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The timely release of mature pollen following anther dehiscence is essential for reproduction in flowering plants. AUXIN
RESPONSE FACTOR17 (ARF17) plays a crucial role in pollen wall pattern formation, tapetum development, and auxin signal
transduction in anthers. Here, we showed that ARF17 is also involved in anther dehiscence. The Arabidopsis (Arabidopsis
thaliana) arf17 mutant exhibits defective endothecium lignification, which leads to defects in anther dehiscence. The
expression of MYB108, which encodes a transcription factor important for anther dehiscence, was dramatically down-
regulated in the flower buds of arf17. Chromatin immunoprecipitation assays and electrophoretic mobility shift assays
showed ARF17 directly binds to the MYB108 promoter. In an ARF17-GFP transgenic line, in which ARF17-GFP fully
complements the arf17 phenotype, ARF17-GFP was observed in the endothecia at anther stage 11. The GUS signal driven by
the MYB108 promoter was also detected in endothecia at late anther stages in transgenic plants expressing
promoterMYB108::GUS. Thus, the expression pattern of both ARF17 and MYB108 is consistent with the function of these
genes in anther dehiscence. Furthermore, the expression of MYB108 driven by the ARF17 promoter successfully restored the
defects in anther dehiscence of arf17. These results demonstrated that ARF17 regulates the expression of MYB108 for anther
dehiscence. Together with its function in microcytes and tapeta, ARF17 likely coordinates the development of different
sporophytic cell layers in anthers. The ARF17-MYB108 pathway involved in regulating anther dehiscence is also discussed.

Anthers produce and release mature pollen for pol-
lination. Anther development starts with the emer-
gence of the stamen primordia in the third whorl of the
floral meristem (Goldberg et al., 1993). Arabidopsis
(Arabidopsis thaliana) anthers consist of an outer epi-
dermis, an endothecium, amiddle layer, a tapetum, and
an inner microsporocyte (Wilson et al., 2011). The
middle layer degenerates at the early stage of anther
development (Cecchetti et al., 2017), and the micro-
sporocyte and tapetum are directly involved in pollen
formation (Twell, 2011). Microsporocytes undergo

meiosis to generate tetrads of haploid microspores, and
the tapetum provides necessary materials and nutrients
for pollen wall formation and microspore development
(Xu et al., 2015). The release of mature pollen depends
on anther dehiscence, which requires endothecium
lignification and stomium cell degeneration.
Much progress has been made in research related to

anther dehiscence in recent years. Defects in anther
dehiscence have been observed in mutants of the jas-
monic acid (JA) synthesis pathway (Sanders et al., 2000;
Stintzi and Browse, 2000; Ishiguro et al., 2001; Park
et al., 2002; von Malek et al., 2002). JA biosynthesis is
controlled and processed through the DEFECTIVE
ANTHER DEHISCENCE1 (DAD1)-ARABIDOPSIS THALI-
ANA LIPOXYGENASE-ALLENE OXIDE SYNTHASE-
ALLENE OXIDE CYCLASE-OXOPHYTODIENOATE RE-
DUCTASE3 (OPR3)-MYB DOMAIN PROTEIN24 (MYB24)
pathway (Wilson et al., 2011; Huang et al., 2017). For
example, OPR3 encodes a 12-oxophytodienoate re-
ductase, and mutation of OPR3 leads to defective an-
ther dehiscence, although the timing of endothecium
lignification is normal (Cecchetti et al., 2013). QUAR-
TET2 (QRT2), ARABIDOPSIS DEHISCENCE ZONE
POLYGALACTURONASE1 (ADPG1), and ADPG2
encode polygalacturonases, and JA regulates the
expression of these genes. The triple mutant of these
genes shows defective stomium cell degeneration,
which leads to delayed anther dehiscence (Ogawa
et al., 2009). Moreover, MYB26 directly regulates the
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expression of NAC SECONDARY WALL THICKEN-
ING PROMOTING FACTOR1 (NST1) and NST2. Both
myb26 and nst1 nst2 mutants show defective endo-
thelial lignification and failed anther dehiscence
(Steiner-Lange et al., 2003; Mitsuda et al., 2005; Yang
et al., 2017).

In addition to JA, another plant hormone, auxin,
also plays an important role in anther dehiscence
(Cardarelli and Costantino, 2018). In Arabidopsis, the
auxin receptors TRANSPORT INHIBITOR RE-
SPONSE1 (TIR1), AUXIN SIGNALING F BOX PRO-
TEIN1 (AFB1), AFB2, and AFB3 are expressed at the
late stages of anther development. tir1 afb1 afb2 afb3
quadruple mutants display earlier anther dehiscence
than do wild-type plants (Cecchetti et al., 2008). In rice
(Oryza sativa), the ORYZA SATIVA HOMEOBOX1
transcription factor directly suppresses ORYZA SAT-
IVA YUCCA4 (OsYUCCA4) expression and auxin bi-
osynthesis, thus controlling the timing of anther
dehiscence. Overexpression of OsYUCCA4 in oryza
sativa homeobox1 mutants results in anther indehis-
cence (Song et al., 2018). Auxin response factors
(ARFs), together with auxin (Aux)/indole acetic acid
repressors, are key components of the auxin signal-
ing pathway (Guilfoyle and Hagen, 2007). In Arabi-
dopsis, there are 23 members of the ARF family
(Remington et al., 2004). Anther dehiscence is
delayed in arf1 arf2 mutants (Ellis et al., 2005), and
arf6 arf8 mutants show reduced filament and petal
elongation as well as delayed or no dehiscence
(Nagpal et al., 2005; Cecchetti et al., 2007; Tabata
et al., 2010). In addition, a recent report showed
that ARF8.4 directly regulates MYB26 for endothe-
cium lignification (Ghelli et al., 2018).

ARF17 is important for anther development and
pollen formation. In microsporocytes/tetrads, ARF17
directly regulates CALLOSE SYNTHASE5 (CALS5) for
pollen wall pattern formation (Yang et al., 2013). In the
tapetum, ARF17 expression is under strict control by
MICRORNA160. ARF17 overexpression leads to de-
fects in tapetum development and male sterility
(Wang et al., 2017). In addition to MYB26, MYB108 is
involved in anther dehiscence, but its exact function is
not clear (Mandaokar and Browse, 2009). In this work,
we show ARF17 is also important for anther dehis-
cence and that it directly regulates the expression of
MYB108 for endothecium lignification during anther
dehiscence.

RESULTS

Anther Dehiscence Is Defective in arf17

ARF17 is a key auxin response factor in anthers as
auxin signals are absent in arf17 mutants (Yang et al.,
2013). Here, the results from observations via scanning
electron microscopy showed anther dehiscence is de-
fective in arf17 mutants. Normal anther dehiscence
of wild-type plants occurs at anther stage 13 (Sanders

et al., 1999) and relies on endothecium lignification,
septum degradation, and stomium breakage in the
anthers (Wilson et al., 2011). However, the stomium of
arf17 anthers was not completely open (Fig. 1A). Fur-
ther cytological analysis revealed the details of anther
development in the arf17 mutant, particularly endo-
thecium lignification. Endothecium lignification in-
volves the deposition of pointed bar-like ligno-
cellulosic fibrous bands (Sanders et al., 2000; Scott
et al., 2004; Wilson et al., 2011). Observations of se-
rial semithin sections of the anthers showed the ab-
sence of fibrous band deposition in the endothecium
of arf17 anthers at stage 12 while the anthers were
shriveled (Fig. 1B; Supplemental Fig. S1). In addition,
we performed Tinopal staining of semithin sections of
arf17 anthers (Lou et al., 2014). Normal lignified en-
dothecia from wild-type anthers fluoresce after Tino-
pal staining, but there was no fluorescence in the
arf17 anthers (Fig. 1C). Hence, endothecium lignifi-
cation required for pollen release was defective in
the arf17 mutant. Using transmission electron mi-
croscopy (TEM), we found that the septum is adhe-
sive in arf17 mutant (Fig. 1D). Hence, all
these results indicate endothecium lignification and
stomium opening are defective in arf17 anthers.
Stomium opening also requires stomium break-
age. QRT2, ADPG1, and ADPG2 are involved in
stomium breakage during anther dehiscence
(Ogawa et al., 2009). The results from reverse tran-
scription quantitative PCR (RT-qPCR) analysis in-
dicated the expression of these genes was not
affected in arf17 anthers (Supplemental Fig. S2),
suggesting that the stomium breakage is normal in
arf17 mutants. These results demonstrated that de-
fects in endothecium lignification, instead of sto-
mium cell degeneration, led to anther indehiscence
in the arf17 mutant.

ARF17 Directly Regulates the Expression of MYB108

To understand the mechanisms of ARF17 regula-
tion of endothecium lignification in anther dehis-
cence, we investigated the putative genes that may be
regulated by ARF17. There are 1048 genes that are
down-regulated in the arf17 mutant compared with
wild type (Supplemental Table S1). Among those
genes, 235 are expressed at the late stage of anther
development, according to the Arabidopsis tran-
scriptome database (http://bar.utoronto.ca; Fig. 2A).
Furthermore, ARF17 binds the Aux motif (TGTCTC/
GAGACA; Yang et al., 2013). Of the 235 genes, 110,
including MYB108, contained an Aux motif in their
promoter (Fig. 2A; Supplemental Table S2). MYB108
is involved in anther dehiscence (Mandaokar and
Browse, 2009). To further understand the expression
change of MYB108 in the arf17 mutant, we collected
wild-type and arf17 flower buds at different floral
stages and performed RT-qPCR analysis. The results
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verified the dramatic down-regulation of MYB108
expression in arf17 buds after stage 10 (Fig. 2B).
There is an intergenic region of approximately 10 kb

between MYB108 (AT3G06490) and its closest locus
AT3G06483, which includes the promoter of MYB108.
The promoter of MYB108 contains one AuxRE
(TGTCTC) located at 23745 to 23751 bp from the start
codon. To understand whether ARF17 binds this motif,
we performed chromatin immunoprecipitation (ChIP)
assays and electrophoretic mobility shift assays
(EMSAs). The GFP antibody was used to perform the
ChIP analysis using the inflorescence of the ARF17-
GFP/arf17 complementary plant. Our previous work
demonstrated ARF17 directly binds the AuxRE motif
within the CALS5 promoter (Yang et al., 2013). Here, the
MYB108-1 primer pair was used to measure the enrich-
ment in ARF17 protein on the AuxRE (TGTCTC) motif
within the MYB108 promoter. We used the MYB108-2
and MYB108-3 primer pairs as negative controls to ex-
amine the enrichment in the region without the AuxRE
motif and AuxRE-like (AGTCTC) motif sequences in the
MYB108 promoter, respectively. ChIP-qPCR experi-
ments indicated ARF17 is enriched in the MYB108-1 re-
gion (Fig. 2C). We then expressed the glutathione
S-transferase (GST)-ARF17 recombinant protein as pre-
viously reported (Yang et al., 2013). A probe containing
the AuxRE motif (TGTCTC) in the MYB108 promoter
(MYB108 probe) was used for EMSAs, which showed
the ARF17 protein specifically bound to the probe
in vitro. When the unlabeled probe was added, the ex-
cess competitor reduced the abundance of shifted bands.

When the AuxRE motif was mutated in this MYB108
probe, the ARF17 protein did not bind to the mutant
MYB108 probe, supporting the binding specificity
(Fig. 2D). These results reveal that ARF17 directly binds
to the MYB108 promoter to regulate its expression.

Delayed Lignification in the Endothecium Leads to
Defective Anther Dehiscence in myb108 Mutants

We obtained a transfer DNA insertion mutant of
MYB108 (SALK_024059) that was previously repor-
ted (Mandaokar and Browse, 2009). Its ARF17 ex-
pression was not affected (Supplemental Fig. S3B).
The myb108 mutant was severely sterile at early re-
productive stages but was fertile at later reproductive
stages (Fig. 3, A–C). Its mature pollen was functional
but was not released (Fig. 3, D–G), while the sep-
tum and stomium degradation was normal
(Supplemental Fig. S3C). During anther development
in wild-type plants, the lignification of the endothe-
cium layer appears after anther stage 10 (Sanders
et al., 1999; Wilson et al., 2011). We used confocal
laser scanning microscopy to observe the lignin
autofluorescence in the endothecium layer of wild
type, arf17, and myb108 (Auxenfans et al., 2017). The
lignin autofluorescence was observed in the endo-
thecia of wild-type anthers at anther stages 11 and 12.
However, lignin signal was not observed in arf17 at
either anther stage but was observed in myb108 at
anther stage 12 (Fig. 3H). Thus, ARF17 is essential for

Figure 1. Anther indehiscence of arf17
mutants. A, The opening of anther
structures of wild-type (WT) and arf17
anthers at stage 13 observed via SEM.
Bars, 20 mm. Red arrowheads indicate
the stomium opening. B, Semithin sec-
tions of anthers of wild-type and arf17
mutants at stage 12. Bars, 20 mm. Black
arrowheads indicate fibrous bands in
the endothecium. C, Ligno-cellulosic
fibrous bands in the anthers of wild-
type and arf17 mutants at stage 12,
resulting from cytochemical staining of
their corresponding semithin sections.
White arrowheads indicate fibrous
bands in the endothecium. Bars,
20 mm. D, The phenotype of septum
degradation in wild-type and arf17 an-
thers at stage 12 observed via TEM.
Bars, 5 mm. The anther developmental
stages refer to those of Sanders et al.
(1999). St, Stomium; Sm, septum.
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Figure 2. ARF17 directly regulates the expression of MYB108. A, More than 10% of ARF17-regulated genes contain an AuxRE
motif in their promoter. The results of amicroarray analysis showed that 1048 geneswere down-regulated in the flower buds of the
arf17 mutant compared with wild type (WT; FC . 1.5). Among those genes, 235 were mainly expressed at the late stage of
anthers, according to the Arabidopsis electronic fluorescent pictographs browser (Winter et al., 2007). The results from the query
of plant cis-acting regulatory DNA elements showed 110 genes contain an AuxRE motif in their promoter (Higo et al., 1999). B,
RT-qPCR analysis of MYB108 expression in wild-type and arf17 flower buds at different developmental stages. The expression
level was normalized to that of TUB and comparedwith thewild type at stages, 10. The floral developmental stages refer to those
of Sanders et al. (1999). The error bars indicate SDs and were calculated from three biological replicates. A two-tailed t test was
used to evaluate statistical significance (*P , 0.05; **P , 0.01). C, ChIP-qPCR analysis of ARF17 protein enrichment on the
promoter region ofMYB108. TheMYB108-1 promoter region contains the canonical AuxRE sequence (TGTCTC) from23745 to
23751. TheMYB108-2 andMYB108-3 regions contain the AuxRE-like sequences TGTCTT from22125 to22119 and AGTCTC
from 253 to 247, respectively. DNA recovered after the addition of GFP antibody (AB1) and no antibody (AB2) was used as a
template. Enrichment of the MYB108 promoter was confirmed by qPCR using the primer sets MYB108-1, MYB108-2, and
MYB108-3, as well as the primer set CALS5, which served as the positive control, as described previously (Yang et al., 2013). The
relative enrichment is presented compared to that of the AB2 trial of each primer set. The means are shown with 6 SDs. A two-
tailed t test was used to evaluate statistical significance (*P, 0.05; **P, 0.01). D, The results of EMSAs. GST-ARF17 protein was
mixed with a biotin-labeled 60-bp probe containing the AuxRE and 100-fold unlabeled probe as a competitor. The unlabeled
competitors reduced the visible shift significantly (arrow). The ARF17 protein could not bind the mutantMYB108 probe, whose
AuxRE motif sequence (TGTCTC) was changed to GGGGGG.
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endothecium lignification, but normal lignification is
delayed in anthers of myb108.

Both ARF17 and MYB108 Are Expressed in
the Endothecium

ARF17 is highly expressed in microsporocytes and
microgametophytes and weakly expressed in tapeta
(Yang et al., 2013; Wang et al., 2017). We used confocal
microscopy to observe ARF17-GFP fluorescence in
the promoterARF17::ARF17-GFP/arf17 (ARF17-GFP/arf17)
complementary line. The endothecium cells contain
chloroplasts that showed strong chlorophyll fluores-
cence. This phenomenon could be used as a cellular
marker of endothecium cells. The scanning of anther
longitudinal sections at different positions showed
ARF17-GFP signals were clearly located in anther en-
dothecia (Fig. 4, A and B). We also generated a pro-
moterMYB108::GUS construct and introduced it into
wild-type plants. GUS staining showed MYB108 was
expressed in the anthers at later development stages.
Paraffin sections of stained anthers revealed the GUS
signal was mainly localized to the endothecium layer
(Fig. 4C). The expression of ARF17 and MYB108 in the
endothecium is in agreement with their function in
anther dehiscence.

The Expression of MYB108 in arf17 Rescues Its Anther
Dehiscence Phenotype

To understand whether MYB108 is the major target of
ARF17 for anther dehiscence, we expressed MYB108 in
arf17 mutants. We developed a promoterARF17::MYB108
construct (Fig. 5A) and introduced it into arf17mutants as
described previously (Xu et al., 2015). A total of 15
transgenic lines with the arf17 background (pARF17::-
MYB108/arf17) were identified (Supplemental Fig. S4).
These transgenic plants were sterile (Fig. 5, B and C). RT-
qPCR analysis showed that the expression level of
MYB108 in the pARF17::MYB108/arf17 plants was par-
tially restored (Fig. 5D). Observations of semithin sections
of the anthers showed the endothecium lignification was
restored, although pollen development remained defec-
tive. The anthers were no longer shriveled, and stomium
openingwas also restored (Figs. 1B and 5, E and F). These
results demonstrate thatMYB108 plays an important role
for ARF17 to regulate endothecium lignification and an-
ther dehiscence.

The Relationship between ARF17 and Other Genes
Involved in Endothecium Lignification

YUCCA2 (YUC2) and YUC6 are two auxin synthesis
enzymes essential for anther development and pollen

Figure 3. Lignification is affected in
myb108 mutants. A to C, Wild type
(WT) is fertile (A), whereas myb108
shows a sterile phenotype at the early
reproduction stage (B), but its fertility is
restored at the late reproduction stage
(C). Bars, 1 cm. D and E, Alexander’s
staining of wild-type (D) and myb108
(E) anthers. Bars, 100 mm. F and G, The
dehisced anthers of opening flowers in
wild type (F). The nondehisced anthers
of opening flowers in amyb108mutant
(G). Bars, 200 mm. H, The auto-
fluorescence of lignification in the en-
dothecium layer at anther stages 11 and
12 from wild-type, arf17, and myb108
mutants. Anthers were isolated from
flower buds of the same size. The im-
ages were taken under a fluorescence
confocal microscope with the same
settings (excitation, 405 nm; emission,
450–550 nm). The white arrowheads
indicate lignin autofluorescence sig-
nals. Bars, 10 mm. E, Epidermis; En,
endothecium.
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Figure 4. The observations of GFP in ARF17-GFP/arf17 plants and GUS staining in promoterMYB108::GUS plants. A and B, The
GFP signals in the anther of promoterARF17::ARF17-GFP/arf17 (ARF17-GFP/arf17) and wild-type (WT) plants at anther stage 11.
The imageswere collectedwhen the scanning position was at the cross section of the anthers (A) and endothecium layer (B) under
a fluorescence confocal microscope. Bars, 10 mm. The white arrowhead indicates the ARF17-GFP signals. (C) The expression of
theGUS reporter driven by theMYB108 promoter in the flower and the cross sections of anthers of wild-type and transgenic plants
expressing promoterMYB108::GUS (pMYB108::GUS) at different developmental stages. The GUS activities (blue) were exam-
ined using histochemical staining. The black arrowheads indicate the GUS staining in the late stage of anthers.White bars, 1 mm;
black bars, 20 mm. The anther developmental stages refer to those of Sanders et al. (1999). E, Epidermis; En, endothecium; PG,
pollen grain.
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formation (Cheng et al., 2006; Yao et al., 2018). Al-
though ARF17 is a member of the auxin-responsive
factor family, it is unclear if it is responsive to auxin.
In the yuc2 yuc6mutant, RT-qPCR analysis showed the
expression of ARF17 was up-regulated, while the ex-
pression of MYB108 was significantly down-regulated
(Fig. 6A). These suggest that the ARF17-MYB108
pathway is responsive to auxin to regulate endothe-
cium lignification in Arabidopsis. The ARF8-MYB26
pathway was reported to directly regulate NST1 and
NST2 for endothecium lignification (Yang et al., 2017;
Ghelli et al., 2018). The expression of ARF8 andMYB26
were slightly up-regulated in yuc2 yuc6 (Fig. 6A). Their
expression was also increased in arf17, as well as the
expression of ARF6 (Fig. 6B; Supplemental Fig. S5).
However, NST1 was down-regulated in the arf17 mu-
tant (Fig. 6C), indicating that it plays a role for ARF17 to
regulate endothecium lignification. The JA pathway is
involved in anther dehiscence, and OPR3 and DAD1
are two enzymes in the JA pathway. The opr3 mutant

shows defects in stomium opening (Cecchetti et al.,
2013), and the expression of MYB21 and MYB24 is
down-regulated (Huang et al., 2017). In yuc2 yuc6,
OPR3was up-regulated (Fig. 6A), whileDAD1was not
affected (Fig. 6A). OPR3 was also up-regulated in arf17
anthers (Fig. 6D). However, MYB24 was down-
regulated at early stages but up-regulated at late
stages in the arf17mutant (Fig. 6E). The up-regulation of
OPR3 in arf17 and yuc2 yuc6 indicates auxin may neg-
atively regulate JA biosynthesis in anther.

DISCUSSION

Anther dehiscence is one of the key events in plant
sexual reproduction (Cardarelli and Costantino, 2018)
and involves endothecium lignification and stomium
cell degradation (Wilson et al., 2011). Here, we report
that ARF17 is a novel regulator of endothecium ligni-
fication during anther dehiscence.MYB108 also plays a

Figure 5. MYB108 expression driven by
the ARF17 promoter in the anthers of arf17
mutants rescues the anther dehiscence. A,
The construct of promoterARF17::MYB108
(pARF17::MYB108). B, The phenotype
of an arf17 mutant. Bars, 2 cm. C, The
phenotype of a promoterARF17::MYB108
transgenic plant in the arf17 mutant back-
ground (pARF17::MYB108/arf17). Bars,
2 cm. D, RT-qPCR analysis of MYB108
expression in wild-type (WT) plants, the
arf17mutant, and pARF17::MYB108/arf17
plants. Flower buds at floral developmental
stages 11 and 12 were collected for RT-
qPCR analysis. The expression level of
MYB108was normalized to the expression
of TUB. The error bars indicate SDs among
three biological replicates. A two-tailed
t test was used to evaluate statistical sig-
nificance (*P , 0.05; **P , 0.01). E,
Semithin sections of the anthers of
pARF17::MYB108/arf17 plants showing
anther development at anther stages 10 to
12. The image of the anther semithin sec-
tion shows the septum degradation and
stomium opening that were restored in
the pARF17::MYB108/arf17 plants. Bars,
20 mm. F, Results from cytochemical stain-
ing of the semithin sections of pARF17::-
MYB108/arf17 anthers at stage 12. The
signal of deposited ligno-cellulosic fibrous
bands can be observed at anther stage 12 in
pARF17::MYB108/arf17 plants (white ar-
rowheads). Bars, 20 mm. The anther and
floral developmental stages refer to those of
Sanders et al. (1999). DMsp, Degraded mi-
crospores; E, epidermis; En, endothecium;
Fb, fibrous bands; T, tapetum; St, stomium;
Sm, septum.
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role in anther dehiscence (Mandaokar and Browse,
2009), and we found that endothecium lignification
was delayed in myb108, which is in agreement with its
sterility at the early reproductive stage (Fig. 3). Our
results have clearly shown the direct regulation of
MYB108 expression in flowers by ARF17 (Fig. 2). The
expression of MYB108 in arf17 partly rescued its en-
dothecium lignification (Figs. 4 and 5). Thus, MYB108
plays an important role for ARF17 to regulate endo-
thecium lignification, but it is not the only player. An-
other important gene, NST1, was down-regulated in
arf17 (Fig. 6C). NST1 has been reported to be involved
in endothecium lignification and anther dehiscence
(Yang et al., 2017). Therefore, ARF17 regulatesMYB108
and potentially other transcription factors for endo-
thecium lignification.

Auxin is important for gametophytic and sporo-
phytic development in anthers. Auxin perception me-
diated by TRANSPORT INHIBITOR RESPONSE1,
AFB1, AFB2, and AFB3 is required for the timely reg-
ulation of anther dehiscence and pollen maturation
(Cecchetti et al., 2008, 2013). Auxin biosynthesis
through YUC2 and YUC6 is also important for anther
dehiscence (Cheng et al., 2006). As shown in Figure 3 in
Yao et al. (2018), the yuc2 yuc6mutant exhibits defective
anther dehiscence. In this paper, we further demon-
strated the importance of auxin signaling transduction
mediated by ARF17 in endothecium lignification,
which was completely blocked in arf17 (Figs. 1 and 3).
Therefore, auxin regulates endothecium lignification
for anther dehiscence through ARF17 during anther
development. Application of exogenous auxin or

Figure 6. The expression of anther de-
hiscence genes in arf17 and yuc2 yuc6
mutants. A, RT-qPCR analysis of the
expression of the major genes in the JA
and ARF8-MYB26 pathways in wild-
type (WT) and yuc2 yuc6 buds.
Flower buds at floral developmental
stages 10 to 12 were collected. The
expression levels of these genes in wild
type were set to 1. B to E, RT-qPCR
analysis of the expression of MYB26
(B), NST1 (C), OPR3 (D), and MYB24
(E) in wild-type and arf17 flower buds at
different floral developmental stages.
The expression level in the wild-type
and arf17 flower buds was normalized
to that of TUB and compared with the
wild type at floral stages , 10. The
anther and/or floral developmental
stages refer to those of Sanders et al.
(1999). The error bars indicate SDs and
were calculated from three biological
replicates. A two-tailed t test was used
to evaluate statistical significance (*P,
0.05; **P , 0.01). F, Model of the
auxin-ARF17-MYB108, JA, and ARF8-
MYB26 pathway in regulating anther
dehiscence.
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overexpression of OsYUCCA4 prevents anther dehis-
cence (Wilson et al., 2011; Song et al., 2018). Excess
auxinmay repress the function of ARF17 or other ARFs,
which may lead to anther indehiscence. This appeared
similar to the growth regulation by auxin in apical hook
development in Arabidopsis, where the quantity of
auxin is an important factor in controlling auxin re-
sponse for promoting or inhibiting growth (Cao et al.,
2019). This demonstrates that anther dehiscence is
precisely regulated by auxin. The ARF8.4-MYB26-
NST1/NST2 genetic pathway also regulates endothe-
cium lignification. Overexpression of ARF8.4 results in
premature endothecium lignification and anther de-
hiscence (Yang et al., 2017; Ghelli et al., 2018). Since
NST1 was also down-regulated in arf17 (Fig. 6C), this
pathway is also regulated by auxin. ARF6 and ARF8
promote anther dehiscence in floral buds (Nagpal et al.,
2005), andARF17 is substantially up-regulated in single
mutants of arf6 and arf8 anthers (Supplemental Fig. S6).
However, expression of ARF17 and MYB108 is not
significantly affected in the arf6 arf8 double mutant
(Supplemental Fig. S7). These points demonstrate auxin
regulates endothecium lignification, andARF17 is a key
regulator. However, the detailed auxin signaling reg-
ulating this process needs to be further elucidated in
future work.
In addition to auxin, JA, an important hormone in

plant development and stress response, is also involved
in the regulation of anther dehiscence. OPR3 is an en-
zyme in the JA pathway. The opr3mutant shows defects
in stomium opening (Cecchetti et al., 2013). In yuc2 yuc6
flowers and arf17 anthers, OPR3 expression is up-
regulated (Fig. 6, A and D). This is consistent with
previous reports of auxin negatively regulating JA bi-
osynthesis in flowers (Cecchetti et al., 2013). This neg-
ative regulation may coordinate the processes of
endothecium lignification and stomium opening for
anther dehiscence.
Anthers consist of four independent locules. Each

locule forms four different sporophytic cell layers from
the inside to the outside: the innermost tapetum, the
middle layer, the endothecium, and the outermost ep-
idermis cell layers. Microspore mother cells (MMCs)
undergo meiosis to form the microspore and further
develop into mature pollen grains in the center of the
locule. These sporophytic cell layers have important
biological functions during pollen maturation (Scott
et al., 2004; Wilson et al., 2011). Auxin is essential for
anther development and pollen formation. Auxin pro-
duced by MMCs regulates early microspore develop-
ment (Yao et al., 2018). ARF17 is the key factor involved
in the auxin signaling pathway, as DR5::GFP is barely
detected in arf17 anthers (Yang et al., 2013). In MMCs,
ARF17 directly regulates the expression of CALS5 for
tetrad wall formation (Yang et al., 2013). During anther
development, the tapetum supplies microspores with
various materials and nutrients, including sporopol-
lenin and Mg (Xu et al., 2015; Xiong et al., 2016). ARF17
expression is precisely regulated in the tapetum for its
development and function (Wang et al., 2017). In this

study, we demonstrated that ARF17 is expressed in the
endothecium to regulate its lignification for anther de-
hiscence (Fig. 6F). During anther development, MMC,
tapetal, and endothecium cells have different biological
functions. The expression of ARF17 in these cells likely
coordinates their development to ensure pollen devel-
opment and pollen release.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) wild-type plants, transgenic plants, and
mutants were in the Col-0 ecotype background. The arf17, yuc2 yuc6, arf6, arf8,
and arf6 arf8mutants were obtained from the laboratory of Z.-N.Y. Themyb108
mutant (SALK_024059) was purchased from the transfer DNA mutant pool of
The Arabidopsis Information Resource database (www.arabidopsis.org). The
seeds were sown on vermiculite and allowed to imbibe for 2 to 3 d. The plants
were then grown under the conditions of 16 h light/8 h darkness in a growth
chamber at approximately 22°C.

Microscopy

The plants were imaged by a Cyber-shot T-20 digital camera (Sony; www.
sony.com). For semithin sectioning and GUS staining section, the flower buds
were fixed and embedded in paraffin or Spurr’s resin. Sections were prepared
by cutting the buds into a thickness of 6 mm (GUS staining section) or 1 mm
(semithin seciton), after which they were incubated in a 0.01% (w/v) toluidine
blue solution for 5 to 10 min at 42°C and then washed with water. The sections
were then observed with an BX51 microscope (Olympus; www.olympus-
global.com) under the bright field. For cellulose observations, anthers at stage
12 were cut for semithin sections and stained with Tinopal for 15 min (10 mg/
mL; Sigma-Aldrich; www.sigmaaldrich.com) as described previously by Lou
et al. (2014). Lignin autofluorescence and GFP signals in the anthers of ARF17-
GFP/arf17 plants were observed using an FV3000 confocal laser scanning mi-
croscope (Olympus).

Electron Microscopy

For TEM examination, the flower buds were fixed in a fixative solution
containing 0.1 M phosphate buffer (pH 7.2) and 2.5% (v/v) glutaraldehyde and
then washed three times with phosphate-buffered saline (pH 7.4). The fixed
single flower bud was subsequently stained with osmium solution. Afterward,
the buds were dehydrated with ethyl alcohol, subjected to a treatment of pro-
pylene epoxide, embedded in Spurr’s resin (Electron Microscopy Sciences;
www.emsdiasum.com) and polymerized for 48 h at 60°C as described previ-
ously by Xu et al. (2015). Ultrathin sections were observed via TEMmicroscopy
(JEOL; www.jeol.co.jp). For scanning electron microscopy observations, fresh
pollen grains and anthers were coated with 8 nm of gold and observed under a
JSM-840 microscope (JEOL).

Plasmid Construction and Identification of
Transgenic Plants

The promoterARF17::MYB108 fragment was constructed by combining the
ARF17 promoter (ProARF17-F/R) and the MYB108 coding sequence region
(MYB108CDS-F/R) to complement the arf17 mutant. The arf17 mutant back-
ground of promoterARF17::MYB108 (pARF17::MYB108) was identified by PCR
using the ARF17LP/ARF17RP and ARF17LP/T-LB primer pairs. The promo-
terMYB108::GUS fragment was constructed with a 3974 bp (upstream of the
start codon) fragment of the MYB108 promoter, which was cloned using the
primer pair 108GUS-F/108GUS-R. The background of the myb108 mutant was
identified by PCR using primer pairs 108LP/108RP and 108LP/LB. Thermo-
coccus kodakaraensis (KOD) DNA polymerase (Toyobo; www.toyobo.co.jp) was
used for amplification, and a pCAMBIA1300 binary vector (Cambia; www.
cambia.org) was used for cloning. The cloned fragments were verified by se-
quencing. The constructs were subsequently transformed into Agrobacterium
tumefaciens GV3101 and screened using 50 mg/mL kanamycin, 40 mg/mL
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gentamicin, and 50 mg/mL rifampicin at 28°C. The floral-dip method was used
for transformation (Yang et al., 2013). The transgenic plants were selected using
20mg/L hygromycin. All primer sequences used are provided in Supplemental
Table S3.

RT-qPCR

Total RNA was extracted from the flower buds and anthers from wild-type
plants, transgenic plants, andmutants via a TRIzol kit (Thermo Fisher Scientific;
www.thermoscientific.com). In accordance with the manufacturer’s instruc-
tions (Toyobo; www.toyoboglobal.com), first-strand complementary DNAwas
synthesized. RT-qPCR was then performed on a Prism 7300 detection system
(Applied Biosystems; www.appliedbiosystems.com) with SYBRGreen I master
mix (Toyobo). The expression ofARF17,MYB108,OPR3,DAD1,ARF8,MYB24,
MYB26, and NST1 was detected via the primer pairs listed in Supplemental
Table S3. The RT-qPCR results are shown as the relative expression levels
normalized to the expression of TUBULIN BETA8 (TUB), which was used as a
positive control (TUB-F/R), and three biological replicates were included for
every experiment.

EMSAs

EMSAs were performed in accordance with previously reported methods
(Yang et al., 2013). To obtain purified ARF17 proteins for the EMSA experi-
ments, the full-length ARF17 gene was amplified using the primer pairs
ARF17GST-F and ARF17GST-R and cloned into a pGEX-4T vector (GE
Healthcare; www.gehealthcare.com) to produce a GST-ARF17 construct. Ex-
pression and purification of the fusion protein were performed according to the
manufacturer’s instructions. A 60-bp DNA fragment containing the AuxRE
element (TGTCTC) in the MYB108 regulatory region and a mutant MYB108
probe were generated by PCR amplification. The fragment was labeled with
biotin to serve as the detection probe. A fragment without biotin was used as
the competitor probe. The EMSA was performed with a light shift chemilu-
minescent EMSA kit (Thermo Fisher Scientific). The binding reactions con-
taining binding buffer were carried out as described previously by Yang et al.
(2013). The subsequent processes were performed according to the manufac-
turer’s instructions. A Tanon-5500 chemiluminescent imaging system (Tanon;
www.biotanon.com) was used to capture the images.

ChIP

The ChIP procedure was performed as described by Yang et al. (2013). The
relevant primers used are listed in Supplemental Table S3.

Microarrays

Microarray analysis was performed according to the methods of Lou et al.
(2014). The young buds of wild-type plants and arf17 mutants were immedi-
ately frozen in liquid nitrogen. A Low RNA Input Linear Amplification Kit
(Agilent Technologies; www.agilent.com) was used to amplify and label the
total RNA. 5-(3-Aminoallyl)-UTP (Thermo Fisher Scientific), cyanine 3 (Cy3)
N-hydroxysuccinimide (NHS) ester, and Cy5NHS ester were used based on the
manufacturers’ instructions. The labeled complementary RNA (cRNA) was
purified via an RNeasy Mini Kit (Qiagen; www.qiagen.com). According to the
manufacturer’s instructions, each 44-K Arabidopsis oligo microarray slide was
hybridized with 825 ng of Cy3-labeled cRNA and 825 ng of Cy5-labeled cRNA
by using a Gene Expression hybridization kit (Agilent) in a hybridization oven
(Agilent). The slides were scanned by an Agilent microarray scanner (Agilent)
in conjunction with Feature Extraction software 10.7 (Agilent) using the default
settings. Three biological replicates of independently grown materials were
used. The raw data were normalized with a locally weighted scatter plot
smoothing (Lowess) algorithm via Gene Spring Software 11.0 (Agilent).

Accession Numbers

The sequence data from this article can be found in The Arabidopsis Infor-
mation Resource or GenBank/EMBL database under the following accession
numbers: ARF17, AT1G77850; MYB108, AT3G06490; ADPG1, AT3G57510;
ADPG2, AT2G41850; QRT2, AT3G07970; ARF6, AT1G30330; ARF8,
AT5G37020; DAD1, AT2G44810; OPR3, AT2G06050; MYB26, AT3G13890;
MYB24, AT5G40350; NST1, AT2G46770.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. The semithin sections of anthers of wild-type
plants and arf17 mutants.

Supplemental Figure S2. The expression levels of ADPG1, ADPG2, and
QRT2 in arf17 mutants.

Supplemental Figure S3. The identification and phenotype of myb108
mutants.

Supplemental Figure S4. The identification of positive promoterARF17::-
MYB108 transgenic plants in the arf17 background.

Supplemental Figure S5. The expression levels of ARF6 and ARF8 in the
anthers of arf17 mutants.

Supplemental Figure S6. The expression levels of ARF17 in the anthers of
arf6 and arf8 mutants.

Supplemental Figure S7. The expression levels of ARF17 and MYB108 in
arf6 arf8 mutants.

Supplemental Table S1. List of down-regulated genes in arf17 mutants.

Supplemental Table S2. List of the 110 genes containing AuxRE motifs
within their promoters.

Supplemental Table S3. List of primers used in this study.
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