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Spatiotemporally regulated callose deposition is an essential, genetically programmed phenomenon that promotes pollen
development and functionality. Severe male infertility is associated with deficient callose biosynthesis, highlighting the
significance of intact callose deposition in male gametogenesis. The molecular mechanism that regulates the crucial role of
callose in production of functional male gametophytes remains completely unexplored. Here, we provide evidence that the
gradual upregulation of a previously uncharacterized cotton (Gossypium hirsutum) pollen-specific SKS-like protein (PSP231),
specifically at the post pollen-mitosis stage, activates callose biosynthesis to promote pollen maturation. Aberrant PSP231
expression levels caused by either silencing or overexpression resulted in late pollen developmental abnormalities and male
infertility phenotypes in a dose-dependent manner, highlighting the importance of fine-tuned PSP231 expression. Mechanistic
analyses revealed that PSP231 plays a central role in triggering and fine-tuning the callose synthesis and deposition required for
pollen development. Specifically, PSP231 protein sequesters the cellular pool of RNA-binding protein GhRBPL1 to destabilize
GhWRKY15 mRNAs, turning off GhWRKY15-mediated transcriptional repression of GhCalS4/GhCalS8 and thus activating
callose biosynthesis in pollen. This study showed that PSP231 is a key molecular switch that activates the molecular circuit
controlling callose deposition toward pollen maturation and functionality and thereby safeguards agricultural crops against
male infertility.

Male gametogenesis within the anthers of flowering
plants involves a series of spatiotemporally highly or-
chestrated complex molecular events, leading to the
production of functional male gametophytes (pollen).
During male gametogenesis, the microspore first un-
dergoes an asymmetric cell division called pollen mi-
tosis I (PMI). Then, as one of the products of PMI, the
larger vegetative cell engulfs the small germ cell in its
cytoplasm. This asymmetric division enables the es-
tablishment of differential cell fates for the germ cell
and the vegetative cell. After PMI, the large vegetative
cell exits the cell cycle at the G1 phase, while the smaller
germ cell continues through a further cell division,

PMII, to produce twin sperm cells (Sprunck and Gross-
Hardt, 2011; Russell and Jones, 2015). In most plant
species that shed pollen at the bicellular state, including
tobacco (Nicotiana tabacum) and cotton (Gossypium hir-
sutum), PMII takes place inside the growing pollen
tube. For other plant species, such as Arabidopsis
(Arabidopsis thaliana), that shed tricellular pollen, PMII
takes place inside the pollen grain before anthesis (Borg
et al., 2009). Following their release from the anther,
pollen grains land on receptive stigmas and germinate
to produce tip-growing pollen tubes that grow through
stigmatic tissue and into the transmitting tract of the
style (Dresselhaus et al., 2016). In this process, cell walls
of pollen tubes play crucial regulatory and structural
roles. Distinct from other plant cells, a pollen tube wall
does not contain the conventional secondary cell wall
layer, but is composed of two characteristic layers, an
inner layer mainly consisting of pectin surrounded by
an outer layer formed by deposition of callose mole-
cules (Chebli et al., 2012).

Callose deposition is well known to be transient yet
indispensable for various highly specialized devel-
opmental and cellular processes, especially pollen
maturation and cell division plate formation. Callose
typically consists of a linear 1,3-b-glucan polymer that
participates multiple times as a transitory component
during pollen development in plants (Chen and Kim
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2009). During microsporogenesis, callose deposition
occurs in the walls of microsporocytes and microspores
from meiosis to the tetrad stage. This callose wall is
transient and quickly degraded to release individual
microspores. Previous reports highlight that callose
deposition is vital for pollen development. In Arabi-
dopsis, the callose synthase CalS5 knockout mutant
lacks normal callose walls at the tetrad stage, impacting
the exine pattern of the microspore and resulting in
male sterility (Dong et al., 2005). Both rice (Oryza sativa)
callose synthase GSL5 and Arabidopsis CalS5 are
expressed in meiocytes, tetrads, and microspores, with
the highest levels of expression in late meiosis and
newly released microspores. Loss of function in these
plants results in abnormal tetrads (Dong et al., 2005; Shi
et al., 2015). After PMI, callose forms a prominent but
transient cell wall that separates the vegetative cell and
the germ cell (Park and Twell, 2001). The gsl8 and gsl10
mutants harbor aborted pollen grains that fail to enter
mitosis, suggesting that callose synthesis is crucial for
pollen cell mitosis (Töller et al., 2008). During pollen
tube elongation within the style, callose becomes the
major component of the pollen tube wall and the
characteristic plugs that form along the length of the
tube (Li et al., 1997; Ferguson et al., 1998). Specifically,
the callose wall is continuously built around the pollen
tube behind its growing tip, mainly providing struc-
tural support. On the other hand, callose plugs are
generated at regular intervals along the growing pollen
tube to keep the twin sperm cells together, with cyto-
plasmic components concentrated near the tip of the
growing pollen tube, preparing the sperm cells for
fertilization (Feijó et al., 2004).
Although the SKS (SKU5-similar) family is structur-

ally related to multiple copper oxidases, none of the
conserved His residues used to bind copper are ob-
served in the SKS proteins (Sedbrook et al., 2002; Jacobs
and Roe, 2005). Also, our understanding of the SKS
family members, especially in relation to pollen devel-
opment, remains limited and largely phenotypical. In
Brassica napus, a SKS-like gene, Bp10, was reported to be
specifically expressed in developing pollen (Albani
et al., 1992). Furthermore, the tobacco SKS-like gene
NTP303 displays pollen-specific expression patterns,
with its highest levels occurring during pollen matu-
ration and tube growth (Weterings et al., 1992, 1995),
while it encodes a glycosylated protein that localizes at
the vegetative plasma membranes (Capková et al.,
1997; Wittink et al., 2000). In NTP303-silenced plants,
the pollen tubes display a slower growth rate and arrest
in the style before reaching the ovary (de Groot et al.,
2004). However, the molecular mechanisms by which
these SKS-like proteins promote pollen development
remain unknown. Here, we report comprehensive
in vitro and in vivo functional and mechanistic studies
on a cotton pollen-specific SKS-like protein, PSP231.
Mechanistically, PSP231 promotes male gametogenesis
and pollen germination by activating a previously
dormant molecular pathway controlling callose bio-
synthesis. This study not only provides evidence on the

identity of genetic factors but also describes the mech-
anism responsible for switching on and off the multiple
transient callose deposition events indispensable for
pollen maturation and germination.

RESULTS

PSP231 Encodes a Glycosylated Protein with a High Level
of Expression in Late Maturing Pollen

To investigate the molecular mechanisms driving
cotton pollen development, we constructed a cotton
flower complementary DNA (cDNA) library (Wang
and Li 2009) aimed at identifying molecules specifi-
cally present during the generation of functional male
gametophytes for functional and mechanistic studies.
Within the cotton flower cDNA library, the highly
abundant presence of the cDNA clone-231, encoding a
previously uncharacterized protein, caught our inter-
est. Thus, we isolated the full-length clone-231 gene,
including its promoter fragment. Bioinformatic analysis
suggested that clone-231 was likely related to the plant
SKS-like protein family. The clone-231 transcripts were
most abundantly present in late developing anthers,
but were undetectable in other tissues (Fig. 1A;
Supplemental Fig. S1M).
Given the high specificity and stepwise upregulation

of its expression during cotton anther maturation, we
hypothesized that clone-231 expression is specifically
turned on only in certain cell types within the anther
during a developmental stage for a specific functional
purpose.Notably, in situ hybridization analysis revealed
that clone-231 transcripts accumulated at the highest
level specifically in maturing pollen within 25-d-old
anthers. In contrast, no or very weak signals were detec-
ted in other cell types inside these 25-d-old anther tissues,
or in younger anthers, compared with negative controls
(Supplemental Fig. S1, A–F).
In order to confirm our in situ hybridization results at

the protein level, we generated an antibody against
clone-231 protein. The expectedMr of clone-231 protein
as deduced from its sequence is about 61 kD. However,
clone-231 proteins migrated substantially more slowly
than expected on a SDS-PAGE gel, with an apparentMr
of;100 kD. Mass spectrometric analysis demonstrated
that this 100-kD protein is indeed the clone-231 protein
(Supplemental Fig. S2), suggesting that it probably has
large posttranslational modifications such as glycosy-
lation. Notably, western blot analysis revealed that af-
ter treatment with endoglycosidase H (Endo H) or
peptide N-glycosidase F (PNGase F), clone-231 proteins
from 25-d-old cotton anthers migrated faster than those
from the untreated control (Fig. 1B), indicating that
clone-231 is a glycosylated protein. Additionally, im-
munofluorescence analysis revealed that the clone-231
protein was localized in the pollen wall and cytoplasm
(Supplemental Fig. S3). Subsequently, we determined
the clone-231 protein expression profile in situ via im-
munohistochemistry. As expected, staining of tissue
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Figure 1. PSP231 deficiency impairs pollen development and germination. A, RNA gel blot analysis of PSP231 expression (top) in
cotton cotyledons (lane 1), leaves (lane 2), roots (lane 3), hypocotyls (lane 4), petals (lane 5), fibers (lane 6), ovules (lane 7), 15-d-
old anthers (lane 8), 20-d-old anthers (land 9), and 25-d-old anthers (lane 10), and loading of RNA samples (bottom). B, Assay of
PSP231 glycosylation. Cotton anther proteins were treated with buffer as control (CK), Endo H, and PNGase F, respectively.
Protein gel blot was performed to determine the migration of PSP231 using PSP231 antibody. C, RT-qPCR analysis of PSP231
expression in anthers of RNAi cotton lines (L1–L8). Expression level of PSP231 in the wild type (WT) is set to 1. Data are means6
SD for three replicates. Dunnett’s t test demonstrated that there were very significant differences (**P , 0.01) in gene expression
level between the PSP231 RNAi plants and the wild type. D and E, In situ pollen germination of wild-type (D) and PSP231 RNAi
cotton (E). Scale bars5 100mm. F, Percentage of in vivo pollen germination of wild-type and PSP231RNAi cotton.More than 200
pollen grains for each PSP231 RNAi line or the wild type were examined for in vivo pollen germination (see “Materials and
Methods”). Data aremeans6 SD of three replicates. Dunnett’s t test demonstrated that therewas a very significant difference in the
percentage of germinated pollen grains between the PSP231 RNAi plants and the wild type (**P, 0.01). G, Correlation between
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sections from anthers at different developmental stages
(with normal rabbit serum as a negative control) gen-
erated no detectable signal (Supplemental Fig. S1, G–I).
Immunohistochemistry analysis with the anti-clone-231
antibody on anthers of different developmental stages
resulted in robust positive signals specifically in matur-
ing pollen grains of 25-d-old cotton anthers, although no
detectable signal was observed in other cell types within
these tissues, nor in any cell types of the younger anthers
(Supplemental Fig. S1, J–L). In addition, histochemical
assay of GUS activity confirmed that the clone-231 pro-
moter is pollen specific (Supplemental Fig. S1, N–U).
Therefore, the protein encoded by clone-231 was named
Pollen-Specific Protein 231 (PSP231).
Collectively, these results indicate that PSP231

expression is tightly spatiotemporally regulated in
cotton. The highly specific accumulation of PSP231
proteins in maturing pollen suggests that its presence
at the late developmental stage of anthers likely pro-
motes cellular activities specifically needed for pollen
maturation.

PSP231-Deficiency Impairs Pollen Development
and Germination

To investigate the functional significance of the ac-
cumulation of PSP231 proteins specifically in maturing
pollen, we employed RNA interference (RNAi) to
knock down PSP231 expression stably in cotton plants.
More than 120 plants of eight independent lines of
PSP231 RNAi cotton were regenerated and transferred
into soil to grow to maturation. PSP231 expression was
dramatically repressed in 25-d-old anthers of the
PSP231 RNAi plants (Fig. 1C). In accordance with the
absence of PSP231 expression prior to anther matura-
tion, phenotypic analysis of the PSP231 RNAi plants
indicated that they grew normally relative to the wild
type throughout the vegetative stage. However, these
PSP231-silenced cotton plants exhibited a near-
complete male-sterile phenotype once they reached
the reproductive stage. Thus, we performed a more
detailed analysis on three independent lines (L3, L5,
and L8) of PSP231 RNAi cotton. Given the specific
upregulation of PSP231 expression in maturing pollen,
we examined the capability of PSP231-silenced pollen
to germinate in vivo. Mature styles of wild-type cotton
plants were pollinated with the same amount of pollen
grains collected from either PSP231-silenced plants or
wild-type controls. After 4 h, the pollinated styles were
harvested and stained with aniline blue to examine
pollen germination. As expected, almost all wild-type

pollen grains (91.3% 6 3.0%) successfully germinated
on the stigma, and pollen tubes grew normally within
styles (Fig. 1, D and F). In striking contrast, only 0% to
19.1%6 5.9% of pollen grains from the PSP231-silenced
cotton lines could germinate on stigmas under the same
conditions (Fig. 1, E and F). Regression analysis indi-
cated that pollen germination frequency was correlated
with expression level of PSP231 in anthers (Fig. 1G),
demonstrating that upregulation of PSP231 expression
specifically during late anther maturation is essential
for production of fertile pollen.
To delineate the cause of PSP231-deficiency-associ-

ated male infertility at the cellular level, we histo-
morphologically analyzed all tissue architecture and
cell types from PSP231-silenced and wild-type cotton
during the key stages of anther maturation. Consistent
with the undetectable expression of PSP231 in early
developing anthers, there was no substantial difference
in microsporogenesis between PSP231-silenced cotton
plants and the wild type. Both wild-type (Fig. 1, H–J)
and PSP231-silenced plants (Fig. 1, L–N) formed nor-
mal pollen mother cells, which underwent meiosis to
produce microspores. As the anther further matured to
the imminent stage of pollen release, pollen grains from
wild-type plants exhibited a healthy round shape
and a strong positivity for toluidine blue, with uni-
form blue staining inside the cytoplasm surrounded
by a dark-blue staining of the cell wall (Fig. 1K). In
striking contrast, almost all pollen grains from PSP231-
silenced plants displayed an irregular shape and an
almost complete absence of toluidine blue staining in-
side the cytoplasm, with light-blue-stained cell walls.
Also, withered pollen grains were frequently observed
in these mutant plants (Fig. 1O). The above data col-
lectively demonstrate that PSP231 deficiency impairs
pollen development of cotton, leading to the formation
of aberrant, unhealthy pollen and the observed male
infertility phenotype associated with PSP231 silencing.

PSP231 Overexpression Undermines Pollen Viability and
Functionality in an Expression-Dependent Manner

Given the negative impact of PSP231 deficiency on
pollen development and the stepwise upregulation of
PSP231 expression highly specific to the final stage of
anther maturation, we hypothesized that the expression
level of PSP231 needs to be tightly regulated and fine-
tuned to an optimal level such that either loss or gain of
function of PSP231 can impair male gametogenesis.
Since tobacco plants are routinely employed to examine
the effects of gene overexpression, we generated knockin

Figure 1. (Continued.)
pollen germination and relative expression value of PSP231 for the RNAi plants. H to O, Comparative analysis of the histological
features of anther development in 9-d-old (H), 11-d-old (I), 12-d-old (J), and 20-d-old (K) wild-type anther and 9-d-old (L), 11-d-
old (M), 12-d-old (N), and 20-d-old PSP231RNAi anther (O). Images show cross sections through a locule of the anther. Scale bars
5 25 mm (H, I, J, L, M, and N) and 50 mm (K and O). E, Epidermis; En, endothecium; ML, middle layer; MMC, microspore mother
cell; MSp, microspore; T, tapetum; Tds, tetrad; PG, pollen grain; Fb, fibrous bands.
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models of the PSP231 gene under the control of its own
promoter in tobacco. The PSP231 overexpression in 20-
d-old anthers of PSP231 knockin tobacco plants was
confirmed by reverse transcription quantitative PCR
(RT-qPCR) analysis (Fig. 2A). To address whether the
role of PSP231 during pollen maturation is expression
dependent, we employed three independent lines of
PSP231 knock-in tobacco with mildly (L2), moderately
(L6), and substantially (L3) higher expression levels of
PSP231 comparedwith thewild type for further detailed
analyses. Consistent with the undetectable expression of
PSP231 during early stages of anther development, we
did not observe any phenotypic difference between the
transgenic plants and the wild type during the vegeta-
tive and generative developmental stages. However, as
the anther matured, we observed a drastic decrease in
the number of pollen grains contained in anther locules
from the L3 transgenic line (with the highest expression

level of PSP231) compared with wild-type controls. In
contrast to the wild-type anthers, which contained an
abundance of uniformly rounded, healthy-looking pol-
len grains (Fig. 2B), anther locules from the L3 transgenic
line harbored substantially fewer pollen grains, and
these frequently displayed a much smaller, irregularly
shaped, unhealthy appearance (Fig. 2C), suggesting that
the abnormally high level of PSP231 adversely affects
pollen development.

To distinguish live from dead pollen grains inside
anthers, we double-stained mature pollen grains from
the wild type and transgenic lines with fluorescein di-
acetate (FDA) and propidium iodide (PI), which stain
live cells green and dead cells red, respectively. We
performed a quantitative analysis of pollen viability on
the wild type and transgenic lines L2, L6, and L3; see
“Materials and Methods”). As expected, 90.4% 6 1.7%
of wild-type pollen grains were viable and stained

Figure 2. PSP231 overexpression dose-dependently undermines pollen viability and functional ability. A, RT-qPCR analysis of
PSP231 expression in anthers of T3-generation wild type and transgenic lines (L1–L6) in tobacco. B and C, Semithin sections of
wild-type (WT; B) and transgenic (C) mature anthers. Insets (red boxes) show amplified segments of the images. D to G, Assay of
pollen viability in PSP231 transgenic tobacco (see “Materials and Methods”) for pollen grains from the wild type (D) and three
PSP231 transgenic lines (L2 [E], L3 [F], and L6 [G]). Viable pollen grains display green fluorescence, whereas unviable pollen
grains are red. H, Statistical analysis of the percentage of viable pollen in different transgenic plants and the wild type. I to M,
Assay of in vitro pollen germination of the wild type and PSP231 transgenic lines for germinating pollen grains from the wild type
(I) and three PSP231 transgenic lines (L2 [J], L3 [K], and L6 [L]). M, Statistical analysis of pollen germination rate (%) for different
transgenic plants and thewild type. For H andM, data aremeans6 SD for three replicates. Dunnett’s t test demonstrated that there
was significant difference (*P , 0.05) or very significant difference (**P , 0.01) in percentage of viable pollen and pollen ger-
mination rate between the PSP231 transgenic plants and the wild type. Scale bars 5 100 mm.
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green in color. In striking contrast, the L2, L6, and
L3 PSP231 knockin lines had 75.0% 6 1.7%, 63.0% 6
8.7%, and 53.8% 6 10.1% viable pollen grains, respec-
tively (Fig. 2, D–H). Collectively, these data demon-
strate that abnormally high expression levels of PSP231
undermine pollen productivity and viability in an
expression-dependent manner.
Since the reduced pollen cell viability caused by ex-

cessive amounts of PSP231 is likely a gradual process,
we further hypothesized that the pollen grains in the
transgenic lines are also functionally impaired in a
PSP231 expression dependent manner. We examined
the capability of pollen grains from the transgenic lines
and the wild type to germinate in vitro. As expected,
89.9% 6 2.0% of wild-type pollen grains could germi-
nate, and their pollen tubes grew rapidly (Fig. 2, I and
M). Interestingly, the germination capability of pollen
grains from the transgenic lines decreased significantly
compared with that of the wild type, while the severity
of the PSP231 overexpression-associated functional
defect correlated positively with the expression levels
of PSP231. Specifically, only about 58.4%6 7.1%, 43.3%
6 6.4%, and 20.3%6 4.2% of pollen grains from the L2,
L6, and L3 transgenic lines, respectively, were capable
of germination (Fig. 2, J–M). Notably, for the germi-
nated transgenic pollen grains, the elongated pollen
tubes were markedly shorter than those of wild-type
controls, suggesting their unhealthy cellular state and
abnormal functionality.
Collectively, PSP231 overexpression undermines

pollen development, viability, and functionality. Given
that both abnormal upregulation and downregulation
of PSP231 significantly impair pollen development, this
gene represents an important player during male ga-
metogenesis. Notably, its expression is not only tightly
regulated to be turned on specifically during the late
stage of anther maturation, but also needs to be fine-
tuned to an optimal level for male gametogenesis.

PSP231 Overexpression Triggers Abnormal Mitotic
Cell Death

To gain insight into the molecular mechanism driv-
ing PSP231-overexpression-induced pollen defects
during male gametogenesis, we carefully examined
pollen at different developmental stages in the trans-
genic plants by staining with 49,6-diamino-2-phenyl-
indole (a nucleus-specific dye), using wild-type plants
as controls. Microscopic observations revealed no sub-
stantial difference between transgenic plants and the
wild type in the early stage of pollen development. Like
the wild type, the transgenic plants formed normal
microspores at the uninucleate stage. After microspore
division, bicellular mature pollen grains were observed
in the wild type (Fig. 3A). Conversely, a range of ab-
normal phenotypes of the transgenic plants were ob-
served during pollen development. In the transgenic
plants, pollen grains developed into defective male
gametophytes with two vegetative-like nuclei nearly

identical in size (Fig. 3B), one giant nucleus arising from
nuclear fusion (Fig. 3C), an aborted nucleus (Fig. 3D),
abnormal cell division (Fig. 3E), or two vegetative cells
and one germ cell (Fig. 3F). Pollen with aborted nuclei
comprised the majority of the aberrant cellular pheno-
types at the mature pollen stage in the transgenic plants
(Fig. 3D). These results demonstrate that overexpression
of PSP231 hindered normal cell division during male
gametogenesis of the transgenic plants.
To obtain further insight into the molecular mecha-

nism of PSP231-overexpression-associated cell division
defects, we overexpressed PSP231 in fission yeast
(Schizosaccharomyces pombe) cells, and examined cell
division status in the presence or absence of induction
of exogenous PSP231 expression. As expected, no dif-
ference was observed for yeast cells harboring the
empty vector under noninductive or inductive culture
conditions, and;20% of cells in both conditionswere at
the late division phase (Supplemental Fig. S4, G–I),
characterized by the formation of a visible callose-rich
cell division plate. Interestingly, for the yeast cells
harboring the inducible PSP231-overexpression con-
struct, .50% of the cells cultured under the inductive
condition for PSP231 overexpression had the obvious
presence of cell division plates, indicating an ;2.5-fold
increase compared with the same cells cultured under
the noninductive condition (Supplemental Fig. S4, E, F,
and I). The above data corroborate the PSP231 trans-
genic pollen data on the remarkable impact of PSP231
overexpression on cell division (Fig. 3, A–F).
To determine PSPS231-overexpression-associated

cell division defects, growth of the above yeast cells
was analyzed on solid medium in both the induc-
tion and noninduction conditions. As expected, both
yeast cells harboring the empty vector and those
harboring the PSP231 overexpression construct showed
similar growth rates on noninduction solid medium
(Supplemental Fig. S4A). However, when they grew
on solid medium with induced exogenous PSP231 ex-
pression, cells harboring the PSP231 overexpression
construct displayed an obvious growth retardation
phenotype compared with controls (Supplemental Fig.
S4B). To determine the cause of this PSP231-over-
expression-induced growth defect, the viability of these
yeast cells was examined by FDA-PI, which stains dead
cells red. As expected, there was no significant differ-
ence in cell viability between the PSP231 transformants
and controls cultured in noninduction medium. Nota-
bly, whereas the control cells in induction medium
displayed ;98% viability and healthy growth, the vi-
ability of the PSP231-transformed lines in induction
medium significantly decreased to be only 70.2% to
80.8% (Supplemental Fig. S4, J–N). Consistently, under
induction conditions, the cumulative cell growth curves
of the PSP231 transformants were significantly lower
than those of controls (Supplemental Fig. S4, C and D).
Collectively, these results suggest that overexpression
of PSP231 abnormally traps dividing cells at the late
division phase with their cell division plates unable
to be efficiently dissolved, consequently resulting in
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Figure 3. Overexpression of PSP231 results in aberrant hyper-callose deposition impairing pollen cell division. A to F, Pollen
grains of T3-generation transgenic tobacco lines L2, L3, and L6 and the wild type were stained by 4’,6-diamidino-2-phenylindole
(a nucleus-specific dye that emits stronger fluorescence when bound to DNA). Shown aremature and bicellular pollen of the wild
type (control; A), two equal nuclei in transgenic pollen (B), fusion nuclei in transgenic pollen (C), aborted transgenic pollen (D),
transgenic pollen with abnormal cell division (E), and two vegetative cell nuclei in transgenic pollen (F). Arrows indicate extra
vegetative cell nuclei. G and H, Decolorized aniline blue staining showing the callose wall between the vegetative cell and the
germ cell in pollen from wild-type (G) and PSP231 transgenic tobacco (H). I and J, Aniline blue-stained mature pollen from
PSP231 transgenic tobacco (I) and the wild type (J). K and L, Aniline blue-stained pollen germinated in vitro from PSP231
transgenic tobacco lines (K) and the wild type (L). M, Statistical analysis of the relative callose content in dividing pollen cells.
Relative callose content in the wild type (WT) is set to 1. N, Statistical analysis of the percentage (%) of pollen grains with callose
plugs in germpores in the transgenic lines andwild-type tobacco. ForM andN, data aremeans6 SD for three replicates. Dunnett’s
t test demonstrated that therewas significant difference (*P, 0.05) or very significant difference (**P, 0.01) between the PSP231
transgenic plants and thewild type. Arrowheads inG, H, I, and K indicate callose deposition. Scale bars5 10mm (A–H) and 2mm
(I–L).
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abnormal mitotic cell death that probably caused the
diminished pollen production in PSP231 knockin
plants.

Aberrant Hyperproduction and Deposition of Callose
Causes PSP231-Overexpression-Associated Cell Death

Given the association of GhPSPS231 overexpression
with the observed failure of dissolution of cell division
plates and the accompanying increase in cell death, we
hypothesized that PSP231 overexpression impacts the
components at the cell division plate or septum, a
shared characteristic structure of both developing pol-
len and dividing fission yeast cells. To gain a deeper
understanding of their trapped status with the aber-
rant cell division plates, the above yeast cells were
examined by optical microscopy and transmission
electron microscopy. As shown in Supplemental
Figure S5, A and C, control cells present a clear septum
structure. However, septa of PSP231-overexpressing
yeast cells are significantly thicker than those of con-
trols (Supplemental Fig. S5, B, D, and J). Given that
the primary septum formed in cell division mainly
consists of callose, we used the callose-specific dye
aniline blue to examine whether PSP231-overexpressing
cells suffered abnormal callose formation and de-
position (see “Materials and Methods”). In contrast
to the normal callose septa in control cells at the late
division phase (Supplemental Fig. S5E), .50% of the
PSP231-overexpressing cells displayed obviously ab-
errant callose deposition phenotypes, including cells
with multiple callose septa (Supplemental Fig. S5F),
excessive callose deposition in the septum (Supplemental
Fig. S5G), mislocalized callose deposition (Supplemental
Fig. S5H), and highly elongated cells containing multiple
aberrant deposits of callose-rich materials (Supplemental
Fig. S5I).
Similar to S. pombe septa, the plant cell plate is mainly

composed of callose (Chen and Kim, 2009). Given that
callose is also one of the most abundant components in
pollen tubes and has been shown to participate in pol-
len development of multiple plant species, we hy-
pothesized that PSP231 overexpression in plants leads
to abnormal callose deposition that hinders further
development of pollen. Unfortunately, an in vitro ex-
perimental system for cotton pollen germination has
not been successfully developed, although our lab has
also attempted many strategies. To circumvent this
technological limitation, we employed the well-
established in vitro experimental model system for to-
bacco pollen germination for this study. Consistent
with the data from the yeast model system, in vitro
tobacco pollen germination analysis demonstrated that
the callose wall between the vegetative cell and the
generative cell in the PSP231-overexpressing pollen
was much thicker than that in wild-type pollen (Fig. 3, G
andH). The callose content in the PSP231-overexpressing
pollen was statistically significantly greater than that in
wild-type pollen (Fig. 3M). As expected, only weak

staining of callose was detected in wild-type mature
pollen (Fig. 3J) and pollen tubes (Fig. 3L), consistent
with the concept of a tightly regulated, fine-tuned cal-
lose level in these cells. In contrast, an abnormally high
amount of callose was deposited in germinal apertures
of the mature pollen grains of PSP231-overexpressing
transgenic tobacco (Fig. 3, I and K). Interestingly, the
atypically germinated PSP231 transgenic pollen grains
contained statistically significantly more callose plugs
in germ pores compared to wild-type pollen grains
(Fig. 3N). Collectively, the above results corroborate
that PSP231 positively contributes to callose formation
and deposition.

PSP231 Dose-Dependently Activates Callose Biosynthesis
to Govern Pollen Maturation

To further characterize the overall effects of PSP231
loss on cotton pollen development on a global molec-
ular scale, we performed transcriptome analysis on
anthers of the PSP231 RNAi knockdown cotton and the
wild type at the same developmental stage (see “Ma-
terials and Methods”). Consistent with the drastic male
sterile phenotype of PSP231-silenced cotton plants,
large numbers of probesets reported that genes were
induced and repressed in anthers of the PSP231-
silenced cotton lines compared with those in the wild
type, demonstrating that PSP231 loss has profound
molecular consequences for cotton anther tissues
(Fig. 4A). Specifically, compared with wild-type con-
trols, a total of 310 upregulated and 702 downregulated
genes were identified in the PSP231 RNAi cotton lines
(Fig. 4, B and C; Supplemental Dataset S1). To validate
the microarray data, the expressions of 10 genes (in-
cluding upregulated, unchanged, and downregulated
genes identified by microarray analysis) in the RNAi
anthers were further analyzed by RT-qPCR. As shown
in Figure 4D, the RT-qPCR results were consistent with
the microarray data. Transcriptional changes in genes
involved in metabolic and cellular processes repre-
sented the major proportions, suggesting that PSP231
loss directly and indirectly impacts many components
of these biological processes (Fig. 4E).
Given that PSP231 overexpression leads to increased

aberrant callose formation and deposition (Fig. 3), we
analyzed the above microarray datasets for the impact
of PSP231 loss on callose-related genes. Interestingly,
two anther-specific callose synthase genes (GhCalS4
and GhCalS8) were significantly downregulated in an-
thers of the PSP231 RNAi cotton compared with age-
matched wild-type controls. RT-qPCR analysis revealed
a specific and stepwise upregulation of GhCalS4 and
GhCalS8 expression levels in wild-type developing an-
thers, reminiscent of the expression profile of GhPSPS231
(Fig. 5A; Supplemental Fig. S6). Consistently, measure-
ments at 25 d showed that PSP231 RNAi cotton anthers
suffered an ;19- to 29-fold decrease in GhCalS4 ex-
pression level and an ;12- to 37-fold decrease in the
GhCalS8 expression level compared with wild-type
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Figure 4. Microarray analysis of the genes differentially expressed in anthers of PSP231 RNAi cotton. A, Heatmap displays of
ratios of the differentially expressed genes in PSP231 RNAi cotton lines L5 (left) and L3 (right) to those in thewild type (WT). B and
C, Numbers of upregulated (B) and downregulated (C) genes in PSP231 RNAi lines L3 and L5 comparedwith thewild type. D, RT-
qPCR analysis of expression of isolated genes in 25-d-old anthers of the PSP231 RNAi cotton lines. The histogram is drawn based
on the log2 scale of the ratio of gene expression levels in the PSP231RNAi anthers to those in thewild type. Probe identification of
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controls (Fig. 5B). Collectively, the above data from
both gain- and loss-of-function studies of PSP231 con-
sistently demonstrated a strong positive effect of PSP231
expression on pollen-specific callose biosynthesis.
Since PSP231 has no predicted DNA binding do-

main, we hypothesized that PSP231 acts as a molec-
ular switch for transcriptional activators or repressors
of pollen-specific callose synthase genes. We further
analyzed the above microarray datasets, and found
that GhWRKY15, a member of the WRKY family of
transcriptional repressors, was significantly upregu-
lated in PSP231 RNAi cotton compared with wild-
type controls. RT-qPCR analysis revealed a specific
and stepwise downregulation of GhWRKY15 expres-
sion levels in wild-type developing anthers (Fig. 5A;
Supplemental Fig. S6), inversely mimicking the specific
stepwise upregulation of PSP231 expression levels dur-
ing the same developmental timewindow. Furthermore,
GhWRKY15 expression levels increased;7- to 22-fold in
25-d-old PSP231 RNAi cotton anthers compared with
age-matched wild-type controls (Fig. 5B), indicating that
PSP231 negatively regulates GhWRKY15 expression ei-
ther directly or indirectly.
Interestingly, bioinformatics analysis revealed the

existence of two and three putative W-boxes in the
promoter regions of GhCalS4 and GhCalS8, respec-
tively (Fig. 5C). To determine whether GhWRKY15
can directly repress pollen-specific callose synthase
expression, we performed a yeast one-hybrid assay
to test the interaction of GhWRKY15 protein and
GhCalS4/GhCalS8 promoters in cells. As expected, the
control yeast cells containing empty pGADT7 vector
and GhCalS4/GhCalS8 promoter fragments failed to
grow in the selective synthetic dropout (SD) medium
containing aureobacidin A (AbA). In striking contrast,
yeast cells with GhWRKY15 and GhCalS4/GhCalS8
promoter fragments grew well in the selective SD
medium containing AbA (Fig. 5D), indicating that
GhWRKY15 directly binds to GhCalS4/GhCalS8 pro-
moters. To further determine whether GhWRKY15
binds to GhCalS4/GhCalS8 promoters through the W-box
elements, we employed the electrophoretic mobility shift
assay (EMSA) with purified GhWRKY15 proteins and
W-box-containing fragments of GhCalS4/GhCalS8 pro-
moters to test this hypothesis. As shown in Figure 5, E
and F, incubation of the biotin-labeled GhCalS4p2 or
GhCalS8p1 probe with purified GhWRKY15 protein
produced strong signals of band shifts, demonstrating
their direct binding relationship. Notably, upon addi-
tion of increasing concentrations of unlabeled probes
as competitors, the intensities of the shifted bands were
gradually reduced to undetectable levels comparable
to negative control levels, indicating the specificity of
this direct intermolecular interaction betweenGhWRKY15
proteins and the W-box regions of GhCalS4 and GhCalS8

promoters. On the other hand, EMSA results revealed
that GhWRKY15 could not bind to GhCalS4p1 and
GhCalS8p2/p3, indicating that these regions may not
be GhWRKY15 binding sites in GhCalS4 and GhCalS8
promoters. Collectively, the above data shed light on
a plausible mechanistic explanation for the observed
PSP231-mediated activation of callose biosynthesis
molecular machinery: PSP231 negatively regulates
GhWRKY15 expression levels to relieve the GhWRKY15-
mediated transcriptional repressive effect on GhCalS4
and GhCalS8.

PSP231 Interacts with GhRBPL1 to Turn Off GhWRKY15
Repression of Callose Biosynthesis

To investigate the molecular mechanism by which
PSP231 controls GhWRKY15 expression, we analyzed
PSP231-associated direct protein-protein interactions
in wild-type cotton anthers by screening a yeast two-
hybrid library of cotton anther cDNAs (see “Materials
and Methods”). Interestingly, this screening revealed
cotton RNA-binding protein-like protein (designated
GhRBPL1) as the top candidate binding partner of
PSP231. Yeast two-hybrid assay confirmed the direct
interaction between PSP231 and GhRBPL1, while a
binding mapping analysis revealed that amino acid
residues 158 to 390 of PSP231 (PSP231Δ2) are key to
mediation of the intermolecular binding event with
GhRBPL1 (Fig. 6A; Supplemental Fig. S7). To further
examine their interaction in vivo, we employed the
bimolecular fluorescence complementation (BiFC) sys-
tem to visualize whether PSP231 can directly interact
with GhRBPL1 in leaves of Nicotiana benthamiana. As
shown in Figure 6B, coexpression of cLUC-PSP231 with
GhRBPL1-nLUC in tobacco leaf cells produced strong
luciferase (LUC) fluorescence signals, whereas the neg-
ative controls (cLUC-PSP2311nLUC and GhRBPL1-
nLUC1cLUC) did not show any detectable signal.
Moreover, the in vitro pull-down assay confirmed
the protein-protein complex formation between puri-
fied maltose-binding protein (MBP)-GhRBPL1 proteins
and His-PSP231 proteins (Fig. 6C). Collectively, the
above in vitro and in vivo data corroborated that
PSP231, via residues 158 to 390, directly interacts with
the RNA-binding protein GhRBPL1 to form a protein-
protein complex, and implies a potential link between
GhRBPL1 and PSP231-controlled GhWRKY15 mRNA
levels.
In Arabidopsis, the UG-rich motif is identified as a

Gly-richRNA-bindingprotein (GRP)-bindingmotif (Bailey
et al., 2009). Notably, sequence analysis revealed that
GhWRKY15 mRNAs harbor six putative UG-rich motifs
(Fig. 7A). To investigate whether GhRBPL1 directly binds
to GhWRKY15 mRNA, we performed the in vitro RNA

Figure 4. (Continued.)
genes in themicroarray analysis is shown on the x axis. Data aremeans6 SD for three replicates. E, Substantially changed genes in
two PSP231 RNAi lines were subcategorized by biological process. SeqNr, Sequence number; GO, gene ontology.

Plant Physiol. Vol. 184, 2020 1033

184PSP231 Plays a Crucial Role in Pollen Development

http://www.plantphysiol.org/cgi/content/full/pp.20.00297/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00297/DC1


protein pull-down assay. Specifically, purified MBP-
tagged GhRBPL1 proteins were mixed with magnetic
bead-bound, biotin-labeled GhWRKY15 mRNA cod-
ing strand or anticoding strand, and then subjected
to magnetic pull-down of RNA-protein complexes.
As expected, MBP tag proteins alone were not pulled-
down by theGhWRKY15mRNA coding strand (Fig. 7B).
Remarkably, the GhWRKY15 mRNA coding strand,

but not its anticoding strand, directly interacted with
GhRBPL1 protein, suggesting that GhRBPL1 protein
can specifically recognize and bind with GhWRKY15
mRNA to influence its stability and expression levels.

Collectively, the above in vitro and in vivo results
comprehensively unveiled the key role of the previ-
ously uncharacterized gene PSP231 in triggering callose
deposition during late pollen development, as well as

Figure 5. GhWRKY15 transcriptionally represses GhCalS4 and GhCalS8 during anther development. A, RT-qPCR analysis
of expression of CalS4, CalS8, and WRKY15 in wild-type cotton anthers. Total RNA isolated from anthers of 15-, 20-, and
25-d-old plants and relative values of CalS4, CalS8, and WRKY15 expression in cotton are shown as a percentage of
GhUBI1 (EU604080) expression activity. Data are means 6 SD for three replicates. B, RT-qPCR analysis of expression of
CalS4, CalS8, and WRKY15 in 25-d-old anthers of PSP231 RNAi cotton lines L3, L5, and L8. Expression level of CalS4,
CalS8, andWRKY15 in the wild type (WT) is set to 1. Data are means6 SD for three replicates. Dunnett’s t test demonstrated
that there was very significant difference (**P , 0.01) in gene expression level between the PSP231 RNAi plants and the
wild type. C, Schematic diagram of theGhCalS4 and GhCalS8 promoters showing relative positions of the W-box elements
(p1–p3). D, Yeast one-hybrid assay showed interaction of GhWRKY15 with theGhCalS4 andGhCalS8 promoter fragments.
Transformants were grown on SD/-Leu nutritional selection medium with 600 ng mL21 AbA (top), and SD/-Leu medium
served as the control (bottom; see “Materials and Methods”). E and F, EMSA of GhWRKY15 binding to the W-box elements
of the GhCalS4 (E) and GhCalS8 (F) promoters. MBP-GhWRKY15 protein was incubated with a biotin-labeled probe, using
13, 103, 1003, and 1,0003 unlabeled probe as competitor. Biotin-labeled probes incubated with MBP protein or without
any protein served as the negative control.
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the molecular mechanisms involved. Mechanistically,
PSP231 activates amolecular circuit through its specific,
gradual upregulation of expression at the postpollen
mitosis stage to gradually sequester and deplete the
pool of the RNA-binding protein GhRBPL1, which was
previously available to bind with GhWRKY15 mRNAs.
This PSP231-spearheaded series of intermolecular
interactions may impair the stability of GhWRKY15
mRNAs and thereby gradually decrease cellular levels
of GhWRKY15 proteins, turning off GhWRKY15 re-
pression of the expression of the pollen-specific callose
synthetase genes GhCalS4 and GhCalS8 as developing
pollen matures further. Overall, this study identified

PSP231 as a pollen-specific molecular switch capable of
dose-dependently adjusting and fine-tuning levels of
callose biosynthesis and deposition required for the
production of functional male gametophytes.

DISCUSSION

PSP231 Is a Regulatory Factor for Asymmetric Cell
Division in Late Pollen Development

PSP231 belongs to the SKS-like family and has not
been characterized prior to this study. So far, only a few
plant SKS-like genes (including Bp10, NTP303 and
AtSKS11/12/13/14) have been reported to be pollen
specific, but their functions and mechanisms are still
elusive and largely unexplored (Albani et al., 1992;
Wittink et al., 2000; Becker et al., 2003; Honys and
Twell 2003). Interestingly, our study reveals that
PSP231 expression is highly specific to male game-
tophytes of cotton at the late developmental stage of
their maturation process, highlighting a recurring
theme of SKS-like family member involvement in
pollen development.
Notably, overexpression of PSP231 under its own

promoter resulted in the generation of defective pollen
grains unable to undergo normal pollen cell division,
suggesting that abnormally high levels of PSP231 ex-
pression negatively impact vegetative/germ cell dif-
ferentiation during male gametogenesis. Consistently,
previous studies also support the concept that the
ability of plants to produce functional pollen grains
diminishes when the asymmetric microspore cell divi-
sion process is defective during male gametogenesis
(Schmidt et al., 2015). For instance, in Arabidopsis,
GEM1 deficiency impairs asymmetric microspore cell

Figure 6. PSP231 directly interacts with GhRBPL1 to form a complex. A, Yeast two-hybrid assay of the interaction between
PSP231 and GhRBPL1. Yeast transformants containing pGBKT7-PSP231 or pGADT7-GhRBPL1 were cultivated on quadruple-
(QDO) or double-dropout (DDO) nutritional selection medium. Negative controls were pGBKT7 and pGADT7 empty vectors,
and positive controlswere P53 and SV40 large Tantigen. B, BiFC assay of the interaction between PSP231 andGhRBPL1. PSP231-
LUCc and GhRBPL1-LUCn were coexpressed in leaves of N. benthamiana, using nLUC and cLUC as negative controls (see
“Materials and Methods”). C, In vitro pull-down assay of the interaction between PSP231 and GhRBPL1. MBP-GhRBPL1 fusion
protein was pulled down with His-PSP231 fusion protein and detected by immunoblotting with anti-MBP antibody, using MBP
protein as a control. As a negative control, no His-PSP231 protein was added in the experiment.

Figure 7. GhRBPL1 specifically recognizesGhWRKY15mRNA to form
a stable RNA-protein complex. A, Schematic diagram of the positions of
putative GhRBPL1 binding motifs (UG-rich motifs U1–U6) in the
GhWRKY15 mRNA sequence. B, RNA pull-down assay of the interac-
tion betweenGhRBPL1 andGhWRKY15mRNA.MBP-GhRBPL1 fusion
protein was pulled down with GhWRKY15 mRNA and detected by
immunoblotting with anti-MBP antibody, using MBP protein as a con-
trol. As a negative control, no mRNA of GhWRKY15 was added in the
experiment.
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division and germ cell fate establishment, leading to
pollen abortion (Park et al., 1998; Twell et al., 2002). The
Arabidopsis gem2 mutant shows repositioning of the
pollen cell division plate and a failure of cytokinesis,
resulting in abnormal symmetrical divisions and al-
tered pollen cell fate. Both daughter cells in gem2
mutant pollen display vegetative cell fate, and con-
sequently the gem2 mutant is male sterile (Park et al.,
2004). Similarly, the scp mutant is unable to produce
male germ cells, because its microspore shows delayed
cell mitosis and aberrant orientation (Oh et al., 2010a).
Also, LBD proteins have been shown to modulate
asymmetric cell division in pollen (Kim et al., 2015,
2016). Furthermore, downregulation of TMBP200 in
tobacco leads to defective cell division associated
with altered spindle position and orientation, pro-
ducing binucleate and uninucleate cells arising from
nuclear fusion or aborted pollen (Oh et al., 2010b).
Overexpression of TMS in Arabidopsis hinders pol-
len development, leading to defective PMI cell plate
formation and failure of intine deposition (Li et al.,
2019). Interestingly, our results demonstrate that
overexpression of PSP231 in tobacco impairs normal
pollen cell mitosis during male gametogenesis (Fig. 3).
Moreover, both PSP231 RNAi cotton and PSP231-
overexpressing transgenic tobacco plants suffer dras-
tically reduced pollen viability and aberrant pollen
germination, suggesting that a fine-tuned level of PSP231
plays an important role in male gametogenesis through
regulating asymmetric microspore cell division.

PSP231 Dose-Dependently Activates Callose Biosynthesis
by Sequestering RBPL1 from WRKY15 mRNAs

Both pollen and fission yeast cells utilize callose as a
key component of their transient cell division plates or
septa. The discovery of inefficient septum dissolution
and excessive aberrant callose deposition in PSP231-
overexpressing fission yeast cells have led us to hy-
pothesize that this protein functionally associates with
cellular machineries responsible for callose formation
and deposition in pollen development. Callose is one of
themost dynamic components in the plant cell wall and
plays an important role during pollen development.
The study of rice Ugp1-silenced plants links disrupted
callose deposition to a complete pollen collapse phe-
notype (Chen et al., 2007). Notably, B. napus can’t form
normal pollen grains if the callose deposited in their
locules is not degraded on time after the tetrad stage
(Zhou et al., 2012), highlighting the fact that transient
callose participation in pollen development must be
very tightly regulated. Our results on gene expression
profiling have revealed that PSP231 is transcriptionally
activated in pollen specifically at the PMI stage, im-
plying that it may participate in modulating callose
formation and deposition in pollen cells at the game-
togenesis stage. Notably, overexpression of PSP231 in
tobacco leads to aberrantly excessive and often mis-
localized callose deposition that probably is the cause of

the observed failure of pollen mitosis and unviable
pollen, as the aberrant excessive callose wall persists
and hinders the timely release of generative cells into
vegetative cells.

GRPs in plants perform multiple functions in RNA
processing, including mRNA transport (Kim et al.,
2008), mRNA splicing (Daras et al., 2019), primary
microRNA processing (Köster et al., 2014), and regu-
lation of mRNA abundance (Foley et al., 2017). By
means of RNA affinity chromatography analysis, the
highly conservedGRPswere found to bind to aUG-rich
motif in the mRNA sequence to regulate RNA pro-
cessing (Bailey et al., 2009; Xiao et al., 2015; Foley et al.,
2017). In this study, we find that six UG-richmotifs exist
in the GhWRKY15 mRNA sequence, and GhRBPL1 di-
rectly binds to GhWRKY15 mRNA (Fig. 6), suggesting
that GhRBPL1 probably affects GhWRKY15 mRNA
stability in late developing pollen. On the other hand,
RBPs can be coordinated by their interaction partners.
For example, Arabidopsis JAC1 was found to bind to
GRP7 to influence the nucleocytoplasmic distribution
of GRP7 (Xiao et al., 2015). In this study, we propose a
plausible mechanistic explanation for PSP231-expres-
sion-associated callose synthesis and provide mecha-
nistic evidence for the existence of a molecular circuit
controlling the transient yet indispensable callose for-
mation and deposition during pollen development. The
physical interaction between PSP231 and GhRBPL1may
hinder GhRBPL1 binding to the mRNAs of GhWRKY15,
thereby impairing its mRNA stability. Consequently,
this diminished cellular level of GhWRKY15 mRNAs
would obviously lead to a diminished nuclear pool of
GhWRKY15 proteins, thereby activating callose synthe-
sis and deposition. Consistently, PSP231 deficiency in
cotton leads to transcriptional activation of the canonical
transcriptional repressor GhWRKY15, which can di-
rectly interact with the promoters of cotton pollen-
specific callose synthase genes (GhCalS4 and GhCalS8),
leading to their transcriptional repression. Therefore,
PSP231-deficient cotton suffers defective male game-
togenesis and pollen abortion because it is unable to
activate the required callose biosynthesis molecular
machinery. Moreover, given the well-known role of the
callose wall as an indispensable component of pollen
tubes, our analyses of pollen germination capability
for both PSP231-overexpressing transgenic tobacco and
PSP231 RNAi cotton further demonstrate the varied
transient yet important participation of PSP231fine-tuned
callose deposition in pollen germination, suggesting the
importance of this integral PSP231-triggered regulatory
mechanism of callose biosynthesis for pollen germination
and pollen tube growth. Additionally, tobacco NTP303
protein, a homolog of PSP231, is also localized to callose
plugs of pollen tubes, and NTP303-silenced pollen tubes
cannot grow through the style (Capková et al., 1997;
Wittink et al., 2000). Similarly, an in vivo pollen germi-
nation test revealed the incapability of PSP231-silenced
pollen to grow normally in the style of cotton, probably
because there are not enough callose plugs formed to
sustain pollen tube elongation.
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Collectively, this study not only identifies a previ-
ously uncharacterized protein, PSP231, as an important
participant with high specificity in cotton male game-
togenesis, but also establishes the existence of a PSP231-
initiated regulatory mechanism/pathway for activat-
ing pollen-specific callose biosynthesis machinery to
drive pollen maturation in cotton (Fig. 8). During mi-
crosporogenesis, in the absence of PSP231 expression,
GhRBPL1 can interact with GhWRKY15 mRNA to sta-
bilize these mRNAmolecules that can be translated into
an abundance of GhWRKY15 proteins. Then, these
GhWRKY15 transcriptional repressors can directly bind
to GhCalS4 and GhCalS8 promoters to suppress their
expression and thus turn off the callose biosynthesis
machinery. The subsequent pollen cell mitosis develop-
mentally triggers the progressive transcriptional activa-
tion of PSP231 expression. The activated PSP231 directly
interacts with GhRBPL1 to inhibit GhRBPL1 binding to
GhWRKY15 mRNA, thereby leading to diminished
GhWRKY15 mRNA stability and GhWRKY15 protein
production. Thus, the GhWRKY15-mediated tran-
scriptional repressive effect on the pollen-specific cal-
lose biosynthesis machinery involving GhCalS4 and
GhCalS8 can be relieved, so that callose biosynthesis
and deposition required for male gametogenesis and
pollen germination can be activated and fine-tuned in a
PSP231-expression-dependent manner. This proposed

mechanism establishes PSP231 as the key molecular
switch to activate a previously unknown pathway to
fine-tune callose biosynthesis for several previously
known pollen-specific developmental events, including
generation of the callose-rich transient cell division
plate between the germ cell and the vegetative cell in
bicellular pollen, formation of concentrated callose
surrounding the germination pore in mature pollen,
and generation of callose plugs inside the pollen tube
and concentrated callose along the germinated pollen
tube wall (except in the tip region). Notably, both loss
and gain of function of PSP231 impair male gameto-
genesis and pollen germination capabilities in a dose-
dependent manner. Collectively, this study highlights
the importance of the integrity of this PSP231-
spearheaded regulatory signaling pathway of callose
biosynthesis for normal pollen development and func-
tionality and suggests that PSP231 operates as a mo-
lecular switch for manipulating pollen fertility of crops
with agricultural value.

MATERIALS AND METHODS

Plant Growth Conditions and Transformation

Cotton (Gossypium hirsutum ‘Coker 312’) seeds were surface-sterilized with
70% ethanol for 1 min and then 10% hydrogen peroxide for 2 h, followed by

Figure 8. Schematic model depicting the proposed molecular mechanism of PSP231-mediated activation of a molecular circuit
that controls callose biosynthesis required for late pollen development and pollen germination.
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washing with sterile water. Subsequently, the seeds were germinated on one-
half strength Murashige and Skoog medium (pH 5.8) under a 16 h light/8 h
dark cycle at 28°C for 5 to 6 d. Hypocotyls from these seedlings were used as
explants for genetic transformation as described previously (Li et al., 2002).

Tobacco (Nicotiana tabacum) seeds were germinated on Murashige and
Skoogmedium under a 16 h light/8 h dark cycle at 25°C. Leaves of 4- to 6-week-
old tobacco plants were used as explants. Tobacco transformation was per-
formed by theAgrobacterium tumefaciens-mediated leaf slicemethod. Transgenic
plants of both cotton and tobacco were transplanted into soil in the greenhouse
or field to grow to maturation.

RNA Gel Blot Analysis

Total RNA was isolated from roots, cotyledons, hypocotyls, leaves, anthers,
petals, ovules, and fibers of cotton plants, and 20-mg RNA samples of the dif-
ferent cotton tissues were separated on 1.2% (w/v) agarose-formaldehyde gels
and transferred onto a Hybond-N nylon membrane (GE Healthcare) by capil-
lary blotting. A PCR fragment (250 bp) of the 39-untranslated region of PSP231
was used as a gene-specific probe (primers are PSP231-L and PSP231-R in
Supplemental Table S1) for northern hybridization as described previously (Li
et al., 2002).

RT-qPCR Analysis

Total RNA isolated from different cotton tissues was reverse-transcribed to
cDNAs with Moloney murine leukemia virus reverse transcriptase (Promega)
according to the manufacturer’s instructions. RT-qPCR analysis was performed
to evaluate the expression levels of the target genes in cotton tissues, using
SYBR Green real-time PCR master mix (Toyobo) in a DNA detection system
(Applied Biosystems) according to amethod described earlier (Li et al., 2005). A
cotton polyubiquitin gene (GhUBI1, EU604080) was used as a standard control
for normalization. All reactions were performed in triplicate, and three inde-
pendent biological replicates were performed. Mean values of normalized
target gene expression levels from three biological experiments were calculated
to determine all target gene expression levels relative toGhUBI1. All the primers
were listed in Supplemental Table S1.

Anti-PSP231 Antiserum Preparation and Western
Blot Analysis

PSP231 antigen production was achieved using a His-tagged protein ex-
pression system (Qiagen). The partial coding region of PSP231 was amplified
using Pfu DNA polymerase and primers (PSP231-exL and PSP231-exR;
Supplemental Table S1) and cloned into pET-28a vector. This plasmid was
transferred into the bacterial host BL21 and protein synthesis was induced with
0.5 mM isopropylthio-b-galactoside for 4 h at 37°C. The purified protein was
used to immunize rabbit. The polyclonal antibodies against PSP231 were tested
on purified recombinant proteins by western blotting.

Extraction of total proteins from cotton tissues was performed according to
the method described by Yao et al. (2006). Briefly, 2 g (fresh weight) of cotton
tissues were ground to a fine powder in liquid nitrogen with 10% (w/v) SiO2

and 10% (percent of sample weight) polyvinylpyrrolidone, and were then
washed with 15 mL ice-cold acetone. After being lyophilized for 30 min, the
powders were resuspended in 5 mL of extraction buffer (50 mM Tris-HCl
[pH8.65], 2% [w/v] SDS, 30% [w/v] Suc, and 2% [v/v] b-mercaptoethanol)
and an equal volume of Tris-saturated phenol (pH 7.9). The samples were
centrifuged for 10 min at 12,000g. The phenolic phase was collected and pre-
cipitatedwith five volumes of 0.1 M ammonium acetate inmethanol at –20°C for
30 min. After centrifugation, the pellet was washed three times with ice-cold
80% acetone, then lyophilized and stored at –80°C until use.

Proteinswere dissolved in aprotein elution buffer (7Murea, 2 M thiourea, and
4% [w/v] CHAPS) and quantified using the Bradford protein assay kit (Bio-
Rad). Then, 50 mg of total protein extracts was loaded per lane, separated by
10% (w/v) SDS-PAGE, and electroblotted using semidry transfer to poly-
vinylidene difluoride membranes. The membranes were then blocked in 5%
(w/v) nonfat drymilk in Tris-buffered saline (50mMTris-HCl and 150mMNaCl
[pH 7.5]) containing 0.1% (v/v) Tween 20 (TBST) for 1 h followed by incubation
with the anti-PSP231 antibody (1:10,000 dilution) in TBSTwith 5% (w/v) nonfat
dry milk for 1 h at room temperature. Subsequently, the membranes were
washed three times with TBST and then incubated with horseradish

peroxidase-conjugated goat anti-rabbit IgG secondary antibody (CWBIO).
Signals were visualized with a diaminobenzidine kit (CWBIO).

Assay of PSP231 Glycosylation

Endo H can cleave high Man and some hybrid types of N-linked carbohy-
drates on proteins, while PNGase F is capable of removing almost all types of
N-linked carbohydrates regardless of type (Sedbrook et al., 2002). Total proteins
isolated from 25-d-old anthers of cotton were dissolved in the denaturing
buffer, and incubated with Endo H and PNGase F, respectively, according to
the manufacturer’s instruction manual (New England Biolabs). Then, the
treated or untreated proteins were separated by 10% (w/v) SDS-PAGE, and
detected by western blot analysis using anti-PSP231 antibody. Beta-actin was
used as a loading control.

Construction of PSP231 Overexpression and RNAi
Recombinant Plasmids

For the PSP231 yeast (Schizosaccharomyces pombe) overexpression construct,
the coding region of PSP231 was cloned into the pREP-5N vector (primers are
PSP231-YL and PSP231-YR). For the PSP231 plant overexpression construct,
the promoter of PSP231 was first cloned into the PBI101 vector to create the
PBI101-PSP231p construct (Primers are PSP231-P1 and PSP231-P2). Then, the
coding sequence of PSP231 was cloned into the PBI101-PSP231p plasmid,
replacing the GUS gene. For the PSP231 RNAi construct, a 250bp fragment of
PSP231 was cloned into pBluescript SK vector to create an inverted repeat
transgene and then cloned into the PBI121 vector (primers are PSP231-L1,
PSP231-R1, PSP231-L2, and PSP231-R2). All primers used are listed in
Supplemental Table S1.

Pollen Viability Assay

Pollenviabilitywas assayedbydouble stainingwithFDAandPI asdescribed
previously (Mandaokar and Browse, 2009). The stained pollen grains were
observed under a Nikon Digital Sight DS-5Mc microscope equipped with a UV
light and CCD camera. Quantitative analysis of pollen viability on wild-type
controls and transgenic lines was performed by examining at least 30 inde-
pendent flowers per genotype. More than 1,000 pollen grains per flower were
analyzed, with green-colored pollen grains counted as alive and red-colored
pollen grains counted as dead. The data were input into SPSS software, and
Dunnett’s t test was performed for statistical analysis.

Floral Sectioning

Whole flowers were collected and fixed in formaldehyde-acetic acid solution
overnight, embedded into SPI-PON 812 resin, and sliced into semithin (;3-mm)
sections by a Leica microtome (http://www.leica.com). The samples were
stained with 0.25% toluidine blue and photographed under Nikon Digital Sight
DS-5Mc microscope equipped with a CCD camera.

In Vitro and In Vivo Pollen Germination

For in vitro pollen germination, mature pollen grains of tobacco were col-
lected and immediately transferred into germination medium consisting of 5%
(w/v) Suc, 0.03% (w/v) Amicase (casein acid-lydrolysate), 12.5% (w/v) poly-
ethylene glycol 6000, 15 mM MES-KOH, 1 mM CaCl2, 1 mM KCl, 0.8 mM MgSO4,
1.6 mM H3PO3, and 30 mM CuSO4 at 25°C for 2 h in the dark. At least nine in-
dependent anthers per genotype, with.500 pollen grains in each sample, were
analyzed for in vitro pollen germination.

For in vivo pollen germination, cotton pollen grains were collected and
pollinated to wild-type pistils. Six hours later, the pistils were cut down and
fixed in ethanol: acetic acid (3:1) for 24 h at room temperature, followed by
washing in 1 M phosphate buffer (pH 7.0) and softening for 20 h in 1 M NaOH.
Afterward, the pistils were stained with 0.01% (w/v) decolorized aniline blue
solution for 2 to 4 h. After being stained, the pistils were placed in glycerol for
1 h, then transferred to a microscope slide, squashed under a coverslip, and
observed under a fluorescence microscope.
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Yeast One-Hybrid Assay

GhCalS4 and GhCalS8 promoter fragments were integrated into the pAbAi
vector separately. The constructs were transferred into yeast strain Y1HGold
using the PEG/LiAc method described in the user manual. Prior to testing for
interactions between GhWRKY15 and the DNA fragment, a self-activation test
was conducted for the DNA sequence bait to determine concentration of AbA
(600 ng mL21) in this experiment. Then, the coding region of GhWRKY15 was
cloned into pGADT7 vector and transformed into the yeast strain Y1HGold
with bait vector. Interaction between GhWRKY15 and the GhCalS4 or GhCalS8
promoter was tested by SD/-Leu with 600 ng mL21 AbA. The empty pGADT7
vector was transferred into Y1HGold with bait vector as a negative control. The
Y1HGold yeast strain containing p53-pAbAi and p53-pGADT7 was used as the
positive control. All primers used are listed in Supplemental Table S1.

EMSA

The coding sequence of GhWRKY15 was cloned into pMal-c2 vector. Then,
MBP-GhWRKY15 fusion protein was expressed in Escherichia coli strain BL21
(DE3) and subsequently purified through an amylose resin column. About
40 bp of synthetic biotin-labeled DNA fragments containing the W-box were
used as the detection probe (sequences shown in Supplemental Table S1). The
same unlabeled fragments were used as the competitor probe. EMSA was
performed in accordance with previously reported methods (Li et al., 2018).
Typically, 10 nmol protein and 20 pmol probe were used in each binding re-
action. The samples were separated by 6% native polyacrylamide gel and
transferred to a nylon membrane. Then the labeled probe signals were detected
using the Light Shift Chemiluminescent EMSA kit (Thermo Fisher Scientific).

Construction of the Cotton Anther cDNA Yeast
Two-Hybrid Library and the Yeast Two-Hybrid Assay

The yeast two-hybrid library of cotton anther cDNAs was constructed using
the Clontech BD Matchmaker Library Construction Kit according to the man-
ufacture’s instruction (BD Biosciences Clontech). Then, fragments of the PSP231
coding sequence (Supplemental Fig. S6A) were fused to the GAL4 DNA
binding domain in bait vector pGBK-T7 and transformed into yeast strain Y187.
The transformants were used for mating to the yeast two-hybrid library of
cotton anther cDNAs. After mating, the diploid cells were selected on QDO
medium (SD/-Trp/-Leu/-His/-Ade) at 30°C. Yeast plasmid DNAwas isolated
from the positive clones for sequencing.

The PSP231Δ2 was fused in frame to the GAL4-BD coding sequence in the
pGBKT7 vector and then transferred into yeast strain Y187. The coding se-
quence ofGhRBPL1was fused in frame to the GAL4-AD coding sequence in the
pGADT7 vector and then transferred into yeast strain AH109. After mating
reactions between the two haploid strains, the diploid strains were selected on
the SD/-Leu/-Trp medium, and positive interactions were detected on a se-
lective medium (SD/-Leu/-Trp/-His/-Ade; Zhang et al., 2010). All primers
used are listed in Supplemental Table S1.

BiFC Assay

TheBiFCassaywasperformedaccording to themethoddescribedpreviously
(Gou et al., 2011). The PSP231 coding sequence was fused in frame to the N
terminus of LUC in the JW771 vector to generate the JW771-PSP231-nLUC
construct, and the coding sequence of GhRBPL1 was fused in frame to the C
terminus of LUC in the JW772 vector to produce the JW772-cLUC-GhRBPL1
construct. The constructs were transferred individually into A. tumefaciens
strain GV3101. The A. tumefaciens cells containing cLUC-GhRBPL1 or PSP231-
nLUC were suspended in tobacco-transformed buffer (10 mM MgCl2, 10 mM

MES [pH5.7], and 150 mM acetosyringone) and injected into leaves of Nicotiana
benthamiana, using cLUC and nLUC as negative controls. After coexpression of
cLUC-GhRBPL1 and PSP231-nLUC in tobacco leaves for 72 h, the luciferase
(LUC) fluorescence signals were detected by a low-light cooled 16-bit CCD
imaging apparatus (CHEMIPROHT 1300B/LND, Roper Scientific). All primers
used are listed in Supplemental Table S1.

Pull-Down Assay

The PSP231-His proteins were expressed in mammalian cells at
AtaGenix and purified with anti-His-tag mAb-Magnetic Beads (MBL

International). The immobilized PSP231-His proteins were incubated with
3 mg MBP-GhRBPL1 proteins at 4°C overnight in phosphate-buffered sa-
line, using MBP as control. Then, the protein samples were washed with
phosphate-buffered saline three times and boiled in SDS loading buffer for
10 min. After separation by SDS-PAGE gel, the proteins were detected by
immunoblotting analysis using anti-MBP antibody and anti-His antibody
(CWBIO).

RNA Pull-Down Assay

The coding and anticoding strands ofGhWRKY15mRNAwere obtained by
in vitro transcription with T7 and SP6 RNA polymerase, respectively, and
subsequently labeled with biotin using the Pierce RNA 39-End Desthiobioti-
nylation Kit (Thermo Fisher Scientific). The RNA pull-down assay was per-
formed according to the Pierce Magnetic RNA-Protein Pull-Down Kit user
manual (Thermo). Briefly, 100 pmol labeled RNA was captured with strep-
tavidin magnetic beads in RNA Capture buffer (20 mM Tris-Cl [pH 7.5], 1 M

NaCl, and 1 mM EDTA). After washing in 20 mM Tris-Cl (pH 7.5), the mag-
netic beads were incubated with the purified MBP-GhRBPL1 or MBP (con-
trol) proteins in protein-RNA binding buffer (20 mM Tris-Cl [pH 7.5], 50 mM

NaCl, 2 mM MgCl2, and 0.1% [v/v] Tween20) and then washed in an equal
volume of wash buffer (20 mM Tris-Cl [pH 7.5], 10 mM NaCl, and 0.1% [v/v]
Tween20). Finally, the protein samples were eluted in Biotin Elution buffer,
separated on a 10% (w/v) SDS-PAGE gel, and detected by immunoblotting
analysis using MBP antibody (CWBIO).

Microarray Analysis

Total RNA from 25 d-old anthers of wild-type and PSP231 RNAi cotton
plants was prepared for microarray analysis. Labeling and hybridization
were performed at the Shanghai Biochip Company according to the pro-
tocols in the Affymetrix GeneChip 39 IVT Express Kit User Manual. Three
biological replicates processed for each PSP231 RNAi cotton line and the
wild type, with overall correlation coefficient values of .0.95, were further
used for the final data analysis. Analysis to determine whether a gene is
differentially expressed was based on fold change (FC $ 3 or FC #23) and
P-value (P # 0.01). To predict gene function and calculate the functional
category distribution frequency, Blast2 GO software was employed. After
that, maps from the Kyoto Encyclopedia of Genes and Genomes were used
to investigate the pathways in which differentially expressed genes are
involved.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers KF270893 (Gh_A13G1836; PSP231),
Gh_A01G1273 (GhWRKY15), Gh_D10G1068 (GhCalS4), Gh_A10G1388
(GhCalS8), and Gh_A12G0257 (GhRBPL1).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Analysis of PSP231 expression in cotton.

Supplemental Figure S2. Mass spectrometric analysis of PSP231 protein
from cotton anther.

Supplemental Figure S3. Subcellular localization of PSP231 in germinating
pollen.

Supplemental Figure S4. Overexpression of PSP231 in fission yeast nega-
tively affects yeast cell growth, viability, and cell division.

Supplemental Figure S5.Aberrant callose deposition of PSP231-overexpressing
yeast cells.

Supplemental Figure S6. RT-qPCR analysis of of CalS4, CalS8, and
WRKY15 expression in cotton tissues.

Supplemental Figure S7. Yeast two-hybrid assay mapping potential inter-
actions between PSP231D1/2/3/4/5 and GhRBPL1.

Supplemental Table S1. Primers used in the experiments.
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Supplemental Dataset S1. Summary of genes differentially expressed in
anthers of PSP231 RNAi cotton versus the wild type.
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