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Summary

¢ Phenotypic plasticity is observed widely in plants and often studied with reaction norms for
adult plant or end-of-season traits. Uncovering genetic, environmental and developmental
patterns behind the observed phenotypic variation under natural field conditions is needed.

e Using a sorghum (Sorghum bicolor) genetic population evaluated for plant height in seven
natural field conditions, we investigated the major pattern that differentiated these environ-
ments. We then examined the physiological relevance of the identified environmental index
by investigating the developmental trajectory of the population with multistage height mea-
surements in four additional environments and conducting crop growth modelling.

¢ We found that diurnal temperature range (DTR) during the rapid growth period of sorghum
development was an effective environmental index. Three genetic loci (Dw7, Dw3 and
qHT7.1) were consistently detected for individual environments, reaction-norm parameters
across environments and growth-curve parameters through the season. Their genetic effects
changed dynamically along the environmental gradient and the developmental stage. A con-
ceptual model with three-dimensional reaction norms was proposed to showcase the inter-
connecting components: genotype, environment and development.

e Beyond genomic and environmental analyses, further integration of development and
physiology at the whole-plant and molecular levels into complex trait dissection would

enhance our understanding of mechanisms underlying phenotypic variation.

Introduction

An organism’s final phenotypes are determined by genes, envi-
ronmental factors and the developmental process during which
the interaction between genes and environmental factors happens
(Scheres & Van Der Putten, 2017). Phenotypic plasticity is the
property of a given genotype to produce different phenotypes in
response to distinct environmental conditions (Pigliucci, 2001).
Phenotypic plasticity in traits such as flowering time, plant
height, or grain yield is usually studied by plotting and analysing
reaction norm with trait values collected across environments at
trait maturity. However, because the final trait has originated
from complex processes of growth and development, examining
from a developmental perspective is desirable to fully understand
the phenotypic plasticity (Pigliucci ez al, 1996, 1997; Sultan,
2000; Bahuguna & Jagadish, 2015). The ontogeny trajectory is
vital to understanding phenotypic plasticity during development
(Pigliucci et al., 1996; Wright & Mcconnaughay, 2002). One
can view the plasticity’s expression over time from an ontogeny
trajectory perspective, including variation in rates and timing of
phenotypic response (Sultan, 2004).

Knowing environmental cues that trigger phenotypic plasticity
is essential for studying adaptability under climate change
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(Bonamour et al, 2019). Environmental stimuli at a particular
stage of growth can be critical for a trait’s final phenotype
(Wright & Mcconnaughay, 2002; Bahuguna & Jagadish, 2015;
Abley et al., 2016). Identifying the critical crop growth period
sensitive to environmental stimuli could facilitate crop improve-
ments. Studies in phenotypic plasticity have expanded from a
species’ adaptation fitness (Bradshaw, 2006; Nicotra ez 4/, 2010;
Josephs, 2018) to genetic and molecular control for within
species diversity (Quint ez al., 2016; Kusmec ez al., 2017; Lai-
nen & Nikoloski, 2019; Li et al, 2021). Although challenging
for natural field conditions, identifying critical environmental
cues and understanding the genetic and functional mechanisms
of plants’ responses to the environmental stimuli can advance our
understanding of phenotypic plasticity and increase predictive
capability for future performance.

Plant height is an agronomically important trait regulated by
genetic factors and also subject to environmental changes (Ballaré
et al., 1987; Erwin & Heins, 1995; Rajapakse er al, 1999;
Shimizu & Heins, 2000; Wallace ez al., 2016; Perrier ez al.,
2017; Kronenberg ez al., 2021). In particular, the diurnal tem-
perature range (DTR) (Eastetling ez al., 1997), or the difference
between day and night temperature (also referred as DIF), has
been shown to control stem elongation (Erwin er al, 1989;
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Myster & Moe, 1995). However, the effect of DTR on plant
height under natural field conditions, particularly in combination
with genetic analysis, has not been reported. During the Green
Revolution, plant height in wheat and rice was reduced to
increase resistance to lodging and harvestable yield (Hedden,
2003). Conversely, taller plant height is desired for biomass pro-
duction in energy grass species (Fernandez et al., 2009). Sorghum
plant height can range from 0.6 to 4.5 m (Quinby & Karper,
1954). Tall alleles are partially dominant and present in most lan-
draces worldwide, while the dwarf alleles were identified and
introduced to the US sorghum breeding systems (Morris ez al.,
2013). Among four major sorghum dwarfing loci (DwI-Dw4)
regulating stem internode length (Quinby & Karper, 1954),
Duw3 encodes a P-glycoprotein involved in polar auxin transport
(Multani ez al., 2003); Dwl is a positive regulator of the brassi-
nosteroid signalling (Hilley ez a/, 2016; Yamaguchi ez al., 2016;
Hirano ez al., 2017); and Dw2 encodes an AGCVIII kinase mod-
ulating endomembrane function and cell division (Hilley ez al,
2017; Oliver ez al., 2021). Our previous work on sorghum plant
height identified another plant height locus, gH77.1, localised
near the Dw3 region on chromosome 7 that showed a strong
effect on plant height (Li et 4/, 2015). In the previous work (Li
et al., 2015), phenotypic plasticity was not investigated due to
the small set of environments.

Recently, we developed the Critical Environmental Regressor
through Informed Search (CERIS) algorithm and established a
CERIS-Joint Genomic Regression Analysis (CERIS-JGRA)
framework to dissect the phenotypic variation of complex traits
observed in natural field conditions by identifying and leveraging
explicit environmental indices (Li e 4/, 2018, 2021; Guo ez 4.,
2020). These studies aimed at bridging physiological understand-
ing of environmental conditions on phenotypic traits with
genetic dissection of phenotypic variation across environments
into multiple reaction norms at single gene or multilocus levels.
However, the biological relevance of the environmental indices
and dynamic genetic effects across environments have not been
adequately investigated and empirically demonstrated, even
though they generally agreed with the understanding in crop
physiology.

To add a developmental perspective to reveal the intercon-
nected genetic and environmental origins of phenotypic variation
observed in natural field conditions, and to better understand
phenotypic plasticity for improved genomic prediction under dif-
ferent environments, we conducted the current study. We found
that phenotypic variation observed in plant height of a sorghum
genetic population can be effectively quantified with an environ-
mental index: DTR during the rapid growth period. We demon-
strated the physiological meaning of the identified environmental
index by analysing and modelling the height developmental tra-
jectories. In addition, quantitative trait locus (QTL) analyses
identified the same set of genetic loci underlying the final plant
height across and within environments, the height progression
during development within individual environments (i.e. differ-
ent stages and logistic growth-curve parameters), and the plant
height phenotypic plasticity across environments (i.e. reaction-
norm parameters).
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Materials and Methods

Population and phenotyping

The sorghum (Sorghum bicolor) 237 recombinant inbred lines
(RILs) population was derived from a cross between Tx430 and
P898012. Randomised complete block design with two replica-
tions was used in seven environments to obtain initial phenotypic
data: Manhattan, Kansas, USA in 2011 and 2012 (KS11 and
KS12), two winter nurseries in 2011, 2012, and one summer sea-
son in 2014 in Puerto Rico (PR11, PR12, and PR14S), and
Ames, Towa in 2013 and 2014 (IA13 and IA14). Single-row plots
with 12.5-feet length and 30-inch row spacing were used. The
final plant height was measured at maturity from the soil surface
to the panicle apex. The environmental mean of plant height was
calculated as the average plant height of the entire population in
each environment.

Empirical validation and multistage measurement experiment
was conducted with the same experimental design in four addi-
tional environments: Ames, lowa in 2015, 2016, 2018, and 2019
(IA15, TA16, IA18 and IA19). Plant height was measured five to
nine times through each growing season. For IA15, plant height
was measured using the plot canopy height until flag leaf fully
expanded, then flag leaf height of a representative plant from each
plot was used until flowering, and finally the panicle apex height
measurements were used. For IA16, IA18 and IA19, plant height
was measured using the plot canopy height until flowering (50%
shedding pollen), then using the panicle apex height of a repre-
sentative plant from each plot. Flowering time was recorded as
the number of days after planting when half of the plot was shed-
ding pollen (Li ez 4/, 2018).

R package (R Core Team, 2021) LME4 was used to calculate
the best linear unbiased estimator (BLUE) values of plant height
and flowering time for each genotype at each environment and
growth stages. The plant height phenotype of individual £ in jth

replication at environment 7 was modelled as:
ViR =u+ E;+ Bu); + Gr + EGj + e

where # is the mean of the population; £; is the effect of environ-
ment; By;; is the effect of the replication nested in environment;
G}, is the effect of genotype; EG; is the interaction between envi-
ronment and genotype; and ¢;y is the error. Variance component
analysis was conducted using the vca package in R.

Identifying the environmental index

Daily maximum and minimum air temperature (7. and Ty, in
Fahrenheit) were retrieved from the Global Historical Climatology
Network (GHCN) database at National Oceanic and Atmospheric
Administration (NOAA)’s National Centers for Environmental Infor-
mation (NCEI) (https://www.ncde.noaa.gov/). Up to three weather
stations within 50 miles of the field sites were considered, and average
values were used. Day length (DL) was obtained by applying the
daylength function in the geosphere package in R. Daily growing
degree days (GDD) were calculated as (70 + Trmin)/2 — Thase)s
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with 7., greater than 100°F adjusted to 100°F, 7., lower than
50°F adjusted to 50°F, and 7j,. set to 50°F. The photothermal time
(PTT) was calculated as GDD X DL. The daily DTR was calculated
as Tinax — Tinin» without any adjustment applied to 77, or Tinins
such as GDD.

Average GDD, DL, PTT, and DTR values with different start-
ing days with a window size from 5 to 25 d during the growing
season were obtained for each environment. Then the obtained
environmental parameter values at each specific growth window
(expressed as days after planting) were correlated with the envi-
ronmental means (average plant height of the entire population
at each environment). The combination of environmental
parameter and growth window with the most significant correla-
tion, support from nearby windows and meaningful biological
relevance was chosen as the environmental index.

The joint-regression analysis was first conducted by regressing
the plant height values of individual RILs against environmental
means (Li et al, 2018; Guo et al, 2020). Reaction norms of
individual genotypes were generated. The identified environmen-
tal index was used as the explanatory variable to replace the envi-
ronmental mean in the second joint-regression analysis.
Environmental mean and environmental index were centred by
the average values before joint-regression analysis to obtain two
sets of reaction-norm parameters, intercept and slope. These aver-
age values were added back during plotting.

Modelling the growth trajectory

Logistic regression was fitted separately to the measured plant
height data over time for each genotype at each validation envi-
ronment (IA15, IA16, IA18 and IA19), following the method in
Bustos-Korts et a/., 2019.

A

T 1 e Him) ter Eqn 1

e

In Eqn (1), y, is the value of plant height for one genotype at #
d after planting (DAP), A is the final plant height at the end of
the season (asymptote), £ is the initial relative growth rate, #,, is
the day at which plant height reached maximum growth rate (in-
flection point), and €, is the residual. The maximum growth rate
was when the second derivative equals zero, which is (1/4)£A.
The nls function of the sTaTs package in R was used. The daily
growth rate over time was computed based on the first derivative
of the fitted logistic growth curve for each genotype.

Fitted logistic growth curves for environmental means were
constructed based on the population means of the measured data
across time. Additional information about simulating growth tra-
jectories for the first set of seven environments is presented in

Methods S1.

Genetic mapping, functional polymorphisms and haplotype
analysis

The genetic map was built with 1462 SNP markers from 8960
SNPs generated by genotyping by sequencing (Li ez al, 2015).
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Composite interval mapping was conducted with WiNDOWs QTL
CARTOGRAPHER 2.5 (Wang ez al., 2012). QTL mapping was per-
formed for each individual environment, developmental stage
and model-derived parameter. Intercept and slope were obtained
by regressing phenotypes of each RIL on environmental index
using R. These intercept and slope values were then treated as
phenotypes to map QTL for these two reaction-norm parame-
ters. Maximum growth rate and inflection date from the logistic
growth curve were used to map the developmental trajectory-
related QTL.

Dwl (So0bic.009G229800) and Dw3 (Sobic.007GI163800)
genes are located in the QTL intervals. Following the previous
publication (Li ez al, 2018), 15.8 Gb whole-genome Illumina
paired-end reads of Tx430 (SRR2759161) and 59.8 Gb Illumina
paired-end reads of P898012 (SRR4028763 and SRR4028764)
were used to verify the segregation of reported functional poly-
morphisms.

GBS markers at Dwl, Dw3 and qgHT7.1 QTL peak regions
were used as the genotypes for each RIL. In total 202 RILs had
genotype information and were homozygous at all three QTL
regions for subsequent analysis. The RILs were grouped into four
haplotype groups based on the number of dominant alleles car-
ried at Dwl, Dw3 and ¢qHT7.1, which are the height-increasing,
wild-type alleles. Group 0 represented the RILs carrying all reces-
sive (height-decreasing) alleles at these three QTLs, while group
3 represented the RILs carrying all dominant alleles at these three
QTLs. Group 1 represented having one dominant allele from
either Dwl, Dw3 or gHT7.1 and group 2 represented having
two dominant alleles at two of the three QTL. Reaction norms,
logistic growth curves and daily growth rate curves were visu-

alised and analysed by grouping RILs based on these four haplo-
type groups.

Performance prediction and validation

Performance prediction with JGRA was first conducted within
seven initial environments, and the model built with the entire
seven environments and the predictions were validated for four
empirical validation environments (Li ez a/, 2018, 2021; Guo
et al., 2020). For the scenario of tested genotype in untested envi-
ronments, leave-one-environment-out cross-validations were con-
ducted to examine the predictive ability. In each run, six
environments were used to build the model to predict each geno-
type’s plant height in the remaining one environment. The
reaction-norm parameters (slope and intercept) were obtained by
regressing individual genotype’s plant height values across six
environments on the environmental index. The environmental
index value of the untested environment was then factored into
the regression model to obtain the predicted performance. Pre-
dictive ability was calculated as the correlation coefficient
between the observed and predicted plant height values.

Additional information about performance prediction for two
other scenarios is presented in the Methods S1.

For empirical validation, the values for DTR4 s; were
obtained for IA15, IA16, IA18 and IA19 from environmental
data. Plant height of each genotype was predicted based on the

© 2021 The Authors
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reaction norms of the training model established using the data
from the seven initial environments and the DTRyy_s3 values
from the validation environments.

Results

Sorghum final plant height plasticity under natural field
conditions

We measured the final plant height of a sorghum population
containing 237 RILs from a bi-parental cross between Tx430
and P898012 in seven natural field environments (Fig. la;
Supporting Information Table S1). Within each environment,
plant height between two replicates was highly correlated
(Fig. S1). The generally low correlations between plant height
and previously characterised flowering time in this population
(Fig. 1b) indicated that there were different mechanisms under-
lying these two traits (Li e al, 2018). Variance component
analysis attributed 66.6% of the plant height variation to geno-
types, 13.3% of the variation to the environment, and 9.3% to
G X E (Table S2). The environmental mean — average plant
height of the entire population at each environment — ranged
from 125.5 cm to 188.2 cm (Table S1). For each RIL, the ratio
between the tallest observation and the shortest observation
across environments reached up to 2.5, with an average ratio of
1.6 = 0.2 (Fig. 1c; Table S3). The plant height variation did
not show a discernible pattern when the reaction norm was
plotted with environments arranged based on latitude (Fig. 1¢).

To unravel the pattern underneath the complex trait variation,
we first applied joint-regression analysis (Finlay & Wilkinson,
1963; Eberhart & Russell, 1966) using the environmental mean
as explanatory variable to model phenotypic variation (Figs 1c,d,

Fig. 1 Plant height variation and phenotypic
plasticity of a sorghum genetic population.
(a) Seven natural field environments from
three locations in 4 yr. (b) Low correlations
between plant height and flowering time in (©
this population. Correlation coefficients and
significance levels are labelled in parenthesis
for each environment. *, P < 0.05. (c) Plant
height variation does not follow the latitude
gradient. Lines are the connected heights of
individual recombinant inbred lines (RILs)
across environments. (d) Reaction norms of
individual RILs fitted with the joint-regression
analysis using environmental mean. Dots are

Plant height (cm)
N
[—]
o
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S2). A general scale change pattern was observed (linear model
average R value of 0.65; Table S4). More than 70% of RILs had
slope values significantly different from zero (Figs 1d, S3a; Table
S4). However, this approach could not explain why this popula-
tion behaved similarly in two distantly located environments,
such as PR12 and IA14, but less similarly at the same location in
2 years consecutively, KS11 and KS12.

DTR from early season as the environmental index

We applied CERIS to identify the combination of environmental
parameter and growth window that is strongly correlated with
the environmental mean. After testing DL, GDD, photothermal
time (PTT), and DTR, we found that DTR best differentiated
the environments to be selected as the environmental index
(Fig. S4). Specifically, the DTR value at the period of 40-53
DAP, or DTR4g_s3, had the strongest correlation (r = —0.995,
P =29 % 107 with the environmental mean (Figs 2b,c, S4).
For every degree increased in DTRyq 53, the average plant height
decreased by 4.2 cm (Fig. 2¢).

Research from eatlier studies under controlled, constant grow-
ing conditions showed that DTR regulated plant morphological
traits, particularly plant height (Erwin ef al, 1989; Myster &
Moe, 1995). With varied daily conditions from natural fields,
our current analysis established the connection between DTR
and sorghum plant height and narrowed down the effect of DTR
to a particular growth period, which was best represented by the
40-53 DAP growth window and supported by the surrounding
windows (Fig. 2a,b). Checking flowering records (the majority of
RILs flowered after 61 DAP across all seven environments) veri-
fied that this 40-53 DAP growth period generally corresponded
to the vegetative growth stage.

(b)

. PR11 (r= -0.15%)

300

Plant height (cm)
N
o
o

-
(=
f=]

75 100 125
Flowering time (DAP)

—
Q
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® KS12 @ IA13 PR12 ® PR14S
Ks11 PR11 ® IA14

300 a

Plant height (cm)
N
(=]
(=]

—
(=4
o

observed values and lines are regression-
fitted values. Environmental mean (coloured
dots in c and d), average plant height of the
population at each environment.
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Using the DTR4_s3 as the explanatory variable to model plant
height captured the general trend of trait variation across environ-
ments (average R value of 0.64; Table S5). The slopes ranged
from —9.8 to 1.3 with an average of —4.2 (Fig. S3b; Table S5).
In total, 69% of RILs had slope values significantly different from
zero (Table S5). Through the identified DTR,y 55 to quantify
the environmental gradient, regression-fitted reaction norms were
obtained with two sets of parameters (intercept and slope)

(Fig. 2d).

Dynamic effects of genetic loci along the environmental
gradient

We conducted genetic mapping in the seven environments
separately with the final plant height first. Although a few
minor QTLs were detected in certain environments, three
QTLs were consistently detected: two on chromosome 7 and
one on chromosome 9 (Fig. S5a; Table S6). These QTLs
were co-localised with the previously identified plant height
regulating loci gH77.1, Dw3 and Dwl (Multani ez al., 2003;
Li er al, 2015; Hilley er al, 2016; Yamaguchi ez al, 2016).
Dw3 and Dwl were cloned as the ABCI auxin transporter
(Multani et al., 2003) and the positive regulator in the brassi-
nosteroid signalling (Hirano er al, 2017), respectively, while
the gene underlying ¢gH77.1 has not been identified. No
QTLs corresponding to Dw2 or Dw4 were detected in this
population (Table S6).

We then conducted mapping with two reaction-norm parame-
ters: intercept and slope. (Fig. 3a). Intercept quantified the aver-
age performance for each RIL across all environments, and the
slope quantified the plasticity along the environmental gradient.

New Phytologist (2022) 233: 1768-1779
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DTRs0-53(°F)

individual RILs. Dots are observed values and
lines are regression-fitted values.

The same set of QTLs was detected for both reaction-norm
parameters as for individual environments, indicating that the
genetic loci gHT7.1, Dw3 and Dwl controlled phenotypic plas-
ticity by their differential response to the environmental input
quantified by the DTR gradient (Fig. 3a). To examine each indi-
vidual locus further, we obtained the genetic effects of ¢gH77.1,
Dw3 and Dw! from the mapping results of the individual envi-
ronment analysis. The size of genetic effects for ¢H77.1 and
Duw3 varied across environments, but generally decreased along
the identified DTRyq_s3 gradient, showing differential allelic sen-
sitivity (Figs 3b, S5b). The less pronounced effect changes in
Duwl (Fig. 3b) agreed with the reduced significance of its genetic
effect on slope (Fig. 3a).

Aligning our current analyses and previous studies (Multani ez
al., 2003; Li er al,, 2015; Hilley er al., 2016; Yamaguchi ez al,
2016) indicated that the dominant alleles of gH77.1, Dw3 and
Duwl were responsible for taller plant height and a higher plastic-
ity level. To reveal the allelic effect on phenotypic plasticity, we
grouped the RILs based on the number of dominant alleles
(Fig. 3c) and surveyed the distributions of intercept and slope
(Fig. S5¢,d). The individuals carrying all three dominant alleles
(haplotype group 3) had the highest plant height values and the
steepest slopes (Figs 3¢, S5¢,d). This finding is consistent with
the findings that natural variants of Dwl and Dw3 are recessive,
loss-of-function alleles (Fig. 3d). The wild-type dominant alleles
maintained the normal signalling pathways, which interacted
with environmental cues during development and led to varied
final plant height across diverse environments. By contrast, the
signal transduction pathways were disrupted by the loss-of-
function alleles, resulting in less sensitivity to environmental cues

and shorter final plant height.

© 2021 The Authors
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Multistage plant height measurements confirmed DTR and
the critical window

To elucidate the physiological meaning of the identified environ-
mental index, DTR4g_s3, we measured plant height across devel-
opmental stages in four new environments (Fig. 4a; Table S7).
The final plant height values for the population varied only
slightly for these four new environments (Tables S1, S7). Check-
ing DTR profiles across the growing season indicated that,
despite varying to a higher degree before and after the period 40—
53 DAP, the DTR values were very similar during this period
across the four environments (Fig. 4b), matching our expectation
based on the environmental index.

Using multistage measurement data, we modelled the growth
trajectory of each individual by a logistic growth curve (Archon-
toulis & Miguez, 2015) (Figs 4b, S6). Indeed, the 40-53 DAP
growth window aligned well with the rapid growth period during
plant development (Fig. 4b). To further uncover the relationship
between DTR4(_s3 and growth trajectory, we estimated the daily
growth rate at these four environments by obtaining the first
derivative of the logistic fitted curves. The inflection point, where
the maximum growth rate is reached, landed within the 40-53
growth window for all four environments (Fig. 4c). The inflec-
tion point in the logistic growth curve represented the end of the
exponential growth phase and the beginning of the asymptotic
phase (Fig. 4c) (Zhao et al., 2004). This result validated that this
40-53 DAP growth window generally covered the rapid growth
period during sorghum development, which was also the most
influential phase determining the final plant height. Checking
the inflection date, the date when the maximum growth rate was
observed, showed that the majority of the RILs had their inflec-
tion dates during or near the 40-53 DAP window (Fig. 4d).
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In addition, we conducted simulations for growth trajectories
for the previous seven environments, in which only the final plant
height was measured (Figs S7, S8). Similar to the four validation
environments with multistage measurements, the 40-53 DAP
growth window generally aligned with the maximum growth

period (inflection dates) (Fig. S7).

Dynamic effects of genetic loci during development

To understand the genetic mechanisms of plant height progres-
sion during development, we conducted genetic mapping at dif-
ferent time points across growth in individual environments
(Figs 5a, S9). Three QTLs, ¢HT7.1, Dw3 and Dwl, were
detected in all four environments. These QTLs were detected as
early as 39 to 46 DAP in [A16, with the highly significant peaks
identified after 53 DAP in all four environments (Fig. S9). The
effect sizes of Dwl, Dw3and gHT7. 1 started to deviate from zero
and gradually showed more substantial effects during the 40-53
DAP growth window and eventually platcaued ¢ 80 DAP
(Fig. 5b). Consistent results were obtained for the three other
environments (Fig. S10a).

We further investigated the genetic contributions across devel-
opment by mapping with the two parameters related to the logis-
tic growth-curve inflection point: maximum growth rate and
inflection date. All three QTLs (¢H77.1, Dw3 and Dwl) were
found regulating maximum growth rate and inflection date (Figs
5¢, S11). Dw3 contributed the most in regulating the maximum
growth rate, while DwI and ¢H7T7.1 contributed more to inflec-
tion date regulation. To reveal the developmental pattern gov-
erned jointly by these three loci, we used the same haplotype
grouping based on the number of dominant alleles carried at
qHT7.1, Dw3 and Dw]I as for the previous analysis. As expected,
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the final plant height was the tallest for the group with all three
dominant alleles, group 3 (Figs 5d, S10b). While sharing a gen-
erally similar growth pattern, these four groups showed some dif-
ference in growth rate and/or inflection date. The shortest group
had the lowest growth rate and earliest inflection date, and the
growth rate and/or inflection date increased as the number of
dominant alleles increased (Figs 5d, $10). Conversely, even with
the differences among the haplotypes, the 40-53 DAP window
generally covered the maximum growth period for all four haplo-

type groups (Figs 5d, S10).

Performance prediction facilitated by environmental index
and genomic prediction

To assess utility of the combined analysis framework of environ-
mental index and genomic prediction, we first conducted leave-
one-environment-out cross-validation within the seven environ-
ments. The predictive ability (i.e. the correlation between pre-
dicted and observed values) within each environment ranged
from 0.76 to 0.95, with the overall predictive ability of 0.89
achieved across all environments (Fig. S12a). We also applied the
CERIS-JGRA approach to two other scenarios (Li et al, 2018,
2021; Guo et al., 2020). For predicting untested genotypes in
tested environments, the overall predictive ability was 0.69
(Fig. S12b). For the most challenging scenario, predicting
untested genotypes (leave-one-
environment-and-one-tenth-genotypes-out cross-validation), the
overall predictive ability was 0.65 (Fig. S12c¢).

We then conducted empirical validations with data from four
new environments. The plant height predicted was strongly cor-
related with the observed plant height, with an overall predictive

in untested environments
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ability of 0.91 (Fig. S12d). Within each environment, the predic-
tive ability ranged from 0.88 to 0.96. The overall ratio between
the observed and predicted was 1.09, indicating that the predic-
tion was also largely on target (Table S8). Future validation
experiments may consider other locations that better capture the
range of the environmental index (DTR4_s3) values. Additional
methodology exploration may be carried out with the data

(Table S9).

Developmental dimension of reaction norms and
phenotypic complexity

To encapsulate our enriched understanding, we created three-
dimensional reaction norms to show the developmental dimen-
sion of reaction norms and phenotypic complexity to highlight
the connections among gene/genetics, environment, and physiol-
ogy using findings from the current study as an example (Fig. 6).
For phenotypic variation observed as the end-of-season measure-
ments or at trait maturity for a labile trait, patterns extracted at
the differentiating environmental index and the individual organ-
ism levels can be seen as the outcome of the developmental pro-
cess, as modelled here with logistic growth curves for plant
height, during which the gene—environmental interplay carries
out. Reaction norm and phenotypic plasticity of individual
organisms depicted using data from a given time including the
typically studied, end-of-season timepoint are snapshots of the
entire live and interacting processes. Reaction norms at the vari-
ous genetic effect levels at a given time or across the season can
then be deduced from those of individual organisms with the
known genotype, haplotype, allele, sequence and functional poly-
morphism information.
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Discussion

Uncovering the mechanisms underlying the phenotypic variation
of complex traits is important research in biology, evolution, agri-
culture and medical science (Mackay ez 4/, 2009; Boyle ez al,
2017). We presented findings from dissecting phenotypic plastic-
ity under natural field conditions with a developmental perspec-
tive in addition to environmental and genetic analyses. While it
is recognised that incorporating developmental process is

© 2021 The Authors
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important to fully understand the complex plasticity and pheno-
typic variation (Wright & Mcconnaughay, 2002), many large-
scale field-based studies in plants have been primarily focused on
the phenotypes measured at a single time point at the trait matu-
rity (Kusmec ez al., 2017; Li er al., 2018, 2021; Millet e al.,
2019; Guo et al., 2020). Genetic mapping on trait development
and functional mapping through growth trajectories were investi-
gated (Zhao er al., 2004; Wu & Lin, 2006; Moore et al., 2013;
Miao et al., 2020), providing insights into the genetic regulation
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for trait development. With the advancement of high-throughput
phenotyping, multistage trait measurements are becoming more
accessible for large-scale field-based genetics studies (Pugh ez af,
2018; Anderson et al., 2020; Wang ez al., 2020). At the same
time, how to best leverage the technology and crop growth mod-
els to enrich our biological understanding is also important. Our
study investigated plant height plasticity by identifying an envi-
ronmental index, validated the physiological relevance of this
index with a developmental trajectory approach and unveiled the
genetic and environmental determinants underlying plant height
during development and across environments.

Identifying the environmental parameter under natural field
conditions is essential for understanding the mechanism for
phenotypic plasticity. Earlier studies have shown the difference
between day and night temperatures regulating plant height
under controlled glasshouse or growth chamber conditions
(Erwin er al., 1989; Moe, 1990; Myster & Moe, 1995; Stavang
et al., 2005; Yang et al., 2013), in which ornamental and hor-
ticultural species were the primary targets, and that its effect
on stem eclongation was through promoting cell elongation
(Erwin & Heins, 1995). However, to the best of our knowl-
edge, no study was reported about DTR effect under natural
field environments. We found that the DTR under natural
environments was negatively correlated with the final plant
height in sorghum, different from the positive relationship
reported in some earlier studies under controlled conditions.
Among possible explanations, constant DTR settings were gen-
erally applied throughout the entire growth in controlled envi-
ronments, while fluctuating DTR occurred in field conditions.
Stem elongation was sensitive to a short period of temperature
drop during the last part of the night or the first period of the
day (Myster & Moe, 1995), during which the minimum tem-
perature usually occurs under natural conditions. Second,
higher night temperature over day temperature (negative DTR)
could suppress stem elongation leading to short plant height,
which is usually tested in controlled conditions (Moe, 1990;
Erwin er al, 1993; Xiong et al, 2011). Different ranges of
tested DTR can lead to different relationships with the stem
length (Davies et al., 2002; Schouten ez al., 2002; Sunoj et al.,
2016). Our validation experiments confirmed the DTR’s role
in controlling sorghum plant height under natural field condi-
tions. This finding may also be incorporated into crop mod-
elling to enhance the phenotypic prediction for field crops
(Hammer et al., 2010).

Plant height is arguably an ideal trait to validate the critical
growth window. As a labile trait, its trajectory can be easily
tracked, unlike other labile traits such as flowering time, for
which intensive and destructive dissection of floral initiation is
needed. Utilising the logistic regression for ontogenetic analysis,
we connected the plant height plasticity with growth rate and
DTR under natural field conditions, providing support to the
ontogenetic perspective of whole organism-environment interac-
tions (Pigliucci, 1998). Developmental reaction norm describes
the integration of three aspects of phenotypic plasticity: genetic,
environmental, and developmental (Pigliucci et al, 1996). We
showed that the growth trajectory parameter (maximum growth
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rate) was different when the same individual was grown under
different natural environments, but the inflection date generally
occurred during the identified critical growth window. We
empirically validated that DTR’s window is physiologically rele-
vant because it was aligned with the most rapid growth period.
While different environmental inputs are not possible to manipu-
late under natural field conditions, the design of future research
under controlled and dynamically programmable conditions
would benefit from the current findings.

The genetic control of sorghum final plant height, plant
height phenotypic plasticity and plant height developmental
trajectories were unified in this study. Three final plant height
QTLs (Dwl, Dw3 and qHT7.1) were consistently identified
for all these analyses. Specifically, phenotypic plasticity in
sorghum final height exhibited differential sensitdvity: QTL
effects being significant but with varying effect sizes across
environments (Des Marais et al, 2013). In addition, our QTL
analyses suggested that (1) the Dwl, Dw3 and qHT7.I con-
trolled final plant height during growth by regulating the max-
imum growth rate and the timing to reach the maximum
growth rate; (2) the genetic effect sizes for these loci emerged
and increased exponentially during the 40-53 DAP growth
window; and (3) the input level of environmental stimuli (i.e.
DTR), which sorghum plants experienced during this critical
growth period, influenced the trait expression, leading to var-
ied final plant height in distinct environments. Conversely, in
addition to the general pattern captured by the environmental
index and consistently detected QTLs across environments and
through reaction-norm parameters, unique environmental con-
ditions will alter the trait expression at different environments
through other genetic loci. Their effects would generally not
be detected by mapping the reaction-norm parameters, which
capture the general pattern across environments.

Continued development and application of high-throughput
phenotyping and envirotyping (i.e. extensive environmental char-
acterisation), and enhanced analytics and modelling would
greatly complement the current capacity in genotyping, sequenc-
ing, gene cloning and ’omics technologies to further integrate
genetics, genomics, genetic diversity and physiology to build a
better understanding of phenotypic plasticity of complex traits.
Improved understanding of the genetic, environmental and
developmental mechanisms underlying complex traits can not
only provide guidelines on germplasm enhancement, cultivar
placement, environmental classification and agronomic manage-
ment, but also help to translate discoveries in basic science (e.g.
functional genomics, regulatory mechanisms, and genome edit-
ing) into sustainable agriculture production practice.
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