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Abstract Floral organ development is fundamentally impor-
tant to plant reproduction and seed quality, yet its underlying
regulatorymechanisms are still largely unknown, especially in
crop plants. In this study, we characterized rice null mutant
osarf19, which was isolated from a T-DNA insertion pool.
The mutant displayed three types of abnormal florets: an en-
larged and degenerated palea, and an additional lemma. It also
showed enlarged plant architecture, including elongated basal
internodes and leaves. Cellular morphology and quantitative
real-time PCR (qRT-PCR) analyses showed that cell elonga-
tion caused the enlarged organs. Transgenic RNA interference
(RNAi) lines of OsARF19 had similar phenotypes to the
osarf19 mutant, confirming the role of OsARF19 in floral
and vegetative organ development. OsARF19 is expressed in
various tissues, especially young panicles and basal inter-
nodes, which are elongated. OsARF19 was induced by IAA
(indole-3-acetic acid) treatment and functioned in the nucleus.
By qRT-PCR analysis, we found that disruption of OsARF19
increases expression levels of OsYUCCA and OsPIN family
members, while reducing OsGHs transcription activity. The

high auxin performance greatly upregulated two floral organ
regulators, OsMADS29 and OsMADS22, possibly responsible
for palea abnormalities in osarf19. Our data provide new
knowledge on the mechanisms of floral organ development,
as well as possibilities in breeding for ideal plant architecture.
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Abbreviations
ARF Auxin response factor
var Variety
cv Cultivar
FLS Flanking sequence
qRT-PCR Quantitative real-time PCR
GFP Green fluorescent protein
GUS Beta-glucuronidase
IAA Indole-3-acetic acid

Introduction

The initiation and differentiation of floral organs are of funda-
mental importance in the plant life cycle. In rice, normal de-
velopment of floral organs is essential for reproduction and
seed quality. Multiple genes influence floret formation in rice,
and most of them are classified into groups based on the
ABCDE model, that was originally derived from the ABC
model proposed for Arabidopsis (Krizek and Fletcher 2005;
Theissen 2001; Thompson and Hake 2009). RAP1A and
RAP1B that belong to Class A (Moon et al. 1999) affect palea
development. OsMADS2 and OsMADS16, Class B genes,
control formation of the lodicule and paleolate (Xiao et al.
2003; Yadav et al. 2007). OsMADS3 and OsMADS58 in class
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C determine the identities of pistils and carpel (Yamaguchi
et al. 2006; Li et al. 2011a). OsMADS13, a Class D protein,
plays a role in ovule development (Dreni et al. 2007).
OsMADS1, a Class E gene, functions in balancing meristem
growth, lateral organ differentiation, and determinacy
(Khanday et al. 2013). In addition to the ABCDE model,
many other factors such as phytohormones also affect floret
development. These include auxins (McSteen 2010), cytoki-
nins (Khanday et al. 2013), and jasmonic acid (Cai et al.
2014).

Auxin, a morphogen-like hormone, regulates multiple as-
pects of plant growth and development, including leaf devel-
opment, apical dominance, shoot and root elongation, lateral
root initiation, and vascular differentiation (Benkova et al.
2003). Auxin responses are mediated by a class of transcrip-
tion factors called auxin response factors (ARFs), which are
repressed by Aux/IAA proteins in the absence of auxin
(Guilfoyle and Hagen 2007).

In previous studies, the biological functions of several ARFs
were reported in Arabidopsis (Arabidopsis thalianaL.) and rice
(Oryza sativa L.). For example, MP/ARF5 can affect leaf initi-
ation, embryo patterning, flower patterning, and vascular differ-
entiation (Aida et al. 2002; Garrett et al. 2012; Hardtke and
Berleth 1998; Hardtke et al. 2004; Przemeck et al. 1996).
NPH4/ARF7 and ARF19 affect leaf expansion and promote
lateral root formation via direct activation of LBD/ASL genes
in Arabidopsis (Okushima et al. 2007; Wilmoth et al. 2005).
Besides, ARF19 can also bind to the promoter of BAT1, a
putative acyltransferase, and modulates brassinosteroid levels
(Choi et al. 2013). ARF6 and ARF8 regulate floral organ de-
velopment in Arabidopsis. The double-null mutant arf6 arf8
arrests flower development, leading to infertile closed buds
with short petals, short stamen filaments, and non-dehisced
anthers (Nagpal et al. 2005; Tabata et al. 2010).

In rice, OsARF1 was shown to be essential for growth in
vegetative organs and seed development (Attia et al. 2009;
Waller et al. 2002). OsARF2, together with DROOPING
LEAF, promotes awn development in rice (Toriba and
Hirano 2014). ARF12 and OsARF25 regulate root elongation
and affects iron accumulation (Qi et al. 2012). OsARF16 is
involved in regulating auxin redistribution, phosphate starva-
tion response, and iron deficiency (Shen et al. 2014, 2015).
OsARF23 and OsARF24 control cell growth by regulating the
actin-binding protein RMD (Li et al. 2014). Zhang et al.
(2015) reported that OsARF19-overexpressing lines can in-
crease leaf angles by enhancing BR signaling. Meanwhile,
the overexpression line of OsARF19 also showed slender
seeds, narrow leaves, and dwarfism (Zhang et al. 2015).

Even though several studies on the relationship of auxin
and floral organ development have been reported in
Arabidopsis, the detailed mechanisms in rice are far from con-
clusive. In this study, we isolated a T-DNA insertion mutant
that displayed abnormal florets as well as altered plant

architecture. PCR and quantitative real-time PCR (qRT-
PCR) analyses indicated that the T-DNA was inserted into
gene OsARF19 (LOC_Os06g48950), blocking its transcrip-
tion. To confirm the function of OsARF19 affecting those
phenotypes, we generated transgenic plants by knocking
down the transcription level of OsARF19. Knockdown lines
displayed similar phenotypes to the T-DNA insertion mutant.
We also determined the expression patterns and subcellular
localization of OsARF19, which was expressed mainly in
young florets, leaves, lamina joint, and elongated basal inter-
nodes, and functioned in the nucleus. The combination of
morphological and transcription analyses showed that
OsARF19 plays important roles in floral organ development,
internode elongation, and leaf morphogenesis.

Materials and Methods

Plant Materials and Growth Conditions

The osarf19 mutant was identified by abnormal florets and
enhanced plant height from 400T-DNA tagged lines generated
in O. sativa var. japonica cv. Dongjin, seeds of which were
donated by Professor Gynheung An, Crop Biotech Institute,
Kyung Hee University, Korea (Jeon et al. 2000; Jeong et al.
2002, 2006). Plants were grown to maturity in the experimen-
tal field at Nanjing Agricultural University (Nanjing, China)
in the normal growing season.

Cellular Morphology Analysis

Fourth internodes and 3rd leaves counted from the top of wild-
type and osarf19 plants were collected after heading. Samples
were fixed in FAA (10 % formalin, 50 % ethanol, and 5 %
acetic acid) and dehydrated in a graded ethanol series (Li et al.
2006). For histological analysis, tissues were infiltrated with
xylene and embedded in paraplast plus. Materials were sec-
tioned and viewed with a Leica light microscope (DFC402C).
Scanning electron microscopy was performed with a JSM-
6360LV (Jeol) as described previously (Li et al. 2006).

Genotyping

We obtained flanking sequence information for mutants from
OryGenesDB (http://orygenesdb.cirad.fr/). Confirmation of
the insertion site was performed by PCR, carried out in a 50-
μl mixture containing 20 ng genomic DNA of wild type (WT)
and mutant, 0.2 mM dNTP, 0.5 units of Taq polymerase
(TaKaRa), 1 mM primers, and 5 μl 10×Taq buffer. PCR
was performed as follows: 95 °C for 5 min, followed by 33 cy-
cles of 95 °C for 30 s, annealing for 30 s, 72 °C for 40 s, and a
final elongation step at 72 °C for 5 min. The gene-specific
primers were P1 (5’-TTGTAAGCGGCAAGAGG-3’), P2
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(5’-CCATTTATGGAAAAGTGAG-3’), and P3 (5’-
ATCAATTCCACAGTTTTCG-3’).

Plasmid Construction, Plant Transformation, and GUS
Staining

A 230-bp cDNA fragment of OsARF19 sequence was ampli-
fied using primers OsARF19R1-F (5’-GGGGTACCCCG
ATGAGGACATTCACCAAGG-3’), OsARF19R1-R (5’-
CCGAGCTCGGTTCACGCAACCGACAAA-3 ’ ) ,
O s A R F 1 9 R 2 - F ( 5 ’ - A A C TGCAGAAT T CAC
GCAACCGACAAA-3’ ) , and OsARF19R2-R (5 ’-
CGGGATCCCGGATGAGGACATTCACCAAGG-3’) and
products were subcloned into the binary vector LH-FAD2-
1390RNAi. The LH-FAD2-1390RNAi plasmids were intro-
duced intoAgrobacterium tumefaciens strain EHA105 by heat
shock, and the rice cv. Dongjin was transformed in accordance
with a previously published method (Hiei et al. 1994). A 1.4-
kb genomic promoter fragment upstream of the ATG start
codon was amplified by PCR using Dongjin genomic DNA
as the template and cloned into the binary vector
pCAMBIA1305 to drive the beta-glucuronidase (GUS) re-
porter gene expression. The gene-specific primers were
GUSF (5’-CCATGATTACGAATTCGCTCGTGCCAGTG
AGATTA-3’) and GUSR (5’-TTGGCTGCAGGTCGACTC
TCTCACTTCTGCTCCCA-3’). Transgenic plants were gen-
erated as described above. GUS histochemical staining was
performed as described previously (Ma et al. 2012). Images
were captured using Leica Application Suite 3.3.

RNA Isolation and Quantitative Real-Time PCR Analysis
(qRT-PCR)

Total RNA samples were extracted from young leaves and
young roots of 2-week-old seedlings, shoot apices of 1-
month-old seedlings, mature leaves, mature roots, leaf
sheaths, culms, mature seeds, and panicles during the floret
organ development stage of wild type and osarf19 using an
RNA Prep Pure Plant Kit (Tiangen Co., Beijing) and reverse
transcribed using a SuperScript II Kit (TaKaRa). QRT-PCR
was performed using an SYBR Premix Ex TaqTM Kit
(TaKaRa) on an ABI Prism 7500 real-time PCR system with
the actin gene used as an internal control. The 2-DDCT meth-
od was used to analyze relative changes in gene expression
(Livak and Schmittgen 2001). All qRT-PCR primers used for
cell cycles genes (KN, H1, MCN2, MCN3, CYCT1, CDT2,
CYCD4, CDC20, CDKA1,CDKA2, CAK1, CAK1A, CDKB,
E2F2, CYCA2.1, CYCA2.2, CYCA2.3), cell wall synthesis
genes (CESA6, IRX10L,GT8,UGA4e, CSLF6), rice PIN fam-
ily genes (OsPIN1a, OsPIN1b, OsPIN2, OsPIN5a, OsPIN5b,
OsPIN8, OsPIN9, OsPIN10a), OsYUCCAs (OsYUCCA1, 2,
3, 4, 5, 6, 7), OsGHs (OsGH3.7, 3.8, 3.9, 3.10, 3.11, 3.12),
ABC model-related genes (OsMADS22, OsMADS29,

OsMADS18, OsMADS3, OsMADS2, CFO1, OsMADS1),
OsARF1-25, and OsActin are listed in Supplementary Table 1.

Subcellular Localization of OsARF19

To determine the cellular localization of OsARF19, green
fluorescent protein (GFP) was fused to the C-terminus of
OsARF19 under control of the 35S promoter in the pAN580
vector. The gene-specific primers were OsARF19–GFPF (5’-
GCCCAGATCAACTAGTATGATGAAGCAGGCGCAGC-
AGC-3 ’ ) and OsARF19–GFPR (5 ’ -CGGACTTA
AGACTAGTCGCAGTATTCCAATACCTG-3’). The nucle-
ar marker Ghd7–mCherry was constructed using primers
Ghd7–mCherryF (5’-CGGAGCTAGCTCTAGAATG
TCGATGGGACCAGCAGC-3’) and Ghd7–mCherryR (5’-
T C G A G A C G T C T C TA G AT C T G A A C C AT T
GTCCAAGC-3’). The OsARF19–GFP fusion and GFP were
transiently co-transferred into rice protoplasts with the Ghd7–
mCherry constructs as described by Bart et al. (2006).
Fluorescence images were observed using a Zeiss LSM510
confocal laser microscope.

IAATreatment

Seeds were surface sterilized with 5.0 % NaClO for 10 min,
washed three times with sterilized water, and germinated on
wet plates in a 35 °C growth chamber for 3 days. After ger-
mination, seedlings were moved to plates containing 0.1 μM
indole-3-acetic acid (IAA) solution for 0, 10 min, 30 min, 1 h,
3 h, and 6 h. All samples were used for mRNA extraction
and RT-PCR analysis as described above.

Results

Identification of the Mutant Osarf19

To elucidate important factors involved in floral organ devel-
opment, we screened 400T-DNA tagged lines and identified
one mutant with partially abnormal florets and enhanced plant
height. Using FLS (flanking sequence) and T-DNA vector
pGA2717 information from OryGenesDB (http:/ /
orygenesdb.cirad.fr/) and sequencing, we found the T-DNA
segment was integrated into the 8th exon of LOC_
Os06g48950, which encodes for OsARF19 (Fig. 1a).
PCR analysis confirmed that the insertion site was ho-
mozygous (Fig. 1b). RT-PCR and qRT-PCR results dem-
onstrated that OsARF19 transcripts barely accumulated in
osarf19 (Fig. 1c, d). We concluded that osarf19 was a
knockout mutant.
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Osarf19 Displayed Abnormal Floral Organs, and Altered
Plant Height, Leaf Shape, and Seed Size

Compared with wild type (O. sativa var. japonica cv.
Dongjin), most of the osarf19 florets normally developed,
yet the others displayed three types of abnormalities
(Fig. 2a–l). The first was an additional lemma-like organ on
the same side of palea (Fig. 2e, f), accompanied by a crack
when harvested (Fig. 2o). The second was an enlarged palea
with a curved tip (Fig. 2g, h), generating an unclosed floret.
And the third was variably degenerated paleas, from slight
degeneration to complete loss (Fig. 2i–l). The heterozy-
gous plants showed no abnormal florets, similar to WT
(Table 1). The abnormal paleas and lemmas could still
be observed when mature seeds were harvested
(Fig. 2m–q). Each type of abnormal florets only pos-
sessed a relatively low proportion, but that was signifi-
cantly different from WT (Table 1).

The homozygous mutant osarf19 showed an enlarged plant
architecture in all development stages, including the tiller
stage (Supplementary Fig. 1) and rice filling stage (Fig. 2r).
The heterozygotes showed no obvious differences withWT in
plant architecture (Supplementary Fig. 1). Plant height of
osarf19 was slightly increased due to elongated culm inter-
nodes (Fig. 2s), especially the basal internode that was much
longer than that of WT (Fig. 2s, t). Fifth, 4th, 3rd, and 2nd
internodes of osarf19 were twice, 94 %, 58 %, and 25 %
longer than those of WT, respectively, whereas the 1st inter-
nodes and panicles were almost the same (Fig. 2t). Similarly,
the leaves of osarf19 had a more slender phenotype. The 2nd
and 3rd uppermost leaves showed significantly increased

length (Supplementary Fig. 2a, c), whereas the 1st and 2nd
leaves slightly decreased in width (Supplementary Fig. 2b, d).

Besides, we investigated other agronomic traits of the osarf19
mutant. Seed width and thickness were obviously decreased in
both de-hulled and hulled grains (Table 2), but seed length was
similar toWT (Table 2). One thousand-grain weight significantly
reduced and seed set of osarf19 (84.14±1.25 %) was also lower
than WT (94.09±1.8 %), especially in abnormal florets. Unlike
the additional lemma-type florets (84.32±4.21 %), the enlarged
palea (11.64±6.22 %) and degenerated palea (50.32±10.4 %)
type florets were more infertile than normal florets of osarf19
(Table 2). Panicle number/plant and seed number/plant for
osarf19 were both comparable to those of WT (Table 2).
Besides, we detect the phenotypes of a F2 population of 210
individuals derived from a cross of osarf19 and WT. In the F2
population, there were 47 individuals exhibiting similar pheno-
types to osarf19. The ratio of normal plants to abnormal ones fit a
3:1 ratio which indicated a monogenic inheritance of the muta-
tion. The abnormal phenotypes co-segregated with homozygous
T-DNA insertion fragments. The overall results indicated that
OsARF19 was related to floret development and plant architec-
ture, as well as affecting yield traits.

RNAi Lines of OsARF19 Display Similar Phenotypes
to Knockout Mutant Osarf19

To verify that the mutant phenotypes were due to disruption of
OsARF19, we first tried to construct a complementary vector,
but in vain. We failed to get a positive clone after amplifying
nearly 10-kb genome fragments and trying to recombinate
them to complementary vector. Instead, we generated

Fig. 1 Identification of the osarf19 mutation. a T-DNA insertion site in
mutant osarf19. Triangle represents the T-DNA vector. The grey box
represents the exon, and the black line represents the intron. P1, P2, and
P3 are primers for insertion site determination. b PCR analysis to confirm
the integration of T-DNA into OsARF19. The upper band indicates the
OsARF19 gene fragment, and the lower band indicates the T-DNA
insertion fragment. c Reverse transcription PCR analysis to confirm

the knockout status of osarf19. The upper bands show OsARF19
expression (32 cycles) in wild type (WT) and mutant, respectively, and
the bottom bands show OsActin (30 cycles) expression as the control. d
Quantitative real-time RT-PCR analysis to confirm the knockout status of
osarf19. Values are given as mean±SD (n=3). Double asterisk indicate
significant difference between WT and osarf19 at P=0.01 by Student’s t
test
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transgenic plants carrying an OsARF19 RNA interference
(RNAi) construct (Fig. 3h). A plasmid containing two 230-
bp fragments of OsARF19 cDNA inserted in forward and
reverse orientations into the LH–1390–RNAi vector was in-
troduced into cv. Dongjin.We obtained positively knockdown
(RNAi-8) and empty vector (Vc) lines for function analyses.
Compared with the Vc lines, RNAi-8 showed significantly
reduced transcripts ofOsARF19 (Fig. 3g). Then, we examined
the floret development in both lines. Similar to the osarf19,
most of florets in the RNAi-8 line were normally organized,
but a small proportion displayed abnormalities as shown in
Fig. 3b–f. All three types of abnormal florets (an additional
lemma, an enlarged palea, and a degenerated palea) were

observed in RNAi-8 (Fig. 3d–f). These results confirmed that
repression of OsARF19 was indeed the cause of abnormal
floral organ development in the osarf19 mutant.

Despite abnormalities, the RNAi-8 plant showed accelerated
growth rate and increased plant height at the heading stage
(Fig. 3a). The knockdown line showed a more slender architec-
ture compared with the Vc line. Harvested seeds of the RNAi
line also displayed a slender shape; seed length was almost the
same to that of Vc, but the width was significantly reduced
(Supplementary Fig. 3a–d). These mutant phenotypes simulated
the effects of reduced OsARF19 transcripts and confirmed that
the various phenotypic alterations in the osarf19 mutant were
caused by diminished OsARF19 expression.

Fig. 2 Disruption of OsARF19 affected floral organ development and
increased plant height. a Floret in the wild type (WT) panicle, bar=
10 mm. b Floret of wild type (WT), bar=3 mm. c Normal floret in the
osarf19 panicle, bar=10mm. dNormal floret of the osarf19, bar=3 mm.
e Floret with additional lemma in the osarf19 panicle, bar=10 mm. f
Floret with additional lemma of osarf19, bar=3 mm. g Floret with
enlarged palea in the osarf19 panicle, bar=10 mm. h Floret with
enlarged palea of osarf19, bar=3 mm. i Florets with degenerated palea
in the osarf19 panicle, bar=10 mm. j–l Florets with degenerated palea of
osarf19, bar=3 mm. m Mature grain from normal florets of wild type

(WT). nMature grain from normal florets of osarf19. oMature grain from
florets with additional lemma in osarf19. p Mature grains from florets
with enlarged palea in osarf19. q Mature grain from florets with
degenerate palea in osarf19, m–q bar=3 mm. r Wild type and osarf19
plants after heading, bar=10 cm. s Individual culm internode and panicle
of wild type (WT) and osarf19 after heading, bar=10 cm. t Lengths of
individual culm internode and panicle of wild type (WT) and osarf19
after heading. Values are means±SD (n=3). Double asterisk
and asterisk indicate significant differences between WT and osarf19 at
P=0.05 and P=0.01 by Student’s t test

Table 1 Percentages of three types of abnormal florets in wild type, osarf19, and heterozygotes

Genotype (n) Degenerated palea-type floret Additional lemma-type floret Enlarged palea-type floret

Wild type (10) 0 0 0

osarf19 (10) 1.91±1.56 %** 2.59±1.53 %** 1.58±1.17 %**

Heterozygote (10) 0 0 0

Values represent means±standard deviation. Numbers in parentheses represent numbers of panicles scored

**Significant differences from wild type by Student’ s t test, P<0.01
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Mutation in OsARF19 Increases Cell Elongation

Regulation of cell proliferation and expansion is essential for
organ growth (Duan et al. 2014; Horiguchi et al. 2006; Potter
and Xu 2001; Sugimoto-Shirasu and Roberts 2003). The

enlarged basal internodes and leaves of the osarf19 mutant
prompted us to study how OsARF19 affects organ size. We
firstly investigated whether cell length or cell number was the
cause of the enlarged phenotypes. We investigated cell size in
the 4th internode and 3rd leaf. As shown in Fig. 4a–d, cells in

Table 2 Comparison of
agronomic traits between wild
type (WT) and osarf19

Trait WT osarf19 P value

Plant height (cm) 98.75±7.09 125±4.55** 1.44×10−3

No. of tillers per plant 9.2±2.4 10.90±3.31 0.23

Fertility of normal florets (%) 94.09±1.8 84.14±1.25** 4×10−3

Fertility of florets with enlarged paleas (%) – 11.64±6.22** 9.31×10−11

Fertility of florets with additional lemmas (%) – 84.32±4.21** 1.4×10−3

Fertility of florets with degenerated paleas (%) – 50.32±10.4** 2.59×10−5

No. of days to heading 84.23±1.40 86.22±2.21 0.147

No. of grains (per main panicle) 137.44±7.31 130.60±12.91 0.79

Panicle length (cm) 23.65±1.41 20.35±2.75 0.128

1000-grain weight (g) 28.84±1.75 24.30±0.19** 6.4×10−4

De-hulled grain length (mm) 7.24±0.24 7.33±0.24 6.9×10−2

De-hulled grain width (mm) 3.29±0.16 3.19±0.13** 9×10−3

De-hulled grain thickness (mm) 3.19±0.13 2.08±0.09** 9.358×10−11

Hulled grain length (mm) 5.29±0.18 5.38±0.12 5.2×10−2

Hulled grain width (mm) 2.95±0.11 2.9±0.07** 7×10−3

Hulled grain thickness (mm) 2.08±0.07 1.90±0.06** 7.92×10−14

Fertilities of abnormal florets of osarf19were compared with normal florets of wild type (WT). Values represent
means (20 samples)±standard deviation

**Significant differences from wild type (WT) by Student’s t test, P<0.01

Fig. 3 Phenotypes of the
OsARF19–RNAi line. a Positive
OsARF19 knockdown (RNAi-8)
and empty vector (Vc) lines at the
heading stage, bar=10 cm.
b Floret from the Vc line, bar=
3 mm. c Normal florets from
RNAi–8, bar=3 mm. d–f Three
abnormal floret types of RNAi–8
lines, floret with degenerate palea
(d), additional lemma (e), and
enlarged palea (f) from RNAi–8,
bar=5 mm. g Relative
expression levels of OsARF19 in
Vc and RNAi–8 lines. h
Schematic diagram of OsARF19–
RNAi construct. FAD2 linker, the
intron of Arabidopsis FAD2 gene
(At3g12120.1). UBi promoter,
maize ubi promoter. Values are
means±SD (n=3). Double
asterisk and asterisk indicate
significant differences between
WT and osarf19 at P=0.05 and
P=0.01 by Student’s t test
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the 4th internode of osarf19 were almost twice the size of
those in WT. Cells in the 3rd leaf of osarf19 were also longer
than in WT (Supplementary Fig. 4).

As the cell wall is the major factor restricting cell elonga-
tion, many genes involved in cell wall synthesis are reported
to regulate cell elongation. We investigated the expression
levels of genes previously identified to be involved in cell wall
synthesis (Ning et al. 2011). Our data showed expression
levels of CESA6, IRX10L, GT8, UGA4e, and CSLF6 were
significantly upregulated in osarf19 (Fig. 4f). Along with the
morphological observations, this indicated that the enlarged
plant architecture in osarf19was caused by cell elongation. To
eliminate the possibility of increased cell number in osarf19,
we studied the expression levels of some cell cycle regulators
in WTand the mutant (Li et al. 2011b). Expression of most of
these genes did not differ significantly between WT and the

mutant (Fig. 4g). In fact seven genes were significantly down-
regulated in osarf19, indicating that cell proliferation might be
retarded (Fig. 4g). These results further confirmed that cell
elongation rather than cell proliferation was the cause of the
enlarged plant architecture.

OsARF19 Expression Pattern and Subcellular
Localization

Since the mutant phenotypes of osarf19were involved in both
vegetative and reproductive tissues, we expected that tran-
scripts of OsARF19 would be ubiquitous. We studied the ex-
pression patterns of OsARF19 by qRT-PCR. OsARF19 tran-
scripts were present in various tissues, but preferentially in the
leaves, lamina joint, basal internodes, young panicles or flo-
rets, and roots (Fig. 5m). The transcripts in internodes and

Fig. 4 Osarf19 enhanced cell
elongation in internodes. a Inner
epidermal cells of a 4th elongated
internode from wild type (WT)
observed by scanning electron
microscope (SEM). b Inner
epidermal cells of a 4th elongated
internode from osarf19 observed
by scanning electron microscope
(SEM). c Longitudinal section of
a 4th elongated internode from
wild type (WT). d Longitudinal
section of a 4th elongated
internode from osarf19. e
Average lengths of inner
epidermal cells of 4th internodes
in wild type (WT) and osarf19. f
Relative expression levels of cell
wall synthesis-related genes,
CESA6, IRX10L, GT8, UGA4e,
andCSLF6. gRelative expression
levels of cell cycle-related genes,
KN, H1, MCN2, MCN3,
CYCT1,CDT2, CYCD4, CDC20,
CDKA1,CDKA2, CAK1, CAK1A,
CDKB, E2F2, CYCA2.1,
CYCA2.2, and CYCA2.3. Values
are mean±SD (n=3). Double
asterisk and asterisk indicate
significant differences between
WT and osarf19 at P=0.05 and
P=0.01 by Student’s t test, a–d,
bar=100 um
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panicles slowly decreased during maturation of the plant, and
OsARF19 transcripts were barely detectable in mature seeds
(Fig. 5m). To further determine spatial expression patterns of
OsARF19, we generated transgenic plants that contained
OsARF19 promoter::GUS fusions. GUS activities were ob-
served in young panicles, culm internodes, leaf sheaths, leaf
blades, lamina joint, stamens, and the primary root (Fig. 5a–
k). Higher GUS activity was detected in the basal elongated
internodes than the upper ones (Fig. 5a–d). Thus,OsARF19 is
a temporally and spatially regulated gene. The abundant tran-
scripts of OsARF19 in specific tissues were consistent with
influencing roles in stem, leaf, and floral organ development.

We also analyzed OsARF19 transcription in plants treated
with 0.1 μM IAA. OsARF19 expression was rapidly induced
by IAA, peaked at 3 h, and subsequently decreased (Fig. 5l).
Thus, OsARF19 is an auxin-dependent regulator, in agree-
ment with its roles in auxin signaling.

To investigate subcellular localization of OsARF19, an
OsARF19–GFP (green fluorescent protein) fusion protein
and the GHD7–mCherry fusion protein (a nuclear marker)
were constructed and co-transfected into rice leaf protoplasts
(Xue et al. 2008). OsARF19 co-localized with the nuclear-
located GHD7 protein and thus functioned in the nucleus
(Fig. 5n).

OsARF19 is Involved in Floral Organ Development

Intensive research has shown that auxin controls plant mor-
phogenesis in a concentration-dependent manner (Friml et al.
2002; Habets and Offringa 2014). The abnormal floret orga-
nization, together with enlarged plant architecture, promoted
us to determine whether the local auxin concentration and
responses were changed in osarf19. We studied the expression
of some key regulators involved in endogenous auxin synthe-
sis, deactivation, and distribution. Previous research has
shown YUCCA family genes catalyzing tryptamine to N-
hydroxytryptamine are responsible for auxin synthesis
(Cheng et al. 2007; Stepanova et al. 2008; Zhao 2008). The
GH family members modulate the adenylation of IAA, and
reduce free IAA content (Jain et al. 2006; Takase et al. 2004;
Tian et al. 2004). As showed, genes involved in auxin synthe-
sis (OsYUCCA2, 5, 7) were upregulated, and those involved in
auxin deactivation (OsGH3. 8, 3. 9, 3.10, 3.12) had reduced
activities in osarf19 (Fig. 6a, b). Additionally, the PIN family
members can determine local auxin concentration by mediat-
ing intercellular transport (Ding and Friml 2010; Qi et al.
2012), and our results showed OsPIN1b, OsPIN5b, OsPIN8,
and OsPIN10a were greatly upregulated expressed in the
osarf19 (Fig. 6c). Thus, the overall results indicated that the
auxin concentration had been increased in osarf19. To further
test this idea, we examined whether the auxin signaling was
activated in the osarf19 background. By detecting expression
of all OsARFs (except OsARF19), ten members (OsARF4, 9,

10, 11, 13, 14, 15, 18, 20, 24) in osarf19 showed significantly
upregulated and the others unchanged (Supplementary Fig. 5).

We questioned whether such enhanced auxin performance
would result in altered expression of floral organ regulators,
thus leading to abnormal florets according to the ABC model
by qRT-PCR analyses (Kobayashi et al. 2012; Li et al. 2011a;
Nayar et al. 2013; Prasad et al. 2005; Sang et al. 2012;
Sentoku et al. 2005). As shown in Fig. 6d, the expression
levels of those regulators showed no significant difference in
normal florets of WT and osarf19, except that OsMADS29
was mildly upregulated in the mutant. Interestingly, in abnor-
mal florets, two genes (OsMDAS29, OsMDAS22) were mark-
edly upregulated compared with WT, and another two genes
(CFO1, OsMADS3) showed slight upregulation, while the
others unchanged. Besides, auxin response elements
(AuxREs, TGTCTC) were detected in the promoters of
OsMADS29, 22, 3, and CFO1 (data not shown) which indi-
cated their function might be affected by ARFs (Ulmasov
et al. 1997a, b). An earlier report showed that ectopic expres-
sion of OsMADS29 and OsMADS22 in transgenic rice plants
resulted in aberrant floral morphogenesis with a disorganized
palea (Nayar et al. 2013;Sentoku et al. 2005), which was sim-
ilar to the observations in osarf19. These results suggest that
abnormal floret formation is at least partially caused by altered
expression ofOsMADS29 andOsMADS22, possibly resulting
from irregular local auxin concentration and responses
(Fig. 6a).

Discussion

The plant hormone auxin is an essential regulator of normal
growth and development (Blakeslee et al. 2005). It can exert
pleiotropic effects on development by regulating very basic
processes such as cell division, growth, and differentiation
(Benkova et al. 2003; Friml et al. 2002; Habets and Offringa
2014). These effects are always mediated by Aux/IAA protein
degradation and subsequently auxin response factor (ARF)
activation (Guilfoyle and Hagen 2007). In this study, we iden-
tified a T-DNA insertion mutant, osarf19, in which OsARF19
transcription was blocked (Fig. 1a–d). The mutant displayed

�Fig. 5 Expression pattern and subcellular localization of OsARF19. a–k
GUS staining of various tissues from OsARF19pro::GUS transgenic
lines, bar=5 mm. l OsARF19 transcription levels after 0, 15, 30, 1, 3,
and 6 h of 10 uM IAA treatment. m OsARF19 transcription levels in
various tissues, viz. 1st elongated internode, 3rd elongated internode,
4th elongated internode, young leaf blades, mature leaf blades, lamina
joint, leaf sheath, panicle 1 (panicle before heading), panicle 2 (panicle at
heading stage), panicle 3 (panicle after heading), mature seeds, young
roots, and mature roots. n Subcellular localization of OsARF19–GFP
fusion protein and GFP protein. GHD7 was used as a nuclear marker,
bar=5 um. Values are mean±SD (n=3). Double asterisk and asterisk
indicate significant differences between WT and osarf19 at P=0.05 and
P=0.01 by Student’s t test
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various phenotypes, such as abnormal florets, elongated basal
internodes, and altered leaf morphology, indicating OsARF19
functions in regulating such processes (Fig. 2a–t). Compared

with previous reports on roles ofARF19 in leaf and lateral root
development as well as the crosstalk with BR, to our knowl-
edge, this study was firstly to relate OsARF19 with floral
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organ development (Choi et al. 2013; Okushima et al. 2007;
Wilmoth et al. 2005; Zhang et al. 2015). The increased plant
height in osarf19 was in agreement with the former finding
that overexpression of OsARF19 resulted in a dwarf plant
(Zhang et al. 2015). But OsARF19 knockout and overexpres-
sion lines shared similar phenotypes in leaf and seed width,
which might be due to a high degree of redundancy among
ARF family members in rice (Zhang et al. 2015). Using
double-stranded RNA interference (RNAi), we obtained
transgenic lines having similar phenotypes to osarf19
(Fig. 3a–h). These results indicated that the abnormal pheno-
types in osarf19 were indeed caused by disruption of
OsARF19.

We studied the expression pattern of OsARF19 by qRT-
PCR and GUS staining analyses. OsARF19 was temporally
and spatially expressed with its transcripts mainly in the culm
internodes, lamina joint, root, leaves, and florets (Fig. 5m).
Such tissue-specific expression pattern might be related with
its roles in affecting those organ morphologies. The expres-
sion of OsARF19 in the lamina joint and root was correlated
with its function in regulating the leaf angle and lateral root
development (Zhang et al. 2015). Additionally, when analysis
focused on a particular organ (such as the culm internodes),
transcripts always peaked at an early stage and gradually de-
creased duringmaturation (Fig. 5a–d). The elongation of basal
rather than uppermost internodes were possibly due to such
temporally expression pattern. Yamamoto et al. (2007) report-
ed overexpression of the OsYUCCA family genes could

promote auxin synthesis and basal internode elongation at an
early stage, which did not occur in wild type. And suppressing
expression ofOsGH3.8 by RNAi also increased auxin content
and caused great basal internode elongation, as well as disor-
ganized florets, while the upper ones were less affected
(Yadav et al. 2007). We supposed the elongated basal inter-
nodes in osarf19 should result from the high auxin perfor-
mance, including upregulation of OsYUCCAs, OsPINs, and
downregulation of OsGHs (Fig. 6a–c). As is known, control
of basal internode length is an important task in plant breed-
ing. The basal internode length and its dry weight content are
major plant traits that determine straw strength and correlates
with lodging resistance (Islam et al. 2007; Kashiwagi and
Ishimaru 2004). The osarf19 mutant could be useful as an
experimental or breeding material to modulate basal internode
length for ideal plant architecture.

It is well known that the size of an organ is determined by
cell proliferation and expansion, and auxin regulates both pro-
cesses (Horiguchi et al. 2006; Potter and Xu 2001; Sugimoto-
Shirasu and Roberts 2003). In this study, the osarf19 mutant
exhibited obviously longer cells than WT, responsible for
elongated basal internode (Fig. 4a–d). Moreover, expression
levels of genes involved in cell elongation (e.g., CESA6,
IRX10L, GT8, UGA4e, and CSLF6) were significantly upreg-
ulated, further confirming that result. ARFs with a glutamine-
rich middle region always functioned as activators of auxin-
responsive gene expression while ARFs with proline- and/or
serine-rich middle regions might repress the transcription

Fig. 6 Expression levels of rice YUCCA, GH, PIN family, and floret
formation-related genes in wild type (WT) and osarf19. a Expression
levels of rice YUCCA family genes, OsYUCCA1, OsYUCCA2,
OsYUCCA3, OsYUCCA4, OsYUCCA5, OsYUCCA6, and OsYUCCA7
in wild type (WT) and osarf19, 2 weeks before heading. b Expression
levels of rice GH family genes, OsGH3.7, OsGH3.8, OsGH3.9,
OsGH3.10, OsGH3.11, and OsGH3.12 in wild type (WT) and osarf19,
2 weeks before heading. c Expression levels of rice PIN family genes,

OsPIN1a, OsPIN1b, OsPIN2, OsPIN5a, OsPIN5b, OsPIN8, OsPIN9,
and OsPIN10a in wild type (WT) and osarf19, 2 weeks before heading.
d Expression levels of floret formation-related genes, OsMADS29,
OsMADS22, OsMADS18, CFO1 (chimeric floral organs1), OsMADS1,
OsMADS2, and OsMADS3 in normal florets of wild type (WT), osarf19,
and abnormal florets of osarf19. Values are mean±SD (n=3). Double
asterisk and asterisk indicate significant differences between WT and
osarf19 at P=0.05 and P=0.01 by Student’s t test
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activities (Tiwari et al. 2003; Qi et al. 2012). The OsARF19
containing a glutamine-richmiddle region was considered as a
transcription activator (Shen et al. 2010). Thus, it was unlikely
that the upregulation of cell elongation genes were directly
regulated by OsARF19, which might be possibly caused by
other OsARFs enhancement (Supplementary Fig. 5).

Despite the effects of mutation on plant architecture,
OsARF19 is also critical for floral organ development. First,
we obtained three types of abnormal florets in both osarf19
mutant and RNAi lines. Abundant transcripts of OsARF19
were detected in young panicles, supporting a role in floral
organ development (Fig. 5m). Recent studies have demon-
strated that auxin controls meristem development in a
concentration-dependent manner (Friml 2003; Habets and
Offringa 2014). Our findings showed that disruption of
OsARF19 might lead to increased auxin concentration, with
upregulatedOsYUCCAs and downregulatedOsGHs (Fig. 6a).
A recent study demonstrated that OsARF19 can directly bind
to promoter of OsGH3-5 and reduce free IAA concentration
(Zhang et al. 2015). However, whether OsARF19 could target
other OsGH members (OsGH3.8, 3.9, 3.10, 3.12) and feed-
back regulation on OsYUCCAs and OsPINs is still complex
and is worth further investigation.

Meanwhile, the elevated auxin concentration could induce
auxin signaling transduction and might alter the expression of
downstream genes (Supplementary Fig. 5). According to the
ABC model, OsMADS1 was a Class E gene and played a role
in determining the identities of palea and lemma (Jeon et al.
2000). Dysfunction ofOsMADS1 can result in elongated leafy
palea and lemma and an unclosed floret. The expression level
of OsMADS1 was not altered in osarf19, which was coordi-
nated with that OsMADS1 functions upstream of ARFs.
However, another two genes (OsMADS29, OsMADS22) were
markedly upregulated in abnormal florets of osarf19
(Fig. 6d). AuxREs (TGTCTC) were detected in the pro-
moters of such two genes (data not shown), which further
confirmed their transcription was regulated by the auxin
signaling pathway.

OsMADS22 is a member of the STMADS11-like family of
MADS-box genes. Ectopic expression of OsMADS22 in
transgenic rice resulted in different aberrant floral morphogen-
esis (Sentoku et al. 2005), which were similar to the abnormal
floret with an additional lemma and degenerated palea in
osarf19. OsMADS29 was induced by auxin, and overexpres-
sion of OsMADS29 caused aberration flower morphology
with a small and degenerated palea (Nayar et al. 2013). The
elevated OsMADS29 expression might be correlated with the
degenerated palea found in osarf19. Therefore, it is possible
that the abnormal florets in osarf19 were due to improper
expression of these two genes, and other possible regulators
contributing to palea and lemma development could not be
discounted (Fig. 6d). And further researches on auxin and
such two regulators will be carried out in our future studies.

In this study, new evidence was provided for functions of
ARFs in cell elongation and floral organ development. The
osarf19 mutant displayed various phenotypes in both vegeta-
tive and reproductive organs, revealing its pleiotropic effects
at different development stages. Although previous studies
reported that ARFs (ARF5, 6, 8) affect flowering pattern in
Arabidopsis (Garrett et al. 2012; Nagpal et al. 2005), this is the
first report on the effects of OsARF19 on floral organ devel-
opment in rice. Our results confirmed previous conclusions on
the influence of auxin on floral organ development, but raised
new questions as to how ARFs coordinate with each other and
what are their downstream targets. Our findings provide an
important basis to address those questions.
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