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17 Abstract

18  Background: Improving performance of rice under drought stress has potential to
19  significant impact on rice productivity. Previously we reported that OsLG3 positively
20  control rice grain length and yield.

21  Results: In this study, we found that OsLG3 was more strongly expressed in upland rice
22 compared to lowland rice under drought stress condition. Candidate gene association
23  analysis showed that the natural variation in OsLG3 was associated with tolerance to water
24 deficit stress in germinating rice seeds. Transgenic rice with enhanced OsLG3 expression
25  exhibited improved tolerance to drought and that is most likely due to enhanced ROS
26  scavenging efficiency. Phylogenetic analysis and pedigree records indicated that the
27  tolerant allele of OsLGS3 has potential to improve drought tolerance of japonica rice.

28  Conclusions: Collectively, our work revealed that the natural variation of OsLG3
29  contributes to rice drought tolerance and the elite allele of OsLG3 is a promising genetic
30  resource for the development of drought-tolerant and high-yield rice varieties.

31 Keywords: rice; nature variation; OsLG3; drought tolerance; ROS
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32  Background

33  Agriculture experience more than 50% of average yield losses worldwide due to abiotic
34  stress, especially drought [1, 2]. Rice (Oryza sativa L.), one of the most important staple
35 food for over half the world’s population, requires high inputs of water during growth,
36  which results in a number of production challenges due to water shortages and inadequate
37 rainfall during the rice growing season [3]. In the face of these challenges, enhanced
38 performance of rice under drought stress has the potential to significantly improve rice
39  productivity.

40 Plants have evolved complex signaling pathways that enable them to respond and adapt
41 to unfavorable environmental conditions through morphological, physiological, and
42  biochemical changes [4-6]. The generation of reactive oxygen species (ROS) is a key
43  process in plant responsiveness to various biotic and abiotic stresses. ROS are important
44  signal transduction molecules, but also toxic by-products of stress metabolism, depending
45  on their overall cellular amount [7]. At low to moderate concentrations, ROS are likely to
46  function as secondary messengers in stress-signaling pathways, triggering stress
47  defense/adaptation reactions. However, when ROS levels reach above a certain threshold,
48  they can trigger progressive oxidative damage resulting in retarded growth and eventually
49  cell death [8]. Plants have developed flexible ROS scavenging and regulation pathways to
50 maintain homeostasis and avoid over-accumulation of ROS in cells. There are some
51  evidences supporting that overproduction of ROS-scavenging related genes and synthesis of
52  various functional proteins such as superoxide dismutase (SOD), peroxidase (POD) and

53  catalase (CAT) could increase tolerance to oxidative stress. For example, overexpression of


https://doi.org/10.1101/228403
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/228403; this version posted December 6, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

54  SNACS3 (Stress-responsive NAM, ATAF1/2, and CUC2 gene 3), increases rice drought and
55  heat tolerance by modulating ROS homeostasis through regulating the expression of genes
56  participated in ROS-scavenging [9]. Overexpression of an Ethylene-responsive factor (ERF)
57  family gene, SERF1 (Salt-Responsive ERF1), improved salinity tolerance in rice, mainly
58  due to the regulation of ROS-dependent signaling during the initial phase of salt stress [10].
59  Overexpressing of JERF3 (Jasmonate and Ethylene-Responsive Factor 3) improved the
60 expression of genes involved in ROS-scavenging and enhanced tolerance to drought,
61 freezing, and salt in tobacco [11]. Moreover, overexpression of the mitogen-activated
62  protein kinase kinase kinase (MAPKKK) gene DSVI1 (Drought-hypersensitive Mutant 1) in
63  rice, increased drought stress tolerance by regulating ROS scavenging. Conversely,
64  deficiency in DSM1 resulted in a decrease in ROS scavenging and increased drought
65  hypersensitivity [12].

66 Transcription factors (TFs) play central roles in the regulation of gene expression in
67 the stress signaling and adaptation networks [13, 14]. One set of these is the
68  APETALAZ2/Ethylene Responsive Factor (AP2/ERF) superfamily. It has been implicated
69  that the ERF proteins play diverse roles in cellular processes involving flower development,
70  spikelet meristem determinacy, floral meristem, plant growth, pathogens and abiotic stress
71  tolerance [15-23]. There are emerging evidences to support that ERF proteins are involved
72 in response and adaptation to drought stress. For instance, transgenic rice lines
73 overexpression ERF TFs including SUB1A, OsEREBP1, AP37, AP59, HYR and OsERF71,
74 all showed strong resistance to drought stress [24-28]. Other ERF genes including HARDY,

75  TRANSLUCENT GREEN (TG) [29] and DREB genes [30, 31] from Arabidopsis, TSRF1
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76 [32] from tomato, TaERF3 [33] from wheat (Triticum aestivum), GmERF3 [34] from
77 soybean, JERF3 [11] from tobacco and SodERF3 [35] from sugarcane (Saccharum
78  officinarum), have also been found to be involved in responses to water deficit stress
79  condition. Overall, these findings suggested that ERF TFs offer the potential for
80  engineering crops in a way that makes them more efficient under drought stress condition.

81 Linkage disequilibrium (LD)-based association mapping has been proven to be a
82  powerful tool for dissecting complex agronomic traits and identifying alleles that can
83  contribute to crop improvement [36-39]. Candidate gene association analysis, an effective
84 method to validate targets, has become easier and cheaper with the advances in
85  next-generation sequencing (NGS) technology facilitating the discovery and detection of
86  single nucleotide polymorphisms (SNPs) [40]. This strategy has been used successfully in
87  the genetic dissection of allelic diversity of genes controlling fatty acid content, kernel size,
88  ABA content, a-tocopherol and B-carotene content and aluminum tolerance in maize and
89  rice [41, 42]. There have also been reports of association studies on crop drought tolerance.
90  Forinstance, Y Lu, S Zhang, T Shah, C Xie, Z Hao, X Li, M Farkhari, JM Ribaut, M Cao,
91 T Rong, et al. [43] and Y Xue, ML Warburton, M Sawkins, X Zhang, T Setter, Y Xu, P
92  Grudloyma, J Gethi, J-M Ribaut, W Li, et al. [44] identified some QTLs underlying
93  drought tolerance in maize by genome-wide association analysis. S Liu, X Wang, H Wang,
94 H Xin, X Yang, J Yan, J Li, LS Tran, K Shinozaki, K Yamaguchi-Shinozaki, et al. [45]
95 found that DNA polymorphisms in the promoter region of ZmMDREB2.7 were associated
96  with maize drought tolerance. Analysis of the association found that an 82 bp insertion in

97  ZmNACI111 and 366 bp insertion in ZmVPP1 affected drought tolerance in Maize [46, 47].
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98  Recently, an association study of 136 wild and four cultivated rice accessions identified
99 three coding SNPs and one haplotype in a DREB (Dehydration Responsive Element
100  Binding) transcription factor (TF), OSDREBL1F, that are potentially associated with drought
101  tolerance [48], and nine candidate SNPs were identified by association mapping of the ratio
102  of deep rooting in rice [49]. However, a role for these candidate genes or their causative
103 variations in enhanced drought tolerance remains to be verified experimentally.
104 Here, we characterize the role of an ERF family TF, OsLG3 (LOC_0s03g08470), in
105  rice drought tolerance. OsLG3 is located at the same locus as OSERF62 [23] and OsRAF (a
106  Root Abundant Factor gene in Oryza sativa) [50]. In our previous work, we demonstrated
107  that OsLG3 plays a positive role in rice grain length without affecting the grain quality [51].
108 In this study, we identified the natural variation in the promoter region of OsLG3 was
109  associated with tolerance to drought stress among different rice accessions. Overexpression
110  of OsLG3 in transgenic lines resulted in increased drought tolerance via regulating ROS
111 homeostasis. OsLG3 function as a pleiotropic gene which can contribute to rice grain
112 length and drought stress tolerance together. These data provide insights that the elite allele
113 of OsLG3 is a promising genetic resource for the genetic improvement of rice drought
114  tolerance and yield.
115  Results
116  OsLG3 is associated with drought stress tolerance in rice.
117 In our previous cDNA microarray experiment, comparison between upland rice (UR)
118  (IRAT109 and Haogelao, drought-resistant japonica rice) and lowland rice (LR)

119  (Nipponbare and Yuefu, drought-sensitive japonica rice) varieties under well-watered and
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120  water deficit conditions showed that OsLG3 expression was induced to a significantly
121 greater extent by water deficit stress in UR than LR [52]. To confirm this we analyzed the
122 expression level of OsLG3 between IRAT109 and Nipponbare under increasingly severe
123 water deficit conditions using Quantitative real-time PCR (qRT-PCR). The data confirmed
124  that OsLG3 is more highly expressed in IRAT109 than Nipponbare under well-watered
125  conditions and that OsLG3 expression is strongly induced by drought in IRAT109 but not
126  Nipponbare (Figure. 1a). These results suggested that changes in OsLG3 expression may
127  be involved in response to drought stresses.

128 We conducted a candidate gene association analysis to investigate if natural variation
129  in OsLG3 is associated with rice drought tolerance. This approach utilized a mini core
130  collection (MCC) panel [53] (Additional file 7: Table S1) of 173 varieties that have
131  undergone deep sequencing to a 14.9X average depth (http://www.rmbreeding.cn/Index/).
132 Seeds from MCC lines were germinated on water or in the presence of 15% polyethylene
133 glycol (PEG) to simulate drought stress. The relative germination rate (RGR, ratio of
134  germination rates under 15%PEG condition to germination rates under water condition) of
135  each line was calculated after five days. We identified significant variation in water deficit
136  stress tolerance between the different varieties (Additional file 1: Figure S1 and
137 Additional file 7: Table S1). A total of 97 SNPs within the OsLG3 locus from these
138  accessions were identified. To reduce the incidence of false positives, we performed
139  general linear model (GLM) that controls population structure (Q matrix) to identify
140  significant genotypic and phenotypic associations. The association analysis detected three

141 significant SNPs (P < 1.0 x 10°°) (SNP_4352414, SNP_4352886, SNP_4352960) located
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142 within the promoter region of OsLG3 (Figure 1b). SNP_4352886, located 2449 bp
143 upstream from the start codon of OsLG3, showed greatest significant association with RGR
144 (P =2.66 x 10°, Figure 1b), contributed 13.9% of the phenotypic variation in the MCC
145  population. SNP_4352886 was in strong LD with two other variations (SNP_4352414,
146 SNP_4352960) in the promoter (r2 2 0.8), but not with the SNP_4348903, SNP_4352166,
147  SNP_4352793, SNP_4353076 and SNP_4353119, which were identified as marginally
148 significant (P < 1.0 x 107%) (Figure 1b). SNPs identified within the coding region of
149  OsLG3 were not significantly associated with the RGR trait. Based on results above, we
150  conclude that the nucleotide polymorphisms in the promoter of OsLG3 are associated with
151  differential germination rates under water deficit.

152 OsLG3 is an ERF family transcription activator that functions as a homodimer

153  OsLG3 encodes a putative protein with 334 amino acids. Amino acids 110-159 contain a
154  typical AP2 domain, including 11 putative DNA-binding sites, implying a strong DNA
155  binding capacity, and one putative nuclear localization signal (NLS) from amino acids
156  95-121 (Additional file 2: Figure S2a, b). Phylogenetic analysis comparing OsLG3 with
157  known ERF TFs [23] indicated that OsLG3 belongs to group VIl of the ERF subfamily and
158 s closely related to OsERF71 [27, 54], OSEREBP1 [25] and OsBIERF1[55], which have
159  been reported to be involved in stress response (Figure 2) .

160 Transactivation activity assays, in which the DNA-binding domain (GAL4-BD) of
161  GAL4 was fused to either the full length CDS of OsLG3 or a series of shortened fragments
162  created by deletions from both the N- and C-termini, indicated that OsLG3 is capable of

163  transcriptional activation, and that the C-terminal region (amino acids 213-334) is required
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164  for this (Figure 3a). We also tested dimerization of OsLG3 protein in vivo using a yeast
165  two-hybrid system. To avoid the interference caused by self-transactivation activity, we
166  used the protein fragment BD-dC2 (amino acids 1-218) as bait, which lacks the
167  transactivation region. The constructs AD-OsLG3 and BD-dC2 were co-transformed into
168  yeast strain AH109 to test for a homodimer interaction. AD and BD, AD-OsLG3 and BD
169  were also co-transformed as negative controls for endogenous transactivation activity. Of
170  these combinations, only AD-OsLG3 and BD-dC2 co-transformants could grow well in the
171 SD/-Trp-Leu-Ade-His/X-a-gal medium (Figure 3b). These results indicate that OsLG3
172 potentially functions as a homodimer in rice. To determine the subcellular localization of
173 OsLG3, Nicotiana benthamiana leaves were infiltrated with Agrobacterium tumefaciens
174  (strain EH105) containing 35S:0sLG3-GFP and 35S::GFP, respectively. Confocal imaging
175  analyses showed nuclear-localized fluorescence in 35S:0sLG3-GFP transformed cells,
176  whilst fluorescence from free GFP was distributed throughout the whole cell (Figure 3c).
177 This indicates that OsLG3 is a nuclear-localized protein.

178  Expression profile of OsLG3 under different stress treatments and in different plant
179  tissues

180 The expression profile of OsLG3 in response to abiotic stresses and hormones in
181 IRAT109 was investigated using gRT-PCR. The transcript level of OsLG3 was
182  significantly induced under dehydration, polyethylene glycol (PEG), hydrogen peroxide
183  (H202, NaCl, abscisic acid (ABA), ethylene (ETH) and gibberellin (GA) treatments but
184  remained unchanged under cold treatment (Figure 4a). To determine the spatial-temporal

185  expression of OsLG3 under normal growth conditions, we isolated total RNA in eight
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186  representative tissues (root, stem, sheath at seedling stage and root, stem, sheath, leaf,
187  panicle at reproductive stage) from IRAT109, and performed gRT-PCR analysis. OsLG3
188  was expressed in all of the tissues tested, and showed higher level in roots compared to
189  other tissues (Figure 4b).

190  Overexpression of OsLG3 enhances drought stress tolerance in rice

191 To elucidate the biological functions of OsLG3 during the stress response, 10
192 independent transgenic lines in which OsLG3 was overexpressed under the control of 35S
193  promoter (OsLG3-OE) and 14 independent transgenic rice lines in which endogenous
194  OsLG3 expression level was suppressed by RNA interference (OsLG3-RNAI) were
195  generated. qRT-PCR was carried out to quantify OsLG3 expression level in each transgenic
196  line. Two independent OsLG3-OE transgenic lines (OE4, OE7) with highest expression
197  level (Additional file 3: Figure S3) and two OsLG3-RNAii lines (RI16, RI10) with lowest
198  expression level (Additional file 4: Figure S4) of OsLG3 were selected for further stress
199  analysis.

200 Under dehydration treatment using 20%PEG for 3 days, OsLG3-OE lines showed
201  greater resistance than WT plants (Figure 5a). Almost 44-81% of OsLG3-OE plants
202  survived, while only 8-15% of the WT plants survived under this treatment (Figure 5c). In
203  contrast, when four weeks old WT and OsLG3-RNAI plants were stressed by a slightly less
204  severe dehydration stress (20% PEG for 2.5 days) the relative survival of OsLG3-RNAI
205  lines (3-11%) was lower than that of WT (24-42 %) (Figure 5b, d).

206 Under severe drought soil drought stress condition (stop watering for 7 days), the

207  OsLG3-OE lines showed an improved survival rate compared to WT plants. Almost 48-64%

10
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208 of OsLG3-OE survived, whereas only 17-28% of WT plants survived this treatment
209  (Figure 5e, g). In contrast, when WT and OsLG3-RNAi plants were treated moderate
210  drought (stop watering for 6 days), 36-47% of the WT plants had recovered 10 days after
211  watering was restored, but only 8-28% of the RNAI plants recovered (Figure 5f, h).

212 Interestingly, we found that the leaves of OsLG3-OE plants showed a slower rate of
213 water loss compared to those of WT and OsLG3-RNA. lines under dehydration condition
214  (Additional file 5: Figure S5a), indicating a role for OsLG3 in reducing water loss,
215  especially under water deficit conditions. Expression levels of some characterized stress
216  response genes like OsLEA3, OsAP37, SNAC1, RAB16C, RAB21 and OsbzZIP73 were
217 monitored in the WT, OsLG3-OE and RNA. lines under well-watered and soil drought
218  conditions. As shown in Additional file 5: Figure S5b, these genes showed significantly
219  higher levels under soil drought stress in OsLG3-OE plants when compared to WT and
220  RNAI lines.

221 We also analyzed the growth of OsLG3-OE and -RNAi plants under NaCl and
222 mannitol treatment to induce high salinity and osmotic stress, respectively. Under NaCl
223  treatment, OE lines showed significantly less suppression of relative shoot growth (shoot
224 length under stress conditions to shoot length under normal conditions) than both WT and
225 RNAI lines, and less suppression of relative fresh weight (fresh weight under stress
226  conditions to fresh weight under normal conditions) than WT and RNA. lines (Figure 6a,
227  ¢). Under mannitol treatment, the relative shoot growth of OE plants was significantly
228  higher than that of both WT and RNA. lines, and the relative fresh weight in OE lines was
229  higher than that of WT and RNAI lines (Figure 6b, d). These results show that changes in

11
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230 the expression level of OsLG3 have a significant effect on the drought tolerance in rice.

231  Global gene expression analysis revealed alteration in the expression of stress-related
232 genes and ROS-scavenging related genes.

233 Preliminary evidence for altered expression of stress-related genes in OsLG3 -OE and
234  RNAI lines led us to investigate the pathways regulated by OsLG3 through transcriptome
235  analysis. RNA samples were isolated from the leaves of ten-day-old seedlings of WT,
236  OsLG3-OE and RNAI plants and Digital Gene Expression (DGE) analysis was performed.
237  Compared to WT, 223 transcripts were found to have a greater than 2-fold change in
238  abundance (P < 0.05, FDR < 0.05) (Figure 7a). 159 genes were up-regulated in OE plants
239  and down-regulated in RNAI plants, while 64 genes were down-regulated in OE plants and
240  up-regulated in RNAI plants, respectively (Figure 7b). The expression of several of these
241  genes was tested independent by qRT-PCR to validate the DGE results. Of the genes
242  checked, six out of eight in OE plants (OE vs WT > 2) and five out of eight in RNAI plants
243  (RNAi vs WT < 0.5) showed expression patterns consistent with the DGE results
244  (Additional file 6: Figure S6). Gene Ontology (GO) analysis showed that the 218
245  differentially expressed genes affected by the OsLG3 overexpression and suppression were
246 significantly enriched in three GO terms (hyper geometric test, P <0.01, FDR<0.05),
247 including response to stress (GO: 0006950), response to stimulus (GO: 0050896), and
248  response to abiotic stimulus (GO: 0009628) (Figure 7c; Additional file 3: Figure S3).
249  These results are consistent with our proposed role for OsLG3 in the regulation of drought
250  stress tolerance.

251 Interestingly, DGE analysis showed that ten ROS-scavenging related genes (APX1,

12
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252  APX2, APX4, APX6, APX8, CATB, POD1, POD2, SODccl, FeSOD) were up-regulated in
253  OE line and down-regulated in RNA. line. This result is consistent for a role of OsLG3 in
254  the control of ROS homeostasis. To confirm this regulation, we analyzed the expression
255  levels of 15 genes by gRT-PCR (nine genes identified in the DGE analysis and six other
256  ROS-related genes) in WT, OsLG3-OE and -RNA.i plants under well-watered and drought
257  conditions. 13 of the 15 tested genes were significantly up-regulated under drought stress
258  conditions, and the expression level of 13 genes (except APX3 and POD2) were
259  significantly higher in OE plants than in WT and RNAI plants under drought stress
260  conditions (Figure 7d). Conversely, the expression of APX1, APX2, POX8, POX22.3 and
261  POD1 was significantly lower in the OsLG3-RNAI plants compared to WT under drought
262  stress conditions, while the remaining nine genes did not show a significant difference in
263  expression between WT and RNAI line (Figure 7d).

264  OsLG3 participates in H,O, homeostasis

265  The potential role of OsLG3 in oxidative stress tolerance was examined further by using
266  two oxidative stress inducers, methyl viologen (MV) [56] and H,0,. Germinated WT and
267  OsLG3-OE and RNA. plants were sown on Y/, MS medium and */, MS medium containing
268 2 uM MV. Application of MV dramatically repressed seedling growth in all plants, but the
269  OsLG3-OE lines exhibited less growth inhibition compared to WT, while the RNAI plants
270  showed more severe growth inhibition than WT (Figure 8a, b and c). Two-week-old
271 seedlings were treated with 1 mM H,O, or 3 uM MV for 24 hours, followed by 3,
272 3’-diaminobenzidine (DAB) staining to show the presence of H,O, and nitroblue

273  tetrazolium (NBT) staining to show the presence of superoxide anion. Under control

13
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274 conditions, WT or transgenic plants showed similar basal levels of H,O, and superoxide,
275  but DAB staining and NBT staining were much stronger in the WT than in the OsLG3-OE
276  plants under H,O, and MV stress treatment (Figure 8d). These results indicated that
277 overexpression of OsLG3 in rice can enhance tolerance to oxidative stress.

278 Based on the above results, it is hypothesized that OsLG3 may be involved in the
279  regulation of ROS homeostasis, leading to enhanced adaption to drought. To confirm this,
280  we stressed the WT, OsLG3-OE and -RNAi plants with dehydration and 20% PEG,
281  followed by DAB staining to detect H,O, accumulation. Under well-watered conditions,
282  there was low H,0, accumulation level in WT, OsLG3-OE and RNA. plants (Figure 8e).
283  However, OsLG3-OE leaves showed significantly less accumulation of H,O, than WT
284  plants under drought stress conditions, whereas RNAI lines shows more H,O, than WT
285 under drought stress. H,O, accumulation under normal and drought stress conditions was
286  also quantified, supporting the DAB staining results. Less H,O, was detected in the leaves
287  of OsLG3-OE plants than WT and OsLG3-RNA. plants under drought stress conditions
288  (Figure 8f). The accumulation of ROS may lead to oxidative damage, as indicated by
289  membrane lipid peroxidation. Monodehydroascorbate (MDA) is a biomarker for membrane
290 lipid peroxidation [57-59]. MDA production under normal growth conditions was similar in
291  WT and all transgenic plants, whereas under drought stress, MDA production was
292 significantly lower in the OsLG3-OE compared with WT and OsLG3-RNA.i plants (Figure
293  8g). These results demonstrate that overexpression of OsLG3 can reduce the damage to
294  membranes caused by drought stress.

295 The effect of OsLG3-OE on oxidative stress tolerance implies OsLG3 may influence
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296  ROS homeostasis. It is well known that superoxide dismutase (SOD), and peroxidase (POD)
297 are the major ROS-scavenging enzymes in plants under stressed conditions [58].
298  Four-week-old seedlings were treated with drought stress for 5 days and the activity of
299  SOD and POD was determined. Results suggested that under normal growth conditions,
300 OsLG3-OE lines have significant higher SOD than WT and RNAI plants (Figure 8h),
301  while the activity of POD did not appear to be significantly affected in OsLG3-OE or RNAI
302  plants (Figure 8i). Under drought stress conditions, the activities of POD and SOD were
303 both significantly enhanced in OE plants and significantly reduced in RNAI plants
304 compared to WT (Figure 8h, i). These results imply that the function of OsLG3 in drought
305 tolerance may be associated with an enhanced antioxidant response to counteract oxidative
306  stress under drought.

307  The elite OsLG3 allele can be used for improving japonica rice drought tolerance

308 To analyze the relationship between OsLG3 haplotypes and drought tolerance, we
309 investigated the phylogenetic relationship of 1058 deep-sequenced (depth=14.9x) rice
310 accessions, including 251 UR, 415 LR and 392 wild rice varieties originating from a wide
311 geographic range (Additional file 10: Data Set 1). Forty-five SNPs were identified by
312 minor allele frequency (MAF) > 0.05 and missing rates(1<150%. Phylogenetic analysis
313 based on these variations showed that there is a clear differentiation between japonica-UR
314 and japonica-LR rice (Figure 9a). To get further insight into the phylogenetic relationship,
315 ten elite japonica_UR varieties (IRAT109, IAC150/76, IRAT266, Guangkexiangnuo,
316 Shanjiugu, Taitung_upland328, Jaeraeryukdo, Riku aikoku, Padi darawal, Malandi 2)

317 were chosen as an UR pool based on their strong drought resistance, and ten typical
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318 japonica-LR varieties (Nipponbare, Yuefu, Guichao2, Koshihikari, Zhonghuall,
319 Early_chongjin, Xiushuill5, IR24, Ningjing3, Xiushuill4) were chosen as a LR pool.
320 Seven  SNPs  (SNP_4352414, SNP_4352886, SNP_4352960, SNP_4352792,
321 SNP_4352797, SNP_4353103 and SNP_4353347) that differed between the upland rice
322 pool and lowland rice pool were identified. These seven SNPS showed a clear
323 phylogenetic distinction between japonica-UR and japonica-LR (Figure 9b). On the basis
324 of these seven SNPs, we could divide the sequences of the 1058 cultivated varieties into
325 nine haplotypes of which there were four main variants, Hapl, Hap2, Hap3, and Hap4
326 (Figure 9c, d). OsLG3VPP™* jg representative of Hapl, which is mainly composed of
327  japonica-LR rice, whereas OsLG3"™A™% helongs to Hap2, which is mainly composed of
328 japonica-UR rice and is the second largest group. Hap3 is mainly composed of indica rice,
329 and Hap4 is mainly composed of wild rice. The results indicated that OsLG3 has clear
330 differentiation in japonica rice, which can be divided into japonica-UR and japonica-LR
331 rice, while no clear division in indica rice. Therefore, we designated Hapl and Hap2 as
332 the sensitive and tolerant alleles, respectively, of OsLG3 in japonica rice.

333 To confirm the genetic effect of different alleles of OsLG3 on rice drought tolerance,
334 two introgression lines (IL342 and IL381) were selected from a cross between IRAT109
335 (donor parent) and Yuefu (receptor parent). The OsLG3 allele in these two lines shares
336 sequence similarity with IRAT109, with seven matching SNPs in the promoter (including
337 the three significant loci describe in candidate gene association analysis section), whereas
338 Yuefu carries the same OsLG3 allele as Nipponbare (Figure 9¢). Thus, the OsLG3 allele

339 found in IRAT109, 1L342 and IL381 was considered to be the drought-tolerant allele and

16


https://doi.org/10.1101/228403
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/228403; this version posted December 6, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

340 the allele in Yuefu the drought-sensitive allele, respectively. When germinated on 15%
341 PEG conditions, the RGR of Yuefu was 27.0% compared to germination on water, while
342 the RGR of 1L342, 1L381 and IRAT109 was 35%, 36% and 46%, respectively (Figure
343 9f). These results support the hypothesis that the nucleotide polymorphisms in OsLG3
344 contribute to enhanced rice drought tolerance.

345 According to the pedigree records, Huhan3, one of green super rice accessions, is an
346 elite upland rice that is widely grown in Hubei province of China because of its high yield
347 and outstanding ability to conserve water. One of its parents is IRAT109. A re-sequencing
348 study showed that Huhan3 carries the allele of OsLG3 deriving from IRAT109 (Figure
349 9g). Moreover, Zhenghan9, another elite upland rice, is derived from the cross of
350 IRAT109 and Yuefu. Zhenghan9 retained the favorable allele of OsLG3 and an allele for
351 an unidentified grain quality-related gene derived from Yuefu (Figure 9h). These

3IRATIO allele and

352 observations illustrate the successful outcome of combining the OsLG
353 those alleles for other unidentified grain quality- related genes, for improving drought
354 tolerance and grain appearance quality, which had been employed by breeders.

355  Discussion

356  Natural variation in the promoter of OsLG3 is associated with drought tolerance in
357  rice

358  Despite many studies investigating the transcriptional response to drought stress [5, 60-62],
359 how natural sequence variation is associated with phenotypic variations in drought
360 tolerance remains largely unknown. Because of the polygenic inheritance, low heritability,

361  and strong genotype-by-environment interactions of drought resistance-related traits, there
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362  are few reports on the cloning and identification of drought resistant genes by association
363  analysis and positive mutant screening methods [48, 49, 63]. In this study, using candidate
364 gene association analysis, we detected three significant SNPs (P < 1.0 x 107
365  (SNP_4352414, SNP_4352886, SNP_4352960) located within the promoter region of
366 ~ OsLG3 were significantly associated with the RGR trait (Figure 1c). From our previous
367  work, transient assays showed that four out of seven SNPs are conserved and play a
368  significant role in regulating OsLG3 expression [51]. In this study, transgenic experiments
369  further support the hypothesis that increased expression of OsLG3 enhances rice drought
370  stress tolerance.

371 To analyze the relationship between OsLG3 haplotypes and drought tolerance, we
372  investigated the phylogenetic relationship of 1058 deep-sequenced rice accessions. Based
373 on the seven major SNPs, we divide the sequences of the 1058 cultivated varieties into nine
374  haplotypes of which there were four main variants, Hapl (mainly composed of
375  japonica-LR rice), Hap2 mainly composed of japonica-UR rice, Hap3 (mainly composed
376  of indicarice), and Hap4 (mainly composed of wild rice). The variations of OsLG3 in these
377  accessions showed that there is a clear differentiation between japonica-UR and
378 japonica-LR rice, while no clear division in indica and wild rice (Figure 9). These results
379  implicated the Hap2 variant of OsLG3 may improve drought tolerance of cultivated
380 japonica rice. Re-analysis of two introgression lines (IL342 and 1L381) derived from a
381  cross between IRAT109 (donor parent) and Yuefu (receptor parent) indicated that selection
382  of Hap2 was effective in the improvement of drought tolerance (Figure 9e). Interestingly,

383  our previous work indicated that OsLG3 acts as an important positive regulator of grain
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384 length and could improve rice yield [51]. In fact, the pedigree records in upland rice
385  breeding showed that the tolerant allele of OsLG3 had been incorporated into elite varieties
386  via breeding (Figure 9g). We propose that pyramiding the beneficial allele of OsLG3 with
387  other yield- and quality-related genes could contribute to the breeding of elite rice varieties
388  because of its pleiotropic effects on traits.

389 OsLG3 was cloned from upland rice and plays a positive role in rice drought
390 tolerance.

391  UR has evolved enhanced drought-resistance compared to LR, derived from natural and
392 artificial selection over time under drought conditions. UR performs better under drought
393  conditions, with stronger water-retention ability, larger root volumes and higher biomass
394  production [64, 65]. Therefore, UR is highly suitable to be taken up as research material
395 regarding mechanisms underlying drought resistance. From the previous work of
396  expression profiles from typical LR (Nipponbare and Yuefu, drought-sensitive japonica
397 rice) and UR varieties (IRAT109 and Haogelao, drought-resistant japonica rice) under
398  water deficit stress conditions using cDNA microarray [52], we found the transcription of
399  OsLG3 can be induced to a greater extent in the UR varieties compared to the LR varieties
400  during drought stress. When IRAT109 and Nipponbare were subjected to soil drought stress,
401  expression of OsLG3 in Nipponbare was not induced, whereas in IRAT109 OsLG3 shows
402  significant induction under both slight drought (SLD) and moderate drought (MOD)
403  conditions (Figure 1a). Using candidate gene association analysis, we found that
404  nucleotide polymorphisms in the promoter region of OsLG3 are associated with different
405 levels of water deficit tolerance among rice varieties at the germination stage (Figure 1b).
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406  All these results indicated that OsLG3 might play a role in the observed drought stress
407  response of upland rice.

408 To assess the effect of OsLG3 on water deficit stress responses, we tested the growth
409  response of OsLG3-OE and -RNAi plants under simulated drought stresses. OsLG3-OE
410  lines showed higher survival under dehydration caused by 20% PEG6000 and soil drought
411  stress caused by stopping watering (Figure 5). Plants with reduced OsLG3 expression
412 showed reduced survival, suggesting that this gene might be involved in response to
413  drought stress. A slower rate of water loss was observed in the leaves of OsLG3-OE
414  compared to WT and RNAI plants (Additional file 5: Figure S5a), suggesting that OsLG3
415 plays an important role in reducing water evaporation. Collectively, these results
416  demonstrate that OsLG3 is a positive regulator of drought stress response in rice.
417  OsLG3-OE plants also showed enhanced growth compared to WT and RNAI lines under
418  mannitol and NaCl treatments, which suggests that OsLG3 may be involved in osmotic and
419  high salinity stress tolerance through cross-talk between water deficit, osmotic and high
420  salinity stress response pathways.

421  Potential mechanisms of OsLG3 in drought stress tolerance

422  We found that the expression levels of a set of stress-related genes like OsLEA3, OsAP37,
423  SNACIL are increased in OsLG3-OE lines compared to WT, and decreased in OsLG3-RNAI
424 lines before and after drought treatment (Additional file 5: Figure S5b). This was
425  confirmed by DGE analysis (Additional file 9: Table S3). We investigated if the altered
426  response to drought was associated with global changes in the expression of stress-related

427  genes before stress application. Analyses indicated that many stress-related genes were
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428  up-regulated in the OE line and down-regulated in the RNAI line (Figure 7c), which is
429  consistent with the observed phenotypes of OsLG3-OE and -RNAi lines. Interestingly, the
430  expression level of some ROS-scavenging related genes showed increased expression
431 levels in OE and decreased abundance in RNAI lines too. For instance, the ascorbate
432  peroxidase gene, OsAPX1plays a positive role in chilling tolerance by enhancing
433  H,0O,-scavenging [66]. DSM1 mediates drought resistance through ROS scavenging in rice
434  [12]. OsCATB prevent the excessive accumulation of H,O, under water stress [67]. Thus,
435 these DGE analyses are consistent with our hypothesis that the function of OsLG3 in
436  abiotic stress tolerance occurs through the transcriptional regulation of stress-related and
437 ROS scavenging-related genes.

438 Previous studies have demonstrated that plant response to abiotic stresses is mediated
439  through the regulation of ROS metabolism [9, 10, 12, 68, 69]. For example, overexpression
440 of a NAC gene, SNAC3, increased drought and heat tolerance by modulating ROS
441  homeostasis through regulating the expression of genes for ROS-scavenging and
442  production enzymes [9]. Overexpression of an ERF gene, SERF1, improved salinity
443  tolerance mainly due to the regulation of ROS-dependent signaling during the initial phase
444  of salt stress in rice [10]. The present data revealed overexpression of OsLG3 led to the
445  up-regulation of many ROS scavenge-associated genes, while suppression of OsLG3
446  caused the down-regulation of these genes (Figure 7d). Furthermore, the H,O, and MDA
447  content which accumulated in the leaves of OsLG3-OE plants was significantly lower than
448  that in the WT and OsLG3-RNA.i plants (Figure 8c, d), suggesting that the improved

449  drought tolerance of OsLG3-OE plants may be due to the efficient scavenging of ROS.
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450 Relevant to this, OsLG3-OE seedlings exhibited better growth under oxidative stress
451  caused by application of MV. In contrast, RNAI plants showed enhanced sensitivity to
452  oxidative stress. Therefore, it is proposed that the function of OsLG3 in drought tolerance is
453  associated with the enhancing activity of ROS-scavenging.

454 To scavenge or detoxify excess stress-induced ROS, plants have developed a complex
455  antioxidant system comprising of the non-enzymatic as well as enzymatic antioxidants [7,
456  70]. The POD and SOD activities were found to be higher in the OsLG3-OE lines as
457  compared to WT under drought stress, and OsLG3-RNA. lines showed the reverse results
458  (Figure 8h). These data suggest that OsLG3-OE plants have enhanced activity of
459  ROS-scavenging enzymes which significantly contributes to the reduction of ROS
460  accumulation, and thereby improved drought stress tolerance.

461 In conclusion, here we present evidence that OsLG3 is induced by water deficit
462  stresses and its induction is greater in UR IRAT109 compared to LR Nipponbare under
463  drought. Nucleotide polymorphisms in the promoter region of OsLG3 are associated with
464  water deficit tolerance in germinating rice. Transgenic plants overexpressing OsLG3
465  showed improved growth under drought stress, probably via inducing ROS scavenging by
466  controlling downstream ROS-related genes. Phylogenetic analysis indicated that the
467  tolerant allele of OsLG3, identified in drought-tolerant japonica rice varieties, could be
468 introduced to rice to improve the drought tolerance. The pedigree records in upland rice
469  breeding showed that the tolerant allele of OsLG3 had been incorporated into elite varieties
470  via breeding. Importantly, the tolerant allele of OsLG3 is a promising genetic resource for

471  the development of drought-tolerant and high yield rice varieties using traditional breeding
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472  approaches or genetic engineering.

473  Methods

474 Plant materials and stress treatments

475  Rice varieties IRAT109 and Nipponbare were used for quantitative real-time PCR
476  (qRT-PCR) analysis of OsLG3 transcript levels under various stresses and hormone
477  treatments, and Nipponbare was used for all transgenic experiments. For gRT-PCR analysis
478  the expression level of OsLG3 under simulated drought conditions, the seeds of
479  Nipponbare and IRAT109 were sown in flower pots (140 mm diameterx160 mm deep)
480  with well-mixed soil (forest soil: vermiculite in a ratio of 1:1), and grown in the greenhouse
481  under well water conditions at 28°C/ 26°C and 12 hours light/12 hours dark photoperiod.
482  Three-week old plants were subjected to drought treatment with stop watering for 0, 5, 6
483  and 7 days. From these, four stress treatment levels were categorized as no stress (NS),
484  slight drought (SLD), moderate drought (MOD) and severe drought (SED), respectively.
485  For gRT-PCR analysis the expression level of OsLG3 under various abiotic stresses and
486  phytohormone treatments, three-week-old IRAT109 seedlings grown in Hoagland solution
487 (PPFD of 400 pmol/m??, 12 hours light (28°C)/12 hours dark (26°C)) were subjected to
488  different treatments with 20% (w/v) polyethylene glycol (PEG) 6000, NaCl (200 mM), cold
489  (4°C), hydrogen peroxide (H20,,1 mM), abscisic acid (ABA,100 uM), ethylene (ETH,100
490 uM), GA (100 uM) and dehydration by exposure in air. Leaf tissue was harvested at 0, 1, 2,
491  4,6,9, 12 and 24 hours after PEG, NaCl, cold, H,O,, ABA, ETH, and GA treatments, and
492 at0,1,2,3,4,5,6,7and 8 hours after dehydration treatment.

493 The seeds of WT, OsLG3-OE lines (OE4, OE7) and OsLG3-RNAi lines (RI6, R110)
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494  were germinated in *, MS medium for various stress evaluations. For dehydration
495  treatment, uniformly germinated seeds were transplanted into bottom removed 96-well
496  PCR plates, and grown hydroponically using Hoagland solution at 28°C/26°C (day/night)
497  with a 12 hours photoperiod. Three-week-old plants were treated with 20% (w/v) PEG6000
498  solution for about three days, and recovered with water for ten days. Each stress test was
499  repeated three times. For drought stress treatment, three-day-old WT and transgenic
500 seedlings were transplanted to well-mixed soil (forest soil: vermiculite in a ratio of 1:1),
501 and grown for four weeks under a normal watering regime. Drought stress treatment was
502  then applied by stopping irrigation for about seven days. After all leaves had completely
503  rolled, watering was resumed for 10 days. The survival ratio of each line was calculated as
504  the number of surviving plants over the number of treated plants in each flowerpot. To
505 evaluate the tolerance of rice seedlings to osmotic, high salinity and oxidative stress
506 treatment, three-day-old WT, OsLG3-OE and OsLG3-RNAIi seedlings (10 plants per
507  replicate, three replicates) were transplanted to */, MS medium (mock treatment) or '/, MS
508 medium containing 200 mM mannitol, 150 mM NaCl or 2 uM MYV respectively. Plants
509  were grown for seven days under 12 hours light (28°C)/12 hours dark (26°C) photoperiod
510  conditions and then the shoot height and fresh weight of all plants was measured.

511  Gene expression analysis

512  Total RNA was extracted using RNAiso Plus (TaKaRa) according to the manufacturer’s
513  instructions. 4 ug of the DNase-treated RNA were reverse transcribed by using M-MLV
514  reverse transcriptase (TaKaRa). gRT-PCR was performed in an Applied Biosystems 7500

515 Real Time PCR system (ABI, USA) using SYBR Premix Ex TagTM Il (TaKaRa) according
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516  to the protocol previously described [71, 72]. The gene-specific primers used for gRT-PCR
517  are listed in Supplemental Table S2. Rice Actinl gene was used as the internal reference
518  gene for data normalization [73].

519  OsLG3-gene association analysis of rice drought tolerance among 173 rice genotypes
520 173 cultivated varieties from the mini core collection of Chinese cultivated rice (Zhang et
521  al. 2010), including 130 indica and 43 japonica rice varieties (Supplemental Table S1)
522  were selected for the candidate gene association mapping. To perform the analysis, we
523  obtained phenotypic data of relative germination rates (RGR, ratio of germination rates
524  under stress conditions to germination rates under water conditions) from growth in water
525  and 15% PEG6000 treatment. Briefly, 50 seeds of each line were placed in petri dishes (90
526 mm diam) lined with filter paper. 10 ml water or 15% PEG6000 was added to each petri
527  dish as mock treatment or to induce osmotic stress, respectively. All petri dishes were
528 placed in a 28°C greenhouse and the germination rates were assessed after five days.
529  Genotype data for each line was acquired from ‘The 3,000 rice genomes project’ [74]. The
530  SNP data were filtered out. After filtering, a total of 97 SNPs remained in a 5-kb region
531  surrounding the OsLG3 gene. Association analysis using a general linear model with the
532  population structure (Q matrix) method was conducted using TASSEL 5.2.28 software. The
533  Q matrix was estimated from the genomic data to control for population structure.

534  Plasmid construction and rice transformation

535  To generate the overexpression construct, the full-length cDNA of OsLG3 was amplified
536 from the first-strand cDNA of IRAT109 with specific primers (Supplemental Table S2)

537  using PrimeSTAR® HS DNA Polymerase (TaKaRa), digested with Kpnl and Pacl, and
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538 cloned into binary vector pMDC32 [75]. For construction of RNA interference (RNAI)
539  plasmid, a 415 bp fragment with low similarity to other rice genes located at the 5’ end of
540 OsLG3 was amplified by PCR with specific primer, digested with Kpnl and BamHI and
541  then Spel and Sacl sites, and cloned into the pTCK303 vector as described previously [76].
542  Subcellular localization

543  For subcellular localization analysis, the full-length open reading frame (ORF) of OsLG3
544  without terminal codon was amplified, and the amplified fragments were digested with
545  Kpnl and Pacl, and then cloned in to pMDCB83 vector, fused with the GFP reporter gene
546  driven by CaMV 35S promoter. The fusion construct (35S:0sLG3-GFP) and control
547  (35S:GFP) were transformed into Agrobacterium tumefaciens strains (EH105), and then
548 infiltrated to five-week-old Nicotiana benthamiana leaves [77]. The fluorescence signal
549  was examined through a confocal laser scanning microscope OLYMPUS FV1000 with
550  excitation at 488 nm and emission at 525 nm.

551  Transactivation and dimerization assay

552  For transactivation assay, The full length coding region and truncated fragments of OsLG3
553  generated by PCR amplification were fused in frame to the GAL4 DNA binding domain in
554  the vector of pGBKT?7 (Invitrogen). The plasmids of FL (the full length coding region of
555  OsLG3, amino acids 1-334), dC1 (amino acids 1-218), dC2 (amino acids 1-167), dC3
556  (amino acids 1-106), dC4 (amino acids 107-334), dC5 (amino acids 168-334) and dC6
557  (amino acids 213-334) were constructed. These constructs were introduced into yeast strain
558  AH109 by LiAc-mediated yeast transformations, and screened on the selective medium

559  plates without Tryptophan (SD/-Trp). The PCR-verified transformants were transferred to
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560 SD medium without Tryptophan/Histidine/Adenine (SD/-Trp/-His/-Ade) for 3 days. The
561  B-galactosidase activity was performed according to the in vivo agar plate assay (X-a-gal in
562  medium).

563 For dimerization assay, AD-OsLG3 with full length coding region of OsLG3 fused in
564  frame to the GAL4 DNA activating domain in the vector of pGADT7 (Invitrogen) was
565  constructed. The constructs AD-OsLG3 and BD-dC2 were co-transformed into yeast strain
566 ~AH109. AD and BD empty, AD-OsLG3 and BD empty were also co-transformed as
567  negative controls. All transformed cells were screened on the selective medium plates
568  without Tryptophan and Leucine (SD/-Trp-Leu), The PCR-verified transformants were
569 transferred to SD medium with X-a-gal and without
570  Tryptophan/Histidine/Adenine/Leucine (SD/-Trp-Leu-Ade-His/X-a-gal) for 3 days.

571  Physiological measurements

572  The rate of water loss under dehydration condition was measured as described previously
573  [72]. Ten plants of each line were used in each replicate, and three replicates were made for
574  each line. Histochemical assays for ROS accumulation were determined according to the
575  previously described method [68, 78]. Briefly, the qualitative detection of H,0,
576  accumulation was detected by DAB staining. Excised leaves were treated with DAB
577  staining solution (Img/mL DAB pH 3.8) at 28°C for 12 hours in the dark. After staining,
578  the leaves were decolorized with Acetic acid/Ethanol (1:3) for 60 min, and rehydrated in 70%
579  (v/v) alcohol for 24 hours at 28°C. Each experiment was repeated on at least 10 different
580 plants, and representative images were shown. Superoxide anion radical accumulation was

581  detected by NBT staining as described previously. The leaf samples were excised and
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582  immediately placed in 50 mM sodium phosphate buffer (pH 7.5) containing 6 mM NBT, at
583  28°C for 8 h in the dark. The quantitative measurement of H,O, concentrations was
584  performed with an Amplex Red Hydrogen / Peroxidase Assay Kit (Molecular Probes)
585  (Invitrogen, http://www.invitrogen.com) as described by the manufacturer’s instructions.
586  Briefly, leaf samples from both the well water and drought stressed (without water for 5
587  days) plants were ground in liquid nitrogen, and 100 mg of ground frozen tissue from each
588  sample was placed in a 2 mL Eppendorf tube and kept frozen. 1 mL precooled sodium
589  phosphate buffer (20 mM, pH 6.5) was immediately added into the tube and mixed. After
590 centrifugation (10,000 g, 4°C, 10 min) the supernatant was used for the assay.
591  Measurements were performed using a 96-well microplate reader (PowerWave XS2,
592  BioTek) at an absorbance of 560 nm. MDA content was measured as described previously
593 [72].

594 The activity of antioxidant enzymes including superoxide dismutase (SOD) and
595  peroxidase (POD) were measured following the protocols described previously [71]. The
596  units of the antioxidant enzyme activities were defined as follows: One unit of the SOD
597  activity was defined as the quantity of enzyme required to cause 50% inhibition of the
598  photochemical reduction of NBT per minute at 560 nm. One unit of POD activity was
599  defined as the amount enzyme required to cause a 0.01 absorbance increase per minute at
600 470 nm.

601  Digital gene expression (DGE) profiling and gene ontology (GO) analysis

602  WT Nipponbare and transgenic lines OE7 and RI10 were used for digital gene expression
603  (DGE) profiling analysis. Ten-day-old seedlings grown on '/, MS medium were harvested
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604  for total RNA extraction as described in qRT-PCR section. DGE was performed at the
605 Beijing Genomics Institute (http://www.genomics.cn) using Illumina Hiseq2000
606  sequencing technology. Transcripts with significant differential expression between
607  OsLG3-OE and WT or between OsLG3-RNAi and WT plants were identified as those with
608 P < 0.05 using a False Discovery Rate (FDR) of < 0.05 and a fold change cutoff of >2.
609 Gene Ontology (GO) analysis was performed using agriGO  [79]
610  (http://bioinfo.cau.edu.cn/agriGO/). Representative differentially expressed genes were
611  confirmed by gRT-PCR. The primers are listed in Supplemental Table S2.

612  Sequence analysis and phylogenetic analysis

613  The phylogenetic tree was analyzed by MEGAG6 software based on neighbor-joining
614  method and bootstrap analysis (1,000 replicates). The EvolView online tool [80] was used
615  for visualizing the phylogenetic tree. Multiple sequence alignment was performed with
616  ClustalW. Gene annotation was conducted in RGAP (http://rice.plantbiology.msu.edu/). All
617  SNP data were obtained from the Rice functional genomics and breeding database (RFGB,
618  http://www.rmbreeding.cn/Index/).

619  Accession numbers

620  Sequence data from this article can be found in the Rice Genome Annotation Project
621 Database and Resource (RGAP) (http://rice.plantbiology.msu.edu) under following
622  accession numbers: OsLG3 (LOC_0s03g08470); Actinl (LOC_0s10g36650); OsLEA3
623  (LOC_0s05g46480); AP37 (LOC_0s01g58420); SNAC1 (LOC_0s03g60080); RAB21
624 (LOC_Os11g26790); RAB16C (LOC_0s11g26760); OsbZIP23 (LOC_0s02g52780); Apxl
625 (LOC_0s03g17690); Apx2 (LOC_0s07g49400); Apx3 (LOC_Os04g14680); Apx5
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626 (LOC _0s12g07830); Apx6 (LOC_0s12907820); Apx8 (LOC_0s02¢34810); OsPox8.1
627 (LOC_0s07g48010); Pox22.3 (LOC_0s07g48020); FeSOD (LOC_0s06¢05110); SODccl
628 (LOC_0s03g22810); SODcc2 (LOC_0s07g46990); POD1 (LOC_0s01g22370); POD2
629  (LOC_0s03g22010); CATB (LOC_0s06¢51150); DSM1 (LOC_0s02g50970); RAB16D
630 (LOC_0s11g26750); OsNCED4 (LOC_0s07¢g05940); OsNCED3 (LOC_0s03g44380);
631 OsDhnl  (LOC_0s02g44870);  OsSROIC  (LOC_Os03g12820);  OsMYB48
632 (LOC_0s01g74410); OsITPK4 (LOC_0s02g26720); OsLEA3-2 (LOC_0s03g20680).
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646  Figure Legends

647  Figure 1. OsLG3 is associated with drought tolerance. (a) gRT-PCR analysis of OsLG3
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648  in Nipponbare and IRAT109 under different soil drought stress levels. NS, No stress; SLD,
649  Slight drought; MOD, Moderate drought; SED, Severe drought. (b) Analysis of the
650  association between pairwise LD of DNA polymorphisms in the OsLG3 gene and water
651  deficit tolerance. Schematic of OsLG3 is shown on the X-axis and the significance of each
652  variation associated with seedling RGR (ratio of germination rates under 15%PEG
653  condition to germination rates under water conditions) is shown on the Y-axis. The SNPs
654  with significant variation (P < 1.0 x 10”%) between genotypes are connected to the pairwise
655 LD diagram with a solid line. Black dots in the pairwise LD diagram highlight the strong
656 LD of SNP_4352886 (filled red circle, P = 2.66 x 10®) and two significant variations,
657  SNP_4352414 and SNP_4352960 (open red circles, P < 1.0 x 10'3). The SNP_4348903,
658  SNP_4352166, SNP_4352793, SNP_4353076 and SNP_4353119, which are marginally
659  significant (P < 1.0 x 107) are denoted by red triangles.

660  Figure 2. Phylogenetic tree of OsLG3 homologues. Neighbour-Joining phylogenetic
661  analysis of OsLG3 protein sequence in the context of other characterized AP2/ERF proteins
662  from rice. The phylogenetic tree was constructed using the Clustal W and MEGA programs.
663  Tree topology with bootstrap support is based on a percentage of 1000 replicates.
664  Accession numbers are as follows: ARAG1, LOC_0s02¢g43970; OsAP21,
665 LOC_0s01g10370; OsDREB4-1, LOC_0s02g43940; OsDREB4-2, LOC_0s04g46400;
666 OsDREB2A, LOC _0s01g07120; OsDREB2B, LOC_0s05¢27930; OsBIERF3,
667 LOC_0s02g43790; OsERF1, LOC 0s04g46220; OsERF922, LOC_0s01g54890; OsWR1,
668 LOC_0s02g10760, OsWR4, LOC_0s06g08340; SNORKEL1, AB510478; SNORKELZ2,

669 AB510479; OsBIERF1, LOC_0s09926420; OsEBP-89, LOC_0s03908460; OsEREBP1,
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670 LOC_0s02054160; OsLG3, LOC_0s03g08470; OsERF71, LOC_ 0s06909390; SublA,
671 DQO011598; SublC, LOC_0s09911480; SublB, LOC_0s09g11460; MFSI,
672 LOC_0s05g41760; OsAP2-39, LOC_0s049g52090; OsERF3/0OsBIERF4/AP37,
673 LOC_0s01g58420; FZP, LOC_0s07g47330; OsRap2.6, LOC_0s04932620; OsAP2-1,
674 LOC_0s11g03540; OsDREB1D, LOC_0s06g06970.

675 Figure 3. Transactivation assay and Subcellular localization of OsLG3. (a)
676  Transactivation assay of OsLG3 fragments. Fusion proteins of the GAL4 DNA-binding
677 domain and different portions of OsLG3 were expressed in yeast strain AH109 and
678  streaked on control plate (SD/-Trp) or selective plate (SD/-Trp-Ade-His/X-a-gal),
679  respectively. FL indicates the full-length CDS of OsLG3; dC1 to dC6 indicate the mutated
680 forms of OsLG3 (nucleotide positions are labeled in the diagrams), respectively. (b)
681  Dimerization analysis. BD with AD empty vector, AD empty with BD-dC2, AD-OsLG3
682  with BD empty and AD-OsLG3 with BD-dC2, were co-transformed in to yeast strain
683  AH109 yeast cells and streaked on control plate (SD/-Trp-Leu) or selective plate
684  (SD/-Trp-Leu-Ade-His/X-a-gal), respectively. The plates were incubated for 3 days. (c)
685  Subcellular localization of OsLG3 in tobacco epidermal cells. The upper panels show the
686  localization of OsLG3-GFP in onion cells in a transient assay, while bottom panels show
687  the localization of GFP as a control.

688  Figure 4. Expression analysis of OsLG3. (a) Expression level of OsLG3 under various
689  abiotic stresses and hormone treatments in IRAT109. Three-week-old seedlings were
690  subjected to dehydration, NaCl (200 mmol), PEG 6000 (20%, wi/v), cold (4°C), H,0, (1

691 mM), ABA (100 uM), ETH (100 uM) and GA (100 puM) treatment. The relative expression
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692 level of OsLG3 was detected by gRT-PCR at the indicated times. Error bars indicated the
693  SE based on three replicates. (b) Detection of OsLG3 expression in various tissues and
694  organs of IRAT109 using gRT-PCR. Three-week-old seedlings were used to harvest the
695  samples of the root, sheath and leaf at seedling stage. Plants before heading stage were used
696  to harvest the samples of root, stem, sheath, leaf and panicle at the reproductive growth
697  stage. Error bars indicate the SE based on three technical replicates.

698  Figure 5. OsLG3 increases rice survival under severe drought stress. (a) Physiological
699  dehydration stress tolerance assay; OsLG3-OE plants subjected to 20% PEG for 3 days
700  before being allowed to recover for 10 days. (b) Physiological dehydration stress tolerance
701 assay of OsLG3-RNAI plants subjected to 20% PEG for 2.5 days before being allowed to
702 recover for 10 days. (c) and (d), Survival rates of transgenic and WT plants testing in (a)
703 and (b). Values are means + SE (n = 3). (e) OsLG3-OE and WT plants were subjected to
704  severe drought stress without water for 7 days and then recovered for 10 days. (f)
705  OsLG3-RNAi and WT plants were subjected to moderate drought stress without water for 6
706 days and then recovered for 10 days. (g) and (h), Survival rates of transgenic and WT
707  plants testing in (c) and (d). Values are means + SE (n = 3). * and ** indicate significant
708  difference at P < 0.05 and P < 0.01, respectively.

709  Figure 6. Growth of OsLG3 transgenic plants under high salinity and osmotic stress
710  conditions. Ten day old seedlings of WT, OsLG3-OE and RNAi plants grown in */, MS
711 medium containing (a) 150 mmol/L NaCl or (b) 200 mmol/L mannitol. The relative shoot
712 length (c) and relative fresh weight (d) of the transgenic and WT plants from (a) and (b)

713 were compared. Values are means + SE (n = 10). * and ** indicate significant differences at
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714 P <0.05and P<0.01, respectively.

715 Figure 7. DGE analysis shows that altering OsLG3 expression in transgenic plants
716  affects transcription of stress response genes. (a) Scatterplots comparing the
717  transcriptome of OsLG3-OE and -RNAi with WT. The red and green dots indicate
718  transcripts from OsLG3-OE or -RNAIi which have signal ratios compared to WT of greater
719 than 2 and less than 0.5, respectively. (b) Venn diagram showing the numbers of
720  up-regulated and down-regulated genes affected by the overexpression and suppression of
721 OsLG3. (c) Significantly enriched GO terms show representative biological processes of
722 up-regulated and down-regulated genes identified in OsLG3-OE and RNAI plants,
723 respectively. (d) Transcript levels of genes related to ROS scavenging of WT, OsLG3-OE
724 and RNAI plants under normal or drought stress conditions (withholding water for 5 days).
725  Values are means = SE (n = 3).

726 Figure 8. OsLG3 is involved in oxidative stress response. (a) Enhanced tolerance of
727 OsLG3-OE plants and enhanced sensitivity of OsLG3-RNAI plants to oxidative stress
728  caused by methyl viologen (MV). Relative shoot length (b) and relative fresh weight (c)
729  measurements of WT, OsLG3-OE and OsLG3-RNAI seedlings under oxidative stress
730  treatments. Data are the mean +SE (n=10). * and ** indicate significant differences at P <
731 0.05 and P < 0.01, respectively. (d) DAB and NBT staining of leaves for H,O, in WT,
732  OsLG3-OE and RNAI seedlings under oxidative stress treatments caused by H,O, (100
733 mM) and MV (30 uM) stress treatment. () DAB staining of leaves for H,O, from WT,
734  OsLG3-OE and RNAI seedlings under normal conditions and stress treatment

735  (three-week-old seedlings were treated with dehydration for 6 hours and 20% PEG6000 for
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736 24 hours). (f) H,O, content in leaves from WT, OsLG3-OE and RNAI seedlings under
737 normal conditions and slight drought stress treatment (withholding water for 5 days).
738  Relative MDA content (g), SOD activity (h) and POD activity (i) in leaves from WT,
739  OsLG3-OE and RNAI seedlings under normal and drought conditions (withholding water
740  for 5 days). Data are the mean = SE (n=3). * and ** indicate significant differences at P <
741 0.05and P < 0.01, respectively.

742  Figure 9. The favorable allele of OsLG3 improves drought tolerance in rice. (a)
743  Phylogenetic analysis of the OsLG3 gene based on 45 SNPs in 1058 accessions. (b)
744 Phylogenetic tree of the OsLG3 in 1058 varieties was constructed based on seven SNPs
745  (SNP_4352414, SNP_4352792, SNP_4352797, SNP_4352886, SNP_4352960,
746 SNP_4353103 and SNP_4353347). Different colors reflect the different subgroups. The
747  pink and green strips represent indica and japonica, respectively. Both purple strip and red
748  lines represent wild rice accessions. The blue and gold lines indicate upland rice and
749  lowland rice, respectively. (c, d) Haplotype analysis of OsLG3. Natural variation in OsLG3
750 among 1058 rice accessions of a worldwide rice collection. S1-7 denote SNP_4352414,
751  SNP_4352792, SNP_4352797, SNP_4352886, SNP_4352960, SNP_4353103 and
752  SNP_4353347, respectively. Hap., haplotype; No., number of cultivated varieties;
753 Japonica_UR, upland rice in japonica; Japonica_LR, lowland rice in japonica; Indica_UR,
754 upland rice in indica; Indica_LR, lowland rice in indica. (e) Haplotypes of OsLG3 in 1L342,
755  1L381, IRAT109 and Yuefu rice genotypes. ATG is the site of the start codon. SNP4 is
756 incomplete LD with other six polymorphisms in the three drought tolerant lines. These
757  polymorphisms are shaded in red. (f) Relative germination rate of 1L342, 1L381, IRAT109
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and Yuefu rice genotypes. Data represent the mean of triplicates (*P < 0.05, ** P < 0.01).
(g, h) The pedigree of selected rice varieties. (g) Huhan 3 and (h) Zhenghan 9. The red star
refers the beneficial allele of OsLG3.

Additional files

Additional file 1: Figure S1. Frequency distribution of relative germination rates in the
mini core collection (MCC) population.

Additional file 2: Figure S2. Sequence analysis of OsLG3. (a) Schematic diagram of
OsLG3 gene structure. Representation of OsLG3 protein domain structure showing the
location of the AP2 domain and the DNA-binding sites (indicated by shaded triangles). (b)
Multiple sequence alignment of OsLG3 with several previously reported stress-related ERF
genes in rice with DNAMAN software. Accession numbers are as follows: OsERF71:
Oryza sativa, LOC_0s069g09390; OsBIERF1: Oryza sativa, LOC_0s09926420; SublA:
Oryza sativa, DQO011598; OsEREBP1: Oryza sativa, LOC 0s02¢g54160; AtEBP:
Arabidopsis thaliana, AT3G16770; CaPF1: Capsicum annuum, AAP72289; GmEREBP1:
Glycine max, NP_001236578; JERF1: Solanum lycopersicum, NP_001234513. JERF3:
Solanum lycopersicum, AAQ91334. Red line, black line and red box represent
MCGGAIL/I motif, nuclear localization signal and conserved AP2 domain, respectively. (c)
Sequence logos of the AP2 domain were produced based on the sequences presented in (b).
Height of letter (amino acid) at each position indicates degree of conservation.

Additional file 3: Figure S3. Overexpression of OsLG3. (a) OsLG3 overexpression
construct used for rice transformation. LB, left border; HPT, Hygromycin
phosphotransferase; 35S, cauliflower mosaic virus 35S promoter; RB, right border. (b) The
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780  expression level of OsLG3 in WT and OE lines analyzed by gRT-PCR. The lines used for
781  further analysis were labeled in black star. (c) Phenotype of OsLG3-OE and WT plants
782 under normal growth conditions.

783  Additional file 4: Figure S4. Suppression of OsLG3 by RNA.. (a) OsLG3-RNA. construct
784  used for rice transformation. (b) The expression level of OsLG3 in WT and RNA. lines
785 analyzed by gRT-PCR. The lines used for further analysis were labeled in black star. (c)
786  Phenotype of WT and OsLG3-RNAi plants under normal growth conditions at seedling
787  stage.

788  Additional file 5: Figure S5. Water loss from detached leaves and expression of drought
789  stress-related genes in WT, OsLG3-OE and RNAI plants under normal and drought stress
790  conditions. (a) Water loss from detached leaves of WT, OsLG3-OE and -RNAI plants at
791  indicated time points. Data are the mean + SE (n=3). * and ** indicate significant
792  differences at P < 0.05 and P< 0.01, respectively. (b) Expression of drought stress
793  responsive genes in WT, OsLG3-OE and RNAI under normal and drought stress conditions
794 (without water for 5 days). Values are means + SE (n=3).

795  Additional file 6: Figure S6. gRT-PCR validation of differentially expressed genes in
796  OsLG3-OE (a) and OsLG3-RNAI transgenic plants (b) compared to WT Plants.

797  Additional file 7: Table S1. Information of 173 MCC varieties used for association
798  analysis.

799  Additional file 8: Table S2. Primer sequences used in this study.

800  Additional file 9: Table S3. GO _biological_process analysis of the differentially expressed

801  genes.
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802  Additional file 10: Data Set 1. Information of 1058 Oryza sativa varieties and wild rice
803  used for haplotype analysis.

804  Additional file 11: Data Set 2. Differentially expressed genes in OsLG3-OE Plants
805  Compared to WT Plants.

806  Additional file 12: Data Set 3. Differentially expressed genes in OsLG3-RNAi Plants
807  Compared to WT Plants.
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