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SUMMARY

In Arabidopsis, the ASYMMETRIC LEAVES2 (AS2) protein plays a key role in the formation of flat symmetric

leaves via direct repression of the abaxial gene ETT/ARF3. AS2 encodes a plant-specific nuclear protein that

contains the AS2/LOB domain, which includes a zinc-finger (ZF) motif that is conserved in the AS2/LOB

family. We have shown that AS2 binds to the coding DNA of ETT/ARF3, which requires the ZF motif. AS2 is

co-localized with AS1 in perinucleolar bodies (AS2 bodies). To identify the amino acid signals in AS2

required for formation of AS2 bodies and function(s) in leaf formation, we constructed recombinant DNAs

that encoded mutant AS2 proteins fused to yellow fluorescent protein. We examined the subcellular local-

ization of these proteins in cells of cotyledons and leaf primordia of transgenic plants and cultured cells.

The amino acid signals essential for formation of AS2 bodies were located within and adjacent to the ZF

motif. Mutant AS2 that failed to form AS2 bodies also failed to rescue the as2-1 mutation. Our results sug-

gest the importance of the formation of AS2 bodies and the nature of interactions of AS2 with its target

DNA and nucleolar factors including NUCLEOLIN1. The partial overlap of AS2 bodies with perinucleolar

chromocenters with condensed ribosomal RNA genes implies a correlation between AS2 bodies and the

chromatin state. Patterns of AS2 bodies in cells during interphase and mitosis in leaf primordia were dis-

tinct from those in cultured cells, suggesting that the formation and distribution of AS2 bodies are develop-

mentally modulated in plants.

Keywords: zinc-finger motif, perinucleolar body, chromocenter, nucleolus, epigenetic factor AS2, 45S ribo-

somal RNA genes, ETTIN/AUXIN RESEPONSE FACTOR3.
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INTRODUCTION

In Arabidopsis thaliana, leaf development, with the estab-

lishment of adaxial–abaxial polarity, is regulated epigeneti-

cally by a perinucleolar repressor complex that consists of

ASYMMETRIC LEAVES2 (AS2) and AS1 (the AS2–AS1 com-

plex) (Guo et al., 2008; Yang et al., 2008; Iwasaki et al.,

2013; Lodha et al., 2013) and this process provides a model

for studies on the activation of a next genetic program,

with repression of a previously functioning program

(Machida et al., 2015).

Leaf primordia are formed initially as lateral organs,

without adaxial–abaxial polarity, from the shoot apical

meristem (a group of stem cells) that is maintained by

some class 1 KNOTTED-like HOMEOBOX (KNOX) genes

(Long et al., 1996; Long and Barton, 1998; Barton, 2001).

The leaf primordia become elongated and patterned along

the proximal–distal axis in parallel with the repression of

the KNOX genes via direct binding of AS2–AS1 to the pro-

moter region of KNOX genes (Lin et al., 2003; Guo et al.,

2008). During the growth of these primordia to form flat,

symmetric leaves with adaxial and abaxial domains,

expression of abaxial-determining genes, such as ETTIN/

AUXIN-RESPONSE-FACTOR3 (ETT/ARF3) and ARF4 (a

functionally redundant version of ARF3), appears to pre-

cede the expression of adaxial-determining genes (Eshed

et al., 1999, 2001, 2004). The adaxial domain develops

upon the direct repression of these abaxial genes via co-or-

dinated binding of AS2–AS1 to the promoter region of

ETT/ARF3 (Iwasaki et al., 2013), as well as upon the expres-

sion of adaxial-determining genes in the presumptive

adaxial domain (McConnell and Barton, 1998; McConnell

et al., 2001; Emery et al., 2003). Levels of transcripts of

ARF4 and ARF3 also decrease as a consequence of degra-

dation of these transcripts via activation by AS2 of

tasiR-ARF-mediated gene silencing (Iwasaki et al., 2013).

Transcripts of the AS2 gene are specifically detected in the

adaxial domains of primordia of cotyledons in embryos

and leaves (Iwakawa et al., 2002, 2007), this is in agree-

ment with the expression patterns of genes involving the

adaxial–abaxial establishment of leaves as mentioned

above. Then the proliferation of cells might be induced in

the boundary region between the adaxial and abaxial

domains, and such proliferation might result in balanced

expansion of the leaf primordia along the medial–lateral
axis to form flat symmetric leaves (Waites et al., 1998; Hud-

son, 2000; Semiarti et al., 2001; Tsukaya, 2006; Bowman

and Floyd, 2008; Szakonyi et al., 2010; Nakata and Okada,

2013; Machida et al., 2015).

The AS2–AS1 complex also acts as an epigenetic regula-

tor for leaf adaxial specification. This complex directly

represses transcription of some genes in two families, as

follows. Levels of transcripts of some genes in the class 1

KNOX family are downregulated via histone modification

(Phelps-Durr et al., 2005; Guo et al., 2008; Lodha et al.,

2013). AS1 and AS2 are also involved in maintaining

METHYLTRANSFERASE1 (MET1)-mediated CpG methyla-

tion in exon 6 of the ETT/ARF3 locus (Iwasaki et al., 2013).

In the shoot apices of met1 plants, levels of the ETT/ARF3

transcript are elevated. Therefore, the level of the ETT/

ARF3 transcript is inversely correlated with the extent of

methylation at CpG sites in this gene. In addition, AS2–
AS1 and many other factors, including various nucleolar

proteins that mediate biogenesis of ribosomal RNAs, act

co-operatively to repress levels of transcripts of target

genes, suggesting critical roles for these nucleolar factors

as modifiers of the actions of AS2 and AS1 (Ueno et al.,

2007; Pinon et al., 2008; Yao et al., 2008; Szakonyi et al.,

2010; Horiguchi et al., 2011; Szakonyi and Byrne, 2011;

Machida et al., 2015; Matsumura et al., 2016). We recently

reported that, in addition to AS2, genes for two nucleolar

proteins, NUCLEOLIN1 (NUC1) and RNA HELICASE 10

(RH10), are also involved in repressing the transcription of

ETT/ARF3, the target gene of AS2, and CpG methylation in

exon 6 of ETT/ARF3 (Vial-Pradel et al., 2018). Moreover,

AS2 binds to the CpG repeat in exon 1 of the ETT/ARF3

gene. These findings lend further support to the hypothe-

sis that the epigenetic repression of ETT/ARF3 involves

CpG methylation mediated by AS2 and AS1.

AS1 encodes a myb-domain protein (Byrne et al., 2000).

AS2 encodes a nuclear protein of 199 amino acid residues

and has a plant-specific AS2/LOB (ASYMMETRIC LEAVES2/

LATERAL ORGAN BOUNDARY) domain of 100 amino acid

residues (residues 10 to 109) near its N-terminus, and this

domain is conserved in all 42 known members of the fam-

ily of AS2-LIKE/LOB DOMAIN proteins (ASL/LBD proteins)

within the AS2/LOB family (Iwakawa et al., 2002; Shuai

et al., 2002; Matsumura et al., 2009). The AS2/LOB domain

of AS2 contains a zinc-finger-like (ZF-like) motif that

includes four cysteine residues (formerly designated the C-

motif or C-block; Iwakawa et al., 2002; Shuai et al., 2002) at

its N-terminus. This motif in a wheat member of the AS2/

LOB family binds a zinc ion, which is required for binding

to DNA (Chen et al., 2019), an observation that implies that

members of this family can form zinc-finger (ZF) struc-

tures. The ZF motif is essential for binding of AS2 to the

CpG repeat in exon 1 of its target ETT/ARF3 gene (Vial-Pra-

del et al., 2018). The AS2/LOB domain includes two addi-

tional conserved regions: an internal-co-nserved-glycine

(ICG) region and a leucine-zipper-like (LZL) region (Iwa-

kawa et al., 2002; Matsumura et al., 2009). Both these

regions are essential for the functions of AS2 in the normal

development of leaf polarity (Semiarti et al., 2001; Iwakawa

et al., 2002; Matsumura et al., 2009; Lee et al., 2013).

AS2 is localized as nuclear bodies, known as AS2 bod-

ies, in regions adjacent to the nucleolus (Ueno et al., 2007).

AS1 has also been found in AS2 bodies (Ueno et al., 2007).

The AS2/LOB domain is sufficient for the formation of AS2
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bodies (Luo et al., 2012a). Taken together with the co-oper-

ation with nucleolus-localized proteins in the repression of

target gene expression, these observations suggest a

potential role for AS2 in the repression of gene expression

via nucleolus-related events, such as the formation of AS2

bodies. The amino acid signals in the AS2/LOB domain

that are required for its nuclear localization and the forma-

tion of AS2 bodies at the perinucleolar region remain,

however, to be elucidated.

The results of the present study show that the ZF motif

of AS2, which is required for binding to the coding DNA of

ETT/ARF3 (Vial-Pradel et al., 2018), is essential for the for-

mation of AS2 bodies in adaxial epidermal cells but not for

nuclear localization. Furthermore, the regions encompass-

ing the ICG region and the LZL region are essential for the

nuclear localization of AS2. Mutant AS2 proteins that were

unable to form the AS2 bodies did not rescue the as2-1

mutation, demonstrating a correlation between the forma-

tion of AS2 bodies and their functions in development.

AS2 bodies partially overlapped with perinucleolar chro-

mocenters and condensed rRNA genes. Therefore, there

appears to be a correlation between AS2 bodies and hete-

rochromatin states of rRNA genes in chromocenters. The

distribution of AS2 bodies during the M phase of the cell

cycle in intact plants was different from that of AS2 bodies

in cultured cells, suggesting the developmental control of

the formation of AS2 bodies and their distribution in

plants.

RESULTS

Detection of fluorescent signals due to AS2-YFP in

epidermal cells of developing cotyledons and leaf

primordia

We examined the expression of an estradiol-inducible

recombinant AS2 gene in transgenic Arabidopsis plants.

We fused the entire length of AS2 cDNA to the YFP

sequence (which encodes yellow fluorescent protein

(YFP)), linking the fusion construct to the estradiol-

inducible XVE promoter (XVE-AS2-YFP). Then we

transformed wild-type Arabidopsis (Col-0) with the XVE-

AS2-YFP construct. We determined the optimal conditions

for induction of expression of each transgene by estradiol

in the transgenic plants (Figure S1 and Appendix S1).

When cotyledons of 7-day-old Arabidopsis seedlings,

which had been transformed with an AS2-YFP construct,

were incubated with 0.05 µM 17b-estradiol for 16 h, bands

of protein with a molecular mass of c. 48 kDa (correspond-

ing to the mass of AS2-YFP) were visualized by western

blotting with AS2-specific antibodies (lanes 5–9 in Fig-

ure S1a). Endogenous AS2 protein in protein extracted

from flower buds had a molecular mass of c. 25 kDa (lane

1 in Figure S1a). The level of AS2-YFP induced by 0.05 µM

17b-estradiol (lane 5) was higher than that of endogenous

AS2 from flower buds. Under the same conditions, we

observed signals due to YFP in many cells within the adax-

ial surface of cotyledons (see typical optical sections of the

epidermis in Figures 1a, S2a and Appendix S1) and of leaf

primordia (Figures 1b, S2b) around the shoot apex. These

locations are consistent with observations of the expres-

sion of the endogenous AS2 gene reported by Iwakawa

et al. (2002 and 2007). When we incubated plants with

0.005 µM 17b-estradiol for 16 h or longer, we did not detect

signals due to YFP in cells at these locations. We examined

nuclei and chromosomes after staining with 406-diamidino-

2-phenylindole (DAPI). Analysis of signals due to DAPI

revealed that almost all cells in cotyledons and leaf primor-

dia had entered interphase or the G0 (differentiated) stage

and only a few cells had undergone mitosis (examples are

indicated by arrows in Figure 1(a,b), with magnified views

in Figure 1(c,d), respectively). Although nuclear bodies

were visible in cells in these sections, they were not clearly

apparent in most cells at low magnification (Figure 1(a,b).

Patterns of fluorescent signals from these cells are dis-

cussed in detail below. Levels of accumulated AS2-YFP

continued to rise during incubation for 48 h (Figure S1b).

We chose to monitor cells in cotyledons and leaf primordia

of transgenic seedlings that had been incubated in the

presence of 0.05 µM 17b-estradiol for 16 h in subsequent

experiments. As confirmed below (see Figure 4), the AS2-

YFP construct was functional.

The ZF motif plays a role in the formation of AS2 bodies

and the ICG and LZL regions are required for nuclear

localization of AS2

As depicted schematically in Figure 2(a) (top left), we intro-

duced deletions into four regions of the AS2 cDNA

sequence, as follows: the N-terminal region (residues 2–7;
as2-ΔN2–7); the N-terminal region plus the ZF motif (resi-

dues 2–24; as2-DNDZFL2–24); the ICG region (residues 25–
80; as2-DICG25–80), and the LZL region (residues 81–109;
as2DLZL81–109). Although the N-terminal region might not

be expected to form a structurally distinct domain, the 18-

base-pair sequence that corresponds to the amino acid

sequence from the first to the sixth residue of AS2

(Table S1) is essential for the expression of AS2 (Iwakawa

et al., 2007). Therefore, it seemed reasonable to examine

the role of the N-terminal region in the formation of AS2

bodies and the development of leaves. We fused each of

the four deletion constructs to the YFP sequence and

linked each of the four fusion constructs to the estradiol-in-

ducible XVE promoter. We transformed wild-type Ara-

bidopsis plants (Col-0) with these constructs and

established several independent transgenic lines of plants

that expressed the respective constructs, as depicted in

Figure 2(a).

We examined whether the mutant proteins could sup-

port nuclear localization and the formation of AS2 bodies
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by observing signals due to YFP in cells at adaxial surfaces

of cotyledons from transgenic seedlings. Nuclei were visu-

alized by staining with DAPI. The nucleoplasm and the

nucleolus were detected as DAPI-positive and DAPI-nega-

tive (dark) areas, respectively (Ueno et al., 2007; Mat-

sumura et al., 2016). As shown in Figure 2(a) (top right),

signals due to YFP in AS2-YFP-expressing cells were

mainly detected in the nucleoplasm and nuclear bodies, as

reported previously for AS2 bodies themselves (Ueno

et al., 2007; Luo et al., 2012a) in all YFP-positive cells (Fig-

ures 1, 2a and 3a). Nuclear bodies were detected adjacent

to nucleoli and, sometimes, slightly inside nucleoli. As

shown in Figure 2(b), AS2 bodies were also formed on

as2-1 and as1-1 mutant backgrounds when AS2-YFP was

introduced into the respective mutants, suggesting that

neither endogenous AS2 nor endogenous AS1 is required

for the formation of AS2 bodies.

Signals due to YFP in as2-ΔN2–7-YFP cells were detected

in AS2 bodies and the nucleoplasm in all the YFP-positive

cells in wild-type (Figure 2a, second row) and as2-1 mutant

plants (Figure 2b, second row). These results suggested

that the short N-terminal region was not required for the

formation of AS2 bodies. Fluorescence due to YFP in as2-

ΔNΔZF2–24-YFP cells was detected as disperse signals in

the nucleoplasm, but none was detected in AS2 bodies

(Figure 2a, third row), suggesting that the ZF motif plays

an essential role in the formation of AS2 bodies in Ara-

bidopsis plants and that the region from the N-terminus to

the ZF motif is not involved in the nuclear localization of

AS2, consistent with previous observations in the tobacco

BY-2 cultured cells (Luo et al., 2012a).

As shown in Figure 2(a) (fourth row), signals due to YFP

in as2-ΔICG25–80-YFP cells were evident exclusively in the

cytoplasm and there was no detectable fluorescence in

the nuclei, implying that the ICG region is involved in the

nuclear accumulation of the AS2 protein and that regions

other than the ICG region play a role in retaining the AS2

protein in the cytoplasm. Fluorescent signals in as2-

ΔLZL81–109-YFP cells were detected both in the nucleus and

in the cytoplasm (Figure 2a, fifth row), and this pattern of

localization was similar to that of the localization of YFP

alone (Figure 3, bottom row). Although some signals were

(a) (b)

(c)

(d)

Figure 1. Observations of AS2-YFP at the adaxial surfaces of cotyledons and leaf primordia. Expression of AS2-YFP was induced by incubating 7-day-old trans-

genic Arabidopsis plants (7 days after sowing) with 0.05 µM 17b-estradiol for 16 h. Aboveground parts of seedlings were fixed in 3.7% paraformaldehyde and

chromosomes and nuclei were stained with DAPI. Cells at mitosis, with condensed chromosomes, are indicated by white arrows.

(a) Fluorescence due to DAPI (cyan) and YFP (yellow) in cells at the adaxial surface of a cotyledon was monitored at 0.5-µm intervals by confocal fluorescence

microscopy. Merged images are also shown. Optical sections of a given cotyledon at the indicated depths are shown as typical examples. Bars, 100 µm. (b) Sig-

nals due to DAPI (cyan) and YFP (yellow) in cells at the adaxial surface of a leaf primordium are shown in one typical optical section. Bar, 100 µm. Magnified

views of boxed regions in panels (a) and (b) are shown in (c) and (d), respectively. Bars, 10 µm.
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Figure 2. The zinc-finger motif is required for localization of AS2 to AS2 bodies and the ICG and LZL regions are required for nuclear localization of AS2.

(a. left) Schematic representation of AS2 and variant proteins with deletions in the AS2/LOB domain. DNA constructs encoding mutant proteins were fused to

the sequence encoding to the N-terminus of YFP and these fused constructs were linked to the estrogen-inducible promoter. See text for details. (a. right)

Images showing the signals from YFP fusion proteins in Arabidopsis plants (Col-0) transformed with these DNA constructs. Three to five independent transgenic

lines were established for analysis of AS2-YFP and each as2-variant-YFP: four lines for AS2-YFP; five lines for as2-ΔN2-7-YFP; and three lines each for as2-

ΔNΔZF2–24-YFP, as2-ΔICG25–80-YFP, as2-ΔLZL81–109-YFP and as2-ΔLZL-NLS-YFP. Expression of these genes was induced as described in the legend to Figure 1.

Four to 27 cells that were YFP-positive were observed in the adaxial epidermis of cotyledons of each transgenic line, as described in the legend to Figure 1. Sig-

nals due to DAPI (cyan), those due to YFP (yellow) and merged images in representative cells are shown. Numbers on the right side of the images show the

ratios of total numbers of AS2 body-positive cells to total numbers of YFP-positive cells, which were obtained by adding the numbers of cells from the analysis

of each transgenic line. Arrows in the sixth row (as2-ΔLZL-NLS) show DAPI-positive granules overlapping YFP-negative areas. Bars, 10 µm. (b, left) Schematic

representation of AS2 and as2-ΔN2–7. (b, right) Images showing the signals from YFP fusion proteins in as2-1 and as1-1 plants. Three transgenic lines were

selected for analysis of fluorescence, which was visualized as described above. Signals due to DAPI (cyan) and YFP (yellow) and merged images are shown.

Numbers on the right show the ratios of total AS2 body-positive cells to total YFP-positive cells in each transgenic line, counted as described above. Chromo-

centers and AS2 bodies that partially overlapped one another are indicated by white arrowheads. In (a) and (b), bars, 10 µm. (c) Partial overlap of the DAPI sig-

nal from the chromocenter with the YFP signal from an AS2 body formed by AS2-YFP. The inset is a magnified view of the boxed region in panel a (top right,

labeled c). Bar, 3 µm. Intensities of fluorescence signals due to YFP and DAPI were measured along the white arrow with ImageJ software (https://imagej.nih.

gov/ij/).
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detected in nuclei, no signals were associated with nuclear

bodies. Therefore, the LZL region also appeared to be

involved in the nuclear localization of AS2.

We examined the effects of the SV40 nuclear localization

signal (NLS) on the subcellular localization of as2-ΔLZL-

YFP and the formation of AS2 bodies. We replaced the

sequence that corresponded to the LZL region with the

NLS sequence to generate as2-ΔLZL-NLS-YFP (Figure 2a,

bottom row). Signals due to YFP in as2-ΔLZL-NLS-YFP cells

were detected exclusively in the nucleoplasm but, notably,

not as AS2 body-like aggregates (Figure 2a, bottom).

Therefore, loss of the LZL-mediated ability to form AS2

bodies was not overcome by replacement of the LZL

region by the SV40 NLS. The pattern of YFP signals was

not homogeneous: many YFP-negative (dark) areas were

visible in the nucleoplasm, as indicated by arrows. Many

chromocenter-like granules were also visualized by DAPI

staining in the nucleoplasm (DAPI in Figure 2a, bottom

row). Some DAPI-positive granules overlapped YFP-nega-

tive areas, as also indicated by arrows.

Figure 3. Amino acid residues in the zinc-finger motif are critical for the formation of AS2 bodies.

(a) Schematic representation of AS2 and variant proteins with amino acid substitutions in the ZF motif. Numbers below the wild-type representation indicate

positions of amino acid residues in AS2. Amino acid sequences in and around the ZF motif of the wild-type are shown and mutated residues are depicted in

red. The DNA constructs were linked to an estrogen-inducible promoter. Details of the DNA constructs that encoded AS2-YFP and as2-variant-YFP proteins can

be found in the text. YFP is shown by the yellow bar at the bottom. Arabidopsis plants (Col-0) were transformed with indicated constructs. (b) Images showing

the signals from YFP fusion proteins in Arabidopsis plants (Col-0) that had been transformed with the respective DNA constructs. Three independent transgenic

lines were established for analysis of AS2-YFP and each as2-variant-YFP protein. Expression of these genes was induced as described in the legend to Figure 1.

Eight to 75 cells that were YFP-positive were observed in the adaxial epidermis of cotyledons of each transgenic line, as described in the legend to Figure 2. Sig-

nals due to DAPI (cyan), those due to YFP (yellow) and merged images are shown. Numbers on the right side of the fluorescence images show the ratios of total

numbers of AS2 body-positive cells to total numbers of YFP-positive cells, obtained by adding numbers of cells from the analysis of each transgenic line. Chro-

mocenters and AS2 bodies that partially overlapped one another are indicated by white arrowheads. Bars, 10 µm. (c) Observation of 45S rDNA and 5S rDNA loci

in cells of the aerial part of the AS2-YFP-expressing transgenic plant, as described above. DNA-FISH was performed using 45S (top row) and 5S rRNA gene-

specific probes (bottom row). Signals due to DAPI (cyan), anti-GFP (AS2-YFP; yellow), FISH (red), and the merged images are shown. Chromocenters and AS2

bodies that partially overlapped one another are indicated by white arrowheads. FISH signals against 45S rDNA loci that partially overlapped with AS2 bodies

are indicated by white arrows. Bars, 10 lm.
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We confirmed that the fusion proteins described above

remained intact, for the most part, in transgenic plants

(Figure S3 and Appendix S1). Taken together, our results

suggest that the amino acid sequence encompassing the

ICG and LZL regions is involved in the nuclear localization

of AS2 and that the ZF motif is required for the formation

of AS2 bodies.

AS2 bodies that were formed by wild-type AS2-YFP and

as2-ΔN2–7-YFP were in contact with the nucleolus and at

least partially within the nucleolus. Moreover, they partially

overlapped chromocenters that were densely stained with

DAPI and localized to the periphery of nucleoli (arrow-

heads in Figure 2a, top row; Figure 2b, top, second and

bottom rows; Figure 2c and Movie S1).

Amino acid residues conserved in and around the ZF motif

are critical for the formation of AS2 bodies

The amino acid sequence in the ZF motif of AS2 (residues

10–24) is strongly conserved among at least 25 members

of the class 1a subfamily of the AS2/LOB protein family

(Table S1; AS2 and ASL/LBD proteins from ASL1 through

ASL25), in which 73% of amino acid residues are identi-

cal, on average (Iwakawa et al., 2002; Table S1). We intro-

duced various point mutations into the AS2 cDNA

sequence to replace amino acid residues that were espe-

cially strongly conserved within this subfamily (Table S1

and Figure 3a). We replaced the four cysteine residues at

positions 10, 13, 20 and 24 in the ZF motif, which are per-

fectly conserved in all members of the subfamily, with

alanine residues to generate mutant as2-4C/4A proteins.

In all 25 members of the subfamily, the amino acid

sequences on the N-terminal side of the fourth cysteine

residue consist of RRK or RRR sequences, which have

been proposed to be part of nucleolar localization signals

(NOLS; Song and Wu, 2005; Musinova et al., 2011; de

Melo et al., 2013; Earley et al., 2015). The RRK sequence

in AS2 was replaced with a cluster of three alanine resi-

dues to generate mutant as2-RRK/3A. We also replaced

the proline and alanine residues at positions 9 and 11 of

AS2, which are adjacent to the first cysteine residue in

the ZF motif, by serine (P9S) and valine (A11V) residues,

respectively, because these proline and alanine residues

are strongly conserved among AS2 and ASL/LBD proteins

(Table S1 and Figure 3a). We also introduced a single

mutation to replace the conserved serine residue at posi-

tion 8 of AS2 with an alanine residue (S8A; Table S1 and

Figure 3a), because SP and TP sequences are predicted

sites of phosphorylation and are strongly conserved in

the class 1a subfamily (77%; Table S1). We fused the

respective mutated cDNAs to YFP cDNA and linked the

fusion constructs to the inducible promoter. We trans-

formed wild-type Arabidopsis plants (Col-0) with recombi-

nant AS2 DNA and the various derivatives described

above.

We selected three transgenic lines that expressed each

construct and examined patterns of YFP signals in cells, as

described in the previous section. As shown in Figure 3(b)

(second row), YFP fluorescence in all cells that expressed

as2-4C/4A-YFP was dispersed throughout the entire nucle-

oplasm and no nuclear bodies were observed, suggesting

essential roles for the cysteine residues in the formation of

AS2 bodies. In the cells that expressed as2-RRK/3A-YFP,

the YFP signal was also dispersed in the nucleoplasm and

none was seen in AS2 bodies (Figure 3b, third row), sug-

gesting that the RRK sequence is essential for the forma-

tion of AS2 bodies but is not required for the nuclear

localization of AS2.

Signals due to as2-P9S-YFP and as2-A11V-YFP were dis-

persed in the nucleoplasm and no signals were detected in

AS2 bodies (Figure 3b, fourth and fifth rows). These results

suggest an essential role for the proline and alanine resi-

dues adjacent to the cysteine residue in the formation of

AS2 bodies. The replacement of the serine residue at posi-

tion 8 by an alanine residue (as2-S8A) did not affect the

formation of AS2 bodies (Figure 3b, sixth row), suggesting

that the serine residue is not critical for the formation of

AS2 bodies. The partial overlap of AS2 bodies with perinu-

cleolar chromocenters was observed in cells of transgenic

Arabidopsis plants expressing the as2-S8A-YFP (Figure 3b,

sixth row) as well as the wild-type AS2-YFP (Figure 3b, first

row). We confirmed that the fusion proteins described

above remained intact, for the most part, in the respective

transgenic plants (Figure S3). Our observations indicate

that the strongly conserved amino acid residues within the

ZF motif of AS2 and the proline residue at position 9, adja-

cent to the ZF motif, are essential for the formation of AS2

bodies.

In leaf cells, inactive rDNA repeats are condensed into

heterochromatin, are localized to the external region of the

nucleolus, and have loci that are co-incident with chromo-

centers (Pontes et al., 2003, 2007; Pontvianne et al., 2007).

Using the DNA sequence coding for 45S pre-ribosomal

RNA (45S rDNA) of A. thaliana as a probe for fluorescence

in situ hybridization (FISH), we examined the relationship

between the 45S rDNA repeats and the AS2 bodies men-

tioned in earlier sections (Figure 3c, top row). In addition,

we observed chromocenters by DAPI staining. As

described in the Experimental Procedures section, the cells

of the aerial part of a 6-day-old AS2-YFP plant were stained

with anti-green fluorescent protein (GFP) antibodies, which

also recognize YFP, to detect AS2-YFP. Fluorescent signals

from anti-GFP antibody staining were detected in the

nucleoplasm and nuclear bodies, as observed in the case

of AS2 bodies that were detected as fluorescent signals

due to AS2-YFP. The fluorescent signals due to the AS2

bodies overlapped those observed due to the chromocen-

ters (indicated by arrowheads in Figure 3c, top row). Using

FISH staining for 45S rDNA repeats, four fluorescent
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signals (red) were observed, as expected, and at least two

(indicated by arrows) of these four signals were found to

partially overlap the fluorescent signals due to AS2-YFP

that were localized at the perinucleolar regions. We exam-

ined five cells to identify any possible patterns of the fluo-

rescent signals and found these cells to exhibit patterns

similar, in terms of the numbers of YFP and FISH signals,

to those presented in Figure 3(c). When the DNA sequence

for 5S ribosomal RNA was used as a FISH probe for a neg-

ative control, FISH signals at six chromosomal sites were

detected, but no FISH signals were found to overlap with

those due to AS2-YFP (Figure 3c, bottom row). These

results suggest an interaction of AS2-YFP bodies with 45S

rDNA repeats, which might correspond to that of chromo-

some 2 (inactive NOR2) or chromosome 4 (active NOR4)

(Chandrasekhara et al., 2016).

A correlation between the ability of the AS2 protein to

form AS2 bodies and the role of AS2 in leaf development

We examined the ability of the above-described YFP-fused

AS2 derivatives to normalize the abnormal leaf phenotype

of as2-1. We used AS2-YFP as a positive control to judge

how efficiently these derivatives could rescue the as2-1

mutation. In as2-1 plants, the leaf margin is curls down-

ward to a significant extent, as compared with that of wild-

type plants (Semiarti et al., 2001). When exogenous AS2

cDNA is expressed in as2-1 plants, leaves have four distinct

phenotypes: normal (Type I); partially upwardly curled

(Type II); and upwardly curled phenotype (Type III; Iwa-

kawa et al., 2007) in addition to the non-rescued as2-1 phe-

notype. Upward curling is typical, and the extent of curling

corresponds to the level of expression of exogenous AS2

(Nakazawa et al., 2003; Iwakawa et al., 2007; Chen et al.,

2013).

In the present study, we introduced DNA constructs that

encoded YFP-fused AS2 and derivatives of AS2 into as2-1

mutant plants and, for each construct, we selected three to

five independent transgenic lines in which fluorescence

due to YFP was apparent. We used five independent trans-

genic lines that harbored AS2-YFP, and we induced expres-

sion of the gene by germinating seeds and growing plants

on Murashige and Skoog (MS) plates supplemented with

0.5 µM estradiol for 14 days. Figure 4(a) shows the typical

phenotype of one representative transgenic line (#6) that

harbored AS2-YFP, and the leaf phenotypes are classified

as Type I, Type II and Type III, as defined above. Two

(1.7%) of 119 transgenic plants exhibited the wild-type phe-

notype (Type I; Figure 4a,i), eight (6.7%) of 119 plants

exhibited the Type II phenotype, having partially upwardly

curled leaves (Figure 4i), and 56 (47.1%) plants exhibited

the Type III phenotype, having clearly upwardly curled

leaves (Figure 4i). The remaining 53 plants exhibited the

as2-1 phenotype. Therefore, the phenotypes of 55.5% of

the as2-1 transgenic plants might have been the result of

complementation by the wild-type AS2-YFP construct

under our experimental conditions (Figure 4i). The Type III

phenotype might have been generated by overexpression

of AS2-YFP (Iwakawa et al., 2007).

We selected five transgenic lines that harbored as2-ΔN2–

7-YFP. In one representative transgenic line (#3) harboring

as2-ΔN2–7-YFP, 6 of 90 plants (6.6%) exhibited Type II and

Type III phenotypes (Figure 4b,i). We obtained similar

results with three other lines. In one other transgenic line,

no complemented plants were obtained. Therefore, as2-

ΔN2–7-YFP had very weak rescue ability. Clearly, the short

deleted region must be required for full activity of AS2 in

the development of wild-type leaf morphology.

We selected three to five transgenic lines of the other

variants. As shown in Figure 4(d–g), the as2-4CA-YFP, as2-

RRKA-YFP, as2-ΔICG25–80-YFP, and as2-ΔLZL81–109-YFP

transgenes did not rescue the as2-1 mutation: the trans-

genic plants all resembled YFP-transformed as2-1 plants

(Figure 4c,i). Therefore, many amino acid residues in the

ZF motif and the ICG and LZL regions, which are critical for

the formation of AS2 bodies, are required for wild-type leaf

development.

When as2-ΔLZL-NLS-YFP was expressed in plants, 81.8%

of transgenic plants exhibited phenotypes that were similar

to that of as2-1 plants (Figure 4h,i). However, 18.2% of

transgenic plants (16 + 30 = 46 of 253 plants examined in

groups represented by Figure 4h, Type IV) did have abnor-

mal phenotypes that were somewhat different from the

as2-1 phenotypes. These results suggest that this variant

might have a limited capacity to participate in leaf develop-

ment even though it appeared unable to form AS2 bodies.

Western blotting analysis demonstrated that the chi-

meric proteins remained intact, for the most part, in the

transgenic plants (Figure S3). We concluded that the

mutant AS2 proteins that were unable to form AS2 bodies

also failed to rescue the as2-1 mutation. Our observations

(Figures 2 and 4) suggest that the ability of AS2 to form

AS2 bodies is a pre-requisite for the normal development

of leaves but is not, by itself, sufficient.

The behavior of AS2 bodies in cells of leaf primordia

differs from that of AS2 bodies in cultured cells

During the present study, we noticed that the behavior of

AS2 bodies in cells of intact Arabidopsis plants was very

different from that of AS2 bodies in cells of the tobacco

cultured cell line BY-2 (Luo et al., 2012a). The number of

AS2 body-forming cells relative to the total number of YFP-

positive interphase BY-2 cells was very low (4.7%; Luo

et al., 2012a), but the proportion of AS2 body-forming cells

relative to all interphase (or G0 stage) cells in leaf primor-

dia of Arabidopsis plants was very high (Figure 5). More-

over, the pattern of separation of AS2 bodies during the M

phase of the cell cycle in BY-2 cells (Luo et al., 2012a) was

also different from that of separation of AS2 bodies during
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progression of the M phase in leaf primordial cells of Ara-

bidopsis plants (Figure 5). Therefore, we examined

whether a similar difference might be observed between

Arabidopsis plants and the Arabidopsis cultured cell line

MM2d.

We monitored the subcellular localization of signals due

to YFP in cells at interphase and/or the G0 (differentiated)

phase in leaf primordia that harbored XVE-AS2-YFP (Fig-

ure 5a). Nuclei and mitotic chromosomes were visualized

by staining with DAPI. As shown in Figure 5(a) (top), sig-

nals due to YFP were mainly detected in the nucleoplasm

and in AS2 bodies in all YFP-positive cells except one, as

indicated by white arrows. Although AS2 bodies were not

detected in the indicated cell in this optical section, two

AS2 bodies were clearly visible in other optical sections of

the same cell (Figure 5d). In other cells boxed (the upper

panel in Figure 5a), two or three nuclear bodies and single

chromocenters were detected adjacent to nucleoli (see also

the magnified view at the lower panel of Figure 5a). In

addition, at least one of these AS2 bodies was partially

overlapped with the perinucleolar chromocenter also in

these cells of leaf primordia. In all, we examined 148 YFP-

positive cells in leaf primordia and we detected AS2 bodies

in all of the YFP-positive cells at interphase (and/or the G0

stage) in the leaf primordia. The average number of AS2

bodies per YFP-positive cell at interphase (and/or the G0

stage) was calculated as 1.9 (n = 148).

We examined 24 cells that were at the M phase in leaf

primordia (Figure 5b–e). AS2 bodies were found in all the

YFP-positive cells at M phase, and condensed chromo-

somes and sets of separating chromosomes were also

apparent. Most cells at stages from prophase to metaphase

Figure 4. Variant as2 proteins that failed to form

AS2 bodies did not rescue the as2-1 mutation.

Transgenic as2-1 seeds harboring AS2-YFP, as2-

variant-YFPs and YFP, as indicated above the

images, were grown on MS plates supplemented

with 0.5 µM 17b-estradiol under white light for 16 h

and in darkness for 8 h daily, at 22�C, as described

in Experimental Procedures. The gross morphology

of 14-day-old transgenic plants was analyzed and

representative morphology is shown for each trans-

genic line in panels (a–h). On the basis of pheno-

types of transgenic as2-1 plants that harbored AS2-

YFP plants were classified into four types (Types I,

II, III and non-rescued as2-like plants). Panel (i)

shows numbers of plants belonging to five types

(Types I to IV and non-rescued as2-like plants) and

corresponding percentages for YFP signal-positive

plants of individual transgenic lines, as denoted by

a number with # in parenthesis in the left-hand col-

umn. Arrowheads and arrows in panel (a) indicate

partially upwardly curled leaves and upwardly

curled leaves, respectively. Transgenic as2-1 plants

harboring as2-ΔLZL-NLS-YFP [panels (h)] exhibited

an unexpected phenotype (Type IV) in addition to

the non-complemented as2-like phenotype.

Bars, 1 cm.
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contained one or two AS2 bodies (1.5 on average; n = 12;

Figure 5b,c). We observed 12 cells that were progressing

from anaphase to telophase (Figure 5d, e): seven of the 12

cells contained two AS2 bodies, while the remaining five

cells contained one AS2 body each (1.6 on average; n = 12;

Figure 5e, bottom). Therefore, in a slight majority of cells

(7 of 12) after metaphase in leaf primordia, there were two

AS2 bodies, but the intensities of signals from the two AS2

bodies were different (Figure 5d). In addition, bridge-like

structures, which resembled ultra-fine DNA bridges that

are not detected by DAPI staining (Liu et al., 2014; Nielsen

and Hickson, 2016), appeared to link the two AS2 bodies

(indicated by the white arrow in Figure 5e, top). In the

other five above-mentioned cells, with only one AS2 body

each, a faint signal due to YFP was observed as a tail-like

structure (indicated by the asterisk in Figure 5e, bottom).

These observations are suggestive of the possible asym-

metric separation or division of individual AS2 bodies dur-

ing mitosis of primordial cells of leaves.

In BY-2 cells, the proportion of AS2 body-positive inter-

phase cells is very low (3–5%), but all cells at M phase con-

tain AS2 bodies and each AS2 body splits into two bodies

after metaphase and the two bodies are symmetrically dis-

tributed to daughter cells (Luo et al., 2012a). To pursue this

issue, we studied the subcellular localization of AS2-YFP in

the Arabidopsis cultured cell line MM2d (Figures 5f–h,
S4 and Appendix S1). We found that the proportion of AS2

body-containing interphase MM2d cells (3.8%) was similar

to that of the corresponding BY-2 cells and that the distri-

bution of numbers of pairs of AS2 bodies was consistent

during chromosome separation in anaphase–telophase
cells (Figures 5h, S4 and Movie S2), suggesting the non-

random distribution of AS2 bodies, as observed in tobacco

BY-2 cells (Movies S3 and S4). The average number of AS2

bodies in MM2d cells from prophase to metaphase was

1.2. The average number of AS2 bodies in cells during the

progression from anaphase to telophase was 2.3. These

results suggest that the mechanisms involved in the

Figure 5. Subcellular localization of AS2-YFP in interphase and M phase cells in leaf primordia and cultured cell line MM2d.

Expression of AS2-YFP was induced by incubating 7-day-old seedlings of transgenic Arabidopsis plants with 0.05 µM 17b-estradiol for 16 h (see Experimental

Procedures). Seedlings were fixed in 3.7% paraformaldehyde, and chromosomes and nuclei were stained with DAPI. Fluorescence due to DAPI (cyan) and that

due to YFP (yellow) was visualized by confocal fluorescence microscopy. Merged images of fluorescence due to DAPI and YFP are also shown. Stages of inter-

phase (or G0, the differentiated phase) (a) and mitotic phases [panels (b–e)] were defined in terms of patterns of staining with DAPI. Panel (a) (top row) shows

many interphase (or G0) cells and one anaphase cell (indicated by the white arrows) and magnified views of the boxed nuclei are shown in the lower row. Chro-

mocenters and AS2 bodies that partially overlapped one another are indicated by white arrowheads. Images in (b–e) are seven-image stacks from an individual

sample or cell. The white arrow and the asterisk in (e) indicate a bridge-like and a tail-like structures, respectively (see text). The subcellular localization of AS2-

YFP in cells of the MM2d cultured cell line was analyzed similarly, as shown in (f–h). Cells were incubated for 16 h in the presence of 0.05 µM 17b-estradiol and
fixed as described above. Phases of the cell cycle were determined by fluorescence immunostaining of microtubules with antibodies raised in mouse against a-
tubulin from chicken and staining of chromosomal DNA with DAPI. Fluorescence from tubulins, DAPI and YFP was visualized by fluorescence microscopy as

described in Experimental Procedures. Merged images (tubulin, red; DAPI, cyan; YFP, yellow) are shown on the right. Phragmoplast microtubules were

observed between separating chromosomes (h). Numbers on the right represent ratios of AS2-body-containing cells to total YFP-positive cells at each mitotic

phase. Bars, 5 lm.
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formation and maintenance of AS2 bodies during leaf

development might be different from those during pro-

gression of the cell cycle in cultured cells.

AS2 bodies are distinct from Cajal bodies

The shape of AS2 bodies around the nucleolus resembles

that of the perinucleolar bodies known as Cajal bodies

(Gall, 2000; Liu et al., 2009; Ohtani, 2018). To compare

these two types of cell body, we generated transgenic Ara-

bidopsis plants that expressed the AS2-YFP gene and the

chimeric gene U2B"-GFP, in which the coding sequence for

U2B", a marker protein for Cajal bodies, was fused to GFP

DNA (Boudonck et al., 1999; Collier et al., 2006). The sig-

nals due to AS2-YFP did not overlap those due to U2B-GFP

(Figure S5 and Appendix S1). Mitotic Cajal bodies disinte-

grate during early telophase; Cajal bodies are reformed in

daughter cells (Carmo-Fonseca et al., 1993; Ferreira et al.,

1994; Dundr and Misteli, 2010). These observations indi-

cate that AS2 bodies are distinct from Cajal bodies.

DISCUSSION

The ZF motif is essential for the formation of AS2 bodies

and subcellular localization of AS2 appears to be subject

to multiple controls, including transport from the

cytoplasm to the nucleolar periphery

The results of the present study are summarized in Fig-

ure 6. We found that the ZF motif is essential for the forma-

tion of AS2 bodies around the peripheral region of the

nucleolus and, also, for the development of proper leaf

morphology (Figures 2, 3, 4 and 6). The four conserved

cysteine residues, the cluster of basic amino acid residues

(RRK) in the ZF motif, and the proline residue immediately

adjacent to the ZFL motif are required for the formation of

AS2 bodies (Figures 3 and 6). The RRK sequence is found

within proposed nucleolar localization signals (NOLSs;

Song and Wu, 2005; Musinova et al., 2011; de Melo et al.,

2013; Earley et al., 2015), and it is likely that this cluster

participates in the perinucleolar localization of AS2. AS2

bodies also overlapped, to some extent, the chromocenters

at the periphery of nucleoli (Figures 2, 3 and 5a). In leaf

cells, inactive rDNA repeats are condensed as heterochro-

matin, are found outside the nucleolus, and are co-incident

with chromocenters (Pontes et al., 2003, 2007; Pontvianne

et al., 2007). In addition, AS2 bodies were found to overlap

with perinucleolar rDNA repeats (Figure 3c), suggesting

the interaction of these bodies with the rDNA repeats.

It was apparent that the ZF motif is not involved in the

nuclear localization of AS2 since fluorescent signals due to

YFP-fused as2-ΔNΔZF2-24 and to fused derivatives with

point mutations in this motif were localized in the nucleus

(Figures 2 and 6; Luo et al., 2012b). Both the ICG and LZL

regions, encompassing 85 amino acid residues, are

responsible for the nuclear localization of AS2: the mutant

derivative of AS2 lacking either the ICG or the LZL region

failed to appear in the nucleus (Figures 2 and 6). The

absence of an obvious NLS sequence in both of these

regions suggests the involvement of some unidentified

mechanism(s) in the nuclear localization of AS2. The

mutant protein lacking the ICG region was found exclu-

sively in the cytoplasm. Therefore, the LZL region and/or

the ZF motif might encode a signal(s) for retention of AS2

in the cytoplasm and the ICG region might mask the capac-

ity for the cytoplasmic retention of wild-type AS2, allowing

its nuclear localization. The nuclear transfer of AS2 protein

as a consequence of protein modification, such as phos-

phorylation of the serine residue at position 8 (Table S1), is

one conceivable mechanism. However, since the as2-S8A

variant retained the ability to form AS2 bodies, a role for

phosphorylation of AS2 in its function remains to be

demonstrated. The presence of a leucine-rich sequence

that is somewhat similar to a nuclear exporting signal

(NES) (Iwakawa et al., 2002) might explain the export of

nuclear AS2 protein to the cytoplasm. Ye et al. (2015)

reported that AS2 was exported to the cytoplasm via the

action of the geminivirus-encoded nuclear shuttle protein.

Therefore, the AS2 protein might be subject to multiple

subcellular localization controls, depending on its interac-

tions with other proteins. The pattern of formation of AS2

bodies in leaf primordia was distinct from that of the for-

mation of AS2 bodies in cultured cells (Figure 5), an obser-

vation that suggests that the formation of AS2 bodies is

developmentally modulated in the intact plant.

Importance of AS2 bodies in the normal development of

leaves

Our observation that as2 derivatives that do not form AS2

bodies fail to rescue the as2-1 phenotype (Figure 4i) sug-

gests that the formation of AS2 bodies is a pre-requisite

for the normal development of leaves. The observation

that as2-ΔN2-7-YFP formed AS2 bodies in all cells but had

only limited ability with respect to rescue of the as2-1 phe-

notype (Figure 4b,i) suggests, however, that the formation

of AS2 bodies is, by itself, insufficient for the normal devel-

opment of leaves.

AS2 bodies might be related to epigenetic repression of

the target ETT/ARF3 gene and NUC1 might be involved in

their formation

As discussed above, expression of the ETT/ARF3 gene is

influenced by factors that are found in the nucleolus. For

example, the AS2–AS1 complex binds directly to the

upstream region of the leaf abaxial gene ETT/ARF3 to

repress its transcription (Iwasaki et al., 2013; Takahashi

et al., 2013). Such transcriptional repression is further

reduced by mutations in various genes for nucleolus-lo-

calized proteins, such as NUCLEOLIN1 (NUC1) and RNA-

HELICASE10 (RH10), which are involved in the biogenesis
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of ribosomal RNAs and the formation of nucleoli with

normal morphology (Pontvianne et al., 2007; Matsumura

et al., 2016). In eukaryotes, nucleolin is one of the major

non-ribosomal proteins in the nucleolus (Ginistry et al.,

1999) and part of the small subunit processome (SSUP)

complex that mediates ribosome biogenesis (Phipps

et al., 2011; You et al., 2015). Similarly, in Arabidopsis, it

is proposed that two orthologs of nucleolin, NUC1 and

NUC2, are also abundant nucleolar proteins (Durut et al.,

2014) and might act as components of the putative

SSUP-like complex (Matsumura et al., 2016). In this con-

text, it is worth noting that NUC1, as well as the AS2–
AS1 complex, is involved in maintaining methylated CpG

dinucleotides in exon 6 in the target ETT/ARF3 gene (Vial-

Pradel et al., 2018). Such methylation depends on the

activity of MET1, which is an Arabidopsis homolog of the

vertebrate Dnmt1 methyltransferase that mediates mainte-

nance of CpG methylation during DNA replication (Long

et al., 2013; Iwasaki et al., 2013; Vial-Pradel et al., 2018).

Since the ZF motif, required for the formation of AS2

bodies in the peripheral region of the nucleolus, is essen-

tial for binding to a specific CpG cluster within exon 1 in

ETT/ARF3 (Vial-Pradel et al., 2018), binding of AS2 to

DNA might be part of the process of formation of AS2

bodies. Therefore, it is plausible that AS2 bodies might

play a role in epigenetic repression of the expression of

the target gene ETT/ARF3, which is expressed and func-

tions only at the early stages of leaf development. The

binding of AS2 to exon 1 of the ETT/ARF3 gene and its

relationship to maintenance of methylated CpG

sequences in exon 6 remain to be investigated.

Perinucleolar regions might provide the molecular archi-

tecture, such as nucleolar-associated domains (NADs;

Padeken and Heun, 2014), that function in the regulation of

gene transcription. In Arabidopsis, most 45S rDNA loci and

transposable elements are condensed as heterochromatin

at the periphery of the nucleolus in NADs (Neum€uller

et al., 2013; Pontvianne et al., 2016). MET1, NUC1, and HIS-

TONE-DEACETYLASE6 (HDA6) are localized at the periph-

ery of the nucleolus, being responsible for repression of

the expression of rDNA in the corresponding perinucleolar

compartment (Pontvianne et al., 2007, 2010, 2013). AS1

and AS2 are also associated with HDA6 (Luo et al., 2012b),

which interacts physically and genetically with MET1 (To

et al., 2011; Liu et al., 2012). The above observations sug-

gest that AS2–AS1 might interact with these putative epi-

genetic factors in peripheral regions of the nucleolus to

control the expression of ETT/ARF3.

NUC1 is involved in the spatial organization of chromo-

somes, telomere nucleolar clustering (Pontvianne et al.,

2016; Picart and Pontvianne, 2017), and maintenance of the

repressive states of rRNA gene loci (Pontvianne et al.,

2010). We suggest a role of NUC1 in the development of

flat, symmetric leaves and the involvement of a co-opera-

tive action between AS2–AS1 and NUC1 in the repression

of the target gene ETT/ARF3, which triggers the develop-

ment of the adaxial domain of leaves (Matsumura et al.,

2016). The molecular mechanism behind the co-operative

action between these proteins leading to leaf development

has yet to be demonstrated. The results of our analyses

show that the number of AS2 bodies increased in nuc1-1

mutants, and some AS2 bodies did not co-localize with the

perinucleolar chromocenters (Figure S6 and Appendix S1),

indicating that NUC1 might be involved in the formation

and/or maintenance of AS2 bodies. Pontvianne et al. (2007)

showed that, in the nuc1-1 mutant, chromocenters co-lo-

calize with decondensed (compared with wild-type) NORs.

Taken together with this observation, our results imply that

the decondensation of NORs might alter distribution pat-

terns of AS2 bodies in nuc1-1 mutants. Further molecular

Figure 6. Summary of the association of mutations

in the AS2/LOB domain with the ability to form AS2

bodies and the results of complementation tests

with the AS2 variants used in the present study.

Amino acid residues indicated in red were tested

for their importance in the formation of AS2 bodies

and development of normal leaf morphology, such

as establishment of adaxial–abaxial polarity and

development of proximal–distal polarity. Under-

lined residues are conserved in many ASL mem-

bers of the AS2/LOB family (see Table S1) and were

required for the formation of AS2 bodies and the

functions of AS2 in leaf formation.
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analyses are required to clearly elucidate the relationship

between NUC1 and AS2 bodies.

Distribution of AS2 bodies to daughter cells during

mitosis in leaf primordia is different from that of AS2

bodies during mitosis in cultured cell lines

AS2 bodies were distributed to daughter cells during pro-

gression of the M phase from anaphase to telophase both

in cultured cell lines and in leaf primordia (Figure 5 and

Movies S2–S4; Luo et al., 2012a). However, the details of

the distribution of AS2 bodies in leaf primordia differed

from those of the distribution of AS2 bodies in cultured

cells. In both Arabidopsis and tobacco cultured cells, indi-

vidual AS2 bodies split into two bodies, which segregate

into two daughter cells (Figure 5 and Movies S2–S4; Luo
et al., 2012a), suggesting the operation of a nonrandom

mechanism for the separation of AS2 bodies in cultured

cell lines. By contrast, such division of AS2 bodies was not

clearly apparent in 40% of leaf primordial cells after meta-

phase and the AS2 bodies were distributed asymmetrically

to daughter cells (Figure 5). Regardless of cell type, the

separating AS2 bodies appeared to be physically associ-

ated, somehow, with the separating chromosomes,

although no close co-localization of signals due to YFP and

of signals due to DAPI was observed (Figure 5). Signals

derived from GFP-fused RS2 (a maize homolog of AS1)

strongly overlapped the separating chromosomes after

metaphase in root epidermal cells of maize (Theodoris

et al., 2003). The asymmetric mode of distribution of AS2

bodies in leaf primordial cells might reflect the distinct

developmental states of two daughter chromosomes in

dividing cells in leaf primordia. The role of the unequal dis-

tribution of AS2 bodies in leaf development merits further

investigation.

Relationship between AS2 bodies and other nuclear

bodies

We have shown that AS2 bodies are distinct from Cajal

bodies (Figure S5), and finally, will compare with other

known nuclear bodies.

Dicer-like 1 (DCL1), which are involved in the biogenesis

of miRNAs in Arabidopsis, form nuclear bodies that have

been referred to as dicing bodies (D-bodies; Fujioka et al.,

2007; Fang and Spector, 2007). Some D-bodies (c. 60%) are

found close to the nucleolus, but they do not merge with it

(Fang and Spector, 2007; Fujioka et al., 2007; Yu et at.,

2017). All the AS2 bodies that we observed were, by con-

trast, localized adjacent to contact with and sometimes

slightly inside the nucleolus (Figures 2, 3b and 5a and

Movie S1). The number of D-bodies is variable (zero to

four) in cells of Arabidopsis (Fang and Spector, 2007; Song

et al., 2007; Li et al., 2016; Yu et al., 2017). In the present

study, our results showed that the number of AS2 bodies

in cells of Arabidopsis was smaller and constant (one to

two).

The AtMORC4 and AtMORC7 proteins of Arabidopsis are

found as nuclear bodies adjacent to chromocenters in per-

inucleolar regions but they do not overlap the chromocen-

ters (Harris et al., 2016). By contrast, at least one AS2 body

partially overlapped the chromocenters in the cells that we

examined, and sometimes some AS2 was detected inside

the nucleolus. Moreover, global analyses of patterns of

gene expression downstream of AS2 and AtMORC4/

AtMORC7 showed that these two proteins regulate differ-

ent sets of genes (Takahashi et al., 2013; Harris et al.,

2016). For example, AS2 directly represses transcription of

class 1 KNOX genes (Guo et al., 2008) and ETT/ARF3 (Iwa-

saki et al., 2013; see also Introduction). These genes are,

however, not regulated downstream of AtMORC4/

AtMORC7 (Harris et al., 2016). These data suggest that AS2

bodies are distinct from D-bodies and AtMORC-related

bodies. Although GDS1 (growth, development and splicing

1), another ZF finger protein of Arabidopsis, also forms

nuclear speckles (Kim et al., 2016), the pattern of these

speckles is different from that of AS2 bodies.

Therefore, AS2 bodies are distinct from other nuclear

bodies and the co-ordinated roles of all these distinct enti-

ties require further detail analyses.

EXPERIMENTAL PROCEDURES

Plant materials and growth conditions

Arabidopsis thaliana ecotype Col-0 and the as2-1 and as1-1
mutants have been described previously (Semiarti et al., 2001).
We performed three outcrosses of as2-1 and as1-1, separately,
with Col-0 and used the progeny for our experiments (Kojima
et al., 2011). Seeds were sown on a 1-cm-thick layer of Golden
peat (Sakata, Yokohama, Japan) spread over a mixture (1:1; v/v) of
vermiculite and peat moss or on gellan gum-solidified MS med-
ium. After 2 days at 4°C in darkness, plants were transferred to a
regimen of white light at 50 lmol m�2 sec�1 for 16 h and darkness
for 8 h daily at 22°C, as described previously (Semiarti et al.,
2001). Ages of plants are given in terms of numbers of days after
sowing. Arabidopsis seeds containing U2B-GFP were kindly pro-
vided by Peter J. Shaw of the John Innes Centre (Norwich, UK;
Collier et al., 2006).

Chemicals

406-Diamidino-2-phenylindole (DAPI) and 17b-estradiol were pur-
chased from Sigma (St. Louis, MO, USA). These chemicals were
prepared as a 20 mM stock solution in dimethyl sulfoxide (DMSO)
and a 20 mg/ml stock solution in distilled water, respectively.
Solutions were stored at �20°C and 4°C, respectively, in darkness.

Construction of AS2-fused YFP DNA and as2 variant DNAs

Full-length AS2 cDNA and truncated fragments of this cDNA were
amplified by PCR with appropriate pairs of primers (Table S2).
Point mutations were introduced by site-directed mutagenesis
with the QuikChange Kit (Agilent Technologies, Santa Clara, CA,
USA) with appropriate sets of primers for PCR (Table S2).
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Plasmids for expression of YFP-fused AS2 and its variant proteins
were made by cloning cDNA fragments into the YFP fusion vector
pEYFP (Clontech, Mountain View, CA, USA). Accurate generation
of all constructs was confirmed by sequencing. The resulting AS2-
EYFP (EYFP is referred to herein as YFP) and as2-variant-YFP
cDNA fragments were subcloned into the binary vector pER8 (Zuo
et al., 2000) and introduced into cells of Agrobacterium tumefa-
ciens (GV3101).

Plant transformation and selection of transgenic plants

To introduce AS2-YFP and as2-variant-YFPs into A. thaliana (Col-
0), as2-1 and as1-1 plants, we used the floral-dip method for
Agrobacterium-mediated transformation (Clough and Bent,
1998). T1 seeds were grown on gellan gum-solidified (0.2%)
plates of MS medium supplemented with carbenicillin (300 µg/
ml) and hygromycin (15 µg/ml). Hygromycin-resistant T1 seed-
lings, 7 days after antibiotic selection, were picked out, trans-
ferred to MS plates supplemented with 17b-estradiol (0.05 µM)
and incubated for 16 h. Roots were non-destructively monitored
for YFP fluorescence under a stereofluorescence microscope.
YFP fluorescence-positive T1 plants were transplanted to soil
and cultivated for production of T2 seeds. For complementation
tests of the ability of wild-type AS2-YFP and as2-variant-YFPs to
rescue the as2-1 mutant phenotype, we established three to five
transgenic plant lines that expressed AS2-YFP and each as2-vari-
ant-YFP.

Observation of fluorescence

To examine the formation of AS2 bodies, we established three to
five lines of transgenic Arabidopsis plants for analysis of the sub-
cellular localization of AS2-YFP and as2-variant-YFPs. Patterns of
fluorescence due to YFP and 4,6-diamidino-2-phenylindole (DAPI)
were analyzed in 4 to 75 cells of each line of transgenic plants
after induction of expression of transgenes. For DAPI staining,
Arabidopsis cotyledons and shoot apices containing leaf primor-
dia were separated, incubated in 3.7% paraformaldehyde for
30 min and stained with 0.2 µg/ml DAPI. For DAPI staining of cul-
tured MM2d and BY-2 cells, cells were fixed in 3.7% paraformalde-
hyde in phosphate-buffered saline (PBS; pH 7.2) for 14 min and
stained with 0.2 µg/ml DAPI. Images were recorded by confocal
laser scanning fluorescence microscopy with a 940 magnifica-
tion 1.3 NA plan apochromat oil immersion objective (FV1000 con-
focal laser scanning fluorescence microscope; OLYMPUS,
Tokyo, Japan).

Immunostaining and FISH analysis

Six-day-old Arabidopsis seedlings from AS2-YFP plants were
fixed for 15 min at 25°C in 4% formaldehyde in PBS after the
induction of gene expression with 0.05 µM 17b-estradiol for 16 h.
After incubation for 10 min in the presence of 200 mM glycine
and washing with PBS for 10 min, whole aerial parts of seed-
lings were minced in lysis solution (15 mM Tris–HCl pH 7.5, 2 mM

EDTA, 0.5 mM spermine–4HCl, 80 mM KCl, 20 mM NaCl, and 0.1%
Triton X-100) using a razor blade. The homogenate was sus-
pended in four volumes of nuclei suspension solution (100 mM

Tris–HCl pH 7.5, 50 mM KCl, 2 mM MgCl2, 5% sucrose, and 0.05%
Tween 20) and filtered through 30-µm nylon mesh to isolate the
nuclei. The nuclei suspension was placed on a glass microscope
slide and air dried. Immunostaining with anti-GFP (ab290;
Abcam, Cambridge, UK), which also recognizes YFP, and Alexa-
Fluor-488-conjugated anti-rabbit antibody (A21206; Thermo
Fisher Scientific, Waltham, MA, USA) as a primary and sec-
ondary antibody, respectively, was used to detect AS2-YFP

signals. DNA-FISH was performed as described previously (Kurita
et al., 2019) following the detection of immunostaining signals.
Probes recognizing 45S rDNA and 5S rDNA were synthesized by
nick translation using DIG-Nick Translation Mix (Roche, https://
www.roche.com/). The primers for the probe synthesis are listed
in Table S2. The DIG-labeled probes were visualized using anti-
DIG-rhodamine Fab fragments (Roche). The analysis of fluores-
cence signals was performed using a confocal fluorescence
microscope (Olympus FV1200). Images were captured separately
for each fluorochrome using appropriate excitation and emission
filters and merged using IMAGEJ software. Details are described
in Methods S1.

Complementation analysis

Transgenic as2-1 plant lines harboring AS2-YFP and as2-variant-
YFPs, which had been established as described above, were
grown on MS plates supplemented with 0.5 µM estradiol under
white light for 16 h and in darkness for 8 h daily, at 22�C. The
gross morphology of 14-day-old transgenic plants was recorded.

Culture and transformation of Arabidopsis cultured cells

Arabidopsis cultured MM2d cells were maintained in suspension
at 26�C in darkness, with weekly subculturing, in modified Lins-
maier and Skoog medium (LS medium; Banno et al., 1993). For
transformation of MM2d cells, we used Agrobacterium EHA105
that harbored the above-mentioned binary vector constructs that
included AS2-YFP or as2-variant-YFP cDNA. Details of transforma-
tion of MM2d cells are described in Methods S1.

Induction of expression of transgenes in cultured cell lines

For induction of gene expression in cultured MM2d and BY-2 cells,
independent transformants were separately subcultured in liquid
LS medium that contained 0.05 µM 17b-estradiol for 16 h at 26°C
in darkness. Several lines expressing specific YFP fusion con-
structs were selected and analyzed.

Immunofluorescence analysis of MM2d cells

MM2d cells were fixed in 3.7% paraformaldehyde in PBS (pH 7.2)
for 15 min. Cells were collected by gravity sedimentation. Fixed
cells were washed four times in PBS that contained 0.02% Tween
20 (PBS-T). Cell walls were digested in a solution of 0.5% cellulase
Onozuka R-10 (Yakult Pharmaceutical Industry, Tokyo, Japan),
0.05% pectolyase Y-23 (Kyowa Chemical Products, Osaka, Japan),
0.25 M mannitol, and 1 mM phenylmethylsulfonyl fluoride (pH 5.5)
at 30°C for 3 min. After two washes in PBS-T, cells were permeabi-
lized by a 15-min incubation with PBS-T that contained 0.5% Tri-
ton X-100. After two washes in PBS-T and one wash in PBS-T that
contained 1% BSA (PBS-TB), cells were incubated with a 1:2000
dilution of mouse antibodies against chicken a-tubulin (DM1A;
Sigma) in PBS-TB overnight at 4�C. After two more washes with
PBS-T and one in PBS-TB, cells were incubated with a 1:1000 dilu-
tion of tetramethylrhodamine isothiocyanate-conjugated antibod-
ies raised in goat against mouse IgG (Life Technologies, Eugene,
OR, USA) at room temperature for 1 h. Cells were washed once in
PBS-T that contained 0.2 µg/ml DAPI and twice in PBS-T. The sus-
pension of cells was then mixed with an equal volume of mount-
ing buffer (20 mM Na2HPO4, 150 mM NaCl, and 50% glycerol) and
stored at 4�C until used for observations.

Fluorescence images were captured with a fluorescence micro-
scope (AxioImager2; Carl Zeiss, Oberkochen, Germany) equipped
with a high-end charge coupled device (CCD) camera system
(Axiocam 503 mono; Carl Zeiss).
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