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Abstract
Pomegranate (Punica granatum) flowers are classified as bisexual flowers and functional male flowers. Functional male flowers 
have sterile pistils that show abnormal ovule development. In previous studies, we identified INNER NO OUTER (INO), CRABS 
CLAW (CRC), and BELL1 (BEL1), which were specifically expressed in bisexual and functional male flowers. However, the func-
tions of ovule identity genes and the mechanism underlying ovule sterility in pomegranate remain unknown. Here, we found 
that the integument primordia formed and then ceased developing in the ovules of functional male flowers with a vertical 
diameter of 8.1–13.0 mm. Megaspore mother cells were observed in bisexual flowers when the vertical diameters of flowers 
were 10.1–13.0 mm, but not in functional male flowers. We analyzed the expression patterns of ovule-related genes in pom-
egranate ovule sterility and found that PgCRC mRNA was highly expressed at a critical stage of ovule development in bisexual 
flowers. Ectopic expression of PgCRC and PgINO was sufficient to increase seed number in transgenic lines. PgCRC partially com-
plemented the Arabidopsis (Arabidopsis thaliana) crc mutant, and PgINO successfully rescued the seeds set in the Arabidopsis 
ino mutant. The results of yeast two-hybrid assays, bimolecular fluorescence complementation assays, and genetic data ana-
lyses showed that PgCRC and PgINO directly interact with PgBEL1. Our results also showed that PgCRC and PgINO could not 
interact directly with MADS-box proteins and that PgBEL1 interacted with SEPALLATA proteins. We report the function of 
PgCRC and PgINO in ovule and seed development and show that PgCRC and PgINO interact with PgBEL1. Thus, our results 
provide understanding of the genetic regulatory networks underlying ovule development in pomegranate.
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Introduction
Ovules are the female reproductive organs of angiosperms 
and the progenitors of seeds. Ovule initiation in plants deter-
mines the maximum ovule number and substantially affects 
the seed number of the fruit. In Arabidopsis (Arabidopsis 
thaliana), ovule primordia arise from the placenta within 
the gynoecium (Schneitz et al., 1995). Following the elong-
ation of the finger-like ovule primordia, the inner integument 

initiates as a ring around the upper half of the chalaza region. 
Below the inner integument primordia, the outer integu-
ment initiates on the side of the ovule oriented toward the 
base of the carpel (Gasser and Skinner, 2019). The outer in-
tegument grows asymmetrically by increasing cell divisions 
on the side facing the central septum, resulting in a curved 
ovule (Robinson-Beers et al., 1992; Schneitz et al., 1995). 
Genetic and molecular analyses have identified several genes 
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that are involved in ovule identity determination and devel-
opment. AINTEGUMENTA (ANT), NOOZLE (NZZ), and CRABS 
CLAW (CRC) have been reported to play vital roles in ovule 
primordia initiation (Battaglia et al., 2009), and integument 
initiation is controlled by ANT and WUSCHEL (WUS). 
Moreover, INNER NO OUTER (INO), PHABULOSA (PHB), 
and ABERRANT TESTA SHAPE (ATS) play important roles 
in determining inner and outer integument development 
(Battaglia et al., 2009).

CRC is a YABBY transcription factor that acts as a tran-
scriptional activator in nectary development and carpel fu-
sion, and is also involved in floral meristem termination via 
transcriptional repression (Gross et al., 2018; Castañeda 
et al., 2022). Previous studies have reported that the carpels 
of crc mutants are broader, shorter, and contain fewer ovules 
than those of the wild-type (WT), suggesting that CRC is in-
volved in ovule primordia initiation (Alvarez and Smyth, 
1999; Bowman and Smyth, 1999; Alvarez and Smyth, 2002). 
CRC and INO, in combination with KANADI (KAN) and 
ETTIN (ETT), regulate the adaxial–abaxial patterning of car-
pels (Lora et al., 2015; Sablowski, 2015). The transient overex-
pression of PeDL1, which is a gene homologous to DROOPING 
LEAF/CRABS CLAW (DL/CRC) in orchids (Phalaenopsis eques-
tris), causes abnormal development of ovules (Chen et al., 
2021). Recent studies have also shown that CRC is required 
for ovule differentiation and development (Chen et al., 
2021; Gong et al., 2021).

INO belongs to the YABBY family and is essential for ovule 
development in plants (Baker et al., 1997; Villanueva et al., 
1999), such that the ovules of ino mutants lack the outer in-
tegument (Balasubramanian and Schneitz, 2002). INO is spe-
cifically expressed on one side of the central region of each 
ovule primordium in the cells that give rise to the outer in-
tegument. During ovule development in Arabidopsis, the 
growth of the outer integument is restricted primarily to 
the side of the ovule facing the basal region of the gynoe-
cium. This asymmetry is mediated via SUPERMAN (SUP), 
which restricts INO expression to the basal side of the gynoe-
cium in developing ovules (Meister et al., 2002). CRC can sub-
stitute for INO in the promotion of integument growth, but 
does not respond to SUP regulation (Gallagher and Gasser, 
2008). VviINO, a gene homologous to INO in grapevine 
(Vitis vinifera), partially complements the asymmetric 
growth of the outer integument in Arabidopsis ino mutants 
(di Rienzo et al., 2021).

Pomegranate (Punica granatum L.) trees produce large 
numbers of bisexual flowers (that produce fruits) and func-
tional male flowers (that typically drop and fail to set fruit; 
Wetzstein et al., 2011). Bisexual flowers have numerous ana-
tropous ovules. In contrast, the ovules in functional male 
flowers are rudimentary, shriveled, and exhibit various stages 
of degeneration (Cai et al., 1993a, 1993b; Wetzstein et al., 
2011; Chen et al., 2017a). Pomegranate flowers can contain 
several ovules, and the number of ovules varies widely with 
flower size (Wetzstein et al., 2011, 2013). The number of 
ovules in flowers is crucial because it can influence the aril 

number and therefore fruit size in pomegranates. Excessive 
production of functional male flowers can also result in de-
creased yields due to their inability to set fruit (Wetzstein 
et al., 2013). Understanding the regulatory mechanisms 
underlying ovule number and development is essential, as 
these factors contribute to determine the number of seeds 
and final yield. Although the mechanism of ovule develop-
ment has been elucidated in the model plant Arabidopsis, 
the mechanism in pomegranates is still unclear. The func-
tions of ovule-related genes CRC and INO have not been re-
ported in pomegranates, which dramatically limits the 
research on the mechanism of ovule development in pome-
granates. Here, we cloned two YABBY genes (PgINO and 
PgCRC) in pomegranate, investigated their expression pat-
terns, and determined their subcellular localization. We 
also used yeast two-hybrid (Y2H) assays, bimolecular fluores-
cence complementation (BiFC) assays, and ectopic trans-
formation to predict the functions of genes in the 
formation of floral organs and the development of seeds.

Results
Ovule morphology in bisexual and functional male 
flowers of pomegranate
To determine the status of ovule sterility in pomegranate 
functional male flowers, we observed the dynamic develop-
ment of ovules in bisexual and functional male flowers at dif-
ferent developmental stages. Bisexual flowers were vase 
shaped, whereas functional male flowers were bell shaped 
(Figure 1). Ovule primordia were formed when the vertical 
diameter of the flowers was 3.0–5.0 mm (Figure 2, A and F). 
When the vertical diameter was 5.1–8.0 mm, the ovules of bi-
sexual flowers were larger than those of functional male flow-
ers (Figure 2, B and G). The outer and inner integument 
primordia formed in bisexual flowers with a vertical diameter 
of 8.1–10.0 mm, and the ovule grew parallel to the nucellus 
through anticlinal cell division and elongation (Figure 2C). 
However, the integument primordia were not observed in 
functional male flowers (Figure 2H). When the vertical diam-
eter was 10.1–13.0 mm, the outer integument grew rapidly 
and completely enclosed the inner integument in bisexual 
flowers (Figure 2D). Many of the ovules contained megaspore 
archesporial cells or megaspore mother cells (Figure 2K). In 
contrast, functional male flowers with a vertical diameter of 
10.1–13.0 mm did not exhibit inner integument extension 
or outer integument primordia, megaspore mother cells 
were not observed, and their ovules showed curved growth 
paralleled to the placenta (Figure 2I). Mature ovules were vis-
ible in bisexual flowers with a vertical diameter of 13.1– 
15.0 mm (Figure 2E). Integument primordia, megaspore ar-
chesporial cells and megaspore mother cells were not ob-
served in functional male flowers; however, the ovules were 
rudimentary, shriveled, and severely degenerated (Figure 2, J 
and L). The results obtained from the paraffin sections of 
the flowers were consistent with those of a previous study 
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(Cai et al., 1993a, 1993b; Wetzstein et al., 2011; Chen et al., 
2017a), which confirmed the accuracy and reliability of our re-
sults. These results indicated that ovule integuments were un-
formed in pomegranate functional male flowers with a 
vertical diameter of 8.1–13.0 mm, resulting in female sterility; 
this indicated that this was a critical stage for pomegranate 
ovule development.

Ovule-related gene expression pattern analysis by 
transcriptome data of pomegranate flowers
According to Chen’s study (2017) and the paraffin section re-
sults, we divided the pomegranate ovule development pro-
cess into three stages (the first stage: 5.0–10.0 mm; the 
second stage: 10.1–13.0 mm; the third stage: 13.1– 
18.0 mm). At the first stage, ovules were involved in the 

initiation of integument primordia. At the second stage, 
the ovule integuments developed normally, the ovules 
were anatropous, and however, ovules showed curved 
growth paralleled to the placenta in functional male flowers. 
At the third stage, the mature ovules developed into seeds, 
the ovules of functional male flowers were rudimentary 
and severely degenerated. To examine the expression pat-
terns of ovule-related genes during ovule sterility, we ana-
lyzed the transcriptome data of three stages of 
pomegranate flowers. RNA-Seq results showed that PgAG 
(the gene homologous to AG [AGAMOUS]) was highly ex-
pressed at the first stage and the third stage of bisexual flow-
ers, and the second stage of functional male flowers 
(Figure 3). However, PgAG was weakly expressed at the se-
cond stage of bisexual flowers. PgANT, PgCRC, and PgSEP3b 

Figure 1 Morphology of bisexual and functional male flowers of pomegranate. Functional male flower was substantially smaller than bisexual flower. 
Functional male flower exhibited shortened pistils and rudimentary ovules. Bisexual flower possessed a well-developed pistil with an elongated style, 
and ovules were numerous and tightly packed.

Figure 2 Morphology of ovules during ovule development in bisexual and functional male flowers of pomegranate. The ovule morphology of flowers 
when their bud vertical diameter was 3.0–5.0, 5.1–8.0, 8.1–10.0, 10.1–13.0, and 13.1–15.0 mm, were observed by paraffin section. A–E, The ovule 
morphology of bisexual flowers; A/C/D, bars = 50 μm; B, bar = 200 μm; and E, bar = 100 μm. F–J, The ovule morphology of functional male flowers; 
F–I, bars = 50 μm; J, bar = 100 μm. K, The ovule morphology of bisexual flowers (10.1–13.0 mm); MAC, megaspore archesporial cell; MMC, mega-
spore mother cell, bar = 50 μm. L, The ovule morphology of mature functional male flowers (15.1–18.0 mm), bar = 100 μm.
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(the gene homologous to SEPALLATA) were highly expressed 
at the first stage, but PgSTK (SEEDSTICK orthologous gene) 
was strongly expressed at the first and second stages of bisex-
ual flowers. In functional male flowers, PgSTK transcriptional 
level of the second stage was higher than that of the first and 
third stages. PgSEP1 was highly expressed at the first stage of 
functional male flowers and the second stage of bisexual 
flowers. PgWUS was highly expressed at the second and third 
stages of bisexual flowers and the second stage of functional 
male flowers. PgBEL1 (BELL1 orthologous gene) was strongly 
expressed at the second stage of bisexual flowers. 
Interestingly, PgCRC was only expressed at the stage of in-
tegument development (5.1–10.0 mm). Therefore, we fur-
ther explored the function of CRC in pomegranate pistils.

Phylogenetic relationships among the INO and CRC 
proteins in different species
To better understand the relationship between INO proteins 
in pomegranate and other plants, we conducted phylogenet-
ic analyses using the sequences of 19 proteins homologous to 
INO and the pomegranate INO (Supplemental Table 1). INO 
proteins from dicotyledons and monocotyledons clustered 
independently, in line with their highest phylogenetic dis-
tance (Figure 4). The pomegranate INO protein clustered clo-
ser to the eucalypt (Eucalyptus grandis) protein, whereas INO 
proteins from Rosidae including apple (Malus domestica) and 
almond (Prunus dulcis) grouped as a separate clade. The 
Rosidae plants were mostly mononuclear seed fruits located 
at the top of the evolutionary tree. Maize (Zea mays), tomato 
(Solanum lycopersicum), and Arabidopsis showed polyovule 
and polyseed traits, which were similar to the traits in 

pomegranate. Moreover, these taxa were located at the 
base of the evolutionary tree, indicating that the function 
of PgINO was relatively conserved.

The phylogeny of known CRC genes was reconstructed 
using the amino acid sequences of respective genes 
(Supplemental Table 2). Gymnosperms and Gramineae 
were successfully classified and clustered distantly to the 
pomegranate protein. The PgCRC clusters were more closely 
related to the E. grandis sequence located at the top of the 
evolutionary tree (Figure 5). Overall, the conserved protein 
sequence of our limited sample of CRC protein sequences 
was consistent with the recently reported phylogenies of di-
cot species (Orashakova et al., 2009).

Subcellular localization analysis
To analyze the subcellular localization of PgINO and PgCRC, 
the CDSs of PgINO and PgCRC were ligated upstream of a 
green fluorescent protein (GFP) tag under the control of 
the 35S promoter, and the genes were overexpressed in 
Nicotiana benthamiana leaves using Agrobacterium 
tumefaciens-mediated transformation (Figure 6). As a con-
trol, the GFP fluorescence signal was found to be present 
in both cytoplasm and nuclei. The fluorescence signals of 

Figure 3 The heatmap of ovule-related genes in pomegranate flowers. 
BF1, BF2, and BF3 represented pistil of bisexual flowers when their bud 
vertical diameter was 5.1–10.0, 10.1–13.0, and 13.1–18.0 mm, respect-
ively. MF1, MF2, and MF3 represented pistil of functional male flowers 
when their bud vertical diameter was 5.1–10.0, 10.1–13.0, and 13.1– 
18.0 mm, respectively.

Figure 4 Phylogenetic tree of different species based on the amino acid 
sequences of INO. Phylogenetic tree of INO putative orthologs in vari-
ous plant species. Monocotyledons: Os, Oryza sativa; Zm, Zea mays. 
Dicotyledons: At, Arabidopsis thaliana; Atri, Amborella trichopoda; 
Na, Nymphaea alba; Nc, Nymphaea colorata; Eg, Eucalyptus grandis; 
Pgr, Punica granatum (Dabenzi); Zj, Ziziphus jujuba; Pv, Pistacia vera; 
Cc, Citrus clementina; Cs, Citrus sinensis; Sly, Solanum lycopersicum; 
Vv, Vitis vinifera. Rosidae plants: Rc, Rosa chinensis; Pd, Prunus dulcis; 
Pa, Prunus avium; Md, Malus domestica; Par, Prunus armeniaca; Ppe, 
Prunus persica. The accession numbers of those genes are included in 
Supplemental Table 1. The bar indicates 0.05 aa substitutions per site.

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac554#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac554#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac554#supplementary-data
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PgINO::GFP and PgCRC::GFP fusion protein were located in 
the nuclei, indicating that PgINO and PgCRC functioned in 
the cell nucleus.

Functional analysis of the pomegranate INO
Tissue-specific expression analysis of PgINO in pomegranates 
showed that PgINO expression level of bisexual flowers was 
higher than that of functional male flowers during flower de-
velopment (Zhao et al., 2020a). When the bud vertical diam-
eter was 10.1–12.0 mm, the expression level of PgINO in 
bisexual flowers was 5.3 times higher than that in functional 
male flowers. PgINO transcriptional level in bisexual flowers 
was 2.0 times higher than that in functional male flowers 
at a bud vertical diameter of 5.1–8.0 mm, 3.9 times at 8.1– 
10.0 mm, and 1.1 times at 12.1–14.0 mm.

In ino mutant plants, ovule development is similar to WT 
development until Stage 2-III, at which time the outer integu-
ment fails to initiate. The inner integument is unaffected and 

envelops the nucellus by Stage 4-I, and there is an absence of 
outer integument growth on both sides of the ovule primor-
dium. ino mutations caused no visible alterations in other as-
pects of ovule, flower, or vegetative development (Villanueva 
et al., 1999). Recent experiments in solanaceous species de-
monstrated that SlINO was not able to complement the 
Arabidopsis ino mutant (Skinner et al., 2016). To determine 
whether ectopic PgINO expression was sufficient to induce 
ovule and seed development, Arabidopsis plants were trans-
formed with a chimeric gene construct in which the PgINO 
cDNA coding region was fused with the 35S enhancer pro-
moter (Figure 7, D–I). The inflorescence morphology and 
bud number of 35S::PgINO lines were consistent with those 
of the WT (Figure 7, A and D). In contrast, the number of 
buds in 35S::PgINO/ino lines (complemented ino mutant) 
was substantially lower than that in WT (Figure 7, A and G). 
The siliques morphology of the 35S::PgINO and 35S::PgINO/ 
ino lines was similar to that of WT (Figure 7, B, E, and H). 
Both the PgINO overexpression line and the ino complement 
line showed leaf tips and a marked reduction, but the leaf 
shape was not substantially different between the transgenic 
lines and WT (Figure 7, C, F, and I). The average seed number 
of the35S::PgINO silique was 34.8 (Figure 7P), which was sig-
nificantly higher than that of WT (average: 26 seeds). The 
seed number of per silique was higher in 35S::PgINO/ino 
than that in WT, but the difference was not significant 
(Figure 7P). PgINO successfully rescued the seeds set in the 
Arabidopsis ino mutant, which was consistent with the result 
of VviINO in V. vinifera ovule development and seed forma-
tion (di Rienzo et al., 2021). The ectopic expression results 
showed that PgINO promoted an increase in the number of 
seeds, indicating that PgINO is involved in ovule primordia 
formation.

Next, we evaluated the expression regions of PgINO and de-
termined the outer integument growth of ovules and seed 
set (di Rienzo et al., 2021). We found that β-glucuronidase 
(GUS) was expressed in the buds, petals, fruits, and seed 
coat of the 35S::PgINO transgenic line (Figure 8, A–D). GUS 
staining of the 35S::PgINO/ino lines showed that PgINO was 
expressed in the buds and young fruits and weakly expressed 
in mature fruits, but not in the leaves (Figure 8, E–G), indicat-
ing that PgINO may be involved in the development of flower 
organs and seeds.

Functional analysis of the pomegranate CRC
In a previous study, we reported that PgCRC expression level 
in bisexual flowers was higher than that in functional male 
flowers at the critical stage of ovule development (8.1– 
13.0 mm; Zhao et al., 2020a). When the bud vertical diameter 
was 8.1–10.0 mm, PgCRC transcriptional level in bisexual 
flowers was 1.5 times the level in functional male flowers. 
Moreover, PgCRC transcriptional levels in bisexual flowers 
were 2.1 and 2.4 times higher than that in functional male 
flowers buds with vertical diameters of 10.1–12.0 and 12.1– 
14.0 mm, respectively.

Figure 5 Phylogenetic tree of different species based on the amino acid 
sequences of CRC. Phylogenetic reconstruction of CRC putative ortho-
logs in various plant species. Gymnosperms: ZvaYAB-B, Zamia vazque-
zii; CruYAB-B, Cycas rumphii; GbCRC, Ginkgo biloba. Gramineae: OsaDL, 
Oryza sativa; ZmDL1 and ZmDL2, Zea mays. Dicotyledons: At, 
Arabidopsis thaliana; Sly, Solanum lycopersicum; Ph, Petunia × hybrida; 
Ama, Antirrhinum majus; Nt, Nicotiana tabacum; Vvi, Vitis vinifera; Cm, 
Cucurbita moschata; Mr, Morella rubra; Eg, Eucalyptus grandis; Cma, 
Cucurbita maxima; Mc, Momordica charantia; Ci, Carya illinoinensis; 
Jr, Juglans regia; Pgr, Punica granatum (Dabenzi); Cs, Citrus sinensis; 
Cp, Carica papaya. The accession numbers of those genes are included 
in Supplementary Table 2. The bar indicates 0.05 aa substitutions per 
site.

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac554#supplementary-data
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Tomato CRC paralogues SlCRCa and SlCRCb operate as 
positive regulators of floral meristem determinacy by acting 
in a compensatory and partially redundant manner to safe-
guard the proper formation of flowers and fruits 
(Castañeda et al., 2022). To explore the putative function 
of PgCRC in floral organ development, the 35S::PgCRC con-
struct was introduced into Arabidopsis through Ag. 
tumefaciens-mediated transformation. The crc mutant flower 

was similar to that of WT plants, except the carpels were not 
fused at the apical region (Bowman and Smyth, 1999). In crc 
mutant plants, the gynoecium is wider and shorter through-
out development, contains fewer ovules, and has a reduced 
amount of style tissue (Alvarez and Smyth, 1999). The num-
ber of flower buds of the 35S::PgCRC and 35S::PgCRC/crc 
(complemented crc mutant) lines were substantially lower 
than that of WT (Figure 7, A, J, and M). The leaves of WT 

Figure 6 Subcellular localization of PgINO::GFP and PgCRC::GFP fusion proteins in Nicotiana tabacum cells. The empty 35S::GFP was a control in this 
assay, and expression signals mainly gathered in the cytoplasm and nuclei. Bars = 20 μm.

Figure 7 Phenotypic analysis of 35S::PgINO and 35S::PgCRC Ar. thaliana T3 plants. A–C, The inflorescence, silique, and leaf of WT. D–F, The inflor-
escence, siliques, and leaf of 35S::PgINO transgenic plants. G–I, The inflorescence, silique, and leaf of the transgenic ino mutant plant ectopically 
expressing PgINO. J–L, The inflorescence, siliques, and leaf of 35S::PgCRC transgenic plants. M–O, The inflorescence, siliques, and leaf of the trans-
genic crc mutant plant ectopically expressing PgCRC. Bars = 1 mm. P, The number of seeds in transgenic Ar. thaliana T3 plants. The fully developed 
siliques were randomly picked. Data were expressed as the mean ± SD, different letters indicated significant differences at P < 0.05 (Duncan’s test, 
error bars represented the SD of five biological repeats.
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plants are long and elliptical with notches (Figure 7C). The 
PgCRC overexpression lines had elliptical leaves with obvious 
leaf tips and substantially reduced notches (Figure 7L). 35S:: 
PgCRC/crc complemented plants had a blunt, round leaf 
tip, and elliptical leaf shape (Figure 7O). The siliques of 
PgCRC overexpression lines developed normally (Figure 7K), 
and the average seed number of siliques was 33.6 
(Figure 7P), which was significantly higher than that of WT 
(average: 26 seeds). Some siliques of 35S::PgCRC/crc lines 
had developmental defects (Figure 7N), the seed number of 
per siliques was significantly lower than that in WT 
(Figure 7P). These results showed that PgCRC could partially 
complement the Arabidopsis crc mutant, which were similar 
to the results of PeDL1 and PeDL2 in orchid (Chen et al., 
2021). Our results illustrated that PgCRC affected the number 
of seeds and contributed to ovule primordia formation.

To determine the expression pattern of PgCRC, we soaked 
the inflorescences, young fruits, mature fruits, and leaves of 
35S::PgCRC transgenic lines in GUS staining solution. The tis-
sues were then decolorized and photographed 24 h after 
staining. The results showed that the buds, young fruits, 
seeds, and seed coat of 35S::PgCRC transgenic lines had 
blue precipitates (Figure 8, H–K). GUS staining of PgCRC 
complemented transgenic lines showed that PgCRC was ex-
pressed in the petals and seed coat, but not in the leaves 
(Figure 8, L–N). Our results indicated that PgCRC expression 
promotes the development of the seed and seed coat.

Expression pattern of ovule identify genes in 
transgenic Arabidopsis
To explore the potential relationships between ovule identity 
genes in pomegranate, we investigated the expression patterns 
of INO, CRC, BEL1, and SEEDSTICK (STK) in stem, leaf, flowers, 
siliques of WT, and transgenic Arabidopsis lines (Figure 9). The 

results showed that both PgINO and AtINO were predomin-
antly expressed in siliques (Figure 9A). In addition, transcripts 
of AtINO could be specifically detected in flowers and young 
leaf. PgINO was hardly expressed in vegetative tissues, such 
as stem and leaves. In young siliques, the expression levels of 
PgINO in transgenic lines were significantly higher than 
AtINO in WT. During siliques development in the 35S::PgINO 
transgenic lines, PgINO transcriptional level of young and ma-
ture siliques were 1.6 and 0.97 times that AtINO levels of sili-
ques, respectively. In PgINO complemented ino transgenic 
lines, PgINO transcription level of young siliques was 2.03 times 
higher than that of mature siliques. These results suggested 
that PgINO was involved in siliques development, indicating 
that PgINO may regulate seed number.

We determined the mRNA expression patterns of PgCRC in 
WT, 35S::PgCRC transgenic lines, and 35S::PgCRC complemen-
ted crc mutant lines (Figure 9B). PgCRC was hardly expressed 
in stem and leaves of transgenic lines. In flowers, transcripts 
of AtCRC were higher than PgCRC in transgenic lines. 
Transcript of PgCRC was strongly detected in the siliques of 
PgCRC complemented crc mutant lines, which were signifi-
cantly higher than AtCRC in WT. During siliques develop-
ment of the 35S::PgCRC transgenic lines, the mRNA levels 
of PgCRC in young and mature siliques were 12.2 and 0.71 
times of AtCRC level in WT siliques, respectively. In 35S:: 
PgCRC/crc transgenic lines, the expression of PgCRC in sili-
ques was higher than that in flowers and stems, young sili-
ques was 1.19 times higher than that in mature siliques. 
These results suggested that PgCRC was involved in siliques 
development.

To clarify the expression patterns of AtBEL1 in the trans-
genic lines and WT, we performed reverse transcription- 
quantitative polymerase chain reaction (RT-qPCR) analyses 
(Figure 9C). The expression of AtBEL1 was strongly detected 
in mature siliques of WT and mature leaf of 35S::PgINO 

Figure 8 GUS staining analysis of different tissues in Ar. thaliana T3 of PgINO and PgCRC. A–D, The inflorescence, young silique, mature silique, and 
leaf of 35S::PgINO transgenic plants. E–G, The inflorescence, silique, and leaf of the transgenic ino mutant plant ectopically expressing PgINO. H–K, 
The inflorescence, young silique, mature silique, and leaf of 35S::PgCRC transgenic plants. L–N, The inflorescence, silique, and leaf of the transgenic 
crc mutant plant ectopically expressing PgCRC. Bars = 1 mm.
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transgenic lines. In contrast, AtBEL1 was not expressed in 
flowers of the transgenic lines. In flowers and mature siliques, 
AtBEL1 transcriptional level of WT was significantly higher 
than that of transgenic lines. In young siliques, the expression 
levels of AtBEL1 in 35S::PgINO transgenic lines were higher 
than that in WT, this result suggested that PgINO promoted 
AtBEL1 expression at the transcript level in young siliques 
development.

The expression patterns of AtSTK in the transgenic lines 
and WT were analyzed by RT-qPCR (Figure 9D). The 

expression of AtSTK was strongly detected in siliques and 
flowers. In contrast, AtSTK was hardly expressed in leaf and 
stem. The transcription levels of AtSTK in young and mature 
siliques of the 35S::PgINO transgenic lines were 4.7 and 1.1 
times the levels of WT, respectively. These results suggested 
that PgINO promoted AtSTK expression at the transcription-
al level during siliques development.

In 35S::PgCRC transgenic lines, AtSEP3 was hardly expressed 
in stem, flowers, and leaves (Figure 9E). In 35S::PgCRC trans-
genic lines, AtSEP3 transcription levels of young and mature 

Figure 9 Expression patterns of ovule identify genes in WT, 35S::PgINO and 35S::PgCRC Arabidopsis transgenic plants. A, INO expression in WT, 35S:: 
PgINO and 35S::PgINO/ino plants. B, CRC expression in WT, 35S::PgCRC and 35S::PgCRC/crc plants. C, BEL1 expression in WT, 35S::PgINO and 35S:: 
PgCRC plants. D, STK expression in WT, 35S::PgINO and 35S::PgCRC plants. E, SEP3 expression in WT and 35S::PgCRC plants. Several pre-bloom flowers 
were collected for each transgenic line. Stem, leaf, and young siliques were collected at the same time. Mature siliques were collected when seed coat 
turned yellow. Data were means ± SD of three technical replicates. ∗ represented the level of significance difference P < 0.05, ∗∗ represented the 
level of significance difference P < 0.01 in independent-samples t-test (Refer to Chen et al., 2017a).
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siliques were 2.1 and 0.07 times of the levels in WT, respect-
ively. Our comparative analyses showed that PgCRC activity 
was required for the activation of AtSEP3 expression at the 
transcript level in young siliques.

PgINO and PgCRC interacted with the ovule identity 
protein, PgBEL1
To examine the genetic interactions between PgINO, PgCRC, 
and ovule identity protein BEL1, we performed Y2H assay 
with a gene CDS to elucidate the formation of homodimers 
for this protein–protein interaction. The results showed that 
PgCRC could directly interact with PgBEL1, and PgINO was 
also able to interact with PgBEL1 (Figure 10). To confirm 
the interactions between the PgINO, PgCRC, and PgBEL1 
proteins in vivo, we performed BiFC assays (Figure 11). YFP 
fluorescence was restored in the nuclei of N. benthamiana 
leaf cells when the pSPYNE-YFP tag of PgBEL1 was fused to 
pSPYCE-YFP-PgCRC/PgINO in the same orientation. The 
emitted YFP signals revealed that PgCRC and PgBEL1 could 
form heterodimers, and that the PgINO-PgBEL1 dimer could 
form in the nucleus. No YFP signal was observed in the con-
trols in Supplemental Figure 1. These results indicated that 
PgBEL1 was able to interact with PgINO and PgCRC in 
pomegranate.

MADS-box transcription factors such as AGAMOUS (AG), 
STK, SHATTERPROOF (SHP1, SHP2), and SEP are known to 
regulate ovule identity and influence ovule initiation and de-
velopment (Favaro et al., 2003; Pinyopich et al., 2003; Zhang 
et al., 2020). We determined that PgAG, PgSTK, and PgBEL1 
interacted with SEPALLATA (PgSEP) proteins were located in 
the nuclei of N. benthamiana cells (Supplemental Figure 2). 
To identify the MADS-box members that could interact 
with PgCRC proteins, we performed Y2H assays with 

PgCRC proteins as prey. Our results showed that PgCRC 
did not interact with the PgSTK, PgAG, and PgSEP proteins 
(Figure 10). Furthermore, the PgINO-PgAG, PgINO-PgSEP, 
and PgINO-PgSTK heterodimers did not occur in the Y2H as-
say on histidine drop-out medium (SD-His/Leu/Met/Trp; 
Figure 10), indicating that they could not directly interact 
with each other.

PgBEL1 interacted with the ovule identity proteins in 
the MADS-box family
The genetic relationships between the ovule identity genes 
BEL1, AG, and STK have been elucidated very recently 
with the characterization of the bel1 stk shp1 shp2 quadru-
ple mutant (Brambilla et al., 2007). Genetic and protein 
interaction studies have shown that AG, STK, SHP, and 
BEL1 interact with SEP to participate in ovule development 
(Favaro et al., 2003; Pinyopich et al., 2003). We performed 
interaction assays to explore whether PgBEL1 regulates 
MADS-box protein activity at the protein level. The results 
indicated that PgBEL1 was unable to interact with PgAG 
and PgSTK on histidine drop-out medium (SD-His/Leu/ 
Met/Trp; Figure 10).

SEP is essential for normal ovule development, and SEP pro-
teins participate in the formation of higher order transcrip-
tion factor complexes consisting of various combinations of 
MADS-box proteins (Vandenbussche et al., 2003). Without 
SEP-like proteins, the ovule identity complex cannot be 
formed, and the ovule identity pathway cannot be initiated 
(Immink et al., 2009). Our results revealed that PgSEP1 inter-
acted with PgAG, PgSTK, and PgBEL1 (Figure 12). Likewise, 
PgSEP4 proteins could directly interact with PgAG, PgSTK, 
and PgBEL1. To confirm the observed interactions in yeast, 
we performed BiFC assays to demonstrate that PgSEP1/4 

Figure 10 Interaction assays to test for interactions between PgINO, PgCRC, PgBEL1, and MADS-box proteins. Yeast cell suspensions of the respect-
ive test strains plated on SD-Leu-Trp medium and stained with X-α-Gluc after 5 days of incubation and on SD-His-Leu-Met-Trp + 3 mM 3-AT with 
X-α-Gluc. There were four repeats for each sample. As positive control, the combination of PgINO-AD-BD/PgCRC-AD-BD/PgBEL1-AD-BD were used 
and a combination of the empty vectors pGADT7/pGBKT7 as negative control.

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac554#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac554#supplementary-data
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proteins formed heterodimers with PgAG, PgSTK, and PgBEL1 
(Figure 11). Our results indicated that although PgBEL1 did 
not directly interact with PgSTK and PgAG, PgSEP acts as a 
molecular bridge linking PgBEL1 and MADS-box transcription 
factors to regulate pomegranate ovule development.

Discussion
Morphology of ovule development in pomegranates
Pomegranate pistils contain the ovaries, styles, and stigma, and 
the ovules in pomegranate flowers have two-layered integu-
ments. The inner integument comprises 2–3 cell layers, but 
the outer integument is even thicker (Wetzstein et al., 2011). 
Ovules are essential organs for sexual reproduction in plants, 
and the integuments develop into the seed coat during seed 
development (Lora et al., 2015). Our microscopic analyses 
showed that buds with a vertical diameter of 8.1–13.0 mm 
were the key stage for ovule sterility in functional male flowers. 
At this stage, the ovule integuments developed normally, and 
megaspore archesporial cells and megaspore mother cells were 
observed in bisexual flowers. However, the ovules of functional 
male flowers ceased development following the formation of 
the integument primordia. The megaspore mother cell is 
formed and goes into meiosis in bisexual flowers of “Pink” 
and “Green” pomegranate cultivars (Cai et al., 1993b). Our re-
sults were in agreement with those of a previous study report-
ing that in “Tunisiruanzi” plants, ovule development ceased in 

functional male flowers with a vertical diameter of 5.0– 
13.0 mm (Chen et al., 2017a).

Molecular studies of ovule and integument development 
can help elucidate the pathways of ovule and seed develop-
ment in pomegranates. The genetic pathways and regulatory 
mechanisms involved in ovule development have primarily 
been studied in Ar. thaliana, leading to the identification of 
several ovule identity genes (McAbee et al., 2006; Brambilla 
et al., 2007; Kelley et al., 2012; Skinner et al., 2016). One of 
the genes involved in ovule development is INO, which is ex-
pressed exclusively in the outer integument and is essential 
for the curvature of the ovule in Ar. thaliana (Siegfried 
et al., 1999; Villanueva et al., 1999). CRC is involved in the de-
velopment of the placenta, nectary and carpel, and in ovule 
primordia initiation (Battaglia et al., 2009; Gross et al., 2018). 
Another crucial factor determining the identity and develop-
ment of integuments is BEL1 (Reiser et al., 1995), which is re-
quired for proper morphogenesis of the ovule integuments. 
BEL1 is expressed throughout the young ovule primordia, 
and is limited to the central region prior to the initiation 
of the integuments (Western and Haughn, 1999). We per-
formed a comparative transcriptomic analysis between bi-
sexual and functional male flowers to identify candidate 
genes involved in ovule development in pomegranates. We 
found that the ovule-related genes INO, BEL1, and CRC and 
MADS-box transcription factors were differentially expressed 
at the critical stage of pistil abortion (bud vertical diameter: 
5.0–10.0 mm). PgANT and PgSEP3b were gradually downre-
gulated in bisexual flowers, whereas PgINO and PgWUS 

Figure 11 BiFC assays to verify protein interactions. BiFC images showed in vivo interactions in Nicotiana tabacum leaves between the yellow fluor-
escent protein (YFP) C-terminal region fused to PgBEL1 (pSPYCE-PgBEL1), PgAG (pSPYCE-PgAG), and PgSTK (pSPYCE-PgSTK), and fusions of the 
YFP N-terminal region fused to PgINO (pSPYNE-PgINO), PgCRC (pSPYNE-PgCRC), PgSEP1 (pSPYNE-PgSEP1), PgSEP4 (pSPYNE-PgSEP4), PgWUS 
(pSPYNE-PgWUS). As negative control, each protein under study was fused to pSPYCE or pSPYNE. Scale bars = 50 μm, Scale bars = 20 μm 
(PgBEL1-PgCRC).
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were upregulated, indicating that these genes were involved 
in the regulation of ovule development in pomegranates. 
Moreover, the genes homologous to INO and ANT were 
downregulated in functional male flowers at the key stage 
when ovule development ceased in “Tunisiruanzi” plants 
(Chen et al., 2017a). At the critical stages of pomegranate 
ovule sterility (5.1–12.0 mm), PgBEL1 transcription level in bi-
sexual flowers were higher than that in functional male flow-
ers (Zhao et al., 2021), and this result was consistent with our 
study. Previous studies have confirmed the essential role of 
PgAGL11 (AGAMOUS-LIKE 11 orthologous gene) in female 
sterility in pomegranates (Chen et al., 2017b). At the key 
stage of pistil abortion, PgCRC and PgSTK were highly ex-
pressed in bisexual flowers and not in functional male flow-
ers, indicating that these genes play essential roles in ovule 
development in pomegranates.

The pomegranate CRCs were needed for flower and 
seed development
CRC exists as a single copy in most angiosperms apart from 
Solanaceae, where CRC occurs as paralogous pairs due to a 
Solanaceae-α hexaploidy event (Phukela et al., 2020). In 
Petunia hybrida, the mRNAs of both CRC1 and CRC2 occur 
at the base of the ovary and nectary (Morel et al., 2018). 
Two DL/CRC-like genes have been shown to exhibit function-
al differences in ovule initiation in orchids (Chen et al; 2021). 
In Eschscholzia californica, EcCRC has been shown to control 
meristem determinacy, carpel polarity, and ovule initiation 
(Orashakova et al., 2009). Thus, CRC appears to have a con-
served function, and is involved in the development of the 
carpel and nectary as well as ovule initiation (Lee et al., 
2005; Orashakova et al. 2009; Chen et al., 2021). In a previous 
study, we identified PgCRC as the gene orthologous to CRC in 
pomegranates (Zhao et al., 2020a). Multiple sequence align-
ment and phylogenetic analysis showed that the pomegran-
ate CRC protein and the E. grandis homolog clustered in one 
branch, distant from the protein in grapes (V. vinifera) and 

walnuts (Juglans regia). Our results are consistent with those 
of Phukela et al. (2020). The subcellular localization patterns 
indicated that the PgCRC protein was located in the nucleus 
and had typical subcellular localization characteristics of the 
transcription factor, which was consistent with the results of 
a previous study reporting SlCRCa, SlCRCb, and PFCRC 
(Physalis floridana CRABS CLAW) localization in the nucleus 
(Gong et al., 2021; Castañeda et al., 2022).

In our previous study, we had demonstrated that PgCRC 
expression levels decreased with flower maturation in pome-
granates. The transcription level of PgCRC was higher in bi-
sexual flowers than in functional male flowers (bud vertical 
diameter: 8.1–14.0 mm; Zhao et al., 2020a). The style was 
shorter in functional male flowers with rudimentary ovules, 
and PgCRC was downregulated in functional male flowers 
at the critical stage for ovule sterility. The phenotype and 
PgCRC expression pattern of functional male flowers in pom-
egranate were consistent with the result of a previous study 
showing that PsCRC downregulation caused defects in carpel 
fusion and style/stigma development in pea (Pisum sativum; 
Fourquin et al., 2014). These results suggested that PgCRC 
plays an important role in pistil development, which is con-
sistent with a previous report showing that EcCRC is involved 
in pistil and ovule differentiation (Orashakova et al., 2009).

To obtain further functional clues, we generated 35S:: 
PgCRC transgenic lines. The 35S::PgCRC transgenic lines had 
33.6 seeds per capsule, which was higher than that of WT. 
PgCRC was expressed in the inflorescences, seeds, and seed 
coats, indicating that PgCRC is involved in seed development. 
The ectopic expression of PgCRC did not cause the develop-
ment of ectopic nectaries, which is consistent with the results 
of previous studies (Baum et al., 2001). Compared with WT, 
crc mutants produce carpels that are only partially fused to-
gether to form gynoecia. These eventually form siliques, 
which are considerably shorter and wider in crc mutants 
than in WT (Fourquin et al., 2007). The seed number of 
35S::PgCRC complemented crc mutant lines per capsule 
was lower than that of WT, and the seeds at the top of the 

Figure 12 Interaction assays to test for interactions between PgBEL1 and MADS-box proteins. Yeast cell suspensions of the respective test strains 
plated on SD-Leu-Trp medium and stained with X-α-Gluc after 5 days of incubation and on SD-His-Leu-Met-Trp + 3 mM 3-AT with X-α-Gluc. There 
were four repeats for each sample. PgSTK-BD-AD/PgAG-BD-AD/PgSEP1-AD-BD/PgSEP4-AD-BD were used as the positive control, and a combin-
ation of the empty vectors pGADT7/pGBKT7 as negative control. The negative control images are the same within this figure and in Figure 10.
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siliques were degraded. Furthermore, the leaves of PgCRC 
complemented crc mutant lines were noticeably different 
from those of WT, and PgCRC could not completely restore 
the leaf shape of the crc mutant. These suggested that 
PgCRC might function similarly to homologous genes in 
the YABBY family, which are involved in leaf shape develop-
ment (Siegfried et al., 1999), and PgCRC could not comple-
ment the phenotypic of Arabidopsis crc mutant. In orchids, 
PeDL genes are specifically expressed during the early stages 
of ovule development, and PeDLs affect the number of ovules 
differentiated from the placenta (Chen et al., 2021). RT-qPCR 
analysis showed that PgCRC was specifically expressed in sili-
ques, and that its expression levels of 35S::PgCRC transgenic 
lines increased with siliques development. PgCRC overexpres-
sion was known to affect the number of ovules that develop 
into seeds. Our results were consistent with reports that 
PFCRC and PeDL alter the ovule number (Chen et al., 2021; 
Gong et al., 2021), suggesting that PgCRC is involved in the 
regulation of ovule and seed development.

Previous genetic analyses have shown that CRC is a direct 
target of AG (Lee et al., 2005; Ó’Maoiléidigh et al., 2013). In 
the floral meristem, AG can activate the expression of CRC 
(Bowman and Smyth, 1999; Ming and Ma, 2009). The 
MADS-box transcription factors AG, PI (PISTILATA), AP1 
(APETALA1), and AP3 (APETALA3) directly bind to the 
CRC promoter. AG activates CRC expression in the develop-
ing flower, and PI, AP1, and AP3 restrict CRC to the nectary 
and carpel (Gómez-Mena et al., 2005; Lee et al., 2005; 
Ó’Maoiléidigh et al., 2013). To test whether there was a regu-
latory relationship between CRC and MADS-box ovule iden-
tity genes, we screened the target protein of PgCRC in 
pomegranate proteins. We found that PgAG, PgSEP and 
PgSTK were unable to interact with PgCRC, suggesting that 
PgCRC could not interact with MADS-box transcription fac-
tors to regulate ovule and floral organ development in pome-
granates. Interestingly, our protein interaction analysis 
showed that PgCRC formed homodimers and interacted 
with PgBEL1. A study by Gong et al. (2021) had revealed 
that CRC mediates the neofunctionalization of GLOBOSA 
(GLO) and floral B-function MADS-box genes in carpel and 
ovule development. Moreover, Xu et al. (2019) analyzed 
the transcriptome of physic nut (Jatropha curcas) flower 
buds and found that CRC is involved in ovule development. 
Taken together, the results of protein interaction and genetic 
analyses indicated that PgCRC was involved in ovule forma-
tion and seed development in pomegranates by forming 
the PgCRC-PgBEL1 dimer.

Function of the pomegranate INO in flower and seed 
development
INO is essential for the formation and asymmetric growth of 
the outer integument of ovules (Villanueva et al., 1999). It 
also plays a crucial role in safeguarding reproduction by repres-
sing NATURAL RESISTANCE-ASSOCIATED MACROPHAGE 
PROTEIN 1 (NRAMP1) expression to reduce Fe loading into 

developing seeds (Sun et al., 2021). In a previous study, we ana-
lyzed the expression patterns of PgINO to explore the expres-
sion differences of PgINO in bisexual and functional male 
flowers. PgINO expression level in bisexual flowers was higher 
than that in functional male flowers, and PgINO expression 
showed an upward trend in bisexual flowers (bud vertical 
diameter: 3.0–14.0 mm; Zhao et al., 2020a). The transcription 
level of INO in Ar. thaliana is higher at the early stages of seed 
development (Sun et al., 2021), and the expression level of 
PgINO was higher during the development of bisexual flowers 
in pomegranate. Therefore, PgINO was mainly involved in flow-
er and seed development.

The ectopic expression analysis of PgINO revealed that 
PgINO overexpressing lines had 34.8 seeds per capsule, which 
was higher than that in WT. The number of seeds per capsule 
in PgINO complemented ino mutant lines was higher than 
that in WT and lower than that in PgINO overexpressed lines. 
This indicated that PgINO promoted seed numbers. PgINO 
was predominantly expressed in siliques of PgINO overex-
pressed lines, suggesting that PgINO was involved in regulat-
ing siliques and seed development. VviINOs are specifically 
expressed in grapevine flowers and young fruits (di Rienzo 
et al., 2021), which is consistent with our results of ectopic 
PgINO expression. This result revealed that PgINO regulated 
the development of siliques and seeds in pomegranates. 
The V. vinifera INO can successfully rescue the growth of 
the ovule outer integument and seed set in the 
Arabidopsis ino mutant (di Rienzo et al., 2021). In our study, 
the seed phenotype of PgINO complemented ino mutant 
lines was restored by PgINO, indicating that PgINO plays a 
crucial role in regulating ovule development.

INO has a conserved role in the growth of the outer integu-
ment of bitegmic ovules, and is essential for ovule development 
(Skinner et al., 2016). INO is a positive regulator of its expression, 
and ANT and BEL1 act as direct or indirect regulators that help 
INO to establish its spatial expression pattern (Villanueva et al., 
1999). ANT and BEL1 are positive regulators of INO expression 
during ovule development (Balasubramanian and Schneitz, 
2002), whereas BEL1 has been suggested to be a negative regu-
lator of INO in the chalaza (Villanueva et al., 1999). The protein 
interaction results demonstrated that PgBEL1 directly inter-
acted with PgINO proteins, whereas that PgINO could not 
interact with MADS-box transcription factors to regulate ovule 
development in pomegranates. Our results revealed that PgINO 
directly regulated PgBEL1 expression, indicating a conservative 
regulatory relationship of this protein in pomegranate.

Analysis of regulatory relations among ovule identify 
genes
The analyses of ovule identify genes expression patterns in 
WT and transgenic Arabidopsis revealed that PgCRC and 
PgINO were highly expressed in siliques, and the expression 
of PgSTK was strongly detected in siliques and flowers. 
Previous studies have shown that AP3, PI, and AG combine 
with SEP to activate CRC expression in the nectary and carpel 
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(Lee et al., 2005). AtSEP3 was highly expressed in young sili-
ques of the PgCRC transgenic lines, suggesting that PgCRC ac-
tivity could promote the expression of AtSEP3 at the 
transcript level in young siliques. The expression analysis of 
INO and STK indicated that the regulation of STK by INO 
was involved in inflorescence and silique development at 
the transcriptional level. In Arabidopsis, INO is regulated by 
the upstream genes, ANT and BEL1, to regulate integument 
development (Balasubramanian and Schneitz, 2002; Simon 
et al., 2017). Moreover, the expression level of AtBEL1 in 
young siliques of 35S::PgINO lines was higher than that of 
WT, but the expression pattern was opposite in mature sili-
ques. AtBEL1 transcriptional level of 35S::PgCRC transgenic 
lines was significantly lower than that in WT. Based on these 
results, we speculated that BEL1 might be an upstream gene 
to regulate CRC and INO during flowers and siliques 
development.

PgBEL1 interacted with ovule identity proteins in the 
MADS-box family
The ABCDE models of flower development have been estab-
lished for several genes encoding MADS-box transcription 
factors (Acri-Nunes-Miranda and Mondragón-Palomino, 
2014; Theißen et al., 2016; Li et al., 2019). The C-function 
MADS-box genes including AG, SHP1 and SHP2 have func-
tional redundancies in the development of female reproduct-
ive organs and fruits (Pinyopich et al., 2003; Brambilla et al., 
2007; Zhao et al. 2021). STK (AGL11) is the only D-function 
gene in the MADS-box gene family, and STK, SHP1, and 
SHP2 redundantly control ovule identity (Favaro et al. 
2003; Pinyopich et al. 2003). Previous studies have indicated 
that the MADS-box ovule identity factors interact with BEL1 
to control integument identity and formation (Brambilla 
et al., 2007). Our previous results suggested that PgBEL1 
was involved in pomegranate bisexual flowers and pistil de-
velopment (Zhao et al., 2021). Furthermore, our assays con-
firmed that PgBEL1 did not directly interact with PgAG and 
PgSTK, which is consistent with the results of previous stud-
ies (Brambilla et al., 2007). However, PgBEL1 directly inter-
acted with PgSEP, suggesting that it acts as a molecular 
bridge linking PgBEL1 and MADS-box transcription factors 
(Wang et al., 2021b).

Floral development requires the unique interaction of 
E-function proteins with various floral organ-determining 
proteins (Kramer and Hall, 2005). In Arabidopsis, ovule iden-
tity is determined by a multimeric complex composed of 
E-class SEP proteins and AGAMOUS-like proteins (AG, 
SHP1, SHP2, and STK; Favaro et al., 2003). SEP can bridge in-
teractions among STK, SHP1, SHP2, and BEL1, which together 
regulate ovule identity (Pinyopich et al., 2003; 
Matias-Hernandez et al., 2010; Mendes et al., 2013). 
Arabidopsis has four largely redundant genes in the SEP sub-
family (SEP1, SEP2, SEP3, and SEP4) that interact with AG. This 
can be explained by the redundancy of SEP proteins as AG 
interactors (Pelaz et al., 2000; Ditta et al., 2004). In our 

previous study, we identified four members of the SEP sub-
family: PgSEP1, PgSEP3a, PgSEP3b, and PgSEP4 (Zhao et al., 
2020b), which had a nuclear localization signal 
(Supplemental Figure 2). Phylogenetic analyses clearly placed 
PgSEP1, PgSEP3, and PgSEP4 within three distinct clades, and 
our results were identical to those of previous studies 
(Supplemental Figure 3; Soza et al., 2016). In Woad (Isatis in-
digotica), SEP4 interacts with other MADS proteins to deter-
mine the identity of the floral organ (Pu et al., 2020). The 
results of Y2H assays proved that PgSEP1/4 could interact 
with the PgAG and PgSTK proteins, suggesting that PgSEP 
proteins, in combination with other transcriptional factors, 
play a conserved role in specifying the identities of ovules 
(Wang et al., 2021b). During carpel development in 
Arabidopsis, the predicted AG-SEP complex may establish 
a positive-feedback loop, thus reinforcing CRC expression 
(Gómez-Mena et al., 2005). In this study, we identified the 
PgAG-PgSEP, PgSEP-PgBEL1, and PgBEL1-PgCRC dimers in 
pomegranates.

A model for ovule development and seed 
determination in pomegranate
Our experimental data showed that the ovule identity pro-
teins PgBEL1, PgINO, and PgCRC are all involved in ovule de-
velopment and seed determination in pomegranate. SEPs 
have been suggested to interact with CRC proteins (Lee 
et al., 2005); however, the YABBY transcription factors 
PgINO and PgCRC did not directly interact with 
MADS-box factors at the protein level in pomegranates. 
PgBEL1, PgCRC, and PgINO were expressed in the pistil, indi-
cating that the PgBEL1-PgINO and PgBEL1-PgCRC dimers 
were involved in the regulation of ovule initiation and devel-
opment. PgAG, PgBEL1, and PgWUS coordinated to regulate 
floral meristem and ovule development. Previous genetic and 
biochemical studies have demonstrated that BEL1 interacts 
with the AG-SEP dimer to regulate integument growth and 
activate downstream genes such as INO (Schneitz et al. 
1997). We suspected that PgBEL1 proteins acted as molecular 
bridges, allowing the combination of MADS-domain and 
PgCRC/PgINO proteins to form higher order complexes 
that regulated ovule and seed development in pomegra-
nates. Furthermore, PgBEL1 interacted with PgAG and 
PgSTK when they were present as dimers with PgSEP pro-
teins. We speculated that the establishment of a regulatory 
pathway between CRC, INO, BEL1, and MADS-box proteins 
might have facilitated the promotion of ovule and seed de-
velopment. Based on this hypothesis, we proposed a model 
for ovule development and seed determination in pomegra-
nates (Figure 13).

Materials and methods
Plant material and growth conditions
From April to June in 2018–2020, we collected bisexual and 
functional male flowers from 6-year-old “Taishanhong” 

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac554#supplementary-data
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pomegranate (P. granatum) trees grown in the Baima Base 
for Teaching and Scientific Research of Nanjing Forestry 
University. The pomegranate trees were managed using con-
ventional methods. Bisexual and functional male flowers 
were separated based on the bud vertical diameter (Chen 
et al., 2017a), which was expressed in a shortened style in 
functional male flowers (Wetzstein et al., 2011).

We used Arabidopsis (Ar. thaliana) from AraShare (https:// 
www.arashare.cn/index/) as a transgenic material. The plants 
used in this study included the ino mutant, the crc mutant, 
and WT. The plants were grown in a 2:6:1 mixture of peat 
substrate: vermiculite: perlite under a 16 h light/8 h dark 
photoperiod at 22–24°C. Surface-sterilized transformant 
seeds were germinated on half-strength MS basal medium 
with 50 mg/L kanamycin. Plates were kept at 4°C for 2 days 
and then transferred to a growth chamber with a 16 h 
light/8 h dark photoperiod at 22–24°C. These conditions 
were used because N. benthamiana is known to grow under 
a 16 h light/8 h dark photoperiod at 22–24°C.

RNA extraction and gene cloning
Total RNA was isolated from developing floral buds using a 
plant total RNA extraction kit (BioTeke, Beijing, China). 
cDNA was prepared using a reverse transcription kit 
(PrimeScript™RT reagent kit with gDNA Eraser; TaKaRa, 
Beijing, China). CDSs of PgCRC, PgINO, and PgBEL1 were 
cloned by homologous cloning (Supplemental Figure 4). 
Gene cloning primers were listed in Supplemental Table 3.

To obtain the ovule-related genes expression trends, the 
transcription levels of genes were obtained from 

pomegranate bisexual and functional male flowers transcrip-
tome data (PRJNA754480) with vertical diameters of 5.0– 
10.0 mm (the first stage), 10.1–13.0 mm (the second stage), 
and 13.1–18.0 mm (the third stage; Zhao et al., 2022). 
RNA-seq and bioinformatics analyses were conducted by 
Novogene Company (Beijing, China). Sequencing libraries 
were generated using NEBNext® UltraTM RNA Library Prep 
Kit for Illumina® (NEB, USA). Index of pomegranate reference 
genome (ASM220158v1) was built using Hisat2 v2.0.5, clean 
reads were aligned to pomegranate genome using Hisat2 
v2.0.5. FeatureCounts v1.5.0-p3 was used to count the reads 
numbers mapped to each gene. Then, FPKM was used to es-
timate gene expression levels using featureCounts (part of 
the Subread software). Twelve flower development genes 
were selected for RT-qPCR assays to confirm the reliability 
of the expression levels obtained from the RNA-Seq 
(Supplemental Figure 5). The heatmap of ovule-related genes 
was constructed with log2(FPKM) values using an online soft-
ware (http://www.heatmapper.ca/expression/).

Plasmid construction and plant transformation
The 35S::PgCRC::GUS and 35S::PgINO::GUS constructs were 
generated using one-step cloning technology (Vazyme). 
The PgCRC, PgBEL1, and PgINO genes were cloned from flow-
er cDNA using primers containing BamHI and XbaI restric-
tion sites (BamHI: GATCC; XbaI: CTAGA), and the 
fragments were cloned into the pBI121 expression vector. 
The PgCRC::GFP and PgINO::GFP plasmids were similarly 
constructed and cloned into pBI121. The primers used for 
homologous recombination are listed in Supplemental 
Table 3. The vectors were constructed according to Prigge 
et al. (2005) and Chen et al. (2021).

To identify the functions of PgCRC and PgINO, WT plants 
were transformed by the floral dip method using Ag. tumefa-
ciens strain GV3101. To assess whether PgCRC and PgINO 
could complement the ino and crc phenotypes, respectively, 
we transferred the 35S::PgCRC and 35S::PgINO constructs 
into ino and crc mutants. The transgenic lines were con-
firmed by PCR using primers to amplify the desired DNA 
fragments, and the ino and crc homozygous backgrounds 
were selected for genotyping by PCR amplification 
(Supplemental Table 3 and Figure 6 and 7).

Gene expression analysis with RT-qPCR
RT-qPCR was performed using an Applied Biosystems 7500 
Real-Time PCR System (Applied Biosystems, MA, USA). The 
PgActin gene of pomegranate was used as the reference 
gene. All gene-specific primers were designed using Oligo 7 
(Supplemental Table 3). The PCR program consisted of an 
initial denaturation at 95°C for 30 s, 40 cycles of 95°C for 
5 s and 60°C for 34 s, followed by melt-curve analysis at 95° 
C for 15 s, 60°C for 60 s, and 95°C for 15 s. Three technical re-
plicates were used for each reaction, and relative gene expres-
sion was determined using the ΔΔCT method.

Figure 13 A model for ovule development and seed determination in 
pomegranate. In flowers, PgAG and PgWUS synergistically regulate in-
florescence meristem development. PgBEL1 acts as a molecular bridge 
linking PgCRC, PgINO, and MADS-box transcription factors to regulate 
ovule and seed development. There is no direct protein interaction be-
tween PgCRC, PgINO, and PgSTK/PgSEP; however, CRC and INO pro-
moted the expression of STK and SEP during silique development in 
transgenic Arabidopsis. The solid lines indicate the confirmed inter-
action relationships, and the dashed lines represented regulatory rela-
tionships at the transcriptional level.

https://www.arashare.cn/index/
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Subcellular localization
PgINO, PgCRC were cloned as BamHI/XbaI fragments (for pri-
mer sequences see Supplemental Table 3) into the 
C-terminal GFP fusion vector containing the 35S promoter. 
Positive clones of the GFP vector were screened by PCR, 
and positive Agrobacterium were activated to a D600 of 
0.6–0.8 and then soaked in the six-leaf N. benthamiana. 
After 48 h, GFP expression was observed using a laser scan-
ning confocal microscope (Carl Zeiss LSM710, the maximum 
spectral resolution is 3 mm, and the scanning parameters 
were set to automatic). The excitation wavelength of the 
GFP was 488 nm. The vector was constructed referring to 
the method of Zhang et al. (2018).

35S::PgSEP1::GFP, 35S::PgSEP3a::GFP, 35S::PgSEP3b::GFP, 
35S::PgSEP4::GFP, 35S::PgAG::GFP and 35S::PgSTK::GFP were 
constructed in the same way, the primers were listed in 
Supplemental Table 4.

Observation of ovule development in pomegranate 
flowers
Paraffin slices were prepared using tissues from two types of 
pomegranate flowers (bisexual and functional male flowers). 
The flowers were classified according to their vertical diam-
eter as follows: 3.0–5.0, 5.1–8.0, 8.1–10.0, 10.1–13.0, and 
13.1–15.0 mm (Chen et al., 2017a; Zhao et al., 2020a). The 
samples were fixed in FAA solution, dehydrated with differ-
ent concentrations of ethanol, and placed in a mixture of 
n-butanol and ethanol. Dehydration and transparency were 
performed according to previously published methods 
(Liang et al., 2020). The samples were embedded in paraffin 
wax, sectioned, and observed for the ovule development of 
pomegranates.

β-Glucuronidase staining
Histochemical staining was conducted to confirm the expres-
sion of the GUS reporter co-transformed with PgINO and 
PgCRC. For GUS staining, we collected whole inflorescences, 
capsules, and leaves, and incubated them in GUS staining so-
lution with 2 mM X-Gluc overnight at 37°C. The tissues were 
subsequently decolored in 70% (v/v) ethanol, observed under 
a microscope, and photographed with a microscope camera 
(C3CMOS05100KPA (USB 2.0)).

Yeast two-hybrid assays
The full-length coding sequences (CDSs) of PgCRC, PgINO, 
PgBEL1, and MADS-box genes (Supplemental Figure 8) 
were independently cloned into the Y2H vectors, pGADT7 
and pGBKT7, using suitable restriction sites (NdeI and 
BamHI). All constructs were sequenced to confirm the 
gene sequences, and then transferred to the AH109 yeast 
strain (Wang et al., 2021a, 2021b). Clones carrying the desired 
DNA fragment were screened for auto-activation on SD me-
dium, and protein–protein interactions were detected on SD 
medium lacking Trp, Leu, His, and Met. The combination of 
pGADT7 and pGBKT7 was used as a positive control, and the 

X-α-Gal medium was used to detect colonies with positive 
hybridization. The primers used for vector construction are 
listed in Supplemental Tables 3 and 4.

Bimolecular fluorescence complementation assays
The BiFC assay was used to investigate the interactions be-
tween different proteins according to previously published 
methods (Wang et al., 2021a). Full-length sequences (without 
the stop codon) of PgINO, PgCRC, PgBEL1, PgWUS, and 
MADS-box genes were inserted into 35S-pSPYNE-YFP (N) 
and 35S-pSPYCE-YFP (C) vectors (restriction sites: BamHI 
and SalI; Wang et al., 2017). The primers used for vector con-
struction are listed in Supplemental Tables 3 and 4. All con-
structs were transferred into GV3101 Ag. tumefaciens, and 
the cultures were adjusted to an OD600 of 0.8–1.0 using an in-
filtration buffer (10 mM MgCl2 and 150 mM acetosyringone; 
pH 5.6). A 1:1 mixture of Ag. tumefaciens containing Vectors C 
and N was infiltrated into the leaves of N. benthamiana. The 
N. benthamiana plants were then cultivated in a growth 
chamber for 48 h and then used for the detection of double 
fluorescence signals. The assays were performed as previously 
described (Wang et al., 2017) with slight modification. Data 
from at least three independent experiments were used to 
confirm substantial regulatory effects.

Quantification and statistical analysis
The experimental data in this study represent at least three 
independent biological replicates. There were three repli-
cates for the gene expression data and more than five repli-
cates for counting the seed number. Data were analyzed 
using the SPSS software (22.0, USA).

Accession numbers
Sequence data from this article can be found in the 
GenBank/EMBL data libraries under accession numbers: 
OP828670 (PgINO), OP828671 (PgCRC), OP828678 
(PgBEL1), OP828676 (PgAG), OP828677 (PgSTK), OP828672 
(PgSEP1), OP828673 (PgSEP3a), OP828674 (PgSEP3b), 
OP828675 (PgSEP4), and OP828679 (PgWUS).

Supplemental data
The following materials are available in the online version of 
this article.

Supplemental Table S1. INO putatively orthologous pro-
teins used for phylogenetic tree construction.

Supplemental Table S2. CRC putatively orthologous pro-
teins used for phylogenetic tree construction.

Supplemental Table S3. Primers of PgINO, PgCRC, and 
PgBEL1 for gene cloning, subcellular localization, BiFC, Y2H, 
and RT-qPCR.

Supplemental Table S4. Primers of MADS-box genes for 
subcellular localization, BiFC, and Y2H.

Supplemental Figure S1. The control of BiFC.
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Supplemental Figure S2. Subcellular localization of PgAG:: 
GFP, PgSEP::GFP, and PgSTK::GFP fusion in Nicotiana 
benthamiana cells.

Supplemental Figure S3. Phylogenetic tree of different 
species based on amino acid sequence of SEP.

Supplemental Figure S4. Gene cloning of PgINO, PgCRC, 
and PgBEL1 in pomegranate.

Supplemental Figure S5. RT-qPCR validation of RNA-Seq 
in pomegranate flowers.

Supplemental Figure S6. PCR results for detection of 
PgCRC transgenic lines.

Supplemental Figure S7. PCR results for detection of 
PgINO transgenic lines.

Supplemental Figure S8. Gene cloning of MADS-box 
genes in pomegranate.
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