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During angiosperm microsporogenesis, callose serves as a temporary wall to separate microsporocytes and newly formed
microspores in the tetrad. Abnormal callose deposition and dissolution can lead to degeneration of developing microspores.
However, genes and their regulation in callose metabolism during microsporogenesis still remain largely unclear. Here, we
demonstrated that the Arabidopsis (Arabidopsis thaliana) CALLOSE DEFECTIVE MICROSPORE1 (CDM1) gene, encoding a tandem
CCCHe-type zinc finger protein, plays an important role in regulation of callose metabolism in male meiocytes and in integrity of
newly formed microspores. First, quantitative reverse transcription PCR and in situ hybridization analyses showed that the CDM1
gene was highly expressed in meiocytes and the tapetum from anther stages 4 to 7. In addition, a transfer DNA insertional cdm1
mutant was completely male sterile. Moreover, light microscopy of anther sections revealed that microspores in the mutant anther
were initiated, and then degenerated soon afterward with callose deposition defects, eventually leading to male sterility. Furthermore,
transmission electron microscopy demonstrated that pollen exine formation was severely affected in the cdm1 mutant. Finally,
we found that the cdml mutation affected the expression of callose synthesis genes (CALLOSE SYNTHASE5 and CALLOSE
SYNTHASE12) and potential callase-related genes (A6 and MYBS80), as well as three other putative 8-1,3-glucanase genes.
Therefore, we propose that the CDM1 gene regulates callose metabolism during microsporogenesis, thereby promoting Arabidopsis

male fertility.

In flowering plants, male meiocytes undergo meiosis
to generate microspores, eventually producing haploid
gametes for double fertilization (Ma, 2005). At early
meiosis, each meiocyte begins to synthesize a tempo-
rary wall mainly containing callose, which is deposited
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between the primary cell wall and the plasma mem-
brane. Callose continues to be deposited through the
whole meiosis, resulting in the enclosure of each newly
formed microspore by a thick callose wall (McCormick,
2004). The major composition of callose is 3-1,3-glucan,
which consists of Gl residues with 8-1,3-linkages (Ariizumi
and Toriyama, 2011). The callose wall is subsequently,
degraded by an enzyme mixture called callase, which
is secreted by the tapetum and possesses 3-1,3-glucanase
(B-1,3-G) activities (Scott et al., 2004). Finally, the sib-
ling microspores are released individually into the anther
locule (Stieglitz, 1977). In addition to serving as a tem-
porary envelope of newly formed microspores, callose
also facilitates pollen wall formation (Ariizumi and
Toriyama, 2011).

In most angiosperms, callose is synthesized by callose
synthases from meiocytes (Scott et al., 2004). Reduced
callose accumulation may lead to the abortion of de-
veloping microspores (Ariizumi and Toriyama, 2011).
In the Arabidopsis (Arabidopsis thaliana) genome, there
is a total of 12 callose synthase genes (CALLOSE SYN-
THASE1 [CalS1] to CalS12; Hong et al., 2001). Among
them, CalS5, CalS11, and CalS12 have been shown to be
involved in callose synthesis during microsporogenesis
(Dong et al., 2005; Enns et al., 2005; Nishikawa et al.,
2005). CalS5 is responsible for callose deposition sur-
rounding the meiocytes, tetrads, and microspores. On
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the other hand, CalS11 and CalS12 function redundantly
in synthesizing callose between microspores in a tetrad.
Double mutants of cals11/cals12 produce greatly reduced
amounts of callose, leading to the degeneration of mi-
crospores (Dong et al., 2005; Enns et al., 2005; Nishikawa
et al., 2005).

In addition to its synthesis, the proper timing of callose
dissolution is also crucial for the formation of functional
microspores. For example, premature or delayed callase
activity leads to microspore abortion in petunia (Pefunia
hybrida; Frankel et al.,, 1969; Izhar and Frankel, 1971).
Similarly, premature dissolution of callose walls during
meiosis as a result of early expression of a 8-1,3-G results
in male sterility in transgenic tobacco (Nicotiana tabacum;
Worrall et al., 1992). According to the enzymatic cleavage
site, 8-1,3-Gs have been classified as endoglucanases or
exoglucanases (Zhang et al, 2007). In Lilium, it was
shown that endo-B-1,3-Gs were responsible for callose
wall degradation during microsporogenesis (Stieglitz,
1977). Although the Arabidopsis genome has >50 genes
encoding 8-1,3-Gs (Doxey et al., 2007), only the A6 gene
was suggested to be a major component of the callase
mixture secreted by the tapetum (Hird et al., 1993).
Among known regulatory genes for anther develop-
ment, only the AtMYBS80 (formally AtMYB103) gene
encoding a putative transcription factor was identified
as a positive regulator of the A6 gene, affecting callose
metabolism during microsporogenesis (Zhang et al.,
2007). Therefore, the regulation of callase-related gene
expression still remains largely unknown. In this study,

Figure 1. The CDM1 expression pat- A
tern. A, Analysis of CDM1 expression in
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we report that the Arabidopsis CALLOSE DEFECTIVE
MICROSPORE1 (CDM1) gene, which encodes a tandem
CCCH-domain zinc finger (TZF) protein, regulates callose

metabolism during microsporogenesis and is required for
male fertility.

RESULTS
The CDM1 Gene Expression Pattern

In Arabidopsis, SPOROCYTELESS (SPL) and EXCESS
MICROSPOROCYTE1 (EMSI) are two important genes
regulating microsporogenesis (Schiefthaler et al., 1999;
Yang et al, 1999; Zhao et al, 2002). In an effort to
identify new genes for anther and pollen development,
we compared gene expression profiles between wild-
type and spl and ems] mutant anthers (Wijeratne et al.,
2007). At1g68200 was among the genes that showed
significantly less expression in the spl and the emsl
mutants than the wild-type anther, and this gene was
named CDM1 because of the phenotype of a transfer
DNA (T-DNA) insertional mutant (see below). To inves-
tigate the CDMI1 gene expression pattern, we performed
quantitative reverse transcription PCR (gRT-PCR). Our
results confirmed the expression reductions in both spl
and ems] anthers (Fig. 1A). Although CDM]1 expression
was detectable in leaves, stems, young inflorescences,
open flowers, and siliques at relatively low levels, its
expression level in stage 4 to 7 anthers was =100-fold
that of other tissues (Fig. 1B). Furthermore, RNA in situ
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hybridization with cross sections of wild-type floral buds
showed that the CDM1 expression signal was low in
precursors of meiocytes and the tapetum in stage 4 anthers
(Fig. 1C), and then reached the highest level in stage 5
to 6 anthers, primarily in meiocytes and the tapetum
(Fig. 1, D and E). At anther stage 7, the expression level
remained relatively high in tetrads and the tapetum
(Fig. 1F). Subsequently, it decreased after anther stage
8 (Fig. 1G). Therefore, the expression pattern of CDM1
strongly suggested that it functions in the tapetum and
meiocytes, both crucial for microsporogenesis.

The cdm1 Mutant Is Completely Male Sterile

The CDM1 gene has two exons and one intron
(Supplemental Fig. S1A), encoding a predicted protein
with 308 amino acids. CDM1 has two CCCH (C-X8-C-
X5-C-X3-H) domains, which are separated by 18 amino
acids (Supplemental Fig. S1B). To analyze CDMI1
function genetically, we obtained a T-DNA insertion
(SALK_065040; named cdm1) from the SIGnAL mutant
collection (Alonso et al., 2003). Conventional sequencing
of PCR fragments confirmed that the T-DNA was
inserted in the second exon of CDM1 (Supplemental
Fig. S1A). The T-DNA sequence was fused after the
codon for the last amino acid residue of the first CCCH
domain (Supplemental Fig. S1B), potentially pro-
ducing a truncated protein lacking the second CCCH

Plant Physiol. Vol. 164, 2014

CALLOSE DEFECTIVE MICROSPORE1 Required for Male Fertility

domain. The CDM1/cdm1 heterozygous plants showed
normal development, whereas the cdm1/cdml homozy-
gous mutants were completely sterile (see below). The
progenies of a heterozygous plant segregated for sterile
to normal phenotypes in an approximate 1:3 ratio (56:150
for mutantnormal), indicating that the mutant pheno-
type was caused by a single recessive nuclear mutation.
Pollination of a cdm1 pistil with wild-type pollen resulted
in full fertility, indicating that the mutant was female
fertile. Reverse transcription PCR analysis from wild-
type and cdm1 inflorescences revealed that the mRNA
transcript (fa) spanning the T-DNA insertion was
undetectable in cdml, whereas a shortened one (fb)
could be amplified (Supplemental Fig. S1, A and C),
implying that the full-length mRNA is disrupted in
cdml.

The cdml plants had vegetative growth similar to that
of the wild type (Fig. 2A), but produced much shorter
siliques than those of the wild type (Fig. 2A, red arrows).
Further examination revealed that the cdm1 silique lacked
any seeds (Supplemental Fig. S1D). Although wild-type
and cdml flowers had similar sepals and petals (Fig. 2,
B and C), no pollen grains were observed in cdm1 anthers
(Fig. 2C), unlike wild-type anthers with plenty of pollen
(Fig. 2B). Furthermore, Alexander staining showed that
the wild-type anther produced many viable round pollen
grains (Fig. 2D, in deep pink), but the cdm1 anther con-
tained dead pollen grains (in blue) in clumps (Fig. 2E).
Examination of tetrads using toluidine blue staining

Figure 2. Phenotypes of wild-type,
cdmi, and transgenic plants for func-
tional rescue. A, A wild-type plant (left)
and a cdmi plant (right), showing no
obvious differences in vegetative growth.
However, the cdm1 plant produced short
siliques without any seeds (red arrow-
head). B, A wild-type flower. C, A cdm1
flower. D and E, Alexander staining.
A wild-type anther showing viable pollen
grains in deep pink (D). A cdmT anther
containing clusters of dead pollen grains
in blue (E). F, A wild-type tetrad. G, cdm1
tetrads. H, Autofluorescence (red) of wild-
type individual microspore wall under
550-nm excitation. |, Autofluorescence
(red) of a cdm1 microspore wall under
550-nm excitation. J, The functional rescue
of cdm1 using a construct carrying the
CDM1 cDNA fused with GR sequences
and driven by the CDM1 native promoter.
Red arrows indicated fertile siliques with
restored CDMT function after GR in-
duction. Bar = 20 mm in A; 500 um in
B and C; 50 um in D and E; and 10 um
in Fto K.
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showed that the wild-type meiosis produced four mi-
crospores, each separately surrounded by a well-formed
wall (Fig. 2F); however the cdm1 meiotic products were
still attached to each other (Fig. 2G), implying that the
wall biogenesis of newly formed microspores was af-
fected. Visualization using 550-nm excitation indicated
that the wild-type microspore wall was regular and
round (Fig. 2H), but the degenerating microspores from
the same meiocyte still remained attached in cdml
(Fig. 2I). To verify that the mutant defects were caused
by the cdm1 mutation, an inducible construct containing
the CDM1 promoter driving a fusion of CDM1 with
sequences encoding the glucocorticoid receptor (GR)
domain was introduced into the mutant background.
A PCR result further showed that, in the transgenic lines,
the full CDM1 coding domain sequence was present in
the cdml mutant background (Supplemental Fig. S1E).
The fertility was restored after dexamethasone induction
(Fig. 2J), confirming that the defect in the CDM1 gene
was responsible for the mutant sterility.

Delayed Meiotic Cytokinesis and Microspore
Degeneration in cdm1

To examine the cdml mutant defects in more detail,
semithin anther transverse sections were analyzed. The
results showed that the cdm1 anther developed normally
from anther stages 1 to 5, but began to show abnormal
morphology starting at anther stage 6. At anther stage 6,
the wild-type meiocyte had a thick callose wall (Fig. 3A),
but the callose wall around cdml meiocytes seemed
slightly thinner (Fig. 3B). In a stage 7 wild-type anther,
the newly formed sibling microspores were well blanketed
and completely separated by a thick callose wall, form-
ing a tetrad (Fig. 3C). When the cdm1 anther reached the
same size as (even slightly larger than) the wild-type
stage 7 anther, somatic cell morphologies (e.g. the col-
lapse of the middle layer) were similar to those of the
wild-type cells; however, cdml meiocytes still did not
complete cytokinesis and did not form tetrads with
microspores (Fig. 3D), indicating that microspore for-
mation was delayed. From anther stages 8 to 10, the
callose wall was completely degraded in the wild type,
releasing individual microspores to undergo pollen
development in the anther locule (Fig. 3, E, G, and I).
In a stage 8 cdm1 anther (according to anther size and
somatic cells), although four cytoplasmic clusters were
recognizable in some meiocytes (Fig. 3F), the callose
wall between microspores was abnormally thin (Fig. 3C),
suggesting that callose synthesis and/or deposition was
severely impaired in cdml. During the subsequent an-
ther development in cdm1, sibling microspores remained
attached (Fig. 3, H and ]), possibly because of residual
callose wall or other defects in microspore wall forma-
tion. In a stage 9 wild-type anther, microspores formed
an exine wall and became vacuolated (Fig. 3G); they
then continued to develop into pollen grains from
anther stages 10 to 11 (Fig. 3, I and K). By contrast,
cdm1 microspores degenerated (Fig. 3, H and J), leav-
ing behind a mass of wall materials in the anther locule
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(Fig. 3L). At anther stage 12, mature wild-type pollen
grains were formed (Fig. 3M), but cdml microspores
were completely degenerated, with only remnants in
the anther locule (Fig. 3N). At anther stage 13, stomium
ruptured in the wild type, releasing pollen grains in a
process called anther dehiscence (Fig. 30). The cdml
stomium also ruptured (Fig. 3P), indicating normal en-
dothecium secondary cell wall thickening, which was
required for stomium breakage. We also observed using
semithin sections that tapetum morphology in the cdm1
mutant appeared normal, similar to that in the wild type
(Supplemental Fig. S2).

Callose Dissolution during Microsporogenesis Was
Defective in cdml

Callose metabolism during microsporogenesis was
further examined using aniline blue staining in both
wild-type and cdm1 anther sections. At anther stage 4,
both wild-type and cdm1 meiocytes synthesized the cal-
lose wall (Supplemental Fig. S3, A-D), indicating that the
initiation of callose synthesis was not obviously affected
in cdml. At anther stage 7, wild-type tetrads were well
formed with a highly thickened callose wall surrounding
each microspore (Fig. 4, A and B; Supplemental Fig. S3,
E and F). However, in the cdml anther, although more
callose was accumulated on meiocytes and few tetrads
could be recognized, the callose between microspores
was much thinner than that of the wild type (Fig. 4,
C and D). Callose staining further revealed that in-
dividual cdm1 tetrads had less callose (Supplemental
Fig. S3, G and H). These results suggested that callose
synthesis and /or deposition between microspores was
impaired in cdm1. Furthermore, callose was not detected
on released microspores in the wild-type anther (Fig. 4,
E and F, yellow arrows), indicating that callose was
completely degraded when the microspore was re-
leased. Intriguingly, in a younger anther (still at the
tetrad stage) of the same flower, microspores displayed
strongly stained callose (Fig. 4, E and F, red arrows).
This result suggested that callose dissolution was a rapid
process in the wild type. However, in cdm1, residual cal-
lose was obviously observed even after the tetrad stage
(Fig. 4, G and H, green arrows), resulting in the attach-
ment between sibling microspores. Therefore, callose dis-
solution in cdml was incomplete or otherwise abnormal.

Exine Formation Was Disturbed in cdm1

To further investigate cdm1 pollen defects, the ultra-
structures of tetrads, microspores, and mature pollen
grains were compared using transmission electron
microscopy (TEM) between the wild type and cdml.
The wild-type tetrad was encased in a thick callose
wall, which completely surrounded each microspore
(three microspores are visible in this section; Fig. 5A).
In the cdml anther, the callose wall surrounding the
meiocyte (Fig. 5B) was similar to that of the wild-type
meiocyte (Fig. 5A), but after cytokinesis, the callose wall

Plant Physiol. Vol. 164, 2014
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Figure 3. Comparison of wild-type and cdm1 anther development. Semithin anther sections were stained with toluidine blue,
with one locule shown in each: the wild type (A, C, E, G, I, K, M, and O) and cdm1 (B, D, F, H, J, L, N, and P). A and B, At stage 6,
five cell layers were presented and meiocytes underwent meiosis. C, At stage 7, tetrads were already formed. D, At stage 7, tetrads
were not formed yet. E, At stage 8, individual microspores were released. F, At stage 8, meiocyte external wall was not degraded,
and thinner than normal callose wall was formed between microspores. G, At stage 9, microspores became vacuolated. H, At stage 9,
microspores in tetrads began to degenerate. | and J, At stage 10, tapetum degeneration was initiated in both the wild type and the
cdm1 mutant. cdm1 microspores, which were undergoing degeneration, were still attached (J). K, At stage 11, pollen grains formed
exine. L, At stage 11, microspores were almost completely degenerated, and masses of wall materials were found separately from
the microspores in the locule. M and N, At stage 12, stomium was broken down. No pollen grains were generated, leaving
remnants of microspores in the cdm1 mutant anther locule (N). O and P, At stage 13, stomium breakage allowed anther dehiscence
and pollen grain release in the wild type (O). The cdmT anther dehisced (P). DPG, Degenerating pollen grain; DTds, degenerating
tetrad; E, epidermis; En, endothecium; ML, middle layer; Ms, meiocytes; MSp, microspore; PG, pollen grain; Rm, remnant of locule
contents; Sm, septum; St, stomium; T, tapetum; Tds, tetrad. Bar = 20 um.

could not completely form between newly formed ad-
jacent microspores (two microspores were seen in the
section; Fig. 5B). These results were consistent with the
observations using aniline blue staining (Supplemental
Fig. S3H). Later in development, wild-type microspores
successfully formed the exine and intine portions of the
pollen wall (Fig. 5C). However, there was not even pri-
mexine (a precursor of exine) outside the cdml micro-
spore cell membrane (Fig. 5D). Spotted sporopollenin
was blocked away from cell membrane by residue cal-
lose materials (Fig. 5D). The pollen wall was regularly

Plant Physiol. Vol. 164, 2014

assembled on the mature wild-type pollen (Fig. 5E),
whereas the cdml microspore was degenerated, leaving
spotted sporopollenin abnormally deposited outside the
callose wall (Fig. 5F), indicating that pollen exine for-
mation was defective in cdml.

The Expression of CalS5 and CalS12 Was
Down-Regulated in cdm1

Because callose accumulation was reduced between
cdm1 microspores (Fig. 5B; Supplemental Fig. S3H), we
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Figure 4. Aniline blue staining analysis for callose in the wild type and cdm1. Analysis of staining in wild-type anther sections
(A, B, E, and F) and cdm1 anther sections (C, D, G, and H), using bright-field microscopy (A, C, E, and G) and UV light (B, D,
F, and H). A and B, A wild-type stage 7 anther, showing that each newly formed microspore was enveloped with a thick callose
wall (red arrowhead in B). C and D, A cdm1 stage 7 anther. Although newly formed microspores were separated by callose
(green arrow head in D), the callose wall was thinner than that formed in the wild type (red arrowhead in B). E and F, A wild-
type stage 8 anther (yellow arrows), showing that the callose wall had been completely degraded, and individual microspores
were released. In the same flower, the neighboring younger anther still remained at stage 7 (red arrows) with a strong signal for
callose. G and H, A cdm1 stage 8 anther, showing residual callose between microspores (green arrows). Bar = 50 um.

hypothesized that the expression of callose synthase
genes near the time of microspore formation was pos-
sibly affected. To test this, we performed qRT-PCR for
stage 4 to 7 anthers of the wild type and cdm1 (Fig. 6A).
In cdm1 anthers, the expression level of CalS5 was dra-
matically reduced to only 20% of that in wild-type an-
thers. The expression of CalS12 was also decreased to
approximately 20% of that in wild-type anthers, but the
expression of CalS11 appeared normal in cdm1 anthers.

A6 and AtMYBS80 Expression Patterns Were Altered during
Microsporogenesis in cdm1

Based on the observation of callose dissolution de-
fects in cdm1 (Figs. 4H and 5D), we decided to examine
the expression of A6 and AtMYBS0 in wild-type and
cdml anthers at different stages using gRT-PCR. Com-
pared with the wild-type anther expression level, the A6
expression level in stage 4 to 7 cdml anthers was in-
creased >10-fold (Fig. 6B), implying that the A6 gene

Figure 5. TEM of the microspore wall
in the wild type (A, C, and E) and cdm1
(B, D, and F). A, Callose formed a
complete wall to fill between micro-
spores in the tetrad. B, Poorly developed
callose failed to completely fill spaces
between microspores. C, Exine and in-
tine were formed on the individual mi-
crospore. D, Cytoplasm had shrunk. The
callose wall was still seen. Spotted spo-
ropollenin was placed outside the cal-
lose wall. E, Mature exine and pollen
coat were formed. F, Cytoplasm has
degenerated. Spotted sporopollenin was
randomly accumulated near the degen-
erating microspore. C, Callose; Dm,
degenerated microspore; Ex, exine; In,
intine; Ms, microspore; SP, spotted spo-
ropollenin. Bar = 5 um.
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was activated at an early stage in cdm1, at a time when
its expression was low in the wild type. The expression
of AtMYBS80 in stage 4 to 7 cdml anthers was sharply
elevated to approximately 30-fold of that in stage 4 to 7
wild-type anthers (Fig. 6B). Because MYB80 acts as a
positive regulator of A6, the elevated MYBS0 expression
was consistent with the expression changes of A6 in
cdml. However, we further detected that the expression
level of A6 in cdml stage 8 to 12 anthers was greatly
reduced to a nearly undetectable level compared with
that in wild-type stage 8 to 12 anthers (Fig. 6C). This
suggested that cdm1 possibly lost callase activities much
earlier than normal, finally leading to the failure to
completely hydrolyze callose during pollen develop-
ment. On the other hand, the expression of AtMYBS80 in
cdml stage 8 to 12 anthers was still slightly higher
than that in wild-type stage 8 to 12 anthers (Fig. 6C),
indicating that the remained AtMYB80 was not suf-
ficient for A6 expression at these late stages of pollen
development.

Plant Physiol. Vol. 164, 2014
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Figure 6. qRT-PCR analyses of gene expression differences in the wild type and cdm1. A, Expression of CalS5, CalS11, and
CalS12 in wild-type and cdm1 stage 4 to 7 anthers. B, Expression of A6 and AtMYBS80 in wild-type and cdm1 stage 4 to 7
anthers. C, Expression of A6 and AtMYBS80 in wild-type and cdm1 stage 8 to 12 anthers. D, Expression of three genes potentially
encoding B-1,3-Gs in wild-type and cdm1 stage 4 to 7 anthers. E, Expression of three genes encoding putative -1,3-Gs in wild-
type and cdm1 stage 8 to 12 anthers. Arabidopsis ACTINT was used as a control. Error bars indicate so. WT, Wild type.

The Expression of Three Putative 8-1,3-G Genes Was
Altered in cdml

We used Affymetrix ATHI arrays to identify addi-
tional genes potentially regulated by CDM1 by com-
paring gene expression between cdml and wild-type

Plant Physiol. Vol. 164, 2014

young floral buds. Among 375 genes that showed dif-
ferential expression (P < 0.05) with >1.5-fold changes
between the wild type and cdm1, 185 genes were
down-regulated by 1.5-fold to 7.10-fold (Supplemental
Table S1), whereas 190 genes were up-regulated by
1.5-fold to 5.82-fold (Supplemental Table S2).

1899


http://www.plantphysiol.org/cgi/content/full/pp.113.233387/DC1
http://www.plantphysiol.org/cgi/content/full/pp.113.233387/DC1
http://www.plantphysiol.org/cgi/content/full/pp.113.233387/DC1

Lu et al.

Interestingly, three genes (At3924330, At3¢55780, and
At3¢61810), encoding putative -1,3-Gs, exhibited re-
duced expression levels ranging from 1.60-fold to 2.08-
fold in cdml (Supplemental Table S3), consistent with
gRT-PCR analyses (Supplemental Fig. S4A). Further ex-
amination of the expression levels of wild-type and cdm1
anthers at stages 4 to 7 and stages 8 to 12 revealed dis-
tinct patterns. In stage 4 to 7 anthers, the expression of
At3g24330 was similar between the wild type and cdm1.
The expression level of At3g55780 was up-regulated over
7-fold in cdm1; however, the At3g61810 expression was
greatly reduced (Fig. 6D). In stage 8 to 12 anthers, all
three genes showed a sharp decrease in expression levels
(<10% remained) in cdm1 (Fig. 6E). These results strongly
suggested that multiple 8-1,3-Gs participated in callose
dissolution during microsporogenesis, and the proper
timing of different 8-1,3-G activities was probably pre-
cisely regulated, further revealing the complexity of cal-
lose dissolution during pollen development. In addition,
because the meiotic cytokinesis in the cdml mutant was
delayed, it is also possible that some of the genes iden-
tified by microarray analysis were indirectly affected by
the delayed meiotic cytokinesis.

The Expression of Pollen Developmental Genes Was
Changed in cdml

It was known that callose defects can affect pollen
wall formation and pollen viability (Dong et al., 2005;
Enns et al., 2005; Zhang et al., 2007). Thus, we examined
the expression of MALE STERILITY2 (MS2), DEFEC-
TIVE IN EXINE FORMATION1 (DEX1), NO EXINE
FORMATIONI (NEF1), and FACELESS POLLEN1 (FLP1),
which were involved in pollen exine formation and
sporopollenin synthesis (Aarts et al., 1997; Paxson-
Sowders et al., 2001; Ariizumi et al., 2003, 2004), in both
the wild type and cdm1 by qRT-PCR. Our results indi-
cated that the expression of DEX1 and NEF1 was not
altered. The expression of MS2 in cdml1 was reduced to
approximately 60% of the wild-type level. However, the
expression of FLP1 was slightly up-regulated in cdml
(Supplemental Fig. S4B). Furthermore, microarray analy-
ses revealed that six other genes related to anther and
pollen development showed differential expression levels
in the wild type and cdml (Supplemental Table S3).
Among them, IMPORTIN ALPHA ISOFORMS, BRIC-A-
BRAC-TRAMTRACK-BROAD COMPLEX AND TRAN-
SCRIPTIONAL ADAPTOR ZINC FINGER DOMAIN
PROTEIN3, AtPV42a, ROXY2, and KOMPEITO were
down-regulated in cdm1, with expression level changes
ranging from 1.51-fold to 3.35-fold. However, SPERMIDINE
HYDROXYCINNAMOYL TRANSFERASE expression was
detected to be up-regulated to 3.32-fold in cdml, as
further supported by qRT-PCR results (Supplemental
Fig. S4C). Therefore, the above data strongly suggested
that various pollen development processes were influ-
enced in cdm1.

On the other hand, genes known to be important for
tapetum development were not dramatically affected.
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Our microarray analysis indicated that the ABORTED
MICROSPORES (AMS) gene, which is important for
early tapetum development, had expression values (*SE)
of 11.091 = 0.004 in the wild type and 11.275 = 0.0235
in cdml. Another example is the late tapetum devel-
opment gene MS188 (Zhu et al., 2011), which had ex-
pression values of 7.456 = 0.102 in the wild type and
7.306 = 0.105 in cdm1. These results are consistent with
the normal appearance of the cdml tapetum layer men-
tioned earlier.

DISCUSSION

CDMI1 Likely Regulates Expression of Genes for Both
Callose Synthases and Callase

During microsporogenesis, the major role of callose is
to serve as a temporary cell wall to separate the newly
formed microspores and prevent their plasmic membrane
from fusing together (Scott et al, 2004). Studies have
shown that reduced accumulation of callose may result in
microspore degeneration (Dong et al., 2005; Enns et al.,
2005). Here, we found that the cdml mutant exhibited
severe reduction of callose between newly formed mi-
crospores (Fig. 5B; Supplemental Fig. S3H), which is
consistent with the decreased expression levels of CalS5
and CalS12 (Fig. 6A), suggesting that CDM1 might pos-
itively regulate CalS5 and CalS12 expression. Although
CalS11 and CalS12 were suggested to function redun-
dantly in synthesizing the callose wall between micro-
spores in a tetrad (Enns et al., 2005), the fact that CalS11
expression was not affected (Fig. 6A) implied that CalS11
and CalS12 might have somewhat different functions and
CalS11 alone is not sufficient for normal levels of callose
synthesis between the microspores.

After the tetrad stage, callase digests the callose both
at the exterior of the tetrad and between the micro-
spores to release and separate individual microspores
(Stieglitz and Stern, 1973; Scott et al., 2004). The accurate
timing of callase activation is critical for normal mi-
crosporogenesis and pollen development. In tobacco, it
was found that premature callose dissolution during
meiosis affected subsequent pollen exine formation,
resulting in male sterility (Worrall et al., 1992; Tsuchiya
et al., 1995). In this study, we hypothesize that the in-
creased expression of A6 and AtMYB80 in the stage
4 to 7 cdm1 anthers (from premeiotic to just postmeiotic
stages) caused precociously activated callase, leading
to premature callose dissolution. The concurrent in-
crease in the expression of A6 and its positive regu-
lator AtMYBS80 strongly suggests that the increase in
A6 expression was the consequence of the elevation
in AtMYB80 expression. Therefore, CDM1 might be a
repressor of A6 and AtMYBS0 at anther stages 4 to 7
in the wild type. Alternatively, CDM1 might repress
upstream factors of AtMYBS80 to control the correspond-
ing regulatory pathway.

Moreover, the severely reduced expression level of
A6 in cdml anther stages 8 to 12 suggested that callase
activity was impaired in cdml after the tetrad stage,
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providing an explanation for the presence of residual
callose between microspores in cdml. These results
indicated that CDM1 is a critical factor affecting the
temporal expression patterns of genes involved in
callose metabolism at the right time and the right
place during male reproductive development. In ad-
dition, it is also possible that the reduced expression
levels of CalS5 and CalS12 were a result of feedback
regulation caused by the earlier higher expression of
callase-related genes.

Callose Dissolution during Pollen Development Is a
Highly Complex Process

Although only the A6 gene was thought to be a po-
tential major component of the callase enzyme mixture
(Hird et al., 1993), Arabidopsis has >50 genes encoding
putative 8-1,3-Gs (Doxey et al., 2007), suggesting that the
metabolism of §8-1,3-glucan in plants is more complex
than previously understood. We identified three other
B-1,3-G genes (At3924330, At3g55780, and At3g61810)
showing different extents of reduced expression in cdml,
including two anther-specific ones (Supplemental Fig. S4A;
Supplemental Table S3). The difference in their expres-
sion alteration at different anther stages (Fig. 6, D and E)
suggested that they potentially function at different an-
ther stages or at different steps of callose dissolution,
possibly even in different subcellular compartments. The
callase mixture includes endoglucanases and exogluca-
nases (Stieglitz and Stern, 1973; Scott et al., 2004). Endo-
glucanases cleave 3-1,3-glucans into short-chain reducing
sugars; exoglucanase hydrolysis releases a single Glc unit
from the reducing ends of the substrate (Stieglitz, 1977;
Zhang et al., 2007). A6 was suggested to possess endo-
glucanase activity (Hird et al., 1993). Based on the simi-
larity of expression change patterns in cdm1 (Fig. 6, B-E),
it is possible that At3g55780 acts in a way that is similar
to that of A6. At3924330 might play a role at a later stage.
However, the reduced expression of At3g61810 at mul-
tiple stages suggested it possibly acts at different times
during pollen development. Taken together, we con-
cluded that multiple 8-1,3-G genes participate in callose
dissolution during microsporogenesis and pollen devel-
opment, and the precise timing and place of their activ-
ities are critical. In addition, it is also possible that one or
more of the above gene products possesses exoglucanase
activity. Further genetic and biochemical studies are
required to illuminate their biochemical and biological
functions.

Callase is considered to be secreted by tapetum to
separate newly formed microspores (Stieglitz and Stern,
1973; Stieglitz, 1977; Scott et al., 2004). However, recent
RNA sequencing data from Arabidopsis male meiocytes
detected several -1,3-G genes (At3955430, At2g01730,
and At5¢20390) expressed in these reproductive cells
(Yang et al, 2011), suggesting that male meiocytes
probably also synthesize 8-1,3-Gs. Thus, it is possible that
both meiocytes and the tapetum could synthesize $-1,3-
Gs to degrade the callose wall.
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Pollen Wall Formation Was Defective in cdmi1

The mature pollen wall contains both the intine and
exine layers, protecting pollen from harsh conditions
(Ariizumi and Toriyama, 2011). During microspore and
pollen development, the callose wall could guide exine
formation (Scott et al., 2004). Therefore, in cdml, the
exine defect might be caused by the abnormal residual
callose on the surface of developing pollen grains. We
also noted that the expression of the MS2 gene, which is
required for normal exine formation, was reduced in
cdml (Supplemental Fig. S4B), suggesting that MS2
might act downstream of CDMI1, providing another
possible mechanism for cdm1 defects in exine formation.
However, three other exine-related genes (DEX1, NEF1,
and FLP1) had normal expression levels in cdml, im-
plying that at least some of the pollen wall materials
might be normally produced in cdm1. In addition, TEM
observation indicated that exine material was delivered
outside the pollen callose wall, but could not be prop-
erly assembled (Fig. 5F), further revealing the exine
defect in cdm1. Moreover, the expression changes of
six other pollen viability genes in cdm1 suggested that
multiple pollen developmental processes were poten-
tially influenced.

Our in situ hybridization results showed that CDM1
also has a high level of expression in the wild-type ta-
petum, which suggests that it might play an important
role in the tapetum. Therefore, we investigated whether
tapetum development in the cdm1 mutant was affected
as part of the phenotypic analyses. Our analyses using
semithin sections (Supplemental Fig. S2) showed that
the cdml tapetum morphology appeared normal and
different from known mutants (e.g. dyt1 and ams) with
defective tapetum (Sorensen et al., 2003; Zhang et al,,
2006). In addition, our microarray analysis did not de-
tect dramatic expression changes for genes known to be
important for tapetum development, such as AMS and
MS188. Therefore, it is likely that the cdm1 mutation did
not affect the tapetum morphology or expression of key
genes for tapetum development.

CDM1 Might Be an RNA-Binding Protein

CDM1 encodes a protein with TZF domains, each
containing three Cys and one His that coordinate a zinc
atom (Lai et al., 2000); this type of zinc finger protein is
involved in various developmental processes and envi-
ronmental responses in plants (Li and Thomas, 1998; Sun
et al., 2007; Kim et al., 2008; Wang et al., 2008; Lin et al.,
2011). TZF proteins were initially identified in animals
with two highly similar C-X8-C-X5-C-X3-H motifs (X rep-
resents variable amino acids) that are separated by 18
amino acids between the carboxyl terminal H of the first
zinc finger and the amino terminal C of the second zinc
finger (Blackshear et al., 2005). In humans and mice, TZF
proteins were found to bind to AU-rich elements of
target mRNAs to reduce their stability (Carballo et al.,
1998; Ramos et al., 2004; Blackshear et al., 2005; Stumpo
et al., 2009). Arabidopsis has 68 CCCH-type zinc finger
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proteins (Wang et al., 2008); only two TZF proteins,
CDM1 and AtC3H14, have the spacing features of a
typical animal TZF motif (Wang et al., 2008; Pomeranz
et al., 2010a). In addition to the above features, the se-
quence motifs (MM/TKTEL or RYKTEV) upstream of
each finger in CDM1 and AtC3H14 are also similar to
the conserved pattern R/KYKTEL in animals (Pomeranz
et al., 2010a). Moreover, the subcellular localization of
CDM1 was similar to that of the human TZF pro-
tein TRISTETRAPROLIN (Pomeranz et al., 2010b). Both
of them were predominantly localized in specific cyto-
plasmic foci called processing bodies, which potentially
process mRNA turnover and mediate translational re-
pression (Pomeranz et al., 2010b). Based on the se-
quence and localization similarities between CDM1 and
animal TZFs, we hypothesize that CDM1 might also
function as an mRNA-binding protein to regulate the
stability of its targets.

If CDM1 is an RNA binding protein, it could affect
gene expression via different mechanisms. One possibility
is that CDM1 could affect the stability of its target RNAs
in the cytoplasm; another possibility is that it could reg-
ulate RNA processing in the nucleus, as suggested by
recent studies of the Arabidopsis AtTZF1 protein and its
rice (Oryza sativa) homolog. AtTZF1 is similar to CDM1 in
having tandem CCCH zinc fingers and is predicted to
be an RNA-binding protein; furthermore, AtTZF1 can
shuttle between the nucleus and cytoplasm (Pomeranz
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et al., 2011), suggesting that it can function in both the
cytoplasm and the nucleus. The rice homolog of AtTZF1,
OsTZF1, was recently shown to be involved in stress
response and leaf senescence and to have RNA-binding
activity in vitro; furthermore, approximately 200 genes
showed at least 2-fold expression changes in an OsTZF1
overexpression transgenic line compared with the wild
type (Jan et al., 2013), indicating that a large number of
genes could be affected by an RNA-binding protein in
rice, similar to our data here for CDM1. If CDM1 can also
enter the nucleus under certain conditions, it could also
bind to RNAs in the nucleus and regulate their process-
ing, such as splicing. Regardless of how CDM1 affects
gene expression, it can regulate genes for callose metab-
olism either directly by binding to the mRNAs for those
genes, or indirectly by binding to the mRNAs encoding
regulatory proteins. For example, CDM1 could bind to
one or more mRNAs that encode transcription factors,
which then regulate callose metabolic genes in micro-
sporogenesis and pollen development. Further RNA
sequencing experiments to examine the RNAs bound
to CDM1 could test these possibilities.

A Working Model for CDM1 Function during Meiosis and
Pollen Development

Taken together, we proposed a model to explain
CDM1 function during microsporogenesis and pollen
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Figure 7. Proposed models for callose metabolism during microsporogenesis and pollen development in the wild type and
cdmi. A, Callose metabolism during microsporogenesis in the wild-type anther. Normal callose synthesis and degradation are
required for functional microspore formation. B, Callose metabolism during microsporogenesis in cdm1. The disturbance of
callose metabolism leads to degeneration of developing microspores. Black scissors represent components of callase generated
by the tapetum. Red scissors stand for potential components of callase from meiocytes. For easy visualization, only one

meiocyte was shown in the anther locule.
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development (Fig. 7). In the wild type, at anther stages
near the time of meiosis (stages 4 to 7), callose is syn-
thesized and deposited initially around meiocytes and
then between newly formed microspores in the tetrad
(Fig. 7A). During this time, CDM1 represses the expres-
sion of genes involved in callose dissolution, including
AtMYB80, A6, and others such as the above-mentioned
three 8-1,3-G genes, in both the tapetum and meiocytes
probably at a posttranscriptional level. Thereafter, the
expression of CDM]1 is gradually reduced, leading to the
higher expression levels of AtMYB80, A6, and others.
The genes encoding -1,3-G, including endoglucanases
and exoglucanases, are expressed, releasing the callase
mixture from the tapetum and meiocytes, to rapidly and
completely degrade the callose wall and facilitate exine
formation (Fig. 7A). However, in cdml, the expression
of AtMYB80, A6, and others are activated precociously
(Fig. 6, B and D), somehow affecting the expression of
CalS5 and CalS12 (Fig. 6A), leading to reduced callose
accumulation between microspores (Fig. 7B). Further-
more, the disturbed expression of callase genes in cdm!1
causes a lowering of activity after anther stage 8 via an
unknown mechanism, failing to completely degrade
callose between the microspores (Fig. 7B). The residual
callose then blocks normal exine formation, causing
defects and loss of viability of pollen grains.

MATERIALS AND METHODS
Plant Materials, Growth, and Phenotypic Analyses

Arabidopsis (Arabidopsis thaliana) plants used were of the Columbia 0 eco-
type. Plants were grown under long-day conditions (16-h light/8-h dark) in a 22°C
growth chamber. Floral images were obtained using a Nikon dissecting mi-
croscope with a digital camera (Optronics). Dissected tetrads were stained with
0.01% (w/v) toluidine blue. Pollen grains were stained with Alexander solution
(Alexander, 1969) to detect pollen viability. Wild-type and mutant inflorescences
were collected and fixed as described (Zhao et al., 2002). Floral buds were em-
bedded in Spurr’s resin; semithin (0.5 um) sections were prepared with an
Ultracut E ultramicrotome (Leica Microsystems), stained with 0.05% (w/v) to-
luidine blue, and photographed under an Olympus BX-51 microscope. TEM was
carried out as previously described (Li et al., 2004). Anther stages were referred
as described (Sanders et al., 1999).

Complementation of the cdm1 Mutant

For functional complementation of the cdml mutant, a fusion containing an
approximately 1.1-kb native promoter, the CDMI coding sequence, and the se-
quence for the GR domain was constructed and subcloned into pCAMBIA1300
digested with Pstl and Pmil using the In-Fusion HD Cloning System (Clontech;
Fig. 2]). The CDM1/cdm1 plants verified by PCR were used for transformation with
Agrobacterium tumefaciens GV3101 carrying the above plasmid by the floral dip
method (Clough and Bent, 1998). The transformants were selected on plates con-
taining 25 mg/L hygromycin in Murashige and Skoog medium (Sigma). After the
selected cdm1 mutant plants commenced flowering, 30 mv dexamethasone in di-
methyl sulfoxide was sprayed to their unopen flower buds to induce the expres-
sion of the fusion gene.

Reverse TranscriptionPCR and qRT-PCR

Plant tissues were collected and immediately frozen in liquid nitrogen.
Anthers at approximately stages 4 to 7 or 8 to 12 were collected under a
dissection microscope. Total RNA was extracted using the RNeasy Plant Kit
(Qiagen). For gene expression analyses, 2 ug of total RNA was used for reverse
transcription with the SuperScript II system (Invitrogen). gqRT-PCR primers
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(Supplemental Table S4) were designed by GenScript Real-time PCR Primer
Design with crossing exon junction first. PCR was performed for 30 cycles
(quantitative PCR for 45 cycles; 95°C, 30 s; 60°C, 20 s; 72°C, 30 s).

RNA in Situ Hybridization

Nonradioactive RNA in situ hybridization was performed as previously de-
scribed (Wijeratne et al., 2007). A gene-specific fragment (342 bp) of the CDMI1
c¢DNA was amplified by oMC7545 and oMC7547 (Supplemental Table S4), and
cloned into the pPGEM-T easy vector (Promega) with the resulting plasmid named
pMC3573. The CDMI antisense and sense probes were synthesized using the
linearized pMC3537 by digestion with, respectively, the enzymes Spel and Ncol,
as templates for labeling with digoxigenin using in vitro transcription. Floral
sections were hybridized with the probes, and signals were detected with anti-
digoxigenin antibodies conjugated with alkaline phosphatase and nitro blue tet-
razolium chloride/5-bromo-4-chloro-3-indolyl phosphate (Roche).

Aniline Blue Staining for Callose

For callose staining, transverse anther sections and tetrads released from the
anther were stained with 0.01% (w/v) aniline blue in 0.077 M phosphate buffer
(pH 8.5; Regan and Moffatt, 1990) for 10 min at room temperature. They were
visualized in a fluorescence microscope using a UV filter (Nikon).

Microarray Analysis

Wild-type and cdm1 young floral buds were used to isolate total RNA, with
two biological replicates for each. Microarray analysis was performed using
500 ng of total RNA per sample as described in the Genechip Expression
Analysis Technical Manual (Affymetrix). Microarray original data (*.cel files)
were statistically analyzed using R software (http://www.r-project.org).

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number GSE55799.

Supplemental Data

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

Supplemental Figure S1. The CDMI gene and protein structures, and mRNA
expression levels in the wild type and the T-DNA insertional mutant.

Supplemental Figure S2. Comparison of the wild type and cdm1 tapetum
development.

Supplemental Figure S3. Aniline blue staining for callose during micro-
sporogenesis in the wild type and cdm1.

Supplemental Figure S4. qRT-PCR analyses of different gene expression in
the wild type and the cdm1 mutant young inflorescences.

Supplemental Table S1. Down-regulated genes with expression level
changed >1.5-fold in the cdm1 mutant.

Supplemental Table S2. Up-regulated genes with expression level
changed >1.5-fold in the cdml mutant.

Supplemental Table S3. The genes show differential expression levels be-
tween cdm1 and the wild type, involved in callose dissolution and anther
and pollen development.

Supplemental Table S4. Primer sequences used in this study.
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