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31 Abstract

32 Introgression of major-effect QTLs is an important component of rice breeding
33 for yield-retention under drought. While largely effective, the maximum potentials of
34  such QTLs have not been consistent across genetic backgrounds. We hypothesized
35 that synergism or antagonism with additive-effect peripheral genes across the

36  background could either enhance or undermine the QTL effects. To elucidate the

37  molecular underpinnings of such interaction, we dissected gDTY72.1 synergy with
38 numerous peripheral genes in context of network rewiring effects. By integrative

39 transcriptome profiling and network modeling, we identified the DECUSSATE

40 (OsDEC) within gDTY12.1 as the core of the synergy and shared by two sibling

41 introgression lines in IR64 genetic background, i.e., LPB (low-yield penalty) and HPB
42 (high-yield penalty). OsDEC is expressed in flag leaves and induced by progressive
43  drought at booting stage in LPB but not in HPB. The unique OsDEC signature in LPB
44  is coordinated with 35 upstream and downstream peripheral genes involved in floral
45  development through the cytokinin signaling pathway, which are lacking in HPB.

46  Results further support the differential network rewiring effects through genetic

47  coupling-uncoupling between gDTY12.1 and other upstream and downstream

48  peripheral genes across the distinct genetic backgrounds of LPB and HPB . We

49  propose that the functional DEC-network in LPB defines a mechanism for early

50 flowering as a means for avoiding the depletion of photosyntate needed for

51  reproductive growth due to drought. Its impact on yield-retention is likely through the
52 timely establishment of stronger source-sink dynamics that sustains a robust

53 reproductive transition under drought.
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54 Author summary

55 While the Green Revolution of the 1960’s significantly increased rice grain
56 yields through the creation of high-yielding varieties for high input systems, current
57  marginal climates pose a significant challenge for providing consistent yield. In rice
58 growing regions of the world, drought affects the livelihood of small-scale and

59  subsistence farmers by inflicting significant yield penalties to their production

60 systems. Breeding of next-generation rice varieties with optimal balance of

61  survivability and productivity traits will be key to providing consistent yields year to
62 year. Within this paradigm, the use of large effect QTLs such as gDTY72.1 to

63  improve yield retention under drought have been largely successful. By integrating
64  the use of high resolution transcriptome datasets with a focused biological

65 interrogation of agronomic results from this and previous studies, we uncovered a
66  putative functional genetic network, anchored by the DECUSSATE gene (OsDEC)
67  within gDTY12.1, that effectively minimizes drought penalties to yield by driving

68  cellular processes that culminate in timely flowering that maximizes the use of

69 photosynthetic sources for efficient reproduductive transition and ultimately seed
70  development. Our study further illuminates the gDTY72.1 function and speaks to the
71  misconception that gDTY introgression alone is sufficient for providing consistently
72 large positive effects to yield retention under reproductive stage drought.

73
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77  Introduction

78 Through ideotype breeding, the Green Revolution created the modern high-
79  yielding varieties of rice with morphological and physiological attributes optimal for
80  environments with ample water and nutrients [1-6]. However, the increased

81 incidence of erratic rainfall patterns, diminishing water resources, and depletion of
82  arable lands paints the new reality at which crop production must be undertaken to
83  ensure yield stability under increasing global food demands and steadily rising

84  population. With this reality in mind, innovative and holistic paradigms in plant

85  breeding will be critical to the development of the next generation of crop cultivars
86  that can absorb this conglomeration of ecological factors while minimizing penalties
87 toyield. The creation of new ideotypes with novel mechanisms that confer resilience
88  to drought-prone environments for example, holds great promise for establishing an
89 effective means for maximizing yield under sub-optimal conditions [7,8].

90 With the reported drought-related yield losses in rice ranging from 18% to 97%
91 [9], robust approaches in breeding, like QTL introgression and pyramiding for

92  example, become the most vital components of a holistic strategy for addressing the
93  needs of subsistence rice farmers in regions that are highly prone to either periodic
94  episodes of drought or persistent drought [10-13]. The discovery and subsequent
95  pyramiding of large-effect QTLs that function at the reproductive stage, i.e., gDTYs
96  for yield maintenance under drought (S1 Table), have led to incremental but major
97 improvements in the yield potential of many of the widely grown rice cultivars that

98  regularly incur significant penalties due to reproductive-stage drought [14-16].

99  Among the most well-characterized and considered of very high importance to rice
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100  breeding is the gqDTY12.1, because of its more consistent effects in reducing the

101  penalty to yield across growing environments [17-19]. Fine-mapping of gDTY12.1 in
102 the Way Rarem x Vandana derived population defined its boundaries within 3.1cM on
103  the long-arm of chromosome-12, which is estimated to be about 1.554 Mbp with

104  physical coordinates in the Nipponbare RefSeq between 15,848,736 bp to

105 17,401,530 bp [20].

106 Initial attempts to understand the mechanisms by which gDTY12.1 is able to
107  impart such large positive effects as a ‘yield QTL’ have pointed to a number of

108 candidate genes [21-23]. However, while the characterization of these genes

109  provided important advances, much of the mechanisms that have been uncovered so
110 far appeared to be involved in stress avoidance and physiological adjustments during
111  vegetative growth, and not really in the cellular processes with direct significance to
112 reproductive growth, source-sink partitioning, and/or grain development, which are
113 more meaningful to yield maintenance [24-27]. For instance, a recent study showed
114  the importance of the gDTY12.1-encoded OsNAM;,, ; transcription factor

115 (0Os1290477400) in the regulation of root development and architecture as a

116  mechanism of drought avoidance during vegetative growth [23]. Additionally, a

117  meta-analysis of 53 grain yield-related QTLs identified six (6) loci within the meta-
118 QTL (MQTL) on gDTY12.1 that are not directly associated with yield processes [21].
119 Perhaps the most interesting aspect of gDTY72.1 was the fact that this locus
120  did not exhibit a positive effect on yield maintenance in its native genetic background
121  (i.e., original donor), which is the Indonesian upland cultivar Way Rarem (WR) [17].
122 However, significant positive effects of the gDTY72.1 in minimizing yield penalty
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123 under drought were observed in recombinants with the Indian cultivar Vandana,

124  which has drought tolerance at the vegetative stage but with high drought penalty to
125 vyield [17,28]. These seminal observations inspired the initial hypothesis that the full
126  effects of gDTY12.1 require some kind of synergy and complementation with other
127  minor peripheral genes in the genetic background that cannot be identified at high
128  statistical confidence by the resolution of QTL mapping [22]. Researchers have been
129  trying to identify such network of genes either among the gDTY72.1 genes

130 themselves or across genetic backgrounds, but so far no truly significant leads apart
131 from vegetative stage drought avoidance have been uncovered [24-27].

132 With the observations that some introgression derivatives of gDTY12.1

133 exhibited consistent yield retention under drought, while others had not, the question
134  was raised as to why the presence of the gDTY12.1 allele of WR alone as facilitated
135 by marker-assisted selection, would not be sufficient in providing the expected

136  positive effects across different genetic backgrounds or even within similar genetic
137  backgrounds [22]. We hypothesized that in specific derivatives carrying the same
138 gDTY12.1 allele from WR where the expected positive effects were not manifested,
139  genetic recombination may have created some kind of coupling-uncoupling effects
140 involving many other alleles in the genetic background that are peripheral but

141  synergistic to gDTY12.1 functions, with the gDTY12.1 genes themselves acting as
142 the core of the mechanism (i.e., epistatic effects or network rewiring effects) [29,30].
143 This hypothesis built its strength from the recently proposed Omnigenic Theory,

144  which postulated that complex traits are controlled by not only a core set of loci with
145  quantifiable effects, but also by a genome-wide cohort of other peripheral loci whose
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146 individual effects are minute but their additive effects could either positively or

147  negatively complement the core effects to account for a larger proportion of the total
148  phenotypic variance [31].

149 To dig deeper into the yield-related function of gDTY72.1 while also

150  addressing the coupling-uncoupling and network rewiring hypotheses, we

151 investigated a minimal comparative panel established at the International Rice

152  Research Institute (IRRI) that models the contrast between positive net gain and
153  negative net gain from qDTY12.1 effects across potentially contrasting combinations
154  of peripheral alleles in similar genetic backgrounds [32]. This comparative panel is
155 comprised of the cultivar Way Rarem (WR), the original donor of gDTY12.1, the

156  drought-sensitive mega-variety IR64 as the recipient of gDTY12.1 from WR, and two
157 IR64 sibling backcross derivatives with the qDTY12.1 of WR introgressed through a
158  bridge donor recombinant with Vandana, hence Low Yield Penalty (LPB) and High
159  Yield Penalty (HPB) introgression lines (S1 Fig) [9].

160 A cautionary thinking is that LPB and HPB are considered to have uniform
161 genetic backgrounds but only at the extent and resolution afforded by marker-based
162  genotyping, and not based on whole-genome sequence assembly. That being said,
163  the potential contributions of other hidden introgressions that could possibly be

164  traced from other donors in their pedigrees (i.e., either WR or Vandana), beyond
165 what can be ascertained by the resolution of marker-assisted selection of the

166  foreground and background, must not be excluded as potential sources of cryptic
167  variations between LPB and HPB. By in-depth analysis of the drought-response

168  transcriptomes at vegetative, reproductive (booting), and grain filling stages under

8
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169 field drought conditions, along with the modeling of co-expression networks, we

170  identified the first candidate gene of gDTY12.1 with a convincing direct link to

171  processes that may modulate the timing of reproductive transition under the limiting
172 source-sink status during drought. We report here the identification of DECUSSATE
173  gene (OsDEC), a single copy locus in the rice genome (0Os12g0465700) and first
174  identified as a regulator of leaf phyllotaxy [33], as a crucial gene of gDTY12.1 that
175 facilitates efficient panicle development under drought, mediated by cytokinin.

176

177 Results

178  Agronomic performances under drought across the comparative panel

179 The comparative panel was subjected to slow but progressive drought in the
180 rain-sheltered drought facility at IRRI from the mid-vegetative stage through the

181 grain-filling stage (S2 Fig) [34]. Integrative analysis of grain yield data extracted from
182  previously published studies under identical drought experimental conditions at IRRI
183  [22], revealed that LPB suffered a 74% yield penalty from drought, while HPB, WR,
184  and IR64 suffered higher yield penalties of 97.5%, 94.6%, and 89.1%, respectively
185 (Fig. 1A). Analysis of yield data from identical field drought experiments performed
186  at IRRI for this transcriptome study recapitulated the same trends, with 66.3% penalty
187  for LPB, 87.1% for HPB, and 77.3% for IR64 [22]. However, WR showed a lower
188  penalty (58.3%) than previously observed (Fig 1B). While there were year-to-year
189 variations, it was evident that LPB consistently outperformed the other genotypes.
190 Days to flowering also varied significantly across the comparative panel [22].
191 LPB showed a drought-induced delay in flowering of only 8 days compared to HPB,

9
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192 WR, and IR64, with delays of 16, 18, and 10 days, respectively (Fig 1C). These

193  differences suggested that LPB may have established a stronger reproductive sink
194  much earlier than the inferior genotypes, and this may have allowed an escape from
195 the negative impacts of drought to resource allocation during the critical stages of
196  floral organ development. Indeed, trends in five other growth components with direct
197  significance to yield potential showed that LPB was superior with regard to the

198  magnitude of drought-induced reductions in the number of reproductive tillers, panicle
199 length, total number of tillers, dry biomass per plant, and plant height (Fig 1D to 1H).
200 Taken together, significant differences in grain yield and other agronomic attributes
201  relevant to yield between LPB and HPB, suggest that while the sibling qDTY12.1

202 introgression lines may be sharing largely similar genetic backgrounds, their yield
203  potentials under drought were significantly different from each other.

204

205 Transcriptome fluxes across genotypes revealed by Propensity normalization
206 Based on contrasting drought phenotypes, we hypothesized that fine-scale
207  differences at the transcriptome level could be detected between LPB and HPB.

208  Temporal fluxes in the transcriptome are windows to both subtle and large-scale

209 differences between the sibling introgression lines that could illuminate potential

210 differences in global regulatory mechanisms. Using the Propensity-normalized FPKM
211  values, we performed two comparisons to capture the profiles of transcriptome fluxes
212 in the flag leaves across genotypes and developmental stages. The first comparison
213 utilized unfiltered Propensity-scores, i.e., total distribution (-n < Propensity > +n)

214 within three windows of the flag leaf transcriptomes, namely, global or total gene set

10
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215 (n=25,786), and transcription factor (n = 1,340) and stress-related (n = 2,589) gene
216  subsets (S3 Fig; S2 Table). Hierarchical clustering indicated that in all three

217  windows, the booting stage profiles exhibited significant dissimilarities between the
218  four genotypes irrespective of growth condition. In contrast, LPB and HPB had very
219  similar profiles at the vegetative stage under both irrigated and drought conditions
220  with surprising similarity to WR, and dissimilarity to IR64 under irrigated condition.
221  Fluxes during grain-filling showed significant overlaps across genotypes, but with
222  LPB showing higher intensity in the positive propensity bands (Fig 2A). The

223  similarities in vegetative profiles across LPB, HPB, and WR coupled with dissimilarity
224  to IR64 was unexpected as the genomic contribution from WR was supposed to have
225  been significantly diluted during recombination with Vandana and during the

226  subsequent introgression to IR64 [22].

227 The second comparison was based on filtered Propensity scores of the global,
228  transcription factor, and stress-related windows of the flag leaf transcriptomes.

229  Genes included in this comparison had Propensity scores within the defined ranges
230 of -0.3 < Propensity > +0.3, where the highest probabilities for significant differences
231 in both positive and negative directions would be expected (S3 Fig). Changes in

232 expression among these genes were not due to spurious fluctuations and included
233 8,215 genes, 410 genes, and 833 genes in the global, transcription factor, and

234  stress-related windows, respectively. Hierarchical clustering more vividly

235 demonstrated the uniqueness of the fluxes of LPB at booting stage across the three
236  windows (red boxes), and recapitulated the similarities between LPB, HPB, and WR
237  at the vegetative stage under irrigated conditions, the dissimilarity with IR64 at

11
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vegetative stage, and the overlaps between the four genotypes at grain-filling stage
(Fig 2B).

Conclusively, the LPB fluxes at booting stage showed a well-modulated
character under both irrigated and drought conditions for the vast majority of genes
across all three windows. In stark contrast, HPB, WR, and IR64 showed significant
fragmentation of fluxes, giving evidence of a disjointed expression character.
Altogether, the patterns revealed by both the filtered and unfiltered comparisons of
Propensity-normalized expression established the uniqueness of LPB at booting

stage, especially relative to its sibling HPB.

Directionality of transcriptome fluxes suggests a robust mechanism in LPB

Integral to adaptive responses at the cellular level, the directional character
(i.e., upward skew, downward skew) of transcriptomic fluxes would be indicative of
how well the complex waves of signals and gene activation and repression are
organized in accordance with the underlying genetic circuitry towards cellular
efficiency [35]. In conjunction with the flux analysis, we also determined the fraction
of genes in the three flag leaf transcriptome windows with positive (positive
propensity fraction; PPF) and negative (negative propensity fraction; NPF) propensity
scores, respectively. These genes were correlated with the magnitude of skewing
across the Propensity distributions across developmental stages in all three
transcriptome windows (Fig 3; S3 Fig).

Consistent with the unique fluxes observed in LPB at booting stage, the
directional character of the three transcriptome windows was also unique in LPB at

12
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261  booting stage under drought (red boxes in Fig 3A-3C), with LPB exhibiting a

262 downward skew (NPF>PPF) whereas HPB and WR had upward skews (PPF>NPF),
263  and IR64 being neutral. With very few exceptions, the directional character of each
264  gene set was highly conserved between the irrigated and drought conditions within a
265  genotype, irrespective of developmental stage. This potentially ‘hard wired’ nature of
266  the directional character signified that expression fluxes that correlate with either
267  positive or negative phenotype may have resulted from fine-scale dynamics of

268 transcriptional modulation within specific subsets of genes (i.e., networks). The

269  downward directional character of LPB at booting stage during drought is an

270  evidence of a ‘tamed’ transcriptome, where fluxes are highly organized and targeted
271  for effective use of the transcriptional machinery without much trade-offs. In contrast,
272  HPB and WR exhibited an ‘untamed’ hence highly active transcriptomes, betraying a
273  disordered response with potentially detrimental consequences stemming from

274  inefficient use of cellular resources [36,37].

275 Booting stage represents a critical shift in resource allocation from vegetative
276  sources to reproductive sinks that could be impaired drastically by drought [38,39].
277  Conservation and efficient use of cellular resources as mediated by the downward
278  transcriptomic fluxes in LPB would prove beneficial for successful reproductive

279  development. The unique signature towards more modulated fluxes in LPB implies
280  an efficient resource allocation that may be impacting source-sink strength towards
281  reproductive transition. This finding appears to be consistent with the function of

282 qDTY12.1 as ayield QTL (S2 Fig).

13
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283 Coupled with the downward, conservative fluxes at booting stage, LPB

284  exhibited a positive skew across all three windows at the grain-filling stage during
285  drought (Fig 3A-3C). This was in contrast to HPB which showed a negative skew in
286  the same three windows. Both WR and IR64 showed mostly non-skewed fluxes for
287  all three windows under drought. The grain-filling stage represents the temporal

288  continuum when the grain biomass is largely dependent on how well resources are
289  channeled to reproductive sinks during development. Thus, the upward

290 transcriptomic fluxes in LPB compared to the downward fluxes in HPB during the

291 grain-filling stage may have contributed to their differences in yield retention. The

292  directional character of the transcriptomic fluxes did not differ between the genotypes
293  at the vegetative stage. However, there were differences in the magnitude of the

294  skew with WR exhibiting the most drastic downward flux (Fig 3A-3C).

295 Evidence for the directionality trends was also apparent in the Propensity

296  distribution plots of the global transcriptomes across genotypes under both irrigated
297  and drought conditions (S3 Fig). The distribution plots at the vegetative stage under
298 irrigated condition had almost direct overlap across all genotypes, signifying that the
299 transcriptomes were all in homeostatic, low-level conditions (i.e., no significant

300 perturbations). However, when drought was imposed and integrated with

301 developmental signals, the Propensity distribution plots began to diverge along the x-
302 axis (propensity score) across genotypes. The skewing of propensity plots matched
303 the directional character of fluxes as determined by the positive and negative

304 propensity fractions. Differences in expression fluxes and directional character of the
305 flag leaf transcriptome at booting stage indicated a unique drought response in LPB.

14
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306 Candidate yield-associated gene (OsDEC) encoded by qDTY12.1

307 Previous study proposed that the major effect of gDTY72.1 could be explained
308 by a network of genes that regulate root architecture, coordinated by the transcription
309 factor OsNAM;, 1 [23]. While these findings represent a significant advance in

310 understanding the function of gDTY12.7-encoded genes, evidence directly

311  implicating this network to a yield-related mechanism is indirect at best. Guided by
312  the flag leaf transcriptome profiles, we re-examined the expression and annotation of
313 all genes within the gDTY12.1 syntenic region in the Nipponbare RefSeq

314  (chromosome-12) as delineated by the flanking RM28099 and RM511 markers [20].
315 We found a total of 50 annotated protein-coding genes (S3 Table) within the
316  syntenic 1.554 Mbp region in the Nipponbare RefSeq within coordinates 15,848,736
317 bpto 17,401,530 bp [40]. However, only 18 of these genes were expressed in at
318 least one developmental stage in any genotype. The expressed genes occurred in
319  small clusters interspersed with genes without any detectable expression in the flag
320 leaf (Fig 4). Co-expression analysis by RiceFREND [41] showed that none of the 18
321 expressed gDTY12.1 genes formed networks amongst each other, suggesting that
322 none of them were related through a common gene regulon as previously proposed
323  [23]. However, the RiceFREND network model showed that 12 of the genes had

324  significant co-expression with other genes from across the genome (Fig 5A).

325 One of the genes (0Os71290465700) was significantly co-expresssed with two
326  transcription factors (0s0590509400, Os08g0159800) whose orthologs in

327  Arabidopsis (At3g22760 and At1g32360, respectively) are involved the regulation of
328 cell division and expansion in floral meristem and expressed mainly in stamens,

15


https://doi.org/10.1101/2021.02.09.430414

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.09.430414; this version posted February 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

329  pollen mother cells, pollen tube, and immature ovules [42—-46]. The Os12g0465700
330  had been previously designated as DECUSSATE (OsDEC), functioning in the

331 regulation of leaf phyllotaxy and associated with the apical meristem (SAM) and root
332 apical meristem (RAM) through cytokinin-mediated signaling [33]. It was proposed
333  that OsDEC may function as potential transcriptional regulator with broad spectrum
334  targets in response to cytokinin-mediated growth signals [47-53]. OsDEC was also
335 implicated with reproductive and yield-related functions [33].

336 OsDEC was differentially expressed in the flag leaf under irrigated and drought
337 conditions across developmental stages and genotypes. Differential expression was
338 evident from both the Propensity-based and FPKM-based profiles. OsDEC was also
339  significantly upregulated by drought, specifically during the booting stage in LPB but
340 notin HPB, WR and IR64 (Fig 5B). The unique drought-induced expression of

341 OsDEC in the flag leaves of LPB at the critical stage of panicle initiation further

342  solidified its potential importance in the regulation of yield-related mechanisms [54].
343

344  Disruption of DEC orthologs in Arabidopsis compromised yield

345 While there is a single copy of OsDEC (Os12g0465700) in the rice genome,
346  duplicate copies (At3G03460, At5G17510) have been identified in Arabidopsis

347  thaliana, with At6G 17510 as the closest ortholog (S4 Fig). Using the same design of
348 the flowering-stage drought in the rice experiments (S2 Fig, Fig 6A), we compared
349  the T-DNA insertion mutants of At3G03460 (3Gm) and At5G17510 (5Gm) in Col-0
350 genetic background with wild-type plants in terms of agronomic performance.

351 Expression of the mutant genes was abolished by T-DNA insertion (Fig 6B).
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352 Results showed that 3Gm was very similar to Col-0 under irrigated conditions
353  in terms of days-to-bolting, days-to-first-bloom, and days-to-seed-set (S5 Fig). On
354  the other hand, 5Gm bolted much earlier and had shorter days to first bloom and

355 seed-set relative to the wild-type Col-0. Strikingly, both 3Gm and 5Gm had

356  significant yield penalties under drought at 34.5% and 41.9%, respectively, while Col-
357 0, having unimpaired drought-induced expression of both At3G03460 and

358 At5G17510, only had 13% vyield penalty (Figure 6C, left panel). Analysis of dry

359 biomass showed similar trends as in seed yield, with 3Gm having slightly higher

360 biomass under irrigated condition compared to 5Gm and Col-0 (Fig 6C, right panel).
361 However, there was no significant difference in the accumulation of biomass across
362 the three genotypes under drought. The trends in seed yield and dry biomass

363  suggest that differences under drought were perhaps the result of altered source-sink
364  dynamics in the mutants due to the loss of AtDEC functions.

365

366 OsDEC is the core of a genetic network with other flowering-associated genes
367 The lack of apparent co-expression of OsDEC with other gDTY12.1 genes
368 suggested that if it was forming a network, the component genes would be located
369 outside of the QTL boundaries. To address this hypothesis, we used OsDEC as bait
370  to fish-out for other co-expressed genes in each genotype. In the first step of the

371 iterative procedure, we used the Propensity scores to identify the most significantly
372  co-expressed genes at booting stage, revealing a total of 195 genes in LPB, of which

373  the great majority were cytokinin-related.
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374 In the second step, the primary pool of co-expressed genes was further

375 reduced to a much tighter cluster of 30 genes with the common gene ontology (GO)
376  keywords of ‘cytokinin’, ‘flowering’, and ‘inflorescence’ (Figure 7A, red box). With a
377 threshold Propensity value of n = 0.5, the core of the network with the most

378  significant similarities in flux with OsDEC was identified as a smaller subset of 11
379 genes (Table 1). The FPKM-based co-expression profiles of this core is shown in the
380 hierarchical clustering in Fig 7B, with Clades-2, -3, and -4 exhibiting the most highly
381  significant co-expression with OsDEC under both irrigated and drought conditions.
382  OsDEC is a member of Clade-2 with three other genes (Os07g0108900 =

383 OsMADS15; 0Os0590521300 = OsPHP3; Os03g0109300 = OsLOGL3). Annotation
384  queries indicate that these genes shared common functions by virtue of their roles in
385 the specification of ‘inflorescence meristem identity (GO:0048510), ‘floral organ

386  regulation’ (GO:0048833), ‘cytokinin signaling’ (GO:0009736), and ‘cytokinin

387  biosynthesis’ (GO:0009691). The only gene in Clade-3 was annotated as a floral
388 organ regulator (Os07g0568700; GO:0048833). The other solitary gene in Clade-4 is
389 annotated as OsMADS-14 (Os0390752800), which functions in the specification of
390 inflorescence meristem identity (GO:0048510).

391 To capture the secondary and tertiary components of the DEC-network, other
392  genes with cytokinin-associated functions that exhibited significant co-expression
393  with OsDEC and/or its five (5) other direct cohort genes were identified in the third
394 iteration. FPKM-based hierarchical clustering revealed a larger group that formed
395 thirteen clades of tightly co-expressed genes around the DEC-network. A total of 36
396 genes (S4 Table) that were most significantly co-expressed with OsDEC and its
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397 direct cohort genes were contained within two clades that reflect the potential

398  functional significance of the DEC-network (Fig 8A). The main hub of this network of
399 36 genes is OsDEC itself and two MADS-box transcription factors that regulate

400 meristem transition from vegetative to flowering stage, i.e., 0s07g0108900 =

401 OsMADS15, 0Os0190922800 = OsMADS51 (Fig 8B). The other ‘peripheral

402  components surrounding the DEC-network were dispersed across seven clades, all
403  of which are associated with vegetative to reproductive transition of the meristem.
404

405 DEC-network is specific to booting stage and genotype-dependent

406 To further understand the significance of OsDEC to yield maintenance under
407  drought, we compared the DEC-network organization across developmental stages
408  within LPB, i.e., vegetative versus booting versus grain-filling, and across genotypes
409  with or without the gDTY12.1, i.e., LPB versus HPB, donor parent WR, and recipient
410 parent IR64. Hierarchical clustering showed significant differences in co-expression
411 among the 36 ‘core’ and ‘peripheral genes that comprise the DEC-network across
412  developmental stages (Fig 8 C-E). In LPB, genes of the DEC-network were

413  coordinately induced by drought specifically at booting stage, while no significant
414  changes in expression were detected at vegetative and grain-filling stages.

415 Further examination of the organization of the booting-stage network across
416 genotypes revealed widely divergent patterns, with only LPB showing evidence of
417  coordinated expression of all ‘core’ and ‘peripheral’ components (Fig 9A). The

418 genotype-dependent and booting stage-specific signatures in LPB suggested that the
419  operability of the DEC-network was likely a consequence of the proper alignment of
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420  all the upstream regulatory components that established the optimal expression of
421  OsDEC and subsequently all of its downstream cohort/peripheral genes.

422 The disorganized DEC-network in HPB appeared to suggest the opposite of
423  what was observed in LPB, perhaps due to the lack of complementary alleles for the
424  upstream components that facilitate the same level of network organization as

425  observed in LPB. The variant patterns in the DEC-network between the sibling LPB
426  and HPB, both of which had the same OsDEC allele from WR (sequence data not
427  shown), further implied an efficient integration of stress and developmental signals
428  through the interaction between qDTY12.1 and its ‘peripheral’ cohort genes in the
429  genetic background (Fig 9B). Thus, a complete DEC-network appeared to be

430 strategic to an optimal integration of drought-mediated signals with developmental
431  signals during the early stages of flowering when the critical reproductive sink is

432  being established.

433

434  Yield component traits associate with the DEC-network

435 For further interpretation of the larger biological significance of the gDTY12.1-
436 encoded OsDEC and its network with other genes in the genetic background, we
437  established a biological network map through the Knetminer knowledge integration
438  tools [55]. This analysis links many pieces of relevant information from all types of
439  genetic studies curated in the literature to establish direct or indirect associations
440 between a gene or network of genes and physiological and agronomic traits. The
441  knowledge integration map directly linked all but one of the 36 genes that comprised
442  the DEC-network with various yield component traits, particularly those relevant to
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source-sink regulation, sucrose and starch biosynthesis and deposition, grain-filling,
seed development and maturation, and seed weight (Fig 10, S5 Table).

A recent study in maize highlighted the significant impacts of ZMM28
overexpression to flowering time, plant growth, photosynthetic capacity, nitrogen
utilization, and yield under drought [56]. ZMM28 is a member of the AP1-FUL sub-
group of MADS-box transcription factors with critical roles in the regulation of
flowering time, floral organ identity, and vegetative to reproductive transition [57-59].
We found that OsMADS 18 (Os079g0605200), the closest ortholog of ZMM28 in rice,
along with two other MADS-box genes (Os0390752800 = OsMADS14;
0s07g0108900 = OsMADS15) had strikingly similar expression as OsDEC in LPB at
the booting stage (Fig 11). Expression peaked at booting stage in LPB and IR64, but
not in HPB and WR. These findings suggested the influence of IR64 genetic
background in the optimal configuration of DEC-network in LPB but not in HPB. Of
important note, the expression of OsMADS18 in LPB across developmental stages
was very similar to the zmm?28 signature in transgenic maize [56].

LPB had the shortest delay, i.e., eight (8) days, in flowering time under drought
in comparison to IR64, HPB, and WR, with ten (10), sixteen (16), and eighteen (18)
days delay, respectively (Fig 1). Coupled with the observed trends in MADS-box
expression, it appeared that the DEC-network in LPB had integrated the function of
OsMADS14, OsMADS15, and OsMADS 18 towards a mechanism for reducing time

delays in reproductive growth transition during drought.
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466  Discussion

467 Introgression and pyramiding of large-effect QTLs such as gDTY72.1 have
468  shown major incremental improvements in rice yield maintenance under drought
469 [14,15,17,19,28,60—62]. However, there have been instances when the

470  introgression of gDTYs did not confer the expected phenotypic effects [22]. A similar
471  phenomenon has been reported with the introgression of the SalTol QTL for salinity
472  tolerance in different rice cultivars, when the presence of the QTL alone did not

473  necessarily lead to the expected phenotypic effects [30,63]. Inconsistent effects are
474  caused by negative or positive epistatic interactions between the QTL genes and
475  other genes in the genetic background that could either enhance or drag the effects
476  of the QTL [7,8]. In this study, we illuminated this enigma by integrating the new
477  concepts of the Omnigenic Theory [31], and by using the mechanisms that cause
478  transgressive traits in rice to further illuminate our conceptual framework [7,8,30].
479

480  Significance of gDTY12.1 to genetic network rewiring

481 It was postulated that non-parental traits created by genetic recombination are
482  due to genetic coupling-uncoupling and network rewiring effects. Rewired genetic
483  networks are caused by large assemblages of synergistic or antagonistic genes that
484  get coupled or uncoupled during multiple rounds of recombination. In the context of
485  the Omnigenic Theory, the few ‘core’ genes with major effects on phenotypic

486  variance could either be coupled or uncoupled with numerous compatible or

487  incompatible peripheral genes with minute but additive effects on the phenotypic
488 variance [31]. The additive effects of the ‘peripheral’ genes across the genetic
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background may either enhance or drag the effects of the ‘core’ genes that function
as the hub of the network.

Our results showed yet another layer of evidence that the inconsistent effects
of gDTY12.1 observed across two sibling introgression lines in the genetic
background of IR64 were due to either optimally (LPB) or sub-optimally (HPB)
rewired genetic networks, with a gDTY12.7-encoded regulatory gene OsDEC
functioning as the hub of the network. We hypothesized that while backcross
introgression of the functional gDTY12.1 allele from Way Rarem (WR) into IR64
genetic background (through a bridge donor derived from WR x Vandana) may have
preserved the integrity of the original gDTY12.1 allele by marker-assisted selection of
the foreground, the genomic environments (background) of the introgressed
qgDTY12.1 were likely to be significantly divergent between sibling introgression lines.
By extension, the rewired genetic networks were configured by many loci/alleles from
either parents, organized in such a manner that either optimal and sub-optimal
alliances define the operative structure of the network. Further, the superior progeny
(LPB) appeared to contain not only the required network hub, that is the OsDEC
allele from WR, but also the optimal assemblage of ‘peripheral’ alleles across the
genetic background leading to a fully functional synergy. These ‘peripheral’ alleles
are likely to have come directly either from IR64 or remnant and cryptic introgression
of alleles from WR or Vandana that escaped the resolution and scope of marker-
assisted selection of the background genome. On the other hand, while the inferior

sibling HPB also contained the identical network core from WR (OsDEC), it appeared
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511 to be lacking the same optimal assemblage of ‘peripheral’ alleles from across the
512  genetic background to configure a functioning synergy for the DEC-network (S1 Fig).
513 Comparative dissection of the flag leaf transcriptomes of LPB and HPB in
514  relation to the gDTY12.1 donor parent WR and recipient parent IR64 showed that
515  while the global patterns under irrigated condition at the vegetative and grain-filling
516  stages were generally similar across the genotypes, there were drastic differences at
517  the booting stage (Fig 2). These differences appeared to be the results of coupling-
518 uncoupling effects, hence interaction of distinct subsets of synergistic and

519  antagonistic alleles from either parent. As such, the positive effect of gDTY712.1

520 introgression in context of DEC-network would be manifested only when optimal

521 number of compatible ‘peripheral’ alleles with additive effects are assembled to

522  generate the transgressive genetic network that was apparent in the booting-stage
523 transcriptome of LPB. It is evident based on the distinct transcriptomic signatures of
524  LPB and HPB, that while gDTY12.1 has a large effect on yield, expressing its full
525  potential requires many other ‘peripheral’ genes across the genetic background.

526 Our current results do not indicate that any other genes within the gDTY12.1
527  are important for the full functionality of the DEC-network. Indeed, all of the 35

528 peripheral genes that comprised the functional DEC-network in LPB are dispersed
529  throughout the genome, clearly outside of the boundaries of gDTY712.1 (Fig 9B).
530  Thus, the transgressive nature of yield maintenance under drought as conferred by
531 OsDEC, requires a synergy with many other genes in the genetic background. This
532  was made abundantly clear by the fact that although HPB and WR had the same
533 gDTY12.1 allele as LPB, their yield potentials under drought were woefully inferior.
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534 Another important advance contributed by this study is the discovery that while
535 LPB and HPB were assumed to be largely similar with regard to gDTY12.1, the flag
536 leaf transcriptome of LPB specifically at booting stage was drastically different from
537 its recurrent and QTL donor parents and sibling introgeression line (Fig 2B). Booting
538 stage represents a critical crossroad of photosynthetic source-sink dynamics

539  between the flag leaf and developing inflorescence, characterized by physiological
540  and biochemical processes that sustain seed development [64—68] (S2 Fig). As

541  such, events unique to LPB at booting stage provides a valuable link to the functional
542  significance of gDTY12.1 to cellular mechanisms critical to yield components. It has
543  been shown that the timing of drought at the initiation of booting is most deleterious,
544  with negative effects on yield-related traits including grain number per panicle,

545  panicles per area, and total above ground biomass [39]. The significance of

546 qDTY12.1is consistent with the synchronized activation of the DEC-network when
547  drought coincides with the early stages of floral organ development [17,18,25,69].
548

549  OsDEC affects yield-related processes through the cytokinin signaling pathway
550 The OsDEC was singled out as the most likely candidate for a yield-related
551 gene of gDTY12.1 based on its unique drought-induced expression in the flag leaf of
552 LPB but not in the other genotypes, specifically at the initiation of booting. We found
553 that OsDEC was the only one among the 18 gDTY12.1 genes transcribed in the flag
554  leaf that was also differentially induced by drought at the booting stage only in LPB
555  with significant co-expression with two transcription factors related to reproductive
556  growth (Fig 4, Fig 5 A-B). While the specific biochemical function of OsDEC remains
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unknown, it is known to have a regulatory function over Type-A and Type-B
Response Regulators (ARR) in the two-component cytokinin signal transduction
pathway [33,70-72]. Cytokinin is intrinsic to a myriad of cellular processes that are
critical for seed development as well as for mediating cellular signals in response to
drought [47,49-52,73,74]. Studies in many agronomically important crops have also
shown that overexpression of cytokinin biosynthetic genes leads to significant
improvements in yield potential under drought [63,75-77].

Results of this study support a hypothesis that through a cytokinin-mediated
pathway, OsDEC regulates physiological processes in the flag leaf that appeared to
be important in adjusting the timing of floral organ initiation when the photosynthetic
source is perturbed by drought. We further infer that this mechanism could be
important in ensuring the early establishment of a strong reproductive sink to sustain
the requirements of seed development and maturation when resources continue to
be limited by drought effects. Indeed, the 35 other genes in the DEC-network were
mostly regulatory genes with key functions in the regulation of floral meristem,
vegetative to reproductive transition, cytokinin signal transduction, and other aspects
of reproductive growth. These trends were further reiterated by the models generated
by KnetMiner, which showed that all genes in the larger DEC-network funnel into
processes involved with seed development, grain filling, sucrose transport, starch
biosynthesis, and many other yield-component traits (Fig 10).

Furthermore, many introgression lines of gDTY12.1 have been extensively
studied to determine what physiological characteristics are important in the
maintenance of low-yield-penalty under drought [25-27,78,79]. These
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580 characteristics include water uptake efficiency, increased proline levels in roots,

581 improved remobilization of amino acids for nitrogen status, improved transpiration
582 efficiency, increased panicle branching, increased lateral root formation, and a

583  reduction in flowering delay under drought. These characteristics are consistent with
584  the central role of OsDEC in integrating survival, developmental and stress-related
585 responses to minimize the cost of cellular perturbations to reproductive growth [22].
586 From the standpoint of productivity, flowering represents a developmental
587  crossroad. As such, it is regulated tightly by environmental signals to ensure

588  reproductive success of the species, hence the process is dynamic, multi-faceted,
589  and with multiple levels of control over a large number of genes. A closer

590 examination of the components of the functional DEC-network (i.e., 35 genes)

591 indicate direct connections to one or more molecular, cellular, or biological functions
592  that are relevant to the control of flowering time, including hormonal signaling

593  (GO:0007267), light signaling (GO:0009416), epigenetic control (GO:0040029),

594  developmental control of floral organ differentiation and fate (GO:0048437),

595  maintenance of reproductive meristems (GO:0010073), and transcriptional regulation
596 (GO:0006357). Some of the well-known MADS-box transcription factors such as
597 OsMADS14, OsMADS15, and OsMADS18 define the hallmark signatures of direct
598 association of OsDEC with the regulation of flowering time [59,80,81].

599 The magnitude of drought-induced delay in flowering is strongly correlated
600  with yield retention in rice [82,83]. Progressive drought imposed before the onset of
601 flowering caused 8, 16, 18, and 10 day delays in normal flowering time in LPB, HPB,
602 WR, and IR64, respectively (Fig 1). Under limited water conditions, earlier flowering

27


https://doi.org/10.1101/2021.02.09.430414

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.09.430414; this version posted February 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

603  would provide a developmental adjustment to minimize the effects of continuous
604  depletion of photosynthetic sources that would normally sustain reproductive

605 transition. Therefore, expression of many flowering-related genes with molecular and
606 cellular functions associated with floral organ identity (GO:0010093), inflorescence
607  meristem maintenance (GO:0010077), and spikelet development (GO:0009909)

608 appeared to commence earlier in LPB due to drought. These GO terms are relevant
609 to the establishment and maintenance of critical yield-component traits such as

610  number of fertile spikelets, number of reproductive tillers, number of panicles, grain
611  weight, number of grains per panicle, and panicle size, as shown in the KnetMiner
612  Map and verified by yield components data (Fig 10, Fig 1).

613

614 Potential implications of the DEC-network at the molecular and cellular levels
615 In earlier efforts to characterize the cellular functions of OsDEC using dec
616 mutants, the following conclusions emerged: 1) OsDEC is insensitive to exogenous
617  cytokinin; 2) OsCKX2 and other cytokinin oxidase genes were upregulated in knock-
618  out mutants; 3) active cytokinins cZ and iP, along with some of their intermediates
619  were significantly reduced in mutants; 4) expression of LOG (Lonely GUY) genes
620  were not affected in mutants; and 5) Type-A Response Regulators were

621 downregulated while some Type-B Response Regulators were upregulated [33].
622  Additionally, OsDEC is most highly expressed in immature leaves and inflorescence
623 apex. DEC protein potentially functions as transcriptional regulator based on the N-
624  terminus glutamine-rich domain associated with chromatin remodeling functions [84—
625 88]. By integrating these information with other co-expressed genes in the flag leaf
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626  transcriptome of LPB, we propose a hypothetical model of the mechanisms by which
627 the DEC-network regulates early flowering (Fig 12).

628 We hypothesize that in LPB, the pools of active cytokinins would be enhanced
629  due to drought-mediated upregulation of OsLOGL3 and OsLOGL7 (Lonely-Guy) and
630  downregulation of OsCKX2. The significance of OsCKX2 downregulation to the

631 enhancement of grain yield in rice has been confirmed [73]. In the model, the pool of
632 active cytokinins is upregulated with concomitant downregulation of cytokinin

633  degradation by OsCKX2. Studies have shown that OsDEC regulates CKX

634  expression but not LOG expression [33]. It has also been reported that a drought and
635 salinity-associated C2H2 zinc-finger transcription factor (OsDST) is directly involved
636 in the regulation of OsCKX2 [89]. It has also been reported that DST mutation

637 (OsDST™9") downregulates OsCKX2, thereby cinreasing the level of active cytokinin
638 [90]. Downregulation of OsDST was evident in the flag leaf transcriptome at the

639  booting stage, with -2.2 and -5.9 log2-fold decreases in transcript abundance under
640 drought in LPB and IR64, respectively. In contrast, OsDST was upregulated in HPB
641 and WR with 0.74 and 0.62 log2- fold changes, respectively (S6 Fig).

642 Increased levels of active cytokinin have been implicated to yield

643 enhancement in rice, which correlates well with the higher yield potential of LPB

644  under drought and parallel upregulation of cytokinin biosynthetic genes and

645  downregulation of cytokinin degradation genes such as OsCKX2 [49,50,52].

646  Additionally, cytokinin signaling directly affects other genes that regulate flowering
647 [48,91-93]. Accumulation of active cytokinin in LPB suggests a mechanism that

648 facilitates earlier induction of flowering under drought as a penalty-avoidance
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649 response by establishing proper source-sink dynamics earlier before the source

650 becomes more limited or depleted.

651 Network of OsDEC with OsMADS 14, OsMADS15, and OsMADS51 showed
652 that indeed the flowering pathway was induced earlier in LPB. These MADS

653  transcription factors are critical for regulating inflorescence meristematic processes in
654 rice [59,80,94,95]. A recent study in maize also showed that overexpression of the
655 OsMADS18 ortholog in maize (zmm28) led to significant increases in yield under

656  sub-optimal irrigation [56]. It has also been shown that OsMADS 18 accelerates the
657 transition of meristem from vegetative to reproductive by promoting the florigen Hd3a
658 via cytokinin signaling [81,96]. It has been reported that methyl-jasmonate (MeJA)
659 and ABA can cause significant reduction in yield through their direct impacts on

660 reproductive structures [97,98]. As such, the proper modulation of the pathway

661  would be necessary to preserve yield, as depicted in the hypothetical model (Fig 12).
662 The proposed model of a functional DEC-network in LPB has the necessary
663  components of a genetic machinery that could lead to enhanced pools of active

664  cytokinins especially in flag leaves at the time of booting and during exposure to slow
665  but progressive drought. Yield and yield-component data collected from the drought
666  experiments performed for the transcriptomics studies recapitulated previously

667  reported superior performance of LPB due to gDTY12.1 effects (Fig 1).

668

669  Modulation of ABA response in LPB through the gDTY72.1 mechanism

670 ABA signaling is central to the first line of defense against drought but not

671  without any costs to plant development and net productivity [97-101]. The
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672  prioritization of cellular resources to balance the costs of survival with net productivity
673  may require an extensive modulation of ABA responses. The overactive

674  transcriptomic burst at booting stage in HPB, WR and IR64 are indicative of a costly
675 and ‘all in’ response to drought, hence greatly perturbed cellular status. In contrast,
676  the transcriptomic response in LPB at booting stage appeared to be more modulated
677 or ‘tamed’ (Fig 3). In other words, more is not necessarily always better as subtle
678 changes could go a long way. Indeed, reports in other crops also showed much

679  fewer number of differentially expressed genes in drought-tolerant genotypes

680 compared to more sensitive genotypes [36,37]. The overactive transcriptomic burst in
681 HPB, WR and IR64 based on the directionality of transcriptome fluxes may largely be
682  associated with ABA response.

683 A cursory evidence for the taming of the ABA response was illustrated by the
684 differential expression of zeaxanthin epoxidase (ZEP; Os049g0448900) that catalyzes
685  the first committed step in ABA biosynthesis via the xanthophyll cycle in plastids

686 [99,102,103]. Drought-mediated upregulation or downregulation of ZEP was

687 determined as a log2 fold-change from control values for each developmental stage
688 (S7 Fig). A specific look at the booting stage showed a -0.57 log2 decrease in ZEP
689  expression in LPB with drastic expression changes evident in HPB, WR, and IR64, of
690 4.1log2 increase, -3.0 log2 decrease, and 1.9 log2 increase, respectively.

691 Interestingly, inverse trends in ZEP expression across all genotypes was evident at
692 the vegetative and grain-filling stages. The drastic differences at booting stage

693  suggest that LPB perhaps has the mechanism that limits ABA biosynthesis and

694  therefore modulates ABA response mechanism more efficiently. Based on the
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695  directionality of transcriptomic fluxes, it is apparent that the ‘taming’ effects in LPB
696 also extend beyond the genes involved in ABA responses.

697

698  Materials and Methods

699  Minimal comparative panel

700 Based on extensive genotyping and yield evaluation under progressive

701  drought [28,104,105], a minimal comparative panel illustrating the differential effects
702  of gDTY12.1 across genetic backgrounds was established at IRRI. This panel was
703  comprised of the Indonesian upland cultivar Way Rarem (WR; IRGC122298) as the
704  original donor of gDTY12.1, the drought-sensitive mega-variety IR64 as the recurrent
705  parent used for backcross introgression of the qDTY12.1 from WR, and two sibling
706 introgression lines of IR64 carrying the gDTY12.1 from WR (IR102784:2-42-88-2-1-2,
707  IR102784:2-90-385-1-1-3) designated as low-yield-penalty (LPB) and high-yield-

708  penalty (HPB) lines, respectively [22,32].

709

710  Drought experiments and tissue sample collection

711 Parallel replicated experiments were conducted at IRRI’s Ziegler Experiment
712  Station in Los Banos, Laguna, Philippines (14°30’ N longitude, 121°15' E latitude)
713 during the 2017 wet season (WS; June to November, 2017) for the irrigated and

714 drought conditions across the minimal comparative panel. The field experiment was
715  an alpha-lattice design with three replicates (n = 3) and three (3) individual plants per
716  replicate that were single-seed transplanted in the field plots after establishing for 21
717  days in seedling beds. Control plots were maintained in standard irrigated levy based
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718  on IRRI’'s standard protocols, while the drought plots were established inside a rain-
719  out shelter facility for drought screening next to the irrigated plots (S2 Fig)

720  [25,26,106—-109]. Both the irrigated and drought plots were given continuous

721  irrigation corresponding to 5 cm standing water until thirty (30) days after planting
722  (DAP) or 51 days after sowing, when progressive drought was initiated for the

723 treatment group by withholding water until the end of the season. A life-saving

724 irrigation was applied to the drought plots at the point when extensive leaf rolling was
725  observed in order to promote survival until harvest [34].

726 Tissue sampling was conducted on three (3) plants per replicate in both the
727  irrigated and drought conditions. Samples were comprised of pooled flag leaves with
728  the connected leaf sheath surrounding the developing panicle. The dates of tissue
729  sampling were synchronized as defined by the days counted backward (t.; =

730  vegetative) or forward (t; = grain-filling) from the reference time-point (t, = booting) in
731  order to generate developmentally comparable flag leaf transcriptomes across

732 genotypes. At t.4, samples were collected from three (3) plants from each genotype
733 and experimental plot, seven (7) days after the initiation of progressive drought. At t,,
734  samples were collected from three (3) plants from each genotype and experimental
735  plot, twelve (12) days prior to panicle extrusion (heading). At t;, samples were

736  collected fifteen (15) days after anthesis when the developing grains had milky and
737  dough-like consistencies. All samples were collected at the same time of the day
738  (between 8:00 AM and 10:00 AM), and were immediately frozen in liquid nitrogen.
739  Panicle length (mm), plant height (cm), tiller number per plant, reproductive tiller

740  number per plant, and biomass per plant were recorded from all experimental plots.
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741  Transcriptome analysis by RNA-Seq

742 Total RNA was extracted from frozen flag leaves using the miRVana™ miRNA
743  isolation kit according to manufacturer’s protocol (Invitrogen, Carlsbad, CA). RNA
744 from three (3) individual plants in each genotype were pooled to create a composite
745  sample representing each replicate. Two independent RNA-Seq libraries were

746  constructed from the pooled RNA across genotypes, developmental stages, and

747  treatments, according to standard in-house protocols [29]. The indexed RNA-Seq
748  libraries were sequenced twice in the lllumina HiSeq3000 (Oklahoma Medical

749  Research Foundation, Norman, OK) by strand-specific and paired-end sequencing at
750  150-bp with 20 to 40 million sequence reads per run.

751 Raw RNA-Seq data was processed and assembled through the established in-
752 house data analysis pipeline [29]. Sequence output from the indexed RNA-Seq

753  libraries (PRIJNA378253) was preprocessed with Cutadapt (v2.10) and mapped

754  against the Nipponbare RefSeq and corresponding GFF gene models (IRGSP-1.0)
755  using the Tophat2 (v2.1.1) and Bowtie (v2.2.8.0) [40,110,111]. Gene models were
756  further refined using Cuffmerge and differential expression was calculated with

757  Cuffdiff on Cufflinks (v.2.2.1) with default parameters (p-value < 0.05, FDR = 5%)

758  [112]. Expression of 25,786 annotated protein-coding genes were detected across
759  the RNA-Seq data matrices of the irrigated versus drought-stressed plants at

760  vegetative (V7 to V10), early booting (R1 to R2), and grain filling (R7) stages.

761  Transcript abundance for each annotated locus was expressed as Fragments per
762  Kilobase of Transcript per Million (FPKM). Biological interrogation of the

763  transcriptome was performed in three windows, i.e., global or total transcriptome (n =
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764 25,786 loci), transcription factor genes (n = 1,340 loci), and stress-related genes (n =
765 2,589 loci). Transcription factors were extracted from the Nipponbare RefSeq

766  (https://www.ncbi.nlm.nih.gov/genome/annotation_euk/Oryza_sativa_Japonica_Grou
767  p/102/). Stress-related loci were extracted using the keywords listed in S2 Table.
768

769  Propensity transformation of RNA-Seq data

770 Direct comparison of FPKM-based expression has proven to be less efficient
771  in extracting biologically meaningful expression patterns (fluxes) because of the

772 confounding effects created by the highly disparate nature of inter-genotypic variation
773  and the stochastic nature of gene expression. Meaningful changes in gene

774  expression are also dependent on the molecular interactions of target genes and

775  their activators/repressors [113,114]. The Gene Flux Theory posits that within the
776  natural competition for transcriptional machinery, genes with low transcript

777  abundances are ultra-sensitive to the effects of other genes [115]. Critical loci with
778  low FPKM in one genotype are often discarded, making the directional character of
779  expression fluxes difficult to extract. To address these potential limitations in

780 interpreting the biological significance of inter-genotypic differences, we performed an
781  additional normalization of the total dataset by Propensity Transformation, which

782  uses ‘within genotype’ and ‘within treatment comparisons of FPKM-based

783  expression for each locus against the summation across all time-points and against
784  the summation of all loci across the entire dataset [116]. The FPKM values across

785  the entire transcriptome matrix were Propensity-transformed and normalized by:
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T;

t3
Zi—e, Ty
Yim1 Tj

786  Pt;=1In ; Where: Pt;= Propensity transformation of FPKM of

53

S STy

787  transcript I; T;= FPKM of transcript I; n = Total number of transcripts (25,786); j =

788  Variable that iterates over datasets of t; =vegetative, t, =booting, t; = grain-filling; and
789 [ = Variable that iterates over the total number of transcript-encoding loci (S3 Fig).
790  Propensity-transformed datasets (global, transcription factor, and stress-related

791  windows) were filtered ata threshold of -0.3<Propensity>0.3 in order to extract the
792 gene loci with the largest fluxes, hence most biologically informative differences. The
793  total of 8,215 loci (out of 25,786) from the global dataset were subjected to k-means
794  clustering to further refine the large cohort into fifteen (15) sub-clusters for Propensity
795 20.3, and ten (10) sub-clusters for Propensity < -0.3. One sub-cluster was chosen
796  from the extremes of each group and the loci were combined into 384 in the global
797  filtered dataset. The transcription factor and stress-related groups did not require k-
798  means clustering with 410 (out of 1,340) and 833 (out of 2,589) loci, respectively.

799

800  Analysis of transcriptome fluxes and directionality

801 The standard approach for revealing biologically meaningful trends in RNA-
802 Seq datasets is to identify differentially expressed genes (DEG) that correlate with
803 the phenotype. While this approach can give useful insights into cellular processes,
804  the underlying concept tend to be simplistic because responses at the cellular and
805  whole organismal levels more often than not involve large number of genes [117]. In
806  order to capture a more biologically relevant view of the drought response

807  transcriptomes across genotypes, the Propensity-normalized expressions were
36
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interrogated to uncover similarities and differences in fluxes on a locus-by-locus
plane. Propensity-transformed expression values facilitated direct comparison to
generate profiles of expression fluxes between genotypes by hierarchical clustering
of the filtered and un-filtered propensity scores in the global, transcription factor, and
stress-related windows.

Analysis of the directional character of expression fluxes indicates the degree
by which transcriptional responses are modulated. An unmitigated or ‘untamed
transcriptional response would be characterized by an overabundance of positive
transcriptional activities while a modulated or ‘tamed’ response would be
characterized by highly regulated or controlled repression. The directional character
of expression fluxes in the unfiltered dataset was assessed by comparing the fraction
of loci with positive propensity scores (PPF — positive propensity fraction) to the
fraction of loci with negative propensity scores (NPF — negative propensity fraction).
Directionality was scored as positive skew (upward pointing arrow), negative skew
(downward pointing arrow), or neutral (line segment) (Fig 3). A positive skew was
given when PPF was greater than NPF, while a negative skew was given when NPF
was greater than PPF, and neutral when PPF was approximately equal to NPF.

Genes with Propensity scores = 0 (5% to 9% of total) were excluded.

Hierarchical clustering and statistical analysis
Hierarchical clustering and other statistical analyses were performed using

JMP® (v14.0.0. SAS Institute Inc., Cary, NC). Mean comparisons of agronomic
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830 measurements in rice and Arabidopsis experiments were performed with Tukey HSD
831 following a significant analysis of variance at p = 0.05.

832

833 RiceFREND and KnetMiner analyses

834 The RiceFREND online analysis portal was used for initial capture of other

835 genes that are co-expressed with OsDEC (https://ricefrend.dna.affrc.go.jp/) [41]. The

836  multiple gene guide tool was used to determine co-expression of eighteen (18)

837 expressed genes of qDTY12.1 to generate a co-expression map by default setting.
838 The KnetMiner tool was used determine the enrichment of biochemical,

839  physiological, and agronomic traits that are associated with the various components

840  of the DEC-network (http://knetminer.rothamsted.ac.uk) [55]. The Rap-DB loci for the

841 36 genes in the DEC-network was used as the query to search for domains (relevant
842  biological processes) in Knetminer using default parameters [40]. This tool integrates
843  knowledge in public domain related to the query (e.g., gene function, GWAS, Protein,
844  Phenotype, Pathways, etc.) to generate a knowledge map of biological functions.

845

846  Analysis of DEC knock-out mutants in Arabidopsis

847 Orthologs of OsDEC in Arabidopsis thaliana were determined as At3G03460
848 (3G™) and At6G 17510 (5Gm) [33], and confirmed by phylogenetic analysis with

849  EnsemblPlants (https://plants.ensembl.org/Arabidopsis_thaliana/Info/Index).

850 Homozygous mutants [118] were determined using the Salk Institute TDNA Express

851  Gene Mapping Tools (http://signal.salk.edu/cgi-bin/tdnaexpress) and seeds were

852  obtained from the Arabidopsis Biological Research Center (https://abrc.osu.edu/).
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853  Seeds were vernalized in 0.1% (w/v) agarose at 4°C for 7 days, sown onto moistened
854  peat pellets (Jiffy-7® — Peat Pellets) and grown for fourteen (14) days in growth

855 chambers (Percival Scientific) at constant 22°C with 16 hours of light (100 pmol m-2 s-
856 1) and 60-70% relative humidity. DNA and RNA extraction and PCR and gqRT-PCR
857  analyses of the mutants were performed according to standard protocols using the
858  primer sets listed in S6 Table.

859 The agronomic and yield performances of AtDEC wild-type and mutants were
860 investigated in a growth chamber drought experiments that mirrored the

861 developmental timing of stress in the rice experiments [119]. A pilot study

862  established the effective drought conditions at 30% field capacity, eight (8) days prior
863  to bolting, 27°C day/22°C night, and 40% relative humidity. Control experiments were
864 performed at 70% field capacity, constant 22°C, and 65-80% relative humidity.

865  Vernalized seeds of Col-0, 3G™, and 5G™ were germinated in peat pellets (Jiffy-7®
866  Peat Pellets, 42mm x 65mm) and grown in two separate growth chambers at

867  constant 22°C with 16 hours of light (100 pmol m2 s') and 65-80% relative humidity.
868  Drought experiment was performed by growing the plants for 20 days (Col-0; 3G™)
869 and 16 days (5G™), before withholding irrigation. Progressive drought was imposed
870  for 14 days by maintaining 30% field capacity, while the control plants were

871  maintained at 70% field capacity. The peat pellets at 30% field capacity received a
872  daily water input to maintain a weight of 33 g (peat pellet + plant + plus water input).
873  Control and post-drought plants were maintained at 65-70 g. Days to bolting, days to
874  first bloom, days to seed set (first silique), total dry biomass per plant, and total seed
875  vyield per plant were determined under both irrigated and drought conditions.
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1274  Figure Legends

1275  Fig 1. Synthesis and integration of all available data on relative agronomic and
1276 yield performances across the minimal comparative panel during progressive
1277  drought. Data from previous years of agronomic trials were integrated with the data
1278  collected from the 2017 wet season experiment performed for transcriptome studies.
1279  (A) Published grain yield results (GY; kg ha') [22] had significantly lower drought-
1280 mediated yield penalty (orange line) in LPB compared to the other genotypes. (B)
1281  Grain yield (g plot, n = 3, means * s.e.) from the wet season-2017 experiment

1282  recapitulated the trends in previous years (orange line). (C) Drought-induced

1283  flowering delay (orange line) from published results [22] was also much less severe
1284 in LPB compared to the other genotypes. Trends in the (D) number of reproductive
1285 tillers per plant, (E) panicle length, (F) number of tillers per plant, (G) biomass per
1286  plant, and (H) plant height reiterated the superiority of LPB. Significant differences in
1287  flowering delay coupled with yield component reduction implied the earlier formation
1288  of reproductive sinks under drought in LPB, thus reducing grain yield penalty. LPB —
1289  Low Penalty BIL; HPB — High Penalty BIL; WR — Way Rarem (qDTY12.1 donor);
1290 IR64 — rice mega variety (recurrent parent). Box plots with similar letters are not
1291  statistically significant at p < 0.05 using Tukey HSD (n=6).

1292

1293  Fig 2. General trends in the transcriptomic fluxes across genotypes revealed
1294 by the filtered and un-filtered Propensity values of the global, transcription
1295 factor, and stress-related windows of the transcriptomes. (A) Hierarchical

1296  clustering of unfiltered global (27,786 loci), transcription factor (1,340 loci) and stress-
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1297 related (2,589 loci) datasets. Expression fluxes at the vegetative stage under

1298 irrigated conditions highlight similarities between siblings (LPB, HPB) and WR but not
1299  IR64. Expression fluxes at the booting stage revealed the uniqueness of LPB, while
1300 grain-filling stage fluxes revealed high similarities across all genotypes. (B) Filtered
1301  (-0.3 < Propensity 2+0.3) transcriptome datasets included 384 (global), 410

1302  (transcription factor), and 833 (stress-related) gene loci. This comparison

1303  recapitulated the general trends in the unfiltered datasets and further underscored
1304  the uniqueness of LPB, particularly during booting (red boxes). On a locus-by-locus
1305 comparison, during booting stage in LPB appeared to be well conserved between
1306 irrigated and drought. Fluxes in HPB, WR, and IR64 reflected a state of perturbation.
1307

1308 Fig 3. Differences in the directional character of transcriptomic fluxes across
1309 genotypes. Propensity scores of (A) global (25,786 loci), (B) transcription factor
1310 (1,340 loci), and (C) stress-related (2,589 loci) windows were divided into positive
1311  propensity (PPF) and negative propensity (NPF) fractions, excluding Propensity = 0.
1312  Directional characters were positive skew (upward arrow; PPF>NPF), negative skew
1313  (downward arrow; NPF>PPF) or neutral (line without arrow). Global, transcription
1314  factor, and stress-related windows showed negative skew in LPB, positive skew in
1315 HPB and WR, and neutral in IR64 at booting stage under drought (red boxes). The
1316 downward directional character of the LPB transcriptome at booting under drought
1317 illustrated a ‘tamed’ transcriptional landscape. Upward directional character in HPB
1318 and WR alluded to an ‘untamed’ or noisy transcriptional landscape.

1319
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1320 Fig 4. Expression profiles of gDTY12.1 genes across the spatio-temporal

1321  windows of the transcriptomics experiments. Eighteen (18) of the fifty (50)

1322 gDTY12.1 genes had measurable expression. The annotated protein-coding genes
1323  were organized by their location on Chromosome-12 (y-axis) and their FPKM-based
1324  expression values (yellow = Low; dark blue = High) and plotted across vegetative,
1325  booting, grain-filling stages under irrigated and drought conditions (x-axis).

1326  Expression is shown for genes with FPKM > 0 (green rectangles) and FPKM = 0 (red
1327  rectangles) under irrigated (C — control) or drought (S — stress) conditions.

1328

1329 Fig 5. Co-expression of eighteen gqDTY172.1 genes revealed by RiceFREND

1330 analysis. (A) None of the 18 expressed qDTY12.1 genes had significant co-

1331  expression alliances with each other. However, twelve (12) genes had co-expression
1332  alliances with genes outside of gDTY12.1, particularly in LPB. The Os1290465700
1333  (OsDEC) had significant co-expression with two transcription factors

1334  (Os08g0159800, Os0590509400) involved in floral meristem functions and singled
1335 out as the primary yield-related candidate gene. (B) OsDEC expression across the
1336  genotypic panel at vegetative, booting, and grain-filling stages under irrigated (C) and
1337  drought (ST) conditions. OsDEC was induced by drought at booting stage only in
1338 LPB and first reported to have important roles in cytokinin signaling [33].

1339  Fig 6. Direct significance of OsDEC to yield potential based on heterologous
1340 dissection of T-DNA insertion mutants of two orthologous gene copies. (A)
1341  Growth chamber drought experiments on Arabidopsis thaliana ecotype Col-0 and
1342  mutants (At6G17510 = 5Gm, At3G03460 = 3Gm) mirrored the designs of the drought
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experiments in rice (S2 Fig). Drought was initiated eight (8) days before bolting
(reproductive initiation) and lasted for 14 days, after which plants were re-watered to
field capacity until maturity. (B) Transcript abundance analysis by gqRT-PCR showing
the silenced At5G17510 (5Gm) and At3G03460 (3Gm) relative to the expression in
wild-type Col-0 at day-14. (C) Boxplots showing the effects of the loss of DEC
expression to plant biomass and seed yield. Significant reductions in seed yield
under drought are evident in 5Gm and 3Gm (p < 0.001) but not in Col-0, while
significant reductions in dry biomass under drought are evident in 3Gm (p < 0.001)
but not in Col-0 and 5Gm. Post-hoc comparison of means (all pairs; o = 0.05) was

through significant ANOVA using Tukey-HSD: *** significant at p < 0.001.

Fig 7. Co-expression of OsDEC with genes involved in the regulation of
flowering at booting stage in LPB. (A) Hierarchical clustering of Propensity values
for OsDEC and other genes (n = 195) associated with cytokinin signaling. A robust
cohort of 30 genes with common ontology (GO) of cytokinin, flowering, and
inflorescence were extracted (red box) from the LPB transcriptome. Refinement
using a Propensity threshold of n = 0.5 identified 11 genes with highly significant co-
expression. (B) Hierarchical clustering of FPKM-based expression established the
six-gene network hub, comprised of OSDEC, OsLOGL3, OsMADS15, OsPHP3,
OsFOR1, and OsMADS 14 characterized by GO for cytokinin signaling, inflorescence

meristem identity, and floral organ regulation.
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Fig 8. Differential organization of DEC-network showing the uniqueness of
LPB. High similarities in OsDEC network were evident across all genotypes at
vegetative and grain-filling stages. (A) Hierarchical clustering of FPKM-based
transcript abundances revealed 13 clades of co-expressed genes surrounding the
DEC-network hub. Clades-7 and -8 (red box with asterisk) contained 36 genes that
were highly co-expressed with OsDEC. (B) Final composition of the DEC-network of
LPB based on hierarchical clustering of FPKM-based transcript abundances. The
‘core’ of the network consisted of OsDEC (36*), OsMADS 15 (26), andOsMADS51
(03), all of which are directly involved with meristem transition from vegetative to
reproductive. The other 33 genes formed the peripheral components with direct
linkages to reproductive functions. (C-E) Hierarchical clustering of FPKM-based
transcript abundances across the 36-member DEC-network. Numbers to the right of
dendograms (Locus ID, position, annotation, etc.) are detailed in S4 Table. Red

asterisk marks the position of OsDEC. C — Control/irrigated; S — Stress/drought.

Fig 9. Organization of the booting stage DEC-network across genotypes. The
OsDEC formed networks with other genes in the genetic background, and the
network is highly organized in LPB but not in the other genotypes, where
homologous networks appeared fragmented and disorganized. (A) The organization
and expression character of the DEC-network at booting stage are distinct in each
genotype. In LPB, the network is characterized by an inductive pattern while a static
pattern was evident in HPB, WR, and IR64. (B) Distribution of the members of the
functional DEC-network across the rice genome outside of gDTY72.1. Numbers to
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1388  the right of the dendograms are described (Locus ID, position, annotation, etc.) in S4
1389  Table. Number with red asterisk indicate the position of OsDEC. C —

1390  Control/irrigated; S — Stress/drought.

1391

1392  Fig 10. KnetMiner knowledge integration map depicting the biological functions
1393 associated with the operative booting stage-specific DEC-network in LPB.
1394  The knowledge integration map linked all but one of the 36 genes to various yield
1395  component traits including grains per plant, tillers per plant, grain length and width,
1396 panicle length, amylose content, carbon isotope discrimination, days to flowering,
1397 days to heading, spikelet number and fertility, and grain yield. The complete list of
1398 traits generated by the KnetMiner are summarized in S5 Table.

1399

1400 Fig 11. Expression of critical MADS-box transcription factors at booting stage
1401  in LPB mimic the signature of OsDEC. The temporal expression of OsDEC and
1402  three MADS-box transcription factors point to a mechanism for regulating flowering-
1403  time under drought. (A-D) FPKM-based expression plots of OsDEC, OsMADS 14,
1404 OsMADS15, and OsMADS18 across growth conditions (irrigated, drought) and

1405 developmental stages. OsMADS 14, OsMADS15, OsMADS 18 (documented to be
1406 intimately involved in flowering and meristem identity) were induced by drought at
1407  booting stage (red boxes) in LPB and IR64, but not in HPB and WR. Expression of
1408 OsMADS18 across developmental stages mimicked the overexpression (OE) of
1409 ZMM28 (maize ortholog) that led to improved growth and yield [56]. VEG-C

1410  (vegetative control/irrigated); VEG-ST (vegetative stress/drought); BOOT-C (booting
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control/irrigated); BOOT-ST (booting stress/drought); GF-C (grain-filling

control/irrigated); GF-ST (grain-filling stress/drought).

Fig 12. Putative molecular mechanism of the DEC-network modeled through
the integration of relevant information from the literature with the trends
uncovered from the flag leaf drought transcriptomes. In concert with other genes
(peripheral) across the genetic background, OsDEC anchors a network that
effectively mediates early transition to reproduction, thereby facilitating processes
critical for grain productivity under drought. Transition of the meristem from
vegetative to reproductive stage is mediated by cytokinin through the phospho-
transfer system (OsAHP1, OsPHP5) leading to the enhancement of active cytokinin
pools through the expression of the biosynthetic genes OsLOGL3 and OsLOGL?,
and concomitant suppression of OsCKX2 involved in degradation. Induction of
spikelet development is promoted by OsMADS14, OsMADS 15, OsMADS 18, and
OsMADS51, and OsHd3a (florigen), which trigger the early onset of flowering under
drought. Early formation of reproductive sink efficiently redirects the photosynthate to
reproductive processes. The ‘taming’ effect of ABA response (OsLLB, OsABL1)
prevents unnecessary wastage of photosynthates that leads to large trade-offs to

yield. C — control/irrigated; S — stress/drought; L — LPB; H — HPB; W — WR; | — IR64.
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1434  Supporting information

1435  S1 Fig. Diagrammatic representation of the recombination dynamics that likely

1436  occurred in the breeding scheme that generated the two gDTY72.1 sibling

1437  introgression lines (LPB, HPB). The divergent phenotypes exhibited by LPB and HPB
1438  are enigmatic considering that both carry the gqDTY72.1 introgression and both were
1439  derived from the same parental lineages (Way Rarem, Vandana, and IR64) via

1440  backcross coupled with marker assisted selection. LPB and HPB each underwent
1441  separate and distinct shuffling of alleles in the genomic background, thereby creating
1442  either a synergistic (LPB) or antagonistic (HPB) DEC-network.

1443

1444  S2 Fig. Schematic of the drought experiment conducted at IRRI in the wet season of
1445 2017 under a rain-shelter facility. Rice plants were exposed to progressive drought by
1446  withholding irrigation at the vegetative stage through maturity with only a single life-
1447  saving irrigation applied after the initiation of stress. Flag leaves were collected at
1448  the vegetative, booting, and grain-filling stages across the comparative panel to

1449  generate the RNASeq transcriptomic data data matrix. Definition of developmental
1450  stages were according to current standards [68].

1451

1452  S3 Fig. Distribution plots of Propensity scores calculated from the FPKM-based

1453  expression values across the flag leaf RNASeq transcriptomic datasets. Propensity
1454  score distributions of transcript abundance (FPKM) for 25,786 loci at (A) vegetative,
1455  (B) booting, (C), and grain-fill stages under control/irrigated conditions, and (D)

1456  vegetative, (E) booting, and (F) grain-filling stages under stress/drought conditions.
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1457  S4 Fig. Phylogenetic analysis of OsDEC (0s12g0465700). Homology of the rice
1458 DECUSSATE gene to Arabidopsis thaliana At3G03460 and At5G17510 orthologs
1459  was referenced in the published report [33], and re-validated by using the

1460  phylogenetic tree function at EnsemblPlants (https://plants.ensembl.org/index.html).
1461

1462 S5 Fig. Comparison of reproductive milestones of the Arabidopsis thaliana AtDEC T-
1463  DNA insertion mutants At3g03460 (3Gm), At5G17510 (5Gm) and Columbia wild-type
1464  (Col-0) under control and drought conditions. (A) Days to bolting; (B) Days to first
1465  bloom; (C) Days to seed set. Box plots are means of individual plants (n = 16).

1466  Means were separated with Tukey HSD after significant ANOVA. **significant

1467  difference at at p<0.01; ***significant difference at p<0.001; n.s. — no significant

1468  difference at p<0.05.

1469

1470  S6 Fig. Expression of OsDST (Os03g0786400; Drought and Salt Tolerance) during
1471  (A) Vegetative, (B) Booting, (C) Grain-filling stages. OsDST directly regulates

1472 cytokinin degradation via OsCKX2, which is a single copy gene in the rice genome.
1473 During the critical stage of booting, OsDST was downregulated LPB and IR64 with -
1474  2.24 and -5.86 log2 fold-change, respectively. OsDST was upregulated in HPB and
1475 WR at 0.74 and 0.62 log2 fold-change, respectively.

1476

1477 ST Fig. Expression of OsZEP (0s049g0448900; zeathanthin expoxidase) during (A)
1478  Vegetative, (B) Booting, and (C) Grain-filling stages. Involved in the first committed
1479  step of ABA biosynthesis, OsZEP activity directly impacts the ABA response,
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1480  especially under abiotic stress. At booting stage, LPB and WR exhibited decreases
1481 in OSZEP expression with -0.57 and -3.0 log2 fold-change, respectively. In contrast,
1482  HPB and WR exhibited increases with 4.1 and 1.9 log2 fold-change, respectively.
1483

1484  S1 Table. List of gDTYs that are known to contribute to yield retention under

1485  reproductive-stage drought.

1486

1487  S2 Table. Key terms used to extract stress-related genes from the global

1488  transcriptomic window of 25,786 loci.

1489

1490  S3 Table. List of annotated protein-coding gene loci (n = 50) within the gDTY12.1
1491  boundaries.

1492

1493  S4 Table. List of the genes that comprised the full DEC-network (n = 36) that is
1494  operative during the onset of booting under drought.

1495

1496 S5 Table. Biological functions and traits that were associated to DEC-network by the
1497  KnetMiner knowledge integration platform.

1498

1499  S6 Table. DNA primers and methods used for genomic-PCR (genotyping) and qRT-
1500 PCR analyses of Arabidopsis A{DEC T-DNA insertion mutants.

1501

1502
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Table 1. List of genes included in the main hub of the DEC-network and used as baits for extracting the
components of the full DEC-network at booting stage.

¥Oryzabase Gene

1 | I
Locus ID Symbol RAP-DB Description
0s02g0555300 OsNAC28 No apical meristem (NAM) protein domain containing protein.
0s02g0830200 OsRR3 A-type response regulator, Cytokinin signaling
0s03g0109300 LOGL3 Similar to Lysine decarboxylase-like protein
Similar to Isoform 2 of MADS-box transcription factor 14.
050390752800 OsMADS14 APETALA1 (AP1)/ FRUITFULL (FUL)-like MADS box transcription
factor, Specification of inflorescence meristem identity
050390810100 OsIPT4 Similar to tRNA isopentenyl transferase-like protein (Adenylate

isopentenyltransferase)
0s05g0521300 OsPHP3 Similar to Histidine-containing phosphotransfer protein 4

Similar to MADS-box transcription factor 15. APETALA1 (AP1)/
FRUITFULL (FUL)-like MADS box transcription factor,

050790108900 OsMADST5 Specification of inflorescence meristem identity, sexual
reproduction
050790568700 OsFOR1 PolygaIacturonase-lnhlbltlng protein, Inhibitor of fungal
polygalacturonase, Regulation of floral organ number
0s08g0115800 ONAC29 NAC transcription factor, Regulation of cellulose synthesis
Os1090479500 LOGL10 Similar to carboxy-lyase
Plant-specific protein containing a glutamine-rich region and a
Os12g0465700 DEC conserved motif, Controls of phyllotaxy by affecting cytokinin
signaling

TRAP-DB — The Rice Annotation Project Database (https://rapdb.dna.affrc.go.jp/index.html)
1503 ¥Oryzabase — Integrated Rice Science Database (https://shigen.nig.ac.jp/rice/oryzabase/)

1504

66


https://doi.org/10.1101/2021.02.09.430414

A B C

m= Control ==Stress ——Yield Penalty (%) mmControl == Stress Yield Penalty (%) mm Control »=Stress —Flowering Delay
10000 - 9% 95 - 400 2000 - - - 100 100 - - - 20
= | 74 89 — 77 | 160 —
= 8000 - - 80 = 1600 - - 80 = 80
3 . - g |4 . s =
o =
£ 6000 - - 60 =1200 { Q66 - 60 o 60 -
2 - - o : 8 - z - 10
= 1 @
5= 4000 4 40 5 800 - 40 > 40 A
= ] i = | £ ]
il o T . B
@ 2000 - - 20 @ 400 I - 20 O 20 -
0 - -0 0 0 0 - -0
LPB HPB WR IRG64 LPB HPBE WR IRG4 LPB HPB WR IRG4
Genotype Genotype Genotype
1D | E 1 F | G | H
90 1 - i - -
b ==
80 - ] - ; ¢ == 1
e ‘E‘ i ' 1 I I i : B "
o E 60 ] a a . |
53 :
25 507 : - g
b > g SHIE
= ® 40 { b -
o b
~ 301 - -
20 1 - -
10 1 - !
0

LPE HPB WR IR64 LPE HPE WR IR64 LPE HPE WR IRE4 LPB HPE WR IR64 LPBE HPE WR IRG4

Fig1


https://doi.org/10.1101/2021.02.09.430414

A

VEGETATIVE
LPB HPBWR IRS4

CSCS5CSCS

Global

BOOTING
LPBHPBWR IRE4

4H

11

Sialb b

11

CSCSCSCS

VEGETATIVE
LP8 HPEWR IRG4
CSCsCsC

GRAIN-FILL
LPBHPBWR IRG4

CSCSCSCS

]

-

/ BOOTING

LPEHPEWR IRE4
CSCSCSCS

GRAIN-FILL
LPBHPBWR IRG4
CSCSCSCS

Fig2

Transcription Factors

VEGETATIVE
LPB HPE WR IRE4

CSCSCSCS

4
B

111 |1 |
]

VEGETATIVE
LP8 HPE WR IRE4
CSCSCSCS

/ BOOTING

BOOTING

GRAIN-FILL

LPEHPEWRIREY LPEHPEWR IRE4

CSESECS CSCSCSCS

LPB HPEWR IRE4
CSCSCSCS

1]

GRAIN-FILL

LPE HPEWR IRG4
CSCSCSCS

-

=1

|
3
1

{11 ]

Propensity

|.I.|.
|
[

Stress-Related

VEGETATIVE

BOOTING

[

Lgin 2 L
[
11

VEGETATIVE
LPE HPE WR IRES4

CSCSC5CS

I

 BOOTING

LPBHPEWRIRE4
CSCSCSCS

i'i'lT]

GRAIN-FILL
LPEHPEWRIRGY LPBHFEWR IR LPEHPBWRIRSS

CSCSCSCS CSCSCSCS CSCSCscs

_—
1

1
1

GRAIN-FILL
LPBHPEWR IRE4

CSCSCSCS



https://doi.org/10.1101/2021.02.09.430414

>

Propensity
Score

i, o s
50
2n
2
a
VEG BT GF HEE GF VEG BT GF VE
(: CONTROL DHBUFHT CONTROL DROUGHT
i?' + 958 1,082 H!:H + 49" 940  1.080
LTy ]
g 8 |
o O
El‘-ﬂ'
o 1,125

Fig3

LPB HPB

CONTROL ~ DROUGHT CONTROL DROUGHT CONTROL

+10,57 9,753 10,078
8,957

+ 8,947 11,314

VEG BT GF VEG

VEG BT GF VE ﬁ GF VEG BT GF VEG

LET)

WR

9,938 + 9,599 10,705

VEG BT GF VEG|BT

CONTROL DROUGHT CONTROL DROUGHT

u
GF VEG BT GF

341
VEG| BT | GF

DROUGHT

GF VEG BT GF VE GF

IR64

CONTROL

+ 9,903

VEG BT GF VE

DROUGHT

BT

CONTROL DROUGHT

507

VEG BT GF VEG

CONTROL

1.0 il

VEG BT GF VEG

BT

GF

DROUGHT

GF

1BEGET
17333
16000
14667
13333
12000
1066T

9333

1000
g2z

T&eT
639
611
533

irs
300

2000
1833
16ET
1500
1333
1167
1000

B33

BET


https://doi.org/10.1101/2021.02.09.430414

— Vegetative Booting Grain-Fill
Low o High LPB HPB WR IR64 LPBHPB WR IR64 LPB HPB WR IR64

cscsCsSCsS CsCsCsSCSsS CsCS&SCGSCS
! 051290456300
Chr. 12 iﬂsﬂ 90456400 NN - I LI - I |

Os12g0456700
Os12g0456783
Ds12g045?200

Os12 MEBH}D
Os12a0458900
051290459100 - -
s12g
O0s12q0460100 [ ] [ ] =1 h ]
051290460400
8140
0s12g0460800 I N Pl E = e
ﬂsﬂgﬂdﬁﬂlﬁﬂ
051290461300
051290462000
0s12q0462700
e n =
s
ns1zgm55mn - |
U5129I14551ﬂﬂ
Q51290465600 R——
s N .
0512!;&465300
Qs1200466200
qDTY12.1 @los1z50467200
S
51t ot iierie
S
1.54 Mb  Bos1z50468000 - -
5120
051290468500 - —e
s
::-5123114535-:1[: ] .- I I . .
U5125MEQEUD
0s12q0470000
O0s12g0470700

|
0512904?1100 | -El | I -_
051290472300 I
ns1zgmnaﬁﬁ | | - 1
e
[

Os12g0472500
| |0s12q0472800
q [ |

| ]
 |0s12g0472900
951523473300 - =
. mm
0512 0477050
ﬂS"lE 0477200
S

ﬂs129ﬂ4??4ﬂu— | Il B

Figd


https://doi.org/10.1101/2021.02.09.430414

Da04g0502000 Oa03ghIEEM0

Csl2glIBE100
Ostbgo1 48660
CdT a0 Tl e 1050488108 Os08g0341600 OsilgOadineg
CuddgldaTiog et ibits OsDBg01 37800 051 1100
ORb2gOEET 100 Oa11g0252900
Oaigii 1100 Du04n0E64500 -
OsiZgORIIIG ;
051200460800 Sl Igiaa2n00 DER o
O 3g206300 Paitgiion o
Os0tgo2BBDOF e T e T T T
it SadgATII00 ososgors0z0n | COTg0 118300 .
Ou0TgOZONTO Ol gO3ERE0 Os0BGOSEIR0 _ Gt 190800 ]
Cs0igiZ14800 Oa02gOsBONd0 i :
12g04TE200 46 :
O, W o [osmgoison] |
Caadgia0san0 ;
Ol Tl 543900 |
Os03g0HE1£00 Osnagosszreg DeelunTING00 i ) I
Cal3g01 0T 0028100 OeghiTTiG .
Cub2ghTEEH C04gOB05300 O 1 334300 I el 121800 O gl 71300 ;.,
01 2g04T 7400 ™a
O=09g461 500 -
® [Os2g0erzeno] . PS— .
14 Cis 120454200
etagoiseian] B i R ® sizg0ieiann
OaDBgOIZTTON
. Oralegl Xa 00 - Oalagl464200
- cxom
[ ]
Vegetative Booting Grain-Fill
]
= c
&
E
e
8
= ST

LPB HPB WR IR64

Fig5

Cuigaasannn Crldgiad 2600

0s07g0118300

DEDEQEMEDD.MDEQ 0159800
® |0s1 290465700

Os07g0548900

0s04g0577000 Os0590509400
Os08g0121800 Os01g0673300

LPB HPB WR IR64 LPB HPB WR IR64

FPEM

25
20
15
10



https://doi.org/10.1101/2021.02.09.430414

Soil Water Content

(% Field Capacity)

<

Vegetative Seed
Growth Set
I Lo,
[ i | .
= -4
i
!
%
""l. ;
e A
\ - Drying to
MR \ 0%FC.
Ve : 1'1.
== _r == 'l|L
Eg:::ggt " Biomass and

-’ Seed Harvest

0 1520 34 50 65

Days After Sowing

B bioRxiv preprint doi: https://doi.org/10.1101/2021.02.09.430414; this version posted February 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) ﬂw@;ﬂ‘ﬁg@mmt }graulé?ﬁ%\é?rgrgecrg :Ii\::%rrlfétlet. is not subject to copyright under 17 USC AtSG 03460
d - -
EDE- ﬁﬂﬂ-
o . Q |
06 - 2 0.6 -
LLI ] LL |
-%;Dﬁl: -% 0.4 :
T o2 - ._ S 02|
@ ] D ]
o 0.0 - n:ilﬂ
Col-0 oGm 3G Col-0 3Gm oGm
c —~ B Control [l Stress . B Control [ Stress
% | 7 1000: -
- EU'D o . ek & . c ] . .
o ! g 900 n.s. n.s.
Q I Q. 800 | % . _
) 4[}0 1 () ?DD ] . i
= = :
S 300 @ 00
5 B 500 ==
e Y
> 200 £ 4001 -
ke, * L2 3001 -
L | o
Q 1001 200
& S 400!
: O
0 g 0

Fig6

Col-0 3Gm 5Gnm


https://doi.org/10.1101/2021.02.09.430414

S

Propensity

nz0.5

g

Propensity

Fig7

Filter

FPKM

OsNACZ28

OsLOGL10

OsRR3

OslIPT4

OsNACZ29

OsLOGL3

OsMADS15

OsDEC

OsPHF3

OsFOR1

OsMADS14


https://doi.org/10.1101/2021.02.09.430414

—

ioRxiv prep

_|:l

(which was not certified by peer review) is the author/funder. This article is a US Go

i i https://doi.org/10.1101/2021.02.09.430414; this version posted| Feb
105 and is also made available for use under. ]

2021. The copyright holder fd repr
. It is not subject to copyrigh§under 17

—
'-.,_

+
-
v oy

r this p

int
JSC

Low

Fig8

Vegetative

Booting

=
f—y

BaaSREURoRRNRGeBIN®®

C S

Grain-Fill

= A 10TM

= AWo O OEN A~ D W DWWO LMo

(=80 5 =]
kdbd S =

e =R =14


https://doi.org/10.1101/2021.02.09.430414

- SRR A met TR Re M I EI o P

oy

L

Lo e S Lo |
1235223‘.11 .h_:-l

WSS I~ Wik~
ol e Lt Tl ol |

o
=

Lo L= T = B - T s I =
_-I21513511253:3%91411211221.-

P

o
9

HFB

|

— Y

LPB

L

e P R P

rreEi%elnE S+ Y he. 8885

Chr. 4

Chr. 12
|EE

Chr. 11

34
35

Chr. 10

Chr. 9
l33 ]
32

Chr. 8
|3..

[{a] [ o (=]
= n_._..._,.... o % L]
™
hi
[
™ e =5 Uy
LT'=) [ S ] o N
== = ——————]
L
i
o O =
- [
= N
[ ™
=
L5

17

8
9
0
11
12
13
14

.
o,
7
T
16

15

1

Fig9


https://doi.org/10.1101/2021.02.09.430414

Grain per plant,
Grains/panicle, Tillers/plant,
Length of heading period,
Root number

Os12g0465700
Decussate

Os08g0162100
GSD&Q’WEEEW Dsﬂ?g-ﬂﬂ&?ﬂﬂ GS"DTQEE#T?W
Qs05g0521300 k : Days to Os03g0762000
Os03g0793500
NG heading A 03
Grain width =
o7 B e Qs07g0222300 Panicle - Selg0ia3ed
Os05g0541200 ‘ length ’
"W Days to 50
Qs08g0622300 , . -
G050 1000-grain weight . flowering
Heading Flag leaf
date ] 9
1 l length Gl 050390309200
Os06g0664300
Ds06g0211200 1 Os02q0787 300 ,
59 g ‘ ength Root to shoot ratio,
Grain vield Grain  Chlorophyll content of
rain yie - Q5010922800 sha
Grain lw ratio Plant height - g0 pe leaf
050200554000
Spikelet fertility e L eaf Basal roo Os01g0708500
Root thickne Os07g0592200 rjﬁng thickness bl el

Os02g0610500

Qs08g0422500
Tiller number, plot

yield, seedling/plant

height, Days to maturity,
Days to heading,

Os02g0625000 Days to flowering,
Days to heading,

Root number, Root
penetration index,
Root dry weight

Fig10

Coleoptile length,
Carbon isotop
discrimination

Qsl3gl112700

Root dry

weight Ay 050300709300

Os03g0742800

Os03g0752100

Os02g0625000
Os071g0763700

Root fresh weighto—--“‘/

Grains +
per *—* 050450615000 Yield

panicle l

i

050690142600

0503066900



https://doi.org/10.1101/2021.02.09.430414

FPKM
& & & 8

=%
=]

Fig11

uLPB m H

| A

L e

OsDEC
PB uWR

~

BOOT-C BOOT-ST
. # g

= |IR64

VEG-C VEG-5T \BE.'IGT-I‘.': BﬂﬂT-u_EJJ GFC
OsMADS15
=LPBE = HPB = WR = |IR64
s A
VEG-C VEG-ST GF-C

GF-ST

GF-5T

200 -

400 -
< 300
=

Y 200 -

I

100

200

160 -

FPKM
=)
=

OsMADS14
uLPB = HPB s WR
| B
[ )

BOOT-C BOOT-ST,
~ /

u |[RG64

VEG-C VEG-5T @DT-{: EUDT-E__'II}' GF-C
OsMADS18
= LPB = HPE = WR m |IRG4
|D
‘B N
VEG-C VEG-ST GF-C

GF-5T

GF-ST


https://doi.org/10.1101/2021.02.09.430414

OsCPP5 5 " OsDEC ” OsC3H56

it I “

B . L HW I J

OsDST OsCKX2 OsLOGL3 OsLOGL7 OsAHP1 OsPHP5S

CK degradation CK activation CK mediated Phospo-transfer
(two-component system)

A v

Type ARR «— Type B RR

"o o . O . O O O O O O e e e e e e e e e e e e o o o - - O . O S S O I S O e A e e B S S S GES B TSN GEN IS DN EET GEN EEN NN EEN NN EEm

bioRxiv preprint doi: https //d g/10 1101/2021.02.09.430414; this n poste d F bruary 9, 202L. The ¢dpyright holder for this preprint

(which was not certified by peer review) is the author/funder. This arti I USG m nt work. It fi§ not gulhject to copyright under 17 USC
=105 al d

|

Flnwerlng fnﬁuci'lun
OsGl

Shoot Apical
:; Meristem
05M£'{DS,51 OsMADS14 OsMADS15
OsGhd7 | .
Y ' OsMADS18

™\, OsEhd1 ,/

L

sERe s & =

o o N o e e e S S BN N R O o e e e S S . -— . S . .-

OsMADS14 ABA Response

| OsLLB JA
OsHd3a OsRFT1 E: —] MeJA ABA

== —U OsABL1 /

I

F_
'

FPKM Transcriptonal activation of
- - AREB down-stream targets
Low High (i.e. WRKY)


https://doi.org/10.1101/2021.02.09.430414

