
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit  h t    t p : / / c r e  a   t i 
v e  c  o  m  m  o n s . o r g / l i c e n s e s / b y - n c - n d / 4 . 0 /     .   

Ye et al. BMC Plant Biology         (2024) 24:1062 
https://doi.org/10.1186/s12870-024-05720-2

Introduction
Rice is an important food crop, and its yield is closely 
related to food security. The discovery of rice male ster-
ile lines has led to the successful use of heterosis in rice, 
greatly improving the yield per unit area of rice and pro-
viding a strong guarantee for solving the problem of food 
security. As a male reproductive organ, anther develop-
ment is closely related to the fertility of pollen. Abnormal 
anther development usually leads to male sterility. It is of 
great theoretical and practical significance to study the 
genes related to anther development in rice [1].

The anther of rice starts from the top of the stamen pri-
mordium in the flower bud. At first, the archesporial cells 
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Abstract
Anther development involves a series of important biological events that are precisely regulated by many genes. 
Although several important genes involved in rice anther development have been identified, the regulatory 
network involved in tapetal development and pollen wall formation is still largely unclear. PERSISTENT TAPETAL 
CELL 1 (PTC1) encodes a PHD-Finger protein, which plays a critical role in the regulation of tapetal cell death and 
pollen development in rice. Here, we report the isolation and characterization of a new allele ptc1-2 with 2-base 
deletion in the third exon, causing the absent of the PHD domain due to the sequence change. Cytological 
analysis revealed delayed tapetal PCD, defective pollen exine formation and abnormal ubisch bodies development. 
Transcriptome analysis revealed that genes related to pollen wall formation (secondary metabolism, phenylalanine 
synthesis, and cutin and wax biosynthesis pathways), cell death (cysteine and methionine metabolism and DNA 
repair pathways), and carbohydrate synthesis (starch and sucrose metabolism pathways) were significantly altered 
in ptc1-2 mutant. A total of 13 reported anther development genes exhibited significant expression changes in 
the ptc1-2 mutant. Yeast two-hybrid and BiFC analyses showed that PTC1 could interact with API5, an inhibitor 
of apoptosis, and the citrin-binding enzyme EDT1. This work is helpful in deepening the understanding of the 
regulatory network of male reproductive development in rice.
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differentiate from the four corners under the anther pro-
toderm, and then the archesporial cells differentiate into 
four layers of wall cells and pollen mother cells through 
a series of development processes. Subsequently, the 
pollen mother cells undergo one meiosis to form micro-
spores, and the microspores undergo two mitoses to 
develop into mature pollen grains with three nuclei [2, 3].
The tapetum, as the innermost layer of the anther wall, is 
the transportation hub for pollen mother cells. It secretes 
callose-degrading enzymes to release microspores, pro-
vides nutrients for microspore development, and syn-
thesizes sporopollenin for the pollen wall and shell, all of 
which are essential for the normal development of pollen 
mother cells and microspores at later stages [4, 5].

Several key regulators regulating the development 
of the rice tapetum have been identified, including the 
bHLH transcription factors UDT1 [6, 7], Tip2/bHLH142 
[8], TDR [9] and EAT1 [10]; the MYB transcription fac-
tors GAMYB [8, 11] and OsMYB103/OsMS188/MYB80 
[12–15]; the AGO transcription factor OsAGO2 [16]; 
and the glucose-4-epimerase BP1 [17], mRNA m6A 
demethylase OsALKBH9 [18] and nuclear membrane 
protein ADT1 [19], UDT1 plays a role in the differen-
tiation of secondary wall cells into mature tapetal cells 
and the meiosis of microspore mother cells, and Tip2/
bHLH142 regulates the division and differentiation of the 
three layers of anther wall cells in the early stage of anther 
development and the degradation of tapetum in the later 
stage (PCD). TDR can control the degradation of tape-
tum layer by directly regulating the expression levels of 
OsCP1 (encoding cysteine protease) and OsC6 (encoding 
protease inhibitor) [18, 20]. EAT1 controls tapetal degra-
dation by regulating the expression of two aspartic prote-
ase genes, AP25 and AP37 [21]. Further studies revealed 
a complex regulatory network among these genes. Tip2 is 
located upstream of TDR and EAT1, and its expression 
promotes the early stage of tapetal differentiation. At the 
late stage of tapetal cell differentiation, Tip2 activates the 
expression of the downstream transcription factor TDR 
and forms a complex with TDR to promote the develop-
ment of tapetal cells. At the tetrad stage, Tip2 regulates 
the expression of EAT1, and the EAT1 protein forms a 
new complex with the TDR protein to regulate the PCD 
process of the tapetum [22, 23]. OsMYB103/OsMYB80/
OsMS188 functions downstream of TDR and upstream 
of EAT1 [12].

Pollen exine, as the outermost structure of pollen, are 
mainly composed of sporopollenin. As a protective struc-
ture of male gametophytes, pollen exine play an essential 
role in resisting adversity and facilitating information 
exchange between male and female gametophytes. Many 
genes are involved in the biosynthesis and transport 
of sporopollenin precursors in tapetal cells through-
out pollen wall development [23]. At present, the genes 

known to be involved in anther wall development include 
CYP703A3 and CYP704B2, which encode cytochrome 
P450 family proteins [24]. OsABCG3, OsABCG15 and 
OsABCG26 encode ABC transporters [25–27]. OsLTP47 
[28] and OsC6 [29] encode lipid transporters. And OsA-
COS12 [30], OsPKS1 [31], OsPKS2 [32] and OsTKPR1 
[33] encode phenylalanine metabolism-related pro-
teins, WDA1 [34], DPW [35], OsGPAT3 [36], OsNP1 
[37], DPW3 [38], OsEMF2b [39] and OsLecRK-S.7 [40], 
OsFLA1 [41], STS1 [42] encode related enzymes, also 
PWA1 encodes the coiled-coil domain-containing pro-
tein [43]. These genes mainly regulate the synthesis of 
sporopollenin precursors and intermediate substances 
(fatty acids, fatty alcohols, phenols, etc.) and the trans-
port of sporopollenin precursors from tapetal cells to 
pollen walls. The synthesis and assembly of pollen wall 
in related mutants will be abnormal to varying degrees, 
ultimately leading to pollen sterility. Although several 
important genes involved in rice anther development 
have been identified, it is a complex and precise process 
that is regulated by many genes, and the complex molec-
ular regulatory network involved needs further study.

PERSISTANT TAPETAL CELL1 (PTC1) (also named 
OsMS1) encodes a plant homeodomain (PHD)-finger 
transcription factor, which is the homologous gene of 
Arabidopsis MS1 [44]. PTC1 functions downstream of 
GAMYB and OsMYB103 [12, 45], in parallel with TDR 
[9] in regulating anther development. PTC1 also can 
interacted with known tapetum genes like Tip2 and 
MADS15, participating in tapetum PCD and pollen 
exine formation [46]. Recently, the research showed that 
OsMS1 natural allele OsMS1wenmin1 confers thermosen-
sitive genic male sterility in rice, and OsMS1 interacted 
with TDR in nuclei to activate its downstream gene 
expression in a temperature-dependent manner [47].

Here, we isolated a new allele ptc1-2 of the rice PTC1 
gene. During the ptc1-2 anther development, the tape-
tum cells remained in a delayed degradation state. The 
pollen wall could not form the typical three-layer struc-
ture (Nexine-Bacula-Sexine) due to the abnormal bacula, 
and the ubisch bodies morphology was abnormal. Tran-
scriptome analysis revealed that the expression of genes 
involved in anther wall synthesis, cell death and carbohy-
drate metabolism changed significantly in ptc1-2 mutant 
anthers. Further analysis revealed that PTC1 could inter-
act with the EDT1 and API5 proteins, which can regulate 
rice anther development. This discovery provides a new 
avenue for further understanding the molecular mecha-
nism of male sterility in rice.

Materials and methods
Materials and growth conditions
Through the use of 60Co-γ radiation, the rice variety 9522 
(Oryza sativa L. ssp. Japonica) was mutagenized, a stable 
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hereditary male-sterile mutant ptc1-2 was identified in its 
progeny. All rice plants were cultivated and grown in rice 
paddy of Jiangxi Agricultural University at Nanchang, 
Jiangxi, and Sanya, Hainan, China.

Characterization of the mutant phenotype
Rice samples were photographed using a smartphone and 
a stereomicroscope. Following the methods described by 
Li et al. (2006), mature florets and seeds of 9522 (Oryza 
sativa L. ssp. Japonica) and the ptc1-2 mutant were ran-
domly selected for semithin sectioning and transmis-
sion electron microscopy (TEM) observation of anther 
development. The floral organ structure and iodine stain-
ing effect were observed under a stereomicroscope and 
photographed.

Map-based cloning
The ptc1-2 mutant (Oryza sativa L. ssp. Japonica) was 
crossed with Nipponbare to obtain the F1 generation, 
and the F2 generation was obtained by self-pollination. In 
the F2 population, 121 male sterile plants were selected 
for genetic analysis. Subsequently, candidate genes were 
selected based on the resequencing results, and prim-
ers were designed to amplify the mutant templates. The 
amplified products were then sequenced and compared 
with the resequencing results to identify the mutated 
genes.

Phylogenetic tree analysis
Multi-species PHD domain protein sequences wereob-
tained from NCBl. ClustalW in MEGA7 (megasoftware.
net)) software was used to compare the PHD domain 
homologous protein sequences of rice, MEGA7 software 
was used to analyze the phylogenetic tree and derive 
the constructed evolutionary tree. The protein sequence 
homology was compared by MEGA7 biology software. 
The domain of ADTl was analyzed by SMART (embl-hei-
delberg.de) online software.

Transcriptomic analysis
The cDNA libraries of the ptc1-2 mutant and 9522 (Oryza 
sativa L. ssp. Japonica) anther were constructed and sub-
jected to high-throughput sequencing by BGI Genomics. 
DESeq2 software was used to analyse gene expression 
levels, and significantly differentially expressed genes 
with an FDR < 0.05 and a log2(|fc|) > 1 were identified. 
Differentially expressed genes were mapped to GO terms 
using the Gene Ontology database  (   h t t p : / / w w w . g e n e o n t o 
l o g y . o r g /     ) , and enrichment analysis was performed using 
the hypergeometric test to identify significantly enriched 
GO terms compared to the background.

Yeast two-hybrid assay for PTC1
The full-length cDNA sequence of PTC1, as well as the 
PHD and ΔC + PHD sequences, were cloned and inserted 
into the pGBKT7 vector. After self-activation verifica-
tion, PHD was confirmed as bait and cotransformed with 
an pGADT7 plasmid library into yeast cells. Growth was 
observed on dropout medium plates incubated at 30  °C 
for 4 days. The AD vectors containing the API5 and EDT1 
gene CDSs and the pGBKT7 vector containing the PTC1 
gene CDS were separately cotransformed into yeast cells. 
After incubation at 30 °C for 3 days, single colonies were 
picked and grown in dropout liquid media and then spot-
ted onto dropout plates for further growth at 30  °C for 
2–3 days. Then, 5  µl of bacterial solution was absorbed 
and tested on media with two or four deficiencies [48].

Bimolecular fluorescence complementation (BiFC) 
experiment
The full-length CDS of PTC1 was cloned and inserted 
into the pSPYCE vector, while API5 and EDT1 were 
cloned and inserted into the pSPYNE vector. Various 
constructs were transiently transformed into Nicotiana 
benthamiana using Agrobacterium tumefaciens strain 
EAH105-mediated infiltration [49]. Yellow fluorescence 
was observed using laser scanning confocal microscopy 
(ZEISS LSM700) after 72 h of Agrobacterium infection of 
N. benthamiana.

Results
Isolation and genetic analysis of the ptc1-2 mutant
To explore more genes related to the regulation of rice 
anther development, we generated a rice mutant library 
using the japonica subspecies 9522 background (Oryza 
sativa L. ssp. Japonica) by treatment with 60Co γ-ray, and 
found one mutant by its complete male sterility. The male 
sterility mutant exhibited normal vegetative development 
and inforescence morphology, except that the plants were 
slightly shorter (Fig. 1A, B), but the anthers were smaller 
and yellowish during reproductive growth (Fig.  1C, 
D). By 1% I2–KI staining, it was found that the pollen 
grains of the wild-type anthers were obviously stained 
dark black, while no pollen grains of the mutant anthers 
were detected (Fig. 1E, F), and the plants could not bear 
seeds normally at maturity, indicating complete male 
sterility (Fig.  1G). When the mutant was crossed with 
the wild-type, the F1 generation could produce normal 
seeds, while in the F2 generation population, the separa-
tion ratio of fertility traits between normal and mutant 
plants was approximately 3:1 (fertile 369: sterile 121, 
X2 = 1.1774), indicating that the mutant was controlled by 
a single recessive nuclear gene.

To map the target gene, the mutant was crossed with 
Nip to obtain the F1 population, and the F2 popula-
tion was obtained after the F1 population self-breeding. 

http://www.geneontology.org/
http://www.geneontology.org/
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First, the target gene was found to be closely linked to 
two markers, SYbrc9-15873925 and SYrbc9-16614839, 
on chromosome 9 by the BSA method. Subsequently, 
the population was expanded to 121, and 6 polymorphic 

markers were developed in the vicinity of the linked 
markers; the target gene was finally mapped to an interval 
of 117 kb. Changes in the sequence of LOC_Os09g21020 
and LOC_Os09g27620 were detected in the mutant via 

Fig. 1 Comparison of the phenotypes of the wild-type and ptc1-2 mutant and map-based cloning of PTC1 gene. (A-B) Wild-type and ptc1-2 mutant 
plants after bolting. (C-D) The spikelets of the wild-type and ptc1-2 mutant with the palea and lemma removed. (E-F) Pollen I2–KI staining of the wild-type 
and ptc1-2 mutant. (G) Spikelets of the wild-type (left) and ptc1-2 mutant (right) strains. Bars = 10 cm in (A-B), 10 μm in (C-D), 40 μm in (E-F), and 1 cm in 
(G). I: Mapping cloning of the PTC1 gene on chromosome 9; J: Gene structure and mutation mode of ptc1-2
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the resequencing of the wild-type and mutant (Fig.  1I). 
Given that only LOC_Os09g21020 (PTC1) changed in 
the coding region, more importantly, previous reports 
have shown that PTC1 can regulate the development of 
rice anther [46], which was selected as a candidate gene 
for further analysis. Expectedly, the following sequence 
analysis revealed in the mutant, PTC1 gene was deleted 
two GG bases in the third exon, resulting in an abnormal 
PTC1 protein with an additional 77 amino acids. Thus, 
we named this mutant ptc1-2. Bioinformatics analy-
sis revealed the PHD domain was missing due to the 
sequence changes in the ptc1-2 mutant (Fig. 1J).

Morphological analysis of ptc1-2 mutant anthers
To further understand the defects in anther develop-
ment caused by the ptc1-2 mutant, we observed semithin 
sections of the wild-type and ptc1-2 mutant at differ-
ent stages. At stage 8 of anther development, the pollen 
mother cells of the wild-type formed tetrads through 
meiosis, and the tapetal cytoplasm was condensed and 
stained deeply. At this time, the ptc1-2 mutant did not 
show significant phenotypic differences (Fig.  2A, E). At 
stage 9, the anther of the wild-type completed meiosis, 
the spherical microspores were released from the tetrad, 
and the tapetum was concentrated and stained deeply. At 
this time, although the microspores of the ptc1-2 mutant 
could also be separated from the tetrad, their shape was 
irregular with a loose structure, and the tapetum was 
still at a low concentration, showing severe vacuolation 
and light staining, which seemed to be maintained in the 

previous state (Fig. 2B, F). At stage 10, the tapetum of the 
wild-type became banded due to degradation, the vol-
ume of microspores increased, the microspores began to 
grow showing vacuolated shape, evenly arranged around 
the anther cavity, and the outline of the microspore 
exine was clear. At this time, the tapetum of the ptc1-2 
mutant was still vacuolated and lightly stained. Although 
the microspores could expand, their exine was not clear 
and seemed to be unable to form normally. Some cells 
were disrupted and attached to the tapetum in a disor-
dered fashion (Fig. 2C, G). At stage 11, the tapetum of the 
wild-type was completely degraded, and the microspores 
gradually became round pollen grains due to starch 
accumulation; however, an obvious tapetum structure 
could still be observed in the ptc1-2 mutant, and only 
the microspore degradation fragments remained in the 
anther cavity. (Fig. 2D, H).

The above results indicated that the main phenotypic 
defects of the ptc1-2 mutant were delayed tapetum deg-
radation and abnormal microspore development, which 
finally led to complete male sterility.

To further explore the defects in anther development 
in ptc1-2 mutants, which were analysed by transmission 
electron microscopy (TEM). At stage 9 of anther devel-
opment, the tapetum of the wild-type was deeply stained, 
the cytoplasm was highly condensed and squeezed at the 
edge with obvious gaps in the middle, and the nucleus 
was degraded, while the tapetum cytoplasm of the ptc1-
2 mutant was less condensed, with many small vacuoles 
clearly observed, and the nucleus was basically intact 

Fig. 2 Histological features of anther development in the wild-type (WT) and ptc1-2. Locules from the anther section of wild-type (A–D) and ptc1-2 (E–H) 
plants from stage 8 to stage 11 are shown. A, E: Stage 8 of anther development; B, F: Stage 9 of anther development; C, G: Stage 10; D, H: Stage 11. E: 
epidermis; En: endothelium; ML: middle layer; Tds: tetrads; T: tapetum; Msp: microspore; dMsp: degraded microspore; AT: abnormal tapetum; Mp: mature 
pollen; dMp: degraded mature pollen. Bars = 50 μm, S8-S11: anthers at stages 8 to 11
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(Fig.  3A, D). At stage 10 of anther development, the 
tapetal cells of the wild-type became loose and lightly 
stained due to further degradation, the nuclei were com-
pletely degraded and disappeared, and a large number of 
lightly stained spheroids were found in the cells. At this 
time, the overall morphology of the tapetum of the ptc1-2 
mutant was similar to that of the tapetum of the previous 
period and seemed to remain in the same state, with no 
significant degradation observed in the tapetum (Fig. 3B, 
E). At Stage 11, the tapetum of the wild-type was almost 
completely degraded, and the microspores were gradually 
filled with starch. At this time, the tapetum cells of the 
ptc1-2 mutant were still clearly visible, and in a degrad-
ing state, the microspores were atrophied and randomly 
distributed in the anther chamber (Fig. 3C, F).

Through the above analysis, we found that the tape-
tum of ptc1-2 mutant anthers showed delayed degra-
dation. To explore whether the PCD process in ptc1-2 
mutant tapetum was affected, the Terminal Transferase 
dUTP Nick End Labeling (TUNEL) assay was performed. 
In WT tapetum cells, yellow TUNEL signal was not 
detected at stage 7(Fig. 4A), and began to appear at stage 
8 (Fig.  4B), became stronger at stage 9(Fig.  4C), which 
gradually became weaker at stage 10 (Fig. 4D). However, 
in the ptc1-2 mutant, the significantly delayed-weak sig-
nals detected till stage 9, becoming stronger at stage 10 
(Fig. 4E, F, G, H). The TUNEL assay results confrmed the 
delay of tapetal PCD in ptc1-2 tapetum, similar to the 
previous study [46, 48].

Fig. 4 TUNEL assay of wild type and ptc1-2. A-D: The showed wild-type anthers at stage 7, 8 ,9 and 10, respectively. E-H: Showed ptc1-2 anthers at stage 
7, 8 ,9 and 10, respectively. Red signal indicates propidium iodide (PI) staining, while yellow and green fluorescence indicates TUNEL positive signal. 
Bars = 50 μm

 

Fig. 3 Transmission electron microscopy images of anthers of the wild-type and ptc1-2 mutant. A-C: Transmission electron micrograph of the wild-type; 
D-F: Transmission electron micrograph of the ptc1-2 mutant. A1 is the enlarged view of A, and D1 is the enlarged view of D. A, D: Stage 9; B, E: Stage 
10; C, F: Stage 11; Bars = 50 μm in (A, C, D, F), 20 μm in (Ai, B, Di, E). E: epidermis; ML: Middle layer layer; T: tapetum; Tds: tetrads; En: inner epidermis; Msp: 
microspore; dMsp: degraded microspore; AT, abnormal tapetum
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Since the tapetum can provide relevant nutrients for 
pollen wall synthesis, we also analysed the development 
of the pollen wall of the ptc1-2 mutant. At stage 10, the 
exine of the wild-type anther could form a typical three-
layer structure of Nexine-Bacula-Sexine (Fig.  5A, B). 
Compared with the wild-type, the ptc1-2 mutant also had 
a three-layer structure of Nexine-Bacula-Sexine, but the 
overall Sexine structure was discontinuous, and the Bac-
ula between Sexine and Nexine was disrupted (Fig. 5C). 
At stage 11, the three-layered structure of the pollen wall 
of the ptc1-2 mutant seemed to be abnormally degraded, 
and its degradation products were clustered together in 
a bead-like structure in comparison with the fully devel-
oped three-layered structure in the wild-type (Fig. 5D).

Ubisch bodies are sporopollenin-containing granular 
materials located at the edge of the tapetum, and their 
main function is to participate in the material transport 
from the tapetum to the microspore [29, 46, 48]. Because 
the microspore exine of the ptc1-2 mutant could not 
develop normally, we also analysed the development of 
the ubisch bodies in the ptc1-2 mutant anther. At stage 
10 of anther development, the wild-type ubisch bod-
ies was in a semicircular hollow state with high elec-
tron density at the edge (Fig. 5E), but the ptc1-2 mutant 
Ubisch body was smaller and in a closed circular state 
(Fig. 5G). At stage 11, the number of ubisch bodies in the 
wild-type was significantly reduced, the amount of high 
electron density material was reduced, and the Ubisch 
bodies were lightly stained (Fig. 5F), while a large number 
of round ubisch bodies were still observed at the edge of 
the tapetum in the ptc1-2 mutant (Fig. 5H).

Transcriptome analysis of ptc1-2 mutant anthers
To further analyse the molecular regulatory network of 
the PTC1 gene in rice anther development, transcriptome 
analysis was performed on wild-type and ptc1-2 mutant 
anthers at stage 8. A total of 3292 differentially expressed 
genes (DEGs) were identified based on the screening cri-
teria of FDR < 0.05 and log2(|fc|) > 1, among which 1308 
were upregulated and 1984 were downregulated.

GO analysis of the DEGs revealed that 1339 DEGs 
were functionally annotated and could be classified 
into three functional categories: molecular function, 
cellular component, and biological process. Through 
P value screening (q < 0.05), differentially expressed 
genes were primarily classified into the biological 
process category(Fig.  6A). Among the top 20 signifi-
cantly enriched terms, those related to pollen develop-
ment, including phenylpropanoid biosynthetic process 
(GO: 000009699), phenylpropanoid metabolic process 
(GO:0009698), pollen wall assembly (GO:0010208), 
and pollen development (GO:0009555), were promi-
nent. Additionally, terms associated with cell death, 

such as oxidoreductase activity (GO:0016075) and GO: 
00016491), were identified.

KEGG annotation analysis revealed that a total of 398 
DEGs participated in 124 metabolic pathways. Through 
P value screening (q < 0.05), it was found that the dif-
ferentially expressed genes were primarily enriched in 
metabolic pathways (Fig. 6B). The top three significantly 
enriched pathways were phenylpropanoid biosynthesis, 
diterpenoid biosynthesis, and biosynthesis of secondary 
metabolites. Among the top 20 significantly enriched 
pathways, six were related to cell wall metabolism (phen-
ylpropanoid biosynthesis, diterpenoid biosynthesis, bio-
synthesis of secondary metabolites, nicotinamide and 
nicotinamide metabolism, biosynthesis of various sec-
ondary metabolites, cutin, suberine, and wax biosynthe-
sis), four were associated with cell death (cysteine and 
methionine metabolism, DNA replication, mismatch 
repair, nucleotide excision repair), and three were linked 
to carbohydrate metabolism (glyoxylate and dicarboxyl-
ate metabolism, starch and sucrose metabolism, glyco-
sphingolipid biosynthesis-lacto and neolacto series).

Given the defective anther development in ptc1-2 
mutant, we also analysed the differential expressed genes 
related to rice anther development in ptc1-2 mutant. The 
analysis revealed that a total of 13 anther development 
genes (9 downregulated, 4 upregulated) exhibited signifi-
cant expression changes in expression (Fig. 6C). Among 
the 9 downregulated genes, the AP37 gene, encoding an 
aspartic protease, exhibited the most significant decrease 
(28924.41-fold, log2(|fc|) = 14.82). Additionally, eight 
other genes were downregulated, including the DPW 
and DPW2 genes encoding acyl carrier protein reduc-
tase and acyltransferase involved in pollen wall synthesis 
[35, 50], the OsNP1 gene catalysing the ω-position alco-
hol dehydrogenation of long-chain fatty acids to regulate 
tapetum degradation and pollen wall formation [37], the 
APX2 gene encoding ascorbate peroxidase involved in 
active oxygen scavenging processes [51], the OsABCG15 
gene participating in the transport of anther cuticle and 
sporopollenin precursors (downregulated 2.69-fold, 
log2(|fc|) = 1.43) [26, 27], the OsUgp2 gene involved in 
callose accumulation and seed carbohydrate metabolism 
[52], and the EDT1 subunit A gene of ATP-citrate lyase 
catalysing citrate in the cytoplasm to generate acetyl-
CoA and oxaloacetate (downregulated 2.13-14.72-fold, 
log2(|fc|) = 1.09–3.88) [20].

The four upregulated genes included MADS32, 
involved in the regulation of anther development [53, 
54]; CBSDUF1, encoding a mitochondrial protein, can 
regulate ROS homeostasis and anther development [55]; 
SUT1, involved in sucrose transport affecting pollen ger-
mination; and OsCUC1 can regulate the number of sta-
mens [56]. These genes were upregulated by 2.17–3.53 
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Fig. 5 Pollen exine and ubisch bodies analysis of wild-type and ptc1-2 mutant anthers. A-B, E-F: Transmission electron micrographs of wild-type anthers; 
C-D, G-H: Transmission electron micrographs of ptc1-2 mutant anthers. A1-H1 are magnified views of A-H, respectively. A, C, E, G: anther development 
S10; B, D, F, H: anther development S11. Bars = 50 μm (A-H), 20 μm (A1-H1); T: tapetum; AT: abnormal tapetum; Ub: Ubisch bodie; Se: Sexine; Ne: Nexine; 
Ba: Bacula; Msp: microspore; dMsp: degraded microspore
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fold (log2(|fc|) = 1.12–1.82) in the ptc1-2 mutant anther 
(Fig. 6C).

Taken together, these findings indicate that the PTC1 
gene plays an indispensable role in rice anther develop-
ment. It may regulate the male reproductive development 
process in rice by potentially influencing the expression 
of genes associated with pathways such as cell death, 
phenylpropanoid biosynthesis, cuticle, suberine, and wax 
biosynthesis pathways related to anther development.

PTC1 interacts with API5 and EDT1
To further investigate the potential mechanisms under-
lying the role of PTC1 in anther development, we con-
structed a rice anther yeast library to screen for proteins 
that interact with PTC1. Initially, we constructed the 
bait vector pGBKT7-PTC1 containing the full-length 
PTC1  gene for self-activation analysis. It was observed 
that upon cotransformation with pGADT7-T into Y2H 
yeast cells, the cells could grow on both two- and four-
day-old plates, indicating that pGADT7-T self-activated 
and could not be used in the next screening library. Sub-
sequently, the truncated bait vectors BD-PHD (Position 

Fig. 6 Transcriptome analysis of wild-type and ptc1-2 mutant anthers. A: Significant enriched GO terms of differentially expressed genes. B: Significant 
enriched pathways of differential KEGG enrichment. C: Differentially expressed genes associated with rice anther development in the ptc1-2 mutant. fc: 
fold change
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AA: 622–668) and BD-ΔC  (Position AA: 1–668) were 
constructed. Yeast transformation results demonstrated 
that the truncated BD-PHD lacked self-activation activ-
ity, which was suitable for further experimentation 
(Fig. 7A, B).

Using the truncated bait vector BD-PHD for yeast two-
hybrid library screening, it was initially used to screen 
the library on Leu/Trp-deficient medium, and a total of 
23 clones were selected. Sequencing analysis revealed 
there were four nonredundant genes (GSP1, ARG2, 
EDT1, and API5) among the 23 clones. Bioinformat-
ics analysis and relevant references indicated that only 
EDT1 and API5 are localized in the cell nucleus, similar 
to PTC1. Given that EDT1 and API5 are involved in reg-
ulating rice tapetum degradation and microspore devel-
opment, sharing functional similarity with PTC1, which 
were considered the candidate interacting proteins for 
further analysis. Upon cotransformation of the “prey” 
protein vectors pGADT7-EDT1 and pGADT7-API5 with 
the “bait” vector pGBKT7-PTC1 into yeast cells, both 
strains grew normally on control medium (SD/LT) and 

selective growth medium (SD/LTHA) (Fig. 7C), indicat-
ing the interactions between PTC1 with EDT1 and API5 
in yeast.

To further confirm the interaction between PTC1 and 
the EDT1/API5 proteins, a bimolecular fluorescence 
complementation (BiFC) assay was conducted in Nico-
tiana benthamiana. The full-length CDS of PTC1 was 
inserted into the pSPYCE vector to generate the PTC1-
YC construct, while the full-length CDSs of EDT1 and 
API5 were separately inserted into the pSPYNE vec-
tor to obtain the YN-EDT1 and YN-API5 constructs, 
respectively. Significant green fluorescence signals were 
observed in the experimental combinations coexpress-
ing PTC1-YC/YN-EDT1 and PTC1-YC/YN-API5, which 
merged completely with the DAPI fluorescence (specifi-
cally targeting the nucleus), indicating that these proteins 
interact within the nucleus. Under the same conditions, 
coexpressing PTC1-YC with YN (pSPYNE vector), YC 
with YN-EDT1 (pSPYCE), or YC with YN-API5 did not 
result in any green fluorescence (Fig.  7D). These results 
suggest that PTC1 may jointly regulate rice anther devel-
opment by interacting with EDT1 and API5.

Fig. 7 Interaction between PTC1 protein with EDT1 and API5 proteins. A: Schematic representation of the constructed pGBKT7-PTC1, pGBKT7-PHD, and 
pGBKT7-ΔC truncation vectors for PTC1. B: Self-activation validation of the pGBKT7-PTC1, pGBKT7-PHD, and pGBKT7-ΔC vectors. C: Screening of yeast on 
SD/-Leu/-Trp and SD/-Leu/-Trp-His-Ade media. D: BiFC analysis of PTC1 with EDT1 and API5 in Nicotiana benthamiana. Experimental combinations of PTC1 
and YN served as negative controls (first panel). Bars = 50 μm
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Discussion
As a male reproductive organ, the anther’s primary func-
tion is to produce and disseminate pollen, and abnormal 
anther development typically leads to male infertility. 
Given the wide application of male sterile lines in produc-
tion for hybrid breeding to enhance crop yield, research 
on anther development is receiving increasing amounts 
of attention. Moreover, anther development is a complex 
and intricate process in which disruption of any develop-
mental process-related gene may result in pollen abor-
tion. The development of the tapetum and pollen wall is 
a crucial physiological event during anther development 
and is especially pivotal for anther formation, making the 
study of related genes a focus of research on rice anther 
development [11, 57].

In this study, we obtained a stably inherited male ster-
ile mutant, ptc1-2, from the 60Co-γ radiation-induced 
mutant library of 9522 (Oryza sativa L. ssp. Japonica). 

The anthers of ptc1-2 plants were slender and pale yellow 
and lacked pollen grains [58]. Analysis of relevant cyto-
logical features indicated that the mutation in ptc1-2 led 
to delayed degradation of the tapetum, irregular shapes 
of microspores, failure to form the typical three-layered 
structure of the pollen wall, and aberrant hollow spheri-
cal structures of the ubisch bodies. These results indicate 
that PTC1 is a key gene regulating tapetum degradation, 
pollen wall formation, and ubisch bodies development in 
rice anthers [59].

The isolated PTC1 genes in this study, along with PTC1 
and OsMS1, were identified as allelic genes. In the ptc1 
mutant, a single-base substitution occurred in the sec-
ond exon of the target gene, leading to the absence of 
the PHD [46]. In the osms1 mutant, a four-base deletion 
occurred in the first exon of the target gene, resulting 
in a PHD domain deficiency [60]. In the ptc1-2 mutant 
identified in this study, a two-base insertion in the third 

Fig. 8 A model for PTC1 involvement in tapetum degradation and pollen formation. [9, 10, 12, 13, 22, 46, 47, 61]. (OsMS1 associates with the transcription 
factor TDR to regulate expression of downstream genes in a temperature dependent manner)
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exon of the target gene resulted in the absence of the 
PHD domain. Comparative analysis of the mutation sites 
revealed that osms1 is a strong mutant, ptc1 is a middle 
mutant, ptc1-2 is a weak mutant. A comparison of the 
phenotypic defects of the three allelic mutants ptc1-2, 
ptc1 and osms1 revealed certain similarities in tapetum 
degradation, microspore exine formation, and pollen wall 
development.

However, the ptc1 mutant exhibits uncontrolled pro-
liferation followed by subsequent death, while the osms1 
mutant experiences delayed programmed cell death 
(PCD); in this study, the tapetal cytoplasm of the ptc1-2 
mutant maintained low aggregation since stage 10, and 
there were many small vacuoles. Concerning pollen wall 
development control, the ptc1 mutant displays a thin-
ner pollen wall with fewer rods between the Sexine and 
Nexine layers, the osms1 mutant lacks substantial rod-
like material support, and the ptc1-2 mutant presents an 
overall discontinuous Sexine structure with fragmented 
rod-like support layers between the Sexine and Nexine 
layers. In terms of controlling ubisch bodie development, 
the ubisch bodies of the ptc1 mutant develop into smaller 
circular structures compared to those of the wild-type, 
wheres no obvious ubish bodies were observed on the 
osms1 mutant. Interestingly, in the ptc1-2 mutant, there 
is an increase in electron density around the ubisch bod-
ies [46, 48]. Certain subtle differences may be due to 
their difference between their PHD domain. The PHD 
domain contains a conserved Cys4-His-Cys3 motif, and 
is mainly involved in eukaryotic transcription regula-
tion, and also were known to recognize a subset of post-
translational histone modifiy cations. Thus, We speculate 
that differences in the PHD domain lead to the discrep-
ancy for their regulated genes, finally affect their phe-
notype. Recent study showed that OsMS1 natural allele 
OsMS1wenmin1 confers thermosensitive genic male ste-
rility in rice [47]. In our study, ptc-1-2 did not exhibited 
obvious temperature-sensitive phenomenon, which may 
be due to the different material background and muta-
tion mode, also no encountering the suitable temperature 
change.

By transcriptome analysis on wild-type and ptc1-2 
mutant anthers at stage 8, pathways related to anther 
development were identified, including phenylpropanoid 
biosynthetic process (GO: 000009699), phenylpropanoid 
metabolic process (GO:0009698), pollen wall assem-
bly (GO:0010208), pollen development (GO:0009555), 
oxidoreductase activity (GO:0016075, GO:00016491), 
phenylpropanoid biosynthesis (ko00940), diterpenoid 
biosynthesis (ko00904), biosynthesis of secondary metab-
olites (ko01110), nicotinate and nicotinamide metabolism 
(ko00760), biosynthesis of various secondary metabo-
lites-Part 2 (ko00195), cutin, suberine, and wax biosyn-
thesis (ko00073), cysteine and methionine metabolism 

(ko00270), DNA replication (ko03030), mismatch repair, 
nucleotide excision repair (ko03430), glyoxylate and 
dicarboxylate metabolism (ko03430), starch and sucrose 
metabolism (ko00500), and glycosphingolipid biosyn-
thesis—lacto and neolacto series (ko00601). Therefore, 
we hypothesize that it may regulate rice fertility by influ-
encing the expression of genes involved in pathways 
such as cell death, phenylpropanoid biosynthesis, and 
cuticle, suberine, and wax biosynthesis during anther 
development [28, 33]. In the ptc1-2 mutant, there were 
significant changes in the expression of 13 genes related 
to anther development. Notably, genes controlling tape-
tum degradation, such as AP37 [10] and OsMYB103 [12]. 
exhibited pronounced downregulation. AP37 encodes 
an aspartic-acid regulates plant programmed cell death 
(PCD) regulator [10]. In addition, OsMYB103, as a MYB 
transcription factor, regulates delayed tapetum degra-
dation and defective pollen. Interestingly, in this study, 
mutations in the PTC1 gene led to delayed degradation of 
tapetal cells. This phenotype is similar to that described 
above. This finding also suggested that the PTC1 gene 
may regulate anther development in rice by regulating 
other genes that control rice fertility. Additionally, genes 
involved in pollen wall synthesis, including OsABCG15 
[26], OsNP1 [37], DPW [35], and DPW2 [50], exhibited 
decreased expression levels. The abnormal pollen wall 
development observed in our ptc1-2 mutant may partly 
result from the downregulation of these genes. These 
findings further underscore the crucial role of the PTC1 
gene in regulating rice anther development.

Previous studies have shown that PTC1 protein inter-
acts with Tip2 and MADS15 to regulate the development 
of rice tapetum layer [48]. The classical cascade reac-
tion of Tip2-TDR-OsMYB103-EAT1 indicates that Tip2 
is located upstream of TDR and EAT1. TDR is located 
upstream of OsMYB103 and EAT1, and OsMYB103 is 
located upstream of EAT1. In addition, TDR can inter-
act with OsMYB103 [9, 12]. Here, we also found that 
the expression of OsMYB103 was down-regulated in the 
ptc1-2 mutant. These results suggest that OsMYB103 
may regulate PTC1. In another classical approach, TDR-
OsMs188/MYB80/MYB103-PTC1 [13], PTC1 functions 
downstream of GAMYB and in parallel with TDR in 
regulating programmed anther development and pol-
len formation. Also, TDR directly regulates OsCP1 and 
OsC6. Meanwhile, it was showed that OsMS188 and 
OsGAMYB were regulated by SLR protein, which could 
directly activate the expression of genes related to pollen 
wall synthesis, like CYP703A3, CYP704B2, ABCG15 and 
PKS1 [15, 61].

Here, we showed that PTC1 could interact with EDT1 
and API5 protein through yeast two-hybridization and 
BiFC experiment. EDT1 encodes an ATP-citrate lyase, 
which can participate in the regulation of PCD process 
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in tapetum layer and the formation of anther wall [20]. 
The knockout of OsAPI5, another interacting protein, 
leads to defects in male gametophyte formation, result-
ing in PCD delay in the tapetal layer, similar to ptc1-2 
[53].Meanwhile, EDT as the A subunit of ACL, can form 
heteropolymers with its B subunit to control the develop-
ment of tapetum layer [20]. OsAPI5 can interact with two 
DEAD-box ATP-dependent RNA helicases, AIP1 and 
AIP2. In addition, AIP1 and AIP2 can form dimers and 
interact directly with the CP1 promoter so API5-AIP1/2-
CP1 acts as a key pathway to regulate the occurrence of 
PCD in rice tapetum layer. Interestingly, CP1 in this path-
way is regulated by TDR [61]. A recent study also showed 
that OsMS1 can also regulate rice fertility as a tempera-
ture-regulated histone interacting with transcription fac-
tor TDR [47].

Based on the previous reports and known pathways 
about PTC1 (PTC1/OsMS1-TDR-Tip2-MADS15), we 
have integrated our new research findings (PTC1-API5-
EDT1). The summarized and updated the molecular reg-
ulatory network of PTC1 in Fig. 8, which showed PTC1 
was located in a very complex and important position to 
regulate rice anther development.
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