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A nucleostemin-like GTPase required for normal 
apical and floral meristem development in 
Arabidopsis
Xiaomin Wang, Daniel K. Gingrich, Yunfei Deng, and Zonglie Hong
Department of Plant, Soil, and Entomological Sciences and Program of Microbiology, Molecular Biology and 
Biochemistry, University of Idaho, Moscow, ID 83844

ABSTRACT Mammalian nucleostemin (NS) is preferentially expressed in stem cells and acts 
to promote cell cycle progression. In plants, stem cell activities have to be terminated during 
flower development, and this process requires the activation of AGAMOUS (AG) gene ex-
pression. Here, a nucleostemin-like 1 gene, NSN1, is shown to be required for flower devel-
opment in Arabidopsis. The NSN1 mRNA was found in the inflorescence meristem and floral 
primordia, and its protein was localized to the nucleoli. Both heterozygous and homozygous 
plants developed defective flowers on inflorescences that were eventually terminated by the 
formation of carpelloid flowers. Overexpression of NSN1 resulted in loss of apical dominance 
and formation of defective flowers. Expression of the AG gene was found to be up-regulated 
in nsn1. The carpelloid flower defect of nsn1 was suppressed by the ag mutation in the nsn1 
ag double mutant, whereas double mutants of nsn1 apetala2 (ap2) displayed enhanced de-
fective floral phenotypes. These results suggest that in the delicately balanced regulatory 
network, NSN1 acts to repress AG and plays an additive role with AP2 in floral organ specifi-
cation. As a midsize nucleolar GTPase, NSN1 represents a new class of regulatory proteins 
required for flower development in Arabidopsis.

INTRODUCTION
Mammalian nucleostemin (NS) was first discovered in a subtractive 
screen between embryonic stem cells and differentiated tissue cul-
tures (Tsai and McKay, 2002). It is expressed preferentially in embry-
onic and adult stem cells, as well as in several cancer cell lines (Tsai 
and McKay, 2002; Fan et al., 2006; Han et al., 2005). Depletion or 
overexpression of NS in cultured stem cells impairs cell proliferation, 
suggesting that it may regulate cell cycle progression (Tsai and 
McKay, 2002). Targeted deletion of NS in a mutant mouse line re-
sults in developmental arrest at the implantation stage, suggesting 
that NS is required for early embryogenesis (Beekman et al., 2006; 
Zhu et al., 2006).

Animal NS is a midsize (538 amino acids) GTPase localized to the 
nucleoli and may shuttle rapidly between the nucleolus and nucleo-
plasm (Tsai and McKay, 2002, 2005). GTP binding is required for its 
nucleolar localization, as deletion of the GTP-binding domain of NS 
results in accumulation of the protein in the nucleoplasm (Tsai and 
McKay, 2005). One of the major functions of the nucleoli is rRNA 
transcription and ribosome assembly (Politz et al., 2005). NS is found 
in the rRNA-free sites within the nucleolar granular component, sug-
gesting that NS serves a function other than ribosome assembly 
(Politz et al., 2005; Romanova et al., 2009). The unique ability of NS 
in the regulation of cell cycle progression and stem cell proliferation 
has been linked both directly and indirectly to p53, MDM2, ribo-
somal protein RSL1D1, and telomeric repeat–binding factor TRF1 
(Beekman et al., 2006; Zhu et al., 2006; Ma and Pederson, 2007; Dai 
et al., 2008; Jafarnejad et al., 2008). Mammalian NS has also been 
shown to play a critical role in pre-rRNA processing. Purified NS ex-
ists in a large complex that contains three nucleolar proteins in-
volved in pre-rRNA processing (Romanova et al., 2009). Retention of 
these proteins in the nucleoli is dependent on the presence of 
NS. The processing of pre-rRNA into 28S rRNA is delayed by the 
knockdown of NS and promoted by the overexpression of NS. This 
biochemical evidence demonstrates a role of NS in ribosome 
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identity with NSN1, suggesting that NSN1 is a unique gene. 
At1g52980, referred to as AtNGP1, represents an uncharacterized 
paralogue of NSN1 in Arabidopsis. Both NSN1 and NGP1 proteins 
belong to a new GTPase family with a signature MMR/HSR1 domain 
(Daigle et al., 2002). This GTPase family is conserved in organisms 
ranging from Archaea to vertebrates (Reynaud et al., 2005; Meng 
et al., 2007) and can be grouped into at least four subfamilies 
(Figure 1C). The human and mouse genomes contain three mem-
bers for each genome—NS, GNL3L, and NGP1—whereas Arabi-
dopsis and rice have two members—NSN1 and NGP1—per ge-
nome. Dictyostelium, on the other hand, has only one NSN1 
member.

Loss-of-function mutants
To investigate the function of NSN1, we characterized two Arabi-
dopsis mutants nsn1-1 and nsn1-2, the former having T-DNA in-
serted in the eighth intron and the latter containing a transposon in 
the second exon (Figure 2A). The two mutant lines had indistin-
guishable growth and reproduction phenotypes (Supplemental 
Figure S2), suggesting that the defects observed are caused by mu-
tations of the same locus, At3g07050. Further molecular character-
ization was conducted in nsn1-1 unless indicated otherwise. T-DNA 
insertion in the NSN1 gene was confirmed by genomic PCR (Sup-
plemental Figure S3), and the knockout of NSN1 gene expression in 
homozygous lines was verified by reverse transcriptase (RT)-PCR 
(Figure 1B). This analysis suggests that nsn1-1 is a null mutation. The 
mutant exhibited pleiotropic defects in growth and development, 
with the most striking phenotypes in the formation of defective 
flowers and siliques (see later discussion).

Termination of inflorescence meristem and homeotic 
floral organ transformation
We characterized both heterozygous (nsn1/+) and homozygous 
nsn1 plants because they showed different degrees of defects in 
seedling growth and reproductive fertility. Both heterozygous and 
homozygous plants had highly reduced self-fertility, and the latter 
phenotype was much more severe (Figure 2C and Supplemental 
Figure S2C). Heterozygous nsn1/+ plants were comparable to the 
wild type in vegetative growth but developed defective flowers and 
produced short siliques. The main and branch inflorescence mer-
istems in nsn1/+ were also characteristically transformed into deter-
minate apexes by developing a terminal carpelloid flower on each 
apex. A typical terminal carpelloid flower of nsn1/+ exhibited a 
complete absence of petals in whorl 2 and contained a reduced 
number of deformed stamens in whorl 3 (Figure 2, G and H). Both 
heterozygous and homozygous nsn1 plants produced carpelloid 
flowers that were characterized by the homeotic transformation of 
sepals in whorl 1 into carpelloid sepals (Figure 2, H and I). Carpelloid 
flowers were also produced at various flower positions of the upper 
inflorescences of nsn1-1 plants (Supplemental Figure S5). The pistil 
of nsn1/+ carpelloid flowers morphologically resembled that of the 
control flowers, except that the two carpels often became dehiscent 
and contained aberrant ovule-like and stamen-like structures inside 
the locule. Homozygous nsn1 plants exhibited much more severe 
flower defects. The flowers lacked floral organs of whorls 2 and 3 
and instead developed stigma-like, style-like, and ovule-like struc-
tures (Figure 2I). Homozygous nsn1 plants also had severe develop-
mental defects in shoot apex (Figure 2F). The transformation of an 
inflorescence meristem to a terminal floral primordium took place in 
40- to 45-d-old nsn1 plants. In wild-type (WT) plants, the inflores-
cence meristems stop to develop floral organs when they are ∼50 d 
old (Figure 2, F and G). This supports that NSN1 is required for the 

biogenesis and is consistent with data obtained in yeast and nema-
tode (Du et al., 2006; Kudron and Reinke, 2008). Thus, at the mo-
lecular level, NS appears to have multiple biochemical roles.

Pattern formation during flower development has been well 
studied in the last two decades. Most of the homeotic genes identi-
fied so far encode DNA-binding transcription factors. AGAMOUS 
(AG), encoding a MADS domain–containing transcription factor, 
commences to express at the central part of stage 3 flower primor-
dia and is accumulated in whorls 3 and 4 in older floral primordia 
(Yanofsky et al., 1990; Bowman et al., 1991). AG functions to specify 
the stamen and carpel identities and controls floral meristem deter-
minacy (Mizukami and Ma, 1997; Lohmann et al., 2001; Sun et al., 
2009). In ag-1, stamens and carpels are replaced by a new flower 
that only has sepals and petal (Bowman et al., 1989). When AG is 
overexpressed, inflorescence meristem becomes determinate and 
produces terminal flowers (Mizukami and Ma, 1992, 1997). HUA1, 
HUA2, HUA1 ENHANCER 1 (HEN1), and HUA2 ENHANCER2 
(HEN2) are components of the AG pathway. Among them, HUA2 
and HEN1 play important roles in specifying stamen and carpel 
identity (Chen and Meyerowitz, 1999; Chen et al., 2002). APELATA2 
(AP2), encoding a transcription factor that does not contain a MADS 
box, acts to specify the identity of whorl 1 and 2 floral organs 
(Jofuku et al., 1994). In ap2 mutants, sepals are transformed into 
carpelloid structures (Bowman et al., 1991). AP2 and AG reciprocally 
repress gene expression of each other (Bowman et al., 1991; Drews 
et al., 1991).

Regulation of AG transcription requires sequences located in its 
3-kb second intron, which serves as a binding site for positive and 
negative regulators (Sieburth and Meyerowitz, 1997; Busch et al., 
1999). As positive regulators, WUSCHEL (WUS) and LEAFY (LFY) 
bind to this regulatory intron sequence and activate AG gene ex-
pression (Lenhard et al., 2001; Lohmann et al., 2001). Negative 
regulators, including AP2, LEUNIG (LUG), SEU (SEUSS), BELL-
RINGER (BLR), and PERIANTHIA (PAN), are also known to regulate 
AG via this intron sequence (Liu and Meyerowitz, 1995; Deyholos 
and Sieburth, 2000; Franks et al., 2002; Bao et al., 2004; Sridhar 
et al., 2004; Das et al., 2009).

We were interested in understanding a potential role of NS ho-
mologues in plants. In this study, we identified a nucleostemin-like 1 
(NSN1) gene in Arabidopsis and characterized a knockout mutant of 
this gene (nsn1-1). As a nucleolar GTPase, NSN1 represents a new 
class of proteins that play a critical role in controlling floral identity 
and maintenance of inflorescence meristem. At the genetic level, 
NSN1 acts as an AG repressor and is required for the maintenance 
of inflorescence meristem identity and flower development in 
Arabidopsis.

RESULTS
A midsize GTPase with homology to animal nucleostemins
In a search for GTP-binding proteins that may play a role in cell divi-
sion control, we cloned the Arabidopsis NSN1 (At3g07050) cDNA. 
The deduced NSN1 polypeptide, consisting of 582 amino acid resi-
dues with calculated molecular mass of 65.8 kDa (Figure 1A), con-
tains multiple functional motifs, including five potential nuclear lo-
calization signals, a basic domain, a coiled-coil domain, a 
GTP-binding region, an RNA-binding domain, and an acidic domain 
(Figure 1B). The conserved GTP-binding motifs are arranged in a 
circularly permutated order (G5-G4-G1-G2-G3; Daigle et al., 2002). 
NSN1 shares 30 and 31% amino acid sequence identity with human 
NS and GNL3L, respectively, but is less homologous to human 
NGP1 (25% identity; Supplemental Figure S1). In Arabidopsis, the 
most closely related protein, At1g52980, has only 25% sequence 
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nsn1 plants (see later discussion) and were fully restored to those 
of the WT control (Figure 3, A–C). Flower morphology and silique 
length of NSN1C were indistinguishable from the WT. In opened 
siliques of heterozygote nsn1/+, there were frequent unfertilized 
ovules, arrested embryos, and aborted seeds, which were not ob-
served in NSN1C siliques (Figure 3C). On average, an nsn1 silique 
contained only 6.4 ± 3.8 seeds (n = 10 siliques), whereas WT and 
NSN1C produced 60.6 ± 1.7 and 64.4 ± 7.9 seeds per silique, re-
spectively. This complementation test demonstrated that 1 of the 
19 genes in the JAtY64G16 TAC clone is responsible for the ob-
served floral and fertility phenotypes. When the complementa-
tion result was combined with the observation that two indepen-
dent mutant alleles of nsn1 (i.e., nsn1-1 and nsn1-2; see 
Supplemental Figure S2) exhibited identical growth and repro-
duction phenotypes, we concluded that the defective pheno-
types of nsn1 plants are caused by the mutation at the NSN1 
locus (At3g07050).

maintenance of inflorescence meristem. Scanning electronic micros-
copy revealed that the inflorescence meristem dome of nsn1 was 
smaller than that of WT plants at young stages (20 d old; Supple-
mental Figure S6). Taken together, these data suggest that the loss 
of function of NSN1 results in an increase in the chance of changing 
earlier cell fate of inflorescence meristem and floral meristem from 
indeterminate to determinate.

Complementation of nsn1
To confirm that the phenotypes of nsn1 were caused by a muta-
tion in the NSN1 locus, we transformed the heterozygous nsn1-
1/+ plants with JAtY64G16, a TAC clone containing At3g07050 
and 18 other putative genes. After genome typing, T2 plants car-
rying JAtY64G16 in the homozygous nsn1 genomic background 
were maintained. Their T3 progeny (NSN1C) were scored pheno-
typically for complementation. Reproductive phenotypes of 
NSN1C were significantly different from those of the heterozygote 

FIGURE 1: Functional motifs and phylogenetic tree of Arabidopsis nsn1. (A) Amino acid sequence of NSN1 
(At3g07050). Blue, basic domain (basic); blue underline, coiled-coil domain (CC); yellow boxes, nuclear localization 
signals (NLS); green boxes, GTP-binding motifs (G1–G5); dashed underline, RNA-binding domain (RBD); red, acidic 
domain (acidic). (B) Comparison of Arabidopsis NSN1 with human NS. The GTP-binding motifs (G1–G5) in NSN1 are 
arranged in a circularly permuted manner known as the MMR/HSR1 domain. Five NLS motifs are indicated by asterisks. 
Shaded areas correspond to the structural domains indicated in A. (C) Phylogenetic tree of NSN1 homologues. Human 
and mouse contains three NS-related genes (NS, GNL3L, and NGP1), whereas Arabidopsis and rice have two (NSN1 
and NGP1). The amoeba Dictyostelium has only one NSN1 gene. Peptide sequences used for phylogenetic analysis 
include At3g07050 (AtNSN1), At1g52980 (AtNGP1), Os01g0375000 (rice NSN1), Os03g0352400 (rice NGP1), 
AAV74413 (human NS), AAH11720 (human GNL3L), Q13823 (human NGP1), AAO19472 (mouse NS), NP_932778 
(mouse GNL3L), NP_663527 (mouse NGP1), Q8MT06 (Drosophila NGL3L), EAL25205 (Drosophila NGP1), and Q54KS4 
(amoeba NSN1). Bootstrap values from 1000 trials are displayed on nodes.
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localization signal, whereas the GTP-binding domain is required for 
efficient retention of the protein in the nucleoli (Meng et al., 2007). 
It is not known whether the N-terminal KRD of NSN1 is responsible 
for its nucleolar targeting.

Expression in the inflorescence and floral meristems
We measured the expression of NSN1 mRNA in different tissues of 
Arabidopsis plants by RT-PCR and found that its expression was 
highly concentrated in apical meristem and developing flowers and 

Localization in the nucleoli
We expressed a green fluorescent protein (GFP)–tagged NSN1 in 
tobacco BY-2 cells and in transgenic Arabidopsis plants. NSN1 was 
localized to the nucleoli in BY-2 cells (Figure 4C). In transgenic plants, 
GFP alone was distributed uniformly in the nuclei and cytoplasm 
(Figure 4H). However, GFP-tagged NSN1 was concentrated in the 
nucleoli with a lower but detectable level of presence in the nucleo-
plasm (Figure 4G). It has been shown that the N-terminal lysine-rich 
domain (KRD) of the animal NS and GNL3L serves as the nucleolar 

FIGURE 2: Termination of inflorescence meristem and homeotic transformation of floral organs in nsn1. (A) nsn1-1 
(SALK_029201) contained two T-DNA inserts in the eighth intron of the NSN1 gene, and nsn1-2 (RAFL11-2045-1) had 
one transposon in the second exon. Framed arrows indicate the direction of T-DNA or transposon. (B) RT-PCR showing 
the lack of detectable NSN1 mRNA in homozygous nsn1-1 plants. ACTIN mRNA served as a control. Nsn1-LP and 
Nsn1-RP were used as primers (for their positions see Supplemental Figure S3A) for RT-PCR, which generated a cDNA 
fragment of 1050 base pairs. (C) Phenotypes of 30-d-old WT, nsn1-1/+, and nsn1 plants. Heterozygous nsn1/+ plants 
showed no obvious growth phenotype but had significant defects in reproduction. Homozygous nsn1 plants were very 
small and yielded only a few seeds per plant. (D) A flower at position 25 from the lower part of inflorescence of a 
40-d-old nsn1-1 plant had a reduced number of petals and shortened stamen filaments as compared with a WT flower 
at the same position of inflorescence. (E, F) Scanning electronic images of the inflorescence meristem (IM) of 40-d-old 
WT (E) and nsn1 (F) plants. Note that the inflorescence meristem (F) was terminated by the formation of a terminal 
carpelloid flower (TCF). Cb, carpelloid bract; Dc, defective carpel; Df, defective floral meristem developed inside a TCF. 
Stages of the WT floral primordia (E) are indicated. (G–I) Inflorescences of nsn1/+ and nsn1 were terminated by the 
formation of a TCF (red arrow in G), which is shown in a higher magnification (H). A typical TCF of nsn1 would contain 
homeotically transformed carpelloid bracts, severely defective stamens, and no petals (I). Ectopically developed ovules 
are indicated by red arrows (I). Shown are the terminal carpelloid flowers at position 35 of nsn1-1/+ (H) and position 
36 of nsn1-1 (I). Scale bars, 25 μm (E, F), 2 mm (G), 1 mm (D, H, I).
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Ectopic AG expression in nsn1 mutants
The nsn1 carpelloid flowers were anatomically similar to those de-
veloped on the bellringer (blr) mutant that is defective in a homeo-
box-containing transcription factor. The BLR protein binds to the 
promoter of the floral homeotic gene AG, repressing its expression 
(Bao et al., 2004). We reasoned that NSN1 might also exert its ef-
fects on floral organ identity through regulation of AG gene expres-
sion in a yet-to-be-identified manner since NSN1 is not a transcrip-
tion factor but a nucleolar GTP-binding protein. We examined the 
expression pattern of AG in the nsn1/+ mutant. In wild type, AG is 
not expressed in the inflorescence meristem at all, nor is it in the 
floral meristem prior to stage 3 (Sieburth et al., 1995; Lenhard et al., 
2001; Lohmann et al., 2001). In nsn1/+, AG mRNA could be de-
tected in floral primordia of as early as stage 2, as well as in the 
whole terminal carpelloid floral primordium (Figure 6C). In flowers of 
stages 3 to 4 of nsn1/+, AG was expressed not only in the central 
parts (whorls 3 to 4) of a floral meristem, but also in whorl 1 sepal 
primordia (Figure 6B), suggesting that AG expression may be re-
pressed by NSN1.

siliques, although its mRNA could be detected at relatively low levels 
in most tissues tested (Supplemental Figure S3D). This expression 
pattern was consistent with data deposited in the online database 
GENEVISTIGATOR (www.genevestigator.com), which shows that 
high expression levels of NSN1 are detected in inflorescence, flower, 
seed, and shoot apex (Supplemental Figure S4). We performed in 
situ RNA hybridization to examine the cellular expression pattern of 
NSN1 in inflorescence meristems and developing flowers. The ex-
pression of NSN1 was found to be very low in the inflorescence mer-
istem dome as compared with that in the floral primordia (Figure 5A). 
Its expression was detectable in floral primordia as early as at stage 
1 of floral primordia (Figure 5A). The expression was highly elevated 
at stages 2 to 3 (Figure 5B). NSN1 mRNA became concentrated in 
the primordia of stamens and carpels at stages 5 to 6 (Figure 5C). At 
the later stages of floral development, NSN1 was expressed primar-
ily in developing microspores in the stamens and ovules in the car-
pels (Figure 5, E and F). This expression pattern of NSN1 is consistent 
with its putative role in the regulation of floral development.

FIGURE 3: Complementation of nsn1-1 using a genomic DNA 
fragment containing At3g07050. (A) The 30-d-old adult plants of the 
wild-type (WT), nsn1-1, and the homozygous mutant nsn1-1 
containing At3g07050 (NSN1C). The length of siliques was longer in 
NSN1C than in nsn1 and was comparable to that of the wild type. 
(B) Siliques were thicker in NSN1C plants than in nsn1-1 and were 
comparable to that of the wild type. (C) Unfertilized ovules 
(arrowhead) and aborted embryos (arrow) were present in nsn1-1 
siliques but absent in NSN1C and wild type plants, suggesting full 
complementation in NSN1C. Scale bars, 5 cm (A), 6 cm (B, C).

FIGURE 4: Nucleolar localization of NSN1. (A–D) Tobacco BY-2 cells 
expressing GFP-tagged NSN1 (A–C) or GFP control (D). (E–H) 
Arabidopsis trichomes expressing GFP-tagged NSN1 (E–G) or GFP 
control (H). Green fluorescence images of cells (A, E) were 
superimposed with the light transmission views (B, F), generating 
merged images (C, G). For GFP controls, only the merged images 
(D, H) are shown. CP, cytoplasm; N, nucleus; Nu, nucleolus. Red circles 
in C, D, G, and H indicate nuclear boundaries.
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(Columbia-0) into ag/+ (Landsberg). Seven F1 plants were confirmed 
to contain the nsn1 mutation using genomic PCR (unpublished 
data). These plants also exhibited the characteristic ag/+ silique 
phenotype with three carpels in one silique. From the segregated 
F2 individuals, nsn1-1 ag double mutant was identified on the basis 
of genomic PCR and flower phenotype of ag mutant. The double-
mutant plants phenocopied ag mutation and produced flowers with 
multiple layers of sepals and petals with no staminoid and carpelloid 
tissues (Figure 6I). This was in contrast to the carpelloid flowers of 
nsn1-1, which typically contained carpelloid bracts at whorl 1 and a 
reduced number of petals and stamens (Figure 6G). The size of 
nsn1-1 ag double-mutant flowers was smaller than those of ag 
(Figure 6H), which was likely to have resulted from the difference in 
the ecotype background. This result suggests that the terminal 
carpelloid flower phenotype of nsn1 depends on the activity of AG 
and may be caused by expanded ectopic AG expression in the nsn1 
floral meristem. These findings support the hypothesis that NSN1 
may act as an upstream regulator of AG.

Genetic enhancement of ap2 phenotypes by nsn1
To analyze whether the ectopic AG expression during floral devel-
opment in nsn1 was dependent upon APETALA2 (AP2), we intro-
duced two ap2 loss-of-function mutations (ap2-1 and ap2-2) into the 
nsn1-1 mutant. In flowers of ap2-1, a weak ap2 allele, organs of 
whorls 1 and 2 were converted into leafy bracts (4.0 ± 0) and stami-
noid petals (4.0 ± 0), respectively, whereas the stamens (6.0 ± 0) and 
carpels (2.0 ± 0) remained normal in whorls 3 and 4 (Figure 7A). 
Flowers of nsn1-1 ap2-1 double mutants were more severely defec-
tive than those of either of the single mutant (Supplemental Table 
S1). The number of whorl 1 organs was reduced from 4.0 ± 0 to 
3.4 ± 0.9, and they included leafy bracts in lateral positions and 
carpelloid bracts in medial positions (Figure 7B and Supplemental 
Table S1). In addition, whorl 2 organs disappeared completely. This 
phenotype of the double mutant was more severe than that of 
ap2-1 single mutant and very close to that of ap2-2, a strong mutant 
allele. In ap2-2, the four whorl 1 organs were converted into two 
medial carpel and two lateral leafy bracts. There were no organs in 
whorls 2 and 3, whereas whorl 4 contained normal carpels (Figure 
7C). In nsn1-1 ap2-2 double mutant, the whorl 1 organs were con-
verted into a carpelloid cylinder that partially or completely sur-
rounded a normal whorl 4 gynoecium (Figure 7, D and E, and Sup-
plemental Table S1). Stigmatic tissue was developed on the edge of 
the carpelloid cylinder, and ovules and degenerated stamens were 
present on the interior wall of the cylinder (Figure 7D). Some dou-
ble-mutant flowers became an open gynoecium consisting of two 
medial carpel and numerous carpelloid filaments with stigmatic tis-
sue on their tips (Figure 7F). Thus the homeotic transformation was 
enhanced in nsn1 ap2-2 double mutant as compared with that of 
either single mutant. The additive effect of AP2 and NSN1 on flower 
formation suggests that the two genes have distinct roles in floral 
development, possibly via independent repression of the AG gene.

Deleterious growth and reproductive defects caused 
by NSN1 overexpression
After several transformation attempts, we obtained a total of six 
transgenic plants expressing 35SPRO:NSN1-GFP in WT genome 
background (NSN1OX) from a population of ∼30,000 T0 seeds. In 
contrast, transformation with 35SPRO:GFP (the control) generated 28 
transgenic lines from the same size of T0 seed population under the 
same growth conditions. It is very likely that overexpression of NSN1 
may have deleterious effects on plant development. In situ RNA 
hybridization data showed that the NSN1 mRNA transcript was 

To confirm the AG ectopic expression pattern observed by in situ 
hybridization, we introduced the KB9 construct (AG::GUS) into nsn1 
plants. This construct contained the regulatory elements of AG, in-
cluding the 3-kb second intron, and would allow for observing AG 
gene expression by monitoring the activity of the β-glucuronidase 
(GUS) reporter (Busch et al., 1999; Lohmann et al., 2001). In the 
control plant harboring KB9, the GUS activity was detected only in 
the post–stage 3 floral meristems but not in the inflorescence mer-
istem (Figure 6D), which is consistent with the in situ hybridization 
result. In nsn1 plants expressing the same construct, GUS staining 
was drastically enhanced across the regions of inflorescence mer-
istem and floral meristem and floral primordia (Figure 6E). In nsn1 
carpelloid flowers, GUS was expressed in all carpelloid structures, 
including the ovule-like ones developed on the homeotically trans-
formed carpelloid bracts (Figure 6F). These data suggest that the 
termination of the inflorescence meristem and the homeotic trans-
formation of floral organs in nsn1 are caused by AG ectopic expres-
sion and indicate a pivotal role of NSN1 as a negative regulator for 
AG expression.

Suppression of the terminal carpelloid flower defects 
of NSN1 by AG mutation
To examine the genetic relationship between NSN1 and AG, we 
generated nsn1-1 ag double mutation plants by crossing nsn1/+ 

FIGURE 5: In situ hybridization of NSN1 mRNA in the inflorescence 
meristem (IM) and floral meristem (FM). (A–E) Sections of Arabidopsis 
IM (A), FM (B, C), carpels (D), and anther (E) probed with the antisense 
NSN1 mRNA labeled with digoxigenin. The floral developmental 
stages are designated by numbers. Note that NSN1 was expressed at 
high levels in the stage 2 floral primordia, in the stamens and carpels 
at stage 6, in pollen grains and ovules at stage 10, and in all four 
whorls at stage 7. Ca, carpel; Pe, petal; Se, sepal; St, stamen. (F) The 
control section reacted with the sense NSN1 mRNA. Scale bars, 
25 μm (A, C–E), 100 μm (B, F).



1452 | X. Wang et al. Molecular Biology of the Cell

in Arabidopsis (Figure 1C). There have been 
limited studies on the biological functions of 
NGP1 and GNL3L, whereas the research on 
mammalian NS has recently attracted sig-
nificant attention, partly because it is ex-
pressed specifically in adult and embryonic 
stem cells and in many tumors and tumor-
derived cell lines (Tsai and McKay, 2002; 
Han et al., 2005; Fan et al., 2006). In this 
study, we present evidence showing that 
Arabidopsis NSN1 is required for the main-
tenance of normal apical meristems and 
flower formation. It may act as a general 
negative regulator of AG gene expression, 
and this function is independent of AP2 
(Figure 8H).

NSN1 may act in a gene dosage–
dependent manner and is required 
for flower development
Floral primordia develop from the periph-
eral zone of the floral meristems in plants. 
During floral primordia initiation, cells in the 
peripheral zone continue to divide and dif-
ferentiate into the primordia of specialized 
floral organs (Lenhard et al., 2001). Our in 
situ hybridization data (Figure 5 and Supple-
mental Figure S3) showed that NSN1 mRNA 
is expressed in the central and peripheral 
zones but not in the rib zone that contrib-
utes cells to stem growth. During the devel-
opment of floral primordia, NSN1 mRNA 
was detectable as early as in the stage 1 pri-
mordia and was highly expressed at stages 
2 to 3. After stage 3, NSN1 expression was 
confined to the primordia of sepals, sta-
mens, petals, and gyneocium.

The fact that heterozygous nsn1/+ plants 
exhibited drastically defective flower phe-

notypes (Figure 2) implies that NSN1 may act in a gene dosage–
sensitive manner. Wild-type plants of Arabidopsis produce indeter-
minate inflorescences and only occasionally form terminal flowers 
under stress conditions. However, heterozygous nsn1/+ plants pro-
duced determinate inflorescences. One to several terminal carpel-
loid flowers would always be found in the terminal part of inflores-
cences in nsn1/+ plants (Figure 2). Homozygous nsn1 plants 
exhibited severe defects in both vegetative growth and flower for-
mation. The hypothesis of gene dosage effect of NSN1 is also sup-
ported by evidence obtained from the overexpression of NSN1 in a 
wild-type background. Transgenic plants carrying 35SPRO:NSN1-
GFP were difficult to obtain. When they survived, they displayed an 
array of defects in shoot growth and flower development (Figure 8). 
Thus NSN1 may act as a key regulator of flower development in 
Arabidopsis, and its function appears to depend on the gene 
dosage.

NSN1 controls flower organ identity by repressing 
AG gene expression
In the floral meristem, the meristematic cells sequentially produce 
sepal, petal, stamen, and carpel primordia. In contrast to the inde-
terminate shoot meristem, the floral meristem terminates at the end 
of flower development. The stem cells differentiate completely after 

increased drastically in the SAM, flower primordia, and other tissues 
such as cortex and pith (Supplemental Figure S3H). Plants of NSN1OX 
were severely dwarf and bushy and lost apical dominance (Figure 8, 
A–C), suggesting that NSN1 may have a role in meristem develop-
ment. All branches eventually became determinate inflorescences 
by the development of homeotically transformed terminal flowers 
(Figure 8D). As compared with the terminal flowers of nsn1-knock-
out mutants (Figure 2, H and I), NSN1OX flowers contained sepals 
and petals (Figure 8, D and E) and had curled carpels (Figure 8D). 
Siliques of NSN1OX were short and curled and contained few seeds 
(Figure 8, F and G). Embryos were arrested at different stages of 
seed development (Figure 8F). We also compared the phenotypes 
between NSN1OX and ag mutants. Homozygous ag plants are 
known to be sterile, whereas heterozygous ag/+ flowers have an 
increased number of carpels (Figure 8G). Similarly, the gynoecium of 
NSN1OX flowers often consisted of three carpels (Figure 8G). This 
observation is intriguing because it further supports the notion that 
NSN1 may function to repress AG activity during floral organ devel-
opment (Figure 8H).

DISCUSSION
There are three NS-related genes—NS, GNL3L, and NGP1—in the 
human and mouse genomes and only two—AtNGP1 and AtNSN1—

FIGURE 6: NSN1 represses AG expression in inflorescence meristem and floral meristem. 
(A–C) In situ RNA hybridization of AG mRNA expression in the floral primordia of wild-type (A) 
and nsn1/+ plants (B), as well as in the terminal carpelloid floral primordium of homozygous 
nsn1 plant (C). (D–F) GUS staining of plants harboring KB9 in the control (D) and nsn1 genetic 
background (E, F). GUS activity was elevated in the inflorescence meristem (IM) and terminal 
carpelloid flower of nsn1 (F) as compared with the staining in the control plant (D). Ca, carpel-
like structure; O, ectopic ovule; St, stamen-like structure. (G–I) A flower of the nsn1 ag double 
mutant (I) was morphologically identical to that of ag (H) but distinct from that of nsn1-1 (G). The 
reduced flower size of the double mutant was a result of the difference in ecotype (ag in 
Landsberg and nsn1 in Columbia-0). Note that the terminal carpelloid flower phenotype of nsn1 
was suppressed in the double mutant. CB, carpelloid bract; P, petal. Scale bars, 50 μm (A–F), 
1 mm (G–I).
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the carpel primordia are formed. Several genes, including AP1, LFY, 
and AG, are known to play important roles during floral meristem 
initiation. In particular, the MADS-box transcription factor AG has a 
central role in the eventual termination of stem cell activity after the 
initiation of stamens and carpels (Yanofsky et al., 1990; Mizukami 
and Ma, 1997; Lohmann et al., 2001; Deyhle et al., 2007). AG is not 
expressed in the inflorescence meristem; its expression is highly en-
hanced after stage 3 of floral development (Lohmann et al., 2001). 
The relationship of AG and WUS is complicated because the activa-
tion of AG during floral meristem initiation requires WUS. It is a sui-
cidal loop: WUS participates in AG activation in the center of the 
floral meristem and, in turn, the activated AG represses WUS ex-
pression, leading to the termination of WUS and stem cell 
activities.

In ag mutants, WUS expression persists, the stem cell activity in 
the floral meristem is not turned off on time, and new whorls of or-
gans are produced indefinitely (Yanofsky et al., 1990). In addition, 
stamens are replaced by petals and carpels are substituted by a re-
iteration of sepals–petals–petals in ag plants. AG expression trig-
gers stamen and carpel development by temporally and spatially 
activating an array of genes involved in floral organ formation 
(Mizukami and Ma, 1997). Elevated AG expression in blr mutants 
can result in the formation of terminal carpelloid flowers and other 
striking floral phenotypes, including homeotic transformations from 
sepals to carpels (Bao et al., 2004). These phenotypes coincide with 
the floral defects observed in nsn1 (Figure 4). We reasoned that 
NSN1 might act like BLR as a corepressor of AG and tested this hy-
pothesis by assaying the GUS reporter activity in nsn1 plants harbor-
ing the KB9 construct (AG::GUS). As compared with the reporter 
activity in the wild-type background, the GUS activity in nsn1 was 
highly enhanced (Figure 6, D–F). This elevated AG expression level 
was even prominent in the terminal carpelloid flowers developed in 
nsn1 plants (Figure 6F). The conclusion drawn from the AG::GUS 
reporter experiments is consistent with data obtained using AG 
mRNA in situ hybridization (Figure 6, A–C). Taken together, these 
data support the hypothesis that NSN1 acts as a negative regulator 
of AG expression.

A possible role of NSN1
Proper regulation of AG transcription requires the presence of the 
cis-DNA sequences located in its 3-kb second intron, which serves 
as the binding site for both positive and negative regulators (Busch 
et al., 1999; Deyholos and Sieburth, 2000; Lohmann et al., 2001). 
AP2 is a major negative regulator of AG. In fact, AG and AP2 re-
ciprocally repress one another (Bowman et al., 1991; Mizukami 
and Ma, 1992). In addition to AP2, several other genes, including 
LUG, LEUNIG_HOMOLOG (LUH), SEU, and BLR, have been iden-
tified as negative regulators of AG gene expression (Drews et al., 
1991; Liu and Meyerowitz, 1995; Franks et al., 2002; Bao et al., 
2004; Sridhar et al., 2004; Sitaraman et al., 2008; Das et al., 2009). 
AP2, BLR, and PAN have been shown to bind directly to the sec-
ond intron of AG (Deyholos and Sieburth, 2000; Bao et al., 2004; 
Das et al., 2009). In this article, we present evidence showing that 
NSN1 is a new and major regulator of AG. It is possible that NSN1 
may regulate AG expression via direct or indirect control of the 
protein complex bound to the second intro of AG. Because our 
data also suggest that NSN1 functions in an AP2-independent 
manner (Figure 7), the regulation of AG by NSN1 may occur 
through regulators rather than AP2 (Figure 8H). The fact that 
NSN1 is not a putative transcription factor but instead is a nucleo-
lar GTP-binding protein implies the existence of a new mechanism 
underlying the regulation of AG gene expression during flower 

FIGURE 7: Analysis of nsn1-1 ap2 double mutants. (A–C) Flowers of 
the ap2-1 weak allele (A) and ap2-2 severe allele (C). The ap2-1 flower 
contained leafy bracts (L) in whorl 1 and staminoid petals (SP) in whorl 
2, stamens (St) in whorl 3, and carpels (Ca) in whorl 4. The ap2-2 
flower had medial carpels (MC) and lateral leafy bracts (LL) in whorl 1, 
and no floral organs appear in whorls 2 and 3. B, Flower of nsn1-1 
ap2-1 double mutant contained medial carpels (MC) and lateral leafy 
bracts (LL) in whorl 1. No floral organ appears in whorl 2. (D, E) In 
flowers of nsn1-1 ap2-2 double mutant, the whorl 1 organs were 
converted into a carpelloid cylinder (CC) that encapsulated normal 
whorl 4 carpels (Ca) partially (D) or completely (E). Ovules (O) and 
degenerated stamens (DSt) were present on the interior wall of the 
cylinder. (F) A terminal flower of nsn1-1 ap2-2 contained an open 
gynoecium consisting of two medial carpel (MC) and numerous 
carpelloid filaments (CF) with stigmatic tissue on their tips. Scale bars, 
1 mm (A–F). (G) Diagram of a wild-type flower with respect to the 
inflorescence meristem (IM). A medial position is on the same axis as 
IM, whereas a lateral position is on the sides of the axis. A WT flower 
consists of four green sepals (Se) in whorl 1, four petals (Pe) in whorl 
2, six stamens (St) in whorl 3, and two fused carpels (Ca) in whorl 4. 
Red circles inside the carpels represent ovules.
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were analyzed for their genetic background 
by genomic-PCR, and heterozygote nsn1/+ 
plants carrying KB9 were used for GUS stain-
ing. After GUS staining, the plant specimens 
were treated in 70% ethanol overnight. Im-
ages were taken under a dissection micro-
scope (Leica, Wetzlar, Germany).

Pollen grains from ap2-2 were used to 
fertilize heterozygote nsn1/+ stigma. F1 
plants were allowed for self-pollination. F2 
plants were analyzed for their genetic back-
grounds by genomic PCR using primers for 
NSN1 and the dCAPs marker developed for 
ap2-2. F2 plants of nsn1-1 ap2-2 double 
mutants were analyzed for their flower phe-
notypes. For generation of nsn1-1 ag dou-
ble mutant, ag/+ pollen grains were used to 
fertilize heterozygote nsn1/+ stigma. F1 
generation plants were allowed for self-pol-
lination. F2 plants were analyzed by PCR to 
identify homozygote nsn1-1 ag double mu-
tant. Flowers of nsn1-1 ag plants were 
photographed.

RNA isolation and RT-PCR
Total RNA was isolated from plants using 
RNeasy Plant Mini Kit (Qiagen, Valencia, 
CA). The first-strand cDNA was synthesized 
from 2 μg of total RNA with SuperScript 
First-Strand Synthesis system for RT-PCR 
(Invitrogen, Carlsbad, CA). A 1-μl amount of 
the synthesized cDNA was used for PCR 
amplification. Three pairs of primers were 
used to identity nsn1-1 as a null mutant. 
One pair of primers NSN1-F and N857R1 
located on the first and second exons, re-
spectively (see Supplemental Figure S3A), 
were used to amplify a PCR fragment with 
an expected size of 133 base pairs. Nsn1-LP 
and Nsn1-RP located on the both sides of 
the T-DNA insertion were used for verifica-
tion of the T-DNA. The third pair of primers, 
Nsn1-F and Nsn1-R, was used to determine 
whether the full-length NSN1 mRNA (1760 

base pairs) was present. The ACTIN mRNA used as an internal con-
trol was amplified using ACTIN primers ACT-F and ACT-R.

Peptide motif and phylogenetic analysis
Motif analysis of NSN1 was performed using ExPASy tools (www 
.expasy.ch/tools). For phylogenetic analysis, peptide sequences 
were aligned using ClustalX 2.0, and the tree was generated using 
Bootstrap neighboring joining program with a bootstrap value of 
1000 trials. The phylogenetic tree was displayed in Phylip format on 
TreeView X.

Plant transformation
The coding region of NSN1 cDNA was amplified by RT-PCR using 
primers NSN1-F and NSN1-R and into pCR2.1 (Invitrogen). The 
insert was excised with XhoI and SacI and was subcloned into 
pMON-GFP. The entire cassette containing CaMV 35SPRO:NSN1-
GFP:NOS3′ was excised by digestion with NotI and subcloned 
into binary vector pMON18342 (Hong et al., 2001), generating 

development. Further biochemical and genetic investigations are 
needed in order to understand the molecular basis of the regula-
tion of AG by NSN1.

MATERIALS AND METHODS
Arabidopsis lines and plant growth
The nsn1-1 T-DNA insertion line (SALK_029201) and seeds of ap2-2 
were obtained from the Arabidopsis Biological Resource Center 
(Ohio State University, Columbus, OH). The transposon insertion al-
lele of nsn1-2 (RAFL11-2045-1) was received from RIKEN (www.brc 
.riken.go.jp). Seeds of ag/+ harboring KB9 were gifts from M. Yanof-
sky and D. Weigel (Busch et al., 1999; Lohmann et al., 2001). Plants 
were grown in soil under long-day conditions (16 h light/8 h dark-
ness) at 21°C.

Genetic analysis of double mutants
To introduce KB9 into the nsn1-1 mutant, pollen grains from the KB9 
plant were crossed to the heterozygote nsn1/+ stigma. F2 plants 

FIGURE 8: Growth and reproductive phenotypes of NSN1OX plants. (A–D) Adult plants of 
NSN1OX were dwarf and bushy (A) and produced mostly short siliques (arrowhead, B). They lost 
apical dominance in the main shoot (arrowhead, C) and developed a terminal flower (arrow, C) 
consisting of deformed sepals, petals, and stamens (arrow, D), as well as unfused carpels with 
ectopic ovules (arrowhead, D). (E–G) NSN1OX plants produced flowers with an increased number 
of petals (E) and short and curled siliques (F) containing unfertilized ovules (arrowhead, G) and 
aborted embryos (arrow, G). Siliques developed from a gynoecium of three fused carpels were 
often seen in NSN1OX as in ag/+ mutant (arrows, F). Scale bars, 70 mm (A), 10 mm (B), 20 mm 
(C), 2 mm (D–G). (H) A proposed role of NSN1 as a general negative regulator of AG in the 
control of inflorescence meristem (IM) determinacy and floral organ identity in Arabidopsis. It 
may exert its role in a pathway independent of AP2.
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pMON-NSN1-GFP. The plasmid was introduced into Agrobacte-
rium tumefaciens strain ABI by electroporation. Transformation of 
cultured tobacco BY-2 cells was performed as described previ-
ously (Hong et al., 2001). Wild-type plants of Arabidopsis thaliana 
ecotype Columbia were transformed by the floral dip method. 
Transgenic BY-2 cells were selected on 1/2 MS agar plates con-
taining 200 mg/l kanamycin and 500 mg/l carbencillin, and trans-
genic plants were selected on 1/2 MS agar plates containing 
50 mg/l kanamycin. GFP images of the transgenic cells were taken 
with a Zeiss confocal laser scanning microscope (Carl Zeiss, Jena, 
Germany).

Complementation of nsn1-1 mutation
A TAC clone (JatY64G16) containing an insert of a 77.6-kb genomic 
fragment in pYLTAC17 vector, obtained from the John Innes Center 
(Norwich, United Kingdom), was used for complementation of the 
nsn1-1 mutation. The plasmid was transferred into Agrobacterium 
tumefaciens strain ABI cells by electroporation. This clone contains 
19 genes, including At3g07050 (NSN1). Heterozygote nsn1-1/+ 
plants were transformed by the Agrobacterium-mediated floral dip 
method. Transgenic plants were selected with phosphinothricin 
(BASTA). T2 plants that carried the transgene on the homozygote 
nsn1 background were maintained. T3 plants were tested for 
complementation.

In situ RNA hybridization
Digoxigenin-labeled riboprobes complementary to parts of 
NSN1, AG, CLAVATA 3 (CLV3), and WUS genes were used to de-
tect their mRNAs in inflorescence and floral meristems as de-
scribed (Goodrich et al., 1997). The NSN1 cDNA fragment cor-
responding to the C-terminal half of its coding region was 
amplified by PCR using primers NSN1-LP and NSN1-RP and 
cloned into pCRII (Invitrogen) to yield pNSN. The plasmid was 
linearized with ApaI and transcribed with SP6 RNA polymerase 
(Roche, Indianapolis, IN) to produce antisense RNA probe. For 
the control with the NSN1 sense RNA probe, pNSN1 was linear-
ized with BamH1 and transcribed with T7 RNA polymerase 
(Roche). For AGAMOUS probe, cDNA fragment was amplified by 
AG primers AG-F and AG-R as described previously (Yanofsky 
et al., 1990).

Histology and GUS staining
Plant tissues were fixed in FAA solution (3.7% formaldehyde, 5% 
acetic acid, and 50% ethanol) at room temperature for 16 h. The 
fixed tissues were dehydrated in a series of ethanol (30, 50, 70, 
85, 90, and 100%), cleared with xylene, and embedded in Para-
plast (Sigma-Aldrich, St. Louis, MO) as described previously 
(Causier et al., 2005). Serial 8-μm-thick sections were transferred 
to polylysine-coated slides (Sigma-Aldrich) and stained with 
0.01% toludine blue for 5–10 min at room temperature after de-
waxing. GUS staining was performed as described (Schoof et al., 
2000).

Scanning electronic microscopy 
Plant tissues were fixed overnight in 50 mM phosphate butter con-
taining 2% glutaraldehyde and 2% paraformaldehyde. Fixed tissues 
were rinsed three times with 50 mM phosphate buffer and kept in 
osmium tetroxide (1%) overnight at 4°C. The tissues were rinsed 
three times with 50 mM phosphate buffer and dehydrated in a 30, 
50, 70, 95, and 100% alcohol gradient. After critical point drying, 
the tissues were coated with gold and observed under scanning 
electronic microscopy.
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