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ABSTRACT

In rice, a small increase in nighttime temperatures reduces grain yield and quality. How warm nighttime
temperatures (WNT) produce these detrimental effects is not well understood, especially in field conditions
where the normal day to night temperature fluctuation exceeds the mild increase in nighttime temperature.
We observed genome-wide disruption of gene expression timing during the reproductive phase on field-
grown rice panicles acclimated to 2-3°C WNT. Rhythmically expressed transcripts were more sensitive to
WNT than non-rhythmic transcripts. The system-wide transcriptional perturbations suggest that WNT
disrupts the tight temporal coordination between internal molecular events and the environment resulting
in reduced productivity. We identified transcriptional regulators whose predicted targets are enriched for
sensitivity to WNT. The affected transcripts and candidate regulators identified through our network
analysis explain molecular mechanisms driving sensitivity to WNT and candidates that can be targeted to

enhance tolerance to WNT.

KEYWORDS: climate change impact, global food security, nighttime temperature increase, circadian

regulators, diel transcriptional networks, rhythmic expression, rice panicles
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INTRODUCTION

Global climate models predict with high certainty that mean surface temperatures will increase by 1° to 4°C
by 21002, A breakdown of these temperature trends highlights a more rapid increase in minimum
nighttime temperature compared to the maximum daytime temperature at the global*, regional*, and farm®®
scales. In contrast to the short duration heat-spikes predicted with the increasing daytime temperatures, the
duration of warmer nighttime temperatures (WNT) is expected to increase; impacting important growth
and developmental phases of crops’. In response to increased daytime temperatures, rice plants employ
mechanisms to minimize heat-induced damage such as avoidance through transpiration cooling®, escape
through early morning flowering®, and reproductive resilience®. In contrast, there is limited plasticity in
domesticated rice plants to overcome the impacts of increasing nighttime temperature’. The negative
impacts of WNT on rice yield and quality have been documented across controlled environments'? and
field conditions'®*4, demonstrating the potential to induce substantial economic losses®™. The limited
physiological capacity and the larger spatial scales of the predicted increase in nighttime temperatures
compared to location-specific daytime temperature increases’ suggest that the economic losses under
current and future warmer nights pose a severe threat to sustaining global rice production.

The physiological responses in rice to high nighttime temperatures include a significant reduction
in pollen viability, increased spikelet sterility, and membrane damage leading to yield losses!:16-18,
However, these investigations imposed temperatures that are significantly higher than future predictions.
Thus, a knowledge gap exists between rice responses in controlled chambers and real-world conditions. A
series of studies using field-based heat tents demonstrated the difference between chamber and field
studies” 31921, These field-based studies identify higher night respiration during post-flowering as a critical
factor determining yield and quality losses due to high nighttime temperature®. Although the relationship
between night respiration and sugar metabolism enzymes has been documented, particularly during the
grain-filling stage?, the mechanistic changes are yet to be investigated.

In the field, environmental conditions change dynamically. This variation is not captured by
controlled environments and only partially by the field-based heat tents. Previous observations indicate that
the environmental variability of natural field conditions plays an essential role in regulating transcriptional
responses and contributes to the stability of the circadian clock in rice??. Extensive studies in Arabidopsis
have demonstrated that plant responses to abiotic stress are dynamic throughout the day?*- supporting the
need to capture stress responses at multiple time points to provide a comprehensive mechanistic
understanding of rice exposed to WNT. Examination of the temporal mechanistic responses to stress in
crops under field conditions is generally lacking and is the primary motivation driving our investigations.

The circadian clock temporally coordinates the molecular activities with the surrounding

environment®*°, The clock is sensitive to subtle changes in the environment to ensure an organism is ‘in-
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84  tune’ with the surroundings®*. WNT may disrupt this environmental coordination. In rice and Arabidopsis,
85  daily rhythms of temperature, also known as thermocycles, entrain the circadian clock and control the
86  rhythmic expression of a portion of the transcriptome®>. In Arabidopsis, the photoreceptor PHYB
87  connects changes in ambient temperature to the circadian clock®*#” and changes in ambient temperatures
88 affect the expression of the core circadian components®®. Although these studies indicate possible
89  mechanisms for how plants sense temperature changes, it is still not clear how the daily temperature range
90 s perceived and integrated into the circadian clock. Moreover, the significance of a thermocycle sensitive
91  clock, the impacts of altering the daily temperature cycles, and the effects on the expression of these
92  temperature-responsive rhythms, particularly under field conditions, remain to be characterized. Under
93  WNT, the daily thermocycle amplitude is reduced and could impact the expression of thermocycle-
94 regulated transcripts.
95 In order to fill the significant knowledge gap on the molecular responses inducing yield losses in
96 field conditions under WNT, we investigated how WNT, at levels in-line with the Intergovernmental Panel
97  on Climate Change (IPCC) predictions, affect the genome-wide expression patterns in the panicles of rice
98 grown under field conditions. Specific objectives of our study were to (i) quantify the diurnal
99  reprogramming of the rice panicle transcriptome under WNT; (ii) identify major interacting molecular
100  pathways that determine rice response to WNT and (iii) find regulators of transcriptionally responsive genes
101  under WNT.

102

103 RESULTS

104  WNT NEGATIVELY IMPACT BIOMASS AND YIELD

105

106  IR64, a popular high-yielding rice variety, was grown under normal nighttime temperatures (NNT) or under

107  warm nighttime temperatures (WNT), using a field-based infrared ceramic heating system (Fig. S1). WNT
108  treatment started at panicle initiation and continued through maturity. At 50% flowering, field-grown rice
109  panicles were collected for transcriptional analysis throughout the 24h cycle. WNT maintained a 2-3°C
110 increase in temperature in the 12h night period (1800—0600h) compared to ambient temperature (Fig.
111  S1). As previously reported>4, we observed a 12.5% decrease in the grain yield of IR64 under WNT
112 (Kruskal-Wallis test p-value <0.05, Fig. 1). Total aboveground biomass (p-value <0.05), number of
113  spikelets per panicle (p-value <0.05), and 1000-grain weight (p-value<0.05) were also significantly
114  affected by WNT (Fig. 1, Dataset S1). Panicles per m?, and spikelet fertility did not change significantly
115  with WNT (Supplemental Table 1).

116

117  WNT IMPACTS TRANSCRIPTION PATTERNS DURING THE DAY
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118  To evaluate the molecular changes associated with the observed agronomic changes in plants grown under
119  WNT, samples were collected at multiple time points throughout the day. We performed RNA-Seq on
120  panicles at the 50% flowering stage. A total of 1110 genes were identified as differentially expressed genes
121  (DEGSs) between WNT and NNT (adjusted p-value < 0.05 and log fold change > 0.5), corresponding to 6%
122 of the 15,213 reliably detectable genes (Fig. 2, Supplemental Table 2). In response to WNT, 415 genes
123 were upregulated and 695 genes were downregulated (Fig. 2A and B). The majority of the 415 DEGs that
124 were upregulated were identified from the daytime samples, while significantly downregulated genes were
125 more often detected in the nighttime. The expression of all detectible genes is available at
126  https://go.ncsu.edu/clockworkviridi_wnt.

127 The time of sampling greatly influences the identification of DEGs. The time point with the most
128 DEGs was 1h before dawn, just before the WNT treatment ceased each day (396 DEGs, time point
129  23h). Only 12 DEGs were identified at dusk, the time point at which the WNT treatment was initiated. Even
130  though the increased temperature was applied only from dusk until dawn, many genes were identified as
131  DEGs in the samples taken during the day, when the conditions were identical between WNT and NNT.
132  Aneigengene representing the expression pattern of all genes induced at any time point by WNT highlights
133  that the upregulated genes under WNT tend to show cyclic expression with a peak during the day in NNT.
134  The timing of this peak in expression is altered by WNT (Fig. 2C). Functional enrichment of genes
135  upregulated by WNT at any time point included MapMan*® terms enriched for protein posttranslational
136  modification, signaling, carbohydrate metabolism, RNA processing, and kaurene synthesis (Fig. S4A).
137  However, each time point presents a unique DEG profile and enriched functional categories (Supplemental
138  Table 3). In part, this appears to be due to the underlying variation in expression in the control samples. For
139  example, during the morning hours when photosynthetic genes are active, DEGs were enriched for
140  photosynthesis-related activity, while at night no difference in expression was detected, likely due to their
141 low value in control conditions at those time points. Therefore, sampling at only one time point would miss
142  the impacts of WNT on molecular functions not active at that time. In fact, most of the 695 downregulated
143  genes are identified during the nighttime. An eigengene representing the overall downregulated cohort
144 indicates that under NNT, the majority of these transcripts peak just before dawn. In WNT, these genes
145  have an overall lower amplitude of expression and an advance in the phase of peak expression (Fig. 2D).
146  Downregulated genes were enriched for protein folding, photosynthesis, and heat stress (Fig. S4B).

147

148 DEGs ARE ENRICHED FOR RYTHMICALLY EXPRESSED AND CIRCADIAN-

149 CONTROLLED GENES

150  The observation that many DEGs show an overall change in the pattern of expression throughout the day

151  (e.g., Fig. 2), and our hypothesis that the WNT disrupt the circadian clock, led us to speculate that the
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152  rhythmically expressed and circadian-regulated genes may have enhanced sensitivity to WNT. We
153  evaluated if the DEGs in WNT are enriched for rice genes identified as rhythmically expressed in a previous
154  study in controlled conditions by Filichkin et al.**. we observed significant overlap between transcripts we
155  identified as DEGs in WNT and genes identified as rhythmic when grown in both photocycles and
156  thermocycles (Fig. 3A). DEGs in WNT are under-represented for non-cycling genes in photocycles and
157  thermocycles (p-value < 2.93e%%). The WNT DEGs were enriched for genes with a peak expression at night,
158  between Zeitgeber times (ZT) 12-21h (Fig. 3A). Genes with peak expression at ZT19 (6h after dusk)
159  showed the strongest enrichment for DEGs in WNT, (p-value < 8.55¢). For example, LOC_0s10g41550
160 s beta-amylase with rhythmic expression peaking just before dawn in the chamber-grown Nipponbare rice
161  seedlings (Fig. 3B). We observe a similar peak in expression just before dawn in the corresponding gene,
162  MH10t0431700, in our field-grown IR64 panicles in NNT. However, in WNT, the expression pattern is
163  delayed, with a peak expression at dawn in WNT, when expression levels are already decreasing in NNT.
164  The 24h expression pattern of beta-amylase in seedlings grown in photocycles and thermocycles has a
165  higher correlation to NNT (0.95) than WNT (0.62). WNT DEGs are also overrepresented in transcripts
166  rhythmically expressed in seedlings grown in only photocycles (Fig. 3C) or thermocycles (Fig. 3D).

167 In addition to rhythmic expression in the presence of photocycles or thermocycles, the WNT DEGs
168  were also enriched for circadian-regulated genes with thermocycle-entrained expression. We considered
169  genesto be circadian-regulated if the rhythmic expression persisted in constant conditions after entrainment
170  in Filichkin et al. **. The genes identified as DEGs in WNT showed enrichment for circadian-regulation
171  only when compared to transcripts entrained in the presence of thermocycles. After entrainment with either
172  thermocycles alone, or with both photocycles and thermocycles, WNT DEGs were enriched in the genes
173  that maintained a rhythmic expression pattern when released to constant conditions (p-value < 0.05) (Fig.
174  3E, F). However, WNT DEGs were not enriched for in the transcripts that showed circadian regulation after
175  entrainment with photocycles alone (Fig. 3G) indicating that WNT DEGs are enriched for genes under
176  control of the thermocycle clock based on the data in Filichkin et al.**. For example, LOC_0s10g41550
177  (the beta-amylase in Fig. 3B) is rhythmically expressed when entrained by thermocycles alone, but not by
178  photocycles alone.

179

180 WNT ALTERS TEMPORAL EXPRESSION PATTERNS

181  The enrichment of the WNT DEGs for genes previously identified as rhythmic in diel and circadian
182  conditions suggests that WNT potentially disrupts the overall rhythmic expression of transcripts throughout
183  the day. Therefore, we evaluated the rhythmicity of expression for all 15,213 detectible transcripts, even

184  those notidentified as DEG, in NNT and WNT grown samples. All transcripts were categorized as rhythmic
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185  or not rhythmic in these diel conditions using JTK cycle® (g-value of <6.61e-15, Fig. 4A). The period
186  of rhythmically expressed genes was similar in both NNT and WNT (Fig. S5).

187 We identified genes that were uniquely rhythmic in either NNT or WNT. Of the 6248 genes that
188  cycled in NNT, 2136 genes lost rhythmicity in WNT (34%, Fig. 4B, Supplemental Table 4). The average
189  g-value is 1.57e-16 in NNT; indicating that the genes that are losing rhythmicity in WNT were confidently
190 identified as rhythmic in NNT (Fig. 4C). Genes that lost rhythmicity in WNT were enriched for heat
191  response, protein folding, and amino acid metabolism (Supplemental Table 5). There were 1673 genes that
192  were rhythmic only in WNT conditions (Supplemental Table 4). These genes that gained rhythmicity in
193  WNT were enriched for DNA synthesis and chromatin structure, protein posttranslational modification,
194 amino acid metabolism, cell wall synthesis, secondary metabolism, fatty acid metabolism, and cell cycle
195  (Supplemental Table 5).

196

197 WNT ALTERS THE PATTERN OF EXPRESSION OF GENES CLASSIFIED AS RHYTHMIC
198 INBOTH CONDITIONS

199  Even for genes that maintain a rhythmic pattern of expression in both NNT and WNT (66%, 4112 genes),
200  the phase of expression may differ between the two conditions. As previously reported for chamber-grown
201  plants, we observe a bimodal distribution of genes with peak primarily at dawn or dusk in NNT conditions
202  (Fig. 4A)*451 We classified genes as either morning phased (peaks at Dawn,) or evening phased (peaks
203  at Dusk). In NNT conditions, the distribution between morning and evening phase was relatively equal
204 (ratio of morning to evening phased genes = 0.94, Fig. 4D). However, in WNT this distribution is disrupted
205  and there is an increase in the ratio of morning to evening phased genes (ratio = 1.58, Fig. 4D). The time
206  of the maximum expression differs between WNT and NNT for 16.5% of the genes that maintain a rhythmic
207  expression pattern in both conditions (Fig. 4E-H). WNT resulted in both delayed (Fig. 4F, H) and advanced
208  (Fig. 4G) expression. This shift in peak expression is observed more often in select time points. More than
209  50% of the genes that in NNT peak at Dawn, 10.5h, 12h, 17.5h or 23h, have a shifted peak of expression
210  in WNT. For example, MH03g0450600, a chlorophyll a/b binding protein, peaks in expression in NNT at
211  3.5hafter dawn, but is delayed to 7h in WNT (Fig. 4F). Functional enrichment of all the genes with a similar
212  delay in peak expression from 3.5h in NNT to 7h in WNT shows that this change in phase affects
213  components of the photosynthetic machinery (Fig. 4F). Genes that peak just prior to dawn at 23h show an
214 advance in their peak of expression in WNT. MH07g0175300, also known as OsNramp5, a metal
215  transporter associated with disease resistance, peaks in expression at 17.5h in NNT but at 14h in WNT (Fig.
216  4G). This group of genes is functionally enriched with processes involved in biotic stress, protein
217  phosphorylation, and RNA splicing (Fig. 4G). The expression of MH129g0102300, a GDP-L-galactose
218  phosphorylase, peaks at 23h in NNT and plateaus in the early daytime hours. In WNT higher expression of
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219  MH12g0102300 persists into the daytime hours changing the peak timing of expression (Fig. 4H). Genes
220  with a similar disruption that delayed peak expression from 23h to Dawn in WNT were enriched for
221  carbohydrate and fatty acid metabolism (Fig. 4H).

222 Many of the WNT DEGs showed a shift in their peak phase of expression (Fig. 41). Genes that
223  peaked during the daytime hours in NNT showed a smaller change in the timing of the peak expression
224  compared to genes that peak after dusk in NNT, suggesting that the DEG calls may be due to the change in
225  pattern of expression at night. Genes that peak in NNT after ZT12 showed a stronger effect, consistent with
226  our previous observation of more DEGs post ZT12 (Fig. 2B), higher enrichment of rhythmically expressed
227  transcripts in the nighttime period (Fig. 3A), and more genes that lose cycling after ZT12 (Fig. 4B).

228

229 IDENTIFYING REGULATORS OF WNT PERTURBED TARGETS

230  To identify transcriptional regulators of WNT DEGs, we used two approaches in parallel (Fig. 5A). First
231  we independently constructed a regulatory network from publicly available transcriptome data (External
232  Data Network®?). We constructed a second network only from our time course data (Internal Data Network).
233 For the external data source we selected 555 Nipponbare microarray samples from Nagano et al.>?, a dataset
234 of field-grown rice samples with an emphasis on the time of day variation. Using sequential samples, we
235  employed EXRANGES® and GENIE3®* to construct a gene regulatory network, identifying the candidate
236  targets of 1196 transcription factors (TFs) (Supplemental Table 7)%2.

237 Prior to evaluating the impacts of WNT on this network, we first established a confidence threshold
238  for the TF target predictions and validated our network. We analyzed the overlap of the predicted TF targets
239  with experimental Chip-Seq and binding motif data. Since few ChlIP-Seq experiments in rice are available,
240  we compared our identified targets with Arabidopsis ChIP-Seq experiments. In Arabidopsis, AtPIF4
241  AtPIF4% and AtCCAZ1%® Chip-Seq data are available and prior work indicates that these Arabidopsis genes
242  may be the functional orthologs of OsPIF1 and OsLHY respectively®”8, We used orthologs identified
243  between the rice variety MH63 and Arabidopsis®® to perform this cross-species comparison. We examined
244 the enrichment of orthologs of ChIP-Seq targets for both Arabidopsis TFs to the predicted targets for the
245  homologs of these two TFs in our rice network. The 500bp upstream promoter region of the OsPIF1
246  predicted targets is enriched for the cis-regulatory motif CACGTG, which is consistent with the known
247  AtPIF4 binding site (HOMER’s binomial cumulative distribution® test p-value < 1E*#). Additionally, 26 of
248  the 110 predicted targets for OsPIF1 overlapped with the Arabidopsis AtPIF4 ChIP-Seq targets (p-value <
249  0.05). The predicted targets of OsLHY-chr8, were enriched for AAATATCT, which is also consistent with
250  the known evening element binding site for AACCA1 (HOMER’s binomial cumulative distribution® test p-
251  value < 1E7). We found that 24 out of the 108 predicted targets overlapped with AtCCA1 ChIP-Seq targets
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252  (p-value < 0.05). The enrichment of our network for known targets and cis-regulatory motifs even across
253  species, gives us confidence in the targets identified for each TF.

254 We identified the TF regulators whose targets, predicted from this external data set, had disrupted
255  expression under WNT. TFs with targets that were enriched for WNT DEGs were considered regulators of
256  WNT sensitive genes. The targets of 25 TFs were enriched for WNT DEGs (p-value cutoff < 0.01) (Fig.
257  5B). Most of these predicted regulators of WNT sensitive targets had a strong cyclic pattern of expression
258  (JTK Q-value < 6E%) and many were related circadian clock components (Fig. 5C). Of the TF regulators
259  with high expression in panicle tissue, 35 target genes were shared between at least two TFs and 43 target
260  genes have only one TF. Many of the target genes are related to photosynthesis and carbohydrate
261  metabolism (Fig. 5D). Thirty of the 78 targets of these predicted regulators of WNT sensitive transcripts
262  continue to cycle in constant conditions after entrainment in thermocycles alone (PHASER®® p-value <
263  0.01) indicating the target genes are enriched for thermocycle-entrained genes. A distinct pattern of TF and
264  target grouping was apparent for the targets predicted to be regulated by more than one of these top
265  candidate TFs (Fig. 5D). Group 1 consisted of targets regulated by Zf-CCH54, EDH4, and bZIP71, Group
266 2 consisted of targets regulated by bZIP1, PRR95, CXC2, BBX24, PIF1, ZEP1, and DOF2, and Group 3
267  targets had regulators from both groups. Homologs of many of the Group 2 regulators and targets have been
268  previously associated with the circadian clock in Arabidopsis. For example, MH03g0287000, a Group 2
269  target which has sequence similarity to LNK1 in Arabidopsis, a known thermocycle-regulated clock
270  component®’. Of note, the Arabidopsis homolog of OsPIF1, AtPIF3, has been previously identified as
271  thermo-responsive®®%4. AtPRR7 and AtPRR9, the same family as OsPRR95, are regulators of temperature
272  compensation®, BBX24 has been associated with circadian regulation®%4, Consistent with our
273  observations of the altered rhythmicity of the transcripts themselves, the predicted regulators of the genes
274  with expression altered by WNT suggest a link between the circadian clock and the observed altered
275  expression under WNT.

276

277 NETWORKS OF TRANSCRIPTIONAL RESPONSES ARE ALTERED IN WNT

278  Our Internal Data Network approach identified regulatory edges from the NNT and WNT expression data
279  independently, based on®. This approach leverages the time series gene expression data and kinetic models
280  of transcription regulation to estimate likelihood of TF regulation of other TFs (TF-TF). The results enable
281  adirect comparison between the NNT and WNT constructed networks.

282 Of the 368 TFs that had regulators predicated with high confidence (TREP <= 3, BE<=0.25), the
283  regulators of 89 of these TFs were perturbed by WNT. The perturbed network edges spanned the entire
284  circadian cycle. TF-TF interaction of known circadian regulators also change based on the expression

285  differences in NNT and WNT (Fig 6). For example, 17.5h after dawn four circadian TFs are expressed in
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286  NNT conditions, but in WNT there are no circadian TFs that peak at this time in the network (Fig. 6).
287  Consistent with the External Network approach, BBX24 and PIF1 were identified as regulators with targets
288  that have altered expression under WNT. However, regulators not present in the microarray-based Nagano
289 et al.% study can be detected in this Internal Data Network because the networks were generated directly
290  from our Indica RNA-Seq data. For example, MH06g0689300, a Squamosa promoter binding protein-like
291  (SPL) family member is identified in the Internal Data Network as a regulator of WNT DEGs, but is not on
292  the rice microarray used by Nagano et al.®2. Consistent with TFs identified as regulators of WNT DEGs
293  from the External Data Network and the observed effects on patterns of gene expression, this analysis
294  indicates that WNT may impact the functioning of the circadian clock in panicle tissue.

295

296 VALIDATING TARGETS OF TFs THAT RESPOND TO INCREASING NIGHTTIME
297 TEMPERATURE

298  Two independent network approaches identified overlapping regulators of WNT sensitive gene expression.
299  Ofthe thirteen top regulators identified using the External Data Network that were also tested in the Internal
300 Data Network, six were identified as regulators of WNT sensitive targets in both networks (Fig. 7A,
301  Supplemental Table 8.)

302 To evaluate the predicted regulators of WNT sensitive transcripts, we grew IR64 rice in field-based
303  tents®™!*, where we could generate a gradient of night time temperatures (24°C, 26°C, 28°C or 30°C). We
304  performed RNA-Seq from panicle tissue of plants grown in each of these night temperatures collected at
305  the dawn and dusk time points. We examined the effect of this gradient of nighttime temperatures on the
306  expression of the TFs and their predicted targets (Fig. 7B-D). Of the TFs predicted to regulate WNT DEGs,
307  the expression of PIF1, PRR95, BBX24, SPL, and DOF2 TFs themselves responded to increasing nighttime
308  temperatures (Fig 7, Fig. S6). For example, PIF1 expression is significantly reduced at dawn under 28°C
309  and 30°C nighttime temperature conditions (Fig. 7B). At dusk, PIF1 is not expressed. Activated targets of
310  PIF1 positively correlated with PIF1 expression at dawn (r = 0.96) with significantly reduced expression at
311  28°C and 30°C. Repressed targets of PIF1 negatively correlated with PIF1 expression (r = -0.79) at dawn
312  and had significantly increased expression at 30°C. The correlation between PIF1 expression levels and the
313  PIF1 targets predicted using the External Network that are also WNT DEGs is high for both activated
314  targets (r = 0.97) and PIF1 repressed targets (r = -0.98) (Supplemental Table 9). In contrast to PIF1, PRR95
315 is only expressed at dusk and is differentially expressed at 26°C, 28°C, and 30°C (Fig. 7C). Targets
316  predicted to be activated by PRR95 at dusk positively correlated with PRR95 expression (r = 0.96) and
317  significantly increase expression in the increasing nighttime temperatures. At the dusk time point, targets
318  predicted to be repressed by PRR95 correlated negatively with PRR95 expression (r = -0.92) and their

319  expression was reduced under increasing nighttime temperatures. The predicted PRR95 Targets that are
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320  WNT DEGs are highly correlated with PRR95 expression at dusk (activated r = 0.94, repressed t = -0.87,
321  Fig. 7C, Supplemental Table 2). The targets predicted to be activated by SPL, identified only in the Internal
322  Data Network since it is not on the microarray, are also correlated with SPL expression both in dawn and
323  dusk in the gradient experiment (dawn r=0.85, dusk r=0.99, Fig. 7D). The expression of the TFs predicted
324  toregulate WNT sensitive targets showed > 0.7 absolute correlation value with their predicted targets, even
325  though these targets were derived from a dataset not testing WNT®? (Figs. 5, 7, S6, Supplemental Table 8,
326  https://go.ncsu.edu/clockworkviridi_wnt).

327
328 DISCUSSION

329  The asymmetric warming between day and night is an important environmental variable to consider for
330  sustaining crop productivity in future climate scenarios. The physical phenomena of a significantly thinner
331  planetary boundary layer during the night compared to the day, leads to larger effects on the surface air
332  temperature during the nighttime®®. WNT have a negative impact on large geographic regions, affecting
333  agricultural productivity, compared to the more localized impact predicted for increasing daytime
334 temperatures’. We observed the effects of WNT on field-grown rice plants. Prior studies have tested the
335  effects of increased nighttime temperature in different genetic backgrounds, in chamber or greenhouse
336  conditions, exposing plants to more extreme nighttime temperatures'®867 that are greater than the
337  nighttime temperatures predicted by IPCC or other climate models®, However, a modest 2°C increase in
338  nighttime temperature also reduced yield from 0-45.3% depending on year and variety®®. From our
339 treatment of similar temperature regime, we observed a significant 12.5% decrease in yield.

340

341  WNT Alter the Timing of Fundamental Biochemical Processes

342 The term thermoperiodicity describes the differential impacts of day and night temperature changes
343  onplants’®", Thermoperiodicity and the negative impacts of WNT have been observed in many crops and
344 ornamental species’>"®. Mechanisms for why a mild increase in nighttime temperature has such substantial
345  impacts in contrast to a similar increase in daytime temperatures are not fully understood. Photosynthesis,
346  transpiration, and respiration are temperature sensitive processes that contribute to yield. However, only
347  respiration occurs consistently during the day and night. An increase in nighttime respiration has been
348  associated with high nighttime temperatures®”-7¢81 Therefore, increases in dark respiration are often
349  considered as the primary mechanism for the observed decrease in yield. However, the increase in
350  maintenance, or nighttime respiration, may not fully explain the difference in yield”*#2, The impacts of high
351 nighttime temperature during the vegetative stage can be compensated by active photosynthetic
352  machinery®. In addition, the response of dark respiration under high nighttime temperature has only been

353  documented in the leaf tissue either in rice?>8:# or in wheat®, with no reports on panicle tissue.
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354 Increasing nighttime temperatures have been associated with both positive and negative effects on
355  the next day’s photosynthesis®®35-88, The protective role of light-driven electron flow is not available in the
356  dark, resulting in increased reactive oxygen species production and damage to photosystem 11%°. Therefore,
357  the photosystems of many species of plants are more sensitive to heat-induced damage in the dark than in
358 the light. Our findings that the early morning transcriptional induction of many of the photosynthetic genes
359 s delayed in response to WNT may indicate that the altered timing of photosynthesis may compound the
360 effects of increased respiration rates. Additionally, if the gene expression changes are reflective of the
361  physiological timing, the delayed induction and subsequent overexpression later in the day we observe
362  would result in variation in the observed difference in photosynthetic activity between control and WNT
363  plants. Thus, the time of day the activity is measured could explain the conflicting reports of the effects of
364  WNT on photosynthesis.

365

366  The Phase-relationship as a Marker for WNT sensitivity

367  Examination of the transcriptional effects at a single timepoint would have missed potentially important
368 transcriptional changes. For example, many of the upregulated genes are detected during the morning time
369  points, while many of the downregulated genes are only downregulated during the nighttime hours. By
370  examining transcripts at multiple time points, we can observe changes in the timing of expression that
371  would be missed by a single time point. For example, we observe that many transcripts associated with
372  photosynthesis show a delay in expression in the day and found changes in expression that would have been
373  missed if the plants were sampled at the only one timepoint or were sampled only during the day. While
374  any single time point captures at most 36% of the total WNT sensitive DEGs. However, examining the
375  DEGs at Dawn and one hour before Dawn captures 59% of the total DEGs, and 79% of the total DEGs is
376  captured by three time points (Dawn, 7h, and 23h).

377

378  Disruption of Thermocycles may Contribute to the Negative Effects of WNT

379  While WNT can increase the rate of the biochemical activities occurring at night, another aspect of WNT
380 is that they reduce the daily temperature range (DIF). This day to night temperature amplitude or
381  thermocycle is beneficial to overall crop productivity®. Many crops have reduced yield under constant light
382  conditions®, yet the damage caused by constant light can be reduced by providing a thermocycle with warm
383  days and cooler nights in tomato and potato®-°. In tomato, net photosynthetic rates drop when grown in
384  constant light and can be recovered by providing a recurring, daily temperature drop for just 2h, suggesting
385  that the change in temperature acts as a cue to establish diel rhythms®. A linear relationship was observed
386  between reduction in the DIF and adverse effects on morphology (e.g., reduced biomass) and physiology

387  (e.g., increased nighttime respiration) in maize’®. A large DIF could reduce the harmful effects of daytime
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388  heat on photosynthesis emphasizing the importance of the amplitude component of the daily temperature
389  cycle. In Arabidopsis and rice, about 30-50% of the transcriptome is rhythmic under thermocycles in
390  constant light, indicating that gene expression is one mechanism of responding to thermocycles*%.

391 In field conditions, we observe rhythmic expression of most transcripts, consistent with prior
392  observations®%, Our results in the rice panicle show that WNT globally disrupts the timing of gene
393  expression in field conditions. Even after weeks of growth in increased nighttime temperatures, the
394  transcriptional profiles differed between WNT and NNT panicles. Therefore, we propose an additional
395  mechanism for the detrimental impacts of WNT. By disrupting the global patterns of gene expression, WNT
396  disrupts the synchrony of molecular activities within the plant and the coordination with the external
397  environment. The disrupted phase relationship between the timing of gene expression, downstream
398  molecular events, and environmental factors results in reduced productivity. Although not well studied in
399 rice, in Arabidopsis, plants that have a clock that is out of sync with their environment show decreased rates
400  of growth and photosynthesis®*1%1%, In barley, rhythmic expression of photosynthetic parameters showed
401  allelic variation that suggests adaptation to local environments®?, Therefore, the observed disruption of
402  rhythmic expression could contribute to the overall decrease in yield and biomass (Fig. 1).

403

404  Disruption of the Circadian Clock and Phytochrome Signaling by WNT

405 In Arabidopsis and rice, thermocycles can entrain the circadian clock and control the rhythmic expression
406  pattern of up to 30% of the transcriptome®?#4, In field conditions, we were not able to evaluate if the WNT
407  effects persisted in constant light and temperatures. However, when we compared the WNT sensitive
408 transcripts with prior data that identified circadian -regulated genes in rice, many of the WNT DEGs were
409 circadian-regulated*. WNT DEGs are enriched for circadian-regulated transcripts when entrained by
410  thermocycles alone or both light and temperature cycles in combination, but not when entrained by
411  photocycles alone (Fig. 3). The enrichment for WNT DEGs in transcripts identified as thermocycle
412  entrained suggests that WNT are disrupting the cues needed for proper timing of the expression of these
413  transcripts. The transcripts rhythmically expressed in response to thermocycles are largely distinct from
414  those entrained by photocycles®*#. The functional significance of thermocycle-entrained genes has not
415  been established in any plant species. However, if the negative impacts of WNT are due in part to the
416  altered expression of thermocycle-entrained genes, understanding the roles of thermocycles in plant
417  signaling and responses will be a critical component to anticipating the impacts of asymmetric changes in
418  temperature patterns °°.

419 How the DIF is perceived and integrated into the circadian clock is unknown. Our gene regulatory
420  network analysis identified 26 TFs with targets disrupted by WNT. Many of these TFs are known circadian

421  clock regulators, associated with the circadian clock, or are themselves expressed rhythmically. We
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422  identified PIF1, a bHLH and Phytochrome Interacting Factor as a candidate regulator of WNT sensitive
423  transcripts. In Arabidopsis, the OsPIF1 homologs, AtPIF4 and AtPIF5 are regulators of thermoresponsive
424 growth!®*1% and interact with circadian clock components'®1%’, AtPIF4 upregulates the auxin pathway,
425 activating growth in response to increasing temperatures!®®i%,  Under increasing temperatures, the
426  expression of AtPIF4 and AtPIF5 is regulated by AtPHYB. AtPHYB interacts with AtELF3, a component
427  of the clock’s evening complex'110111 | oss of function mutations in the evening complex mimics the
428  phybde loss of function knockouts under warmer temperatures!*23, These interactions indicate that the
429  photoreceptor PHYB connects changes in ambient temperature to the circadian clock in Arabidopsis*®*’.
430  Although the connections between phytochromes and increasing temperature are not as well studied in rice,
431  if WNT affect the rate of interconversion between active and inactive forms of PHYB in rice, this could
432  disrupt the output from the circadian clock through PHYB. The observed disruption of rhythmic expression
433  of thermocycle-entrained genes could be a consequence of the impact on this PHYB signaling pathway. In
434  Arabidopsis, the higher-order phytochrome mutants show a disruption in the timing of metabolite
435  accumulation. In the loss of function mutants of four of the five Arabidopsis phytochromes, the plants
436  accumulate sugars and amino acids to a higher level during the day and mobilize the sugars faster at night.
437  Thus the reduced biomass of the phytochrome mutants is due to altered timing of photosynthesis and
438  growth™* WNT grown rice plants also show a significant reduction in biomass (Fig 1) and alterations in
439  grain quality*>!® suggesting changes in sugar mobilization.

440 Recent research suggests that the plant circadian clock is dynamically plastic to changes in the
441  environment, which contributes to maintaining carbon homeostasis*'. Feedback from the metabolic status,
442  inpart through endogenous sugar levels, can dynamically adjust the circadian oscillator depending on when
443  the altered metabolism is perceived. These dynamic responses may explain contrasting shifts in expression
444 we observe. For example, the delay in morning expressed photosynthetic transcripts and the advance in
445  expression of genes with nighttime peaks in expression (Fig. 4E-H) may reflect temporally-varying WNT
446  induced changes in carbon use and mobilization.

447 We also identified PRR95 as a candidate regulator of WNT sensitive genes. PRR95, a member of
448  the Pseudo Response Regulator (PRR) family, is a known circadian clock component in rice®®?°, In
449  Arabidopsis expression of PRR family members responds to temperature changes and AtPRR7 and AtPRR9
450  are important for temperature compensation, the ability of the clock to maintain a similar period across a
451  range of temperatures'?!. Here we find that WNT alters the expression of PRR95 (Fig. 7) and the predicted
452  PRR95 targets. In our nighttime temperature gradients, we observed a high correlation between PIF1 and
453  PRR95 expression and the expression of their predicted targets. This co-expression across a decreasing DIF

454 supports the predicted regulatory role of PIF1 and PRR95 on these WNT sensitive transcripts and the effects
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455  of the thermocycle amplitude potentially through the circadian clock or phytochrome signaling on gene
456  expression.

457 In addition to PRR95 and PIF1, we also identified other candidate regulators of WNT DEGs associated
458  with the circadian clock. BBX24 is a CONSTANS like transcription factor which in Arabidopsis is an
459  activator of PIF activity®. EDH4, a regulator of flowering and is essential in the environmental coordination
460  of flowering!?2. Our findings suggest that WNT disrupt the temporal expression of transcripts by affecting
461  thecircadian clock or circadian-related components. However, we cannot distinguish if the effects on grain
462  yield and biomass are due to direct effects of reduced amplitude on the entrainment of the circadian clock,
463  through the downstream effects of increased nighttime respiration, or through temperature effects on
464  transcription, translation, or other biological activities necessary for proper temporal coordination.
465  However, by identifying the upstream regulators of the transcripts affected by WNT we can evaluate what
466  processes may trigger the changes in gene expression.

467 In conclusion, growth under WNT results in global reprogramming of the rhythmic expression of
468  the panicle transcriptome and multiple indicators suggest that this is through altered regulation of the
469 circadian clock or the circadian-regulated outputs. It is unclear if the observed effects are a direct effect of
470  WNT on the circadian clock machinery or an indirect consequence of increased nighttime respiration or
471  altered metabolite transport. However, our results suggest that altered timing is a vital phenotype to monitor
472  inresponse to WNT. The candidate regulators and their WNT-sensitive targets identified here can be used
473  as markers to monitor the response to WNT across environments and genotypes and to identify the
474  mechanisms to improve tolerance to WNT in anticipation of future weather patterns.

475
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480

481 MATERIALS AND METHODS

482  Crop Husbandry

483 Rice (O. sativa cv. IR64) was grown at the IRRI, Philippines during the dry season of 2014 (14°
484  11° N, 121° 15° E, 21 MASL). Seeds were exposed to 50 °C for three days to break dormancy. Pre-
485  germinated seeds were sown in seeding trays and grown in the greenhouse for 14 days. Seedlings were then
486  transplanted in the field at a spacing of 0.2 m x 0.2 m with one seedling per hill. Basal fertilizer composed
487  of nitrogen (45 kg ha® N as urea), phosphorus (30 kg ha P as single superphosphate), potassium (40 kg
488  ha' K as KCI), and zinc (5 kg ha™* Zn as zinc sulfate heptahydrate) was applied a day before transplanting.
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489  Plots were top-dressed with additional nitrogen during mid-tillering (30 kg ha* N), panicle initiation (45
490 kg ha® N), and heading (30 kg ha® N). Plots were kept fully flooded until just before harvesting at
491  physiological maturity. Appropriate insecticides were used to control pest and disease damage.

492 Validation experiments under a gradient of nighttime temperatures were grown during the dry
493  season of 2015. IR64 plants were pre-germinated and transplanted as described above and grown in a field-
494  based tent facility at the IRRI, Philippines. Standard crop management practices including fertilizer
495  application and pest control were followed® and were similar to the 2014 experiment.

496

497  Stress Treatment

498 An infrared heating facility using ceramic heaters was used to impose high temperatures during
499  nighttime (1800-0600h) starting at panicle initiation until physiological maturity. The system has been
500 described in detail in Gaihre et al. 20142, The heated plots, with six ceramic heaters each, were
501  programmed to have a temperature of +3 °C relative to the ambient temperature recorded from the
502  control/reference plots. A total of eight rings were used in the experiment, with four replications per
503 treatment. Temperatures were recorded throughout the day at 5-min intervals and monitored on a daily basis
504  to ensure that the target temperature was achieved.

505 The physiological effects of WNT were measured by comparing rice grown in WNT to NNT. An
506 increase in nighttime temperature in the field was achieved by planting rice inside a ring of ceramic heaters
507  and maintaining a 3°C (actual: 2.36°C, SD + 0.23) increase in air temperature inside the ring from dusk till
508  dawn relative to ambient conditions (Fig. S1). The treatment was started from panicle initiation and
509  persisted through the flower development and grain filling until physiological maturity. Throughout the
510  experimental period the plants inside the WNT ring received the same temperature as the control plants
511  during the daytime periods, but were consistently 2-2.5°C warmer at night (Fig. S1). The average diel
512 amplitude in temperature was 9.1°C for NNT plants and was 6.7°C for WNT grown plants. For the entire
513  period of stress imposition, the plants experiencing WNT did not receive a sudden increase in temperature,
514  but rather a reduced decline in temperature (See insert Fig. S1).

515 Validation experiments in the temperature gradients were performed in field-based tents with
516  programmed temperature control (for details see %) were used to impose different nighttime temperatures.
517  In brief, plants were exposed to ambient conditions during the day and exposed to target temperatures at
518  night (18:00 - 06:00), starting from panicle initiation until physiological maturity. Temperature and relative
519  humidity inside the tents were monitored using HOBO sensors installed above the canopy height*34. Plants
520  were exposed to a total of four different night temperature conditions. Set temperature ranged from 24 —
521 30 °C with 2 °C increments. Heaters were used to impose 24, 26, 28, and 30 °C treatments. Two replicate

522  tents were randomly allotted for each of the treatments.
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523

524  Sample Collection

525 Whole panicles at the 50% flowering stage (i.e. upper 50% of the panicle has just finished
526  flowering) were collected. Uniform sets of panicles were identified, tagged, and collected when the middle
527  portion of the panicle had spikelets undergoing anthesis or flower opening (time point dawn + 3.5h) or had
528  just flowered (all other time points). The tagged panicles were collected at dawn (6:15AM), dawn + 3.5h,
529  dawn + 7h, dawn + 10.5h, dusk, dawn + 14h, dawn + 17.5h and just before the next dawn, i.e. dawn + 23h.
530  For each treatment, four replicates per time point were collected. Samples were collected in tubes and
531  immediately immersed in liquid nitrogen, after which were stored at -80 °C until sample processing.

532 For the nighttime temperature gradient samples, main tillers with panicles at 50% flowering were
533 identified and tagged for sample collection. Panicles were collected immediately after sunrise and sunset.
534  For each controlled nighttime temperature, two replicate panicles were collected per tent, yielding a total
535  of four replicates per treatment. The 24°C nighttime temperature was closest to the average NNT conditions,
536  while the average nighttime temperature of our WNT samples described above was closer to 26°C (Fig.
537  S1). Samples were collected in 50 mL falcon tubes and immediately immersed in liquid nitrogen, and stored
538  at-80°C until analysis.

539

540  Agronomic Characterization

541  Twelve hills from each replicate plot were harvested at physiological maturity to measure yield and yield
542  components including total aboveground biomass, number of spikelets per panicle, 1000-grain weight,
543  panicle per m2, and spikelet fertility (Supplemental Table 1). Samples were processed according to standard
544  practices following Lawas et al.'?*. To evaluate the effects of WNT treatment on each trait we performed
945  the Kruskal-Wallis Test using R version 3.4.1.

546

547  Library Preparation

548  The upper 50% of the panicle was first ground in liquid nitrogen with a metal pestle. The tissue was then
549  lyophilized at -60°C overnight before RNA extraction. Total RNA was extracted using the RNeasy Plant
550  Mini Kit (Qiagen) with the recommended RLT lysis buffer. The provided RNA extraction protocol was
551  followed by the inclusion of DNase treatment. After the RWI wash step, 3 uL of DNasel (10U/ul Roche),
552 8uL buffer (200 mM Tris, pH 8.0, 20 mM MgCI2, 500 mM KCI), and 69 uL nuclease-free water was added
553  toeach column and incubated at room temperature for ten minutes. Following DNase treatment, the column
554  was rewashed with the RWI buffer from the Qiagen kit. The RNA concentration was then measured with
555  NANOdrop 2000 (Thermo Scientific). Two micrograms of RNA were used with NEBNext Poly(A)
556  Magnetic mRNA isolation kit (NEB). Oligo(dT) attached to magnetic beads isolate mMRNA by attaching to
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557  ploy(A) modified mRNA. Before library preparation, mMRNA was heated to 95°C for the recommended 15
558  minutes to achieve 150-200bp fragment sizes. NEBNext Ultra RNA Library Prep Kit for lllumina was then
559  usedto prep mRNA for sequencing. cDNA was prepared with random hexamers and a Protoscript Il reverse
560 transcriptase for the first strand synthesis and followed by second strand synthesis. DNA was size selected
561  using AMPure beads (Beckman Coulter) after end repair and adaptor ligation to isolate 150-200bp
562  fragments. PCR library enrichments was then done with the inclusion of USER step for strand specificity.
563  Fifteen cycles (the maximum recommended number of cycles) was used which did not result in any over
564  amplification peaks. To measure library quantity and quality, samples were analyzed on an Agilent
565  Bioanalyzer high sensitivity DNA chip after a 1:4 (or 1:10 if the concentration is too high) dilution and
566  quantified using the NEB library gRT quantification kit. Libraries were diluted to 10nmol/ul concentrations
567  before sequencing. Sequencing was done at North Carolina State University's Genomics Science
568  Laboratory on the Illumina Hiseq 2000.

569

570 RNA-Seq Data Alignment and Quantification

571  After FastQC, fastq files were trimmed by 10nts with seqtk Trim fastq. Option used: -b -10. Fastq files
572  were trimmed by 10nts before being aligned. Trimmed files were aligned using tophat v2. Reads were
573  mapped to the indica variety MH63 and mapped the reads to the MH63 reference genome®1%, The

574  reference genome and annotation files were obtained from http://rice.hzau.edu.cn/rice *°. Mismatches

575  allowed was 2, read gap length was 2, library type was set to first-strand, and the rest of the parameters
576  remain as the default. The resulting bam files were then piped to htseq count version 0.6.0. Using the

577  options -f bam, -s reverse,and -m intersection-nonempty counts per gene were generated for the annotated
578  genes in MH63. Each sample had 80% or greater reads mapped. We observed low variability between
579  replicates within both NNT and WNT groups (Fig. S2 and S3).

580

581 Differential Expression

582  Theraw count matrix was used for differential expression analysis with EdgeR version 3.10.5 %6, The genes
583  were first filtered by counts; genes with more than 10 counts in four samples were kept. Normalization
584  factors and dispersion estimates were then done according to the EdgeR pipeline. Differentially expressed
585  genes (DEGSs) between plants exposed to WNT or NNT at each time point were identified (Fig. 2) using
586  EdgeR’s generalized linear models and a likelihood ratio test determined differential expression of
587  transcripts. A FDR < 0.05 & logFC > 0.5 was considered to be differentially expressed. R version 3.2.1.
588  Filters were applied to remove transcripts with less than 10 counts in less than 4 samples. Using filtered

589  and aligned reads, transcript levels were used to find differentially expressed genes at different times of
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590 day. Differentially expressed (DE) genes were identified using EdgeR, comparing each time point between
591  HNT treated and control samples (FDR < 0.05 & logFC > 0.5).

592

593  MapMan Enrichment

594 Al gene ontology tests were done with MSU  annotations  obtained  from

595  http://www.gomapman.org/ontology “°. Enrichment was then calculated using all MH63 genes as the

596  background and either DE genes or genes that lost rhythmicity in HNT as the input. Phyper was used to
597  calculate the p-value. After p-value adjustment for multiple testing corrections, a term with <0.05 FDR and
598  a minimum of five genes per functional term were considered to be enriched.

599

600  Enrichment of DEG in Diurnal and Circadian datasets

601 PHASER " was used to look for enrichment of rhythmically expressed genes in 50% flowering time course
602 27, We limited our comparison to the 596 WNT DEGs that had orthologs to Nipponbare and were on the
603  A-AFFY-126 (Affymetrix, Santa Clara, CA) used by Filichkin et al., *. After conversion of MH63 IDs to
604  Nipponbare MSU orthologs, all DEG genes were used as an input to Phaser. The LDHC and LLHH_LLHC
605  conditions of Oryza sativa data were used as the background. A correlation cutoff of 0.7 was used.

606

607 JTK Cycle

608 JTK cycle R script was taken from http://www.openwetware.org/wiki/HughesLab:JTK Cycle *°. To

609 stringently identify differentially cycling genes, circadian core genes®, were plotted in the NNT data. The
610 transcripts were visually inspected, ranked by JTK g-value, and a cutoff of the JTK g-value was set for the
611 last gene that was clearly rhythmically expressed (MH03t0197300, 6.617080673040279¢-15 inclusive).
612  This g-value cutoff resulted in 6248 periodic in NNT, 4112 periodic in NNT and WNT 2136 periodic in
613  NNT but not WNT. Full statistical results are in Supplemental Table 10.

614

615 Inference of Regulators in External Data Network

616  Transcription regulators for rice were identified by RiceSRTFDB!?. From Nagano et al. we exported 555
617  samples and created 15 different time series sets®. The data include samples taken in intervals of every ten
618  minutes, every two hours, and every 12 hours from different developmental stages and tissue types
619  (Supplemental Table 6). The dataset was subset to RAP-1Ds that had orthologs to MH63 1Ds. The
620  microarray data were ordered by sample type to create a time sequential series for each sample type. Sample
621  divisions are given in supplemental table 3, and EXRANGES was applied to a series that contained time
622 information. EXRANGES weights gene expression by the significance of the change in expression and was

623  used because it performs optimally on large time course datasets. EXRANGES parameters cycle was set to


http://www.gomapman.org/ontology
http://www.openwetware.org/wiki/HughesLab:JTK_Cycle
https://doi.org/10.1101/702183
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/702183; this version posted July 16, 2019. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

624  FALSE and the sample size was set to 1000. The weight expression output of EXRANGES was then used
625 to construct a transcription factor regulatory network. To predict regulatory interaction between the
626  transcription factor and the target gene, GENIE3 source code was downloaded from
627  http://www.montefiore.ulg.ac.be/~huynh-thu/software.html®. For GENIE3, we used 1000 trees. The
628  importance measure was then ranked for each TF and its targets. To validate network results, we used the
629  top 200 predicted targets for PIF1 and LHY-Chr8. We compared ChIP-Seq targets for AtPIF4 and AtCCAL.
630  Orthologs between RAP-IDs and Arabidopsis were converted using mappings downloaded from rigw.org®.
631  To test for motif enrichments, Homer’s findMotif.pl (v4.10) function was used on an imported version of
632  the MH63 genome®’. The motif search was limited to 500bp upstream of the transcription start sites and
633  50bp downstream of TSS. The motif length was limited to 6, 8, and 10bps. To test for enrichment of DEGs,
634  MH63 Ids were converted to RAP Nipponbare orthologs using rigw.org®. Using phyper, enrichment was
635 calculated for the overrepresentation of WNT DEGs in TF targets. We tested enrichment for WNT DEGs
636  for all TFs. We looked at enrichment in the top 10-200 predicted targets for each TF.

637

638 Inference of Regulators in Internal Data Network

639  For comparison of gene regulatory networks from control and WNT panicle tissue, the edge finding pipeline
640  from McGoff et al.®® was employed. The predicted regulators of each TF were determined by constructing
641  aregulatory network consisting of TFs with homology to known circadian regulatory TFs and determining
642  their potential for regulating the TFs with altered expression in WNT. The model considered the
643 relationship between each potential regulator and the altered TFs of interest using the gene expression
644  dynamics observed by RNA-Seg®. A model distribution was constructed to determine the topological
645  differences between model gene regulatory networks in NNT and WNT. First, dynamic gene profiles were
646  selected for analysis. Rice Transcription Factors were first analyzed by DEseq to determine if they were
647  differentially expressed in Control and WNT samples (FDR < 0.05). Next, using the JTK periodicity finding
648 algorithm, highly periodic TFs from control and WNT samples were identified, considering the possibility
649  that a TF may be highly periodic in one dataset and not another. Also, TFs that demonstrated periodic
650  dynamics in both control and WNT were added, even if their peak times were not consistent between
651  experiments. Finally, known circadian regulators were added. All told, 368 genes were considered, of which
652 356 were Transcription Factors. Using the edge finding pipeline, only TFs were considered for regulators,
653  while all 368 genes were target nodes.

654 From the edge finding algorithm, the following attributes of each possible regulator node to target
655  node interaction were collected. Replicate 2 from control tissue and Replicate 2 from WNT were used for
656  network analysis. Edge Probability (EP) — the likelihood that an edge exists between a given regulator and

657  agiven target. This measure considers the goodness-of-fit of the regulation simulation to the observed data
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658  and a number of other factors. The score ranges from 0 to 1 and the sum of all scores for a single target is
659 1. The higher likelihoods have larger values. Mean Squared Error (MSE) — the mean squared error for the
660  regulation simulation compared to the observed data. This is always a positive number. Smaller values
661 indicate a better fit. Baseline Error (BE) — compares the error for the simulation versus the error for a
662  straight line fit. The output ranges from 0 to 1. Smaller values indicate a better fit. This provides a
663  normalized goodness of fit measure. Target Rank Edge Probability (TREP) — shows how a given edge ranks
664  against other edges leading to the same target. The smaller values indicate better rankings.

665 An inspection of the results led to construction of Control Panicle gene regulatory networks that
666  satisfied the following criteria: The TREP must be in the top 3 potential regulatory edges for each target
667  node. The BE must also be less than 0.25. Finally, each TF node must have at least one edge “in” and one
668  edge “out” indicating that it is both a target and regulator of another TF in the network. These score cut-
669  offs result in a gene regulatory network model that allows for comparison to the WNT Panicle GRN. To
670  determine differences in network topology, regulator targets in WNT were identified when their regulator
671  profile were altered (different regulators in the top 3 TREP and altered incoming edge scores). For each
672  target, non-parametric correlation between regulator scores from control and HNT (Baseline Error) were
673  computed. If there was no significant correlation (p > 0.05), this target is perturbed. 193 genes in the
674  network had significant positively-correlated regulation between NNT and WNT. 89 genes in the GRN
675  constructed in NNT were perturbed in the WNT panicle. Network visualizations using these criteria were
676  constructed in Cytoscape'?,

677

678  Figure Legends:
679  Figure 1. WNT impacts on agronomic performance The effects of the Warm Nighttime Temperatures

680 treatment (WNT, Red) compared to Normal Nighttime Temperatures (NNT, Blue) on agronomic traits of
681  grain yield (g/m?), average 1000-grain weight (g), spikelets per panicle, and biomass (g/m?). Twelve plants
682  were sampled from each of four plots per treatment. Error bars indicate +SE (n=4).

683

684  Figure 2. Differentially expressed genes in response to WNT Differentially expressed genes identified
685 by comparing expression levels between Warm Nighttime Temperatures (WNT) and Normal Nighttime
686  Temperatures (NNT) at each time point (FDR < 0.05 and logFC > 0.5). Time points indicate sample time
687  in hours after dawn. Number of transcripts (A) upregulated and (B) downregulated in WNT compared to
688  NNT at each time point. An eigengene representation of all (C) upregulated and (D) downregulated DEGs
689 in WNT (red) and NNT (blue). White/black bar indicates day/night period respectively. The red bar
690 indicates the time period when WNT plants were exposed to higher temperatures. Error bars indicate +SE
691 (n=4).
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692

693 Figure 3. Rhythmic and circadian-regulated transcripts have increased sensitivity to WNT
694  Comparison of Warm Nighttime Temperatures (WNT) DEGs to a prior experiment examining diel
695  rhythmic and circadian regulated expression of rice transcripts *. (A) The enrichment of WNT DEGS
696  compared to the phase of peak expression for rice transcripts when grown in photocycles and thermocycles.
697  Enrichment is colored by p-value < 0.001 (red), <0.01 (orange), <0.05 (green), and underrepresented
698  (purple). (B) Expression pattern of example transcript, LOC_0s10g41550 (MH10g0431700) in conditions
699  with both photocycles and thermocycles (black), Normal Nighttime Temperatures (NNT, blue), WNT (red).
700  Enrichment of WNT DEGs in sets of transcripts identified as rhythmic or non-rhythmic from plants grown
701  in (C) photocycles only, (D) thermocycles only, and (E) after entrainment in photo- and thermocycles.
702  Enrichment of WNT DEGs in sets of transcripts identified as circadian-regulated after entrainment in (F)
703  both photocycles and thermocycles, (G) thermocycles only, and (H) photocycles only. Significantly
704 overrepresented (red) significantly underrepresented (purple).

705

706  Figure 4. Patterns of expression are disrupted by WNT (A) Heatmap of gene expression of rhythmic
707  genes identified by JTK cycle in Normal Nighttime Temperatures (NNT) and Warm Nighttime
708  Temperatures (WNT). Genes are ordered by NNT dynamics. The difference in peak time is the difference
709  between the time of max expression in NNT compared to WNT. (B) Heatmap of gene expression of genes
710  that are rhythmic in only NNT. The difference in peak time is the difference between the time of max
711  expression in NNT compared to WNT. (C) -logio (Q-value) distribution of NNT (blue) and WNT (red)
712  JTK analysis of gene that cycle uniquely in NNT. (D) WNT alters the ratio of morning to evening peak
713  phases of gene expression. (E) Circos plot of genes that are rhythmic in both NNT and WNT that show a
714  change in the timing of their peak expression. Phase of peak expression in NNT is anchored on the left half
715  of the plot, and phase of peak expression in HNT is on the right. Only transcripts which shown a change in
716  peak expression are plotted. (F) Expression pattern of MH03g0450600 a transcript representative of genes
717  with a peak of expression at 3.5h in NNT (Blue) that shifts to 7h in WNT (Red). Enrichment for MapMan
718  ontology of genes with this 3.5h to 7h shift in peak expression are shown. G) Expression pattern of
719  MH07g0175300 a representative transcript of the group of genes with a peak in expressionat 17.5hin NNT
720  (Blue) that advances to 14h in WNT (Red). Functional enrichment from MapMan Ontology is shown for
721  genes with this shift (light blue). (H) Expression pattern of MH12g0102300, selected to represent the group
722  of transcripts that peak at 23h in NNT and the peak expression is delayed until dawn in WNT. Function
723  enrichment from MapMan ontology is shown for genes with this shift (red). (I) Density plot showing
724  changes in timing of peak expression between NNT and WNT for genes identified as WNT DEGs.

725
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726  Figure 5. Inferring regulatory networks to identify WNT perturbed targets (A) Workflow to
727  establish Targets of Transcription Factors (TF)s. (B) Enrichment of TF targets for Warm Nighttime
728  Temperature (WNT) DEGs from panicle time course. The enrichments score for the overlap of TF
729  targets and DEGs is plotted on the y-axis as -logio(p.value). The enrichment test was performed
730  for top 10-200 predicted TF targets. All annotated TFs were tested, each TF is represented by a
731 grey line. Lines above dotted lines represent significance lower than a p.value of 0.01. Lines above
732 dotted lines represent significance lower than a p.value of 0.05. TFs are colored by their peak
733  expression (CPM) in the NNT time course. Red to green corresponds to high to low expression.
734  (C) Table of significant regulators of WNT DEGs identified from external data source. TFs are
735  sorted by their peak expression (CPM). * indicates significant regulators also identified by internal
736  data source. (D) Overlap of the TF regulators and DEG targets. TF (grey), unknown/other targets
737  (white), photosynthesis target (green), carbohydrate metabolism (blue) are connected by group 1
738  edges (yellow), group 2 edges (light blue), and group1/2 edges (light green). (E) Expression (CPM)
739  of PIF1 at dawn (white) and dusk (grey) under night time temperatures of 24°C, 26°C, 28°C, and
740  30°C. All PIF1 targets and PIF1 targets that are also DEGs are separated into activated and
741  repressed targets at dawn (white) and dusk (grey) timepoints. Line represents mean normalized
742  expression (gene expression divided mean gene expression) of all targets at 24°C (green), 26°C
743  (dark yellow), 28°C (orange), and 30°C (red). The shaded region represents standard deviation. (F)
744 Expression (CPM) of PRR95 at dawn (white) and dusk (grey) under night time temperatures of
745  24°C, 26°C, 28°C, and 30°C. All PRR95 targets and PRR95 targets that are also DEGs are
746  separated into activated and repressed targets at dawn (white) and dusk (grey) timepoints. Line
747  represents mean normalized expression of all targets at 24°C (green), 26°C (darkyellow), 28°C
748  (orange), and 30°C (red). The shaded region represents standard deviation between target gene
749  expression.

750

751 Figure 6. Distinct NNT and WNT networks from Internal Data A network of
752  Circadian/Circadian related TFs with TREP <= 3 and BE is <= 0.25 using A) NNT or B) WNT
753 Internal Data. Nodes colored by peak expression (Oh - Green, 3.5h - Yellow, 7h - Orange, 10.5h
754 - Dark Pink, 12h - Pink, 14h - Purple, 17.5h - Dark Blue, 23h - Blue).

755
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756  Figure 7. Evaluation of Regulators of Warm Nighttime Temperature Responses in an
757  Independent Experiment. (A) Plot of enrichment of TF targets that are WNT sensitive using
758  targets identified by the External (y-axis) and Internal network (x-axis). Enrichment Score is the -
759  logz(p-value) of the hypergeometric test of the overlap between WNT DEGs and the predicted TF
760  targets. Dotted lines are -1og2(0.05) (B) Expression (CPM) of PIF1 at dawn (white) and dusk (grey)
761  under night time temperatures of 24°C, 26°C, 28°C, and 30°C. All PIF1 targets and PIF1 targets
762  that are also DEGs (purple) are separated into activated and repressed targets at dawn (white) and
763  dusk (grey) timepoints. Line represents mean normalized expression (gene expression divided
764  mean gene expression) of all targets at 24°C (green), 26°C (dark yellow), 28°C (orange), and 30°C
765  (red). The shaded region represents standard deviation. (C) Expression (CPM) of PRR95 at dawn
766  (white) and dusk (grey) under night time temperatures of 24°C, 26°C, 28°C, and 30°C. All PRR95
767  targets and PRR95 targets that are also DEGs (purple) are separated into activated and repressed
768 targets at dawn (white) and dusk (grey) timepoints. Line represents mean normalized expression
769  ofall targets at 24°C (green), 26°C (darkyellow), 28°C (orange), and 30°C (red). The shaded region
770  represents standard deviation between target gene expression. (D) Expression (CPM) of SQL at
771 dawn (white) and dusk (grey) under night time temperatures of 24°C, 26°C, 28°C, and 30°C. All
772  SQL targets and SQL targets that are also DEGs (purple) are separated into activated and repressed
773  targets at dawn (white) and dusk (grey) timepoints. Line represents mean normalized expression
774  ofall targets at 24°C (green), 26°C (darkyellow), 28°C (orange), and 30°C (red). The shaded region
775  represents standard deviation between target gene expression.

776

777  Supplemental Figure Legends

778

779  Supplemental Figure 1 Experimental setup of WNT field samples. (A) Image showing the growth of the
780  WNT samples, contained within the ring of ceramic heaters that maintained (B) Actual temperature data
781  from the period of panicle initiation, when the heaters were turned on for WNT plants until harvest. (C)
782  Close up of four days of treatment showing that the day to night temperature difference in both NNT and
783  WNT exceeds the nighttime temperature difference between NNT and WNT.

784

785  Supplemental Figure 2 Violin plot showing variation between the replicates of samples from Normal
786  Nighttime Temperatures (NNT). Pairwise comparisons of variation between each of the four NNT

787  replicates. The distribution of the Kendall-Tau dissimilarity score (Score) for all transcripts is shown.
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788

789  Supplemental Figure 3 Violin plot showing variation between the replicates of samples from Warm
790  Nighttime Temperatures (WNT). Pairwise comparison of variation between each of the four WNT
791  replicates. The distribution of the Kendall-Tau dissimilarity score (Score) for all transcripts is shown.

792

793  Supplemental Figure 4 Functional categorization and summarized expression of WNT DEGs. Mapman-
794  based functional enrichment of genes (A) upregulated and (B) downregulated in response to Warm
795  Nighttime Temperatures (WNT) compared to Normal Nighttime Temperatures (NNT).

796

797  Supplemental Figure 5 The period expression of most genes is similar between Warm Nighttime
798  Temperatures (WNT) and Normal Nighttime Temperatures (NNT). Density of genes with difference in
799  period lengths indicated between WNT and NNT.

800

801  Supplemental Figure 6. Validating targets of other TFs responding to increasing nighttime temperature.
802  Expression (CPM) of (A) Dof2, (B) BBX24, (C) bZIP71, (D) EDH4, (E) bZIP1, (F)? (G) Zf-CCCH54, (H)

803  ZEP1, at dawn (white) and dusk (grey) under nighttime temperatures of 24°C (green), 26°C (dark yellow),

804 28°C (orange), and 30°C (red). Mean of (A) Dof2, (B) EDH4, (C) Zf-CCCH54, BBX24, bZIP1, ZEP1,
805  bZIP71 targets (black) and Dof2, EDH4, Zf-CCCH54, BBX24, bZIP1, ZEP1, bZIP71 targets that are also
806  DEGs (purple) are separated into activated and repressed targets at dawn (white) and dusk (grey)

807  timepoints. The line represents mean normalized expression (gene expression divided mean gene

808  expression) of all targets at 24°C, 26°C, 28°C, and 30°C. The shaded region represents the standard
809  deviation.

810

811  Supplemental Table 1 Agricultural Traits for IR64 plants grown in Warm Nighttime Temperatures
812  (WNT) and Normal Nighttime Temperatures (NNT).

813

814  Supplemental Table 2 Genes identified as DEG in Warm Nighttime Temperatures (WNT) compared to
815  Normal Nighttime Temperatures (NNT) at each time point. Log fold change (LFC) and FDR corrected
816  significance (FDR) are shown. Positive LFC indicates the transcript is upregulated in WNT.

817

818  Supplemental Table 3 Functional enrichment of genes identified as DEG in Warm Nighttime

819  Temperatures (WNT) compared to Normal Nighttime Temperatures (NNT) at each time point using
820  MapMan * terms.
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821

822  Supplemental Table 4 Genes identified as cycling in Normal Nighttime Temperatures (NNT), in Warm
823  Nighttime Temperatures (WNT), cycling only in NNT, and cycling only in WNT.

824

825  Supplemental Table 5 Functional enrichment of genes identified as rhythmic either only in Normal

826  Nighttime Temperatures (NNT) or only in Warm Nighttime Temperatures (WNT).

827

828  Supplemental Table 6 Samples used to generate External Data Network. The 555 samples from 52 that
829  were used to construct the External Data Network. These were grouped into 15 series and the table indicates
830 if EXRANGES was applied to each series.

831

832  Supplemental Table 7 The gene identifiers of the transcription factors considered as regulators in
833  ExRANGES for generation of External Data Network.

834

835  Supplemental Table 8 Enrichment of the predicted targets of each regulatory transcription factor (TF)
836  for differentially expressed genes (DEGs) under warm nighttime temperatures (WNT). Each TF tested for
837  the External Data Network (1174 TFs) and the Internal Data Network (356 TFs). The enrichment score is
838  the -logio (p-value) of the predicted targets of that regulator for WNT DEGs. The six TFs enriched in

839  both networks are indicated.

840

841  Supplemental Table 9 Correlation between top candidate regulatory transcription factors (TFs) and their
842  predicted targets in the validation assay using a gradient of warmer nighttime temperatures (WNT). The
843  correlation between the top candidate TFs and all the predicted targets (All Targets) or the targets that
844  were identified as WNT DEGs (WNT DEG Targets) in the WNT gradient experiment.

845

846
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