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Abstract

:

Cold stress at the booting stage leads to a lower seed setting rate and seriously threatens the production of rice (Oryza sativa L.), which has become a major yield-limiting factor in higher-altitude and -latitude regions. Because cold tolerance at the booting stage (CTB) is a complex trait and is controlled by multiple loci, only a few genes have been reported so far. In this study, a function of OsMKKK70 (Mitogen Activated Protein Kinase Kinase Kinase 70) in response to CTB was characterized. OsMKKK70 expression was rapidly induced by cold stress at the booting stage. OsMKKK70 overexpression (OsMKKK70-OE) plants were more sensitive to cold stress at the booting stage with a lower seed setting and pollen fertility, but there was no significant difference between the osmkkk70 mutant and WT. Considering the effect of functional redundancy, we further tested the CTB response of osmkkk62/70 and osmkkk55/62/70, the double and triple mutants of OsMKKK70 with its closest homologs OsMKKK62 and OsMKKK55, and found that osmkkk62/70 and osmkkk55/62/70 displayed significantly increased CTB with a higher seed setting and pollen fertility, indicating that OsMKKK70 negatively regulates rice CTB. Moreover, under the low-temperature (LT) condition, the osmkkk62/70 mutant had slightly higher Gibberellin (GA) contents, increased expression of GA biosynthesis genes, and lower protein level of OsSLR1 in anthers than those in WT. By contrast, OsMKKK70-OE anther had a lower GA biosynthesis than that of WT. Together, these findings suggest that OsMKKK70 negatively regulates rice CTB by fine-tuning GA levels in anthers.
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1. Introduction


Rice is an important cereal crop and widely cultivated around the world. Cold tolerance at the booting stage (CTB) is a major limiting factor for rice production and geographic distribution [1,2,3,4]. Cold stress at the booting stage severely injures microspore development and pollen fertility, which seriously threaten the yield and quality of rice [3]. Cold stress at the booting stage is more severe and frequent in high-latitude and high-altitude regions. In China, the annual loss of rice production due to low temperature is as high as 3–5 million tons [4]. Therefore, it is an urgent task to improve cold tolerance at the booting stage for rice breeding.



Cold tolerance is a complex quantitative trait and is controlled by multiple genes [5]. Cold stress at the booting stage is challenging in terms of phenotypic evaluation, which limits the identification of cold-related genes or the dissection of the underlying molecular mechanisms. Therefore, although some multiple QTLs controlling CTB have been mapped, only a few genes, including CTB1, CTB2, CTB4a, OsbZIP73, LTT1, OsWRKY53, OsLEA9, and OsMAPK3, have been cloned in the past decades [2,3,5,6,7,8,9,10,11]. CTB2, encoding a UDP-glucose sterol glucosyltransferase, positively regulates cold tolerance via mediating sterol metabolism to maintain cell membrane permeability and protect the pollen grain and pollen wall from cold damage [12,13]. Natural variation in the CTB4a promoter in Japonica rice enhances CTB4a expression, and up-regulation of CTB4a correlates with increased ATP synthase activity, ATP content, enhanced seed setting, and improved yield under cold stress conditions [5]. OsbZIP73 controls cold tolerance at both the seedling and booting stages by regulating abscisic acid (ABA) and reactive oxygen species (ROS) levels in plant tissues [2,14]. LTT1 negatively regulates cold tolerance at the booting stage by maintaining ROS homeostasis [3]. OsWRKY53 negatively regulates rice CTB by fine-tuning GA levels in anther [9]. OsMAPK3 regulates cold tolerance at both the seedling and booting stages by the trehalose biosynthetic pathway [7,11]. CTB1 and OsLEA9, respectively, encode an F-box protein and late embryogenesis abundant protein that controls CTB, but the underlying mechanism remains elusive [7,8,15]. Functional dissection of these genes will largely contribute to the improvement of CTB in rice and expand the geographic distribution of rice cultivation.



Phytohormone gibberellic acid (GA) is an essential determinant of growth and development in rice [4,16,17,18]. During the past decades, many mutants defective in GA signaling or biosynthesis have been identified in rice. Most of the GA-related mutants display poorly developed anthers and a lower seed setting rate, suggesting that GA plays critical roles in regulating rice reproductive development [16,19]. It has been reported that GA was associated with cold tolerance at the booting stage in rice, low-temperature treatment markedly decreased GA contents in anthers, and that the application of exogenous GA can successfully rescue cold-injured pollen sterility [9,20].



Mitogen-activated protein kinase (MAPK) cascades are important signaling modules that play vital roles in diverse processes of plant growth and development [21]. A typical MAPK cascade is composed of three kinds of protein kinases: MAPK (MPK), MAPK kinase (MKK), and MKK kinase (MKKK). In response to a stimulus, the MAPK cascade module transfers signals through a relay of phosphorylation events. In Arabidopsis, the involvement of MAPK signaling has been found to regulate the cold stress response via the ICE1 pathway, in which MPK3 and MPK6 regulate the protein stability of ICE1 via phosphorylating ICE1, and then negatively regulate the cold tolerance [22,23]. YDA, a MAPKKK, and two calcium/calmodulin-regulated receptor-like kinases CRLK1 and CRLK2 were also involved in the cold response via negatively regulating the cold activation of MPK3/MPK6 in Arabidopsis [23]. Moreover, the MEKK1-MKK2-MPK4/MPK6 cascade positively regulates the cold response and freezing tolerance in Arabidopsis as well [24]. In rice, OsMAPK3 was shown to positively regulate cold tolerance at the seedling stage and reproductive stage [7,11]. OsMAPK3 phosphorylates and stabilizes OsICE1/OsbHLH002, and then activates OsTPP1 and enhances rice chilling tolerance [11]. Rice contains approximately 75 OsMKKKs family members that have diverse functions in different signaling process [25,26,27], whereas the involvement of OsMKKKs in regulating cold tolerance has not been reported.



We previously demonstrated that OsMKKK70 regulates rice grain size and leaf angle through the OsMKK4-OsMAPK6-OsWRKY53 cascade signaling pathway [6]. Recently, we also reported that OsWRKY53 negatively regulates CTB via tuning the GA level in anthers [9]. These results have motivated us to investigate whether OsMKKK70 is involved in rice CTB. In this study, we discovered that OsMKKK70 is a novel negative regulator of CTB by modulating the GA content.




2. Results


2.1. OsMKKK70 Might Be a Novel Regulator of Cold Tolerance at Booting Stage


Cold stress at the booting stage is an important abiotic stress that severely affects the production and geographic distribution of rice [1,2,3,4]. To explore the cold-tolerance-related genes at the booting stage and the underlying regulatory pathways, we performed transcriptome analysis using the young rice panicles exposed to the low temperature (LT) of 15 °C at the booting stage. We identified approximately 1000 differentially expressed genes, and OsMKKK70 was one of LT-induced expressed genes. To confirm this result, we re-examined the expression of OsMKKK70 treated with LT at the booting stage, and found that OsMKKK70 was rapidly induced, peaked at 1 h of LT treatment, and showed a gradual descent thereafter (Figure 1A). To study the biological function of OsMKKK70, the OsMKKK70 overexpression plants (OsMKKK70-OE) were generated [6]. Interestingly, OsMKKK70-OE plants exhibited obviously shriveled and pale anther morphology and lower seed setting rate at the normal condition (NC), which is similar to wild type (WT) subjected to LT injury, implying that OsMKKK70 might be involved in cold tolerance at the booting stage (CTB) [6]. We, therefore, selected OsMKKK70 for further characterization in this study.



First, we carefully examined the seed setting rate of OsMKKK70-OE and showed that it was significantly lower than those of the WT in both NC and LT conditions (Figure 1B,C). After LT for 4 d at 15 °C, the relative seed setting rate of the OsMKKK70-OE plant was around 21.1%, while that of WT was around 38% (Figure 1D). This result indicated that OsMKKK70-OE is hypersensitive to cold stress at the booting stage. Cold stress at the booting stage usually affects anther development and pollen fertility in rice, which results in a decreased seed setting rate [15,20]. Therefore, we also observed the pollen fertility and anther morphology of OsMKKK70-OE. It was shown that, under NC, the pollen fertility of OsMKKK70-OE was lower than that of WT (Figure 1E,F). Upon LT treatment, the pollen fertility of the OsMKKK70-OE was even much lower than that of WT (Figure 1E–G), which was consistent with the lower seed setting rate of the OsMKKK70-OE plant (Figure 1B–D). In addition, under NC, the anther of OsMKKK70-OE was shriveled and pale, compared with the normal anther of WT (Figure S1A). Upon LT treatment, the degree of shrunken and pale of OsMKKK70-OE anther was further enhanced (Figure S1A). Collectively, these results indicated that overexpressing OsMKKK70 leads to more sensitivity to cold stress at the booting stage, suggesting that OsMKKK70 is involved in rice CTB.




2.2. OsMKKK70 Negatively Regulates Rice CTB


To confirm that OsMKKK70 is involved in CTB, we generated osmkkk70 mutants via CRISPR/Cas9-mediated genome editing [6]. The osmkkk70 mutant showed a comparable seed setting rate to WT under NC and LT treatment (Figure S2A–C). Our previous work demonstrated that OsMKKK70 has two homologs (OsMKKK62 and OsMKKK55) with high sequence similarity and these three OsMKKK genes function redundantly [6]. Therefore, we also examined the cold tolerance of osmkkk55 and osmkkk62 single mutants, and found that osmkkk55 and osmkkk62 showed comparable cold tolerance to WT (Figure S2D–I).



To further explore the biological function of OsMKKK70 in response to CTB, osmkkk62/70 double and osmkkk55/62/70 triple mutants were used for the cold stress assay [6]. osmkkk62/70 and osmkkk55/62/70 mutants had comparable seed setting rates to WT under NC (Figure 2A,B). However, under LT conditions, osmkkk62/70 and osmkkk55/62/70 mutants exhibited much higher seed setting rates and relative seed setting rates than those of the WT (Figure 2A–C). Indeed, the relative seed setting rate of the osmkkk62/70 was 69.8% and 59.2% after LT for 4 or 5 d at 15 °C, respectively; the osmkkk55/62/70 mutant was 72.2% (after LT for 4 d) and 60.1% (after LT for 5 d); while that of WT only reached 33.9% (after LT for 4 d) and 20.9% (after LT 5 d) (Figure 2C). To confirm that osmkkk62/70 and osmkkk55/62/70 mutants increased the CTB, we performed two more independent replications in two consecutive years from 2019 to 2020. It was shown that osmkkk62/70 and osmkkk55/62/70 mutants reproducibly displayed a higher seed setting rate than WT in LT treatment (Figure S3A–D). Combined with the OsMKKK70-OE being hypersensitive to LT and osmkkk62/70 and osmkkk55/62/70 mutants having increased CTB, these results suggest that OsMKKK70 plays the major role in negatively regulating rice CTB, and OsMKKK55 and OsMKKK62 might have minor and redundant functions in this process.




2.3. OsMKKK70 and OsMKKK62 Affect Pollen Fertility and Anther Development


It has been proposed that anther length and anther morphology are positively correlated with CTB and can be used as criteria for evaluating CTB in rice [9,13]. To study how OsMKKK70 negatively regulates rice CTB, we examined the pollen fertility and the anther morphology of osmkkk62/70 and osmkkk55/62/70. It was shown that, under NC, the pollen fertility of osmkkk62/70 and osmkkk55/62/70 mutants was comparable to WT plants (Figure 3A,B). By contrast, under LT treatment, the fertile pollen ratio of osmkkk62/70 and osmkkk55/62/70 mutants was much higher than that of WT plants (Figure 3A,B), which was consistent with the higher seed setting rate of osmkkk62/70 and osmkkk55/62/70 mutants under LT treatment (Figure 2A–C and Figure S3A–D). For anther morphology, after exposure to LT treatment for 4 or 5 d, WT plants anthers had a shorter, distorted, and deformed morphology and the color was light yellow (Figure 3C–E). In contrast, the anthers of osmkkk62/70 and osmkkk55/62/70 mutants remained bright yellow and longer after 4 and 5 d of 15 °C treatment (Figure 3C–E). Together, these results indicated that the increased CTB of osmkkk62/70 and osmkkk55/62/70 mutants might be due to more healthy anthers and the higher fertile pollen ratio under LT treatment.




2.4. OsMKKK70 and OsMKKK62 Negatively Regulate GA Contents in Anthers


Low-temperature treatment resulted in anther GA contents being markedly decreased and the application of exogenous GA can successfully rescue cold-injured pollen sterility [9,20]. Recently, it was reported that the oswrky53 mutant displays increased CTB by fine-tuning GA levels in anthers [9]. Moreover, it was also reported that OsMKKK70 functions upstream of OsWRKY53 via activating the OsMAPKK4-OsMAPK6-OsWRKY53 cascade in regulating rice grain size and leaf angle [6]. These results have motivated us to test whether OsMKKK70 also regulates rice CTB by fine-tuning GA contents in anthers. To this end, we quantified the endogenous GA levels in anthers of WT and mutant plants grown under both NC and LT. Given that osmkkk62/70 and osmkkk55/62/70 have a similar CTB phenotype, we only measured the GA level of osmkkk62/70 (Figure 4). GA1, GA3, GA4, and GA7 are bioactive GAs, and GA4 and GA7 are the predominant GAs in reproductive organs, while GA1 and GA3 are the main GAs in vegetative organs [6]. We found that the osmkkk62/70 mutant and WT accumulated similar levels of GA4 and GA7 under NC (Figure 4A). Importantly, following 15 d at 18 °C LT treatment, the levels of GA4 and GA7 significantly decreased in WT relative to NC, whereas they obviously did not decrease in osmkkk62/70 (Figure 4A). GA1 and GA3 contents were slightly decreased after LT treatment in both WT and osmkkk62/70, but the osmkkk62/70 mutant still had a higher level than WT under LT conditions (Figure 4A). The levels of immediate precursors bioactive GA, including GA9, GA12, GA24, GA5, GA19, and GA53, were also higher in the osmkkk62/70 mutant than those in WT under both NC and LT (Figure 4B,C). Additionally, the osmkkk62/70 mutant contained significantly more deactivated GAs (GA8, GA34, and GA51) than in WT (Figure 4D). Considering that GA4 and GA7 are predominant bioactive GAs in reproductive organs, and the osmkkk62/70 mutant had a higher level of GA4 and GA7 than in WT after LT treatment (Figure 4A), these results demonstrate that the osmkkk62/70 mutant might accumulate more bioactive GAs than WT under LT treatment.



To confirm this result, we examined the protein level of OsSLR1 (Slender rice 1, rice DELLA protein) in anthers, as OsSLR1 degradation is promoted by GA and the OsSLR1 level can be used as a marker of endogenous GA content [28]. Results showed that the osmkkk62/70 mutant and WT accumulated similar OsSLR1 protein levels under NC; however, after the LT treatment, the OsSLR1 protein level in the osmkkk62/70 mutant was markedly lower than that in WT (Figure 5A). Simultaneously, we also examined the OsSLR1 protein level in OsMKKK70-OE anthers under NC. The result showed that the OsSLR1 protein level in OsMKKK70-OE was higher than that in WT (Figure 5B). GAMYB (GA-regulated MYB domain transcription factor gene) and its target gene CYP703A3 are GA-induced anther specifically expressed genes [29]. We also examined the expression level of these two marker genes and found that the expression levels of GAMYB and CYP703A3 in WT were comparable to those in osmkkk62/70 and osmkkk55/62/70 mutants under NC. However, at the LT condition, the expressions of GAMYB and CYP703A3 in osmkkk62/70 and osmkkk55/62/70 mutants were significantly higher than those in WT (Figure 5C). Consistent with this result, the expressions of GAMYB and CYP703A3 in OsMKKK70-OE were significantly lower than those in WT (Figure 5D). Collectively, these findings suggest that OsMKKK70 and its homologs might negatively regulate rice CTB by modulating the GA content in anther.




2.5. OsMKKK70 Negatively Regulates GA Biosynthesis Gene Expression in Anther


In rice, OsGA20ox1, OsGA20ox3, and OsGA3ox1 are vital genes that catalyze to generate bioactive GAs and are highly expressed in reproductive organs [16,30,31,32]. It was reported that LT markedly decreased the expression of OsGA20ox1, OsGA20ox3, and OsGA3ox1, and resulted in lower GA content [9]. To address whether OsMKKK70 functions in CTB via regulating GA biosynthesis genes expression, we first checked the expression of these GA biosynthesis genes in WT, osmkkk62/70, and osmkkk55/62/70 mutants. We found that, after LT treatment, the transcript levels of OsGA20ox1, OsGA20ox3, and OsGA3ox1 were significantly higher in osmkkk62/70 and osmkkk55/62/70 mutants than those in WT (Figure 6A). Given the higher content of GA12 in the osmkkk62/70 mutant relative to WT under both NC and LT (Figure 4B), we also examined the expression level of ent-kaurenoic acid oxidase (KAO), which plays key roles in the early steps of GA biosynthesis [16]. The result showed that osmkkk62/70 and osmkkk55/62/70 mutants had a higher expression level of KAO relative to WT under NC and LT treatment, which partially explained the greater amount of GA12 in the osmkkk62/70 mutant relative to WT (Figure S4). Deactivation of GA is mostly catalyzed by GA 2-oxidase [31]. Given that the osmkkk62/70 mutant accumulated more deactivated GAs (GA8, GA34, and GA51) than WT (Figure 4D), we also examined the expression of OsGA2ox genes. The results showed that osmkkk62/70 and osmkkk55/62/70 mutants had higher expression levels of OsGA2ox1 and OsGA2ox3 compared to WT under the LT condition (Figure S4). To confirm that OsMKKK70 negatively regulates GA biosynthesis gene expression in anthers, we further examined the GA biosynthesis genes expression in OsMKKK70-OE under NC and LT treatment, and found that the transcript levels of OsGA20ox1, OsGA20ox3, and OsGA3ox1 in OsMKKK70-OE were lower than those in WT under both NC and LT treatment (Figure 6B). Collectively, these results suggest that OsMKKK70 negatively regulates the GA content during cold stress at the booting stage, and consequently regulates the rice CTB.




2.6. OsMKKK70 Might Act Upstream of OsWRKY53 in Regulating Rice CTB


MAPK cascades have been shown to function upstream of several group Ia members of WRKY proteins. For example, OsWRKY53 is a phosphorylated substrate of OsMAPK6, and functions downstream of the OsMKKK10-OsMKK4-OsMAPK6 and OsMKKK70-OsMKK4-OsMAPK6 cascades to regulate seed size [6,33,34]. Recently, it has been found that OsWRKY53 negatively regulates rice CTB by fine-tuning GA levels in anther [9]. In this study, we found that osmkkk62/70 and osmkkk55/62/70 mutants showed increased CTB phenotypes, including higher seed setting rates and more GA contents in anthers at the LT condition, which is similar to the oswrky53 mutant as reported (Figure 2A–C, Figure 4A–D and Figure S3) [9]. In addition, OsMKKK70-OE lines showed a decreased seed setting rate, unhealthy anther morphology, and lower expression level of GA biosynthesis genes in anthers under NC, which is also similar to OsWRKY53-OE plants (Figure 1B–G and Figure S1) [6,9]. These results imply that the OsMKKK70-OsMKK4-OsMAPK6-OsWRKY53 cascade might also be involved in rice CTB. Notably, we found that smg1-1 (OsMKK4 mutant) and dsg1 (OsMAPK6 mutant) showed comparable relative seed setting rates to WT at the LT condition (Figure S7A–F). This might be due to the decreased seed setting rates of smg1-1 and dsg1 under NC (Figure S7A–F). In addition, we also overexpressed the constitutively active (CA) form of OsWRKY53 in the osmkkk62/70 background, and generated osmkkk62/70 CA-OsWRKY53 plants [6]. We found that, compared with WT and osmkkk62/70, osmkkk62/70 CA-OsWRKY53 plants showed a lower seed setting, decreased fertile pollen ratio, and shriveled and pale anther morphology under NC, which is very similar to OsWRKY53-OE plants (Figure 7A–D) [6,9]. We further examined the GA biosynthesis genes expression in osmkkk62/70 CA-OsWRKY53 under NC. We found that the transcript levels of OsGA20ox1, OsGA20ox3, and OsGA3ox1 in CA-OsWRKY53 and osmkkk62/70 CA-OsWRKY53 were comparable, which were lower than those in the WT and osmkkk62/70 (Figure S8). These results indicated that OsMKKK70 might function upstream of OsWRKY53 in regulating rice CTB.





3. Discussion


In this study, we demonstrated that OsMKKK70 and its homologs might be novel negative regulators of CTB by fine-tuning GA levels in anther. First, OsMKKK70 expression is rapidly induced by cold treatment at the booting stage (Figure 1A), and the OsMKKK70-OE plant is more sensitive to cold stress at the booting stage (Figure 1B–G and Figure S1). Second, osmkkk62/70 and osmkkk55/62/70 mutants have increased CTB due to higher pollen fertility and healthier anther morphology (Figure 2, Figure 3 and Figure S3). Third, the osmkkk62/70 mutant displays higher GA contents relative to WT at the LT condition (Figure 4 and Figure 5). Fourth, OsMKKK70 negatively regulates GA biosynthesis, and then fine-tunes the GA contents during cold stress at the booting stage (Figure 6). Taken together, these results demonstrate that OsMKKK70 and its homologs might negatively regulate CTB by modulating the GA content in anthers.



3.1. OsMKKK70, OsMKKK62, and OsMKKK55 Might Function Redundantly in Regulating Rice CTB


MKKKs function at the top level of MAPK cascades and play indispensable roles in regulating plant growth, development, and stress responses. Rice contains approximately 75 OsMKKK family members [25,26,27]. Our previous study demonstrated that OsMKKK70 has two homologs (OsMKKK62 and OsMKKK55) with high sequence similarity and these three OsMKKK genes function redundantly to regulate seed size and leaf angle in rice [6]. In this study, we discovered that osmkkk55, osmkkk62, and osmkkk70 mutants show no observable phenotype compared with WT in CTB (Figure S2), but osmkkk62/70 double and osmkkk55/62/70 triple mutants display increased CTB (Figure 2, Figure 3 and Figure S3). Notably, unlike OsMKKK70-OE, OsMKKK55-OE and OsMKKK62-OE have a comparable seed setting rate to WT, and the expression of OsMKKK55 and OsMKKK62 was not obviously induced during the booting stage under the LT condition (Figure S5A–D). In addition, we also discovered that OsMKKK62 and OsMKKK55 have higher levels in anther (Figure S6A,B). These results indicated that OsMKKK70 might function redundantly with its homologs in regulating rice CTB, and OsMKKK70 plays the dominant role. However, it cannot be ruled out that OsMKKK70 and two homologs (OsMKKK62 and OsMKKK55) function in different pathways for CTB.




3.2. OsMKKK70-OsMKK4-OsMAPK6-OsWRKY53 Cascade Might Mediate a Trade-Off between Grain Size and CTB


Grain size and CTB are critical determinants of final grain yield. In our previous work, we found that overexpressing OsMKKK70 caused plants to produce larger seeds, the osmkkk62/70 double mutant and the osmkkk55/62/70 triple mutant displayed significantly smaller seeds [6]. Similarly, OsWRKY53 overexpression led to enlarged increased grain size, in contrast to the smaller seeds in the oswrky53 mutant [34]. We also demonstrated that OsMKKK70 regulates rice grain size through the OsMKK4-OsMAPK6-OsWRKY53 cascade signaling pathway [6]. Moreover, we also reported that the oswrky53 mutant shows an increased CTB phenotype via tuning the GA level in anthers [9]. In this study, we found that osmkkk62/70 and osmkkk55/62/70 mutants show an increased CTB phenotype (Figure 2A–C, Figure 4A–D and Figure S3). In addition, overexpressing CA-OsWRKY53 can rescue the small seed size of osmkkk62/70 [6]. This study shows that the seed setting, fertile pollen ratio, anther morphology, and GA biosynthesis genes expression level of the osmkkk62/70 CA-OsWRKY53 plant are very similar to those of CA-OsWRKY53 plants under NC (Figure 7A–D and Figure S8). These results indicated that the OsMKKK70-OsMKK4-OsMAPK6-OsWRKY53 cascade might mediate a trade-off between grain size and CTB.



To support OsMKKK70 negatively regulating rice CTB by modulating the GA content in anther, we examined the expression level of GA biosynthesis genes in OsMKKK70-OE and WT plants under NC and after LT treatment for 4 days. The result showed that the expression levels of GA biosynthesis genes in OsMKKK70-OE are lower than those in WT under NC (Figure 6B). After LT treatment, the expression levels of GA biosynthesis genes in OsMKKK70-OE show a greater degree of reduction, which are even lower than those in WT (Figure 6B). Simultaneously, the level of OsSLR1 protein, GA-induced genes, and GA biosynthesis genes is comparable between the osmkkk70 mutant and WT under NC and after LT treatment, which might result from functional redundance (Figure S9).



Notably, unlike oswrky53 showing no accompanying yield penalty, osmkkk62/70 and osmkkk55/62/70 mutants exhibit a decreased grain yield under NC (Figure S10A,B). The grain number per panicle and 1000-grain weight of the osmkkk62/70 and osmkkk55/62/70 mutants are significantly lower than those of WT (Figure S10A,B). In addition, osmkkk62/70 and osmkkk55/62/70 mutants show reduced plant height and panicles length compared with WT, which are also limiting factors for direct application (Figure S10A,B). Although the application potential of osmkkk62/70 and osmkkk55/62/70 mutants is not as good as the oswrky53 mutant, the function characterization of OsMKKK70 in CTB provides a novel target for cold tolerance breeding in rice.





4. Materials and Methods


4.1. Plant Materials and Growth Conditions


Rice (Oryza sativa ssp. japonica) cultivar Longjing 11 (LJ11) was used to generate the OsMKKK70 transgenic plants and as the WT control. OsMAPK6 mutant dsg1 [35] and OsMKK4 mutant smg1-1 [36] were used to perform cold tolerance at booting stage (CTB) assays. Rice cultivars, SF43 and ZH11 (Oryza sativa ssp. japonica), were used as the wild-type control to compare with the corresponding mutants in CTB assays. The plants were cultivated in an experimental field (Heilongjiang Province, China) under natural long-day conditions or in a growth chamber at 30 °C for 14 h (light) and 24 °C for 10 h (dark).




4.2. Generation of Transgenic Rice Plants


The osmkkk55, osmkkk62, osmkkk70, osmkkk62/70, and osmkkk55/62/70 mutants generated by genome editing via clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated nuclease 9 (Cas9) technology were used for analysis in this study and were described previously [6,37]. Two independent osmkkk62/70 mutants, osmkkk62/70-1 and osmkkk62/70-2, were identified [6]. In this study, osmkkk62/70-2 was used for most of the experiments and named as osmkkk62/70 if not indicated. The overexpression plants of OsMKKK70 were generated as described previously [6]. In order to generate constitutively active OsWRKY53 (CA-OsWRKY53) and osmkkk62/70 CA-WRKY53 transgenic plants, the full-length coding sequence of OsWRKY53 in which the five conserved Ser residues in the SP cluster were mutated to Asp was cloned into pCAMBIA2300. The construct was, respectively, transformed into rice cultivar Longjing 11 and osmkkk62/70 via Agrobacterium-mediated transformation as described previously [6,38].




4.3. Cold Tolerance at Booting Stage (CTB) Assays


The CTB assay was performed in a greenhouse as described previously with [9,10,20] with some modifications. We selected germinated seedlings with a similar vigor of wild-type and mutant plants, cultivated them in pots containing a mixture of soil and water with fertilizer, and grew them in the greenhouse for normal growth (30 °C for 14 h (day) and 24 °C for 10 h (night)). For the point of low-temperature treatment, we established an internal reference with the distance between the auricles of the flag leaf and the penultimate leaf of the main panicles. When the distance between the auricles of the flag leaf and the penultimate leaf of the main panicle was within −5~0 cm, the main panicles were labeled and then transferred to a low-temperature greenhouse (15 °C constant temperature, 14 h light and 10 h dark photoperiod). After the indicated number of days of cold treatment, treated plants were returned to the greenhouse for normal growth until maturity, at which point we harvested and measured traits on labeled main panicles. The seed setting rate of labeled panicles were investigated for evaluating cold tolerance. The relative seed setting rate is the percentage of seed setting rate under low-temperature treatment relative to normal conditions. More than 10 plants per line were used for treatment in each biological replicate.



For RT-qPCR analysis of cold-regulated gene expression, and detecting OsSLR1 protein level, NC sampling was taken on the beginning day of low-temperature treatment, and LT sampling was taken on 4 days after low-temperature treatment described as above.



For measuring GA contents in cold-treated anthers, when the distance between the auricles of the flag leaf and the penultimate leaf of the main panicles was −8 ~−6 cm, LT samples were the plants transferred to the low-temperature greenhouse (18 °C, 14 h light and 10 h dark photoperiod) for continuous growing until around 15 d. NC samples were the plants growing under the normal condition until 1 d before flowering (around 11 d).




4.4. Microscopy


Starch staining of pollen grains and observations of anther morphology were performed 1 d before flowering. Anther morphology was observed directly under a microscope (Olympus, Shanghai, China, SZX16). For measuring pollen fertility, anthers were fixed in a formalin-acetic acid-alcohol (FAA) solution. Fixed anthers were ground to release pollen grains, stained with 1% I2-KI solution, then observed under a light microscope (Olympus, Shanghai, China, BX53). Blue-stained pollen grains were counted to determine pollen fertility.




4.5. Quantification of GAs


For measuring GA contents in cold-treated anthers, when the distance between the auricles of the flag leaf and the penultimate leaf of the main panicles was −8~−6 cm, LT samples were the plants transferred to the low-temperature greenhouse (18 °C, 14 h light and 10 h dark photoperiod) for continuous growing until around 15 d. NC samples were the plants growing under the normal condition until 1 d before flowering (around 11 d). The anthers of osmkkk62/70 and wild-type plants were harvested 1 d before flowering and stored at −80 °C until further use. The contents of endogenous GAs in anthers were measured by Wuhan Greensword Creation Technology Company (Wuhan, China) (http://www.greenswordcreation.com), referring to the method previously described [39]. Each series of experiments was performed in biological triplicates.




4.6. Total RNA Isolation and RT-qPCR Analysis


Total RNA was extracted from the samples using Trizol (Invitrogen, Carlsbad, CA, USA). Reverse transcription was carried out with SuperscriptII Reverse Transcriptase (Invitrogen, USA) using 1000 ng of total RNA. Real-time PCR was conducted with a Lightcycler 480 using SYBR Green PCR master mix (Takara, Kyoto, Japan). The rice ubiquitin gene was used as an internal reference to normalize all gene expression data. Three biological repeats were performed for each analysis. Values are means ± SE of three biological repeats. The primers used are listed in Table S1.




4.7. Protein Gel Blot Analysis


For analysis of the protein level of OsSLR1, the total proteins were extracted using the protein extraction buffer (25 mM Tris–HCl (pH 7.0), 10 mM MgCl2, 10 mM NaCl, and 5 mM DTT). The protein samples were separated by 8% SDS-PAGE and detected by immunoblot analysis with anti-OsSLR1 antibody [40] and anti-ACTIN antibody (Abmart, Shanghai, China; M20009M).




4.8. Statistical Analysis


Statistically significant differences were determined by Student’s t-test and one-way ANOVA. The means and SE were based on independent biological samples.




4.9. Accession Numbers


Sequence data from this article can be found in the Rice Genome Annotation Project under the following accession numbers: OsMKKK70 (LOC_Os01g50410); OsMKKK62 (LOC_Os01g50420); OsMKKK55 (LOC_Os01g50400); OsMKK4 (LOC_Os02g54600); OsWRKY53 (LOC_Os05g27730); OsMAPK6 (LOC_Os06g06090); OsSLR1 (LOC_Os03g49990); GAMYB (LOC_Os01g59660); CYP703A3 (LOC_Os08g03682); KAO (LOC_Os06g02019); OsGA20ox-1 (LOC_Os03g63970); OsGA20ox-3 (LOC_Os07g07420); OsGA3ox-1 (LOC_Os05g08540); OsGA2ox-1 (LOC_Os05g06670); OsGA2ox-3 (LOC_Os01g55240); Ubiquitin (LOC_Os01g22490).









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms232214472/s1.





Author Contributions


E.M. and J.T. performed most of the experiments. M.H. and Z.L. assisted with the experiments. Q.B. and X.T. conceived and supervised the project. Q.B., E.M. and X.T. analyzed the data and wrote the article. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the Natural Science Foundation of Heilongjiang (Grant No. JQ2020C003) and Youth Innovation Promotion Association CAS (Grant No. 2021229).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data supporting the findings of this study are available from the corresponding author on reasonable request.




Acknowledgments


We thank Fan Chen for providing the relative mutants and Yihua Zhou for providing antibody.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations




	CTB
	cold tolerance at booting stage



	GA
	gibberellic acid



	LT
	low temperature



	NC
	normal condition



	ROS
	reactive oxygen species



	ABA
	abscisic acid







References


	



Guo, H.; Zeng, Y.; Li, J.; Ma, X.; Zhang, Z.; Lou, Q.; Li, J.; Gu, Y.; Zhang, H.; Li, J.; et al. Differentiation, evolution and utilization of natural alleles for cold adaptability at the reproductive stage in rice. Plant Biotechnol. J. 2020, 18, 2491–2503. [Google Scholar] [CrossRef]

	



Liu, C.; Schlaeppi, M.R.; Mao, B.; Wang, W.; Wang, A.; Chu, C. The bZIP73 transcription factor controls rice cold tolerance at the reproductive stage. Plant Biotechnol. J. 2019, 17, 1834–1849. [Google Scholar]

	



Xu, Y.F.; Wang, R.C.; Wang, Y.M.; Zhang, L.; Yao, S.G. A point mutation in LTT1 enhances cold tolerance at the booting stage in rice. Plant Cell Environ. 2020, 43, 992–1007. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Y.; Chen, K.; Mi, X.; Chen, T.; Ali, J.; Ye, G.; Xu, J.; Li, Z. Identification and Fine Mapping of a Stably Expressed QTL for Cold Tolerance at the Booting Stage Using an Interconnected Breeding Population in Rice. PLoS ONE 2015, 10, e0145704. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Li, J.; Pan, Y.; Li, J.; Zhou, L.; Shi, H.; Zeng, Y.; Guo, H.; Yang, S.; Zheng, W.; et al. Natural variation in CTB4a enhances rice adaptation to cold habitats. Nat. Commun. 2017, 8, 14788. [Google Scholar] [CrossRef]

	



Liu, Z.; Mei, E.; Tian, X.; He, M.; Tang, J.; Xu, M.; Liu, J.; Song, L.; Li, X.; Wang, Z.; et al. OsMKKK70 regulates grain size and leaf angle in rice through the OsMKK4-OsMAPK6-OsWRKY53 signaling pathway. J. Integr. Plant Biol. 2021, 63, 2043–2057. [Google Scholar] [CrossRef]

	



Lou, Q.; Guo, H.; Li, J.; Han, S.; Khan, N.U.; Gu, Y.; Zhao, W.; Zhang, Z.; Zhang, H.; Li, Z.; et al. Cold-adaptive evolution at the reproductive stage in Geng/japonica subspecies reveals the role of OsMAPK3 and OsLEA9. Plant J. 2022, 111, 1032–1051. [Google Scholar] [CrossRef]

	



Saito, K.; Hayano-Saito, Y.; Kuroki, M.; Sato, Y. Map-based cloning of the rice cold tolerance gene Ctb1. Plant Sci. 2010, 179, 97–102. [Google Scholar] [CrossRef]

	



Tang, J.; Tian, X.; Mei, E.; He, M.; Gao, J.; Yu, J.; Xu, M.; Liu, J.; Song, L.; Li, X.; et al. WRKY53 negatively regulates rice cold tolerance at the booting stage by fine-tuning anther gibberellin levels. Plant Cell 2022, 34, 4495–4515. [Google Scholar] [CrossRef]

	



Zhang, Q.; Chen, Q.; Wang, S.; Hong, Y.; Wang, Z. Rice and cold stress: Methods for its evaluation and summary of cold tolerance-related quantitative trait loci. Rice 2014, 7, 24. [Google Scholar] [CrossRef]

	



Zhang, Z.; Li, J.; Li, F.; Liu, H.; Yang, W.; Chong, K.; Xu, Y. OsMAPK3 Phosphorylates OsbHLH002/OsICE1 and Inhibits Its Ubiquitination to Activate OsTPP1 and Enhances Rice Chilling Tolerance. Dev. Cell 2017, 43, 731–743. [Google Scholar] [CrossRef]

	



Li, J.; Zeng, Y.; Pan, Y.; Zhou, L.; Zhang, Z.; Guo, H.; Lou, Q.; Shui, G.; Huang, H.; Tian, H.; et al. Stepwise selection of natural variations at CTB2 and CTB4a improves cold adaptation during domestication of japonica rice. New Phytol. 2021, 231, 1056–1072. [Google Scholar] [CrossRef] [PubMed]

	



Saito, K.; Miura, K.; Nagano, K.; Hayano-Saito, Y.; Araki, H.; Kato, A. Identification of two closely linked quantitative trait loci for cold tolerance on chromosome 4 of rice and their association with anther length. Theor. Appl. Genet. 2001, 103, 862–868. [Google Scholar] [CrossRef]

	



Liu, C.; Ou, S.; Mao, B.; Tang, J.; Wang, W.; Wang, H.; Cao, S.; Schlappi, M.R.; Zhao, B.; Xiao, G.; et al. Early selection of bZIP73 facilitated adaptation of japonica rice to cold climates. Nat. Commun. 2018, 9, 3302. [Google Scholar] [CrossRef]

	



Saito, K.; Hayano-Saito, Y.; Maruyama-Funatsuki, W.; Sato, Y.; Kato, A. Physical mapping and putative candidate gene identification of a quantitative trait locus Ctb1 for cold tolerance at the booting stage of rice. Theor. Appl. Genet. 2004, 109, 515–522. [Google Scholar] [CrossRef]

	



Chen, X.; Tian, X.; Xue, L.; Zhang, X.; Yang, S.; Traw, M.B.; Huang, J. CRISPR-Based Assessment of Gene Specialization in the Gibberellin Metabolic Pathway in Rice. Plant Physiol. 2019, 180, 2091–2105. [Google Scholar] [CrossRef]

	



Olszewski, N.; Sun, T.P.; Gubler, F. Gibberellin signaling: Biosynthesis, catabolism, and response pathways. Plant Cell 2002, 14, S61–S80. [Google Scholar] [CrossRef] [PubMed]

	



Sun, T.P.; Gubler, F. Molecular mechanism of gibberellin signaling in plants. Annu. Rev. Plant Biol. 2004, 55, 197–223. [Google Scholar] [CrossRef]

	



Oikawa, T.; Koshioka, M.; Kojima, K.; Yoshida, H.; Kawata, M. A role of OsGA20ox1, encoding an isoform of gibberellin 20-oxidase, for regulation of plant stature in rice. Plant Mol. Biol. 2004, 55, 687–700. [Google Scholar] [CrossRef] [PubMed]

	



Sakata, T.; Oda, S.; Tsunaga, Y.; Shomura, H.; Kawagishi-Kobayashi, M.; Aya, K.; Saeki, K.; Endo, T.; Nagano, K.; Kojima, M.; et al. Reduction of Gibberellin by Low Temperature Disrupts Pollen Development in Rice. Plant Physiol. 2014, 164, 2011–2019. [Google Scholar] [CrossRef]

	



Zhang, M.; Su, J.; Zhang, Y.; Xu, J.; Zhang, S. Conveying endogenous and exogenous signals: MAPK cascades in plant growth and defense. Curr. Opin. Plant Biol. 2018, 45, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.; Ding, Y.; Shi, Y.; Zhang, X.; Zhang, S.; Gong, Z.; Yang, S. MPK3-and MPK6-Mediated ICE1 Phosphorylation Negatively Regulates ICE1 Stability and Freezing Tolerance in Arabidopsis. Dev. Cell 2017, 43, 630–642. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, C.; Wang, P.; Si, T.; Hsu, C.-C.; Wang, L.; Zayed, O.; Yu, Z.; Zhu, Y.; Dong, J.; Tao, W.A.; et al. MAP Kinase Cascades Regulate the Cold Response by Modulating ICE1 Protein Stability. Dev. Cell 2017, 43, 618–629. [Google Scholar] [CrossRef] [PubMed]

	



Teige, M.; Scheikl, E.; Eulgem, T.; Doczi, F.; Ichimura, K.; Shinozaki, K.; Dangl, J.L.; Hirt, H. The MKK2 pathway mediates cold and salt stress signaling in Arabidopsis. Mol. Cell 2004, 15, 141–152. [Google Scholar] [CrossRef]

	



Ning, J.; Li, X.; Hicks, L.M.; Xiong, L. A Raf-Like MAPKKK Gene DSM1 Mediates Drought Resistance through Reactive Oxygen Species Scavenging in Rice. Plant Physiol. 2010, 152, 876–890. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.; Wang, G.; Zhang, C.; Zhu, P.; Dai, H.; Yu, N.; He, Z.; Xu, L.; Wang, E. OsCERK1-Mediated Chitin Perception and Immune Signaling Requires Receptor-like Cytoplasmic Kinase 185 to Activate an MAPK Cascade in Rice. Mol. Plant 2017, 10, 619–633. [Google Scholar] [CrossRef]

	



Yamada, K.; Yamaguchi, K.; Yoshimura, S.; Terauchi, A.; Kawasaki, T. Conservation of Chitin-Induced MAPK Signaling Pathways in Rice and Arabidopsis. Plant Cell Physiol. 2017, 58, 993–1002. [Google Scholar] [CrossRef]

	



Ueguchi-Tanaka, M.; Hirano, K.; Hasegawa, Y.; Kitano, H.; Matsuoka, M. Release of the Repressive Activity of Rice DELLA Protein SLR1 by Gibberellin Does Not Require SLR1 Degradation in the gid2 Mutant. Plant Cell 2008, 20, 2437–2446. [Google Scholar] [CrossRef] [PubMed]

	



Aya, K.; Ueguchi-Tanaka, M.; Kondo, M.; Hamada, K.; Yano, K.; Nishimura, M.; Matsuoka, M. Gibberellin Modulates Anther Development in Rice via the Transcriptional Regulation of GAMYB. Plant Cell 2009, 21, 1453–1472. [Google Scholar] [CrossRef]

	



Monna, L.; Kitazawa, N.; Yoshino, R.; Suzuki, J.; Masuda, H.; Maehara, Y.; Tanji, M.; Sato, M.; Nasu, S.; Minobe, Y. Positional cloning of rice semidwarfing gene, sd-1: Rice “Green revolution gene” encodes a mutant enzyme involved in gibberellin synthesis. DNA Res. 2002, 9, 11–17. [Google Scholar] [CrossRef]

	



Sakamoto, T.; Miura, K.; Itoh, H.; Tatsumi, T.; Ueguchi-Tanaka, M.; Ishiyama, K.; Kobayashi, M.; Agrawal, G.K.; Takeda, S.; Abe, K.; et al. An overview of gibberellin metabolism enzyme genes and their related mutants in rice. Plant Physiol. 2004, 134, 1642–1653. [Google Scholar] [CrossRef]

	



Sasaki, A.; Ashikari, M.; Ueguchi-Tanaka, M.; Itoh, H.; Nishimura, A.; Swapan, D.; Ishiyama, K.; Saito, T.; Kobayashi, M.; Khush, G.S.; et al. Green revolution: A mutant gibberellin-synthesis gene in rice—New insight into the rice variant that helped to avert famine over thirty years ago. Nature 2002, 416, 701–702. [Google Scholar] [CrossRef]

	



Tian, X.; He, M.; Mei, E.; Zhang, B.; Tang, J.; Xu, M.; Liu, J.; Li, X.; Wang, Z.; Tang, W.; et al. WRKY53 integrates classic brassinosteroid signaling and the mitogen-activated protein kinase pathway to regulate rice architecture and seed size. Plant Cell 2021, 33, 2753–2775. [Google Scholar] [CrossRef]

	



Tian, X.; Li, X.; Zhou, W.; Ren, Y.; Wang, Z.; Liu, Z.; Tang, J.; Tong, H.; Fang, J.; Bu, Q. Transcription Factor OsWRKY53 Positively Regulates Brassinosteroid Signaling and Plant Architecture. Plant Physiol. 2017, 175, 1337–1349. [Google Scholar] [CrossRef]

	



Liu, S.; Hua, L.; Dong, S.; Chen, H.; Zhu, X.; Jiang, J.E.; Zhang, F.; Li, Y.; Fang, X.; Chen, F. OsMAPK6, a mitogen-activated protein kinase, influences rice grain size and biomass production. Plant J. 2015, 84, 672–681. [Google Scholar] [CrossRef] [PubMed]

	



Duan, P.; Rao, Y.; Zeng, D.; Yang, Y.; Xu, R.; Zhang, B.; Dong, G.; Qian, Q.; Li, Y. SMALL GRAIN 1, which encodes a mitogen-activated protein kinase kinase 4, influences grain size in rice. Plant J. 2014, 77, 547–557. [Google Scholar] [CrossRef]

	



Ma, X.; Zhang, Q.; Zhu, Q.; Liu, W.; Chen, Y.; Qiu, R.; Wang, B.; Yang, Z.; Li, H.; Lin, Y.; et al. A Robust CRISPR/Cas9 System for Convenient, High-Efficiency Multiplex Genome Editing in Monocot and Dicot Plants. Mol. Plant 2015, 8, 1274–1284. [Google Scholar] [CrossRef] [PubMed]

	



Hiei, Y.; Ohta, S.; Komari, T.; Kumashiro, T. Efficient transformation of rice (oryza-sativa l) mediated by agrobacterium and sequence-analysis of the boundaries of the t-dna. Plant J. 1994, 6, 271–282. [Google Scholar] [CrossRef] [PubMed]

	



Chen, M.L.; Fu, X.M.; Liu, J.Q.; Ye, T.T.; Hou, S.Y.; Huang, Y.Q.; Yuan, B.F.; Wu, Y.; Feng, Y.Q. Highly sensitive and quantitative profiling of acidic phytohormones using derivatization approach coupled with nano-LC-ESI-Q-TOF-MS analysis. J. Chromatogr. B 2021, 905, 67–74. [Google Scholar] [CrossRef]

	



Huang, D.; Wang, S.; Zhang, B.; Shang-Guan, K.; Shi, Y.; Zhang, D.; Liu, X.; Wu, K.; Xu, Z.; Fu, X.; et al. A Gibberellin-Mediated DELLA-NAC Signaling Cascade Regulates Cellulose Synthesis in Rice. Plant Cell 2015, 27, 1681–1696. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 23 14472 g001 550] 





Figure 1. OsMKKK70 is involved in cold tolerance at the booting stage in rice. (A) Time course of OsMKKK70 relative expression in panicles of WT exposed to a 15 °C cold treatment during the booting stage. The expression level on 0 h was set to 1. Data are shown as means ± SE (n = 3). (B–D) Representative images of panicles (B), seed setting rate (C), and relative seed setting rate (D) of WT and OsMKKK70-OE plants grown under NC, and after LT treatment for 4 days. The scale bar in (B) is 5 cm. Data are shown as means ± SE (n = 10). (E) Representative images of stained pollen from WT and OsMKKK70-OE plants grown under NC, and after LT treatment for 4 days. The scale bars are 50 μm. (F) Quantification of stained pollen ratio in (E). Data are shown as means ± SE (n = 10). (G) Quantification of relative stained pollen ratio in (E). Data are shown as means ± SE (n = 10). Each dot represents the result from one biological replicate, and error bars indicate means ± SE. p values were calculated by Student’s t-test; ** p < 0.01. 
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Figure 2. osmkkk62/70 and osmkkk55/62/70 mutants show increased cold tolerance at booting stage. (A) Representative images of panicles of WT, osmkkk62/70, and osmkkk55/62/70 mutants grown under NC, and after LT treatment for 4 or 5 days. The scale bars are 5 cm. (B,C) Seed setting rate (B) and relative seed setting rate (C) of WT, osmkkk62/70, and osmkkk55/62/70 mutants grown under NC, and after LT treatment for 4 or 5 days. Data are shown as means ± SE (n = 10). Dotted lines were drawn to separate the NC and LT, and the comparison is among different genotypes in the same condition. Each dot represents the result from one biological replicate; error bars indicate means ± SE. Statistically significant differences are indicated by different lowercase letters (p < 0.05, one-way ANOVA with Tukey’s significant difference test). 
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Figure 3. osmkkk62/70 and osmkkk55/62/70 show higher pollen fertility and healthy anthers under low-temperature treatment. (A) Representative images of stained pollen from WT, osmkkk62/70, and osmkkk55/62/70 plants grown under NC, and after LT treatment for 4 or 5 days. The scale bars are 50 μm. (B) Quantification of stained pollen ratio in (A). Data are shown as means ± SE (n = 10). (C,D) Gross morphology of anthers from WT, osmkkk62/70, and osmkkk55/62/70 plants grown under NC and exposed to 4 or 5 d of LT treatments. The scale bar in (C,D) is 1 cm and 5 mm, respectively. (E) Quantification of anther length of WT, osmkkk62/70, and osmkkk55/62/70 plants grown under NC and exposed to 4 or 5 d of LT treatments. Values are means ± SE (n = 10). Dotted lines were drawn to separate the NC and LT, and the comparison is among different genotypes in the same condition. Each dot represents the result from one biological replicate; error bars indicate means ± SE. Statistically significant differences are indicated by different lowercase letters (p < 0.05, one-way ANOVA with Tukey’s significant difference test). 
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Figure 4. osmkkk62/70 has higher GA content than WT in anthers under low-temperature treatment. (A) Measurements of endogenous bioactive GAs in developing anthers of WT and osmkkk62/70 plants grown under NC and after LT treatment. Values are means ± SE (n = 3). (B–D) The endogenous contents of GA biosynthetic precursors (B,C) and deactivated GAs (D) of WT and osmkkk62/70 plants grown under NC or after LT treatment. Values are means ± SE (n = 3). Each dot represents the result from one biological replicate; error bars indicate means ± SE. Statistically significant differences are indicated by different lowercase letters (p < 0.05, one-way ANOVA with Tukey’s significant difference test). 
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Figure 5. OsMKKK70 negatively regulates CTB by modulating the GA content in anthers. (A) OsSLR1 protein level in anthers of WT and osmkkk62/70 plants grown under NC and after LT treatment for 4 days detected by anti-OsSLR1 antibody. ACTIN contents detected with anti-ACTIN antibody were used as loading control. (B) OsSLR1 protein level in anthers of WT and OsMKKK70-OE plants grown under NC detected by anti-OsSLR1 antibody. ACTIN contents detected with anti-ACTIN antibody were used as loading control. (C) The expression of GAMYB and CYP703A3 in anthers of WT, osmkkk62/70, and osmkkk55/62/70 plants grown under NC and after LT treatment for 4 days. Each dot represents the result from one biological replicate; error bars indicate means ± SE (n = 3). Statistically significant differences are indicated by different lowercase letters (p < 0.05, one-way ANOVA with Tukey’s significant difference test). (D) The expression of GAMYB and CYP703A3 in anthers of WT and OsMKKK70-OE plants grown under NC. Each dot represents the result from one biological replicate; error bars indicate means ± SE (n = 3). p values were calculated by Student’s t-test. ** p < 0.01; * p < 0.05. 
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Figure 6. OsMKKK70 negatively regulates GA biosynthesis gene expression in anthers. (A) The expression of GA biosynthesis genes in anthers of WT, osmkkk62/70, and osmkkk55/62/70 plants grown under NC and after LT treatment for 4 days. Data are shown as means ± SE (n = 3). (B) The expression of GA biosynthesis genes in anthers of WT and OsMKKK70-OE plants grown under NC and after LT treatment for 4 days. Data are shown as means ± SE (n = 3). Each dot represents the result from one biological replicate; error bars indicate means ± SE. Statistically significant differences are indicated by different lowercase letters (p < 0.05; one-way ANOVA with Tukey’s significant difference test). 
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Figure 7. The phenotypic analysis of osmkkk62/70 CA-OsWRKY53. (A,B) Representative images of panicles (A) and seed setting rate (B) of WT, CA-OsWRKY53, osmkkk62/70, and osmkkk62/70 CA-OsWRKY53 plants grown under NC. The scale bar in (A) is 5 cm. Data are shown as means ± SE (n = 30). (C) Representative images of anthers and stained pollen from WT, CA-OsWRKY53, osmkkk62/70, and osmkkk62/70 CA-OsWRKY53 plants grown under NC. The scale bars in the upper and lower images are 1 cm and 50 μm, respectively. (D) Quantification of stained pollen ratio in WT, CA-OsWRKY53, osmkkk62/70, and osmkkk62/70 CA-OsWRKY53 plants. Data are shown as means ± SE (n = 10). Each dot represents the result from one biological replicate; error bars indicate means ± SE. Statistically significant differences are indicated by different lowercase letters (p < 0.05; one-way ANOVA with Tukey’s significant difference test). 






Figure 7. The phenotypic analysis of osmkkk62/70 CA-OsWRKY53. (A,B) Representative images of panicles (A) and seed setting rate (B) of WT, CA-OsWRKY53, osmkkk62/70, and osmkkk62/70 CA-OsWRKY53 plants grown under NC. The scale bar in (A) is 5 cm. Data are shown as means ± SE (n = 30). (C) Representative images of anthers and stained pollen from WT, CA-OsWRKY53, osmkkk62/70, and osmkkk62/70 CA-OsWRKY53 plants grown under NC. The scale bars in the upper and lower images are 1 cm and 50 μm, respectively. (D) Quantification of stained pollen ratio in WT, CA-OsWRKY53, osmkkk62/70, and osmkkk62/70 CA-OsWRKY53 plants. Data are shown as means ± SE (n = 10). Each dot represents the result from one biological replicate; error bars indicate means ± SE. Statistically significant differences are indicated by different lowercase letters (p < 0.05; one-way ANOVA with Tukey’s significant difference test).
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