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Abstract: The plant hormone auxin acts as a mediator providing positional instructions in a range
of developmental processes. Studies in Arabidopsis thaliana L. show that auxin acts in large part via
activation of Auxin Response Factors (ARFs) that in turn regulate the expression of downstream
genes. The rice (Oryza sativa L.) gene OsARF11 is of interest because of its expression in developing
rice organs and its high sequence similarity with MONOPTEROS/ARF5, a gene with prominent roles
in A. thaliana development. We have assessed the phenotype of homozygous insertion mutants in
the OsARF11 gene and found that in relation to wildtype, osarf11 seedlings produced fewer and
shorter roots as well as shorter and less wide leaves. Leaves developed fewer veins and larger areoles.
Mature osarf11 plants had a reduced root system, fewer branches per panicle, fewer grains per panicle
and fewer filled seeds. Mutants had a reduced sensitivity to auxin-mediated callus formation and
inhibition of root elongation, and phenylboronic acid (PBA)-mediated inhibition of vein formation.
Taken together, our results implicate OsARF11 in auxin-mediated growth of multiple organs and leaf
veins. OsARF11 also appears to play a central role in the formation of lateral root, panicle branch,
and grain meristems.

Keywords: auxin response factor; auxin signaling; auxin perception; meristem; vein patterning; leaf
expansion; root elongation; seed development; rice fecundity

1. Introduction

The rice plant (Oryza sativa L.) is one of the most important crops in the world
and serves as a staple food source for over half of the global population. There is an
ongoing effort to characterize genes with functions in developmental processes that impact
economically important quantitative traits such as shoot and root size, leaf width, number
of panicles, seeds per panicle, and seed size. There are also efforts to engineer rice with C4
traits such as high vein density and high rate of photosynthesis in leaf vein bundle sheath
cells to reduce photorespiration [1,2]. The plant hormone auxin plays a role in many of
these developmental programs since it regulates cell division and expansion, meristem
development, and vascular patterning [3–5]. In recent times, it has become clear that the
formation of an embryo, leaves, and roots depend on the generation of local auxin maxima
by polar auxin transport [6–8].

Auxin mediates growth and development by regulating the expression of auxin-
responsive genes [9]. Although the auxin signaling pathway is simple, involved core pro-
teins are represented by large gene families, allowing for a wide range of context-dependent
cellular responses [10–13]. The main components of auxin signaling have been studied in-
tensely in Arabidopsis thaliana L. and involve three protein families: the F-box TRANSPORT
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INHIBITOR RESPONSE 1/AUXIN SIGNALING F-BOX PROTEIN (TIR1/AFB) auxin co-
receptors, the AUXIN/INDOLE-3-ACETIC ACID (AUX/IAA) transcriptional repressors,
and the AUXIN RESPONSE FACTOR (ARF) transcription factors [9,14–16].

Auxin regulates the transcription of downstream genes by mediating the binding of
AUX/IAA transcriptional repressors to F-box TIR1/AFB proteins in the SCFTIR1/AFB
complex [9,13,17]. This interaction promotes poly-ubiquitination of AUX/IAA proteins
and degradation via the 26S proteasome [12,14,15,18]. In the absence of AUX/IAA repres-
sors, ARFs can homodimerize and activate or repress transcription by binding to auxin
responsive elements (AuxREs) in target genes [16,19,20]. Both the motif binding preference
and the positional relationship of repetitive AuxREs contribute to the specificity in auxin
response [17–19]. ARF proteins can also recruit protein complexes that lead to a switch
from closed to open chromatin [20], and bind transcription factors from other protein
families, integrating auxin signaling with other hormones and environmental signals [21].

Based on loss-of-function mutants, ARF transcription factors play pivotal roles in em-
bryo, root, leaf, flower, and vascular development in A. thaliana [22–32] and are also involved
in responses to abiotic and biotic stressors [10,33–35]. The rice (Oryza sativa L.) genome con-
tains 25 Oryza sativa AUXIN RESPONSE FACTOR (OsARF)-encoding genes [36,37]. Mutant
phenotypes have been described for several rice OsARF genes. Plants expressing anti-sense
OsARF1 mRNA exhibit low vegetative growth, curled leaves, and sterility [38]. T-DNA
insertional mutants of osarf12 and osarf16 display dwarfism, abnormal root growth and loss
of phosphate and iron homeostasis [39–42]. Rice osarf18 mutants show reduced stature,
abnormal cell differentiation, and incomplete seed filling [43]. Mutants in the OsARF24
gene have reduced height and leaf width, combined with distorted leaf phyllotaxy and
flag-leaf angle [44]. Loss of OsARF19 function results in enlarged vegetative organs and ab-
normal flowers [45], while overexpression indicated a role in tillering angle via regulation
of OsGH3-5 and BRI1 [46]. Furthermore, repression of OsARF12, 16, 17, and 25 results in
increased leaf inclination [47,48]. As in A. thaliana, microRNAs modulate levels of rice ARF
transcripts [47,49,50].

The OsARF11 gene [37] is known to be expressed at higher levels in the shoot apical
meristem, developing panicles, calli, and at lower levels in developing leaves, roots, and
seeds [51–53], suggesting that it may play a role in the development of these structures.
OsARF11 is also the closest rice homolog of the MONOPTEROS/ARF5 gene [37], which has
prominent roles in A. thaliana development [9,26,31,54,55]. In this study, we assessed the
function of OsARF11 by a systematic comparison of osarf11 insertion mutants with wildtype
background plants during development. We show that the OsARF11 gene contributes to
the development of all assessed organs and leaf veins and that the mutants have reduced
responses to auxins.

2. Results
2.1. Genotype of OsARF11 Mutant Plants

Two independent mutants in the OsARF11 gene (accession no. Os04g0664400) were ob-
tained from the Taiwan Rice Insertional Mutant (TRIM) [49] and the TOS-17 transposon [50]
populations. PCR, using primers matching the OsARF11 gene and inserted DNA, and
subsequent sequencing of amplicons (Figures S1–S3) confirmed that a T-DNA is inserted in
exon 11 of the OsARF11 open reading frame (hereafter osarf11TRIM mutant allele), while the
TOS-17 line has a TOS-17 transposon inserted in the fifth exon (osarf11TOS-17 mutant allele)
(TRIM and TOS-17 databases).

We observed that offspring from heterozygous insertion mutants from both alleles
segregated approximately 3:1 for tall and shorter plants (data not shown). PCR-based geno-
typing revealed that shorter plants were homozygous for insertion (Figure S1). The shorter
mutant phenotype confirmed unquantified observations by insertion mutant providers
available at their websites. Mutant phenotypes were only observed in plants genotyped as
homozygous for mutant alleles, consistent with recessive loss-of-function alleles. Real-Time
quantitative PCR indicated that the OsARF11 transcript spanning the insertion site was
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present in wildtype seedlings and absent in seedlings homozygous for mutant alleles (data
not shown). While homozygous osarf11TRIM mutants showed reduced fecundacy, homozy-
gous osarf11TOS-17 mutants were completely sterile. Since osarf11TRIM mutants could be
maintained as homozygous populations, we first show multiple angles of analysis of this
line, followed by an analysis of traits that overlap in plants genotyped as homozygous for
the osarf11TOS-17 allele.

2.2. Morphology of OsARF11TRIM Mutant Plants
2.2.1. Seedlings

We repeatedly saw a range of slender and short shoots, also known as culms, compan-
ioned by dwarfed root systems in osarf11TRIM seedlings relative to corresponding wildtype
background (Figure 1A). Since size variation occurs also in wildtype seedlings, we used
discrete size categories to assess 119 wildtype and 101 osarf11TRIM 14-day-old seedlings
(Figure 2A). The osarf11TRIM population had fewer tall and above-average height seedlings,
and about the same number of average-sized seedlings relative to the wildtype popu-
lation. The largest difference was in the dwarf categories, where many more mutants
than wildtype were classified as having dwarf stature; 14% mutant seedlings were ex-
treme dwarfs whereas none of the wildtype seedlings fell into this category. While 0.8%
wildtype seedlings presented a shoot-less phenotype, 10% mutant seedlings showed this
phenotype. When the same populations were categorized based on the most recent leaf
to emerge, we saw a skewing that indicated delayed emergence in mutants (Figure 2B).
In both populations, leaf five was the most common leaf to have emerged; however, the
mutant population had 6% seedlings and wildtype 20% seedlings with leaf six emerged,
and the mutant population had more seedlings with leaf four, three, and two as the most
recently emerged.

Two-week-old osarf11TRIM seedlings were, on average, 38% lighter than wildtype
seedlings, a reduction that, when assessed in a subpopulation, was approximately evenly
distributed in shoots and roots (Table S1). Shoots of osarf11TRIM seedlings were 25% shorter
than wildtype shoots. At the same time, mutant leaves two, three, and four had leaf
blades that were 22%, 21%, and 36% shorter than their respective wildtype blades. Mutant
leaves two, three, and four also had 17%, 19%, and 21% less-wide blades compared to
wildtype. Mutant plantlets displaying extreme dwarfism did not survive the transfer to
clay media and were not included in adult phenotype scoring. Thereafter and throughout
development, the most conspicuous and consistent phenotype of osarf11TRIM shoots was a
17–21% narrower leaf width relative to wildtype plants (Table S1). As osarf11TRIM plants
matured, we found in two trials no significant difference in both plant height and shoot
biomass, suggesting plants defective in OsARF11 eventually catch up to its wildtype
counterparts (Table S1). However, in a third trial, osarf11TRIM plants were significantly
shorter (Figure S4), suggesting that this trait may vary with growth conditions.
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Figure 1. Phenotypes observed in osarf11TRIM plants. (A) Common shoot and root phenotypes of 
10-day old osarf11TRIM seedlings. (B) Root growth of four-month-old adult plants. (C) Cleared seg-
ment, widest region of leaf blade, three-week-old wildtype (top) and osarf11TRIM (bottom) seed-
lings. Leaf venation classes; MV, midvein; SV, secondary vein; TV, tertiary vein; CV, commissural 
vein. Dried adult panicles and seeds harvested from (D) wildtype and (E) osarf11TRIM plants. Range 
of seed morphologies observed in (F) wildtype and (G) osarf11TRIM plants. Scale bars: (A) = 15 mm, 
(C) (top) = 0.3 mm, (C) (bottom) = 0.3 mm, (D) (top) and (E) (top) = 10 mm, (D) (bottom), and (E) 
(bottom) = 3 mm. 

 
Figure 2. Seedling shoot size phenotype categories of 119 wildtype and 101 osarf11TRIM 14-day-old 
seedlings. (A) Shoot size groups based on the following criteria: tall > 135 mm, above average = 
116–135 mm, average = 91–115 mm, below average = 66–90 mm, semi-dwarf = 41–65 mm, dwarf = 
20–40 mm, extreme dwarf < 20 mm, leafless = no above ground organs. (B) Most recently emerged 
leaf primordia as observed under stereo microscope. 

  

Figure 1. Phenotypes observed in osarf11TRIM plants. (A) Common shoot and root phenotypes of
10-day old osarf11TRIM seedlings. (B) Root growth of four-month-old adult plants. (C) Cleared seg-
ment, widest region of leaf blade, three-week-old wildtype (top) and osarf11TRIM (bottom) seedlings.
Leaf venation classes; MV, midvein; SV, secondary vein; TV, tertiary vein; CV, commissural vein.
Dried adult panicles and seeds harvested from (D) wildtype and (E) osarf11TRIM plants. Range of
seed morphologies observed in (F) wildtype and (G) osarf11TRIM plants. Scale bars: (A) = 15 mm,
(C) (top) = 0.3 mm, (C) (bottom) = 0.3 mm, (D) (top) and (E) (top) = 10 mm, (D) (bottom), and
(E) (bottom) = 3 mm.
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Figure 2. Seedling shoot size phenotype categories of 119 wildtype and 101 osarf11TRIM 14-day-
old seedlings. (A) Shoot size groups based on the following criteria: tall > 135 mm, above
average = 116–135 mm, average = 91–115 mm, below average = 66–90 mm, semi-dwarf = 41–65 mm,
dwarf = 20–40 mm, extreme dwarf < 20 mm, leafless = no above ground organs. (B) Most recently
emerged leaf primordia as observed under stereo microscope.
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2.2.2. Roots

Rice has a root system that develops post-embryonically and consists of seminal,
crown, and lateral roots. We compared root growth in germinating osarf11TRIM and wild-
type seedlings. After one week of growth, we observed that osarf11TRIM seedlings had
primary roots that were 27% shorter, had 26% fewer crown roots, and 64% fewer lateral
roots relative to wildtype seedlings (Figure 3A–C). Although variable, the reduced root
growth in the osarf11TRIM line remained a consistent phenotype (Figure 1B). The dried root
system of adult osarf11TRIM plants weighed, on average, 33% less than that of wildtype
plants (Figure 3H).
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Figure 3. Quantitative phenotypes observed in osarf11TRIM plants. (A) Primary root length, (B) 
crown root number, and (C) lateral root number in seven-day-old seedlings. (D) Blade length and 
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shoots. (F) Plant weight and (G) plant height of 14-day old seedlings. (H) Dry root weight of six-
month-old adult plants. (I) Panicle branch number, (J) panicle length, and (K) panicle branch den-
sity of dried adult panicles. Branch density = number of panicles/panicle length. (L) Total grain 
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Asterisks indicate significant differences between wildtype and mutant categories (Student’s t test; 
* p < 0.05, *** p < 0.001). Error bars = standard error. 

Figure 3. Quantitative phenotypes observed in osarf11TRIM plants. (A) Primary root length, (B) crown
root number, and (C) lateral root number in seven-day-old seedlings. (D) Blade length and (E) blade
width measured at day 14 of development in leaves two, three, and four of the primary shoots.
(F) Plant weight and (G) plant height of 14-day old seedlings. (H) Dry root weight of six-month-
old adult plants. (I) Panicle branch number, (J) panicle length, and (K) panicle branch density of
dried adult panicles. Branch density = number of panicles/panicle length. (L) Total grain number
harvested per panicle. (M) Number of filled grains per panicle. (N) Average seed weight. Asterisks
indicate significant differences between wildtype and mutant categories (Student’s t test; * p < 0.05,
*** p < 0.001). Error bars = standard error.
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2.2.3. Panicle and Seed Development

Three independent trials revealed a significant decrease in the number of lateral
panicle branches along the main panicle axis (Figure 3I). Since the panicle length from first
branch to the apex did not differ between wildtype and mutant plants, the reduced number
of branches also translated into a reduction in branch density in osarf11TRIM plants relative
to wildtype (Figure 3K). Mutant osarf11TRIM plants developed 12% fewer grains per panicle
compared to wildtype (Figure 3L). When plants of osarf11TRIM and wildtype plants were
grown side by side, we observed about 45% fewer filled grains per panicle in osarf11TRIM

mutant plants (Figure 3M). Additionally, osarf11TRIM seeds were 17% lighter (Figure 3N),
shorter, less wide, and thinner than corresponding wildtype seeds (Table S1).

2.3. Leaf Vascular Pattern Formation Is Altered in osarf11 Mutants
2.3.1. Vein Number and Density

To assess a potential role of OsARF11 in vascular patterning, we counted longitudinal
veins in cleared second, third, and fourth leaves of the primary shoot in wildtype and
osarf11TRIM populations. Mutant leaves had 17–28% fewer longitudinal veins (Figure 4A).
When the number of veins per mm width of the blades was calculated, we observed a
reduction in vein density in leaf three and four but not two in osarf11TRIM mutants. The
reduction in vein density was most obvious in developing leaves but was also present
in fully grown leaves. At two weeks, osarf11TRIM showed an average 7% reduction in
longitudinal vein density in the third leaf and a 9% reduction in leaf four (Figure 4B). In a
separate population scored at three weeks, a reduction of 5% and 6% was detected in the
third and fourth leaf, respectively (Table S2). Floral organ vasculature was also assessed,
but no abnormalities were observed (data not shown).

2.3.2. Tertiary Veins

In addition to the single midvein, we observed that the number of thicker secondary
veins was invariable at four in the second, third, and fourth leaves of wildtype and mutant
seedlings. This suggests that the difference in vein number between the two genotypes were
in the number of tertiary veins. Counting of tertiary veins showed that mutant second,
third, and fourth leaves had on average 27%, 33%, and 29% fewer tertiary veins than
respective wildtype leaves (Figure 4C). We also directly measured the distance between
tertiary veins and found it to be significantly higher in the fourth leaf of two and three-
week-old mutant leaves relative to wildtype (Figure 4D). Tertiary veins evaluated in the
fourth leaf were also found to initiate further from the leaf tip in osarf11TRIM compared to
wildtype plants in both two and three-week-old seedlings (Figure 4E, Figure S5).

2.3.3. Commissural Veins and Areole Size

When distance between transversal commissural veins was measured directly, the
average distance was highly variable. However, when the number of commissural veins
were counted across the widest part of the leaf width, the results showed that the commis-
sural vein density was 12% (2-week-old) and 15% (3-week-old) lower in the fourth leaf of
osarf11TRIM mutants than corresponding wildtype leaves (Figure 4F). We also measured
the area enclosed by two longitudinal veins and two commissural veins. The areole size
was 27% (2-week-old; Figure 4H) and 37% (3-week-old; Table S2) larger in the fourth leaf
of mutant seedlings relative to wildtype seedlings.
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Figure 4. Leaf venation defects in OsARF11TRIM seedlings. (A) Longitudinal vein number, (B) longi-
tudinal vein density, and (C) tertiary vein number in leaves two, three, and four of the primary shoot.
(D) Average distance between tertiary veins, measured at the widest part of leaf four at week two
and three of development. Each data point represents an average of three distances measured per
leaf scored. (E) Tertiary vein initiation, measured from the tip, in leaf four at week two and three.
(F) Commissural vein density; number of veins per leaf area, measured at the widest part of leaf
four. (G) Distance between two adjacent commissural veins and (H) areole size in leaf four. Each
data point in (G,H) represents an average of 10 measurements per leaf. Asterisks indicate significant
differences with respect to wildtype (Student’s t test; ** p < 0.01, *** p < 0.001). Error bars = standard
error. LV, longitudinal veins; TV, tertiary veins; CV, commissural veins.

2.4. Morphometric Analyses of OsARF11TOS-17 Mutants

To complement the analysis of osarf11TRIM, we also conducted pairwise comparison of
wildtype and homozygous TOS-17 insertion mutant (osarf11TOS-17). Just as in osarf11TRIM

mutants, we observed that self-fertilized heterozygous osarf11TOS-17 plants segregated
dwarf seedlings. As described above, we focused our quantification of the heterogeneous
phenotype on homozygous osarf11TRIM mutant populations. Unlike osarf11TRIM though,
the reduced stature in osarf11TOS-17 mutants remained consistent, manifesting in, on av-
erage, 15% shorter shoots in adult plants (Figure 5A). The primary root was 31% shorter
in osarf11TOS-17 in three-week old seedlings and the root system had 47% fewer lateral
roots (Figure 5B,C) and 12% fewer crown roots (Table S3). We saw a comparable reduction
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in width of leaves in osarf11TRIM (17–21%) and osarf11TOS-17 (14–26%) relative to corre-
sponding wildtype backgrounds (Figure 3E, Figure 5D). This defect was companioned by
a comparable reduction in vein number in osarf11TRIM (17–21%) and osarf11TOS-17 (16–19%)
(Figure 4A, Figure 5E).
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old adult plants. (B) Primary root length and (C) lateral root number in three-week-old seedlings.
(D) Leaf width and (E) longitudinal vein, LV, number measured in leaves two, three, and four of the
primary shoot. Asterisks indicate significant differences with respect to wildtype (Student’s t test;
* p < 0.05, ** p < 0.01, *** p < 0.001). Error bars = standard error.

2.5. Loss of OsARF11 Results in Reduced Auxin Perception
2.5.1. Callus Induction

Exogenous application of the synthetic auxin 2,4-Dichlorophenoxyacetic acid (2,4-D)
results in artificial callus induction in in vitro culture in various plant species. To assess if
the OsARF11 contributes to this auxin response in rice, we evaluated callus induction from
germinating seeds. After two weeks on 2,4-D-containing media, germinating osarf11TRIM

seeds had a 28% (1 mg/L 2,4-D) and 21% (2 mg/L 2,4-D) reduced incidence of calli
(Figure 6A). We also documented, on average, 41% (1 mg/L 2,4-D) and 31% (2 mg/L 2,4-D)
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less callus produced from osarf11TRIM seeds relative to wildtype seeds (Figure 6B). After
four weeks of growth, proliferating calli from both genotypes were re-plated on shoot
induction media with a high cytokinin concentration. We observed no visual difference in
the ability to regenerate shoots between the genotypes.

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 9 of 18 
 

 

2.5. Loss of OsARF11 Results in Reduced Auxin Perception  
2.5.1. Callus Induction  

Exogenous application of the synthetic auxin 2,4-Dichlorophenoxyacetic acid (2,4-D) 
results in artificial callus induction in in vitro culture in various plant species. To assess if 
the OsARF11 contributes to this auxin response in rice, we evaluated callus induction from 
germinating seeds. After two weeks on 2,4-D-containing media, germinating osarf11TRIM 
seeds had a 28% (1 mg/L 2,4-D) and 21% (2 mg/L 2,4-D) reduced incidence of calli (Figure 
6A). We also documented, on average, 41% (1 mg/L 2,4-D) and 31% (2 mg/L 2,4-D) less 
callus produced from osarf11TRIM seeds relative to wildtype seeds (Figure 6B). After four 
weeks of growth, proliferating calli from both genotypes were re-plated on shoot induc-
tion media with a high cytokinin concentration. We observed no visual difference in the 
ability to regenerate shoots between the genotypes.  

 
Figure 6. Callus induced from osarf11TRIM and wildtype seeds with 2,4-Dichlorophenoxyacetic acid 
(2,4-D). (A) Callus induction frequency. Each column represents the average frequency of five 
trials. Callus induction frequency (%) = number of seeds producing callus/number of seeds inocu-
lated × 100. (B) Weight of seed-induced calli after four weeks of 2,4-D exposure. Asterisks indicate 
significant differences with respect to wildtype (Student’s t test; ** p < 0.01, *** p < 0.001). Error bars 
= standard error. 

2.5.2. IAA Applications 
The effect of exogenous IAA on developing tissues during early root development 

was evaluated in osarf11TRIM plants relative to wildtype. Since roots of wildtype and mu-
tant seedlings differ in length and number (Figure 3A–C), we measured the change in 
growth during the test period rather than resulting phenotypes. After seven days of IAA 
exposure, the growth of wildtype primary roots was inhibited by 72% (0.5 μM IAA), and 
76% (1.0 μM IAA) relative to the control untreated wildtype plants (Figure 7A). The re-
sponse of mutant seedlings differed in that 0.5 μM IAA inhibited primary root growth by 
only 40%, and 1.0 μM IAA was required to observe an effect comparable (77%) to 0.5 μM 
IAA in wildtype roots. Growing the plants in 0.5 μM IAA resulted in a significant increase 
in the number of crown roots in wildtype seedlings but not in osarf11TRIM seedlings (Figure 
7A). Treatment with 1.0 μM IAA resulted in an insignificant increase in crown root num-
ber in both genotypes.  

Figure 6. Callus induced from osarf11TRIM and wildtype seeds with 2,4-Dichlorophenoxyacetic
acid (2,4-D). (A) Callus induction frequency. Each column represents the average frequency of
five trials. Callus induction frequency (%) = number of seeds producing callus/number of seeds
inoculated × 100. (B) Weight of seed-induced calli after four weeks of 2,4-D exposure. Asterisks
indicate significant differences with respect to wildtype (Student’s t test; ** p < 0.01, *** p < 0.001).
Error bars = standard error.

2.5.2. IAA Applications

The effect of exogenous IAA on developing tissues during early root development was
evaluated in osarf11TRIM plants relative to wildtype. Since roots of wildtype and mutant
seedlings differ in length and number (Figure 3A–C), we measured the change in growth
during the test period rather than resulting phenotypes. After seven days of IAA exposure,
the growth of wildtype primary roots was inhibited by 72% (0.5 µM IAA), and 76% (1.0
µM IAA) relative to the control untreated wildtype plants (Figure 7A). The response of
mutant seedlings differed in that 0.5 µM IAA inhibited primary root growth by only 40%,
and 1.0 µM IAA was required to observe an effect comparable (77%) to 0.5 µM IAA in
wildtype roots. Growing the plants in 0.5 µM IAA resulted in a significant increase in the
number of crown roots in wildtype seedlings but not in osarf11TRIM seedlings (Figure 7A).
Treatment with 1.0 µM IAA resulted in an insignificant increase in crown root number in
both genotypes.

2.5.3. Phenylboronic Acid Exposure

In vitro analysis has showed that phenylboronic acid treatment can phenocopy mp/arf5
phenotypes by inhibition of polar auxin transport [56]. We applied phenylboronic acid
(PBA) to germinating wildtype and osarf11TRIM plants to assess its effect on vein formation.
In leaves two, three, and four of wildtype seedlings, exposure to 12.5 and 25 µM PBA
resulted in a significant decrease in the number of longitudinal veins (Figure 7B). No such
effect was seen in osarf11TRIM seedlings.
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Figure 7. The effect of exogenous auxin and phenylboronic acid (PBA) exposure during early
development. (A) Shoot and root growth following a seven-day exposure to indole-3-acetic acid
(IAA) (0, 0.5, 1 µM) in wildtype and osarf11TRIM seedlings. (B) Longitudinal vein development in the
presence of PBA (0, 12.5, 25 µM). Statistical significance was determined using a pair-wise Student’s
t test. Columns not represented by the same letter, were found to be significantly different. Error
bars = standard error.

2.6. Gravitropism

As root gravitropism depends on both carrier-mediated asymmetric distribution of
auxin in the roots and auxin-mediated cell expansion [57,58], we evaluated the effect of a
90◦ shift in orientation in osarf11TRIM and wildtype roots (Figure 8). Root tip angles were
variable amongst both genotypes, but on average, wildtype plants showed a root tip angle
of 63.24◦ and osarf11TRIM a root tip angle of 51.7◦, which translates into a 18% reduction in
root curvature (p = 0.0034) relative to wildtype.
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Figure 8. Root gravitropic response in osarf11TRIM and wildtype seedlings. (A) Wildtype and
osarf11TRIM seedlings were grown vertically for six days under normal growth conditions, followed
by a 90◦ rotation. Arrows in (A) indicate root tip position at time of rotation, which is used as a base
to measure angle of reorientation after 24 h of growth (B). Mean root tip angle (C). Data from three
independent trials were pooled; wildtype, n = 46; osarf11TRIM, n = 38. Asterisks indicate significant
differences with respect to wildtype (Student’s t test; ** p < 0.01). Error bars = standard error.

3. Discussion

In this study, we have assessed the phenotypes of plants that are homozygous for
insertions in the OsARF11 gene. The two alleles, generated by independent insertions,
resulted in a range of similar phenotypes in homozygous mutants. In addition, many of
these traits have been linked to auxin before, including the narrow leaf, which has been
described in an osarf11 mutant, a mutant defective in auxin biosynthesis, and a mutant
defective in auxin transport [54,55,59]. Thus, we find it likely that the observed phenotypes
are due to the loss of the OsARF11 function. The two alleles differ in the degree of fertility,
though, as osarf11TRIM produces 45% fewer seeds per panicle than wildtype plants and
homozygous osarf11TOS-17 mutants do not produce any seeds. Since the osarf11TOS-17

insertion is in the fifth exon, and the osarf11TRIM insertion is in the eleventh exon, it is
possible that the latter is a weak allele or interferes with gene function differently than
the osarf11TOS-17 allele. Both alleles, however, have insertions in the region encoding the
amino-terminal DNA-binding domain, truncating both the central activation domain and
the carboxy-terminal dimerization domains, indicating that both are null alleles. The
TOS-17 line is known to carry seven transposon copies, of which only two are inserted in
predicted genes, OsARF11 and OsTMF. Homozygous ostmf mutants do not show reduced
fertility or other defects characterized here [60], indicating that the increased infertility in
the TOS-17 line is not due to a defect in the OsTMF gene. An alternative explanation is
that osarf11 effect on fertility is more penetrant in the TOS-17 genome background than
in the TRIM background. This explanation seems likely since the mutants differ only
quantitatively for this trait. The identification and analysis of additional osarf11 mutant
alleles may be the easiest way of addressing the function of OsARF11 in fertilization and
early embryo development.

We observed osarf11 phenotypes that can be summarized as reduced size, reduced
number of meristems, fewer veins, fewer seeds, and reduced perception of auxin. Here, we
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will address these phenotype classes and the role that OsARF11 may play in corresponding
developmental processes. The reduced growth of roots and leaf blade, both in length and
width, taken together with the reduced response to exogenous auxin, both in incidence of
callus formation and growth of calli, are consistent with a role of OsARF11 in mediating a
response to auxin to stimulate cell division, cell expansion, or both. Likewise, we observed
that osarf11 mutants had reduced response to concentrations of IAA that inhibit root
elongation, indicating that OsARF11 plays a role in auxin-mediated root cell elongation.
Auxin is one of the main activators of both cell division and cell expansion [3]. Although
evidence for a direct role of ARFs in these processes is sparse [3,61], reduced size of organs
is a reoccurring theme in rice arf mutants [38,41,43–45] and these genes could have both
unique and overlapping functions in the regulation of cell division and elongation. The ds1
rice dwarf mutant is defective in a gene similar to the A. thaliana EMBRYONIC FLOWER
1 (EMF1) gene [53]. Yeast-two-hybrid experiments show that DS1 proteins interact with
OsARF11 and other proteins and both DS1 and OsARF11 proteins localize to nuclei [53].
This interaction suggests that miss-regulation of OsARF11 may be part of the ds1 dwarf
phenotype. The ds1 mutants are also insensitive to brassinosteroids, which in part appears
to be mediated by OsARF11, as expression of the brassinosteroid receptor OsBRI1 is
reduced in osarf11 mutants and OsARF11 can bind to AuxREs in the OsBRI1 promoter [54]
Thus, there is already evidence that OsARF11 influence growth by increasing sensitivity to
brassinosteroid growth hormones.

We observed several instances in which fewer meristem-derived organs formed in the
osarf11 mutants. First, fewer crown and lateral roots formed in osarf11 seedlings. Second,
mutant panicles formed fewer branches, and branches had fewer grains. These phenotypes
are consistent with the relatively high level of OsARF11 expression in developing roots,
shoot apical meristem, and young panicles [53]. The reduced panicle branch and grain
phenotype is akin to weak alleles of the A. thaliana MP/ARF5 gene, to which OsARF11 is
the closest rice homolog based on phylogenetic analysis [37]. While strong mp/arf5 alleles
do not form an embryonic root, and after induction of roots, form inflorescences with no
flowers, weak alleles form a reduced root system and fewer flowers relative to wildtype
plants [22]. OsARF19 contributes to lateral root formation [62] and OsARF1 regulates
the CROWN ROOT-LESS 1 gene [63], providing potential partners for OsARF11 in root
meristem development.

Leaves of osarf11 mutants have a normal number of primary and secondary veins,
but a reduced number of tertiary and commissural veins. We suggest several potential
causes for this difference. First, the reduced venation is a secondary effect of reduced leaf
width. Speaking against this option is the parallel increase in vein spacing in mutant leaves.
Second, levels of inductive auxin may be limited at the time of tertiary and commissural
vein formation, which combined with reduced auxin perception results in fewer higher-
order veins in mutant leaves. However, there are A. thaliana mutants with defects in
auxin perception, auxin efflux carrier localization, and auxin biosynthesis that have in
common more or less extensive gaps in differentiation of late-forming xylem vessels in
leaves [22,64–67]. We see no gaps in the continuity of vein vessels in osarf11 mutant leaves
(data not shown), speaking against this general explanation. Finally, the two groups of veins
differ in their origin of appearance. Major monocot veins extend to the leaf margin [68] and
may be initiated in a process involving the epidermis similar to that seen in A. thaliana [8,26].
In contrast, tertiary and commissural veins form internally, between existing veins, and
may depend on a modified vein formation process with a higher dependence on OsARF11.
We also saw that osarf11 tertiary veins appear further away from the leaf apex than wildtype
tertiary veins (Figure 4E and Figure S5), which may be another facet of reduced response
to auxin. The reduced number of veins together with the lower vein density is another
osarf11 phenotype that is similar to mp/arf5 mutants, albeit not as strong. Although dicot
and monocot venation patterns are radically different, the areole area is increased by as
much as 37% in osarf11 leaves (Figure 4H), a number comparable to that seen in a weak
mp/arf5 allele [22]. The large increase in areole area is probably a compound effect of fewer
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tertiary and commissural veins (Figure 4C,F) and is likely to affect both water supply and
removal of photosynthates, which in turn could contribute to other observed reduced-
growth phenotypes. Small areole areas have been linked to acclimation and adaptation
to drought stress and reduced sugar accumulation feedback on photosynthesis [69–72],
and OsARF11 could thus play an indirect role in these processes. Although MP/ARF5
expression precedes and predicts vein formation [25,26], no such information is available
for OsARF11. Treatment of developing A. thaliana embryos with phenylboronic acid (PBA)
results in mp/arf5-like seedlings including little or no venation in cotyledons, an effect
attributed to disruption of polar auxin transport by internalization of PIN1 auxin efflux
carriers [56]. In rice seedlings germinating on PBA-containing media, the effect was much
less dramatic, causing reduced numbers of veins in leaves of wildtype seedlings but not
osarf11TRIM seedlings. In strict genetic terms, the insensitivity suggests that OsARF11 is
epistatic to the function inhibited by PBA, possibly a rice PIN1 ortholog, indicating that
a function of OsARF11 could be to activate the expression of an OsPIN gene, similar to
the MP/ARF5 regulation of PIN1 in A. thaliana [26,73]. Similar to MP/ARF5, there is
also evidence that steady-state levels of OsARF11 transcripts increase in response to IAA
treatment [53,74], which would allow OsARF11 to respond also on a transcriptional level
to local auxin maxima formed during vein and meristem specification.

The reduced fecundity as well as the range of early seedling phenotypes in osarf11
mutants are enigmatic. It is possible that they are all part of a spectrum of stochastic
phenotypes caused by auxin signaling instability in the absence of OsARF11. Mutants
in the GNOM gene, defective in endosomal recycling needed for polar auxin transport,
provide precedent for a situation in which a single gene disruption can result in a wide
range of embryo and seedling phenotypes [75,76]. A cursory assessment of osarf11 embryo
anatomy, however, did not reveal obvious defects (not shown) and gene expression markers
of auxin-related processes and tissues will be needed to understand the role of OsARF11 in
embryo development and early seedling growth.

Our analyses provide evidence that OsARF11 contributes substantially to seedling
growth, leaf, and root system development. We also saw a 45% reduction in seed number
per plant and a 17% reduction in seed weight in osarf11 mutants. Differently from the osarf11
alleles in this study, varieties used for breeding are likely to carry functional allele variants
of the OsARF11 that differ considerably less in their contribution to important quantitative
traits. The fact remains, however, that this study pinpoints a role of OsARF11 in these
processes, providing a candidate for selection and targeted modification of rice productivity.

4. Materials and Methods
4.1. Gene Terminology, Mutant Lines, Genotyping, and Growth Conditions

Upper case indicates wildtype allele, lower case indicates mutant allele. Italic font
indicates gene or transcript, and regular font indicates protein. Sequence and annota-
tion for OsARF11 can be found at the Rice Annotation Project Database [77] using acces-
sion no. Os04g0664400, National Center for Biotechnology Information using accession
no. LOC4337309 or Michigan State University accession no. LOC_Os04g56850.1. This
gene is also known as OsARF11-like, OsARF5, and OsMP. Mutant lines containing inser-
tional mutations in the OsARF11 predicted open-reading frame were kindly provided by
both TRIM (M0030446, OsARF6) [49] and TOS-17 (NC2659) [50] databases. The sequence
information available at the mutant line websites indicate one T-DNA insertion in the
M0030446 line and two gene TOS-17 insertions in the NC2659 line, with an overlap only
in the OsARF11 gene. The Oryza sativa japonica variety Nipponbare, in which the muta-
tions were introduced, was used as a wildtype control in all comparison studies. DNA
was extracted from 14-day-old seedlings using ChargeSwitch gDNA Plant Kit (CS18000,
ThermoFisher Scientific, Burlington, ON, Canada). PCR was used to confirm the inser-
tion and identify homozygous mutant plants in segregating populations (Supplemental
Figure S1). T-DNA primer 5′-TCGCGATCCAGACTGAATGC-3′ and OsARF11 primer
5′-GGGGACTCCCAAGGGTTTGA-3′ were used to confirm the insertion of the T-DNA
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in osarf11TRIM. OsARF11Tos-17 primer 5′-CAGAAATATTCAGTGGGGTG-3′ and tail6 TOS-
17 primer 5′-AGGTTGCAAGTTAGTTAAGA-3′ were used to confirm the TOS-17 tag in
osarf11TOS-17.

Morphometric measurements were scored in wildtype, osarf11TRIM, and osarf11TOS-17

lines. Full seeds were de-husked, and surface sterilized in 70% (v/v) ethanol for 5 min,
followed by 50% (v/v) commercial bleach with continuous shaking for 30 min and repeated
washes with sterile water. Seeds were dried on sterile filter paper and plated on half-
strength Murashige and Skoog Medium (MS, M5531, PhytoTech Labs Inc., Lenexa KS,
USA) supplemented with 30 g/L sucrose and 8 g/L plant agar (A111, PhytoTech Labs Inc.,
Lenexa, KS, USA). Plates were incubated in a growth chamber for seven days at 25 ◦C
with 16/8-h light/dark conditions. Germinated seedlings were transferred to beakers
with distilled water containing 0.2 g/L NPK 20-20-20 fertilizer for one week followed by
potting in clay particle media (Turface MVP, Evergro, Delta, BC, Canada) as described
(Eddy et al., 2008.) and moved to a greenhouse. Natural light was supplemented with
600 W high-pressure sodium lamps up to 12 h/day and temperature was kept between 20
and 30 ◦C. Plants were fertilized twice a week, alternating between 2 g/L NPK 20-20-20
and 0.2 g/L NPK 21-0-0. Mutant seedlings displaying extreme dwarfism and insufficient
root development did not survive the transfer to clay media and were not included in adult
phenotype scoring.

4.2. Tissue Culture Assays

Callus tissue was induced from wildtype and osarf11TRIM de-husked seeds plated
on full strength MS media supplemented with 30 g/L sucrose, 30 mg/L casamino acids,
2.8 g/L L-proline, 4 g/L phytagel (P8169, Sigma-Aldrich Canada Co., Oakville, ON,
Canada) and 1 or 2 mg/L 2,4-Dichlorophenoxyacetic acid (2,4-D). Media was buffered
to a pH of 5.8. Plates were placed in an incubator set to 30 ◦C with approximately
200 µmol m−2 s−1 light intensity and 16-h day length. The frequency of seeds that pro-
duced callus were scored after two weeks. Proliferating calli were transferred to fresh
media and grown for an additional two weeks, after which their weights were taken. To
induce shoots, calli were transferred from media described above, but supplemented with
2 mg/L Kinetin and 1 mg/L NAA, instead of 2,4-D. Cultures were transferred to a growth
chamber set to 25 ◦C with 16/8-h light/dark conditions.

Seven-day-old wildtype and osarf11TRIM seedlings were exposed to 0, 0.5, or 1 µM
Indole Acetic Acid (IAA) while in liquid culture (0.2 g/L NPK 20-20-20). Solutions contain-
ing 0 µM IAA were inoculated with a mock dose containing DMSO, which was used as
a hormone solvent. Root and shoot growth were measured prior to and following seven
days of auxin exposure. The difference in growth during the treatment period = Trait
X post-treatment minus Trait X pre-treatment. In a separate experiment, wildtype and
osarf11TRIM seeds were germinated on half-strength MS supplemented with 0, 12.5, and
25 µM phenylboronic acid (PBA, BB-2375, Combi-Blocks, Inc., San Diego, CA, USA) to
determine the effect of PBA on longitudinal vein development in the second, third, and
fourth leaves of the primary shoot.

For root gravitropism responses, seeds from both genotypes were first plated on half
strength MS and grown vertically for six days. Plates were thereafter rotated at a 90-degree
angle and evaluated after 24 h. Root curvature was measured using ImageJ software [78]
as described [63].

4.3. Microscopy

Seedlings were fixed overnight in a 6:1 solution of ethanol to acetic acid, followed by
a brief wash in 50% ethanol. Individual leaves were collected and cleared in lactic acid by
heating to 95 ◦C for 30 min. Explants were mounted in a 30% aqueous glycerol solution.
Leaf venation was observed using differential interference contrast in a Nikon Eclipse E600
microscope (EquipNet, Inc. Canton, MA, USA). Images were captured with a Canon EOS
5D Mark II camera (Henry’s Camera, Vancouver, BC, Canada).
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4.4. Statistical Analysis

Statistical analyses were conducted in JMP (SAS, Cary, NC, USA) using a one-way
analysis of variance (ANOVA) test and Student’s t test. Associated graphs were generated
in Excel. As osarf11 mutant phenotypes were not fully penetrant, measurements from
repeat trials were combined into a single data set to increase sample size. Two or more
growth trials were conducted per experiment.

5. Conclusions

The OsARF11 gene has appeared in gene expression studies and its protein as an
interactor with other proteins with key roles in rice development, but a thorough analysis
of its function based on mutant analysis has to-date been lacking. This study fills that gap
in knowledge and provides evidence that OsARF11 acts in auxin-dependent processes
throughout the rice life cycle. OsARF11 promotes both root and leaf growth, formation
of roots, panicle branches, grains, and higher-order veins. We also found evidence for
a role in auxin perception, response to gravitropic stimulus, as well as seed formation
and development. While osarf11 seedlings did not display the patterning defects seen in
mutants of its potential A. thaliana ortholog MP/ARF5, we saw a partial overlap in vein and
reproductive lateral organ formation, suggesting that OsARF11 may have functions similar
to MP/ARF5 in some processes. This study provides the baseline needed for more detailed
studies on the role of OsARF11 in these developmental processes and suggests a role of
OsARF11 in key quantitative traits in this economically important species.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22084089/s1, Figure S1: Identification of homozygous Osarf11TOS17 mutants. Figure S2:
Sequence of TRIM T-DNA 3′ end insertion point. Figure S3: Insertion of TOS17 transposon in the
OsARF11 gene. Figure S4: Height phenotype of two-month-old osarf11 mutants. Figure S5: Tertiary
vein initiation in osarf11TRIM relative to wildtype. Table S1: Quantitative phenotypes measured in
osarf11TRIM plants. Table S2: Leaf venation defects in osarf11TRIM seedlings., Table S3: Quantitative
phenotypes observed in osarf11TOS−17 plants.
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