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Germ cells are indispensable carriers of genetic information from one generation to the next. In contrast to the well-understood
process in animals, information on the mechanism of germ cell initiation in plants is very limited. SPOROCYTELESS/NOZZLE
was previously identified as an essential regulator of diploid germ cell (archesporial cell) differentiation in the stamens and
ovules of Arabidopsis (Arabidopsis thaliana). Although SPOROCYTELESS (SPL) transcription is activated by the floral organ
identity regulator AGAMOUS and epigenetically regulated by SET DOMAIN GROUP2, little is known about the regulation of
the SPL protein. Here, we report that the protein kinases MPK3 and MPK6 can both interact with SPL in vitro and in vivo and
can phosphorylate the SPL protein in vitro. In addition, phosphorylation of the SPL protein by MPK3/6 is required for SPL
function in the Arabidopsis anther, as measured by its effect on archesporial cell differentiation. We further demonstrate that
phosphorylation enhances SPL protein stability. This work not only uncovers the importance of SPL phosphorylation for its
regulatory role in Arabidopsis anther development, but also supports the hypothesis that the regulation of precise spatiotemporal
patterning of germ cell initiation and that differentiation is achieved progressively through multiple levels of regulation, including
transcriptional and posttranslational modification.

Germ cells are specialized cells that undergo meiosis
to give rise to gametes, carrying genetic information
from one generation to the next (Twyman, 2001; Alberts
et al., 2002; Bai, 2015a). Germ cell initiation is therefore a
key topic in developmental biology. In many animals,
germ cells differentiate once from germline progenitors
during early embryogenesis. They undergo meiosis
after migrating to the gonads, and the resulting haploid
cells differentiate into either egg or sperm cells through
gametogenesis (Cinalli et al., 2008; Juliano and Wessel,

2010). In plants, however, although both egg and sperm
cells also form during sexual reproduction, there is no
physically separate germline in early embryonic de-
velopment (Walbot, 1985; Walbot and Evans, 2003; Bai,
2015b). Instead, meiosis and gametogenesis are sepa-
rately induced from cells in the diploid sporophyte and
haploid gametophyte, respectively (Bhatt et al., 2001;
Rotman et al., 2005; Borg et al., 2009; Bai and Xu, 2013;
Bai, 2015b; Walbot and Egger, 2016). Unlike animal
germ cells, there are two types of germ cell in plants:
diploid germ cells (DGCs) called archesporial cells that
are committed tomeiosis and haploid germ cells, which
are the generative cells in pollen grains and the progen-
itor cells to the egg in the embryo sac of angiosperms and
are specified for gametogenesis. In angiosperms, male
and female archesporial cells differentiate into micro-
sporocytes and megasporocytes, respectively, and pro-
duce microspores and megaspores through meiosis.

In contrast to the spatially independent origins of
animal germ cells and the gonads into which these
cells migrate for further differentiation, both DGCs
and haploid germ cells in plants are produced in situ
from somatic cells in the organs in which they will
mature. Germ cell initiation and differentiation in
plants have therefore traditionally been viewed as
parts of the developmental process in reproductive
organ formation.
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The first key regulatory gene for archesporial cells,
SPOROCYTELESS/NOZZLE (SPL/NZZ), was identi-
fied in Arabidopsis (Arabidopsis thaliana; Schiefthaler
et al., 1999; Yang et al., 1999). In the loss-of-function spl/
nzz mutants, initiation and differentiation of both the
microsporocytes and megasporocytes fail to occur in
stamens and ovules, respectively; thus, SPL is an invalu-
able target for investigating the regulatory mechanism of
germ cell initiation in plant sporophytes. Recently, SPL
was shown to act as an adaptor-like transcriptional re-
pressor regulating ovule development (Wei et al., 2015).
Besides its role in the initiation of archesporial cells, SPL
has been reported to alter ovule polarity by interacting
with members of the YABBY family (Sieber et al., 2004)
and is involved in establishing stamen identity (Liu et al.,
2009). SPL is also required for auxin and cytokinin sig-
naling in ovule development (Bencivenga et al., 2012),
and its overexpression affects the auxin response in lateral
organs (Li et al., 2008).

Since plant archesporial cells are initiated in situ
from the somatic cells of related organs, e.g. stamens
and ovules, SPL expression is thought to be regulated
by components involved in the determination of organ
identity. Accordingly, Ito et al. (2004) reported that
SPL transcription is directly regulated by AGAMOUS
(AG), a protein encoded by a C-class MADS box gene
required for determining the stamen and carpel identi-
ties according to the ABCmodel (Coen andMeyerowitz,
1991). Interestingly, they found thatmicrosporocytes can
be induced in petals if SPL expression is ectopically in-
duced in the agmutant, which lacks stamens and carpels
(Ito et al., 2004). The SPL genomic region contains a bi-
valent chromatin domain simultaneously enriched with
the transcriptionally active marker H3K4me3 and the
transcriptionally repressive marker H3K27me3 (Berr
et al., 2010); the SET DOMAIN GROUP2 protein is
specifically required for H3K4me3 deposition, sug-
gesting that it could be involved in SPL transcriptional
activation. These findings demonstrate not only the
key role of SPL in archesporial cell initiation, but also
its regulatory characteristics.

In addition to the floral organ identity determination
genes AG and APETELA3/PISTILLATA summarized in
the ABC model, other genes are also involved in early
stamen development in Arabidopsis, as well as in
archesporial cell initiation and differentiation. These non-
ABC genes include BARELYANYMERISTEM1 (BAM1)/
BAM2 (Hord et al., 2006), SOMATIC EMBRYOGENESIS
RECEPTOR-LIKE KINASE1/2 (Colcombet et al., 2005),
EXCESSMICROSPOROCYTES1/EXTRASPOROGENOUS
CELLS (Canales et al., 2002; Zhao et al., 2002), TAPETUM
DETERMINANT1 (Yang et al., 2005), SQUAMOSA
PROMOTER BINDING PROTEIN-LIKE8 (Xing et al.,
2010), ROXY1/2 (Xing and Zachgo, 2008), ERECTA
(ER)/ER-LIKE1 (ERL1)/ERL2,and MAPK3 (MPK3)/6
(Hord et al., 2008). Mutant analyses revealed that plants
lacking functional copies of these genes initiated more
(in bam1 bam2 and excessmicrosporocytes/extra sporogenous
cells mutants) or fewer (in roxy1 roxy2, er erl1 erl2, and
mpk3/+ mpk6/2 mutants) archesporial cells in their

anthers. However, it is not known whether these
genes affect archesporial cell initiation through the
direct regulation of SPL.

The Arabidopsis MPK cascade is involved in re-
sponses to a variety of environmental signals, including
abiotic stress such as water, salt, cold, osmotic pressure,
and redox status, as well as biotic stress such as path-
ogens (Rodriguez et al., 2010). In addition, MPKs are
involved in the developmental regulation of stomata
(Wang et al., 2007; Lampard et al., 2008), ovules (Wang
et al., 2008), anthers (Hord et al., 2008), and pollen tube
growth (Guan et al., 2014). While thempk3 mpk6 double
mutation is embryo lethal, Hord et al. (2008) found that
mpk3/+ mpk6/2 fails to form one or more of the four
anther locules and sometimes exhibits defects in anther
dehiscence. Although no molecular mechanism was
elucidated, Hord et al. (2008) showed that MPK3/6 af-
fect SPL expression and are therefore good candidates
for the further investigation of SPL regulation.

In this study, we report thatMPK3/6 do indeed affect
the differentiation of archesporial cells during early
anther development. We show that MPK3/6 phosphor-
ylate SPL, which enhances SPL protein stability and is
required for its function in archesporial cell differentia-
tion. These findings uncover a new regulatory layer for
SPL, and provide a novel way to decipher the SPL-
centered regulatory mechanisms in Arabidopsis anther
development, especially for archesporial cell initiation
and differentiation.

RESULTS

MPK3/6 Affect the Differentiation of Archesporial Cells in
the Arabidopsis Anther

While MPK3/6 play crucial roles in lobe formation
and anther cell differentiation (Hord et al., 2008), it is
not yet clear whether or how they affect the differenti-
ation of the archesporial cells in the anther. To clarify
this, we compared cross sections of early stamen de-
velopment (stages 1–6; Sanders et al., 1999; Ma, 2005) in
the mpk3/+ mpk6/2mutant and wild-type Arabidopsis.
The cellular characteristics of the mutant and wild-type
plants were barely distinguishable until stage 2 (Fig.
1A), as previously reported (Hord et al., 2008). In stage
3, the adaxial differentiation of some mutant stamens
was delayed; the primary parietal cell (PPC) did form,
but further division and differentiation were affected,
especially in adaxial locules. Strikingly, this phenotype
resembled that of spl (Schiefthaler et al., 1999; Yang
et al., 1999). After stage 4, it was clear that cell dif-
ferentiation on the adaxial side of the mutant anthers
was inhibited, while the abaxial side continued to
differentiate similarly to the wild-type plants (Fig.
1A; Supplemental Fig. S1).

To test whether the relatively normal development
on the abaxial side of anthers in the mpk3/+ mpk6/2
mutant resulted from the heterozygosity of MPK3, we
examined MPK3 localization using a commercial anti-
MPK3 antibody, whose specificity was previously
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demonstrated (Wang et al., 2013). While no differ-
ence in MPK3 protein distribution was observed
during stamen developmental stages 2 and 3 between
the wild type and the mpk3/+ mpk6/2 mutant, MPK3
intensity at adaxial locules was obviously reduced in
stage 4 stamens in the mpk3/+ mpk6/2 mutant (Fig.
1B; Supplemental Fig. S2). Although it is yet un-
known how the localization of MPK3 changes during
anther development, this pattern of distribution was
consistent with the cellular differentiation phenotype
of mpk3/+ mpk6/2. These data further demonstrated

the requirement for MPK3/6 in the differentiation of
archesporial cells, perhaps in a dosage-dependent man-
ner, and implied the presence of regulatory mechanisms
underlying MPK protein distribution, which was not
explored further here.

Hord et al. (2008) reported the decreased expression of
SPL in the mpk3/+ mpk6/2mutant; however, they tested
SPL expression in inflorescences, which included older
flowers expressing SPL in the microsporocytes. To fur-
ther explore the relationship between MPK3/6 and SPL,
we carried out detailed analyses of SPL expression very

Figure 1. Phenotypic analysis of mpk3/+ mpk6/2 anthers. A, Semithin cross sections of Col and mpk3/+ mpk6/2 anthers. At
stage 1, both Col andmpk3/+ mpk6/2 anthers show three distinguishable types of cell layers. Archesporial cells (Ar, also called
prearchesporial cells; Walbot and Egger, 2016) form in both genotypes at stage 2. Further cell division of the archesporial cells
occurs in Col andmpk3/+ mpk6/2 at stage 3; however, the PPC and Ar do not undergo further cell division and/or differentiation
in mpk3/+ mpk6/2 adaxial locules at stage 4 (magenta arrow head). Some cell differentiation defects also appear in mpk3/+
mpk6/2 abaxial locules, which sometimes contained vacuolated cells instead of Ar. In most cases, microsporocytes (Ms) could be
distinguished in mpk3/+ mpk6/2 at stages 5 and 6; however, the surrounding cell layers, such as the middle layer, are often
irregularly shaped and sometimes missing. Orange arrows indicate different cell types in serial anther developmental stages.
Magenta arrowheads indicate abnormal locules without Ar (at stage 4) and Ms (at stages 5 and 6). L1, L2, and L3, The three cell
layers in stamen primordia; Ar, archesporial cell; E, epidermis; PPC, primary parietal cell; SPC, secondary parietal cell; En, en-
dothecium;M,middle layer; T, tapetum;Ms,microsporocytes. Bars = 20mm. For the quantitative analysis ofmpk3/+mpk6/2, see
Supplemental Figure S1. B, Immunolocalization of MPK3 in Col (wild type) and mpk3/+ mpk6/2 inflorescences, using an anti-
MPK3 antibody. The different fluorescence patterns shown in Figure 3E could be used as a negative control with anti-MPK6 and a
second antibody. For an additional negative control, see also Supplemental Figure S2. Bars = 50 mm.

Plant Physiol. Vol. 173, 2017 2267

SPL Function Requires Phosphorylation by MPK3/6

http://www.plantphysiol.org/cgi/content/full/pp.16.01765/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01765/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01765/DC1


early in stamen development. We first generated a new
SPL promoter cassette, which included the whole ge-
nomic sequence except for the first exon (Supplemental
Fig. S3A) and then cloned GUS and SPL-Myc fusion
DNA sequences into it. In PSPL:GUS transgenic plants,
the observed signal was identical to the previously
reported SPL expression pattern (Fig. 2A; Schiefthaler
et al., 1999; Yang et al., 1999; Ito et al., 2004). Moreover,
the PSPL:SPL-Myc transgene could rescue the spl mutant
phenotype (Supplemental Fig. S3B), confirming the bi-
ological activity of this promoter. We crossed the PSPL:
GUS marker line with the mpk3/+ mpk6/2 mutant and
found that SPL promoter activity was not significantly
altered in the young stamen ofmpk3/+ mpk6/2 (Fig. 2A).
In situ hybridization revealed that the SPL expression
level was comparable in the mutant and the wild-type
anthers from stage 1 to stage 3 (Fig. 2B), although cell
differentiation was retarded as early as stage 3 inmpk3/+
mpk6/2 (Fig. 1A). These results suggested that the phe-
notypes of the mpk3/+ mpk6/2 mutant stamen were not
likely to be caused by a decrease in SPL transcription
during early stamen development.

MPK3/6 Interact with SPL

To explorewhetherMPK3/6 andSPLgenetically interact
to affect the differentiation of archesporial cells, we crossed
heterozygous spl/+withmpk3/+mpk6/2 and found that the
F2 plants with the spl/2 mpk3/+ mpk6/2 genotype had a
similar anther phenotype to spl (Supplemental Fig. S4).
This demonstrates that MPK3/6 function through SPL in
the samegenetic pathwayduring the early development of
the Arabidopsis stamen.

SPL was previously identified as key regulator in
the initiation and differentiation of archesporial cells
(Schiefthaler et al., 1999; Yang et al., 1999), and our
above findings indicated that it genetically interacts
with MPK3/6. Following the finding that MPK3/6
affect the differentiation of archesporial cells without
affecting SPL transcription, we tested whether MPK3/
6 and SPL proteins interact by carrying out a yeast
two-hybrid assay. Both MPK3 and MPK6 interacted
with SPL (Fig. 3A), which was further demonstrated
in vitro and in vivo by pull-down and bimolecular
fluorescence complementation assays, respectively (Fig.
3B; Supplemental Fig. S5; Fig. 3C).

Interestingly, MPK3 and MPK6 exhibited differing
overlaps in expression with SPL during early stamen
development: MPK3 was distributed throughout the
stamen primordium before stage 4, significantly more
widely than SPL and then became concentrated in
the area in which archesporial cells and related cells
differentiated (Fig. 3D). By contrast, MPK6 did not
colocalize with SPL in the stamen primordium before
stage 4, but did during stage 5 (Fig. 3E). Intriguingly,
MPK3, but not MPK6 or SPL, was detectable in the
clearly differentiated archesporial cells (Fig. 3, D and E).
This result echoed the correlation of MPK3 distribution
with the differentiation of archesporial cells in the anther.

MPK3/6 Phosphorylate SPL

Since MPK3 and MPK6 interacted with SPL and are
protein kinases, we reasoned that MPK3/6 were likely
to affect SPL function through phosphorylation. To test
this hypothesis, we carried out in vitro phosphorylation
assays (Mishra et al., 2006) using recombinant SPL and
MPK3 or MPK6. Both MPK3 and MPK6 phosphory-
lated the recombinant SPL protein (Fig. 4, A and B). By
searching the SPL protein sequence, we found two
phosphorylation sites commonly targeted by MPKs
(Gonzalez et al., 1991; Supplemental Fig. S6A). To test
whether the phosphorylation by MPK3/6 occurs at
these sites, we generated site-specific mutant forms of
the recombinant SPL protein and performed in vitro
kinase assays with MPK3 and MPK6. The phospho-
rylation of SPL was significantly reduced when the
candidate MPK-target serines 141 (S141) and 304 (S304)
of SPL were substituted with alanines (S141A and
S304A), and almost disappeared when both S141 and
S304 were mutated to alanines (Fig. 4, C and D). These
results suggest that the SPL protein could be phos-
phorylated by MPK3/6 at S141 and S304.

MPK3/6-Mediated SPL Phosphorylation Is Necessary and
Sufficient for the Differentiation of Archesporial Cells on
the Adaxial Side of the mpk3/+ mpk6/2 Mutant Anther

If the phosphorylation of SPL were necessary and
sufficient for its function in the differentiation of
archesporial cells, the dephosphorylated SPL would
not be able to rescue the splmutant phenotype, and the
mimic of phosphorylated SPL should rescue thempk3/+
mpk6/2mutant phenotype. Accordingly, we generated
transgene constructs driven by the native SPL promoter
with either a single Ser-to-Ala point mutation (SPLS141A

or SPLS304A) or mutations at both S141 and S304 (SPLAA)
tomimic the dephosphorylated state (Dayhoff, 1978). In
addition, we generated the analogous Ser-to-Asp single
mutations (SPLS141D and SPLS304D) or mutations at both
Ser sites (SPLDD) to mimic the phosphorylated state
(Thorsness and Koshland, 1987). The three phospho-
rylation mimics and the three dephosphorylated forms
of SPL were fused with a Myc tag and integrated into
the mpk3/+ mpk6/2 and spl mutants. Wild-type SPL
fused to a Myc tag was used as a control for the func-
tional assessment of SPL phosphorylation.

We analyzed the anther phenotypes of the transgenic
plants using locule number and pollen density as cri-
teria. We found that, unlike the wild-type SPL and the
SPLDD, SPLS141A, SPLS304A, and SPLAA were unable to
rescue the spl mutant phenotype (Fig. 5A), indicating
that SPL phosphorylation is necessary for its function in
the differentiation of archesporial cells in the anther. A
similar investigation revealed that mimics of phosphor-
ylated SPL (SPLS141D, SPLS304D, and SPLDD) successfully
rescued the mpk3/+ mpk6/2mutant phenotype while the
dephosphorylated SPL did not (Fig. 5B), indicating that
SPL phosphorylation is sufficient for its function in the
differentiation of archesporial cells in the anther. The
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latter experiment further demonstrated that SPL is
a target of MPK3/6 phosphorylation and functions
downstream of MPK3/6. Interestingly, compared to
S304 site, S141 showed stronger rescue effects in both
complementation assays (Fig. 5, A and B), indicating

that the extent of in vivo phosphorylation of SPL may
be different at these two sites.

While little is known about the molecular mechanism
of SPL involved in the differentiation of archesporial
cells, the expression of several genes required for anther

Figure 2. Transcript levels of SPL inmpk3/+mpk6/2. A, PSPL:GUS in different backgrounds. A PSPL:GUS line was crossedwithmpk3/+
mpk6/+. In F3, inflorescences of PSPL:GUS plants in thempk3/+ mpk6/2 backgroundwere selected for further GUS staining. The GUS
signals are comparable inmpk3/+ mpk6/2 stamens and Col, indicating the presence of the SPL promoter construction and its activity
(see also Supplemental Fig. S3). Bars = 100mm.B, SPL in situ hybridization in different backgrounds. The SPL transcript levels in Col and
the mpk3/+ mpk6/2 mutant anther are indistinguishable before stage 3. The sense probe is the negative control. Bars = 20 mm.
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development is known to be regulated by SPL function
(Ge et al., 2010; Chang et al., 2011). To further verify
that SPL phosphorylation is required for its function,

we examined expression levels of genes downstream
of SPL activity in the transgenic SPL-phosphorylation
mimics in the spl background. The expression levels of

Figure 3. MPK3/6 interact with SPL. A, Yeast two-hybrid assay of MPK3/6 and SPL interaction in yeast. RECT/LAMB pairs serve as
a positive control, with pGBKT7 and pGADT7 empty plasmids pairs as negative controls. SD-LW, Synthetic dropout medium
without Leu and Trp; SD-LWHA, synthetic dropout mediumwithout Leu, Trp, His, and adenine. B, Pull-down assay, which shows
that MPK3/6 interact directly with SPL in vitro. Ponceau S indicates the loading control. The negative control is shown in
Supplemental Figure S5. IB, Immunoblot of recombinant SPL with a SPL antibody; TF-SPL, SPL protein fused with trigger factor
(TF) at N-terminal part; GST, glutathione S-transferase. GST-MPK3/MPK6, GST fusion at the N terminus of MPK3 or MPK6. C,
Bimolecular fluorescence complementation assay in onion epidermal cells showing that MPK3/6 interact with SPL in plant cells.
cYFP, C-terminal version of YFP; nYFP, N-terminal version of YFP; DIC, differential interference contrast. D and E, Colocalization
of MPK3 (D) and MPK6 (E) with SPL in transverse section anthers of PSPL:SPL-Myc/spl transgenic plants. The specificity of anti-
MPK3 and anti-MPK6 antibodies was previously shown (Wang et al., 2013). The different signals of MPK3 andMPK6 can be used
as negative controls for each other. For further negative controls, see also Supplemental Figure S2. Bars = 50 mm.
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all five genes, ROXY2, DYSFUNCTIONAL TAPE-
TUM1, MYB35, AMS, and MALE STERILITY1, were
restored in the lines containing mimics of phosphor-
ylated SPL (SPLDD) to almost the same levels as those
in wide-type Arabidopsis, but not in the lines con-
taining dephosphorylated SPL (SPLS141A, SPLS304A, and
SPLAA; Fig. 5C).
To precisely monitor the effects of mutated SPL on

anther development, we examined paraffin sections of
SPLAA transgenic lines in the spl background and SPLDD

in the mpk3/+ mpk6/2 background. We found that,
consistent with the above quantitative analyses, SPLAA

did not rescue the splmutant phenotype (Fig. 5D). This
finding further strengthened the conclusion that SPL
phosphorylation is necessary for its function in the
differentiation of archesporial cells. Observations of
anther development in transgenic SPLDD lines in the
mpk3/+ mpk6/2 background revealed that the mutant
defect in adaxial anther development was successfully
rescued by SPLDD (Fig. 5E). This supported the con-
clusion that SPL is a target of MPK3/6 and that SPL
phosphorylation is sufficient to rescue the defective
differentiation of archesporial cells in thempk3/+ mpk6/2
mutant. Furthermore, detailed observations revealed

that, although archesporial cells differentiated on the
abaxial side of anthers in thempk3/+ mpk6/2mutant, the
cellular differentiation was still affected to some extent
(Figs. 1A and 5E). This minor defect was also partially
rescued by the introduction of SPLDD (Fig. 5E).

Phosphorylation Affects SPL Protein Stability

The above results demonstrate that SPL phospho-
rylation is necessary and sufficient for its function in the
differentiation of archesporial cells in the context of
MPK3/6. However, the question of how phosphoryla-
tion affects the function of SPL remained. We have
found a dosage-dependent defect in mpk3/+ mpk6/2
mutant (Fig. 1; Supplemental Fig. S1). Togetherwith the
observation that the SPL proteinwas quite unstable and
readily degraded, we speculated that phosphorylation
might affect its stability. To test this hypothesis, we first
conducted an in vitro assay with a cell-free system
(Wang et al., 2009) in which the recombinant proteins
were tested for their degradation rate using an anti-
body against SPL. The recombinant SPLwas degraded
gradually, and this degradation was inhibited by the

Figure 4. In vitro kinase assay. A and B, SPL is phosphorylated by MPK3 (A) and MPK6 (B) in vitro. Recombinant proteins with
FLAG (for MPKK5DD), His (for MPK3 and MPK6), and trigger factor (TF; for SPL) tags were purified for in vitro kinase assay as
described (Xu et al., 2008). Constitutively active MPKK5 (MPKK5DD) was used to activate MPK3 and MPK6. After the reaction,
phosphorylated proteins were visualized using autoradiography. Reactions with various components omitted (2) were controls.
The same type and amount of proteins were incubated with unlabeled ATP. After electrophoresis, the gels were stained by
Coomassie Brilliant Blue as a loading control. C and D, MPK3 (C) and MPK6 (D) kinase assays were carried out as in A and B,
except with mutant SPL proteins in which S141 and S304 were converted into alanines (S141A and S304A, respectively). AA,
S141A and S304A double mutant protein.
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Figure 5. The phosphorylation of SPL is necessary and sufficient for archesporial cell differentiation. A and B, Quantitative
analysis of the number of locules bearing pollen in transgenic plants in the spl background (A) and the mpk3/+ mpk6/2 back-
ground (B). Top, Alexander staining assay to indicate the pollen density, numbers in the pictures indicate the number of locules
with stained pollen; the n values in diagrams indicate the number of stamens counting in different plants. For the SPL transcript
levels in the indicated lines, see also Supplemental Figure S7, A and B. All variants of SPL shown in A and B were fused with the
Myc tag and were driven by the SPL promoter. “2” indicates empty SPL promoter cassette. “GUS” indicates PSPL:GUS con-
struction. C, Quantitative real-time PCR analysis of the expression of genes downstream of SPL in the inflorescences of plants with
normal and nonphosphorylatable SPL. The materials in diagram correspond to those designated in A. The Arabidopsis GAPDH
genewas used as an internal control. Error bars represent SD from three independent experiments. D, Paraffin sections of anthers of
the transgenic line SPLAA in a spl background, as in A. Ler is the wild-type control. spl is the background control. Bars = 20 mm. E,
Paraffin sections of anthers of the transgenic line SPLDD in mpk3/+ mpk6/2 background, as in B. Col is the wild-type control.
mpk3/+ mpk6/2 is the background control. Bars = 20 mm.

2272 Plant Physiol. Vol. 173, 2017

http://www.plantphysiol.org/cgi/content/full/pp.16.01765/DC1


protease inhibitor MG132 (Fig. 6A), implying that the
ubiquitin-mediated 26S proteasome system (Palombella
et al., 1994) is involved in SPL degradation. Similar
degradation was detected in transgenic plants con-
taining Myc-tagged SPL (SPL-Myc) using an antibody
against the Myc-tag (Fig. 6B). These results indicated
that SPL degradation is mediated by the 26S protea-
some in vitro and likely in vivo.
Using this assay for SPL degradation, we measured

the degradation rate in the SPL-rescued splmutant and
the SPL-transformed mpk3/+ mpk6/2 mutant. The for-
mer was assumed to have functional in vivo phospho-
rylationmachinery (wild-typeMPK3/6) and the latter to
have defective machinery (mutated MPK3/6). SPL
protein degradation was significantly faster in the SPL-
transformed mpk3/+ mpk6/2 mutant line than in the
SPL-rescued splmutant line (Fig. 6, C andD), indicating
that SPL protein stability was correlated with the pres-
ence of MPK3/6. These results suggest that MPK3/6-
mediated phosphorylation promotes SPL stability.
To further explore the effect of phosphorylation on SPL

stability, we measured the degradation rate of wild-type
SPL, the three phosphorylation mimics, and the three
dephosphorylated forms in the spl mutant background.
While mimics of phosphorylated SPL (SPLDD) were more
stable than wild-type SPL, the mimic of dephosphoryla-
tion at the two S141 and S304 sites (SPLAA) resulted in a
significantly faster degradation than wild-type SPL (Fig.
6, D and E), as rapid as that of SPL in thempk3/+ mpk6/2
mutant background. Dephosphorylation at either of the
S141 or S304 single sites led to an intermediate rate of
degradation. This quantitative analysis further demon-
strated that phosphorylation affects SPL protein stability
in a site-specific and dose-dependent manner.

DISCUSSION

In this work, to elucidate the regulatory mechanism
of germ cell differentiation in plants, we confirmed that
MPK3/6 are required for the differentiation of arche-
sporial cells (Hord et al., 2008) and demonstrated that
MPK3/6 interact with and phosphorylate SPL. We
revealed that phosphorylated SPL is necessary and suf-
ficient for the differentiation of archesporial cells in the
anther and that phosphorylation maintains the stability
of the SPL protein. These findings suggest that a com-
prehensive SPL-centered regulatory mechanism is pre-
sent in Arabidopsis to ensure the spatiotemporally and
quantitatively precise differentiation of archesporial
cells. Several characteristics of such regulation could
be identified based on our findings.

SPL Phosphorylation Might Strengthen the Spatial and
Quantitative Stability of Archesporial Cell Differentiation
in the Anther

After Yang et al. (1999) and Schiefthaler et al. (1999)
revealed the key role of SPL in germ cell initiation, Ito
et al. (2004) demonstrated that the transcriptional

regulation of SPL expression by the AG protein is re-
quired for stamen and carpel identity. Here, we found
that posttranslational phosphorylation is required for
SPL function. Althoughmultiplemechanisms regulating
the function of a gene are not rare in nature, why is the
SPL function regulated at multiple layers?

During anther development, archesporial cells (DGCs)
are initiated at the four corners of the anther in most
angiosperms (Esau, 1977; Goldberg et al., 1993), but it is
not clear how thepattern is formed and/or regulated.AG
expression is restricted to the region where germ cells
will initiate (Bowman et al., 1991), consistent with SPL
expression upon activation by AG; our current results
suggest that posttranslational phosphorylation provides
an additional parameter to precisely restrict SPL locali-
zation and facilitate the proper spatiotemporal pattern of
archesporial cell differentiation. This conclusion is sup-
ported by the findings that theMPK3 protein is localized
to the region of germ cell induction (Fig. 1B; Col), the SPL
protein is colocalized with MPK3 (Fig. 3D), and MPK3
localization is affected byMPK6 (Fig. 1B;mpk3/+mpk6/2).
These results suggest that at least two steps are required
for the spatiotemporally regulated differentiation of the
archesporial cells in the Arabidopsis anther. First, AG
activates SPL transcription in the proper microenviron-
ment for germ cell initiation. Second, after the production
of the RNA and protein, the phosphorylation of SPL
strengthens the spatial and quantitative stability of the
protein for the differentiation of archesporial cells in the
Arabidopsis anther. Similar multicellular regulation has
been observed for DNase activity in female flower de-
velopment of cucumber (Cucumis sativus), where the ex-
pression of DNase is induced by ethylene in both the
carpel and stamen primordia, but the enzymatic activity
is restricted to anthers specifically after posttranslational
modification (Gu et al., 2011).

MPK3/6 May Mediate Environmental Stress Signals for
DGC Induction

DGCs are cells destined to undergomeiosis. Although
it is not yet clear how meiosis originated in early evo-
lution (Dacks and Roger, 1999; Cavalier-Smith, 2002;
Marston and Amon, 2004; Ma, 2005; Ramesh et al., 2005;
Cooper et al., 2007), the increased genetic variation
among the progenyderived frommeiosiswas ultimately
selected as amechanism for adaptation to environmental
stresses (Bai and Xu, 2013; Bai, 2015b). Unlike unicellular
organisms such as yeast that are directly challenged at
the individual cell level by environmental stresses, ani-
mal germ cells are well protected during embryogenesis
(Ermolaeva et al., 2013), and plant germ cells are protected
by various reproductive organs in plants ranging from
moss to angiosperms (Gifford and Foster, 1989; Goldberg
et al., 1993; Bai, 2015a, 2015b). It is therefore interesting to
consider whether germ cell induction is affected by envi-
ronmental stresses in multicellular animals and plants.
While little information is available in animals, Kelliher
andWalbot (2012) reported that a reduced redox status is
required for the induction of archesporial cells in the
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maize anther, consistent with the notion that meiosis
originated as a stress-responsive process.

Among the highly divergent roles of MPK in plant
signaling, their involvement in responses to ozone and
reactive oxygen species arewell documented (Wang et al.,
2013). Plants are photoautotrophic organisms and their
default pathway for energy acquisition is photosynthesis.
If the induction of archesporial cells requires a hypoxia
condition as indicated by Kelliher and Walbot (2012),
there must be a mechanism to create a proper microen-
vironment for germ cell initiation. The Arabidopsis anther

haswell-differentiated chloroplasts (Chen et al., 2015) and
is thought to be photosynthetically active; thus, the an-
therswould constantly release oxygen. If this is the case, it
is reasonable to hypothesize thatMPK3/6mayplay a role
in early stamen development in Arabidopsis, responding
to the oxidative status and stabilizing the SPL protein via
phosphorylation to ensure germ cell formation. More-
over, it has been reported that not only could oxidative
signals change protein phosphorylation under certain
conditions (Hardin et al., 2009), but protein phospho-
rylation could in turn regulate redox homeostasis

Figure 6. Phosphorylation affects SPL stability. A, Cell-free degradation assay of a recombinant SPL protein. Protein extracts were
prepared from Col inflorescences and then incubated with or without MG132 over the indicated time course. Ponceau S indicates
the extracted protein loading control. IB, Immunoblot with SPL antibody; LC, loading control. B, In vivo SPL degradation assay. The
inflorescences of PSPL:SPL-Myc/spl transgenic plants were incubated in liquid Murashige and Skoog medium with or without
MG132 over the indicated time course. DMSO was used as a negative control. CHX (cycloheximide) was used to block protein
biosynthesis. Ponceau S indicates the extracted protein loading control. IB, Immunoblot with anti-Myc antibody; LC, loading
control. C, In vivo SPL degradation in mpk3/+ mpk6/2 occurred faster than in the PSPL:SPL-Myc/spl complementation line. The
inflorescences were incubated in liquid Murashige and Skoog medium using CHX to block protein biosynthesis and then harvested
at the indicated time course for immunoblotting. IB, Immunoblot with c-Myc antibody to detect endogenous SPL protein, with an
anti-a-tubulin antibody as the internal control. Ponceau S indicates the extracted protein loading control. D, A statistical analysis of
the SPL degradation rate in C and E. Error bars represent SD from three experiments. *P , 0.05, **P , 0.01, Student’s t test. E,
Nonphosphorylated SPL degraded faster and phosphorylated SPL degraded slower than wild-type SPL protein in vivo.
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(Grieco et al., 2012). From this perspective, it will be im-
portant to investigate whether the MPK3/6-mediated
phosphorylation of SPL is essential for the establishment of
a hypoxic niche for germ cell initiation, as found in maize.

The SPL-Centered Regulatory Mechanism for the
Archesporial Cell Differentiation Is Likely Conserved
in the Brassicaceae Family

In angiosperms, stamen development is highly con-
served; not only in the morphogenetic processes, but also
in genes determining organ identity (Goldberg et al.,
1993; Causier et al., 2010; Litt andKramer, 2010; Rijpkema
et al., 2010). It is therefore reasonable to anticipate simi-
larity in mechanism for the initiation of archesporial cells
(DGCs). However, sequence comparison of SPL reveals
that while distantly related sequences can be traced back
to the mosses (Physcomitrella patens; Supplemental Fig.
S6B), there is dramatic sequence divergence in the
examined species. Nevertheless, SPL homologs from
members of the Brassicaceae family have a conserved
domain containing the predicted MPK phosphoryla-
tion sites (Supplemental Fig. S6C). Although MPKs
have highly conserved functional motifs among angio-
sperms (MAPK Group, 2002), we did not find a pre-
dicted SPL homolog with any known functional domain
in the grass genomes (Supplemental Fig. S6D). This re-
sult suggests that while the stamen developmental pro-
cess is conserved, as is meiosis, some of the regulatory
mechanisms of the induction and differentiation of ar-
chesporial cells might vary from species to species. Such
a scenario points to exciting opportunities for future
comparative studies into the mechanisms of induction
and differentiation of archesporial cells, not only be-
tween animals and plants, but also among plants.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

The Arabidopsis (Arabidopsis thaliana) mutant lines spl (Yang et al., 1999),
mpk3/+ mpk6-1/2, and mpk3/+ mpk6-2/2 (Hord et al., 2008) were described
previously. Except where mentioned in Figure 5B, “mpk3/+ mpk6/2” refers to
the mpk3/+ mpk6-2/2 line. Col plants were used as the wild-type control for the
mpk mutants. Ler plants were used as wild-type control for the spl mutant. The
seeds were transplanted to soil after germination on Murashige and Skoog
medium and were grown under long-day conditions (16 h light/8 h dark; light
bulb, Philips 28 W 840 neon, 4,000K, 103 lm/W) at 22°C.

Characterization of the Anther Phenotype

Pollen viability was determined by staining flowers with Alexander’s
staining solution (Alexander, 1969) for at least 10 h. Stamens were then dis-
sected from the flowers onto slides and sealedwith chloral hydrate solution (4 g
chloral hydrate, 1 mL glycerol, and 2 mL deionized water). Images were taken
with differential interference contrast optics using an Olympus BX51 micro-
scope. The number of locules (with pollen) was counted, and quantitative
analysis was carried out using Microsoft Excel. Inflorescences and flower buds
were prepared for paraffin and semithin sectioning as described previously (Xu
et al., 2005; Wang et al., 2010). Images were captured using a Zeiss microscope
(Axio Imager D2), processed by ZEN Lite 2011 (blue edition; Carl Zeiss), and
edited using Photoshop CS6 (Adobe Systems).

Quantitative Real-Time PCR

TotalRNAwasextracted frominflorescencesusing theRNeasyPlantMiniKit
(Qiagen). After digestion by DNase I (Promega), 4 mg of RNA was used for
reverse transcription with SuperScript III Reverse Transcriptase (Invitrogen).
Reverse transcription products were diluted 10-fold for quantitative real-time
PCR. Quantitative real-time PCR analyses were performed with the SYBR
Premix Ex Taq (TaKaRa) using the Applied Biosystems 7500 real-time PCR
system. The sequences of primers are listed in Supplemental Table S1.

Immunofluorescence Localization Assay

Inflorescenceswere soaked in afixation solution (4%paraformaldehyde in 13
PBS, pH 7.4, and 0.1% Triton X-100), vacuum infiltrated for 5 min, and incubated
overnight at 4°C. Paraffin sectioning was carried out as described previously (Xu
et al., 2005;Wang et al., 2010), except that the 8-mm sectionswere spread on poly-
Lys-coated slides. After blocking in 13 PBS containing 3% (w/v) BSA for 1 h (at
room temperature) or overnight (at 4°C), the sections were incubated with pri-
mary antibodies in blocking solution (MPK3 antibody dilution, 1:500; MPK6
antibody dilution, 1:2,000; Myc antibody dilution, 1:500) for 3 to 4 h (at room
temperature) or overnight (at 4°C). Secondary anti-rabbit Alexa Fluor 594 (Jackson)
and anti-mouse Fluor 488 (Jackson) antibodies were diluted at 1:500 in PBS and
incubated for 4 h at room temperature. Images were photographed using a Zeiss
microscope with ZEN 2011 software and edited using Photoshop CS6. Similar
results were obtained from at least three biological replicates.

In Vitro Pull-Down Assays

The cDNA fragments of MPK3 and MPK6 were cloned into pGEX-4T-2
(Amersham Biosciences), generating expression vectors for GST-MPK3 and GST-
MPK6. The expression vector for Trigger Factor (TF)-SPLwas generated by cloning
the SPL cDNA fragment into pColdTF (TaKaRa). The pGEX-4T-2 and pColdTF
vectors were used to express GST and TF, which served as negative controls.
Recombinant proteins were expressed in Escherichia coli BL21 cells. The expression
of GST-MPK3, GST-MPK6 and GST were induced by 0.1 mM isopropyl b-D-1-
thiogalactopyranoside under 20°C for 16 h. The expression of TF-SPL and TFwere
induced by 0.1 mM isopropyl b-D-1-thiogalactopyranoside under 16°C for 20 h,
following the manufacturer’s instructions. Recombinant GST and GST-fused pro-
teins were purified using a centrifuge tube method provided by the GST Gene
Fusion System Handbook (Amersham Biosciences). Recombinant TF and TF-SPL
protein were purified according to the QIAexpressionist Handbook (Fifth Edition;
Qiagen). For the pull-down assays, purified His-fusion proteins were incubated
with either purified GST or GST-fusion proteins and with Glutathione-Sepharose
4B beads (Pharmacia Biotech) in binding buffer (13 PBS, pH 7.0, 100 mM NaCl,
1mMDTT, 0.5mMEDTA, and 0.5%NP-40) for 2 h at 4°C.Afterwashing three times
with binding buffer, proteins were eluted from beads using 23 SDS loading buffer
and analyzed by immunoblotting and antibodies against SPL (SAIERBIO) and TF
(Takara). For details of SPL antibody, CKPGSKTGQQKQKKPT peptide of SPL
protein was synthesized as immunogen and injected into rabbits. After the antigen
affinity purification and specificity selection, anti-SPL polyclonal antibody was
obtained. The sequences of primers are listed in Supplemental Table S1.

In Vitro Kinase Assays

The in vitro kinase assay was performed as described previously (Xu et al.,
2008). Recombinant His-tagged MPK3 and MPK6 (8 mg) was activated by in-
cubation with recombinant FLAG-MKK5DD (0.8 mg) in the reaction buffer
(20 mM HEPES, pH 7.5, 10 mM MgCl2, and 1 mM DTT) containing 50 mM ATP at
25°C for 30 min. Activated MPK3 andMPK6 were mixed with the SPL variants
at a 1:10 ratio and diluted to a total volume of 20 mL in reaction buffer. Each
reaction contained 50 mM ATP and 0.1 mM Ci [g-32P]ATP and was incubated at
25°C for 30 min. The reactions were stopped by the addition of 53 SDS loading
buffer and incubating at 80°C for 10 min. Samples were separated on 12% SDS-
PAGE gels, which were dried prior to being exposed to film.

Protein Extraction and Degradation Assay

Approximately 0.02 g of Arabidopsis inflorescence was ground in liquid
nitrogenand redissolved in 50mLSDSsample loading buffer (0.125MTris-HCl, pH
6.8, 4% SDS, 20% Suc, 0.02% bromophenol blue, and 10% b-mercaptoethanol), as
previously described (Ng et al., 2009). The sample was boiled for 10 min before

Plant Physiol. Vol. 173, 2017 2275

SPL Function Requires Phosphorylation by MPK3/6

http://www.plantphysiol.org/cgi/content/full/pp.16.01765/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01765/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01765/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01765/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01765/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01765/DC1


being loaded onto an SDS-PAGE gel. The cell-free degradation assay was per-
formed using a previously reported method (Wang et al., 2009). Approximately
0.09 g of Col inflorescence was harvested into a centrifuge tube and ground into a
fine powder in liquid nitrogen. Total proteins were subsequently extracted by
adding 200 mL degradation buffer (25 mM Tris-HCl, pH 7.5, 10 mM NaCl, 10 mM

MgCl2, 4 mM phenylmethylsulfonyl fluoride, 5 mM DTT, and 10 mM ATP) to the
tube. After centrifugation, the supernatant was collected. For degradation of
TF-SPL purified from E. coli, 5 mg of the recombinant TF-SPL protein was incu-
bated in 100 mL of the extracts mentioned above. MG132 (Sigma-Aldrich) was
added to block the 26S proteasome system, and DMSO was used as the negative
control. The extracts were incubated at 25°C, with 20 mL samples taken at the
indicated intervals; 5 mL 53 loading buffer was added for SDS-PAGE. The
abundance of SPL protein was estimated by immunoblots using a SPL anti-
body. To test for the in vivo degradation of the SPL-Myc variants, the inflo-
rescences were placed in liquid Murashige and Skoog medium with 100 mM

cycloheximide (Sigma-Aldrich). MG132 was added to block the 26S protea-
some system and DMSO was used as a control. Samples were taken at the
indicated intervals and weighed after drying with filter paper. Proteins were
extracted using loading buffer as described above and equal amounts of
supernatant were loaded onto 12% SDS-PAGE gels for electrophoresis. The
abundances of SPL-Myc variants were estimated using a western blot and a
c-Myc monoclonal antibody (Santa Cruz Biotechnology). The results were
quantified using Image J software, according to the manual. The results were
obtained from three biological replicates.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Quantitative analysis of the mpk3/+ mpk6/2
phenotype.

Supplemental Figure S2. Immunohistochemistry analysis of MPK3 and
MPK6 expression patterns.

Supplemental Figure S3. SPL promoter activity.

Supplemental Figure S4. Genetic interaction between SPL and MPK3/6.

Supplemental Figure S5. Pull-down assay.

Supplemental Figure S6. Conservation of SPL protein phosphorylation
sites in Arabidopsis and other Brassicas.

Supplemental Figure S7. SPL expression levels in transgenic plants.

Supplemental Table S1. Primer sequences.

Supplemental Table S2. Species and gene information for Supplemental
Figure S6.

ACKNOWLEDGMENTS

We thank Prof. Wei-Cai Yang (Institute of Genetics and Developmental
Biology, Chinese Academy of Sciences) for the spl mutant, in-depth discussion
about the project, and critical reading of the manuscript; Prof. Xing-WangDeng
(Yale University) for the pMyc 9.39 vector; Dr. Lain Bruce who kindly edited the
manuscript; Prof. Man-Yuan Long and Dr. Cheng-Jun Zhang (University of
Chicago) and Dr. Xia Li (Peking University) for their help in the sequence align-
ments and phylogenetic analysis; and Ya-Ping Wang for helping with the SPL
protein degradation assay.

Received November 30, 2016; accepted February 15, 2017; published February
16, 2017.

LITERATURE CITED

Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P (2002). Mo-
lecular Biology of the Cell, Ed 4. Garland Science, New York

Alexander MP (1969) Differential staining of aborted and nonaborted
pollen. Stain Technol 44: 117–122

Bai SN (2015a) Plant developmental program: sexual reproduction cycle
derived “Double Ring.” Scientia Sinica Vitae 45: 811–819

Bai SN (2015b) The concept of the sexual reproduction cycle and its evo-
lutionary significance. Front Plant Sci 6: 11

Bai SN, Xu ZH (2013) Unisexual cucumber flowers, sex and sex differen-
tiation. Int Rev Cell Mol Biol 304: 1–55

Bencivenga S, Simonini S, Benková E, Colombo L (2012) The transcription
factors BEL1 and SPL are required for cytokinin and auxin signaling
during ovule development in Arabidopsis. Plant Cell 24: 2886–2897

Berr A, McCallum EJ, Ménard R, Meyer D, Fuchs J, Dong A, Shen WH
(2010) Arabidopsis SET DOMAIN GROUP2 is required for H3K4 tri-
methylation and is crucial for both sporophyte and gametophyte de-
velopment. Plant Cell 22: 3232–3248

Bhatt AM, Canales C, Dickinson HG (2001) Plant meiosis: the means to
1N. Trends Plant Sci 6: 114–121

Borg M, Brownfield L, Twell D (2009) Male gametophyte development: A
molecular perspective. J Exp Bot 60: 1465–1478

Bowman JL, Drews GN, Meyerowitz EM (1991) Expression of the Arabi-
dopsis floral homeotic gene AGAMOUS is restricted to specific cell types
late in flower development. Plant Cell 3: 749–758

Canales C, Bhatt AM, Scott R, Dickinson H (2002) EXS, a putative LRR
receptor kinase, regulates male germline cell number and tapetal identity
and promotes seed development in Arabidopsis. Curr Biol 12: 1718–1727

Causier B, Schwarz-Sommer Z, Davies B (2010) Floral organ identity:
20 years of ABCs. Semin Cell Dev Biol 21: 73–79

Cavalier-Smith T (2002) The neomuran origin of archaebacteria, the
negibacterial root of the universal tree and bacterial megaclassification.
Int J Syst Evol Microbiol 52: 7–76

Chang F, Wang Y, Wang S, Ma H (2011) Molecular control of microspo-
rogenesis in Arabidopsis. Curr Opin Plant Biol 14: 66–73

Chen R, Shen LP, Wang DH, Wang FG, Zeng HY, Chen ZS, Peng YB, Lin
YN, Tang X, Deng MH, et al (2015) A gene expression profiling of early
rice stamen development that reveals inhibition of photosynthetic genes
by OsMADS58. Mol Plant 8: 1069–1089

Cinalli RM, Rangan P, Lehmann R (2008) Germ cells are forever. Cell 132:
559–562

Coen ES, Meyerowitz EM (1991) The war of the whorls: Genetic interac-
tions controlling flower development. Nature 353: 31–37

Colcombet J, Boisson-Dernier A, Ros-Palau R, Vera CE, Schroeder JI (2005)
Arabidopsis SOMATIC EMBRYOGENESIS RECEPTOR KINASES1 and
2 are essential for tapetum development and microspore maturation.
Plant Cell 17: 3350–3361

Cooper MA, Adam RD, Worobey M, Sterling CR (2007) Population genetics
provides evidence for recombination in Giardia. Curr Biol 17: 1984–1988

Dacks J, Roger AJ (1999) The first sexual lineage and the relevance of
facultative sex. J Mol Evol 48: 779–783

Dayhoff MO, editor (1978) Atlas of Protein Sequence and Structure. Na-
tional Biomedical Research Foundation, Silver Springs, MD

Ermolaeva MA, Segref A, Dakhovnik A, Ou HL, Schneider JI, Utermöhlen
O, Hoppe T, Schumacher B (2013) DNA damage in germ cells induces an
innate immune response that triggers systemic stress resistance. Nature
501: 416–420

Esau K (1977). Anatomy of Seed Plants. John Wiley, New York
Ge X, Chang F, Ma H (2010) Signaling and transcriptional control of re-

productive development in Arabidopsis. Curr Biol 20: R988–R997
Gifford EM, Foster AS (1989) Morphology and Evolution of Vascular

Plants. W.H. Freeman and Co., New York
Goldberg RB, Beals TP, Sanders PM (1993) Anther development: Basic

principles and practical applications. Plant Cell 5: 1217–1229
Gonzalez FA, Raden DL, Davis RJ (1991) Identification of substrate rec-

ognition determinants for human ERK1 and ERK2 protein kinases. J Biol
Chem 266: 22159–22163

GriecoM, TikkanenM, Paakkarinen V, Kangasjärvi S, Aro E-M (2012) Steady-
state phosphorylation of light-harvesting complex II proteins preserves
photosystem I under fluctuating white light. Plant Physiol 160: 1896–1910

Gu HT, Wang DH, Li X, He CX, Xu ZH, Bai SN (2011) Characterization of
an ethylene-inducible, calcium-dependent nuclease that is differentially
expressed in cucumber flower development. New Phytol 192: 590–600

Guan Y, Lu J, Xu J, McClure B, Zhang S (2014) Two mitogen-activated
protein kinases, MPK3 and MPK6, are required for funicular guidance of
pollen tubes in Arabidopsis. Plant Physiol 165: 528–533

Hardin SC, Larue CT, Oh M-H, Jain V, Huber SC (2009) Coupling oxi-
dative signals to protein phosphorylation via methionine oxidation in
Arabidopsis. Biochem J 422: 305–312

Hord CL, Chen C, Deyoung BJ, Clark SE, Ma H (2006) The BAM1/BAM2
receptor-like kinases are important regulators of Arabidopsis early an-
ther development. Plant Cell 18: 1667–1680

2276 Plant Physiol. Vol. 173, 2017

Zhao et al.

http://www.plantphysiol.org/cgi/content/full/pp.16.01765/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01765/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01765/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01765/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01765/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01765/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01765/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01765/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01765/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01765/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01765/DC1


Hord CL, Sun YJ, Pillitteri LJ, Torii KU, Wang H, Zhang S, Ma H (2008)
Regulation of Arabidopsis early anther development by the mitogen-
activated protein kinases, MPK3 and MPK6, and the ERECTA and re-
lated receptor-like kinases. Mol Plant 1: 645–658

Ito T, Wellmer F, Yu H, Das P, Ito N, Alves-Ferreira M, Riechmann JL,
Meyerowitz EM (2004) The homeotic protein AGAMOUS controls mi-
crosporogenesis by regulation of SPOROCYTELESS. Nature 430: 356–360

Juliano C, Wessel G (2010) Developmental biology. Versatile germline
genes. Science 329: 640–641

Kelliher T, Walbot V (2012) Hypoxia triggers meiotic fate acquisition in
maize. Science 337: 345–348

Lampard GR, Macalister CA, Bergmann DC (2008) Arabidopsis stomatal
initiation is controlled by MAPK-mediated regulation of the bHLH
SPEECHLESS. Science 322: 1113–1116

Li LC, Qin GJ, Tsuge T, Hou XH, Ding MY, Aoyama T, Oka A, Chen Z,
Gu H, Zhao Y, et al (2008) SPOROCYTELESS modulates YUCCA ex-
pression to regulate the development of lateral organs in Arabidopsis.
New Phytol 179: 751–764

Litt A, Kramer EM (2010) The ABC model and the diversification of floral
organ identity. Semin Cell Dev Biol 21: 129–137

Liu X, Huang J, Parameswaran S, Ito T, Seubert B, Auer M, Rymaszewski
A, Jia G, Owen HA, Zhao D (2009) The SPOROCYTELESS/NOZZLE
gene is involved in controlling stamen identity in Arabidopsis. Plant
Physiol 151: 1401–1411

Ma H (2005) Molecular genetic analyses of microsporogenesis and micro-
gametogenesis in flowering plants. Annu Rev Plant Biol 56: 393–434

MAPK Group (2002) Mitogen-activated protein kinase cascades in plants: a
new nomenclature. Trends Plant Sci 7: 301–308

Marston AL, Amon A (2004) Meiosis: Cell-cycle controls shuffle and deal.
Nat Rev Mol Cell Biol 5: 983–997

Mishra NS, Tuteja R, Tuteja N (2006) Signaling through MAP kinase
networks in plants. Arch Biochem Biophys 452: 55–68

Ng KH, Yu H, Ito T (2009) AGAMOUS controls GIANT KILLER, a multi-
functional chromatin modifier in reproductive organ patterning and
differentiation. PLoS Biol 7: e1000251

Palombella VJ, Rando OJ, Goldberg AL, Maniatis T (1994) The ubiquitin-
proteasome pathway is required for processing the NF-kappa B1 pre-
cursor protein and the activation of NF-kappa B. Cell 78: 773–785

Ramesh MA, Malik SB, Logsdon JM, Jr. (2005) A phylogenomic inventory
of meiotic genes; evidence for sex in Giardia and an early eukaryotic
origin of meiosis. Curr Biol 15: 185–191

Rijpkema AS, Vandenbussche M, Koes R, Heijmans K, Gerats T (2010)
Variations on a theme: changes in the floral ABCs in angiosperms. Semin
Cell Dev Biol 21: 100–107

Rodriguez MC, Petersen M, Mundy J (2010) Mitogen-activated protein
kinase signaling in plants. Annu Rev Plant Biol 61: 621–649

Rotman N, Durbarry A, Wardle A, Yang WC, Chaboud A, Faure JE,
Berger F, Twell D (2005) A novel class of MYB factors controls sperm-
cell formation in plants. Curr Biol 15: 244–248

Sanders PM, Bui AQ, Weterings K, McIntire KN, Hsu Y-C, Lee PY,
Truong MT, Beals TP, Goldberg RB (1999) Anther developmental de-
fects in Arabidopsis thaliana male-sterile mutants. Sex Plant Reprod 11:
297–322

Schiefthaler U, Balasubramanian S, Sieber P, Chevalier D, Wisman E,
Schneitz K (1999) Molecular analysis of NOZZLE, a gene involved in
pattern formation and early sporogenesis during sex organ development
in Arabidopsis thaliana. Proc Natl Acad Sci USA 96: 11664–11669

Sieber P, Petrascheck M, Barberis A, Schneitz K (2004) Organ polarity in
Arabidopsis. NOZZLE physically interacts with members of the YABBY
family. Plant Physiol 135: 2172–2185

Thorsness PE, Koshland DE Jr (1987) Inactivation of isocitrate dehydro-
genase by phosphorylation is mediated by the negative charge of the
phosphate. J Biol Chem 262: 10422–10425

Twyman RM (2001). Instant Notes in Developmental Biology. Bios Scien-
tific Publishers, Oxford, UK

Walbot V (1985) On the life strategies of plants and animals. Trends Genet
1: 165–169

Walbot V, Egger RL (2016) Pre-meiotic anther development: Cell fate
specification and differentiation. Annu Rev Plant Biol 67: 365–395

Walbot V, Evans MM (2003) Unique features of the plant life cycle and
their consequences. Nat Rev Genet 4: 369–379

Wang P, Du Y, Zhao X, Miao Y, Song CP (2013) The MPK6-ERF6-ROS-
responsive cis-acting Element7/GCC box complex modulates oxidative
gene transcription and the oxidative response in Arabidopsis. Plant
Physiol 161: 1392–1408

Wang DH, Li F, Duan QH, Han T, Xu ZH, Bai SN (2010) Ethylene per-
ception is involved in female cucumber flower development. Plant J 61:
862–872

Wang H, Liu Y, Bruffett K, Lee J, Hause G, Walker JC, Zhang S (2008)
Haplo-insufficiency of MPK3 in MPK6 mutant background uncovers a
novel function of these two MAPKs in Arabidopsis ovule development.
Plant Cell 20: 602–613

Wang H, Ngwenyama N, Liu Y, Walker JC, Zhang S (2007) Stomatal de-
velopment and patterning are regulated by environmentally responsive
mitogen-activated protein kinases in Arabidopsis. Plant Cell 19: 63–73

Wang F, Zhu D, Huang X, Li S, Gong Y, Yao Q, Fu X, Fan LM, Deng XW
(2009) Biochemical insights on degradation of Arabidopsis DELLA
proteins gained from a cell-free assay system. Plant Cell 21: 2378–2390

Wei B, Zhang J, Pang C, Yu H, Guo D, Jiang H, Ding M, Chen Z, Tao Q,
Gu H, et al (2015) The molecular mechanism of sporocyteless/nozzle in
controlling Arabidopsis ovule development. Cell Res 25: 121–134

Xing S, Salinas M, Höhmann S, Berndtgen R, Huijser P (2010) miR156-
targeted and nontargeted SBP-box transcription factors act in concert to
secure male fertility in Arabidopsis. Plant Cell 22: 3935–3950

Xing S, Zachgo S (2008) ROXY1 and ROXY2, two Arabidopsis gluta-
redoxin genes, are required for anther development. Plant J 53: 790–801

Xu J, Li Y, Wang Y, Liu H, Lei L, Yang H, Liu G, Ren D (2008) Activation of
MAPK kinase 9 induces ethylene and camalexin biosynthesis and en-
hances sensitivity to salt stress in Arabidopsis. J Biol Chem 283: 26996–
27006

Xu CR, Liu C, Wang YL, Li LC, Chen WQ, Xu ZH, Bai SN (2005) Histone
acetylation affects expression of cellular patterning genes in the Arabi-
dopsis root epidermis. Proc Natl Acad Sci USA 102: 14469–14474

Yang SL, Jiang L, Puah CS, Xie LF, Zhang XQ, Chen LQ, Yang WC, Ye D
(2005) Overexpression of TAPETUM DETERMINANT1 alters the cell
fates in the Arabidopsis carpel and tapetum via genetic interaction with
excess microsporocytes1/extra sporogenous cells. Plant Physiol 139: 186–191

Yang WC, Ye D, Xu J, Sundaresan V (1999) The SPOROCYTELESS gene of
Arabidopsis is required for initiation of sporogenesis and encodes a
novel nuclear protein. Genes Dev 13: 2108–2117

Zhao DZ, Wang GF, Speal B, Ma H (2002) The excess microsporocytes1 gene
encodes a putative leucine-rich repeat receptor protein kinase that
controls somatic and reproductive cell fates in the Arabidopsis anther.
Genes Dev 16: 2021–2031

Plant Physiol. Vol. 173, 2017 2277

SPL Function Requires Phosphorylation by MPK3/6


