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The cell wall is the fundamental support structure 
of a plant cell. The pollen wall is the most complicated 
wall of all plant cells. It is composed of the inner intine 
and the outer exine. The intine composition is similar 
to normal plant cell walls (Edlund et al., 2004). The exine  
is divided into the sexine and nexine. The nexine is 
a flat layer localized between the sculptured sexine 
and intine. Glycoproteins are essential components of 
the nexine layer (Lou et al., 2014; Jia et al., 2015). The 
sexine is mainly composed of complex chemical com-
pounds of sporopollenin (Scott, 1994; Piffanelli et al., 

1998; Blackmore et al., 2007). The morphological pat-
tern of sexine varies among species, which is the basis 
of the discipline of palynology (Blackmore et al., 2007). 
As one of the most complex structures of the extracel-
lular matrix, the pollen wall plays an important role in 
protecting pollen against microorganism invasion and 
mediating species-specific pollen-stigma recognition 
during the pollination process.

Sporopollenin is a highly resistant biopolymer, which 
is thought to be composed of aromatics, phenolics, and 
long-chain aliphatic acids (Piffanelli et al., 1998; Ariizumi  
and Toriyama, 2011). The components of sporopollenin  
precursors are produced by and stored in tapetum cells 
after meiosis. They are subsequently transported out of 
the tapetum cells and deposited on the surface of mi-
crospores to form the sexine layer (Heslop-Harrison,  
1962; Dickinson and Heslop-Harrison, 1968; Zhou et al.,  
2015; Xu et al., 2016). In Arabidopsis (Arabidopsis thali-
ana), eight proteins are reported to participate in the 
synthesis of sporopollenin precursors. Among them, 
ACYL-CoA SYNTHETASE5 (ACOS5) catalyzes mid-/long- 
chain fatty acids into fatty acyl-CoA, which is hydrox-
ylated by members of the cytochrome P450 superfamily, 
CYP703A2 and CYP704B1. The hydroxylated prod-
ucts are catalyzed by the chalcone synthase family 
POLYKETIDE SYNTHASE A (PKSA) and PKSB into 
triketide and tetraketide α-pyrones, which are the sub-
strates of TETRAKETIDE α-PYRONE REDUCTASE1 
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fected in ms188 mutants. However, MS188 but not AMS can activate the expression of CYP704B1, ACOS5, and TKPR1. In ms188, 
dominant suppression of MS188 homologs reduced the expression of these genes, suggesting that MS188 and other MYB family 
members play redundant roles in activating their expression. The expression of some sporopollenin synthesis genes (PKSA, 
PKSB, TKPR2, CYP704B1, and ACOS5) was rescued when MS188 was expressed in ams. Therefore, MS188 is a key regulator for 
activation of sporopollenin synthesis, and AMS and MS188 may form a feed-forward loop that activates the expression of the 
sporopollenin biosynthesis pathway for rapid pollen wall formation.
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(TKPR1) and TKPR2, respectively. As a fatty acyl re-
ductase, MALE STERILE2 (MS2) catalyzes the pal-
mitoyl acyl carrier protein into a fatty alcohol (Aarts  
et al., 1997; Morant et al., 2007; de Azevedo Souza et al., 
2009; Dobritsa et al., 2009, 2010; Grienenberger et al., 
2010; Kim et al., 2010; Chen et al., 2011). The resultant 
sporopollenin precursors were predicted to be synthe-
sized in the tapetum and transported to the anther loc-
ule by the member of ATP-binding cassette transporter 
superfamily (ABCG26; Quilichini et al., 2010; Choi et al.,  
2011; Dou et al., 2011).

In Arabidopsis, several transcription factors are 
essential for tapetum development and pollen for-
mation including two basic helix-loop-helix (bHLH) 
transcription factors, DYSFUNCTIONAL TAPETUM1 
(DYT1) and ABORTED MICROSPORES (AMS), two 
MYB transcription factors, DEFECTIVE IN TAPETAL 
DEVELOPMENT AND FUNCTION1 (TDF1) and 
MALE STERILITY188 (MS188, also named MYB103 
or MYB80), and a PLANT HOMEODOMAIN fin-
ger member MS1 (Wilson et al., 2001; Sorensen et al., 
2003; Zhang et al., 2006, 2007; Zhu et al., 2008). DYT1 
is the most upstream regulator in tapetum develop-
ment. DYT1 affects many downstream genes related 
to tapetum development and pollen wall formation by  
directly regulating TDF1 (Gu et al., 2014). TDF1 directly  
regulates AMS, AMS regulates MS188, and MS188 regu-
lates MS1 (Lou et al., 2014, 2018; J.Y. Lu, S.X. Xiong, W.Z.  
Yin, X.D. Teng, Y. Lou, J. Zhu, C. Zhang, J.N. Gu, Z.A. 
Wilson, and Z.N. Yang, unpublished data). Thus, these 
transcription factors form a genetic pathway (DYT1-
TDF1-AMS-MS188-MS1) in controlling tapetum de-
velopment. In this pathway, AMS can bind to the 
promoters of CYP703A2, PKSB, TKPR1, and CYP704B1 
in vivo (Xu et al., 2014). The ams mutant displays aber-
rantly enlarged tapetal cells and aborted microspores 
(Xu et al., 2010; Zhu et al., 2011). The pollen sexine is 
absent in the ms188 mutant (Zhang et al., 2007). Re-
cently, we found that MS188 interacts with AMS to reg-
ulate the expression of CYP703A2 (Xiong et al., 2016). 
The pollen wall is formed in a short time to protect the 
development of the microspore into mature pollen. It 
is uncertain how the tapetum regulates the sporopol-
lenin synthesis pathway. In this work, we show that 
MS188 acts as the major regulator to activate the sporo-
pollenin synthesis pathway. As an upstream regulator, 
AMS may interact with MS188 to form a feed-forward 
loop to facilitate the expression of sporopollenin syn-
thesis genes for pollen wall formation.

RESULTS

Sporopollenin Synthesis Enzymes Are Localized in the 
Tapetum and Locules

During Arabidopsis anther development, AMS and 
MS188 accumulate in tapetum cells at stages 6 to 9, in 
which the tapetal cells transfer into the secretory type 
and provide the sporopollenin materials for sexine 

formation (Xiong et al., 2016). We confirmed this finding 
by GFP observation in current study (Fig. 1, A–J). The 
sporopollenin synthesis enzyme, CYP703A2, is local-
ized in both the tapetal cells and anther locule at stages  
7 through 9 (Xiong et al., 2016). The MS2 protein accu-
mulates in tapetal cells (Chen et al., 2011). To under-
stand the expression pattern of other sporopollenin 
synthesis genes, we fused the GFP gene to the genomic 
sequences of PKSA, PKSB, ACOS5, CYP704B1, TKPR2, 
and TKPR1 driven by their native promoters. The 
TKPR1-GFP construct was transferred to wild-type 
Arabidopsis plants to obtain transgenic lines. All other 
constructs were transferred to their corresponding mu-
tants with heterozygous backgrounds. Transgenic lines 
with homozygous backgrounds were identified. The 
transgenes successfully complemented the fertility of the 
mutants (Supplemental Fig. S1). Hence, the GFP tag-
ging of these genes did not interfere with their biologi-
cal function. The transgenic plants were designated as 
PKSA-GFP, PKSB-GFP, ACOS5-GFP, CYP704B1-GFP, 
TKPR1-GFP, and TKPR2-GFP (Fig. 1, K–N1). Observa-
tions using confocal microscopy indicated that these 
sporopollenin synthesis proteins first accumulated in 
anthers at stage 7 and then decreased significantly at 
stage 10 (Fig. 1, K–N1). The expression pattern of these 
proteins overlap with that of AMS and MS188 (Fig. 1, B, 
C, G, and H). The GFP fluorescent signals in transgenic  
plants appeared initially in the tapetal layer. When the 
microspores were released, the GFP signals were ob-
served in both the tapetum and the locule and accu-
mulated to high levels during the late stage of anther 
development. No GFP signals were detected inside the 
tetrads and free microspores (Supplemental Fig. S2). It 
has been reported that these genes are transcribed in 
tapetal cells (Aarts et al., 1997; Morant et al., 2007; de 
Azevedo Souza et al., 2009; Dobritsa et al., 2010; Chen 
et al., 2011), consistent with our results that indicate 
that the sporopollenin synthesis proteins are translat-
ed in the tapetum and gradually transported into the 
locules during anther development.

AMS and MS188 Are Required for the Expression of 
Sporopollenin Synthesis Genes

DYT1, TDF1, AMS, MS188, and MS1 form a genetic 
pathway that is important for tapetal development and 
pollen wall formation (Zhu et al., 2011; Gu et al., 2014; 
Lou et al., 2014, 2018; Fig. 2A). We analyzed the expres-
sion of sporopollenin synthesis genes in the mutants 
of these transcription factors. Results from microarray 
analysis showed that expression of PKSA, PKSB, MS2, 
and CYP703A2 was suppressed in dyt1, tdf1, ams, and 
ms188 mutants (Fig. 2B; Zhu et al., 2010; Li et al., 2017). 
Since DYT1, TDF1, and AMS are upstream regulators 
of MS188, it is likely that these sporopollenin synthe-
sis genes are downstream of MS188. The expression of 
CYP704B1, ACOS5, TKPR1, and TKPR2 was reduced in 
dyt1, tdf1, and ams mutants, but not in ms188 (Fig. 2B). 
This indicates that these four genes are downstream 
of AMS. We utilized reverse transcription quantitative 
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Figure 1. Protein localization of AMS-GFP, MS188-GFP, and sporopollenin synthesis protein-GFPs. Confocal images of the 
fluorescence of the AMS-GFP, MS188-GFP, CYP704B1-GFP, ACOS5-GFP, TKPR1-GFP, TKPR2-GFP, PKSB-GFP, and PKSA-GFP 
fusion proteins from stages 6 through 10. GFP expression (530 nm) is shown in the green channel, while chlorophyll autofluo-
rescence (>560 nm) is shown in the red channel. A to C and F to H, The fluorescence of AMS-GFP and MS188-GFP at stages 6 
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PCR (RT-qPCR) analysis to further verify these data. 
The results of RT-qPCR were consistent with the mi-
croarray data (Fig. 2C). MS1 is thought to be the last 
transcription factor of the genetic pathway. RT-qPCR 
analysis showed that the expression of these genes was 
not affected in the ms1 mutant (Fig. 2C). In summary, 
these results suggest that AMS and MS188 are two reg-
ulators closely related with the expression of sporopol-
lenin synthesis genes.

MS188 Directly Activates the Expression of PKSB, PKSA, 
and MS2

MS188 encodes a member of the MYB family (Zhang 
et al., 2007). AACC is the core MYB binding motif 

(Phan et al., 2011; Xiong et al., 2016). The promoter  
regions of PKSA, PKSB, and MS2 genes all contain sev-
eral MYB core binding motifs (Phan et al., 2011; Xiong  
et al., 2016). In a previous study, we obtained transgenic 
lines in which Myc-tag fused with MS188 fully comple-
mented the ms188 phenotype (Xiong et al., 2016). We 
used this transgenic line to perform chromatin immu-
noprecipitation (ChIP) to understand whether MS188 
was directly associated with these promoters. For 
each promoter, two probes spanning the MYB binding 
motifs (probe 1 and 2) and one probe in its coding re-
gion as a control were synthesized for analysis (Fig. 3, 
A–C). Our results showed that MYC-MS188 binding 
was stronger in the promoter regions of these genes 
than in the control coding regions (Fig. 3, D–F; Supple-
mental Fig. S3). Results from electrophoretic mobility  
shift assays (EMSA) showed that Maltose binding 
protein (MBP)-MS188 recombinant protein (Supple-
mental Fig. S4) bound to these cis-elements containing 
“AACC” core motifs. A 25-fold and 50-fold excess of 
unlabeled AACCT-containing probes was able to com-
pete for the binding of MS188 to labeled probes (Fig. 3,  
G–I). Hence, MS188 is able to directly bind to the pro-
moter sequences of PKSA, PKSB, and MS2. To ana-
lyze whether MS188 could activate the expression of 
these genes, a transient overexpression assay using 
Arabidopsis protoplasts was performed. The firefly 
luciferase (LUC) reporter gene individually driven by 
PKSA, PKSB, and MS2 promoters and the Renilla gene 
driven by the 35S promoter were coconstructed as re-
porters, while MS188 driven by the 35S promoter was 
used as an effector. When each reporter paired with 
the p35S::MS188 effector were cotransformed into pro-
toplasts, the amount of LUC luminescence driven by 
PKSB, PKSA, and MS2 promoters increased, compared 
with the background level in the negative control (Fig. 3,  
J–L). These results indicate that MS188 directly binds 
to the promoters of PKSA, PKSB, and MS2 to activate 
their expression.

MS188, Not AMS, Activates the Expression of ACOS5, 
CYP704B1, and TKPR1

Through cytological analysis, MS188 was shown to 
be the key regulator for sexine formation (Zhang et al.,  
2007). However, results from microarray data and 
RT-qPCR analysis suggest that ACOS5, CYP704B1, and 
TKPR1 are downstream of AMS (Fig. 2, B and C). AMS 
can also bind to the promoters of ACOS5, CYP704B1, 
and TKPR1 (Xu et al., 2014; Supplemental Fig. S5). 
We further looked into this issue using a ChIP assay.  

through 8. Right, high-magnification images of GFP localization. D, E, I, and J, The fluorescence of AMS-GFP and MS188-GFP 
at stages 9 and 10. K, P, U, Z, E1, and J1, The fluorescence of CYP704B1-GFP, ACOS5-GFP, TKPR1-GFP, TKPR2-GFP, PKSB-
GFP, and PKSA-GFP at stage 6. L to N, Q to S, V to X, A1 to C1, F1 to H1, and K1 to M1, The fluorescence of CYP704B1-GFP, 
ACOS5-GFP, TKPR1-GFP, TKPR2-GFP, PKSB-GFP, and PKSA-GFP at stages 7 to 9. Right, high-magnification images. O, T, Y, 
D1, I1, and N1, The fluorescence of CYP704B1-GFP, ACOS5-GFP, TKPR1-GFP, TKPR2-GFP, PKSB-GFP, and PKSA-GFP at stage 
10. Scale bars, 50 μm.

Figure 1. (Continued.)

Figure 2. Expression of the sporopollenin synthesis genes in tapetal 
transcription factor mutants. A, The proposed hierarchical relationship 
between the tapetal transcription factors required for exine develop-
ment. B, Results from microarray analysis of PKSA, PKSB, CYP703A2, 
MS2, TKPR1, TKPR2, CYP704B1, and ACOS5 expression in the inflo-
rescences of wild type (WT), dyt1, tdf1, ams, and ms188 mutants. C, 
RT-qPCR analysis of the above sporopollenin synthesis genes in the 
inflorescences of wild-type, dyt1, tdf1, ams, ms188, and ms1 plants. 
x axis represents the genes, and y axis is shown as relative expression. 
sd is indicated as error bar.
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The promoter regions of ACOS5, CYP704B1, and 
TKPR1 contain several MYB binding sites (Fig. 4, A–C). 
ChIP assay and EMSA showed that MS188 bound the 

promoters of ACOS5, CYP704B1, and TKPR1 (Fig. 4, 
D–F; Supplemental Figs. S3 and S6). Since both AMS  
and MS188 can bind to the promoters of these genes, a  

Figure 3. Transcription factor MS188 directly regulates the expression of PKSA, PKSB, and MS2. A to C, The designed probes 
of PKSB, PKSA, and MS2, respectively. Probe 1 (P1) and P2 contain the binding sites (black dots) of MS188, and P3 was de-
signed in the coding region as a control. The black lines show the fragments of the probes for the ChIP-qPCR assay. D to F, The 
fragments of the above probes in PKSB, PKSA, and MS2 promoters specifically amplified by ChIP-qPCR using 4xMYC-MS188 
transgenic plant samples. The fold of enrichment is the average of three replicates, and sd is indicated as error bar. −AB, ab-
sence of antibody; +AB, presence of antibody. G to I, EMSA assay showing MS188 binding to probes in vitro. The first panel 
represents free probe, and the last panel indicates the mixture of free probe and MBP tag; both are used as negative controls. 
The shift band is indicated by the arrowhead, which is highlighted by the positive control of mixture of biotin-tagged probe 
and non-biotin-tagged probe and MBP-MS188. J to L, p35s::MS188 was cotransformed with pPKSB::LUC, pPKSA::LUC, and 
pMS2::LUC, respectively, and a transient dual-luciferase assay was conducted in the Arabidopsis protoplasts. Three replicates 
were performed, and the y axis is shown as the ratio of Luciferase/Renilla. sd is indicated as error bar.

MS188 Is a Major Regulator for Sexine Formation
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dual-luciferase assay was performed to understand  
whether they could activate the expression of these genes.  
When the constructs of pTKPR1::LUC, pACOS5::LUC, 
and p35S::AMS were cotransformed into Arabidopsis 
leaf protoplasts, LUC activity was hardly induced (Fig. 
4, G and H). The pCYP704B1::LUC could be slightly in-
duced with p35S::AMS in the protoplasts (Fig. 4I). This 
indicates that AMS alone could hardly activate the ex-
pression of ACOS5, CYP704B1, and TKPR1. However, 
the LUC reporter driven by the promoters of the three 
genes above was strongly induced by MS188 protein 
(Fig. 4, G–I). Once pCYP704B1::LUC and pTKPR1::LUC 
were cotransformed with p35S::AMS and p35S::MS188, 
respectively, the luminescence signals increased (Fig. 4,  
G and I). For the cotransformation of pACOS5::LUC 
with p35S::AMS and p35S::MS188, LUC activity did 
not obviously increase (Fig. 4H). These results show 
that MS188 directly regulates the expression of ACOS5, 

and AMS and MS188 synergistically activate the ex-
pression of TKPR1 and CYP704B1.

Other MYBs, Together with MS188, Regulate the 
Expression of CYP704B1, ACOS5, TKPR1, and TKPR2

MS188 was shown to activate the expression of ACOS5 
and TKPR1 in Arabidopsis protoplasts; however,  
their expression was not affected in the ms188 mutant 
(Fig. 2, B and C). This may be caused by functional re-
dundancy with other gene family members. To inves-
tigate this further, we made constructs of MS188 fused 
with a 12-amino acid SRDX motif (LDLDLELRLGFA) 
driven by either the promoter of MS188 or AMS (Fig. 
5A). The chimeric protein with this motif was reported 
to act in a dominant manner to inhibit the activation of 
redundant transcription factors (Hiratsu et al., 2003). 
The two constructs were named pMS188::MS188-SRDX 

Figure 4. MS188 but not AMS activates the expression of ACOS5, CYP704B1, and TKPR1. A to C, The designed probes in the 
promoter and genomic regions of TKPR1, ACOS5, and CYP704B1, respectively. D to F, The fragments of the above probes in 
TKPR1, ACOS5, and CYP704B1 promoters were specifically amplified by ChIP-qPCR using 4xMYC-MS188 transgenic plant 
samples. The fold enrichment is the average of three replicates (error bar is shown by sd). −AB, absence of antibody; +AB, pres-
ence of antibody. G to I, Transient dual-luciferase assays were performed in Arabidopsis leaf protoplasts. The p35S::NOS vector 
was used as negative control. The p35S::MS188 and p35S::AMS were transformed into the protoplasts with reporter plasmids 
separately. The last column of three panels was cotransformation of p35S::MS188, p35S::AMS, and each reporter plasmid. sd 
is indicated as error bar.
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and pAMS::MS188-SRDX and were individually trans-
formed into MS188+/− heterozygous plants. Trans-
genic lines with the ms188 homozygous background 
were identified (Fig. 5, B–E). In the pMS188::MS188-
SRDX transgenic line, the expression of CYP704B1, 
ACOS5, TKPR1, and TKPR2 was decreased compared 
with that in ms188 (Fig. 5F). In the transgenic line of 
pAMS::MS188-SRDX, the transcript levels of AMS 
compared to wild-type plants were not affected (Sup-
plemental Fig. S7A), but the expression of all these 
genes was further reduced compared with that in the 
pMS188::MS188-SRDX transgenic line (Fig. 5F). The 
expression level of these genes in the pAMS::MS188-
SRDX line was close to that of the ams mutant (Fig. 5F). 
AMS acts upstream of MS188, and its expression is ear-
lier than MS188 (Zhu et al., 2011). The earlier expres-
sion of MS188-SRDX conferred by the AMS promoter 
may lead to a higher level of the chimeric MS188-SRDX 
protein thereby enhancing the repression of its targets. 

These results indicate that other MYB transcription 
factors are also involved in regulating the expression 
of CYP704B1, ACOS5, TKPR1, and TKPR2.

The Expression of MS188 in ams Rescues the Expression 
of Most Sporopollenin Synthesis Genes

In previous work, we obtained pAMS::MS188 trans-
genic plants where MS188 is expressed normally in the 
ams mutant background (Xiong et al., 2016). We used 
this transgenic line to analyze if MS188 without AMS 
could activate the expression of sporopollenin synthe-
sis genes. Of PKSA, PKSB, MS2, and CYP703A2, which 
were severely suppressed in both ams and ms188 mu-
tants (Fig. 2, B and C), the expression of PKSA and 
PKSB was fully restored in this transgenic line. The 
expression of MS2 was partially restored (Fig. 6A), as 
was CYP703A2 (Xiong et al., 2016). In ams, the expres-
sion of CYP704B1, ACOS5, and TKPR2 decreased. The 

Figure 5. Redundant genes of the MYB family are involved in regulating the expression of sporopollenin synthesis genes. A, 
pMS188::MS188-SRDX and pAMS::MS188-SRDX constructs. B to E, Fertility comparison between wild-type (WT), ms188, 
pMS188::MS188-SRDX (ms188−/−), and pAMS::MS188-SRDX (ms188−/−) plants, respectively. F, Reverse transcription quantita-
tive PCR (RT-qPCR) analysis of TKPR1, TKPR2, CYP704B1, and ACOS5 expression in the inflorescences of WT, ams, ms188, 
pMS188::MS188-SRDX (ms188−/−), and pAMS::MS188-SRDX (ms188−/−) plants. y axis is shown as relative expression, and error 
bar is indicated as sd.

MS188 Is a Major Regulator for Sexine Formation

http://www.plantphysiol.org/cgi/content/full/pp.18.00219/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00219/DC1


290 Plant Physiol. Vol. 178, 2018

expression of these genes was largely restored in the 
transgenic line (Fig. 6A). However, the expression of 
TKPR1 did not show any recovery (Fig. 6A). These re-
sults demonstrate that MS188 acts as a major regulator 
to activate the expression of most genes for sporopol-
lenin synthesis.

DISCUSSION

The Localization of Sporopollenin Synthesis Proteins 
Suggests the Synthesis of Sporopollenin Precursors  
in the Locule

In Arabidopsis, sporopollenin precursor synthesis 
involves at least eight genes that are expressed in the 
tapetal layer (Morant et al., 2007; de Azevedo Souza 
et al., 2009; Dobritsa et al., 2009, 2010; Grienenberger 
et al., 2010; Kim et al., 2010; Chen et al., 2011). Immu-
nochemical localization under transmission electron 
microscope reveals that ACOS5, PKSA/B, TKPR1/2 
are localized in tapetal cells (Lallemand et al., 2013). 
In the transgenic line with CYP703A2-GFP fully res-
cuing the cyp703a2 phenotype, CYP703A2-GFP is  

localized in both the tapetum and anther locule 
(Xiong et al., 2016). In this study, we used the same 
strategy to understand the expression pattern of 
sporopollenin synthesis genes during anther devel-
opment. The protein products of these genes were 
initially detected in tapetal cells, then accumulated in 
the tapetum and anther locules (Fig. 1, K–N1). The 
expression pattern of these proteins is quite similar to 
that of CYP703A2. The similarity of their expression 
patterns supports that they belong to the same path-
way of metabolic synthesis. Tapetal degeneration is 
first detected at stage 10, and is completed at stage 
12 during anther development (Sanders et al., 1999). 
These proteins were observed in the locule at stage 8 
(Fig. 1, M, R, W, B1, G1, and L1) indicating that they 
were secreted from the tapetum into the anther locule. 
It was proposed that the sporopollenin precursors are 
synthesized in the tapetal cells and transported onto 
the surface of microspores (Ariizumi and Toriyama, 
2011; Quilichini et al., 2015). The high accumulation 
of sporopollenin synthesis proteins in locule suggests 
that sporopollenin precursors could be synthesized 
not only in the tapetum but also in the locule. The 
synthesis of sporopollenin precursors in the locule 

Figure 6. Expression of MS188 in ams 
rescues the expression of sporopollenin 
synthesis-related genes. A, Reverse tran-
scription quantitative PCR (RT-qPCR) anal-
ysis of PKSB, PKSA, MS2, TKPR1, TKPR2, 
CYP704B1, and ACOS5 in the inflores-
cences of wild-type (WT), ams, ms188, 
and pAMS::MS188 (ams−/−) plants. y axis 
is shown as relative expression, and error 
bar is indicated as sd. B, A proposed mod-
el of MS188 acting as the main regulator 
together with AMS and other MYB family 
and bHLH family members to modulate 
sexine formation. For the genetic pathway 
(DYT1-TDF1-AMS-MS188-MS1) in the 
tapetal layer, MS188 is directly regulated 
by AMS and MS188 interacts with AMS 
to form a feed-forward loop to regulate 
the expression of sporopollenin synthesis 
genes. Some other MYB family and bHLH 
family members participate in the regula-
tion process. The colorful ellipses indicate 
the transcription factors, and the black 
ones indicate the sporopollenin enzymes. 
The black circles represent the sporopolle-
nin precursors.
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may facilitate sporopollenin deposition on the micro-
spore surface to form the sexine layer.

MS188 Plays a Key Role in Activating the Expression of 
Sporopollenin Synthesis Genes

In the genetic pathway (DYT1-TDF1-AMS-MS188-
MS1), AMS and MS188 are two regulators important 
for the expression of sporopollenin synthesis genes. 
All eight genes were downregulated in ams, and four 
of them were suppressed in the ms188 mutant (Fig. 2, 
B and C). In this work, we demonstrate that MS188 
acts as a key regulator for sporopollenin synthesis 
gene expression based on the following evidence: (1) 
MS188 bound to the promoters of these genes (Figs. 3,  
D–I, and 4, D–F; Supplemental Fig. S6);( 2) MS188, 
but not AMS, activated their transcription (Fig. 3, J–L, 
and 4, G and H); (3) without AMS, MS188 could ac-
tivate the expression of most sporopollenin synthesis 
genes in vivo (Fig. 6A). The key role of MS188 for reg-
ulating sporopollenin synthesis is consistent with the 
phenotype of an absent sexine layer in the ms188 mu-
tant (Zhang et al., 2007). Among these sporopollenin 
synthesis genes, the expression of ACOS5, CYP704B1, 
and TKPR1/2 were not affected in the ms188 mutant 
(Fig. 2, B and C). A dominant suppression assay sug-
gests that other MYB members play a redundant role 
to activate the expression of these genes (Fig. 5F). In 
Arabidopsis, MYB33 and MYB65 redundantly facili-
tate proper tapetal development. The tapetal cells of 
the myb33 myb65 double mutant undergo hypertrophy 
during meiosis resulting in abortion of pollen develop-
ment (Millar and Gubler, 2005). Additionally, MYB32 
is reportedly involved in the regulation of phenyl-
propanoid pathways, affecting the composition of the 
pollen wall in Arabidopsis (Preston et al., 2004). These 
MYB family transcription factors might play a redun-
dant role with MS188 to regulate sporopollenin syn-
thesis for sexine formation.

AMS Interacting with MS188 May Form a Feed-Forward 
Loop to Highly Regulate Sporopollenin Synthesis

MYB family members frequently interact with bHLH 
transcription factors to regulate downstream genes 
during plant growth and development. In Arabidop-
sis, bHLH family members GLABROUS3 (GL3) and 
TRANSPARENT TESTA8 interact with MYB family  
members TRANSPARENT TESTA2, GL1, and MYB61 
to regulate the expression of DIHYDROFLAVONOL  
REDUCTASE and LEUCOANTHOCYANIDIN OXIDASE  
for anthocyanin synthesis (Koes et al., 2005; Appelhagen 
et al., 2011). The GL3-GL1 complex is also required for  
root epidermal and trichome development (Schiefelbein, 
2003; Zhao et al., 2008). bHLH-MYB complexes reg-
ulate the jasmonate-mediated stamen and seed mat-
uration (Qi et al., 2015). The bHLH family member 
MYC2 interacts with MYB2 to regulate the gene ex-
pression of the abscisic acid-inducible pathway (Abe 

et al., 2003; Kazan and Manners, 2013). MS188, a MYB 
gene family member, is the key regulator in activating 
the expression of sporopollenin synthesis genes for 
pollen wall formation. In the tapetum, AMS (bHLH 
family) is reported to interact with MS188 (MYB fam-
ily; Xiong et al., 2016; Lou et al., 2018). AMS can bind 
to the promoters of several sporopollenin synthesis 
genes (Xu et al., 2014). It is likely that the activation of 
MS188 for sporopollenin synthesis requires its inter-
action with bHLH transcription factor AMS. During 
anther development, three other bHLH family mem-
bers (bHLH010, bHLH089, and bHLH091) are also 
involved in tapetum development and male fertility 
(Zhu et al., 2015; Cui et al., 2016). Yeast two-hybrid 
assays showed that MS188 also interacted with both 
AMS and bHLH010 (Supplemental Fig. S8). There-
fore, MS188 or other MYBs may form different com-
binations with AMS or other bHLHs to regulate the 
expression of relative sporopollenin synthesis genes 
as shown in the model (Fig. 6B). In this model, MS188 
and other MYBs play a redundant role in activating 
the expression of CYP704B1, ACOS5, TKPR1, and 
TKPR2. Among them, AMS is critical for TKPR1 ex-
pression because it could not be restored by MS188 
in ams mutants. AMS and other bHLHs may also 
participate in activating the expression of CYP704B1, 
ACOS5, and TKPR2. MS188 was essential to activate 
the expression of CYP703A2, PKSB, PKSA, and MS2. 
As the expression of CYP703A2 and MS2 was partially  
restored by MS188 in ams mutants, AMS is important 
and other bHLHs play a partial redundant role to reg-
ulate their expression. The expression of PKSB and 
PKSA was fully restored, indicating that other bHLHs 
can replace AMS to regulate their expression (Fig. 6B).

Sporopollenin synthesis genes are highly and spe-
cifically expressed from stage 7 (late tetrad stage) to 
stage 10 during anther development (Fig. 1, C–H), 
when sporopollenin synthesis and deposition occur. 
The activation of the sporopollenin synthesis pathway 
by the key activator MS188 may facilitate the quick 
initiation of sporopollenin synthesis to protect de-
veloping microspores. AMS directly regulates MS188 
and interacts with MS188 (Xiong et al., 2016; Lou  
et al., 2018). This appears analogous to the regulatory 
relationship of TDF1 and AMS, in which TDF1 directly  
regulates AMS and interacts with AMS to form a 
feed-forward loop to facilitate downstream gene ex-
pression (Lou et al., 2018). In the tapetum, the expres-
sion of TDF1 is relatively low (Lou et al., 2018). These 
two feed-forward loops may act together to achieve 
the high levels of expression of sporopollenin synthe-
sis genes required for rapid formation of the pollen 
wall.

MATERIALS AND METHODS

Plants Growth Conditions

The Arabidopsis (Arabidopsis thaliana) Colombia ecotype was used for wild-
type plants. The seeds were placed in the dark at 4°C for 2 d before germination 
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and then planted in a 22°C incubator with 16 h light and 8 h dark. Plant flow-
ers were transformed with Agrobacterium tumefaciens containing the constructs 
in a binary vector, and the seeds obtained were screened on selective growth 
medium to obtain the transgenic plants. All T-DNA insertion mutant lines 
were provided by the Arabidopsis Biological Resource Center.

Expression Analysis

The RNA used for microarray and RT-qPCR analyses was derived from 
the inflorescences of wild-type, dyt1, tdf1, ams, ms188, and ms1 plants. Three 
replicates of independently grown materials were used. The RNA was extracted  
using TRIzol (Invitrogen), purified using a RNeasy Mini kit (Qiagen) and used 
as a template for cDNA synthesis. Cy3- and Cy5-labeled cRNA molecules 
were synthesized (Agilent; 5184-3523) and hybridized onto a 44 K Arabidopsis 
oligo microarray (Agilent; 5188-5242). Signals were detected according to the 
manufacturer’s protocol. The spots with 2-fold or more differential expression 
between the wild type and mutants (pValueLogRatio < 0.05; Flag = 0; S/n > 
2.6) in three independent experiments were identified. RT-qPCR was carried 
out as previously described (Xiong et al., 2016). The primers were synthesized 
by Shanghai Generay Biotech. The primer sequences are presented in Supple-
mental Table S1.

Protein Localization

The transgenic plants of ACOS5-GFP, CYP704B1-GFP, TKPR1-GFP, TK-
PR2-GFP, PKSA-GFP, and PKSB-GFP were constructed by fusing GFP with 
ACOS5, CYP704B1, TKPR1, TKPR2, PKSA, and PKSB driven by their native 
promoters, and the binary vector pCAMBIA1300 was used for the construc-
tion. The constructed plasmids were transferred into A. tumefaciens to infect 
the flower buds. The flower buds of the plants were harvested, and the anthers 
were isolated. A Zeiss laser confocal microscope with a 40× oil objective was 
used to observe GFP green fluorescence (Xiong et al., 2016).

ChIP

The MS188-MYC transgenic plants were planted and their buds were col-
lected as ChIP experimental materials. The MS188-MYC-tagged proteins and 
chromatin forming complexes in buds were cross linked in formaldehyde 
containing buffer. The nuclei were isolated, and the chromatin was sheared 
with an ultrasonic apparatus. The majority of the DNA fragments with a size 
between 300 and 800 bp were incubated with salmon sperm DNA/protein 
agarose mix (Millipore) for 1 h, and the supernatants were incubated with 
polyclonal antibody against MYC (Millipore) at 4°C overnight. The anti-
body-protein/DNA complexes were precipitated with magnetic beads protein 
G (Invitrogen). After isolation and purification, the DNA samples were sub-
jected to real-time PCR analysis. The primer information is shown in Supple-
mental Table S1.

EMSAs

Induction and purification of MBP-MS188 fusion protein was based on 
a published protocol (Xiong et al., 2016). The biotin-labeled and unlabeled 
DNA probes were designed based on the MYB family binding sites on the cis- 
elements of PKSA, PKSB, MS2, and ACOS5 promoters (probe information in 
Supplemental Table S1). The EMSA was performed using the Light Shift Che-
miluminescent EMSA Kit (Thermo Scientific). Reactions were performed in 
binding buffer (10 mm Tris-HCl, pH 7.5, 50 mm KCl, 1 mm DTT) at room tem-
perature for 30 min. Images were taken with a Tanon-5500 Chemiluminescent 
Imaging System (Tanon, China).

Protoplast Transformation

The promoters of sporopollenin synthesis genes were inserted into the 
pGreenII 0800-LUC vector. Arabidopsis (Col-0) leaves grown for 28 d were 
harvested and protoplasts were prepared using cellulase (0.015 g/mL) and 
pectinase (0.0035 g/mL) to lyse the cell wall. The above constructs and the 
p35S::MS188 construct were cotransfected into protoplasts in poly ethylene 
glycol solution (0.4g/mL PEG4000), and the cytoplasm was cultivated for 12 
to 16 h of light treatment. After adding Passive Lysis buffer to lyse the pro-
toplasts, the LUC substrate (Luciferase Assay Reagent II) was added to de-
tect the firefly luminescence. The reaction was quenched, and then the Stop 
& Glo Reagent was added to test the Renilla luciferase. The above experiment 

was performed using luciferase assay kit obtained from Promega (catalog no. 
E1910) according to the manufacturer’s instructions.

Yeast Two-Hybrid Analysis

The yeast two-hybrid assay was achieved following the protocol of the 
Clontech two-hybrid system. The MS188 proteins without the self-activation  
fragment were obtained from previous work (Xiong et al., 2016), and the 
bHLH010 coding region was inserted into the pGADT7 plasmids. The  
Saccharomyces cerevisiae (yeast) strain AH109 was cotransformed with these 
constructs. The transformants were screened on the corresponding selective 
media of supplemented synthetic dextrose medium lacking Leu and Trp or 
supplemented synthetic dextrose medium lacking Leu, Trp, His, and adenine 
hemisulfate salt with X-α-Gal.

Accession Numbers

Microarray data from this article can be found in the GenBank/EMBL data li-
braries under the following accession numbers: GSE102528. DYT1, AT4G21330; 
TDF1, AT3G28470; AMS, AT2G16910; MS188/MYB80/MYB103, AT5G56110; 
MS1, AT5G22260; ACOS5, AT1G62940; MS2, AT3G11980; CYP703A2,  
AT1G01280; CYP704B1, AT1G69500; PKSA, AT1G02050; PKSB, AT4G34850; 
TKPR1, AT4G35420; TKPR2, AT1G68540; and bHLH010, AT2G31220.
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The following supplemental materials are available.

Supplemental Figure S1. The mutants of sporopollenin synthesis genes 
and their transgenic complementary plants.

Supplemental Figure S2. Bright-field images of the tetrads of AMS-GFP, 
MS188-GFP, CYP704B1-GFP, ACOS5-GFP, TKPR1-GFP, TKPR2-GFP, 
PKSB-GFP, and PKSA-GFP at stage 7.

Supplemental Figure S3. Percentage input of the binding probes of PKSA, 
PKSB, MS2, ACOS5, TKPR1, and CYP704B1 in ChIP assays.

Supplemental Figure S4. The expression and purification of MS188 and 
AMS recombinant proteins.

Supplemental Figure S5. AMS directly binds to the promoters of  
CYP704B1 and ACOS5 in vivo.

Supplemental Figure S6. MS188 directly binds to the promoters of TKPR1 
and ACOS5 in vitro.

Supplemental Figure S7. RT-qPCR analysis of the expression of AMS, 
MYB32, MYB33, and MYB65.

Supplemental Figure S8. MS188 interacts with bHLH010 in yeast two- 
hybrid assays.

Supplemental Table S1. List of primers used in the study.
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