 2009; Cane et al. 2013; Zheng et al. 2013; Bloomfield 
et al. 2018). Some differences were attributed to identifica-
tion of alleles that were not previously identified. For 
example, Eagles et al. (2009) and Zheng et al. (2013) 
were limited to two alleles of Ppd-D1: a for photoperiod 
insensitivity or b for photoperiod sensitivity. Cane et al. 
(2013) updated the alleles of genotypes used by Eagles 
et al. (2009) to include the c and d alleles of Ppd-D1. 
There are several possible causes. The released commercial 
cultivars and NILs with discrepancies may not be 100% 
homozygous, and the heterozygosity leads to ‘biotypes’ with 
different allele/s. Another possibility is that some markers 
will not be informative if recombination has occurred, 
owing to the use of some molecular markers that are not 
causal for the genetic variant (i.e. imperfect markers that 
are genetically linked but not diagnostic for an allele). The 
discrepancies found highlight the importance of genetic 
screening of material, because it could have detrimental 
effects on assumptions or models that have genetically 
derived parameters. 

Modelling phenology

A key feature of APSIM NG (Holzworth et al. 2014, 2018) and 
the plant modelling framework wheat phenology model 
(Brown et al. 2018) is the ability to allow for cultivar-
specific parameter inputs that are derived from controlled-
environment experiment data such as presented here. The 
controlled-environment parameters selected must quantify 
a genotype’s response to the major environmental factors, 
vernalisation (not vernalised vs completely vernalised) and 
photoperiod (saturating long days of 16+ h vs limiting 
short days of <10 h) and the combinations of them. 

In addition to phenotyping genotypes in controlled 
environments, there is scope to incorporate genetic and/or 
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genomic information into wheat phenology models as minor 
phenology genes and new quantitative trait loci that 
contribute to a genotype’s phenology are identified (White 
et al. 2008; Christy et al. 2020). For example, Zheng et al. 
(2013) explained 96% of variation in time to heading in 
a model that incorporated allelic information for the 
major Ppd-D1, Vrn-A1, Vrn-B1 and Vrn-D1 loci, with the 
addition of experimentally derived, cultivar-specific thermal 
time functions to account for earliness per se. Christy et al. 
(2020) incorporated a photoperiod factor to the thermal 
time equation in a model that used allele combinations 
of the four (without Ppd-B1) and five major PPD1 and 
VRN1 genes to predict phenology of a diverse panel of 
commercial, NIL and recombinant inbred lines. The model 
predicted time from sowing to anthesis with an error of 
5 days compared with observations taken at sites across a 
broad range of latitudes in Australia’s western and eastern 
high-rainfall zones, although sowing times prior to May 
were not conducted in the validation experiments. Their 
study complements the findings of Baumont et al. (2019), 
where predictions from a leaf appearance rate model were 
improved with the addition of a photothermal quotient factor 
to account for radiation. With further progress in genome 
sequencing and genetic marker technology, it would seem 
likely that the addition of allelic and/or genomic information 
(e.g. SNP markers) could further quantify genotypic responses 
to environment – such as in genotypes with different 
vernalisation and/or photoperiod responses but matching 
MLGs or photoperiod responses that occur in genotypes 
with insensitive alleles at PPD1 loci – and identify earliness 
per se and other genes involved in finetuning a genotype’s 
phenology in an environment. This could further enhance 
such a model and remove the need for field and/or 
controlled-environment phenotyping to derive genotype-
specific parameters in the future. 

Conclusions

Vernalisation and photoperiod effects on phenology differed 
greatly in a panel of 69 wheat genotypes when grown in 
four controlled environments with different treatments of 
vernalisation (0 or 8 weeks vernalisation) and photoperiod 
(17 or 8 h daylength). Long photoperiod decreased time to 
flowering in all genotypes, regardless of whether they had 
insensitive or sensitive alleles at the PPD1 loci, but those 
with the Ppd-D1a allele were less sensitive than those with 
the b, c, or  d allele apart from two genotypes. Vernalisation 
decreased time to flowering in all winter genotypes and 
in spring genotypes with the Vrn-A1v or b allele. Some 
genotypes with matching MLG developed at similar rates in 
some environments, but no MLG pairs or groups displayed 
similar development rates across all four environments. 
These results suggest that Australian wheat cultivars have 

diverse responses to vernalisation and photoperiod that 
may not be distinguishable under field conditions. Further 
comparisons between controlled-environment and field 
experimental data would be useful to investigate this further. 

Supplementary material

Supplementary material is available online. 
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