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Abstract  
Heat stress has a deleterious effect on male fertility in rice (Oryza sativa), but mechanisms to protect against heat stress in rice 
male gametophytes are poorly understood. Here, we have isolated and characterized a heat-sensitive male-sterile rice mutant, 
heat shock protein60-3b (oshsp60-3b), that shows normal fertility at optimal temperatures but decreasing fertility as tempera-
tures increase. High temperatures interfered with pollen starch granule formation and reactive oxygen species (ROS) scaven-
ging in oshsp60-3b anthers, leading to cell death and pollen abortion. In line with the mutant phenotypes, OsHSP60-3B was 
rapidly upregulated in response to heat shock and its protein products were localized to the plastid. Critically, overexpression 
of OsHSP60-3B enhanced the heat tolerance of pollen in transgenic plants. We demonstrated that OsHSP60-3B interacted with 
FLOURY ENDOSPERM6(FLO6) in plastids, a key component involved in the starch granule formation in the rice pollen. 
Western blot results showed that FLO6 level was substantially decreased in oshsp60-3b anthers at high temperature, indicating 
that OsHSP60-3B is required to stabilize FLO6 when temperatures exceed optimal conditions. We suggest that in response to 
high temperature, OsHSP60-3B interacts with FLO6 to regulate starch granule biogenesis in rice pollen and attenuates ROS 
levels in anthers to ensure normal male gametophyte development in rice. 

Introduction 
Plants adapt to their changeable environment by mobilizing 
physiological and morphological responses but can be highly 
susceptible to increasingly common environmental stresses, 
such as heat. Even mild elevated temperatures, particularly 
in the vulnerable reproductive stages, can be a substantial 
threat to crop yield. For example, rice (Oryza sativa) yield 

has been reported to drop by 10% for every 1°C increase in 
ambient temperature during reproductive growth (Peng 
et al. 2004), while wheat (Triticum aestivum) yield drops by 
5% for every 1°C over 21°C daytime and 16°C nighttime tem-
peratures (Tashiro and Wardlaw 1989). 

In cereal crops, male reproduction is most sensitive to 
temperature stresses (Zinn et al. 2010). Pollen, the male 
gametophyte, is produced in anthers where microsporocytes 
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(diploid pollen mother cells) undergo meiosis to produce 
four haploid microspores (tetrad), which undergo mitosis 
to produce viable mature pollen filled with starch and lipids 
(Zhang et al. 2011; Hafidh et al. 2016). Heat stress affects sev-
eral aspects of anther and pollen development, especially 
meiosis, tapetal programmed cell death, and cellular metab-
olism (Lohani et al. 2020). During late development, micro-
spores accumulate large reserves of carbohydrates and 
lipids essential for pollen viability; rice mutants lacking starch 
in the pollen are male-sterile (Mu et al. 2009; Lee et al. 2016). 
In rice, starch begins to accumulate after the first microspore 
mitosis, and large numbers of starch granules are observed in 
mature pollen (Zhang et al. 2021). Abiotic stresses, including 
heat, commonly induce decreased accumulation of sugar 
and starch in pollen, which has been considered a predomin-
ant factor causing male sterility (De Storme and Geelen 
2014), and heat-tolerant genotypes normally retain higher le-
vels of pollen carbohydrates compared with heat-sensitive 
genotypes (Pressman 2002; Firon et al. 2006). However, 
whether the reduction in carbohydrate levels is the primary 
reason for stress-induced male sterility or an indirect conse-
quence of pollen dysfunction remains unclear. 

High temperatures trigger the heat stress response in 
plants, a series of highly conserved physiological and molecu-
lar processes (Chaturvedi et al. 2021) affecting enzyme activ-
ity (Wang et al. 2015; Ji et al. 2021); microtubule organization 
(Song et al. 2020); membrane permeability and fluidity 
(Sangwan et al. 2002); thylakoid stability (Yu et al. 2012b); 
photosynthetic activity (Crafts-Brandner and Salvucci 
2000); and the production of denatured proteins and 
Ca2+-dependent signaling through the plasma membrane 
(Ohama et al. 2017). Heat stress can induce transcriptional 
regulation of HEAT SHOCK PROTEINS (HSPs) by activating 
heat shock transcription factors (HSF; Ohama et al. 2017). 
Reactive oxygen species (ROS), plant metabolic and signaling 
molecules such as hydrogen peroxide, also accumulate when 
cells perceive the heat stress signal (Song et al. 2020). Plants 
mobilize reserves of antioxidant metabolites to correct oxi-
dative damage induced by ROS to avoid cell death under 
heat shock (Larkindale and Knight 2002). 

HSPs exist in all cellular organisms and are highly con-
served (Zininga et al. 2021); they comprise up to 10% of 
the total protein in human cells (Finka et al. 2016). HSPs 
play crucial roles in protein folding, unfolding, sorting, and 
transmembrane transport and assembly under stress and 
non-stress conditions (Usman et al. 2014; Finka et al. 2016). 
Induction of HSPs by heat and other stresses is required to 
maintain proper protein conformation by preventing mis-
folding and aberrant aggregation, thus ensuring cellular 
homeostasis (Usman et al. 2014). HSPs are generally divided 
into five major families based on molecular weight: HSP100, 
HSP90, HSP70, HSP60, and sHSP/α-crystallins (Tissières et al. 
1974). HSP60 proteins can be further divided into Group I 
and Group II chaperonins: Group I chaperonins include 
GROWTH ESSENTIAL LARGE (GroEL) in eubacteria and 
HSP60s in chloroplasts and mitochondria, while Group II 

chaperonins include HSP60 in archaea and the eukaryotic 
cytosol (Hill and Hemmingsen 2001). 

In plants, the chloroplast-localized HSP60s (CHAPERONIN 
PROTEIN60; CPN60s) are critical for chloroplast function as 
well as various developmental processes. CPN60 was identi-
fied as a homolog of GroEL that aids assembly of Rubisco, a 
key enzyme in photosynthesis (Hemmingsen et al. 1988). 
CPN60 consists of two subunits, CPN60α and CPN60β, that 
share ∼50% sequence similarity. The Arabidopsis 
(Arabidopsis thaliana) genome contains two CPN60α and 
four CPN60β genes, which have redundant or divergent roles 
in chloroplast functioning, embryo development, and flower-
ing time control (Apuya et al. 2001; Suzuki et al. 2009; Ke et al. 
2017; Tiwari and Grover 2019). Rice has three CPN60α and 
three CPN60β genes in its genome (Kim et al. 2013; Jiang 
et al. 2014), and OsCPN60α1, OsCPN60α2/THERMO- 
SENSITIVE CHLOROPLAST DEVELOPMENT (TCD) 9 and 
OsCPN60β1 are required for chloroplast development and 
early plant growth (Kim et al. 2013; Jiang et al. 2014; Wu 
et al. 2020). However, functions of other HSP60s remain 
largely unknown. 

In this study, we report the discovery and characterization 
of rice HSP60-3B (LOC_Os10g32550), which protects pollen 
development at high temperatures (>34°C) by regulating 
starch accumulation and ROS levels. At low temperatures 
(22∼28°C), oshsp60-3b plants resemble wild type, but as tem-
perature increases, oshsp60-3b pollen exhibit compromised 
starch accumulation and decreased viability, while anthers 
produce elevated ROS levels with concomitant increases in 
cell death. We demonstrate that the heat-induced 
OsHSP60 mediates pollen starch granule formation at high 
temperature by interacting and stabilizing the starch-binding 
protein FLOURY ENDOSPERM6 (FLO6, Zhang et al. 2022b). 
Our study provides insights into how rice plants can main-
tain fertility under elevated temperatures. 

Results 
oshsp60-3b is a temperature-sensitive male-sterile 
mutant 
To identify genes involved in heat stress tolerance during rice 
male reproduction, we isolated a heat-sensitive, male-sterile 
mutant from our existing library (Chen et al. 2006). 
Map-based cloning and sequencing identified the gene as a 
member of the heat shock protein (HSP) 60 family with hom-
ology to the Arabidopsis HSP60-3B protein (described in a 
subsequent section); for convenience, we will use the 
oshsp60-3b nomenclature from the beginning to refer to 
our gene of interest. 

At mild growth temperatures (25 to 32°C) in the paddy 
field during summer in Shanghai, oshsp60-3b and wild type 
(WT) plants exhibited normal flower development 
(Supplemental Fig. S1, A and B). However, oshsp60-3b flowers 
had paler yellow anthers that produced some sterile pollen 
grains (Supplemental Fig. S1, C to J). When WT pollen grains 
were used to fertilize oshsp60-3b stigma, the resulting  
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spikelets showed normal development and F1 progeny exhib-
ited a normal phenotype, indicating that the female organ of 
oshsp60-3b is functional and that the oshsp60-3b mutation is 
recessive (Supplemental Fig. S2). 

To examine how temperature affects the fertility of 
oshsp60-3b, we grew plants at several different temperatures: 
low (22°C), mid (28°C), and high (34°C; Supplemental 
Table S1). WT anthers were bright yellow at all three 

temperatures, and mature pollen grains were round and vi-
able (Fig. 1, A to C, G to I). Consistent with field observations, 
oshsp60-3b displayed normal flower development and fertil-
ity at low temperatures (Fig. 1, D, J, M, and N), but as the tem-
perature increased to 28°C, anthers became paler and mature 
pollen grains were partially sterile (Fig. 1, E, K, and M). The 
seed setting ratio also decreased (Fig. 1N). At 34°C, 
oshsp60-3b anthers were white and stunted, and the mature 

Figure 1. Male fertility of oshsp60-3b is compromised under high temperature. A to F, Wild-type (WT) and oshsp60-3b mutant spikelets at Stage 13. 
Spikelets shown after removal of half the lemma and palea. Bars, 1 mm. Anthers in oshsp60-3b look normal at 22°C and 28°C, but become small and 
white at 34°C. G to L, Pollen grain from the shown spikelet stained with iodine–potassium iodide (I2–KI), where dark staining indicates viable pollen. 
Bars, 100 μm. M, Viability of WT and oshsp60-3b pollen at different temperatures. Mean ± SD, n = 10. Pollen viability is decreased at 28°C and abol-
ished at 34°C in oshsp60-3b. N, Seed setting rate of WT and oshsp60-3b plants at different temperatures. Mean ± SD, n = 10. oshsp60-3b plants ex-
hibit normal seed setting at 22°C and 28°C, but set no seed at 34°C.   
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pollen grains were sterile and could not set seed (Fig. 1, F, L, 
M, and N). 

OsHSP60-3B is required for pollen development at 
high temperature 
To explore the cytological defects of oshsp60-3b, transverse 
sections of anthers grown at the three different temperatures 
were observed. No obvious differences were observed from 
Stages 9 to 11 of oshsp60-3b anther development (Fig. 2A; 
stages of anther development taken from Zhang and Wilson 
2009; Zhang et al. 2011), indicating that meiosis and mitosis 
occur normally in oshsp60-3b anthers. Accordingly, chromo-
some behavior was observed to undergo a normal meiotic 
process in oshsp60-3b anthers at 34°C, as evidenced by the nor-
mal formation of tetrads that each contained four young mi-
crospores (Supplemental Fig. S3). At S12, WT anthers 
produced large, round mature pollen grains at all tempera-
tures, while oshsp60-3b showed a similar phenotype at 22°C, 
approximately half of the oshsp60-3b pollen grains at 28°C 
were abnormal (small and shrunken), and all oshsp60-3b pol-
len grains were aborted at 34°C (Fig. 2, A and B). WT plants 
exhibited normal development at all temperatures, so only 
wild-type phenotypes at 34°C are shown in the following fig-
ures unless it is specifically pointed out. 

Transmission electron microscopy (TEM) confirmed that, 
from Stages 8 to 10, WT and oshsp60-3b anthers at high tem-
perature formed tetrads, released free microspores, and be-
came vacuolated (Supplemental Fig. S4). By S12 (pollen 

maturity), WT anthers formed large, round, mature pollen 
grains filled with large starch granules and were enclosed in 
a thick intine layer (Fig. 3). oshsp60-3b pollen at 22°C was 
similar to WT; at 28°C, pollen grains developed abnormally 
and contained smaller starch granules; and at 34°C, pollen 
grains were empty and surrounded by much thinner intine, 
suggesting that the microspore development was affected 
at late stage (Fig. 3). To further study the phenotype of 
oshsp60-3b, scanning electron microscopy (SEM) of the sur-
faces of S12 WT and oshsp60-3b anthers and pollen grains 
at different temperatures was performed (Supplemental 
Fig. S5). The spaghetti-like cuticle on the anther epidermis, 
the crystal-like Ubisch bodies on the inner surface of anther, 
and sporopollenin in the exine of pollen grains of oshsp60-3b 
mutants resembled WT at all three temperatures 
(Supplemental Fig. S5). 

Thus, the only difference between WT and oshsp60-3b pol-
len was that, as the temperature rose, so did the proportion 
of deflated, sterile pollen grains, so that oshsp60-3b pollen 
was sterile when grown at 34°C (Fig. 2, A and B). These obser-
vations implied that OsHSP60-3B is required for pollen devel-
opment, filling, and maturation at high temperatures. 

OsHSP60-3B encodes a HEAT SHOCK 60 protein 
To identify the gene underlying the oshsp60-3b mutation, 
we employed a map-based cloning strategy using an F2 popu-
lation derived from crossing the mutant line (japonica) with 
an indica cultivar. Using five InDel markers, the region was 

Figure 2. Oshsp60-3b mutant anthers display temperature-dependent male sterility. A, Transverse semi-thin sections of WT anthers at 34°C and 
oshsp60-3b anthers at 22°C, 28°C, and 34°C from Stages 9 to 12. Bars, 20 μm. Shrunken pollen grains are observed in oshsp60-3b at 28°C and 
34°C to different extent. B, Scanning electron micrographs of mature (S12) WT and oshsp60-3b pollen grains at 22°C, 28°C, and 34°C. Bars, 
20 μm. Pollen grains in oshsp60-3b exhibit normal morphology at 22°C, become partially aberrant at 28°C, and are all shrunken at 34°C.   
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narrowed to 210 kb between markers AC068951-3 and 
AC022457 on chromosome 10 (Fig. 4A), a region covered 
by three bacterial artificial chromosome clones. High- 
throughput resequencing using a mixed mutant population 
sample was used to identify the gene and causative mutation 
as an 8 bp deletion in exon 17 of LOC_Os10g32550 (anno-
tated OsHSP60 in www.gramene.org/), leading to a frame 
shift that resulted in a protein with 79 mutant amino acids 
at its C-terminus (Fig. 4, B and C). 

To confirm gene identity, CRISPR-Cas9 technology was 
used to generate nonfunctional OsHSP60-3B proteins. Two 
new mutant alleles were produced: oshsp60-3b-c1 with a 
1 bp insertion in exon 3 that immediately created a new 
stop codon, while oshsp60-3b-c2 had a 2 bp deletion in 
exon 13 leading to a frame shift that created a short 12 aa 
mutant sequence before a new stop codon (Supplemental 
Fig. S6A). The oshsp60-3b-c1 and oshsp60-3b-c2 mutants 
showed similar phenotypes to the original oshsp60-3b 

mutant, with partial sterility at 28°C, and sterility at 34°C 
(Fig. 1; Supplemental Fig. S6B). 

Complementation of the oshsp60-3b mutant with the WT 
genomic OsHSP60-3B sequence driven by its native promoter 
(pOsHSP60-3B::OsHSP60-3BgDNA) was used to confirm the 
identity of the causative mutation. Transgenic plants showed 
rescue of the mutant phenotype at 34°C (Supplemental Fig. 
S7), confirming that the mutation in LOC_Os010g32550 is 
responsible for the temperature-sensitive male-sterile 
phenotype in oshsp60-3b. 

LOC_Os10g32550 is predicted to encode a 634 aa protein 
across 18 exons that contains a putative HSP60-TCP1 
domain (Fig. 4B). A phylogenetic analysis, based on its 
HSP60-TCP1 domain, identified fourteen Arabidopsis and 
10 rice homologs from public databases, with 
LOC_Os10g32550 most similar to AtHSP60-3B (Fig. 4D). 
Three rice proteins with HSP60-TCP1 domains have been re-
ported with roles in heat-dependent chloroplast or general 

Figure 3. Starch granule formation is impaired in oshsp60-3b at high temperature. Transmission electron microscopy of S12 WT and oshsp60-3b 
anthers, pollen, and starch granules at different temperatures. In the oshsp60-3b pollen, starch granules become much smaller at 28°C and disappear 
at 34°C. Bars: anthers, 10 μm; pollen, 2.5 μm; pollen contents, 1 μm.   
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plastid development during early vegetative growth (TCD9 
(Jiang et al. 2014); OsCPN60α1 (Kim et al. 2013); and 
OsCPN60β1 (Wu et al. 2020)), suggesting that OsHSP60-3B 
may be also involved in plastid development. 

OsHSP60-3B is widely expressed and localized to 
plastids 
OsHSP60-3B expression was examined in various rice repro-
ductive and vegetative rice tissues. OsHSP60-3B was expressed 
in anthers from Stages 6 to 13, as well as in root, stem, leaf, and 
palea/lemma tissues (Fig. 5A). To determine more precisely 
the spatial and temporal patterns of OsHSP60-3B expression, 
we introduced a construct containing the GUS reporter 
gene driven by the 2.9 kb OsHSP60-3B promoter 
(pOsHSP60-3B) into WT plants. GUS signals were detectable 

in the anther at Stages 9 to 13 (Fig. 5B), which was generally 
consistent with RT-qPCR data (Fig. 5A). Within transgenic 
anthers, OsHSP60-3B was expressed in microspores and ma-
ture pollen grains (Fig. 5C). Although highly expressed in 
vegetative tissues (Fig. 5A), oshsp60-3b did not show obvi-
ous defects during vegetative growth, suggesting that there 
might be other HSP60 proteins sharing redundant roles 
with OsHSP60-3B. 

To examine whether OsHSP60-3B expression is induced by 
heat, we subjected WT and oshsp60-3b seedlings grown at 
28°C to a 3 h heat shock at 42°C. Within 0.25 h, 
OsHSP60-3B mRNA levels increased significantly in WT leaves 
(Fig. 5D). After 0.25 h of heat shock, OsHSP60-3B expression 
began to decrease, dropping to original expression levels after 
∼3 h of heat shock prior to recovery at 28°C. 

Figure 4. Map-based cloning and analysis of OsHSP60-3B. A, Fine mapping of OsHSP60-3B (LOC_Os10g32550) on chromosome 10. Names and posi-
tions of the molecular markers are shown. Numbers in red indicate the number of recombinants identified in the F2 population. B, A schematic 
representation of OsHSP60-3B gene structure; numbered purple boxes indicate exons, and intervening black lines indicate introns. Gray boxes re-
present untranslated regions. The light purple shaded area indicates the TCP1-1/CPN60 chaperonin domain. +1 indicates the beginning of the trans-
lational start site (ATG), and +5081 indicates the end of the stop codon (TAG). The location of the mutation in exon 17 is indicated. C, The 
oshsp60-3b mutant has an 8 bp deletion in exon 17, leading to a frameshift. D, A neighbor-joining tree was constructed using MEGA with 
OsHSP60-3B proteins containing a TCP1-1/CPN60 chaperonin domain from aa 114 to 617 in rice (Os, 10 proteins) and Arabidopsis (AT, 14 proteins). 
OsHSP60-3B is highlighted. Bootstrap values in percentage (1,000 replicates) are indicated on the nodes. The scale bar, 0.2 phylogenetic distance.   
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Protein localization was determined using a constitutively 
expressed eGFP-tagged OsHSP60-3B construct (p35S:: 
OsHSP60-3B-eGFP) transiently expressed in Arabidopsis and 
rice protoplasts. The GFP signal mainly overlapped with 
auto-fluorescence of chloroplasts (Fig. 5E, Supplemental 
Fig. S8), indicating that OsHSP60-3B localizes to plastids. 
Like other rice HSP60-TCP1 domain proteins, OsHSP60-3B 
may regulate plastid development, but with an additional, 
unusual role in reproductive development. 

OsHSP60-3B regulates pollen starch granule 
development by interacting with FLO6 
Based on the defective starch accumulation in late stage 
oshsp60-3b anthers at high temperature, we hypothesized 
that OsHSP60-3B may play an important role in starch 
synthesis. Because HSP family proteins can act as chaperones 
that direct correct protein folding and function under stress 
conditions, we examined whether OsHSP60-3B affects starch 
synthesis by interacting with essential protein(s). To identify 
proteins that may interact with OsHSP60-3B, a yeast-two- 
hybrid (Y2H) screen in 5 to 7 mm anthers was performed 
using full-length OsHSP60-3B as bait. Only one plastid- 
localized protein, FLO6, was identified among the candidate 
proteins. FLO6 contains the carbohydrate-binding module 
(CBM) 48 domain and has been reported to direct starch 

synthesis in rice anther and endosperm (Peng et al. 2014;  
Zhang et al. 2022b). A pairwise Y2H verified that 
OsHSP60-3B can interact with FLO6 (Fig. 6A). 
Split-luciferase and bimolecular fluorescence complementa-
tion (BiFC) assays confirmed the interaction between 
HSP60-3B and FLO6 proteins in tobacco (Nicotiana tabacum) 
leaves (Fig. 6, B and C). A western blot assay indicated that 
the amount of the FLO6 protein decreased dramatically at 
S12 in oshsp60-3b compared with WT anthers at high tem-
peratures (Fig. 6D), confirming a physiological link between 
these two proteins in rice. 

OsHSP60-3B affects male fertility by regulating HSP 
and HSF genes and ROS levels 
To further explore the OsHSP60-3B regulatory network, WT 
and oshsp60-3b anthers grown at 34°C were subjected to 
RNA sequencing at three stages of development (S10–12). 
A total of 9,363 differentially expressed genes (DEGs) were 
identified using |log2 fold change| ≥ 1 and false discovery 
rate (FDR) < 0.05 (Supplemental Tables S2 to S4). Two hun-
dred and ninety-eight genes were differently expressed at 
all three stages in oshsp60-3b and WT anthers (Fig. 7A). 
Many genes were upregulated at S12 in both the WT and es-
pecially oshsp60-3b anthers (Fig. 7B). Among the DEGs, many 
HSPs and HSFs were upregulated in oshsp60-3b anthers at 

Figure 5. OsHSP60-3B is widely expressed and OsHSP60-3B is localized to the plastid. A, OsHSP60-3B expression in root, stem, leaf, palea/lemma 
(P/L), and anthers at different developmental stages (Supplemental S6 to S13) under normal conditions, relative to OsActin in the same tissue. 
Mean ± SD, n = 3. B, GUS expression in anthers of the pOsHSP60-3B::GUS transgenic plant at various stages. Bar, 1 mm. GUS signals are observed 
in anthers from Stage 9 to Stage 13. The individual anthers were digitally extracted for comparison. C, GUS expression in the microspore at Stage 11. 
Bar, 20 μm. D, Expression of OsHSP60-3B in response to heat stress relative to OsActin in the same tissue. WT seedlings (14 d) grown in rice culture 
solution at 28 °C were subjected to heat stress at 42°C. Their third leaves were sampled during treatment (0.25, 0.5, 1, 2, and 3 h) and after 2 h of 
recovery at 28°C (Re). Mean ± SD, n = 3. * P < 0.05; ** P < 0.01 (Student’s t-test). E, Subcellular localization of OsHSP60-3B-eGFP in rice protoplasts 
showing co-location of OsHSP60-3B with plastids. Confocal micrographs were taken 16 h after transformation. Bars, 4 μm.   

OsHSP60-3B and male fertility at high temperature                                                           PLANT PHYSIOLOGY 2023: Page 1 of 17 | 7 

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiad136/7067345 by guest on 09 M

ay 2023

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad136#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad136#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad136#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad136#supplementary-data


S10–12 (Supplemental Fig. S9). Gene Ontology (GO) analysis 
identified 40 biological process (BP) and molecular function 
(MF) categories enriched in DEGs at S10; 88 at S11; and 175 at 
S12 (Supplemental Tables S5 to S7). 

Heat stress can cause accumulation of ROS in plants (Chen 
et al. 2022), so we also examined ROS-related genes. GO 

pathway annotations confirmed that oxidation–reduction 
was the most enriched biological process at all three stages. 
Response to oxidative stress also was enriched at S12. 
Oxidoreductase activity was the most enriched molecular 
function at all three stages, while peroxidase activity and oxi-
doreductase activity, acting on peroxide as acceptor, were 

Figure 6. OsHSP60-3B interacts with and stabilizes FLO6. A, Y2H assays using HSP60-3B and FLO6 fused to either the GAL4 activation domain (AD) 
or binding domain (BD) and tested together or with negative controls. Medium –LT (SD-Leu/-Trp) was used to test for the presence of co- 
transformed plasmids; medium –LTHA (SD-Leu/-Trp/-His/-Ade) was used to test for protein interactions. B, Split-luciferase assays using 
HSP60-3B, FLO6, and controls in Nicotiana tabacum leaves. cLuc, C-terminal luciferase; nLuc, N-terminal luciferase. Strong luciferase signals are ob-
served in the area infiltrated with OsHSP60-3B-nluc and FLO6-cluc. C, Bifluorescence complementation (BiFC) assay between HSP60-3B and FLO6 in 
Nicotiana tabacum leaf epidermal cells. Bars, 25 μm. YFP signals are only observed in the chloroplasts of leaves infiltrated with OsHSP60-3B-nYFP and 
FLO6-cYFP. D, FLO6 protein level is substantially decreased in oshsp60-3b anthers at 28°C and 34°C. Tubulin was used as a loading control. Numbers 
indicate relative band intensities.   
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also enriched at S12 (Fig. 7C). We selected 6 ROS-related, 
HSP, and HSF genes to verify results of RNA sequencing by 
RT-qPCR (Supplemental Fig. 10), which confirmed that these 
genes were substantially upregulated in oshsp60-3b com-
pared with WT anthers at high temperatures, and also com-
pared with expression in WT and mutant anthers at lower 
temperatures. These results indicated that OsHSP60-3B may 
affect male fertility by regulating the ROS process and/or ex-
pression of heat stress-related HSPs and HSFs. 

RNA-seq data implied that oshsp60-3b anthers may accu-
mulate excess ROS, which can produce oxidative damage 
and induce cell death. WT and oshsp60-3b anthers grown 
at 28°C and 34°C were collected, and stained separately 
with trypan blue to indicate cell death, and with DAB 
(3,3′-diaminobenzidine) to indicate peroxide accumulation 
(Fig. 8). The trypan blue assay revealed some difference be-
tween oshsp60-3b and WT S11 and S12 anthers grown at 
28°C, but a much more marked difference at 34°C (Fig. 8, A 
and B), indicating that high temperature induced elevated 

cell death. The DAB assay indicated that oshsp60-3b anthers 
also accumulated much more H2O2 than WT anthers from 
S10–12, an effect that was again much higher at 34°C 
(Fig. 8, C and D). These results indicated that the more pro-
nounced degradation of oshsp60-3b pollen at 34°C compared 
with 28°C (Figs. 2 and 3) is, in part, due to cell death caused 
by temperature-induced elevated ROS levels. 

OsHSP60-3B overexpression can protect pollen 
against heat shock 
HSP60 family proteins have been shown to protect plants 
from temperature-induced damage and stress (Qu et al. 
2013; Ohama et al. 2017). We have shown that OsHSP60-3B 
expression increases under heat shock (Fig. 5D) and that 
the oshsp60-3b mutation increases susceptibility to heat 
(Fig. 8). To test whether overexpression of OsHSP60-3B could 
improve heat tolerance compared with WT, we generated 
three overexpression lines (OE1–3), and grew them at heat 
stress (36°C) conditions with WT plants. 

Figure 7. OsHSP60-3B regulates the expression of genes related to reactive oxygen species (ROS) and heat stress response in rice anthers at high 
temperature. A, Overlap of differentially expressed genes (DEGs) in oshsp60-3b anthers compared with wild type at S10–12 at 34°C. B, Heat 
map showing expression of DEGs in WT and oshsp60-3b anthers at S10–12 at 34°C. Black color indicates downregulation, red color indicates upre-
gulation. TPM: transcript per million. C, Gene Ontology (GO) pathway analysis of ROS-related DEGs in oshsp60-3b anthers. BP, biological process; 
MF, molecular function. GeneRatio is the percentage of DEGs in the GO term; P.adjust indicates significance level of enrichment.   
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Expression of OsHSP60-3B was detected in all plants, with 
much higher expression in the OE lines (Fig. 9A). Pollen via-
bility in wild type was 9.87% and 15.97%, 22.60% and 20.40% 
in OE lines 1 to 3, respectively (Fig. 9, C, D, E, and F). 
Therefore, pollen viability was much higher in the OE lines, 
from 16% to 22%, compared with <10% in the WT line 
(Fig. 9B). These results reveal that OsHSP60-3B can improve 
heat tolerance of rice pollen. 

Discussion 
OsHSP60-3B is essential for pollen heat tolerance 
Global warming is expected to increase the frequency of 
heat stress, which contributes massively to worldwide 
crop losses. It is of vital importance to generate 
heat-resilient crop varieties, especially those that can with-
stand stress during the extremely sensitive reproductive 
stages. Currently, very few genes capable of enhancing re-
productive heat tolerance in rice have been reported but 
here, we show that OsHSP60-3B can improve the heat resili-
ence of rice pollen. 

The HSP/chaperone network is a major component of the 
heat stress response that deals with cellular protein homeo-
stasis. The “chaperone titration model” suggests that HSFs 
are sequestered by HSP70/90 chaperones under optimal con-
ditions and liberated by an increase in HSP clients (e.g. mis-
folded proteins) induced by heat stress and other stresses, 
triggering high HSP and HSF production (Guo et al. 2001;  
Zhang et al. 2022a). Unlike other HSPs, plant CPN60s/ 
HSP60s are well known for their housekeeping roles in folding 
and aggregating many proteins transported to chloroplasts 
and mitochondria under normal conditions, but their role, 
if any, in heat stress response remains largely unknown. In 
rice, five of the six OsCPN60 genes are induced by heat shock, 
particularly OsCPN60α1 and OsCPN60α2 (Kim et al. 2013). 
However, the oscpn60α1 mutant plant does not exhibit 
heat sensitivity and overexpression of OsCPN60α1 does not 
confer heat tolerance (Kim et al. 2013). 

In this study, we have provided several lines of evidence 
that OsHSP60-3B is essential for heat tolerance of rice pollen. 
Firstly, OsHSP60-3B was strongly induced by heat shock with-
in 0.25 h, indicating that OsHSP60-3B is a quick heat shock 

Figure 8. OsHSP60-3B suppresses cell death and H2O2 accumulation under heat stress (34°C). A and B, Trypan blue staining of WT and oshsp60-3b 
anthers at S11 and S12 at 28°C (A) and 34°C (B). Dark staining indicates cell death. Bars, 1 mm. Compared with wild type, oshsp60-3b plants ac-
cumulate much higher H2O2 in the anther at 34°C. C and D, DAB staining of WT and oshsp60-3b anthers at S10–12 at 28°C (C) and 34°C (D). 
Dark staining indicates H2O2 accumulation. Bars, 1 mm. Much stronger cell death signal is observed in oshsp60-3b anthers at 34°C.   
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response factor (Fig. 5D). Secondly, dysfunction of 
OsHSP60-3B caused male sterility at high temperatures 
(Fig. 1). Thirdly, overexpression of OsHSP60-3B enhanced 
the heat tolerance of pollen in transgenic plants (Fig. 9). In 
oshsp60-3b anthers, microspore abortion occurred after mei-
osis and tapetal programmed cell death was not affected 
(Fig. 2A; Supplemental Fig. S3), suggesting that OsHSP60-3B 
is specifically involved in the high temperature response dur-
ing late anther development. Although ubiquitously ex-
pressed, oshsp60-3b plants did not exhibit obvious visible 
changes during vegetative growth (Supplemental Fig. S1A), 
suggesting that other rice HSP60 proteins may have redun-
dant functions at these developmental stages. Taken to-
gether, our results show that OsHSP60-3B is a promising 
candidate for improving rice plant heat tolerance during re-
productive growth. 

OsHSP60-3B regulates starch granule biogenesis 
under high temperatures 
Chloroplasts are remarkably dynamic plant plastids, which 
exist in various forms depending on developmental or envir-
onmental cues. CPN60s are known to be involved in the bio-
genesis and functioning of chloroplasts; they assist in the 
folding of several chloroplast proteins, such as the large 
Rubisco subunit (RbcL) and NdhH, a subunit of the 

chloroplast NADH dehydrogenase-like complex (NDH;  
Peng et al. 2011; Kim et al. 2013). However, the role of 
HSP60 chaperonins in the biogenesis of non-photosynthetic 
plastids has not previously been reported. 

Our results indicate that OsHSP60-3B, targeted to plastids 
in rice and Arabidopsis protoplasts (Fig. 5E; Supplemental 
Fig. S8), is a key factor that mediates normal initiation and 
formation of starch granule (amyloplast) biogenesis in pollen 
at high temperatures. In oshsp60-3b mutants, starch granules 
looked normal at 22°C, but became smaller when grown at 
28°C and are nearly abolished at 34°C (Fig. 3). In addition, 
the number of chloroplasts carrying no starch granules was 
increased and the size of starch granules was decreased in 
the anther endothecium cells at Stage 9 (Supplemental 
Fig. 11). This result suggests that starch synthesis in the mu-
tant anther was also affected under high temperature, al-
though not as severe as that in the pollen. 

In rice, mature pollen grains accumulate starch to support 
pollen germination and pollen tube growth (Lee et al. 2016). 
Several proteins have been reported to play a role in the starch 
granule biogenesis in the rice pollen, including SUBSTANDARD 
STARCH GRAIN4 (SSG4), SUBSTANDARD STARCH GRAIN 
(SSG6), PLASTIDIC PHOSPHOGLUCOMUTASE (OsPGM), 
ADP-GLUCOSE PYROPHOSPHORYLASE LARGE SUBUNIT4 
(OsAGPL4), UDP-GLUCOSE PYROPHOSPHORYLASE2 (OsUG 
P2), FLO6, and FLOURY ENDOSPERM (FLO7) (Mu et al. 2009;  

Figure 9. OsHSP60-3B overexpression improved heat tolerance at 36°C. A, Expression of OsHSP60-3B in the flag leaves of WT and three OsHSP60-3B 
overexpression (OE) plants in which OsHSP60-3B is driven by the maize Ubiquitin promoter, relative to OsActin. Mean ± SD, n = 3. * P < 0.05; 
** P < 0.01 (Student’s t-test). B, Pollen viability of WT and OsHSP60-3B OE plants grown at 36°C (3.5 h heat treatment in the middle of the day 
for 2 wk). Mean ± SD, n = 3. * P < 0.05; ** P < 0.01 (Student’s t-test). C and F, WT (C) and OE (D to F) pollen grown at 36°C stained with I2–KI. 
Dark staining indicates viable pollen. Bars, 100 μm.   
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Matsushima et al. 2014; Lee et al. 2016; Matsushima et al. 2016;  
Zhang et al. 2016, 2022b). FLO6 is the homolog of Arabidopsis 
PROTEIN TARGETING TO STARCH2 (PTST2), a protein con-
taining a glucan-binding domain belonging to the CBM48 fam-
ily. In Arabidopsis, PTST2 interacts with STARCH SYNTHASE4 
(SS4), which is critical for the starch granule initiation and 
morphology in leaves (Seung et al. 2017). In rice, FLO6 interacts 
with ISOAMYLASE1 (ISA1), GRANULE-BOUND STARCH SYNT 
HASE I (GBSSI), GRANULE-BOUND STARCH SYNTHASEII (GBS 
SII), and STARCH SYNTHASE IVb (SSIVb), enzymes critical for 
starch granule initiation and development (Peng et al. 2014;  
Zhang et al. 2022b). Mutations in FLO6 lead to defective starch 
granule formation in the endosperm and pollen, leading to de-
creased male fertility (Zhang et al. 2022b). We have demon-
strated that OsHSP60-3B directly interacts with FLO6 (Fig. 6, 
A to C). OsHSP60-3B was evenly distributed in the plastid 
(Fig. 5E; Supplemental Fig. S8), suggesting that it is localized in 
the stroma, consistent with the localization of FLO6 reported 
previously (Zhang et al. 2022b). Furthermore, disruption of 
OsHSP60-3B destabilized FLO6 at high temperatures (Fig. 6D). 
In summary, these data suggest that OsHSP60-3B is an essential 
regulator of pollen starch granule biogenesis at high 
temperatures. 

In Arabidopsis, homologs of OsHSP60-3 have been re-
ported to be localized in the mitochondria and participate 
in RNA splicing via interacting with What’s This Factor 9 
(WTF9), a nuclear-encoded plant organelle RNA recognition 
(PORR) protein (Hsu et al 2019). The distinct subcellular lo-
cations and functions of these homologs suggest functional 
divergence during evolution. Investigations into HSP60-3B 
homologs in other species will provide further insights into 
the function(s) of this HSP60 sub-family. 

OsHSP60-3B is required to attenuate ROS levels in the 
anther 
Production of ROS to deleterious levels is one of main nega-
tive consequences of heat stress. Excessive ROS accumulation 
can lead to lipid peroxidation, DNA damage, protein oxida-
tion, and apoptosis (Scandalios 2005). Here, we observed a 
substantial increase in peroxide levels and apoptosis in 
oshsp60-3b compared with WT anthers at high temperature 
(Fig. 8), suggesting that OsHSP60-3B inhibits the over- 
production of ROS and subsequent induction of cell death, 
thereby enhancing the resilience to heat stress. 

The accumulation of ROS in response to stress occurs in 
multiple cellular compartments, and chloroplasts have 
been considered one of the major sites of ROS production. 
Exposure to heat stress can lead to the increased ROS accu-
mulation in photosystem I (PSI), PSII, and the Calvin–Benson 
cycle, which causes irreversible oxidative damage to cells 
(Asada 2006; Suzuki et al. 2012). In the rice anthers, plastids 
in the endothecium develop into chloroplasts (Zhang et al. 
2021). The rice anther is pale green when the panicle gradual-
ly emerges from the flag leaf, suggesting active photosynthet-
ic activity. Therefore, it is highly possible that chloroplasts in 

the anther endothecium are the major producers of ROS 
during late anther development. 

How OsHSP60-3B attenuates the ROS level in the anther is 
yet unknown. After chloroplasts sense heat stress, ROS and 
other signal molecules dependent on chloroplast retrograde 
signaling reprogram nuclear gene expression to activate a 
large array of heat stress response genes, including many mo-
lecular chaperones (Woodson and Chory 2008; Dickinson 
et al. 2018). Several chloroplast-targeted HSPs have been re-
ported to enhance thermotolerance. For example, the 
Arabidopsis chloroplast-localized HSP100 protein APG6/ 
ClpB3 reactivates the misfolded deoxyxylulose 5-phosphate 
synthase (DXS) to improve heat tolerance (Pulido et al. 
2016), while the tomato (Lycopersicon esculentum) 
chloroplast-targeted LeHSP100/ClpB is thought to protect 
PSII from heat stress damage (Yang et al. 2006). A recent re-
port demonstrates that, during heat stress, CPN60A guards 
the chloroplast ROS scavenger regulator thioredoxin-like 1 
(TaRXL1) from degradation in Arabidopsis (Pant et al. 
2020). It is possible that OsHSP60-3B is also involved in main-
taining the homeostasis of the chloroplast photosynthetic or 
ROS scavenging machinery. Identification of other substrates 
of OsHSP60-3B in the future will shed light on the detailed 
mechanisms underlying ROS control. 

In summary, we demonstrate the role of a rice HSP60 pro-
tein in thermotolerance during reproductive development. 
Our results suggest that the plastid-localized OsHSP60-3B 
is required for stabilizing starch granule biogenesis, and pre-
venting ROS over-production in the anther at high tempera-
tures. OsHSP60-3B may be a suitable target for breeding rice 
varieties with better tolerance to heat stress to meet the im-
minent challenges of a changing climate. 

Materials and methods 
Plant materials, growth conditions, and generation of 
OsHSP60-3b CRISPR lines 
Rice (Oryza sativa) lines were generated in cultivar 9522 (O. 
sativa ssp japonica). The original oshsp60-3b male-sterile mu-
tant was identified from an existing 60Co γ-ray mutant library 
in cv. 9522 (Chen et al. 2006). 

Rice plants were grown in the paddy field outside Shanghai 
Jiao Tong University in May every year until inflorescence 
length reached ∼0.5 cm (Stage 3 (S3) of anther development;  
Zhang and Wilson 2009; Zhang et al. 2011), a proportion of 
the plants were kept in the paddy field, while another part 
of the plants were transferred to an artificial climate chamber 
for temperature and photoperiod treatments. Standard 
growth conditions (12 h light, 28°C, 75% relative humidity) 
were used to induce reproductive growth for ∼2 wk, before 
plants were subjected to treatment at 75% relative humidity 
with 12 h light at low (22°C), mid (28°C), or high (34°C) tem-
peratures, or heat stress at 14 h light/36°C (3.5 h at 42°C at 
noon time, (Supplemental Table S1). Short-term heat shock 
(3 h at 42°C) during early vegetative growth (2 wk seedlings) 
was used to generate leaves for gene expression analysis.  
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Genome editing technology was used to generate 
oshsp60-3b-c1/c2 mutants using CRISPR/Cas9. Two target se-
quences (Supplemental Table S2) from exons 3 and 13 of 
OsHSP60-3B were designed using CRISPR-P v2.0 (http://cbi. 
hzau.edu.cn/CRISPR2/) and cloned into sgRNA-Cas9 vector 
for gene editing following Zhang et al (2014). 

To construct OsHSP60-3B overexpression vectors, RNA 
from 9522 anthers at S10 was isolated and used to generate 
cDNA according to Liu et al. (2017). The OsHSP60-3B coding 
sequences was amplified and cloned into the overexpression 
vector PTCK303 under control of the Ubiquitin promoter 
(pUbi) using primers listed in Supplemental Table S8. 

Both the gene editing and overexpression constructs were 
introduced into Agrobacterium tumefaciens strain EHA105, 
and used to transform rice callus induced from panicle at 
pre-meiotic stage according to Zhu et al. (2021). 

Phenotypic characterization of oshsp60-3b 
The morphology of whole plant and floral organs was re-
corded with a Nikon E995 digital camera. To observe pollen 
viability, wild-type (WT) and oshsp60-3b anthers were 
crushed with tweezers and stained with I2–KI solution 
(0.2% (w/v) iodine, 2% (w/v) potassium iodide). Pollen grains 
released from anthers were observed through a Leica 
DM2500 microscope. Pollen viability was determined in spi-
kelets from 10 independent plants for each genotype. Seed 
setting rate was calculated from panicles of 10 independent 
plants for each genotype. 

Preparation and observation of semi-thin sections were 
performed as described previously (Li et al. 2006). TEM and 
SEM analyses were done as described previously (Liu et al. 
2017). 

Cloning of OsHSP60-3b and generation of 
complemented lines 
Bulked segregation analysis (Liu et al. 2005) was used to map 
the OsHSP60-3B locus using InDel markers based on sequence 
differences between japonica and indica rice subspecies 
(http://www.ncbi.nlm.nih.gov). An F2 population was gener-
ated from a cross between wild-type indica (GuangLuAi) 
and the original mutated japonica (oshsp60-3b) lines. 
OsHSP60-3B was first mapped between two InDel markers 
(AC087543 and AC069145). To further narrow the region, 
another 3 InDel markers (AC025905, AC068951-3, and 
AC022457) were designed and used, and OsHSP60-3B was fi-
nally mapped to between AC068951-3 and AC022457. 
Primers used in the map-based cloning are listed in  
Supplemental Table S8. 

High-throughput sequencing of oshsp60-3b was applied 
to the mixed F2 population. An 8 bp deletion in exon 17 of 
LOC_Os10g32550 was found to cause a frame shift. To ver-
ify this gene was responsible for the oshsp60-3b pheno-
type, an 8.8 kb genomic fragment containing a 2.9 kb 
upstream promoter region, 5.0 kb OsHSP60-3B coding re-
gion, and 870 bp downstream region was amplified from 

BAC clone OSJNBa0071K18 containing OsHSP60-3B. The 
genomic fragment was inserted into the pCAMBIA1301 
vector and transformed into oshsp60-3b rice callus using 
Agrobacterium-mediated transformation, as described 
above. PCR was used to identify positive transgenic lines 
for subsequent complementation analysis. Primers used 
for vector construction are listed in Supplemental 
Table S8. 

Reverse transcription quantitative PCR (RT-qPCR) 
and GUS staining assays 
Total RNA was extracted from different tissues including 
root, stem, leaf at seedling stage, palea/lemma at maturity, 
and anthers at Stages 6 to 13 of development using Trizol 
(Invitrogen) according to manufacturer’s instructions. RNA 
(1 μg) was used to synthesize cDNA using the Primescript 
RT reagent kit (Takara Bio) according to manufacturer’s in-
structions. RT-qPCR analyses were performed in the 
Bio-Rad C1000 thermal cycler using QuantiNova SYBR 
Green PCR Kit (QIAGEN) according to manufacturer’s in-
structions. OsActin (LOC_Os3g50885) was used as the in-
ternal standard, and data analysis was performed as 
previously described (Yu et al 2017). Primers used for PCR 
amplification are listed in Supplemental Table S8. 

The 2.9 kb OsHSP60-3B promoter was cloned into pCAMBIA 
1301 vector containing the GUS (β-glucuronidase) reporter 
gene. The pOsHSP60-3B::GUS construct was transformed 
into wild type cv. 9522 by Agrobacterium-mediated tissue 
transformation as described above. Mature spikelets of the 
positive transgenic line were immersed in X-Gluc 
(5-bromo-4-chloro-3-indolyl β-D-glucuronide) solution at 
37 °C overnight in the dark until color developed. Tissues 
were washed in 70% (v/v) ethanol and photographed with a 
phase-contrast microscope (Leica DM2500). Primers used for 
vector construction are listed in Supplemental Table S8. 

Phylogenetic analysis 
The protein sequence of the OsHSP60-3B TCP1 domain was 
used for a BLASTp search for homologous sequences in 
Phytozome (https://phytozome-next.jgi.doe.gov/). Fourteen 
Arabidopsis (Arabidopsis thaliana) and 10 rice homologs 
were found and used for sequence alignment. A phylogenetic 
tree based on the TCP1-1/CPN60 chaperonin domain se-
quences was generated with MEGA5 software, using the 
Neighbor-Joining method with Poisson correction, pairwise 
deletion, and 1,000 bootstrap replicates. 

Subcellular localization of OsHSP60-3B 
Full-length OsHSP60-3B cDNA was cloned into pA7-eGFP vec-
tor to generate p35S::OsHSP60-3BCDS-eGFP (primers listed in  
Supplemental Table S8) for transient expression. The construct 
and empty vector were separately transformed into 
Arabidopsis and rice protoplasts derived from stem tissue of 
etiolated WT seedlings using polyethylene glycol-mediated 
transformation (Bart et al. 2006; Yoo et al. 2007).  
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Fluorescence signals were observed under a confocal 
laser-scanning microscopy (Leica TCS SP5, excitation 488 nm, 
emission 500 to 550 nm for eGFP; excitation 488 nm, emission 
650 to 750 nm for chlorophyll autofluorescence). 

Cell physiology 
For 4′,6-diamidino-2-phenylindole (DAPI) staining assays at 
34°C, young spikelets collected from meiotic stages were fixed 
with Carnoy’s solution (ethanol:glacial acetic 3:1 [v/v]), and 
then prepared as described previously (Zhang et al. 2019). 

Cell death and H2O2 accumulation were measured by trypan 
blue and 3,3′-diaminobenzidine (DAB) staining, respectively. 
Trypan blue staining was prepared as previously described 
(Wu et al. 2015). Briefly, WT and mutant anthers at Stages 
10 and 11 grown at 28°C and 34°C were covered with a trypan 
blue solution (30 ml ethanol, 10 g phenol, 10 ml water, 10 ml 
glycerol, 10 ml lactic acid, and 10 mg trypan blue), boiled for 
2 to 3 min, and incubated at room temperature for 1 h. To de-
stain, the samples were transferred into a chloral hydrate solu-
tion (2.5 g ml−1) and boiled for 20 min several times. The 
samples were equilibrated with 50% (v/v) glycerol, mounted, 
and imaged with a Nikon E995 digital camera. 

DAB (D5637, Sigma-Aldrich) staining was performed as de-
scribed by Wu et al. (2015). Briefly, WT and mutant anthers 
at Stage 10 and 11 grown at 28°C and 34°C were immersed in 
freshly prepared 1 mg ml−1 DAB solution (pH 3.8) and infil-
trated under vacuum. Stained samples were boiled in 1:1:3 
acetic acid: glycerol: ethanol, stored under 95% (v/v) ethanol, 
and photographed with a Nikon E995 digital camera. 

Analysis of protein–protein interactions 
To screen for OsHSP60-3B interactive proteins, cDNA synthe-
sized from the mRNAs of anthers (5 to 7 mm) was cloned into 
the prey vector pGADT7, and full length of OsHSP60-3B 
cDNA was amplified and cloned into pGBKT7 vector. Yeast li-
brary screening was conducted as per instructions of the 
Matchmaker™ Library Construction & Screening Kits 
(Clontech). 

For yeast two-hybrid assays, FLO6 constructs were kindly 
provided by Prof. Cunxu Wei. The full-length WT 
OsHSP60-3B coding sequences was cloned into EcoRI and 
BamHI restriction sites of pGADT7 and pGBKT7 vectors en-
coding the GAL4 activation domain (AD) or binding domain 
(BD), respectively. Plasmids were co-transformed into yeast 
(Saccharomyces cerevisiae) strain AH109, according to the 
manufacturer’s instructions (TaKaRa). Transformants were 
selected on SD medium -LT (-Leu/-Trp), while protein– 
protein interactions were selected on SD medium -LTHA 
(-Leu/-Trp/-His/-Ade) as previously described (Cao et al. 2021). 

For split-luciferase assays, full-length OsHSP60-3B and FLO6 
coding sequences were cloned separately into the pCAMBIA 
1300-nLuc and 1300-cLuc plasmids, encoding the N-terminal 
and C-terminal luciferase domains, respectively. Constructs 
were transiently transformed into Agrobacterium tumefaciens 
GV3101 as described above. The bacteria were resuspended in 
infection solution (10 mM MES, 10 mM MgCl2, and 200 μM 

acetosyringone) and infiltrated into 4-wk-old Nicotiana taba-
cum leaves. After 36 h incubation in the dark, leaves were 
sprayed with 5 mM luciferin and photographed with a 
Tanon 5200 Chemiluminescent Imaging System. 

For bimolecular fluorescence complementation assays, 
full-length OsHSP60-3B and FLO6 coding sequences separate-
ly cloned into the pXY106-nYFP or pXY104-cYFP plasmids, 
containing N-terminal and C-terminal yellow fluorescent 
protein domains, respectively. Constructs were transiently 
transformed into 4-wk-old Nicotiana tabacum leaves as de-
scribed above. After 36 h incubation in the dark, fluorescent 
YFP signals were captured using a Leica SP5 confocal micro-
scope (Leica TCS SP5, excitation 514 nm; emission 522 to 
555 nm). Primers used for all protein–protein interaction as-
says are listed in Supplemental Table S8. 

RNA-seq and Gene Ontology (GO) enrichment 
analysis 
Total RNA was extracted in duplicate from WT and 
oshsp60-3b anthers grown at 34°C at Stages 10, 11, and 12, 
and sequenced with the DNBSeq platform (BGI, Shenzhen). 
Differentially expressed genes (DEGs) were determined by 
DEseq2, using |log2 fold change| ≥ 1 and q < 0.05 (Audic 
and Claverie 1997) after gene alignment and filtering of low- 
quality reads (Sun et al. 2021). Rpackage “pheatmap” (Sun 
et al. 2021) was used to create and analyze heatmaps and 
dendrograms of gene expression using the k-means cluster-
ing algorithm. The AgriGo2 algorithm was used to analyze 
the results of Gene Ontology (GO) enrichment, and data 
were screened by false discovery rate (FDR) < 0.05 (Tian 
et al. 2017). GO enrichment results were visualized by 
Rpackage “Clusterprofiler” (Yu et al. 2012a). 

Statistical analysis 
All data from RT-qPCR experiments were obtained from three 
independent biological replicates. The data for pollen viability 
and seed setting rate at 22°C, 28°C, and 34°C were obtained 
from 10 independent biological replicates. The data for pollen 
viability at 36°C were obtained from three independent bio-
logical replicates. Data were plotted as mean ± standard devi-
ation (SD). The data were analyzed with the two-tailed 
Student’s t-test using Microsoft Excel 2010. 

Accession numbers 
Sequence data from this article can be found in the 
GenBank/EMBL data libraries under accession numbers 
PRJNA933966. The accession numbers of the major genes/ 
proteins mentioned are listed in Supplemental Table S9. 
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Supplemental data 
The following materials are available in the online version of 
this article. 

Supplemental Figure S1. Rice hsp60-3b mutants exhibit 
partial male sterility in the field (25 to 32°C). 

Supplemental Figure S2. F1 progeny exhibited a normal 
phenotype. 

Supplemental Figure S3. Disruption of OsHSP60-3B does 
not affect meiosis progression in the anther at 34°C. 

Supplemental Figure S4. Disruption of OsHSP60-3B does 
not affect the development of anthers, tapetal cells, and mi-
crospores at Stages 8 to 10 at high temperature (34°C). 

Supplemental Figure S5. The cuticle, Ubisch body, and 
pollen exine formation are normal in oshsp60-3b. 

Supplemental Figure S6. OsHSP60-3B is required for rice 
male fertility at high temperatures. 

Supplemental Figure S7. Complementation of oshsp60-3b 
with pOsHSP60-3B::OsHSP60-3B gDNA at 34°C. 

Supplemental Figure S8. OsHSP60-3B is localized to plas-
tids in Arabidopsis protoplasts. 

Supplemental Figure S9. Heat map showing expression of 
HSP and HSF DEGs in WT and oshsp60-3b anthers at S10–12 
at 34°C. 

Supplemental Figure S10. The expression of genes related 
to HSP, HSF, and ROS generation were up-regulated in S11 
oshsp60-3b mutant anthers compared with WT at 34°C. 

Supplemental Figure S11. Starch granules in the endothe-
cium chloroplasts of anther at 34°C. 

Supplemental Table S1. Low, mid, high temperature and 
heat stress treatment of WT and oshsp60-3b plants at 75% 
relative humidity. 

Supplemental Table S2. Differentially expressed genes in 
oshsp60-3b anthers at Stage 10 compared to the wild type 
at 34°C. 

Supplemental Table S3. Differentially expressed genes in 
oshsp60-3b anthers at Stage 11 compared to the wild type 
at 34°C. 

Supplemental Table S4. Differentially expressed genes in 
oshsp60-3b anthers at Stage 12 compared to the wild type 
at 34°C. 

Supplemental Table S5. GO enrichment in oshsp60-3b an-
thers at Stage 10 compared to the wild type. 

Supplemental Table S6. GO enrichment in oshsp60-3b an-
thers at Stage 11 compared to the wild type. 

Supplemental Table S7. GO enrichment in oshsp60-3b an-
thers at Stage 12 compared to the wild type. 

Supplemental Table S8. Primers used for experiments. 
Supplemental Table S9. Accession numbers of the major 

genes/proteins. 
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