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In the ovules of most sexually reproducing plants, one hypodermal cell differentiates into a megaspore mother cell (MMC),
which gives rise to the female germline. Trans-acting small interfering RNAs known as tasiR-ARFs have been suggested to
act non-cell-autonomously to prevent the formation of multiple MMCs by repressing AUXIN RESPONSE FACTOR3 (ARF3)
expression in Arabidopsis (Arabidopsis thaliana), but the underlying mechanisms are unknown. Here, we examined tasiR-
ARF-related intercellular regulatory mechanisms. Expression analysis revealed that components of the tasiR-ARF biogenesis
pathway are restricted to distinct ovule cell types, thus limiting tasiR-ARF production to the nucellar epidermis. We also
provide data suggesting tasiR-ARF movement along the mediolateral axis into the hypodermal cells and basipetally into the
chalaza. Furthermore, we used cell type-specific promoters to express ARF3m, which is resistant to tasiR-ARF regulation, in
different ovule cell layers. ARF3m expression in hypodermal cells surrounding the MMC, but not in epidermal cells, led to
a multiple-MMC phenotype, suggesting that tasiR-ARFs repress ARF3 in these hypodermal cells to suppress ectopic MMC
fate. RNA sequencing analyses in plants with hypodermally expressed ARF3m showed that ARF3 potentially regulates MMC
specification through phytohormone pathways. Our findings uncover intricate spatial restriction of tasiR-ARF biogenesis,
which together with tasiR-ARF mobility enables cell-cell communication in MMC differentiation.

INTRODUCTION

Germline specification is a crucial step in sexual reproduction.
Plant reproduction is initiated by the specification of sporocytes
that form haploid spores through meiosis. In most sexually
reproducing plants, a single somatic, hypodermal cell in the ovule
differentiates into a megaspore mother cell (MMC), which gives
rise to the female germline (Yang et al., 2010; Grossniklaus, 2011).
As the MMC is the first committed cell of the female germline
lineage, MMC specification and its regulation are of critical
importance.

Trans-acting small interfering RNAs (ta-siRNAs) are a class of
endogenous small interfering RNAs (Chen, 2009). The production

of ta-siRNAs begins with the transcription of TAS loci into long
noncoding RNAs by Pol II (Peragine et al., 2004; Vazquez et al.,
2004; Yoshikawa et al., 2005). The TAS RNAs are exported by
the THO/TREX (transcription/export) complex to the cytoplasm
(Jauvion et al., 2010; Yelina et al., 2010), where they are targeted
for cleavage by ARGONAUTE (AGO) guided by different micro-
RNAs (miR173-AGO1 for TAS1 and TAS2, miR390-AGO7 for
TAS3, and miR828-AGO1 for TAS4 in Arabidopsis [Arabidopsis
thaliana]; Peragine et al., 2004; Vazquez et al., 2004; Allen et al.,
2005; Yoshikawa et al., 2005; Rajagopalan et al., 2006; Mont-
gomery et al., 2008a, 2008b; Luo et al., 2012). The cleaved RNA
fragments are bound and stabilized by SUPPRESSOR OF GENE
SILENCING3 (SGS3) and copied into double-stranded (ds) RNAs
by RNA-DEPENDENT RNA POLYMERASE6 (Peragine et al.,
2004; Vazquez et al., 2004; Yoshikawa et al., 2005, 2013). DICER-
LIKE4 then processes the dsRNAs into phased 21-nucleotide ta-
siRNAs fromoneendof thedsRNAsdefinedby thecleavageevent
(Gasciolli et al., 2005; Xie et al., 2005; Yoshikawa et al., 2005). The
ta-siRNAs are loaded into the effector AGO1 (Baumberger and
Baulcombe, 2005). The tasiR-ARFs from TAS3 loci are so named
because they target several AUXIN RESPONSE FACTOR (ARF)
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genes (Williams et al., 2005; Fahlgren et al., 2006; Garcia et al.,
2006; Hunter et al., 2006); they are conserved in angiosperms and
play critical roles in plant development (Allen et al., 2005;Nogueira
et al., 2007; Marin et al., 2010; Wang et al., 2010; Ozerova et al.,
2013; Dotto et al., 2014; Li et al., 2014; Xia et al., 2017).

Recent studies have identified a number of factors involved in
MMC differentiation in Arabidopsis (Li et al., 2017; Singh et al.,
2017; Cao et al., 2018; Yao et al., 2018). The preferential locali-
zation of someof these factors in different ovule cell layers hints at
intercellular signaling in MMC specification. We previously
showed that TRANSCRIPTION EXPORT1 (TEX1), which encodes
a protein in the THO complex involved in the biogenesis of ta-
siRNAs (Jauvion et al., 2010; Yelina et al., 2010), is specifically
expressed in ovule epidermal cells and represses ectopic MMC
fate by promoting the biogenesis of tasiR-ARFs. Accordingly,
amutation inTEX1 leads to the formationof supernumeraryMMCs
from hypodermal cells (Su et al., 2017). AGO9-dependent 24-
nucleotide siRNAs derived from transposable elements were
proposed to be produced in epidermal cells and move to the
hypodermal, MMC-adjacent cells to prevent them from differ-
entiating into MMCs (Olmedo-Monfil et al., 2010). There may be
a similar role for AGO104 during female gametophyte formation in
maize (Zea mays; Singh et al., 2011). In Arabidopsis, the tran-
scription factor gene WRKY28 is expressed specifically in the
hypodermal somatic cells surrounding the MMC; mutations in
WRKY28 also lead to multiple MMCs in ovule primordia (Zhao
et al., 2018). Arabidopsis MNEME, a putative RNA helicase gene
expressed specifically in the MMC, inhibits neighboring somatic
cells from acquiring MMC identity (Schmidt et al., 2011). These
findings suggest that intercellular signaling plays key roles in the
restriction of the MMC fate to a single cell.

Our previous studies found that TEX1 represses ectopic MMC
fate by spatially restricting the expression of ARF3 in Arabidopsis
ovule primordia. Arabidopsis ovule primordia are radially sym-
metrical structures with proximal-distal and medial-lateral po-
larities. Three structural elements, the funiculus, chalaza, and
nucellus, can be distinguished along the proximal-distal axis. In
wild-type ovules, ARF3 is expressed in the chalazal region, the
central part of the ovule along the proximal-distal axis. However,
without proper repressionby tasiR-ARFs,ARF3 is expressedboth
in the central chalaza and the distal nucellus, including the cells
adjacent to theMMC and the outermost epidermal cells (Su et al.,
2017).While the ectopic expression ofARF3 leads to themultiple-
MMC phenotype, it is unclear how the tasiR-ARF pathway
operates in the ovule to achieve the repression of ARF3 in
MMC-adjacent cells.

In this study,we systematically interrogated the spatial patterns
of expression of genes required for tasiR-ARF biogenesis in ovule
primordia. We found that AGO7 expression is concentrated in the
nucellar region along the proximal-distal axis and SGS3 ex-
pression is restricted to the epidermis along the medial-lateral
axis; the restricted patterns together predict that tasiR-ARF
biogenesis occurs in the epidermal layer of the nucellus. We
showed that an ago7mutant exhibits a multiple-MMC phenotype
and that AGO7 expression in apical, epidermal cells in the mutant
wassufficient to rescue themultiple-MMCphenotype. In contrast,
AGO1, the protein effector of tasiR-ARFs, exhibited hypodermal
cell-enriched localization. Furthermore, we found that the

repression of ARF3 expression in hypodermal cells surrounding
theMMC is crucial to ensure the formation of a singleMMC.These
findings support a mechanism in which tasiR-ARFs produced in
the nucellar epidermal cells repress ectopic MMC-like fate by
targeting ARF3 transcripts in the hypodermal cells adjacent to
the MMC.

RESULTS

TAS3 Is Transcribed Ubiquitously in Arabidopsis Ovules

Todetermine the sites of tasiR-ARFbiogenesis in ovule primordia,
we first investigated the expression patterns of TAS3 loci,
which are transcribed into precursors to tasiR-ARFs, using
b-glucuronidase (GUS) reporter constructs driven by the TAS3A
and TAS3B promoters. The constructs were introduced into wild-
type Arabidopsis to generate pTAS3A:GUS and pTAS3B:GUS
stable transformants. Note that TAS3C is not expressed at de-
tectable levels in ovules (Su et al., 2017).
GUS histochemical analysis was performed in six to 10 in-

dependent T1 transgenic lines for each construct, and typical
examples are shown. GUS staining was not detected in control
wild-type ovules (Supplemental Figures 1A and 1B). Strong GUS
activitywasdetected inovulesofpTAS3A:GUSandpTAS3B:GUS
transformants, and the results indicated that TAS3A and TAS3B
have similar, ubiquitous expression patterns during ovule de-
velopment. At the MMC stage, GUS staining was detected
throughout the ovule and in the transmitting tract (Supplemental
Figures 1D and 1G), and similar patterns were observed in
meiosis-stage ovules (Supplemental Figures 1E and 1H). As
the ovules matured, however, GUS activity became weaker
(Supplemental Figures 1F and 1I).

MIR390 and AGO7 Are Involved in MMC Specification

Long noncoding RNAs from the TAS3 loci are targeted by the
miR390-AGO7 complex to trigger tasiR-ARF production (Allen
et al., 2005; Montgomery et al., 2008a; Endo et al., 2013). TAS3A
and TAS3B have been shown to regulate MMC specification: the
tas3a and tas3b mutants exhibit a multiple-MMC phenotype in
;20%ofovules (Suet al., 2017).However, it is not knownwhether
MIR390 orAGO7 has similar functions inMMCdifferentiation.We
tested this usingmir390 and ago7mutants. There are twoMIR390
genes, and the mir390 52b2 mutant (hereafter referred to as
mir390) inMIR390Ahas reduced levels ofmiR390and tasiR-ARFs
(Cuperuset al., 2010).Usingdifferential interferencecontrast (DIC)
observation, the MMC phenotype was analyzed as the frequency
of premeiotic ovules with more than one enlarged cell. Inmir390,
ovule primordia containingmore than oneMMC-like cell occurred
at a frequencyof 20.2% (Figure 1B),which is higher than that in the
wild type (3.2% [n594]; Figures1Aand1M)andsimilar to thoseof
tas3a and tas3b (Su et al., 2017). For AGO7, we examined two
mutants, ago7-9 (SALK_080533) and zip-2 (Hunter et al., 2006),
and the frequencies of ovule primordia with multiple MMC-like
cells in these mutants were 24.6 and 22.3%, respectively, which
were significantly higher than that in thewild type (Figures 1C, 1D,
and 1M). The results above indicated that loss of function in
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Figure 1. MMC-Like Cells Form in mir390 and ago7 Ovules.

(A) Wild-type (WT) ovule with one MMC.
(B) to (D) Two MMC-like cells in a mir390 ovule (B), a zip-2 ovule (C), and an ago7-9 ovule (D). MMC-like cells are indicated by white arrows.
(E) Signal corresponding to pKNU:KNU-Venuswas detected in one cell in wild-type (WT) ovules at the MMC stage. FM4-64 staining is shown in magenta.
(F) to (H)Signal corresponding to pKNU:KNU-Venuswas detected in two or three cells inmir390 (F), zip-2 (G), and ago7-9 (H)MMC-stage ovules. FM4-64
staining is shown in magenta.
(I) AGO9 immunolocalization in wild-type (WT) premeiotic ovules. Propidium iodide staining is shown in magenta.
(J) to (L) AGO9 immunolocalization in mir390 (J), zip-2 (K), and ago7-9 (L) premeiotic ovules. Propidium iodide staining is shown in magenta.
(M)Statistical tests of ovules showingmultipleMMCs in themutants. Significance evaluations between thewild type (WT) andmutants were performed by
Student’s t test (*, P < 0.05).
(N) Statistical tests of ovules showing KNU-Venus in multiple cells. Significance evaluations between the wild type (WT) and mutants were performed by
Student’s t test (*, P < 0.05).
(O) Statistical tests of ovules showing nuclear AGO9 immunolocalization signal in multiple cells. Significance evaluations between the wild type (WT) and
mutants were performed by Student’s t test (*, P < 0.05).
The numbers in each panel indicate the number of ovuleswith the phenotype shown in the image out of the total number of ovules examined. Bars5 10mm.
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MIR390 and AGO7 phenocopy tas3 in having supernumerary
MMC-like cells.

To determine whether the supernumerary MMC-like cells
in mir390 and ago7 had MMC characteristics, we introduced
pKNU:KNU-Venus intomir390 and ago7by crossing. KNU-Venus
was detected in the single MMC of wild-type ovule primordia
(Figure 1E). Inmir390, KNU-Venuswasobserved inmore thanone
cell in 19.7% of ovules. In zip-2 and ago7-9, KNU-Venus was
observed in multiple cells in 16.3 and 19.1% of ovules, re-
spectively (Figures 1F to 1H and 1N). The nuclear localization of
AGO9 serves as another MMC marker (Figure 1I; Rodríguez-Leal
et al., 2015). Whole-mount immunolocalization of AGO9 in these
mutants showed that the frequency of premeiotic ovules with
AGO9nuclear localization inmultipleMMC-like cellswashigher in
mir390, zip-2, andago7-9 than in thewild type (Figures1I to1Land
1O). Together, the KNU-Venus expression data and the AGO9
localization analysis indicated that the multiple, enlarged MMC-
like cells in premeiotic mir390 and ago7 ovules acquired MMC
characteristics.

To examine whether one or more of the MMC-like cells present
inmir390,ago7-9, and zip-2couldundergomeiosis,weperformed
immunolocalization with antibodies against DMC1, which is
specifically expressed in the megasporocyte undergoing meiosis
in wild-type ovules (Figure 2A; Klimyuk and Jones, 1997; Siddiqi
et al., 2000). Inmir390,ago7-9, and zip-2ovules,DMC1signalwas
only detected in one MMC and not in the other MMC-like cells
(Figures 2B to 2D).

In addition to DMC1, we also analyzed callose deposition,
another reliable marker for MMCs undergoingmeiosis (Webb and
Gunning, 1990). In wild-type ovules during meiosis, callose was
deposited in the transverse walls between the functional mega-
sporeand itsdegeneratedsister cells (Figures2Eand2I). Inmir390
postmeiotic ovules, callosewasdetected in thewalls between the
single functional megaspore and the degenerated neighboring
cells, but it was not detected at the additional, abnormally en-
larged cells (Figures 2F and 2J). Similar callose staining results
wereobtained in the zip-2 (Figures2Gand2K) andago7-9 (Figures
2H and 2L) mutants.

Based on these findings, we concluded that although multiple
MMC-like cells differentiated inmir390, ago7-9, and zip-2 ovules,
only one underwent meiosis. Thus, the enlarged cells only ac-
quired partial MMC identity. Nevertheless, both MIR390 and
AGO7 are required to suppress ectopic MMC specification.

miR390 Is Highly Concentrated in the Nucellar Epidermis

Having shown thatMIR390A is required for the spatial precision in
MMCspecification, we next studied its expression in ovules using
a reporter gene encodingGUS. InpMIR390A:GUS transformants,
strong GUS activity was detected throughout MMC-stage ovules
(Figure3A), indicating thatMIR390Awas transcribedubiquitously.
We then examined miR390 accumulation in ovules by in situ
hybridization with an locked nucleic acid (LNA)-modified probe
complementary to miR390. In longitudinal sections of ovules,
miR390 was present throughout the chalazal region but was
concentrated in the epidermis in the nucellar region (Figure 3B).
These patterns were further confirmed with cross sections of
ovules: signals were nearly absent in the center of the ovule at the

base of the nucellar region but were throughout themedial-lateral
axis in the chalazal region (Figures 3D and 3E). No signals were
detected inwild-type ovules incubatedwithout the probe (Figures
3C and 3F). Thus, despite ubiquitous transcription ofMIR390A in
the ovule, the mature microRNA was at low levels in the MMC
and the surrounding cells. This implicated an unknown post-
transcriptional mechanism that impacts miR390 accumulation.

AGO7 Is Expressed in the Distal Nucellus of the Ovule

To determine the expression patterns of AGO7 in ovules, we
generated the promoter reporter line pAGO7:GUS as well as the
protein reporter line pAGO7:GFP-AGO7. Expression analyses
were performed with five T1 transgenic plants. In pAGO7:GFP-
AGO7 transgenic lines, GFP signal was concentrated in the nu-
cellus, in which cells adjacent to the MMC had particularly strong
signals and epidermal cells and the MMC had weaker signals
(Figure 3G and 3H). Similar but more strikingly restrictive ex-
pression patterns were observed in the promoter reporter line
pAGO7:GUS (Figure 3I).

SGS3 Expression Is Restricted to Epidermal Cells

FollowingmiR390-AGO7-mediated cleavageofTAS3 transcripts,
the cleavage fragments are stabilized by SGS3 in tasiR-ARF
biogenesis (Yoshikawa et al., 2005, 2013). It was previously re-
ported that mutations in SGS3 induce multiple MMCs in Arabi-
dopsis ovule primordia (Olmedo-Monfil et al., 2010). We analyzed
SGS3 expression in ovule primordia using a fusion to GFP or GUS
(pSGS3:SGS3-GFP and pSGS3:SGS3-GUS). In pSGS3:SGS3-
GFP transgenic linesat theearlymegasporogenesisstage,SGS3-
GFP accumulated specifically in the ovule epidermal cell layer
(Figures 3J to 3L). Similar results were obtained in ovules at the
later megasporogenesis stage (Supplemental Figures 2A to 2C).
The SGS3-GUS expression pattern was also consistent with the
SGS3-GFP results (Supplemental Figure 2D). The spatial pattern
ofSGS3expression resembled thatofTEX1 (Suetal., 2017),which
is involved in the nuclear export of TAS3 RNAs in tasiR-ARF
biogenesis (Yelina et al., 2010). Thus, the preferential expres-
sion of SGS3 and TEX1 in the epidermal cell layer of ovule pri-
mordia may result in the spatially restricted production of
tasiR-ARFs in the ovule.

Apical Epidermal Expression of AGO7 Is Sufficient to
Rescue the MMC Phenotype of ago7

The results above show that AGO7 expression is mainly in the
distal nucellus (Figures 3D to 3F) and SGS3 expression is re-
stricted to the epidermis (Figures 3G to 3I). As both AGO7 and
SGS3 are required for tasiR-ARF biogenesis, the restricted spatial
expression patterns of the two genes probably limit tasiR-ARF
biogenesis to the epidermis of the nucellus. If this were the case,
wewouldexpect thatAGO7expression in theepidermis shouldbe
sufficient for MMC specification. We expressed AGO7 with cell
layer-specific promoters in the ago7-9 background to determine
whereAGO7expression is necessary to rescue themultiple-MMC
phenotype of ago7-9.
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In Arabidopsis, the transcription factor gene WRKY28 is ex-
clusively expressed in the hypodermal somatic cells surrounding
the MMC (Zhao et al., 2018), so we used the WRKY28 pro-
moter to specifically express AGO7 in these hypodermal cells
(pWRKY28:GFP-AGO7). Consistentwith theWRKY28expression
pattern, GFP signal was specifically detected in the hypodermal
cells surrounding the MMC in pWRKY28:GFP-AGO7 ago7-9
transgenic plants (Figures 4A and 4B). The frequency of
premeiotic ovules with more than one MMC-like cell in
pWRKY28:GFP-AGO7 ago7-9 lines was 22.5% (n 5 182;
Figure 4C), comparable to that in ago7 (Figures 1C and 1D). Thus,
expressionofAGO7 in thehypodermalcells surrounding theMMC
is unable to rescue the MMC specification defects in ago7-9.

SPOROCYTELESS (SPL) is required for thedifferentiationof the
megasporocyte and microsporocytes, and it is expressed spe-
cifically in the apical epidermal cells at the MMC stage in ovules
(Yang et al., 1999; Wei et al., 2015). In pSPL:GFP-AGO7 ago7-9

transgenicplants, theGFP-AGO7fusionproteinwas located in the
outermost cells of the ovule nucellus (Figures 4D and 4E). Ovules
withmore thanoneenlargedcellweredetected in these transgenic
lines at a low frequency of 4.6% (Figure 4F), comparable to that in
the wild type, indicating that AGO7 expression in the apical epi-
dermalcellscould rescue themultiple-MMCphenotypeofago7-9.
These results also suggested that the production of tasiR-ARFs
in apical epidermal cells is critical for MMC differentiation in
Arabidopsis.

TasiR-ARFs Repress ARF3 Expression in Cells Adjacent to
the MMC to Prevent Ectopic MMC Differentiation

TasiR-ARFs need to be produced in the epidermal cells of ovule
nucellus for correct MMC specification. In which cells do tasiR-
ARFs repress ARF3 expression? To determine the sites of tasiR-
ARF function, we analyzed the expression patterns of ARF3 in

Figure 2. Only One MMC Undergoes Meiosis in mir390 and ago7 Ovules.

(A) to (D) DMC1 immunolocalization in premeiotic wild-type (WT) (A),mir390 (B), zip-2 (C), and ago7-9 (D) ovules. Propidium iodide staining is shown in
magenta. Abnormally enlarged cells in (B) to (D) are outlined with white dashed lines.
(E) to (L)Callosedeposition inwild-type (WT; [E]and [I]),mir390 ([F]and [J]), zip-2 ([G]and [K]), andago7-9 ([H]and [L]) ovules. (I) to (L)showcallosestaining
with aniline blue, and (E) to (H) show morphology of the ovules in (I) to (L). Abnormally enlarged cells in (J) to (L) are outlined with white dashed lines.
The numbers in each panel indicate the number of ovuleswith the phenotype shown in the image out of the total number of ovules examined. Bars5 10mm.
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ovule primordia with or without proper regulation by tasiR-ARFs
by whole-mount in situ hybridization. We compared ARF3 ex-
pression between thewild type and the rdr6-11mutant, which has
greatly reduced levels of tasiR-ARFs (Peragine et al., 2004;

Yoshikawa et al., 2005; Su et al., 2017). At the early MMC stage
in the wild type, ARF3mRNA was detected at the basal end of
the chalaza along the proximal-distal axis (Figure 5A). In rdr6-
11, ARF3 expression expanded to the apical side of the
chalazal region, and weak signals were also detected in the
nucellus (Figure 5B). Similar results were observed in late
MMC-stage ovules (Figures 5D and 5E). No signals were de-
tected in samples with the ARF3 sense probe or without probe
(Figures 5C and 5F). The in situ hybridization results were
consistent with the ARF3-GFP and ARF3m-GFP patterns
(resistant to regulation by the tasiR-ARFs) or the ARF3-GFP
patterns in tex1 (defective in the production of tasiR-ARFs)
previously reported by Su et al. (2017), with ARF3-GFP mainly
in the central chalaza andARF3m-GFP, aswell asARF3-GFP in
tex1, in both the central chalaza and distal nucellus. Thus, the
activities of tasiR-ARFs exhibited apical polarity in the ovule,
with the nucellus and the apical portion of the chalaza being the
sites of action.
The above analyses suggest that tasiR-ARFs repress ARF3

expression in a broad apical domain in ovules, but it is unknown in
which cells the repression is necessary for correct MMC speci-
fication. Todeterminewhether the development ofmultipleMMC-
like cells was attributable to the expression ofARF3m in a specific
cell type, we used specific promoters to express ARF3m in dif-
ferent ovule cell layers in wild-type plants.
In pSPL:ARF3m-mCitrine transgenic plants, the ARF3m-

mCitrine fusion protein was located in the apical epidermal cells
of ovule primordia (Figures 6A to 6C). In pSPL:ARF3m-mCitrine
transgenic lines, the frequency of ovules with more than one

Figure 3. MIR390, AGO7, and SGS3 Expression Patterns in Ovules.

(A) GUS signal in a pMIR390A:GUS ovule. Dashed white lines mark the
boundary between the nucellus (nu), chalaza (ch), and funiculus (fu).
(B) In situ localization of miR390 in a longitudinal section through a wild-
type (WT) ovule. The white lines represent the positions of transverse
sections in (D) and (E).
(D)and (E) Insitu localizationofmiR390intransversesectionsofnucellus (D)and
chalaza (E) of wild-type (WT) ovules. In (D), the position of the section corre-
spondstothenucellusregionasindicatedbylineain (B). In (E), thepositionofthe
section corresponds to the chalaza region as indicated by line b in (B).
(C) and (F) No signals were detected in longitudinal (C) and transverse (F)
sections of wild-type (WT) ovules incubated without probe.
(G) and (H)GFP signal in a pAGO7:GFP-AGO7 ovule. GFP fluorescence is
shown in (G); (H) shows the same ovule as in (G) but with FM4-64 staining.
(I) GUS signal in a pAGO7:GUS ovule.
(J) to (L) GFP signal in a pSGS3:SGS3-GFP ovule. GFP fluorescence is
shown in (J); (K) shows the same ovule as in (J) but with FM4-64 staining.
(J) and (K) are merged in (L).
Bars 5 10 mm.

Figure 4. AGO7 Expression Driven by pSPL Rescued the Multiple-MMC
Phenotype in ago7.

(A) and (B)GFP signal in apWRKY28:GFP-AGO7 ovule. GFP fluorescence
is shown in (A); (B)shows thesameovuleas in (A)butwithFM4-64staining.
(C) A pWRKY28:GFP-AGO7 ovule with two MMCs. MMC-like cells are
indicated by white arrows.
(D) and (E) GFP signal in a pSPL:GFP-AGO7 ovule. GFP fluorescence is
shown in (D); (E) shows the same ovule as in (D) but with FM4-64 staining.
(F) A pSPL:GFP-AGO7 ovule with one MMC.
Bars 5 10 mm.
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MMC-like cell was5.3% (Figure 6D), comparable to that in thewild
type, indicating that ARF3m expression in the outermost epi-
dermal cells cannot result in multiple enlarged cells in ovule pri-
mordia. In pWRKY28:ARF3m-mCitrine transgenic lines, mCitrine
signal was specifically detected in the hypodermal cells sur-
rounding theMMC(Figures6E to6G).DICobservationof theMMC
phenotype in pWRKY28:ARF3m-mCitrine indicated that pre-
meiotic ovules with more than one enlarged cell occurred at
a frequencyof23.5%(n5196;Figure6H),muchhigher than that in
the wild type and similar to that in pARF3:ARF3m-GFP (Su et al.,
2017), suggesting thatARF3m expression in the hypodermal cells
issufficient tocausetheformationofenlargedcells inovuleprimordia.
For both pWRKY28:ARF3m-mCitrine and pSPL:ARF3m-
mCitrine, RT-qPCR analysis confirmed an increase in ARF3
transcript levels compared with the wild type (Supplemental
Figure 3).

To investigate whether enlarged cells in pWRKY28:ARF3m-
mCitrine had MMC characteristics, we introduced pKNU:nls-
GUS, a marker of MMC identity (Payne et al., 2004; Cao et al.,
2018) into the transgenic lines by crossing. In wild-type ovule
primordia, GUS was detected in the single MMC (Figure 6I). In
pWRKY28:ARF3m-mCitrine, GUS was observed in two or even
three MMC-like cells at a frequency of 20.2%, which was higher
than that in the wild type (Figures 6J and 6K). We also performed
whole-mount immunolocalization with anti-AGO9 antibodies. In
the wild type, AGO9 nuclear localization was detected only in the
single MMC (Olmedo-Monfil et al., 2010). In pWRKY28:ARF3m-
mCitrine, 21.4% of the analyzed ovule primordia had AGO9

nuclear localization in more than one cell (Figure 6L), indicating
that the enlarged cells in these transgenic ovule primordia had
acquired MMC characteristics. Taken together, these results
showed thatARF3m expression in the hypodermal cells, but not in
the outermost epidermal cells, resulted inmultiple MMC-like cells
in ovule primordia.
The tasiR-ARFs are recruited into an AGO1-containing effector

complex to repress ARF3 expression (Baumberger and Baul-
combe, 2005). In light of the role of AGO1 in mediating the
functions of tasiR-ARFs, we investigated the spatial patterns of
AGO1 expression in Arabidopsis ovule primordia using pA-
GO1:YFP-AGO1. At the early megasporogenesis stage, YFP-
AGO1 signal was detected in the distal nucellus with preferential
expression in hypodermal cells (Supplemental Figures 4A to 4C).
This localization pattern was consistent with the finding that the
suppression of ARF3 by tasiR-ARFs occurred in the hypodermal
cells surrounding the MMC.

Genes Regulated by ARF3

To broaden our investigation of how ARF3m expression in ovule
hypodermal cells led to the multiple-MMC phenotype, we per-
formed RNA sequencing (RNA-seq) using gynoecia at the MMC
stage from wild-type and pWRKY28:ARF3m-mCitrine transgenic
plants to identify potential downstream genes of ARF3. Two
replicates were performed and reproducibility was high
(Supplemental Figure 5). The analysis identified 447 differentially
expressed genes (DEGs; Supplemental Data Set 1), which we
considered as candidate target genes regulated by ARF3. We
compared the publicly available arf3mutant gynoecium RNA-seq
data (Simonini et al., 2017; Zheng et al., 2018) with our pWRKY28:
ARF3m RNA-seq data and found only 23 genes in common
(Supplemental Data Set 2) between the 447 DEGs in pWRKY28:
ARF3m versus the wild type and the 738 DEGs in arf3 versus the
wild type, indicating that downstream genes regulated by ARF3
during MMC differentiation and gynoecium development were
largely different.
Gene Ontology (GO) analysis of these 447 DEGs revealed an

enrichment of the terms “cellular process” and “metabolic pro-
cess” (Supplemental Figure 6). Kyoto Encyclopedia of Genes
and Genomes pathway enrichment analysis indicated that
genes associated with metabolism and plant hormone signal
transduction pathways were enriched among the 447 DEGs
(Supplemental Figure 7). It has been reported that during the
development of ovule primordia, auxin and cytokinin have po-
larized distributions, with auxin at the distal end and cytokinin at
the proximal end (Shirley et al., 2019). Taken together, these re-
sults suggest that phytohormones may be involved in MMC dif-
ferentiation. However, the mechanisms through which hormones
exert their functions during this process are still unclear.

DISCUSSION

In this study, we revealed distinct spatial patterns of expression of
key components in tasiR-ARFbiogenesis in the ovule. From these
patterns, it canbededuced that tasiR-ARFproduction is restricted
to the nucellar epidermis. However, the activities of tasiR-ARFs
were detected in broader domains, consistent with themobility of

Figure 5. ARF3 in Situ Hybridization in Ovules.

(A) to (C) Whole-mount in situ hybridization of ARF3 in early MMC-stage
wild-type (WT) (A) and rdr6-11 (B) ovules. (C) shows a wild-type ovule
incubated with sense probe.
(D) to (F) Whole-mount in situ hybridization of ARF3 in late MMC-stage
wild-type (WT) (D) and rdr6-11 (H) ovules. (F) shows aWT ovule incubated
without probe.
Dashed red lines in (A), (B), (D), and (E) mark the boundary between the
nucellus and chalaza. Bars 5 10 mm.

2848 The Plant Cell

http://www.plantcell.org/cgi/content/full/tpc.20.00126/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00126/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00126/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00126/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00126/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00126/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00126/DC1
http://www.plantcell.org/cgi/content/full/tpc.20.00126/DC1


tasiR-ARFs. Furthermore, we found that the expression of
ARF3m, which is resistant to tasiR-ARF regulation, in the hypo-
dermal cells surrounding the MMC resulted in a multiple-MMC
phenotype, suggesting that tasiR-ARFs repressARF3 expression
in the apical, hypodermal cells to prevent them from adopting an
MMC-like fate. This study uncovered extensive coordination
between cell layers during MMC specification.

TasiR-ARF Mobility in Arabidopsis Ovule Primordia

TAS3 genes are expressed nearly ubiquitously in ovules, but
SGS3 and AGO7 have restricted expression patterns in the radial
and proximal-distal axes, respectively. SGS3 is only expressed in
the epidermis, and AGO7 expression is mainly in the distal nu-
cellus. As both SGS3 and AGO7 are required for tasiR-ARF

Figure 6. ARF3m Expression Driven by pWRKY28 Resulted in a Multiple-MMC Phenotype.

(A) to (C)ARF3m-mCitrine signals inpSPL:ARF3m-mCitrineovules.mCitrine fluorescence is shown in (A). (A) and (B) aremerged in (C). (B) shows the same
ovules as in (A) but with FM4-64 staining. The MMC is marked with white dashed lines in (C).
(D) A pSPL:ARF3m-mCitrine ovule with one MMC.
(E) to (G)ARF3m-mCitrine signals in pWRKY28:ARF3m-mCitrine ovules. mCitrine fluorescence is shown in (E). (E) and (F) aremerged in (G). (F) shows the
same ovules as in (E) but with FM4-64 staining. The MMC is marked with white dashed lines in (G).
(H) A pWRKY28:ARF3m-mCitrine ovule with two MMC-like cells. The MMC-like cells are indicated by white arrows.
(I) to (K)GUS activity corresponding to pKNU:nlsGUS expression in wild-type (WT) (I) and pWRKY28:ARF3m-mCitrine ([J] and [K]) ovules. The MMC-like
cells are indicated by white arrows.
(L) AGO9 immunolocalization in pWRKY28:ARF3m-mCitrine premeiotic ovules. The MMC-like cells are indicated by white arrows.
Bars 5 10 mm.

Germline Specification via Small RNA Mobility 2849



biogenesis, the restricted spatial patterns of the two genes
probably limit tasiR-ARF biogenesis to the epidermis of the nu-
cellus. In fact,wedemonstrated that theexpressionofAGO7 in the
distal-most epidermal cells was sufficient to rescue the multiple-
MMCphenotypeof an ago7mutant. The spatial pattern ofmiR390
accumulation is intriguing: the microRNA is concentrated in the
epidermis along the radial axis despite ubiquitous promoter ac-
tivity. Thus, miR390 is largely excluded from the MMC and its
surrounding cells. While it is unknown how this pattern is es-
tablished, the predominant localization of miR390 in epidermal
cells may serve as another piece of evidence for tasiR-ARF bio-
genesis in the nucellar epidermis.

TasiR-ARFs guide ARF3 RNA cleavage through their
incorporation into an AGO1-containing effector complex
(Baumberger and Baulcombe, 2005). The present observation
that AGO1 accumulates in the hypodermal cells surrounding the
MMC suggests that the cleavage of ARF3 mRNA by tasiR-ARFs
occurs in these cells. This is consistent with the finding that the
repression of ARF3 expression in hypodermal cells is crucial for
the suppression of the MMC-like fate.

Previous studies have provided strong evidence that tasiR-
ARFs move across cell layers during leaf development. While
TAS3 is transcribed in the epidermal layer to produce the tasiR-
ARF precursors, tasiR-ARF abundance follows a gradient ema-
nating from the epidermal layer of leaf primordia (Chitwood et al.,
2009). Our study indicates that there may be similar movement of
tasiR-ARFs during female gametophyte formation in Arabidopsis.
Although our efforts at in situ hybridization to determine the lo-
calization of tasiR-ARFs in ovules failed, the expression patterns
of different proteins required for tasiR-ARF biogenesis or action
suggest the followingmodel. Along the radial axis, tasiR-ARFs are
produced in ovule epidermal cells but function in hypodermal cells
(Figure 7). Along the proximal-distal axis, tasiR-ARFs are pro-
duced in the nucellus but move into the distal chalaza to repress
ARF3 expression (Figure 7).

Cellular Competence to Acquire MMC Identity in the
Hypodermal Cell Layer

In ovules of most sexually reproducing flowering plants, female
gametogenesis is initiated from a single gametic cell derived from
the MMC (Walbot and Evans, 2003). Because some mutants and
certain sexual species developmore than oneMMC (Bicknell and
Koltunow, 2004; Olmedo-Monfil et al., 2010; Su et al., 2017; Cao
et al., 2018; Yao et al., 2018; Zhao et al., 2018) and many species
are able to form gametes without meiosis (through apomixis;
Bicknell and Koltunow, 2004), it has been proposed that somatic
cells in the ovule have the competence to obtain MMC identity.

In Arabidopsis andmost angiosperms, the position of the single
germline precursor is precisely controlled. Early in ovule de-
velopment, two layers can be distinguished in the nucellus, the L1
epidermal layer and the L2 hypodermal layer. In Arabidopsis, the
distal-most L2 cell becomes the germline MMC. Previous studies
have demonstrated that in addition to the distal-most cell, other
hypodermal cells have the potential to become MMCs. Olmedo-
Monfil et al. (2010)propose that transposable element-derived24-
nucleotide siRNAs produced in epidermal (L1) cells move to the
hypodermal nucellar cells to prevent them fromdifferentiating into

MMCs. Arabidopsis KLU acts through the chromatin remodeling
complexSWR1 topromoteWRKY28expressionspecifically in the
hypodermal somatic cells surrounding the MMC, andWRKY28 is
required to prevent these cells from acquiring MMC-like char-
acteristics (Zhao et al., 2018). In this study, we found that tasiR-
ARFs repressARF3 expression in the hypodermal cells to prevent
these cells from gaining MMC-like characteristics. To our
knowledge, no genes have been reported to be involved in cell
identity transitions from epidermal cells to the MMC. In contrast,
the derivation of MMC-like cells from hypodermal cells occurs in
anumberofmutants.Thissuggests thathypodermal somaticcells
have more potential to acquire MMC identity.
Our data showed that the expression of ARF3 in hypodermal

cells adjacent to the MMC promotes the hypodermal cells to gain
MMC-like identity, suggesting it is a positive factor for MMC
formation. However, its positive effect is limited. In this study, the
expressionofARF3 in theoutermost epidermal cells cannot cause
the cell fate change from epidermal cell to MMC, suggesting that
the expression of ARF3 is not sufficient for MMC formation.
Moreover, in the MMC itself, ARF3 is not expressed, suggesting
that it is not necessary for trueMMC fate. These findings implicate
thepresenceof complex regulatory networks indifferent ovule cell
layers and suggest that ARF3 needs to be repressed in the hy-
podermal cells surrounding the MMC to prevent these cells from
adopting an MMC-like fate.
In summary, this and prior studies show that there are complex

regulatory mechanisms that prevent hypodermal cells from
gaining MMC identity during ovule development in Arabidopsis.
Furthermore, other regulatory factors, such as SPL and WUS,
which promote the formation of the actual MMC, have also been
revealed. Mutants of these genes fail to form the actual MMC
(Schiefthaler et al., 1999; Yang et al., 1999; Gross-Hardt et al.,

Figure 7. A Model of TasiR-ARF Biogenesis and Mobility.

(A) TasiR-ARFs are processed in the apical epidermal cells (labeled in
yellow) andmove to hypodermal cells in the nucellar region to restrictARF3
expression and suppress MMC identity. The tasiR-ARFs also move ba-
sipetally from thenucellus into thechalaza. Thedistributionsof tasiR-ARF3
and ARF3 RNA are labeled in green and pink, respectively.
(B) Without the control by tasiR-ARFs, ARF3 expression expands both
acropetally and radially. The expression of ARF3 in the hypodermal cells
(labeled with asterisks) leads to MMC characteristics.
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2002). This suggests that dual regulatory mechanisms acting
on the MMC and the surrounding cells ensure precise MMC
differentiation.

METHODS

Plant Materials and Growth Conditions

Wild-type Arabidopsis (Arabidopsis thaliana) Columbia-0 (Col-0), mir390
(mir390 52b2; Cuperus et al., 2010), ago7-9 (SALK_080533),MIR390:GUS
(CS66476), and zip-2 (CS24282; Hunter et al., 2006) were grown under 16-
h-light (50 mmol m22 s21, white light)/8-h-dark conditions at 22°C.

Plasmid Construction

For the pTAS3A:GUS and pTAS3B:GUS plasmids, a 2150-bp sequence
upstream of TAS3A and a 1463-bp sequence upstream of TAS3B were
amplified from wild-type genomic DNA using primers listed in the
Supplemental Table. The PCR fragments were cloned into the pENTR/
D-TOPO (Invitrogen) vector and verified by sequencing. The fragments
were subsequently recombined into the destination vector pMDC162
(Curtis and Grossniklaus, 2003) using LR Clonase II (Invitrogen).

For pSPL:ARF3m-mCitrine, a 2704-bp sequence upstream ofSPLwas
amplified as the promoter pSPL from wild-type genomic DNA using the
primers pSPL-F and pSPL-R (Supplemental Table). The ARF3m fragment
was amplified from the pARF3:ARF3m-GFPplasmid (Liu et al., 2014) using
primers ARF3m-F and ARF3m-R (Supplemental Table). The pSPL:ARF3m
fragmentwasgeneratedbyPCRusingamixtureofpSPLandARF3mas the
template and cloned into the pENTR/D-TOPO (Invitrogen) vector. The
presence of the tasiR-ARF-resistant mutation in pSPL-ARF3m was veri-
fied by sequencing. Finally, recombination into the destination vector
pGWB5012 (Nakagawa et al., 2007) was performed using LR Clonase II
to generate pSPL:ARF3m-mCitrine. For pWRKY28:ARF3m-mCitrine,
a 2097-bpsequenceupstreamofWRKY28wasamplifiedusing theprimers
pWRKY28-F and pWRKY28-R (Supplemental Table). The subsequent
steps to construct pWRKY28:ARF3m-mCitrine were as described above
for pSPL:ARF3m-mCitrine.

For pAGO7:GUS, a 2081-bp sequence upstream of AGO7 was am-
plified as the promoter pAGO7 using primers pAGO7-F and pAGO7-R
(Supplemental Table). ThePCR fragmentwas cloned into pENTR/D-TOPO
(Invitrogen) and verified by DNA sequencing, followed by recombination
into the destination vector pGWB533 (Nakagawa et al., 2007) using LR
Clonase II.

To generate the pAGO7:GFP-AGO7, pSPL:GFP-AGO7, and
pWRKY28:GFP-AGO7 constructs, the pAGO7, pSPL, and pWRKY28
promoters were amplified from Arabidopsis genomic DNA as described
above, and the GFP fragment was amplified from pGWB504 (Nakagawa
et al., 2007). TheAGO7 sequencewas amplifiedbyPCRusingArabidopsis
cDNA as the template using primers AGO7cds-F and AGO7cds-R
(Supplemental Table). pAGO7:GFP-AGO7, pSPL:GFP-AGO7, and
pWRKY28:GFP-AGO7 were cloned into pENTR/D-TOPO (Invitrogen) by
infusion, followed by recombination into the destination vector pGWB501
(Nakagawa et al., 2007) using LR Clonase II.

To construct pSGS3:SGS3-GFP and pSGS3:SGS3-GUS, a genomic
fragment encompassing 2148bp upstreamof the start codon ofSGS3 and
a 2251-bp SGS3 coding region without the stop codon was amplified with
primers pSGS3-F and SGS3-R. The PCR product was cloned into pENTR/
D-TOPO (Invitrogen) and verified by sequencing. The fragment was
recombined by LR reaction into the destination vectors pGWB504
(Nakagawa et al., 2007) and pGWB533 (Nakagawa et al., 2007) to obtain
pSGS3:SGS3-GFP and pSGS3:SGS3-GUS, respectively.

Preparation of Ovules for Confocal Laser Scanning Microscopy

Ovuleswere dissected, stained in 40% (v/v) glycerol with 5mMFM4-64 for
5 min, and then analyzed using a TCS SP8 microscope (Leica). For the
expression pattern analysis of the transgenic lines, more than five in-
dependent transgenic lines were observed and confirmed to have similar
patterns.

Real-Time qPCR

Tomeasure the relative transcript levels of selected genes, real-time qPCR
was performed with specific primers (Supplemental Table) using the Bio-
Rad real-time PCR systemandSYBRPremix Ex Taq II (TaKaRa) according
to the manufacturer’s instructions.

DIC Observation of Ovule Structures

Ovules fromwild-type, mutant, and transgenic plants were dissected from
thepistils of stages8 to13flowers (Robinson-Beers et al., 1992) in adropof
chloral hydrate solution (chloral hydrate:water:glycerol 5 8:1:3 [m/v/v]). A
BX63microscope with DIC optics (Olympus) was used to obtain images of
the cleared ovules with a 403 objective.

GUS Staining

Inflorescencesampleswerefixed inprechilled80%(v/v) acetone for 20min
and then washed with distilled water. After brief vacuum infiltration, the
inflorescences were incubated in GUS staining buffer (Oh et al., 2010)
overnight at 37°C. The pistils were dissected from the inflorescences and
then observed with a BX63 microscope (Olympus).

Whole-Mount Immunolocalization in Ovules

Ovules were dissected from 30 to 40 pistils of stage 9 to 11 flowers
(Robinson-Beers et al., 1992) and then fixed and processed according to
a protocol previously published by Escobar-Guzmán et al. (2015). The
AGO9 primary antibody (Agrisera AS10673) and DMC1 primary antibody
(ABclonal Technology)were usedat adilutionof 1:100. TheAlexaFluor 488
secondary antibody (Molecular Probes)wasusedat adilutionof 1:300. The
sampleswere stainedwithpropidium iodide (500mg/mL) beforemounting,
and images were captured using a confocal microscope (Leica TCS SP8).
For propidium iodide detection, the excitation and emission wavelengths
were 568 nm and 575 to 615 nm, respectively. For Alexa Fluor 488 de-
tection, the excitation and emission wavelengths were 488 nm and 500 to
550 nm, respectively. The laser intensity and gain were set to the same
levels for all analyzed genotypes.

ARF3 Whole-Mount in Situ Hybridization in Ovules

Ovules with placenta were dissected from pistils of stage 9 to 11 flowers
and thenfixedandprocessedaspreviously describedbyZhaoet al. (2018).
For the ARF3 probe, a 209-bp cDNA fragment was amplified by PCR with
primers ARF3-IS-F and ARF3-IS-R (Supplemental Table) and cloned into
the pTA2 vector (Toyobo). Generation of digoxigenin-labeled probe was
performed as described by Sieber et al. (2004). Ovule whole-mount in situ
hybridization was performed according to Hejátko et al. (2006).

miR390 in Situ Hybridization for Paraffin-Embedded Ovules

The sequence of the LNA probe to detect mature miR390 is GGCGCU
A1UC1CC1UCC1UGAGCUU (GenScript), in which 1 represents the
LNA position. Developing floral buds at the MMC stage were fixed and
embedded in Paraplast Plus embedding medium, cut into 6-mm sections,
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and then hybridized to the probe as previously described by Kidner and
Timmermans (2006).

Callose Detection

Aniline blue staining and callose detection in the megaspores were per-
formed as previously described by Siddiqi et al. (2000) with minor mod-
ifications, including fixation of inflorescences in formaldehyde/ alcohol/
acetic acid for 16 h and incubation in 0.1% (w/v) aniline blue in 50 mM
phosphate buffer (pH 11) for 8 to 12 h. The stained pistils were mounted in
30% (v/v) glycerol and observed with a BX63 microscope (Olympus) at an
excitation wavelength of 365 nm and using an emission long-pass filter of
420 nm.

RNA-Seq and Data Analysis

RNA was extracted from gynoecia at the MMC stage (Robinson-Beers
et al., 1992) from wild-type and pWRKY28:ARF3m-mCitrine plants using
the Qiagen RNeasy kit. Illumina sequencing was performed using 1 mg of
RNA per sample and two independent biological replicates per genotype.
The raw reads were filtered by removing the adapter sequences and low-
quality reads. Using the The Arabidopsis Information Resource 10 as-
sembly as the reference genome, the clean readswere aligned usingSTAR
v2.5.0, and the alignment results were processed using the SourceForge
Subread package featureCount v1.5.0 for RNA quantification. EdgeR
v3.12.0 was used to identify differentially expressed genes (fold change
$ 2, false discovery rate # 0.05) between samples.

GO and Pathway Enrichment Analyses

GO enrichment analysis for differentially expressed gene sets was per-
formed using TBtools (Chen et al., 2018). The P value for enrichment was
calculated for each represented GO term and corrected via the Benjamini-
Hochbergerror correctionmethod (Ferreira andNyangoma, 2008). TheGO
terms exhibiting a corrected P#0.05 were considered to be significantly
enriched. Furthermore, pathway enrichment analysis of different sets of
genes was also performed using TBtools.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers:TAS3A (AT3G17185),TAS3B (AT5G49615),ARF3 (AT2G33860),
WRKY28 (AT4G18170), SPL (AT4G27330), AGO7 (AT1G69440),MIR390A
(AT2G38325),SGS3 (AT5G23570), andAGO1 (AT1G48410). TheRNA-seq
data were deposited in the European Nucleotide Archive under accession
number PRJEB38604.
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