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SUMMARY

Sorghum is one of the four major C4 crops that are considered to be tolerant to environmental extremes.
Sorghum shows distinct growth responses to temperature stress depending on the sensitivity of the
genetic background. About half of the transcripts in sorghum exhibit diurnal rhythmic expressions empha-
sizing significant coordination with the environment. However, an understanding of how molecular dynam-
ics contribute to genotype-specific stress responses in the context of the time of day is not known. We
examined whether temperature stress and the time of day impact the gene expression dynamics in thermo-
sensitive and thermo-tolerant sorghum genotypes. We found that time of day is highly influencing the tem-
perature stress responses, which can be explained by the rhythmic expression of most thermo-responsive
genes. This effect is more pronounced in thermo-tolerant genotypes, suggesting a stronger regulation of
gene expression by the time of day and/or by the circadian clock. Genotypic differences were mostly
observed on average gene expression levels, which may be responsible for contrasting sensitivities to tem-
perature stress in tolerant versus susceptible sorghum varieties. We also identified groups of genes altered
by temperature stress in a time-of-day and genotype-specific manner. These include transcriptional regula-
tors and several members of the Ca?"-binding EF-hand protein family. We hypothesize that expression varia-
tion of these genes between genotypes along with time-of-day independent regulation may contribute to
genotype-specific fine-tuning of thermo-responsive pathways. These findings offer a new opportunity to
selectively target specific genes in efforts to develop climate-resilient crops based on their time-of-day and
genotype variation responses to temperature stress.
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INTRODUCTION appropriately synchronize and calibrate the phase of the

To better attune with their environment, plants partition
specific responses to the most optimal times of the day.
This regulation involves the coordination between the
external environment, the circadian clock, internal cellular
processes, and biological outputs (McClung, 2019; Nagel &
Kay, 2012). Dynamic modulation of gene expression or bio-
logical processes in response to environmental stimuli or
stress is referred to as circadian or time-of-day gating
(Grundy et al., 2015; Paajanen et al., 2021). The context of
gating may differ depending on the process, duration
of exposure to the stimuli/stress, or the condition (circa-
dian versus diel). For example, the clock can gate environ-
mental inputs such as light and temperature to
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oscillator as a result acting on entrainment pathways (Cov-
ington, 2001; Masuda et al., 2021; McWatters et al., 2000;
Thines & Harmon, 2010). In another context, the clock can
gate for example cell division or the emergence of adult
Drosophila by confining these processes to specific
periods of the day (Pittendrigh & Skopik, 1970; Sweeney &
Hastings, 1958). In the context of gene expression, the rela-
tive transcript abundance of genes can vary in response to
the stress depending on the clock or the time of day it is
perceived (Grundy et al., 2015; Hotta et al., 2007).

In plants, the circadian clock controls a large portion
of the transcriptome that is responsive to stress stimuli,
and a subset of this stress-responsive transcriptome is
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subjected to circadian gating or time of day modulation of
gene expression (Covington et al., 2008; Grundy et al.,
2015; Hotta et al., 2007; Markham & Greenham, 2021). To
date, studies have explored the relationship between
the time of day and genome-wide temperature stress
responses in a small number of plant species (Bieniawska
et al., 2008; Blair et al., 2019; Bonnot et al., 2021; Bonnot &
Nagel, 2021; Dodd et al., 2006; Fowler et al., 2005; Grine-
vich et al., 2019; Kidokoro et al., 2021; Li et al., 2019;
Zhu et al.,, 2016). In Arabidopsis, gating of heat stress
responses occurs at both the transcriptome and transla-
tome levels (Bonnot & Nagel, 2021). In rice panicles, rhyth-
mic transcripts were observed to be more sensitive to
warm nighttime temperatures than those that were non-
rhythmic (Desai et al., 2021). Furthermore, more recent
work showed that in bread wheat the transcriptome
response to cold stress is gated, with variations across the
three wheat sub-genomes (Graham et al., 2022). Together
suggesting that time of day or gating of temperature stress
responses play key roles in the physiological outputs of
important crop species.

C4 plants are generally considered more tolerant to
abiotic stress (Pardo & VanBuren, 2021). Transcriptomic
studies in C4 plants such as maize and sorghum in response
to heat, cold, or drought reveal significant variation in gene
expression responses depending on the genotype (Abdel-
Ghany et al., 2020; Frey et al., 2015; Shi et al., 2017; Sunoj
et al., 2017; Tack et al., 2017; Vera Hernandez et al., 2023;
Zhou et al., 2022). Furthermore, cis-element/motif variation
of stress-responsive genes are also observed within geno-
types of the same species suggesting that genotype-specific
molecular signatures may play key roles in the tolerance
mechanisms for some plants (Liu et al., 2020; Lovell
et al., 2016; Waters et al., 2017; Zhou et al., 2022). However,
it is not known whether molecular responses to tempera-
ture stress in C4 crops are modulated by the time of day
and whether the occurrence or magnitude of the response
varies depending on the sensitivity of specific genetic
background.

Previous studies have shown that sorghum (Sorghum
bicolor), a C4 cereal crop, can tolerate relatively high tem-
peratures compared to other cereals (Chiluwal et al., 2020;
Sunoj et al., 2017). Sorghum genotypes with different sensi-
tivities to temperature extremes including heat and cold
stress have been described (Chiluwal et al., 2020; Ostmeyer
et al., 2020; Vennapusa et al., 2021). Despite, sorghum
known to be relatively tolerant to different abiotic stresses,
temperature increases above optimum (32°C) can decrease
sorghum vyields (Prasad et al., 2017; Tack et al., 2017). Com-
paratively, sorghum being a tropical crop is highly sensitive
to cold stress, particularly during the early season, wherein
temperatures below 15°C are known to reduce seedling
emergence leading to poor plant stand and lower vyields
(Chiluwal et al., 2018; Kapanigowda et al., 2013; Moghimi

et al., 2019). In summary, sorghum, though known to thrive
under adverse conditions, temperatures below or above
optimum induce cold and heat stress, respectively, nega-
tively impact the overall physiology and growth.

In sorghum, a large proportion (52%) of the transcrip-
tome shows rhythmic diurnal expression, suggesting criti-
cal control by the time of day and/or the clock on cellular
processes (Lai et al., 2020). A broader understanding of the
molecular changes and gene networks that are involved in
temperature stress responses is warranted in diverse plant
species, including those that are naturally stress-tolerant as
this may contribute to a positive outcome in terms of both
resilience and yield. In this study, we asked whether there
is molecular variation in response to heat and cold stress in
thermo-tolerant and thermo-sensitive sorghum genotypes
and whether these dynamics are driven by the time of day.
For this, we monitored the immediate transcript abundance
changes in heat-tolerant (Macia), cold-tolerant (SC224), and
heat-/cold-susceptible (RTx430) sorghum varieties at four
times of the day (early morning, middle of the day, late
afternoon, and 3 h after the beginning of the night) follow-
ing a 1 h (short-term) exposure to heat (42°C) or 1 h of cold
(10°C) stress. Our analysis shows a profound control of the
time of day on the molecular responses to heat and cold
stress in sorghum. Gene expression rhythmicity contrib-
utes to this effect. Furthermore, the temperature responses
of the thermo-tolerant genotypes are more influenced by
time of day, and genes that exhibit significant differences
in their response to temperature between the selected
genotypes were identified. Most of the genotype effect
is observed in the average gene expression, which
could explain the different temperature sensitivities. Of sig-
nificance, non-neglectable numbers of genes exhibited dif-
ferential temperature responsiveness between thermo-
tolerant and sensitive genotypes, including several genes
from the Calcium-binding EF-hand family and transcription
factors (TFs) that may be ideal targets for genetic manipula-
tion in select varieties.

RESULTS

The transcriptome response to temperature stress differs
depending on the time of day and the genotype

We first hypothesized that tolerant sorghum may show
temporal variation at the molecular level in response to
temperature stress. To investigate genotype-specific varia-
tion resulting from the time of day and temperature stress,
we selected sorghum varieties that have previously been
shown to exhibit different heat and cold sensitivities (Chi-
luwal et al., 2020; Vennapusa et al., 2021). Heat- and cold-
susceptible RTx430, heat-tolerant Macia, and cold-tolerant
SC224 were subjected to 1 h heat stress (42°C) or cold
stress (10°C) at four different times of the day (ZT1, ZT6,
ZT9, and ZT15, Figure 1a), and mRNA-Seq was performed
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Figure 1. Time of day and genotype influence on the sorghum transcriptome responses to temperature stress.

(a) Schematic of the experimental design.

(b) Bar plots representing numbers of differentially expressed genes (DEGs) (stress versus control) in response to cold (upper plots) and heat (lower plots) stres-
ses, at different times of day and in different sorghum genotypes. Number of DEGs is indicated above each bar.

(c) Principal component analysis (PCA) of the 2575 and 11 218 DEGs identified in the cold stress and heat stress experiments, respectively. Colored areas above
and on the right part of each individual PCA plot represent distributions of the indicated groups. CS and HS refer to cold stress and heat stress, respectively.

(d) Venn diagrams depicting the overlapping DEGs between genotypes, for up-regulated and down-regulated DEGs, and the cold and heat-stress experiments.

from leaf samples (Dataset S1). First, pairwise comparisons
revealed that heat stress results in greater perturbation of
the transcriptome than cold stress, regardless of the time
of day or genotype (Figure 1b; Datasets S2 and S3). In
total, 2575 and 11 218 differentially expressed (FDR < 0.05,
|Log, Fold Change| > 1) genes (DEGs) were identified in
response to cold and heat stress, respectively, with some
overlap. Interestingly, the numbers of DEGs are very differ-
ent depending on the time of day, in both experiments
(e.g., for cold stress, 455 and 130 DEGs up-regulated in
RTx430 at ZT1 and ZT15, respectively, Dataset S3).
In response to heat stress, a large proportion of DEGs are

© 2023 The Authors.

responsive in the morning (ZT1) and middle of the night
(ZT15) compared to the afternoon (ZT6) and evening (ZT9,
Figure 1b). These observations may reflect a greater neces-
sity for the plant to turn on heat-responsive genes when
the stress is occurring outside of the time range of natu-
rally occurring high temperatures. Of note, a large number
of DEGs is observed at ZT15 under heat stress, especially
in RTx430, and we hypothesize that this may be partly
explained by a higher temperature change when applying
the stress at this time of day because of a lower control
temperature at night (30/20°C day/night). For cold stress,
the time-of-day effect is even more pronounced, with a
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large subset of DEGs in the morning (ZT1), and a reduced
number of DEGs throughout the day (ZT6, ZT9) or the mid-
dle of the night (ZT15). Hence, contrary to what was
observed in response to heat stress, gene expression
was more disturbed when cold stress occurred around the
time of day when temperatures were at their lowest point
in natural conditions, which was right before dawn
(Grundy et al., 2015).

Multi-dimensional analysis performed from expression
data of the identified DEGs confirmed the strong influence
of temperature and time of day (Figure 1c). Interestingly,
PC1 explained 27.7% of the variation of the cold stress data
and separated times of day, while time points were sepa-
rated on PC2 (which explains 16.6% of the variance) for heat
stress data (Figure 1c). This suggests a greater influence of
time of day on the cold stress-responsive transcriptome
than for the heat stress-responsive DEGs. For both experi-
ments, PC4 separates genotypes and explains about ~8% of
the variation (Figure 1c), so we next investigated this effect
through a qualitative analysis, by comparing the lists of
DEGs between genotypes (Figure 1d). Overall, more genes
were differentially expressed in the tolerant (SC224) com-
pared to the sensitive (RTx430) genotypes in response to
cold stress. In addition, despite significant overlaps, 49%
(472/963) and 69% (776/1125) of the up-regulated and
down-regulated DEGs in SC224 under cold stress were spe-
cific to this genotype (Figure 1d). Differences between
genotypes for the heat stress experiment seem to be less
pronounced, with a higher overlap between DEG lists, espe-
cially for up-regulated genes (Figure 1d). However, Macia,
which is heat stress tolerant, showed fewer DEGs at ZT6 as
compared to RTx430, while fewer genes were impacted at
ZT9 in the sensitive RTx430 (Figure 1b). This suggests that
time of day contributes to genotype-specific variations in
the response to heat stress. Lastly, fewer DEGs were identi-
fied in the heat-tolerant versus susceptible genotype (e.g.,
4197 down-regulated and 3873 up-regulated DEGs in Macia
versus 5177 down-regulated and 4024 up-regulated DEGs
in RTx430), contrasting with cold stress results (Figure 1d).

Altogether, these results showed that the sorghum
transcriptome is responding to temperature stress in a
remarkable time-of-day specific manner. The influence of
time of day is much more pronounced as compared to
what we have observed in Arabidopsis at the transcrip-
tome and translatome levels under heat stress (Bonnot &
Nagel, 2021) when considering the number of DEGs at
each individual time point. Nonetheless, this previous
study was performed in circadian conditions (i.e., absence
of environmental cues), whereas photocycles and thermo-
cycles were used in the present study. We next examined
the changes in transcript abundance for TFs that are
known to be involved in temperature stress responses.
Consistent with previous studies, we found that C-repeat
Binding Factors (CBFs) genes that are known to be

transcriptionally activated in response to low temperatures
were also significantly induced in response to cold stress
in sorghum (Thomashow, 1999; Figure S1). More gener-
ally, TFs are especially well represented within up-
regulated DEGs under cold stress (12.4 and 16% in RTx430
and SC224, respectively), as compared to down-regulated
DEGs (7.2 and 5.3% in RTx430 and SC224, respectively)
and to either up-regulated or down-regulated DEGs under
heat stress (5.3-7.2%, Figure S2). In response to heat
stress, we observed significant induction of the heat shock
factors (HSFs, Figure S3). Similar responses for HSFs were
also observed in maize, another C4 plant (Figure S3). Inter-
estingly, temperature stress responses of these genes are
also gated (i.e., different responses depending on the time
of day).

The timing of the response to temperature stress relies on
the diurnal gene expression pattern

Both time of day and the circadian clock highly influence
gene expression and regulations of abiotic stress responses
(Bonnot et al., 2021; Grundy et al., 2015). Thus, the magni-
tude of response of a particular gene at a given time point
often relies on the rhythm of transcript abundance over the
course of the day. To investigate the influence of rhythmic
gene expression on our transcriptomic results, we inte-
grated a diurnal transcriptome dataset recently published
(Lai et al., 2020). This study identified 16 752 (52% of
expressed genes) rhythmic gene expression patterns in sor-
ghum, in conditions similar to those used in our present
study (Dataset S4). A majority of these rhythmic genes
showed peak expression in the evening/beginning of the
night (Figure 2a). Using this list of rhythmic genes, we
observed that 61 to 71% of our identified DEGs are diurnally
expressed under control conditions (Figure S4). These
numbers, greater than the proportion observed at the
genome scale (52%), suggest that thermo-responsive genes
tend to be diurnally controlled.

We then hypothesized that thermo-responsive genes
peak at particular times during the day. To verify this
hypothesis, we compared the proportions of phases (i.e.,
timing of peak expression) in our lists of DEGs (e.g., 467
down-regulated DEGs in RTx430 in response to cold stress
at ZT1) to the proportions of phases in all 16 752 rhythmic
genes identified in Lai et al. (2020) that were used as the
reference. This analysis revealed that when cold stress
occurred at ZT1, genes peaking in the early morning were
highly over-represented in the list of down-regulated DEGs
(Figure 2b; Dataset S4). On the contrary, genes with a
phase between 15 and 19.5 (i.e., peak of expression at
night) are over-represented within up-regulated genes
(Figure 2b; Dataset S4). More generally, we observed that
genes are preferentially down-regulated when temperature
stress occurs around their peak of expression, while genes
are up-regulated when the stress occurs outside of their
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Figure 2. Influence of the rhythmic gene expression pattern on the time of day response to temperature stress.
(a) Circular bar plot representing the counts of the different phases identified in the rhythmic transcriptome from Lai et al. (2020, see the “Materials and
Methods” section for details). The phase is defined as the timing of peak abundance (a phase of 0 and 12 indicates a peak abundance at subjective dawn and

the beginning of the subjective night, respectively).

(b) Enriched phases in lists of differentially expressed genes (DEGs) presented in Figure 1(b). Proportions of the different phases in the lists of DEGs were com-
pared to those of all rhythmic genes identified in Lai et al. (2020). Only genes identified as rhythmic in Lai et al. (2020) were considered for this analysis. Horizon-
tal gray dashed lines correspond to a fold enrichment of 1. Bubble plots represent over- (fold enrichment >1) and under-represented (fold enrichment <1)
phases in the list of DEGs as compared to the reference. Chi-Square tests were performed and significance was judged at P-value <0.05. For a meaningful
enrichment calculation, only sets of >100 DEGs were considered for this analysis. For this reason, data are missing at ZT9 and ZT15 for down-regulated DEGs

under cold stress in RTx430.

(c) Proportions of genes with a significant interaction between the effects of time of day and temperature in lists of DEGs identified in Figure 1(c). This analysis

was performed for each genotype, and the cold and heat experiments.

timing of peak expression (before or after). This is verified
at all time points and for both genotypes in response to
cold stress (Figure 2b; Figure S5). One interpretation is that
genes are expressed at the right time during the day to
induce proper responses to changes in environmental
stimuli. However, if the stimulus is dramatically changing
at an unexpected time of day, the expression of genes act-
ing in the stimulus response needs to be adjusted to
induce cellular responses. This observation is a little more
contrasted with the heat stress experiment, especially at
ZT6 and ZT9 (Figure 2b; Figure S5). Interestingly, when
heat stress hit in the middle of the light period (ZT6), genes
peaking at that time were over-represented within up-
regulated genes. Several genes correspond to HSFs and
Heat Shock Proteins (Dataset S4). Despite an obvious influ-
ence of the rhythmic gene expression pattern on the tim-
ing of the response to temperature stress, potential phase
differences exist between our selected genotypes, which

© 2023 The Authors.

cannot be resolved with our datasets. In addition, the diur-
nal rhythmic transcriptome has been identified in a differ-
ent genotype BTx623 (Lai et al., 2020).

Although expression rhythmicity can explain different
magnitudes of response to temperature stress, genes with
constant expression throughout the day could respond in a
time-of-day-specific manner. To identify all sorghum genes
with responses to cold and heat stress that depend on time
of day (either specific or with different magnitudes of
response), we performed a statistical analysis considering
all time points and looking at the interaction between the
effects of temperature and time of day (Dataset S5). This
analysis revealed that cold-responsive DEGs are, in propor-
tion, more influenced by time of day than heat-responsive
DEGs (34-51% versus 25-34%, Figure 2c). This supports
the observations from the multi-dimensional analysis
above (Figure 1c). Furthermore, the response of 51% of the
cold stress-responsive DEGs in SC224 was affected by time
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of day (Figure 2c), while the proportion was 34% in
RTx430. Similarly, 34 and 25% of the DEGs in Macia and
RTx430 respond to heat stress in a time-of-day-specific
manner, respectively (Figure 2c). Of significance, the tem-
perature responses of the thermo-tolerant genotypes are
more influenced by time of day. We anticipate that this
observation could reflect a potential greater control of the
temperature responsiveness by the circadian clock in these
lines. Clock genes, however, did not show obvious differ-
ences between genotypes in their temperature stress
responsiveness (Figure S6; Table S1). In our experiment,
temperature at night was lower (20°C) than during the day
(30°C), which could influence the results of our time of
day analysis. To address this, we performed the same anal-
ysis but excluded the ZT15 time point (Figure S7). Similar
results were obtained, with clear differences between
genotypes, and significant overlaps between lists of DEGs
influenced by time of day identified with the two different
analyses (Figure S7).

Differences between genotypes are mostly explained by
different average expression levels

Comparing the lists of DEGs between genotypes allowed
for a simplistic visualization of specificity in the tempera-
ture responsiveness of thermo-tolerant versus sensitive
genotypes (Figure 1d). To get a better estimation of the
number of genes with genotypic variations in gene expres-
sion, we performed a statistical analysis considering the
whole dataset (two separate analyses for the cold and heat
stress experiments) and looked for genotype effects, in
interaction or not with the temperature and time-of-day
effects (Dataset S5, see Materials and Methods section for
details). In total, the expression of 5024 and 5989 genes
was significantly (FDR < 0.05) affected by a genotype
effect, in the cold and heat stress experiments, respectively
(Figure 3a). From data obtained in control conditions for
the 5024 genes, hierarchical clustering revealed four
groups with distinct profiles (Figure 3a). Interestingly,
these groups showed different levels of gene expression
between RTx430 and SC224 (Figure 3a). Including the data
obtained under cold stress does not alter this observation,
suggesting that this is independent of temperature
(Figure 3a, violin plots). Comparable results were obtained
in the heat stress experiments (Figure 3a). However, in the
six identified transcript groups, temperature differences
can be detected (Figure 3a, violin plots).

Thus, we next investigated the genotype: temperature
effect, and found 27 and 362 significant (FDR < 0.05) genes
in response to cold and heat stress, respectively (Figure 3b;
Datasets S5 and S6). The difference in the number of signif-
icant genes between experiments is not surprising given
the much larger number of DEGs identified in response to
heat stress as compared to cold stress (Figure 1). Interest-
ingly, several (five and four in the cold and heat datasets,

respectively) genes found by this analysis are annotated as
calcium-binding EF-hand family proteins (Datasets S5 and
S6). For example, Sobic.007G213800 was revealed in both
datasets and showed significant differences in its response
to temperature stress between the selected genotypes
(Figure 3b). This gene showed (i) different gene expression
levels between genotypes under control temperature
(RTx430 > SC224 and Macia > RTx430) and (ii) greater
response to stress in specific genotypes (SC224 > RTx430
and RTx430 > Macia).

To further study the influence of time of day on
genotype-specific temperature responses, we selected
genes with a significant genotype:temperature:time effect
and identified three and 47 genes in the cold and heat stress
experiments, respectively (Figure 3c; Datasets S5 and S6).
The selected genes, therefore, respond to temperature
stress in a time of day and genotype-specific manner. These
highly specific responsive genes are involved in diverse
processes related to signaling, and metabolism and include
transcriptional regulators (Figure 3c; Datasets S5 and S6).

Altogether, these results demonstrate that few genes
exhibit significant differences in their response to tempera-
ture between the selected genotypes. Most of the genotype
effect is observed on the average gene expression, which
could explain the different temperature sensitivities. None-
theless, a subset of genes exhibited differential tempera-
ture responsiveness between thermo-tolerant and sensitive
genotypes, including several genes from the calcium-
binding EF-hand family and TFs. These regulatory genes
might contribute to genotype-specific fine-tuning of
thermo-responsive pathways. In addition, the presence
of kinases and members of the RING/U-box family sug-
gests specificities at other regulatory levels such as post-
translational regulation.

Gene co-expression network analysis identifies modules
altered by temperature stress in a time-of-day and
genotype-specific manner

To identify genes with specific patterns of expression and
response to temperature, we employed a weighted gene
co-expression network approach. For this analysis, we con-
sidered the whole dataset and not only our identified
DEGs, after the removal of lowly expressed genes (see
methods and Figure S8 for details). Four co-expression net-
works were built, one per genotype and experiment
(Figures S9-S12; Dataset S7). We first observed that more
modules (i.e., groups of gene nodes with similar expres-
sion patterns) were identified in the thermo-tolerant as
compared to the sensitive genotypes (29 versus 18 and 20
versus 17 for the cold and heat stress experiments, respec-
tively, Figure 4). This larger diversity in transcript accumu-
lation profiles in thermo-tolerant genotypes could reflect a
more complex and specific transcriptional regulation in
these genotypes under temperature stress. However,
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Figure 3. Genotype influence on gene expression levels and temperature stress responses.

(a) Representation of genes with a significant effect of the genotype (5024 and 5989 DEGs in the cold and heat experiments, respectively). Heatmaps represent
the normalized transcript abundance in the control conditions for the genes with a genotype effect. Data are scaled by row and are means of n = 3 biological
replicates. The transcript abundance over time into four and six groups identified from these heatmaps are represented next to each heatmap, in the cold and
heat stress experiments, respectively. On these line plots, solid and dashed lines represent the mean and standard deviation, respectively. Violin plots represent
the distributions of normalized transcript abundances within each group, in control conditions and response to stress, for the two studied genotypes. On these
violin plots, solid lines represent medians and the two dashed lines represent the first and third quartiles.

(b) Representation of genes with a significant interaction between the effects of genotype and temperature (27 and 362 differentially expressed genes [DEGs] in
the cold and heat experiments, respectively). Heatmaps represent the Log2 Fold Change (stress versus control) values, blue and purple indicating a down-
regulation and an up-regulation, respectively. For each experiment, transcript abundance profiles of a selected gene are shown (data + SD, n = 3).

(c) Transcript abundance profiles of selected genes with a significant interaction between the effects of genotype, temperature, and time of day (3 and 47 DEGs
in the cold and heat experiments, respectively).

© 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 116, 1081-1096

ASUDOIT SUOWWOY) dANEAI)) d[qeatjdde ayy Aq PauIIA0S d1r S[OIUE V() (9SN JO SN 10§ AIRIQIT SUIUQ AD[IAY UO (SUONIPUOI-PUB-SULI}/W0D" AA[IM " AIRIqIAuI[U0//:sdnYy) SUORIPUO)) PUE SWID T Y} 39S “[H707/10/11] U0 A1eiquy aurjuQ A3Ip “BruIojie)) JO ANsioatun £q 29491 fdy/1 [ 11°01/10p/woa Kajim:Areiquourjuoy//:sdpy woxy papeojumod ‘b ‘€707 “XE1€S9¢1



1088 Titouan Bonnot et al.

& Cold experiment

RTx430 (18 modules)

SC224 (29 mo

SC224-C1 module
(321 genes)

dules)

Se
%g’ L 3 §
£g 02me
2. % | _@- Control
5g 00T @ Cold
= stress
=9
® 0 -0.2 [
IR i
25 0 3 6 91215
Time of day (ZT)
Significance (P < 0.05)
Genotype effect Yes O No

2.0b
15 O
1.0 A -

0:5 r O o_ N

Time:Temperature effect in SC224 only

.-_A .-O et - -

Transcription factors

o N MO

Fold enrichment

Rhythmic genes
12 F [3) @
10 ————————— [P () S SR Sre— - -
°s 007" o OCe
o6 @, . . .. Y v e
883885882 NN borDoorNnrReN oD
[ONCHORO NG NGHONONGCHONO NGO NONO NG RONONONG]

Macia (20 modules)

-log10(P-value)
| —
=]
o

o O

g Heat experiment

RTx430 (17 modules)

Macia-H14 module

%o (3085 genes)
cs
§°g’1 0.4
é% 0.2 -@- Control
A Heat
o
'gg 0.0 A 4 % stress
€2 02
2% 0386 91215
Time of day (ZT)
Genotype effect
1510 e C
10 g00 @ Q0
oo 0O o
Time:Temperature effect in Macia only
3l O

2t @)
1K C E)_

Transcription factors

O O o

-log10(P-value)
)

H16 |
H17 F
H18
H19
H20 |

L
w
ol
I

H14 |

2T 8
. I
Macia modules

Figure 4. Identification of gene modules with temporal and genotype-specific responses to temperature stress using a co-expression network approach.

Network visualization was done in Cytoscape using a Prefuse Force Directed layout, with an edge threshold cutoff of weight >0.15. Gene nodes are colored by
module membership. Colors do not reflect similarities between networks and were randomly attributed for each network analysis. Bubble plots represent the
enrichment of specific lists of genes within modules identified in SC224 and Macia in the cold stress and heat stress experiments, respectively. Genes with a
genotype effect and a time:temperature effect specific to either SC224 or Macia were represented in Figures 3(a) and 2(c), respectively. TFs were identified from
PlantTFDB. Rhythmic genes were described in Lai et al. (2020). Fold enrichment <1 and >1 corresponds to an under- and over-representation in the module,
respectively. Profiles of the module eigengene for modules SC224-C1 and Macia-H14 are highlighted. Gray areas represent the night period. Profiles of all mod-

ule eigengenes are represented in Figures S8-S11.

similarities between modules identified in the two geno-
types make the identification of highly genotype-specific

patterns difficult (Figures S9-S12). This is not unexpected

given the relatively low numbers of genes with a

significant interaction between the effect of temperature
and genotype (Figure 3b).

Thus, to identify gene modules representing genotype

specificities, we looked for genes with (i) a significant
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genotype effect (highlighted in Figure 3a) and (ii) a temper-
ature stress response controlled by time of day
(highlighted in Figure 2c) in the thermo-tolerant genotypes
only, within each individual gene module revealed in the
tolerant genotypes (Figure 4). In addition, we searched for
TFs and rhythmic genes. This analysis allowed us to reveal
modules SC224-C1 and Macia-H14 in the cold and heat
stress datasets, respectively (Figure 4). SC224-C1 groups
321 genes that are highly up-regulated under cold stress,
with a greater induction (on average) at ZT6 and ZT9.
Within this module, genes with a significant genotype
effect and/or a cold stress response gated by time of day
specifically in SC224 are over-represented (Figure 4). Bio-
logical processes related to transcriptional regulation are
significantly enriched, confirmed by an over-representation
of TFs within this module (Figure 4). The ERF TF family is
the most represented, including three members of the CBF
subfamily (Figures S1 and S13). Similar characteristics
were found for Macia-H14 from the heat stress dataset
(Figure 4). This large module of 3085 genes is highly
induced under heat stress, with a greater induction in the
early morning (ZT1). Also enriched for TFs, this module
contains 13 members of the HSF family (Figure 4;
Figures S3 and S13). In addition, the enrichment of GO
terms “unfolded protein binding,” “chaperone binding,”
and “nucleus” suggests a role for this module in the acti-
vation of HSF-dependent thermal responses (Table S2).
The two modules SC224-C1 and Macia-H14, therefore, rep-
resent interesting regulatory modules impacted by temper-
ature stress in a time of day and genotype-specific
manner.

Surprisingly, we observed a significant under-
representation of rhythmic genes within these modules
(Figure 4). We previously discussed the strong influence of
gene expression rhythmicity on their diurnal gating
responsiveness to temperature stress (Figure 2). In addi-
tion, the high proportion of rhythmic genes within our lists
of DEGs suggested to us that most stress-responsive genes
would be diurnally controlled. This new result does not
question these conclusions but emphasizes that a signifi-
cant proportion of genes with a strong thermal response
are controlled by time of day under temperature stress
conditions only. For example, this is the case for
Sobic.002G269300 (CBF3, module SC224-C1) under cold
stress and Sobic.003G039400 (HSP17.6, module Macia-
H14) under heat stress. Despite the under-representation of
rhythmic genes, the module Macia-H14 contains 10 rhyth-
mic HSFs, and the module SC224-C1 includes a member of
the CBF family, Sobic.002G269500, which exhibited a sig-
nificant difference in its response to cold stress between
RTx430 and SC224 (Dataset S6). In addition, the cold stress
response of this gene was significantly influenced by time
of day (Figure S1; Dataset S5). Rhythmic and non-rhythmic
genes found within these modules therefore represent

nou

© 2023 The Authors.

interesting candidates that can be involved in the sorghum
responses to temperature stress.

Time of day influences gene rhythmicity and temperature
stress responses of EF-hand gene family members

During our analyses of the influence of genotype on the
transcriptome response to temperature described above,
several genes encoding EF-hand Ca*'-binding proteins
were revealed (Figure 3). Calcium-binding EF-hand-
containing genes belong to a family of proteins that func-
tion as Ca?" sensors (Day et al., 2002; Mohanta
et al., 2017). As Ca?" is an important cellular messenger
that plays a role in responses to hormones and external
stresses, for example, we speculate that these proteins
may contribute to genotype-specific thermo-tolerance in
sorghum (Reddy et al., 2011). We identified 161 members
within this family that contain known protein domains (see
methods, Dataset S8). The expression of about half was
influenced by genotype, either in the cold stress or heat
stress experiment, or both (Figure 5a). Fourteen and 31
members of this family were found in our modules of
interest SC224-C1 and Macia-H14, respectively. A more
detailed analysis showed that 37.3% of the family had a
significant genotype effect in the heat stress experiment
and that this proportion was significantly higher than that
of all analyzed genes (23.5%, Figure 5b). Despite a similar
trend in the cold-stress experiment, no significant enrich-
ment was observed, suggesting a more specific difference
in gene expression between Macia and RTx430 (heat-stress
experiment) than between SC224 and RTx430 (cold-stress
experiment), for this gene family. However, of the 27 and
362 genes with a significant genotype:temperature effect in
the cold and heat stress experiments, respectively
(Figure 3b), six (22%) and nine (2.5%) corresponded to EF-
hand Ca®"-binding proteins and therefore showed differen-
tial temperature responsiveness between thermo-tolerant
and sensitive genotypes.

We next looked at the timing of gene expression of
the EF-hand Ca®"-binding gene family and observed that
most members with a rhythmic expression peak in the eve-
ning and early night (ZT7.5-ZT15, Figure 5c), as observed
for all 16 752 rhythmic genes identified in sorghum
(Figure 2a, Lai et al., 2020). No specific phase distribution
was identified for subsets of genes affected or not by the
genotype effect (Figure 5¢). This suggests that the EF-hand
Ca2?"-binding family is acting at multiple times of day and
that genotypic variability in gene expression is not more
pronounced for members with specific expression pat-
terns. Regardless of whether members of this family
exhibit a rhythmic profile, their expression is influenced by
genotypes in different ways, as illustrated with selected
genes in Figure 5(d). For example, although Sobic.00-
7G214400 did not show a high magnitude of response to
heat stress, its expression level is significantly higher in
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heat-tolerant genotype Macia as compared to RTx430
(Figure 5d). On the contrary, Sobic.007G142500 showed
similar expression levels between the two genotypes but
exhibited a stronger response to heat stress in Macia when

the stress occurred in the early morning (ZT1, Figure 5d).
Interestingly, Sobic.007G108100 showed very different
expression patterns between genotypes, with a higher and
different pattern of expression in Macia, and a specific up-
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Figure 5. Time of day influences gene rhythmicity and temperature stress responses: Example shown for EF-hand gene family members.
(a) Stacked barplot representing the proportion of genes having or not a genotype effect in the cold stress and heat stress experiments (shown in Figure 3a),

from 161 members of the EF-hand family.

(b) Table indicating the proportions of genes with a genotype effect within all expressed genes and EF-hand family members highlighted in (a) Fisher’s exact

tests were performed to compare the proportions between the two groups.

(c) Phase (i.e., timing of peak expression) distribution of the rhythmic EF-hand family members highlighted in A. Rhythmic genes and phases were identified in

Lai et al. (2020, see “Materials and Methods” section for details).

(d) Transcript abundance profiles of selected EF-hand family members (means + SD, n = 3).
(e) Schematic representation of the influence of time of day and genotype on the gene expression pattern and response to temperature stresses. In (d, e), gray

areas represent the night period.

regulation under heat stress in the morning (ZT1), in Macia
only (Figure 5d).

In this study, our results revealed that both tempera-
ture stress and gene expression rhythmicity highly affect
changes in transcript levels in sorghum (Figure 5e). As
illustrated with the EF-hand Ca?'-binding protein family,
genotype differences are observed either on the average
gene expression level, or on the temperature stress
response, either in interaction with time of day or not. We
speculate that these genotype differences, summarized in
Figure 5(e), may lead to different sensitivities to tempera-
ture stress.

DISCUSSION

Temperature stress can limit yield potential in many crops
including sorghum (Zhang et al., 2020). Interaction with
the environment is tightly coupled to molecular dynamics
and cellular stress responses in plants. Here we report that
the time of day modulates or gates the molecular response
to temperature stress in sorghum, a C4 crop, and this is
further refined by the genotype sensitivity (Figures 1, 2 and
5). In general, genes with gated responses to temperature
stress show either (i) a specific response to stress at a par-
ticular time of day (and no significant change in gene
expression at other time points), (ii) an opposite response
to stress between time points (e.g., up-regulated at a given
time of day, and down-regulated at another time point), or
(iii) a similar response (up-regulated or down-regulated) at
multiple times of day, but with different magnitudes of
response depending on the time of day.

Major aspects of the time of day regulation of tran-
script abundance in response to temperature stress are
controlled by the circadian clock or exhibit some form of
diurnal expression (Bonnot et al., 2021). Our analysis
revealed that up to 70% of our identified DEGs are diur-
nally expressed (Figure S4). These numbers are greater
than the proportion observed at the genome scale (52%)
supporting that thermo-responsive genes tend to be diur-
nally controlled (Covington et al., 2008). However, it is
worth noting that the gating of oscillator components to
either heat or cold stress is not as evident as other rhyth-
mic genes (Figure S6). Of the sorghum clock genes,
Sb_PRR73 (Sorghum bicolor_Pseudo Response Regulator 73)

© 2023 The Authors.

shows a gated response to both heat (up-regulated) and
cold stress (down-regulated), with a specific response in
the morning (ZT1). Sb_GI (Sorghum bicolor_Gigantea) is
down-regulated in response to cold only at ZT1 and up-
regulated in response to heat at ZT1 and ZT15 and interest-
ingly the response to both heat and cold is more pro-
nounced in RTx430, the sensitive genotype (Figure S6). In
terms of heat stress, the response for Sb_Gl/ is similar to
what was observed in Arabidopsis where the increased
transcript accumulation occurs before (morning, ZT0) and
after (subjective dark, ZT15) the peak of GI's expression
(~ZT9-ZT11 in both species, Bonnot & Nagel, 2021). In a
recent study in wheat, TaPRR73 and TaGl are also the two
oscillator components that show strong perturbation in
response to cold stress resulting in a delay in their peak of
expression (Graham et al., 2022). These observations sug-
gest that the sensitivity to temperature for some oscillator
components may be conserved across species while others
may not be. Gl and members of the PRRs in sorghum play
key roles in flowering and thus circadian gating of their
molecular response to heat stress, for example, may be
directly related to flowering time changes (Abdul-Awal
et al., 2020; Murphy et al., 2011). Alternatively, different cir-
cadian signaling components may separately regulate
expression rhythmicity under control conditions and gate
stress responsiveness depending on the plant as sug-
gested by Graham et al. (2022) for cold responses in
wheat.

In Arabidopsis, we previously showed that time of day
gates the heat stress response of about a third of the
circadian-regulated heat stress-responsive transcriptome
and translatome (Bonnot & Nagel, 2021). In sorghum, simi-
lar proportions (25-34%) of the heat-responsive transcrip-
tome are gated by the time of day, depending on the
genotype (Figure 2c). The genome-wide gating response to
temperature is not restricted to heat stress and was also
observed under cold stress, as previously reported in Ara-
bidopsis (Blair et al., 2019), and recently in wheat (Graham
et al., 2022). Our observations along with published work
raise the intriguing question of whether specific clock com-
ponents gate the molecular dynamics in response to heat
stress or cold stress or both. Temperature gating experi-
ments in multiple circadian clock mutants may help to
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shed light on this. Furthermore, time-of-day control on
temperature stress response was primarily performed in
whole seedlings or plants. Work in Arabidopsis suggests
that different parts of the plant show variations in circadian
rhythms and that multiple points of clock coordination
may exist (Gould et al., 2018). However, it is not known the
extent of time of day control in specific tissues and/or cell
types in response to stress but this might help to further
dissect the regulatory mechanism of gating and its contri-
bution to physiological responses. In addition, variation in
cis-elements or motifs between genotypes may contribute
to gene expression differences as reported in other studies
and thus worthwhile investigating in the context of time of
day (Liu et al., 2020; Lovell et al., 2016; Waters et al., 2017;
Zhou et al., 2022). It is also worth noting that previous
work has shown that the circadian clock runs slower in cul-
tivated tomatoes than in their wild relatives suggesting
one aspect of internal clock adjustment that may have
adapted to specific geographic location and environment
(Mdaller et al., 2016). It would be worthwhile to examine
whether circadian gating in response to stress is conserved
or adjusted in these lines and similar varieties.

Our data indicate that the influence of time of day on
the transcriptome response is more pronounced in
thermo-tolerant varieties, which might reflect more robust
clock control of molecular changes or less sensitivity in
stress perception. Future global analysis of gene expres-
sion rhythmicity in diurnal and circadian conditions, in
multiple sorghum genotypes with different sensitivities to
temperature stress, is necessary to unravel the precise
mechanism. Nonetheless, the gating response to tempera-
ture cannot be fully explained by gene expression rhyth-
micity. Indeed, our analyses revealed modules of genes
whose temperature stress response is strongly gated by
time of day, in which rhythmic genes are significantly
under-represented (Figure 5). This result evidenced that
non-rhythmic genes are also subjected to gating of tem-
perature responses and may serve as an alternative or
backup regulatory mechanism for the plant to deal with
unpredictable environmental changes. Furthermore, time
of day independent regulation may also contribute to the
tolerance mechanism in specific genotypes. For example,
Sobic.001G043601, a ring/U-box member is only up-
regulated in RTx430, and Sobic.004G183800, an ATP-
dependent Clp protease is only up-regulated in Macia
(Dataset S3).

In our study, we identified potential target genes that
can be used to improve crop thermo-tolerance based on
their genotype specificities. Our analyses showed that most
genes with a genotypic effect showed a greater average
expression level in a particular genotype as compared to
the other, independently of the temperature condition.
Such contrasted gene expression levels may be the
main contributors to the observed differences in thermo-

tolerance of the tested sorghum genotypes. Some genes,
such as Sobic.004G108100 - a member of the Ca*"-binding
EF-hand protein family also respond to heat stress in a time
of day and genotype-specific manner (Figure 5). Cycles of
Ca?" are observed in the cytoplasm during the day and are
controlled by both the circadian clock and light signaling
(Marti Ruiz et al., 2020; Xu et al., 2007). Oscillations of cyto-
solic free Ca®" also regulate circadian clock function through
a mechanism involving the Ca®'-sensor CALMODULIN-
LIKE24 (Marti Ruiz et al., 2018). Under abiotic stresses, intra-
cellular Ca*" concentration increases, Ca>" plays a role in
both the sensing of stress and in signal transduction
through downstream Ca?"-binding proteins  (Dong
et al., 2022; Li et al., 2022; Xu et al., 2022). In maize, under
saline-alkaline stress, Ca®" binds to ZmNSA1 - a Ca?™-
binding EF-hand protein triggering its degradation, which
promotes root Na + efflux and ultimately, saline-alkaline tol-
erance (Cao et al., 2020). In rice, the overexpression of the
annexin OsANN1T improves growth under heat and drought
stress, and OsAnn3 is involved in cold tolerance (Qiao
et al., 2015; Shen et al., 2017). Other plant annexin proteins
are also responsive to temperature stress and have roles in
heat and cold tolerance. For example, AtANNT is up-
regulated by heat, positively regulates the heat-induced
increase in [Ca2+]l.:, and also positively regulates the
expression of CBFs and other members of the cold regulon
pathway (Liu et al., 2021; Wang et al., 2015). In poplar and
wheat, members of the annexins gene family have also
been shown to be responsive to cold stress (Breton
et al., 2000; Renaut et al., 2006). More broadly, several regu-
latory links between calcium-binding proteins and tempera-
ture stress have been reported in plants (Igbal et al., 2022;
Reddy et al., 2011). Ca*"-binding proteins, therefore, repre-
sent interesting targets for genetic improvement.

CONCLUSIONS

Improving the resilience of sorghum varieties to tempera-
ture changes relies on a comprehensive understanding of
the molecular basis of thermo-tolerance or susceptibility.
Genes with genotype-specific regulation could also repre-
sent candidate markers of differential sensitivity to temper-
ature stress as highlighted above. Using field trials with
multiple sorghum genotypes, transcript levels could be
measured for the identified candidate markers. Transcript
levels and genetic markers could further be used in models
for predicting important crop traits and thermo-tolerance
of specific genotypes (Azodi et al., 2020).

MATERIALS AND METHODS
n or not with the temperature and tim
Plant materials and growth conditions

The sorghum genotypes used in this study are RTx430 (cold and
heat-sensitive inbred line), Macia (heat-tolerant inbred), and
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SC224 (cold-tolerant inbred) (Chiluwal et al., 2020; Vennapusa
et al., 2021). Plants were grown in controlled environment cham-
bers (Conviron model PGR15; Winnipeg, MB, Canada) under con-
trol (30/20°C; maximum day/night temperatures) conditions. The
chambers were programmed to reach the daytime (08:00 to
17:00 h) target temperature of 30°C, following a gradual increase
from 20 to 30°C (control) with a 3 h transition (05:00 to 08:00 h).
Similarly, the nighttime (20:00 to 05:00 h) target temperature of
20°C was obtained by a gradual decrease in temperature from 30
to 20°C with a 3 h transition (05:00 to 08:00 h). The chambers were
maintained at 12 h photoperiod, with 800 umol m=2 sec™" light
intensity at 5 cm above the canopy and 60% relative humidity.
After 7 days of seedling emergence, the seedlings were subjected
to 1 h of cold (10°C) or heat stress (42°C) at four different times of
the day (ZT1, ZT6, ZT9, and ZT15; Figure 1a), to capture the imme-
diate gene expression response (wherein 0 h is when the lights
were switched on inside the chamber considered as onset of
dawn). For cold, 15°C is considered to be the critical threshold and
for heat at the seedling stage, 37°C and up to 40°C is considered
critical for sorghum (Chiluwal et al., 2018; Chopra et al., 2017;
Prasad et al., 2015, 2021; Vennapusa et al., 2021). Seedlings from
controlled environment chambers were moved to either cold or
heat stress chambers at 0, 5, 8, and 14 h after dawn and exposed
to either cold or heat stress for an hour before sampling. The
seedlings (fully developed leaf from the top) were sampled after
the stress period of 1 h and immediately frozen in liquid nitrogen
and stored at —80°C.

mRNA isolation, sequencing, and data processing

Between ~2 and ~40 pg of total RNA was extracted from three bio-
logical replicates of sorghum samples for each genotype and
treatment (control, heat, cold stress) using GeneJET Plant RNA
Extraction Kit (Thermofisher, Waltham, MA, USA K0801) followed
by DNAse | treatment (Thermofisher EN0521). Total mRNAs were
isolated using biotinylated oligo(dT) and streptavidin magnetic
beads (New England Biolabs, Ipswich, MA, USA) as previously
described (Wang et al., 2011). Purified mRNAs were used for
library preparation as previously described with the following
modifications. In the final enrichment step, indexed adapter
enrichment primers were used (Townsley et al., 2015) and
12 cycles were performed to amplify the libraries. The libraries
were quantified using a Qubit 2.0 Fluorescence Reader (Thermo
Fisher Scientific) and quality was verified using a Bioanalyzer 2100
(Agilent Genomics, Santa Clara, CA, USA). Final libraries were
multiplexed and sequenced on the NextSeq 500 (lllumina) at the
UC Riverside (UCR) Institute for Integrated Genome Biology (lIGB)
Genomics Core facility to obtain 75 nt single-end reads. Sequenc-
ing reads were not trimmed and mapped on the Shico-
lor_454_v3.1.1 genome using Hisat2 and the SystemPipeR pipeline
(genome downloaded from Phytozome: https:/phytozome-next.
jgi.doe.gov/). Read counting was performed with the summarizeO-
verlaps function from the GenomicRanges Package, and using the
Sbicolor_454_v3.1.1.gene.gff3.gz file for the annotation. Normal-
ized transcript abundance was then calculated using the rlog func-
tion from the R package “DESeq2” (Love et al., 2014), and is
provided in Dataset S1.

Statistical analyses

All statistical analyses were performed with the software program
R v 4.1.2 (R Core Team, 2022). Pairwise comparisons were used to
compare temperature stress versus control conditions at each
time of day and for each genotype and were performed on raw
counts with the R package “DESeqg2,” and using the SystemPipeR

© 2023 The Authors.

workflow (Backman & Girke, 2016; Love et al., 2014). Significant
differences were based on an FDR<0.05 and Log, Fold
Change > |1|. Results are provided in Dataset S2.

Phase enrichment analysis was performed using the tool
“CAST-R" (Bonnot et al., 2022). All genes with rhythmic expression
identified in (Lai et al., 2020) were used as the reference. Of note,
93% of the rhythmic genes identified in (Lai et al., 2020) overlap with
our data. Phase values correspond to LAG (predicted phase) values
in the JTK_Cycle output, that were adjusted to circadian time (CT)
with the following calculation: CT phase = (JTK_Cycle LAG/esti-
mated period) * 24 (mentioned as CT.PHASE in Lai et al., 2020) To
reduce the number of phase groups identified in Lai et al. (2020),
phases were rounded as follows: [0, 0.75] = 0; (0.75, 2.25] = 1.5;
(2.25, 3.75] = 3; (3.75, 5.25] = 4.5; (5.25, 6.75] = 6; (6.75, 8.25] = 7.5;
(8.25, 9.75]=9; (9.75, 11.25] = 10.5; (11.25, 12.75] = 12; (12.75,
14.25] = 13.5; (14.25, 15.75] = 15; (15.75, 17.25] =16.5; (17.25,
18.75] = 18, (18.75, 20.25] = 19.5; (20.25, 21.75] = 21; (21.75, 23.25] =
22.5. Briefly, under-represented (phase enrichment <1) and over-
represented (phase enrichment >1) phases in the selected subset of
genes (e.g., down-regulated DEGs at ZT1 under cold stress in
RTx430) are identified by comparing the proportions of each individ-
ual phase within the subset of genes with those of the reference.
Significant differences are assessed at P < 0.05 using Chi-squared
tests. Only genes identified as rhythmic in Lai et al. (2020) were con-
sidered for this analysis. As suggested in the “CAST-R" application,
phase enrichment was performed on subsets of genes with a mini-
mal list size of 100 genes. Results of the phase enrichment analyses
are provided in Dataset S4.

To analyze the interaction between the effects of temperature
and time of day, likelihood ratio tests (LRT) were performed using
the “DESeq2” package (Love et al., 2014). Four LRTs were per-
formed, one per experiment (cold stress and heat stress) and geno-
type. LRTs are conceptually similar to an analysis of variance (anova)
calculation in linear regression (Love et al., 2014). The full model
was as follows: design = Expression ~ Time + Temperature + Time:
Temperature. For this analysis, only genes with total read counts
>10 were considered (25 532 remaining genes). To analyze the inter-
action between the effects of temperature and genotype, and
between temperature, genotype, and time of day, two LRTs were
performed (one for each temperature stress experiment), using the
following model: design = Expression ~ Time + Temperature +
Genotype + Time:Temperature + Time:Genotype + Temperature:
Genotype + Time:Temperature:Genotype. Statistical results are
provided in Dataset Sb.

To identify the enrichment of rhythmic genes, TFs, genes
with a significant genotype effect, and/or genes with a significant
interaction between the effects of temperature and time of day
within the network modules, Fisher's exact tests were performed.
Proportions of these specific lists of genes within each individual
module were compared to those in all genes present in the net-
work analysis. Significant differences were judged at P < 0.05.
Gene Ontology (GO) enrichment analysis was performed with
agriGO v 2.0 (Tian et al., 2017). GO terms with a fold enrichment
>1 and FDR <0.05 were considered as significantly over-
represented in the selected subset of genes.

Data mining and visualization

Principal component analysis was performed from normalized
(rlog) expression data of identified DEGs, using the multivariate
data analysis R package “ade4” (Thioulouse et al., 1997). Venn
diagrams were performed using the R package “VennDiagram”
(Chen & Boutros, 2011). Heatmaps were generated using the R
package “pheatmap” (Kolde, 2019). Within heatmaps, the number
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of clusters (groups of genes with similar expression patterns) was
determined manually. Bar plots, violin plots, line charts, and bub-
ble plots were visualized using the R package “ggplot2” (Wick-
ham, 2016).

Weighted Gene Co-expression Network Analysis was per-
formed using the R package “WGCNA” (Langfelder & Hor-
vath, 2008). To remove genes that introduce noise into the network
analysis, only genes with read counts >10 in at least 50% of the
samples were considered. The analysis was then performed from
normalized expression (rlog) values. Four independent signed net-
works were constructed, one per experiment (cold stress and heat
stress) and genotype. Adjacency matrices were built using a soft
threshold power of 18. To identify network modules, a minimum
module size of 30 was used, and similar modules were merged
using a dissimilarity threshold of 0.25. Networks were visualized
with the CYTOSCAPE software v 3.9.0 (Smoot et al., 2011), using a
Prefuse Force Directed layout and an edge threshold cutoff of
weight >0.15. Module eigengene values were used to visualize the
module expression patterns, and are provided in Dataset S7.

To facilitate the visualization of expression patterns of individ-
ual genes, an application has been built, with the R package “Shiny”
(Chang et al., 2020, see “Data Availability Statement” section).

Identification of specific genes and gene families

Circadian clock genes were identified in Lai et al. (2020). Lists of
TF families were downloaded from PlantTFDB v 5.0 (Jin
et al., 2017). Members of the CBF subfamily in sorghum were
identified from the annotation of Arabidopsis best hits, provided
in the sorghum v 3.1.1 annotation file, downloaded from Phyto-
zome (https://phytozome-next.jgi.doe.gov/). Orthologous genes of
sorghum and maize were identified in (Xianjun et al., 2017).
Expression data of specific TF families in maize were downloaded
from (Li et al., 2020). Members of the EF-hand Caztbinding pro-
tein family were identified by searching for specific protein
domains (PF00036, PTHR10891, PS00018, PS50222, SM00054, and
SSF47473) in sorghum protein sequences, using PhytoMine,
implemented by Phytozome (https://phytozome-next.jgi.doe.gov/
phytomine/). The list of identified sorghum members of the EF-
hand Ca*"-binding protein family is provided in Dataset S8.
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