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Seeds or grains constitute the major source of food 
supply around the world, and their production de-
pends on successful pollination, double fertilization, 
and subsequent embryogenesis. The pollen tube, the 
reduced male gametophyte of flowering plants, trav-
els through the transmitting tract inside female tissues 
and delivers the male gametes (two sperm cells) to fer-
tilize female gametes (egg and central cell) for double 
fertilization (Berger et al., 2008). Well-programmed mi-
crospore development, pollen germination, and tube 

growth are essential for successful fertilization (Malhó, 
2006). Cell-cell communication and intricate signaling 
cascades are important steps in the pollination process 
(Cheung and Wu, 2008; Qin and Yang, 2011; Dressel-
haus and Franklin-Tong, 2013).

The phytohormone auxin influences nearly all as-
pects of plant growth and development by regulating 
cell division, expansion, and differentiation (Chapman 
and Estelle, 2009). Auxin regulates these processes in 
part by changing the expression of a set of early auxin  
response genes: AUXIN/INDOLE-3-ACETIC ACID 
(AUX/IAA), GRETCHEN HAGEN3 (GH3), and SMALL 
AUXIN UP RNA (SAUR; Hagen and Guilfoyle, 2002; 
Woodward and Bartel, 2005; Quint and Gray, 2006; 
Hayashi, 2012). AUX/IAA genes encode AUX/IAA 
proteins, which function as transcription repressors 
(Ulmasov et al., 1997), and GH3 genes encode IAA- 
amido synthetases, which convert active IAA to an in-
active conjugated form (Staswick et al., 2005). SAURs 
were first identified as primary auxin-inducible genes, 
and their expression could be induced within 2.5 min 
after auxin treatment (Franco et al., 1990; Hagen and 
Guilfoyle, 2002). Most SAURs have no intron, cluster on  
chromosomes, and contain auxin-responsive elements 
in their promoter regions (Chen et al., 2014). Fur-
thermore, some SAURs have an mRNA-destabilizing 
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downstream element in the 3′ untranslated region (Gil 
and Green, 1996).

In addition to auxin, ethylene, brassinosteroid (BR), 
gibberellin (GA), abscisic acid (ABA), jasmonic acid 
(JA), light, and osmotic stresses regulate the expression 
of SAUR genes (Li et al., 2015; Ren and Gray, 2015; Sun 
et al., 2016), which indicates that SAURs contribute to 
other hormone- and environmental factor-mediated 
plant growth and development. Recent studies show 
that some SAUR genes are expressed mainly in hypo-
cotyls or other elongating tissues, so they may play 
important roles in regulating cell elongation (Knauss  
et al., 2003; Chae et al., 2012; Spartz et al., 2012, 2014). 
For example, AtSAUR63 may affect auxin transport 
to regulate hypocotyl and stamen filament elongation 
(Chae et al., 2012), whereas AtSAUR19 promotes cell 
expansion by negatively regulating type 2C protein 
phosphatases belonging to the D subfamily to mod-
ulate plasma membrane H+-ATPase activity (Spartz 
et al., 2012, 2014). A few SAUR proteins have been 
found to bind to Ca2+/calmodulin proteins (Yang and 
Poovaiah, 2000; Reddy et al., 2002), regulate auxin 
synthesis and transport (Kant et al., 2009), alter api-
cal hook development (Park et al., 2007), regulate leaf 
growth and senescence (Spartz et al., 2012; Hou et al., 
2013), or regulate root growth and development (Kong 
et al., 2013; Markakis et al., 2013), but the roles of SAUR 
proteins during pollen tube growth remain elusive.

Plant ribosomes are composed of four rRNAs and 80 
distinct ribosomal proteins (32 small and 48 large ribo-
somal subunit proteins) and are responsible for protein 
synthesis (Barakat et al., 2001). During the process of ri-
bosome biogenesis, ribosomal proteins are synthesized 
in the cytoplasm and then imported into the nucleo-
lus. Ribosome assembly begins in the nucleolus, where 
ribosomal proteins assemble with rRNAs to form the 
pre-40S and pre-60S subunits. The preribosomal sub-
units are then transported through the nucleus to the 
cytoplasm, where their assembly is completed (Byrne, 
2009). Impaired ribosome biogenesis is known to cause 
developmental defects in yeast (Saccharomyces cerevisiae),  
humans, and plants (Tschochner and Hurt, 2003;  
Galani et al., 2004; Ruan et al., 2012). In general, ribo-
somal proteins are considered housekeeping proteins 
and required for basic architectural roles in the ribo-
some. However, accumulating evidence from several 
ribosomal protein-defective mutants highlights the 
extra and unique functions of ribosomal proteins. For 
example, mutations in genes encoding ribosomal pro-
teins have been found to confer multiple cellular and 
developmental defects, including embryo lethality, 
late flowering, vascular pattern defects, retarded root 
growth, or reduced plant size (Byrne, 2009). In addi-
tion, several ribosomal protein mutants have auxin- 
related developmental defects. For instance, mutation 
of ribosomal large subunit24b (rpl24b) causes defects in 
the apical-basal patterning of the gynoecium resem-
bling the auxin response factor mutants ettin/auxin  
response factor3 (arf3) and monopteros/arf5, and the 
rpl4d and rpl5a mutants show developmental defects  

in primary root elongation, lateral root initiation, and 
shoot architecture. These phenotypes are caused by ab-
normal auxin distribution and sensing via the transla-
tional control of auxin response factors dependent on 
an upstream open reading frame-dependent mecha-
nism (Nishimura et al., 2005; Rosado et al., 2012). Some 
ribosomal proteins also are involved in sexual plant 
reproduction, and loss-of-function mutants with ga-
metophyte defects include rpl10a, rpl18aB, rpl27aC, and 
rps5a (Weijers et al., 2001; Imai et al., 2008; Szakonyi  
and Byrne, 2011; Yan et al., 2016). All these results 
suggest that translational regulation as a regulatory 
mechanism is required for proper and complex plant 
growth and development.

Our previous study of translatomes of in vivo-grown  
Arabidopsis (Arabidopsis thaliana) pollen tubes revealed 
the enrichment of 41 transcripts (Lin et al., 2014), two 
of which belong to the SAUR family, SAUR62 and 
SAUR75. Like other in vivo (iv) mutants (Lin et al., 
2014), both saur62 and saur75 mutants show unfertil-
ized seeds in mature siliques. In this study, we report 
the exploration and detailed characterization of the 
biological roles of these SAURs in elongating pollen 
tubes. More specifically, we show that their interactions 
with RPL12 family proteins in the nucleus regulate ri-
bosome assembly, composition, and the subsequent 
translational activities of several factors involved in 
wall biogenesis and dynamic F-actin organization of 
elongating pollen tubes.

RESULTS

SAUR62 and SAUR75 Are Expressed in Pollen Grains and 
Pollen Tubes

The Arabidopsis genome contains 81 SAUR genes, 
including two pseudogenes, and is classified into 12 
clades (Ren and Gray, 2015). Our previous translatome 
studies (Lin et al., 2014) show that about one-third of 
SAURs are up-regulated after pollination and enriched 
in in vivo-elongating pollen tubes (Supplemental Fig. S1).  
Among these transcripts, nine members of clade II, 
SAUR61 to SAUR68 and SAUR75, drew our attention. 
These SAUR genes except SAUR61 showed higher 
expression in in vivo-grown pollen tubes, which sug-
gested their important roles in stimulating pollen tube 
elongation and/or following fertilization (Fig. 1A). 
These nine SAUR proteins also shared high similarity  
(Supplemental Fig. S2), and phylogenetic analysis 
showed that SAUR62 and SAUR75 had the highest 
amino acid sequence similarity (Fig. 1B). Thus, we fo-
cused on these two closely related SAURs in this study.

Tissue-specific expression profiles by reverse tran-
scription (RT)-PCR indicated a ubiquitous expression 
pattern for SAUR62, including in seedlings, stems, 
rosette leaves, cauline leaves, flowers, and siliques, 
whereas SAUR75 was present mainly in flowers (Fig. 
1C). To further examine the spatial expression patterns  
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within flowers, a promoter::GUS assay was used. 
SAUR62::GUS was expressed in sepals, petals, sta-
men filament, pollen grains, pollen tubes, stigma, and 
style, but SAUR75::GUS was detected mainly in pol-
len grains, pollen tubes, and ovules (Fig. 1D; Supple-
mental Fig. S3). Thus, both SAUR62 and SAUR75 were 
expressed in mature pollen grains and pollen tubes, 

which suggests their potential roles in pollen develop-
ment and/or pollen tube growth.

SAUR62 and SAUR75 Localize to the Nucleus of 
Elongating Pollen Tubes

SAUR62 and SAUR75 shared 97.65% and 93.62% 
identity at the nucleotide and amino acid sequences, 

Figure 1.  Spatiotemporal expression profiles of Arabidopsis SAUR62 and SAUR75. A, Comparing the expression of SAUR62 
to SAUR68 and SAUR75 in pollen grains (pollen), in vitro-cultured pollen tubes (in vitro), and in vivo-grown pollen tubes  
(in vivo) from previously characterized expression profiles of a translatomic study (Lin et al., 2014) where all transcripts were 
up-regulated significantly in in vivo-grown pollen tubes. B, Phylogenetic tree of nine members in clade II of SAURs obtained 
at the Website Phylogeny.fr: Tree Dyn. The numbers on the nodes of the phylogenetic tree correspond to bootstrap values. 
SAUR62 and SAUR75 were in the same cluster. C, RT-PCR analysis showed the ubiquitous and flower-enriched expression 
patterns of SAUR62 and SAUR75, respectively. ACTIN1 was used as an internal loading control. D, Promoter::GUS analyses 
showing pollen grains and the in vitro-cultured pollen tube expression profiles of SAUR62 and SAUR75. Bars = 1 mm in flowers 
and 100 μm in pistils and pollen tubes.
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respectively, and contain a putative nuclear localiza-
tion signal (NLS) at their N-terminal regions (Fig. 2A).  
To examine their subcellular localization, we generated  
transgenic Arabidopsis plants expressing SAUR62- 
2xGFP and SAUR75-2xGFP driven by a native SAUR62/ 
75 promoter. SAUR62 and SAUR75 fusion proteins 
appeared in the nuclei of transgenic seedlings (Sup-
plemental Fig. S4), but no GFP signal was detected in 
in vitro-cultured pollen tubes. We further generated 
transgenic Arabidopsis plants expressing SAUR62-GFP  

and SAUR75-GFP driven by the LAT52 promoter, a 
postmeiosis-specific promoter in pollen and pollen 
tubes. In these stable lines, no signal was detected in 
pollen grains and pollen tubes, but immunoblot analy-
sis detected signals in transgenic flowers (Supplemen-
tal Fig. S5).

To further evaluate the subcellular localization of 
SAUR62 and SAUR75 and clarify the relation between 
their function and pollen tube growth, LAT52::SAUR62- 
GFP and LAT52::SAUR75-GFP plasmids were expressed 

Figure 2.  Subcellular localization of SAUR62 and SAUR75 in elongating pollen tubes. A, Genetic Computer Group and NLS 
Mapper were used to obtain pairwise sequence alignment and the predicted NLS marked by the double black lines for SAUR62 
and SAUR75. Black shading indicates identical sequences between SAUR62 and SAUR75. ΔN indicates the deleted amino acid 
sequence in constructs. B and C, Subcellular localization of LAT52 promoter-driven SAUR62/75-GFP (B) and LAT52 promoter- 
driven ΔN-SAUR62/75-GFP (C) fusion proteins in particle bombardment-transformed tobacco pollen tubes. The bombardment 
experiments for each construct were performed two independent times; each time, at least 20 fluorescent pollen tubes were 
observed and showed the same localization pattern. DIC, Differential interference contrast. Bars = 10 μm.
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transiently in tobacco (Nicotiana tabacum) pollen grains 
by particle bombardment. Both SAUR62-GFP and 
SAUR75-GFP fluorescence signals appeared in the 
vegetative nucleus (Fig. 2B), and their NLS was re-
sponsible for their nuclear targeting: the N-terminal 
domain of ΔN-SAUR62-GFP and ΔN-SAUR75-GFP 
lack the NLS, so the truncated SAUR62/75 started to 
accumulate in the cytoplasm of elongating tubes (Fig. 
2C). These results suggest that SAUR62/75 are present 
in the nucleus of elongating tobacco pollen tubes.

SAUR62 and SAUR75 Are Required for Fertility

To characterize the biological function of SAUR62 
and SAUR75, we analyzed their corresponding T-DNA 
insertion lines with individual T-DNAs inserted in the 
promoter and exon regions of SAUR62 and SAUR75, 
respectively (Fig. 3A). RT-PCR revealed that SAUR62 
expression was moderately knocked down in homo-
zygous saur62 (saur62/−) and SAUR75 expression 
was almost completely knocked out in homozygous  
saur75 (saur75/−). In addition, we generated the 
LAT52::SAUR62/75-RNAi mutant by targeting 231-bp 
fragments to the coding region for both genes under 
the control of the LAT52 promoter. RT-PCR confirmed 
reduced SAUR62 and SAUR75 transcript levels in five 
independent homozygous LAT52::SAUR62/75-RNAi 
lines as compared with the wild type (Supplemen-
tal Fig. S6). Given that SAUR62 and SAUR75 were 
expressed in pollen grains and pollen tubes (Fig. 1), 
we analyzed the self-fertilization rates in wild-type, 
saur62/−, saur75/−, and RNAi-1 plants. Siliques of the 
wild type were filled with seeds, whereas siliques of 
saur62, saur75, and RNAi-1 showed seed abortion (Fig. 
3B), shorter siliques, and fewer seeds per silique (Fig. 
3C). The seed abortion rates were higher in both mu-
tants and RNAi-1 lines than in the wild type (Fig. 3D). 
These results suggest that saur62, saur75, and RNAi-1 
plants had a fertilization defect.

To investigate whether the reduced fertility in saur62, 
saur75, and RNAi-1 was caused by the pistil, pol-
len grains, or both, we performed reciprocal crosses.  
With saur62/−, saur75/−, or RNAi-1 pollen grains as the 
male donors pollinated on wild-type stigmas, crossed 
siliques showed remarkably reduced silique length 
and seed number (Fig. 3E). When the pistils of saur75/− 
were pollinated with wild-type pollen grains, silique 
length and average number of seeds were reduced. 
These results indicate that the fertilization defect in 
saur62 and RNAi-1 was attributed to the pollen grains 
but not to pistils and in saur75 to both pollen grains 
and pistils.

Pollen Tube Growth Was Defective in saur62/75 and 
RNAi-1 Lines

To establish whether the reduced fertility of saur62/−,  
saur75/−, and RNAi-1 was due to defective pollen,  
we examined nuclear division by 4′,6-diamidino-2- 
phenylindole (DAPI) staining and pollen viability by 

fluorescein diacetate (FDA) and Alexander staining. 
DAPI staining showed that the pollen grains from 
saur62, saur75, and RNAi-1 were typical trinucleate 
pollen grains (two sperm cell nuclei and a vegetative 
nucleus) like wild-type pollen grains (Supplemental 
Fig. S7, A–D and M). FDA and Alexander staining 
revealed that most saur62, saur75, and RNAi-1 pollen 
grains showed FDA fluorescence (Supplemental Fig. 
S7, E–H and N) and were red in color (Supplemental 
Fig. S7, I–L). Therefore, the mutations of SAUR62 or 
SAUR75 likely do not affect pollen grain development 
and viability.

Because the single mutant and RNAi-1 lines pro-
duced normal mature pollen grains, we next exam-
ined in vitro pollen germination and tube growth of 
all selected plants. Pollen grains from the wild type, 
saur62/−, saur75/−, and RNAi-1 were germinated in 
vitro on Arabidopsis pollen germination medium 
and observed after 5 h. The pollen germination rates 
were lower for saur62, saur75, and RNAi-1 than for 
wild-type pollen: 58.35% for the wild type, 42.98% for 
saur62, 41.82% for saur75, and 41.48% for RNAi-1 un-
der the same conditions (Fig. 4A). In addition, pollen 
tubes were markedly shorter for saur62, saur75, and 
RNAi-1 than for the wild type. The mean pollen tube 
length was 144.03 ± 42.69 μm (n > 300) for the wild 
type, 116.56 ± 36.97 μm (n > 300) for saur62, 102.68 ± 
32.39 μm (n > 300) for saur75, and 109.18 ± 40.15 μm 
(n > 300) for RNAi-1 (Fig. 4B). Surprisingly, micro-
scopic observation revealed a branching phenotype 
of pollen tube tips in saur62, saur75, and several RNAi 
lines (Fig. 4D; Supplemental Fig. S6). Even though tube 
branching also occurred occasionally in wild-type pol-
len tubes, the frequency of branched tubes in saur62, 
saur75, and RNAi-1 was approximately 3 times higher 
than in the wild type (Fig. 4C).

To visualize in vivo-grown pollen tubes, pistils were 
stained with Aniline Blue 6 and 24 h after hand pollina-
tion (Supplemental Fig. S8). With saur62/−, saur75/−, or 
RNAi-1 pollen grains pollinated on wild-type gynoe-
cia, pollen tubes showed remarkably retarded growth 
after 6 h of pollination. Nevertheless, they eventually  
reached the bottom of the transmitting tract at 24 h. 
The siliques from these pollination combinations 
showed aborted seeds dispersing randomly from the 
top to the base (Supplemental Fig. S9). Furthermore, 
cross-pollination of wild-type pollen onto the saur75/− 
gynoecium resulted in shorter pollen tube length and 
seed abortion (Supplemental Figs. S8 and S9).

To investigate the impact of pollen tubes on pollina-
tion and fertilization, Aniline Blue staining was used 
to investigate pollen tube growth in pistils of these 
mutants after self-pollination. Wild-type pollen tubes 
grew normally and successfully entered the micropyle; 
however, some pollen tubes of saur62/−, saur75/−, and 
RNAi-1 failed to perceive the guidance signal from the 
micropyle. Additionally, some branched pollen tubes 
of mutants could target the micropyle but failed to en-
ter it (Supplemental Fig. S10), which explained why the 
ovule could not be fertilized and was consistent with 
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the fertility defect in the homozygous saur62, saur75, 
and RNAi-1 plants.

To further determine whether these defects were 
caused by male gametophytes, wild-type pistils were 
pollinated with saur62/−, saur75/−, and RNAi-1 pollen  

and observed at 24 h after pollination. Some pollen 
tubes (arrows) from saur62 and RNAi-1 twisted around 
the micropyle (arrowheads), and some saur62 and 
RNAi-1 branched pollen tubes reached but failed to 
enter the micropyle (Fig. 4E). In addition, in wild-type 

Figure 3.  Mutations and knockdown expression of SAUR62 and SAUR75 significantly impair fertility. A, Schematics of the 
genomic fragments of SAUR62 and SAUR75 with the corresponding T-DNA insertion sites marked by black triangles. RT-PCR 
analysis showed that saur62/− was a knockdown mutant and saur75/− was a null mutant. ACTIN1 was used as an internal 
loading control. B and C, Effects of mutations of SAUR62 and SAUR75 on fertility. B, Aborted seeds (white arrowheads) in 
dissected siliques. Bar = 0.5 mm. C, Length and average seed number per mature silique obtained from the primary shoots of 
wild-type (WT), saur62, saur75, and RNAi-1 plants. Columns represent means ± se (n > 20). Asterisks indicate significant differ-
ences from the wild type (**, P < 0.01) by Student’s t test. D, Frequencies (%) of aborted seeds per silique of wild-type, saur62, 
saur75, and RNAi-1 plants. Columns represent means ± se (n > 30). Asterisks indicate significant differences from the wild type  
(*, P < 0.05 and **, P < 0.01) by Student’s t test. E, Silique length and number of seeds per silique in reciprocal pollination 
plants. Columns represent means ± se (n > 10). Asterisks indicate significant differences from wild-type ♀ × wild-type ♂  
(*, P < 0.05 and **, P < 0.01) by Student’s t test.
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Figure 4.  Impaired in vitro pollen germination, tube elongation, and pollination in saur62, saur75, and RNAi-1 plants. A and 
B, In vitro pollen germination rate and tube length of 5-h-grown pollen tubes. Columns represent means ± se (n > 300). Aster-
isks indicate significant differences from the wild type (WT; **, P < 0.01) by Student’s t test. C and D, Branching phenotypes 
of wild-type, saur62, saur75, and RNAi-1 in vitro-cultured pollen tubes. The tip-branching phenotype (D) was confirmed by 
statistical analysis of the proportion of the branching phenotype (C). Columns represent means ± se (n > 300). Asterisks indicate 
significant differences from the wild type (**, P < 0.01) by Student’s t test. Bars = 50 μm. E, Aniline Blue staining reveals pollen 
tube behavior and fertilization of saur62/−, saur75/−, and RNAi-1 pollen on wild-type styles. After pollination, a wild-type 
ovule containing a single pollen tube (arrows) reached the micropyle (arrowheads). saur62 and RNAi-1 branched pollen tubes 
reached the micropyle but failed to enter it, and some pollen tubes twisted around the micropyle. Multiple saur62, saur75, and 
RNAi-1 pollen tubes grew toward one ovule. Bars = 50 μm.

632� Plant Physiol.  Vol. 178, 2018

He et al.

 www.plantphysiol.orgon July 16, 2019 - Published by Downloaded from 
Copyright © 2018 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


ovules, only one pollen tube is allowed to move along 
the funiculus and penetrate the micropyle. Occasion-
ally, multiple saur62, saur75, and RNAi-1 pollen tubes 
reached a single ovule, so these pollen tubes might not 
be able to sense or respond to the female signal, which 
is essential for funiculus repulsion and/or even micro-
pylar repulsion.

In summary, saur62, saur75, and RNAi-1 showed 
defective in vitro and in vivo pollen tube growth. 
SAUR62 and SAUR75 are likely important for normal 
pollen germination and pollen tube growth, and the 
reduced fertility of the mutants results from impaired 
pollen tube growth. However, SAUR75 also has a sub-
tle effect on pistil function for pollen tube growth.

SAUR62 and SAUR75 Are Involved in Ribosome 
Assembly

Although many SAUR genes have been studied in 
Arabidopsis, the molecular mechanisms of their roles 
in pollen tube growth remain to be elucidated. The 
possible roles of SAUR62 and SAUR75 during polli-
nation could be elucidated by examining the potential 
interacting partners of SAUR62 and SAUR75. We per-
formed immunoprecipitation with anti-GFP antibody 
followed by mass spectrometry (MS) analysis with 
total proteins extracted from LAT52::SAUR62-GFP 
and LAT52::SAUR75-GFP open flowers and identified 
several candidates, including RPL12 family proteins 
(RPL12A/B/C; Supplemental Table S1). According to 
previously published microarray data, all three RPL12 
genes are expressed in mature pollen grains, in vitro 
pollen tubes, and in vivo-grown pollen tubes (Supple-
mental Fig. S11A), which suggests that the RPL12 fam-
ily members are putative interaction candidates for 
SAUR62/75. Unlike SAUR62 and SAUR75, which are 
localized predominantly in the nucleus (Fig. 2B), RP-
L12A and RPL12C were found in both the nucleus and 
the cytoplasm (Supplemental Fig. S11B). To explore the 
roles of RPL12 in pollen tube elongation and pollina-
tion/fertilization, we investigated the phenotypes of 
available RPL12A and RPL12C mutants. Homozygous 
rpl12a (rpl12a/−) and rpl12c (rpl12c/−) mutants showed 
similar defects in fertility, pollen germination, and tube 
elongation (Supplemental Fig. S12), as was found in 
saur62/75 and RNAi-1 (Figs. 3, B–D, and 4, A and B).  
We further confirmed that SAUR62/75 interacted with 
RPL12A and RPL12C by bimolecular fluorescence 
complementation (BiFC; Fig. 5A) and yeast two-hybrid 
(Y2H) assays (Fig. 5B).

The interactions between individual SAUR62/75 and 
RPL12A/C combinations occurred exclusively in the 
vegetative nuclei of pollen tubes. Because RPL12A/C 
are components of the ribosomal pre-60S subunit, their 
interactions in the nucleus might be important for 
pre-60S subunit composition before being transported  
to the cytosol for maturation and 80S monosome as-
sembly. To investigate a potential role for SAUR62 
and SAUR75 in ribosomal presubunit biogenesis, 80S 
monosome assembly, and subsequent polysome com-

plex formation, we performed polysome profiling. As 
compared with the wild type, saur62, saur75, RNAi, 
and rpl12c flowers showed significantly reduced abun-
dance of 80S monosomes but no significant difference 
at the level of polysomes. In addition, the abundance 
of 40S and 60S ribosomal subunits was reduced in 
saur75 and the abundance of 60S ribosomal subunits 
was reduced in RNAi lines (Fig. 6). These results show 

Figure 5.  RPL12A/B/C are SAUR62/75-interacting proteins. A, BiFC 
assays of SAUR62-YN (containing the N terminus of YFP) and/or  
SAUR75-YN with RPP2B-YC (containing the C terminus of YFP),  
RPL12A-YC, RPL12B-YC, RPL12C-YC, ACT7-YC, or LePRK1-YC in 
particle bombardment-transformed tobacco pollen tubes confirmed 
the interaction between SAUR62/75 and individual RPL12s. LePRK1-YC 
was used as a negative control. Bars = 10 μm. B, Y2H assays of SAUR62 
and SAUR75 with RPP2B, RPL12A, RPL12B, RPL12C, ACT7, or AD on 
SD/-LW (synthetic dropout-Leu/-Trp) and SD/-LWAH (synthetic dropout-
Leu/-Trp/-Ade/-His) medium were used to verify the interactions be-
tween SAUR62/75 and their interaction partners. Empty vector (AD, 
pGADT7) was used as a negative control.
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that SAUR62/75 associate with the RPL12 family pro-
teins, as evidenced by immunoprecipitation and mass 
spectrometry analysis (IP-MS), BiFC, and Y2H assays, 
and reveal an important role for SAUR62 and SAUR75 
in ribosomal pre-60S subunit assembly.

Dynamics of Cell Wall Pectin and F-Actin Are Disturbed 
in RNAi Pollen Tubes

Polysome profiling showed that SAUR62 and SAUR75 
are required for the proper assembly of ribosomes, the 
major components of the translational machinery. It is 
ideal but technically not feasible to compare the glob-
al pollen tube protein profiles in wild-type and RNAi 
flowers. With limited working materials, we could use 
only wild-type and RNAi flowers for total protein ex-
traction and subsequent isobaric tags for relative and 
absolute quantitation (iTRAQ) analysis to compare 
their total protein profiles. By using a pollen-specific 
promoter to knock down the expression of SAUR62/75 
in RNAi lines, we expected that individual proteins 
contributed by the defective pollen tubes would show 
a very minor fold change in levels, because proteins 
of in vivo-grown pollen tubes contribute only a very 
small portion of the total proteins obtained from a 

whole flower. iTRAQ analysis identified 15 proteins 
involved in ribosome biogenesis with differential ex-
pression changes in RNAi (Supplemental Table S2), 
which suggests that the loss of SAUR62/75 might af-
fect the homeostatic levels of proteins involved in ri-
bosome biogenesis. Nevertheless, two major protein 
groups with unique functions in pectin wall biogenesis 
and F-actin organization were down-regulated signifi-
cantly in RNAi (Supplemental Table S3). We found re-
duced levels of several pectin methylesterases (PMEs), 
PME inhibitors, and pectin lyases as well as F-actin 
profiling, actin-depolymerizing factors, and LIM do-
main-containing proteins (LIMs), for example.

The saur62/75 and RNAi plants exhibited impaired 
pollen germination and pollen tube growth and many 
down-regulated proteins involved in the remodeling 
of pectins and actin cytoskeleton, which suggested al-
tered deposition of cell wall components and distribu-
tion of actin filaments in RNAi pollen tubes. Pectins 
are the major component of the pollen tube cell wall 
and are deposited as a high-methylesterified form at 
the pollen tube tip by exocytosis. At the subapical re-
gion, methylesterified pectins are deesterified by PMEs 
(Bosch et al., 2005; Bosch and Hepler, 2005). To investi-
gate the distribution of the major pectic polysaccharide 

Figure 6.  Polysome profiling of wild-type (WT), saur62, saur75, RNAi, rpl12a, and rpl12c flowers. Polysomes extracted from 
open flowers from the wild type, saur62, saur75, and RNAi (A) and the wild type, rpl12a, and rpl12c (B) were fractionated on a 
15% to 50% Suc density gradient, followed by UV254 absorbance profiling. Absorbance peaks with the corresponding positions 
of 40S ribosomal subunits, 60S ribosomal subunits, and 80S ribosomes are indicated. The quantified abundance of ribosome 
subunits was derived from three independent biological replicates. Columns represent means ± se. Asterisks indicate significant 
differences from the wild type (*, P < 0.05) by Student’s t test.
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domains in the pollen tube wall, we used Ruthenium 
Red and Toluidine Blue O for esterified and deester-
ified pectin staining, respectively. Ruthenium Red 
staining revealed the typical tip-localized esterified 
pectins in wild-type pollen tubes. However, esterified 
pectins were restricted to the tube tip and also started 
to expand to the subapical region in RNAi pollen tubes 
(Fig. 7A). For deesterified pectin distribution, Tolui-
dine Blue O staining revealed a more regular banding 
pattern at the shank region of wild-type pollen tubes, 
but RNAi pollen tubes exhibited highly deesterified 
pectins at the tip region (Fig. 7B).

To further validate the distribution of homogalac-
turonan with high and low degrees of methylesterifi-
cation, we used the monoclonal antibodies LM20 and 
LM19, respectively (Verhertbruggen et al., 2009). In 
wild-type pollen tubes, the LM20 antibody specifically 
localized esterified pectins restricted to the apical re-
gion (Fig. 7C), which was consistent with Ruthenium 
Red staining (Fig. 7A). In RNAi pollen tubes, LM20 
signals exhibited a broader staining pattern extending 
from the apical region to the distal subapical/shank re-
gion (Fig. 7C). The LM19 antibody defined deesterified 
pectins along the shank of the tube but was excluded 
from the apex of wild-type pollen tubes. However, in 
RNAi pollen tubes, LM19-labeled deesterified pectins 
were present in the shank region and also extended 
into the apical regions (Fig. 7D).

F-actin filament and its binding proteins serve as 
key contributors to pollen tube morphology (Vidali 
and Hepler, 2001). We visualized F-actin organization 
in pollen tubes by fluorescent phalloidins. In wild-type 
pollen tubes, F-actin filaments arranged into longitu-
dinal cables in the shank region of the pollen tube, 
with some shorter actin filaments in the apical region, 
whereas RNAi pollen tubes exhibited fewer longitudi-
nal cables in the shank region and the accumulation of 
F-actin filaments in the tip region (Fig. 7E).

The combined data indicated that the loss function 
of SAUR62 and SAUR75 resulted in the down-regula-
tion of factors critical for the elastic properties of elon-
gating pollen tubes. The increased apical deposition 
of deesterified pectin and the abnormal distribution 
of actin filament in pollen tubes might alter the elastic 
properties of the cell wall and underlie the pollen tube 
branching phenotype.

DISCUSSION

The Arabidopsis genome contains 79 SAUR family  
genes that encode proteins shown to participate in 
the regulation of diverse cellular and developmental 
processes in response to various hormones and envi-
ronmental cues (Ren and Gray, 2015). However, the bi-
ological functions of SAURs in regulating pollen tube 
growth and the subsequent pollination are largely  
unknown. Here, we show the unique pollen tube roles 
of two SAUR proteins, SAUR62 and SAUR75, that reg-
ulate 80S monosome assembly via their interactions 

with the ribosomal protein RPL12 family. The 80S 
monosome is the fundamental core of the translational  
machinery and is responsible for several key factors 
involved in dynamic pectin wall biogenesis and F-actin 
organization, which are critical for sufficient plasticity  
at the apical dome of the elongating pollen tube. Ac-
cordingly, we suggest that SAUR62/75 and their part-
ner RPL12 proteins may play important roles in the 
ribosome assembly and translation of certain tran-
scripts for proper pollen tube elongation.

SAUR62 and SAUR75 were highly expressed in in vivo- 
grown elongating pollen tubes (Fig. 1; Supplemental 

Figure 7.  Altered distribution of cell wall materials and F-actin cyto-
skeleton in RNAi pollen tubes. Wild-type (WT) and RNAi pollen tubes 
cultured 5 h in vitro were collected and stained with Ruthenium Red 
(A; esterified pectins), Toluidine Blue O (B; deesterified pectins), and 
Alexa Fluor 488 phalloidin (E; actins) and labeled with LM20 (C; ester-
ified pectins) and LM19 (D; deesterified pectins). Bars = 10 μm.
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Fig. S1), which suggests that these genes are induced 
by communication between pollen tubes and female 
tissues during pollination. This finding might explain 
why abolished and/or knocked down expression of 
SAUR62/75 significantly retarded pollen tube elon-
gation and also affected fertility (Figs. 3 and 4). When 
saur62/−, saur75/−, and RNAi pollen grains were cross- 
pollinated with wild-type or corresponding self pistils, 
both fertility (silique lengths and total seed num-
ber per silique) and in vivo pollen tube length were 
reduced significantly (Fig. 3E; Supplemental Figs. S8 
and S9). In addition, after 24 h of pollination, saur62/−, 
saur75/−, and RNAi-1 pollen tubes within wild-type 
pistils showed pollen tubes twisting around the micro-
pyle; some branched pollen tubes reached but failed to 
enter the micropyle, or multiple pollen tubes reached 
a single ovule (Fig. 4E). In most flowering plants, only 
one pollen tube is allowed to move along the funiculus 
and penetrate the micropyle during pollination (Berger  
et al., 2008). Occasionally, multiple saur62, saur75, and 
RNAi-1 pollen tubes reached a single ovule, which 
suggests that SAUR62 and SAUR75 might be import-
ant for the pollen tube perceiving or responding to the 
fertilized micropylar signal associated with the repul-
sion of additional pollen tubes. Several studies have 
shown that failure to fertilize the egg cell or the cen-
tral cell results in the attraction of a second pollen tube 
targeting the same ovule (Beale et al., 2012; Kasahara  
et al., 2012; Maruyama et al., 2013). Further study could 
investigate the identity of the missing pollen tube- 
expressing factor in saur62, saur75, and RNAi-1 pollen 
tubes and its biological role in funiculus and/or micro-
pylar guidance during pollination.

The promoter::GUS data showed that both SAUR62 
and SAUR75 were expressed in pollen grains, elongat-
ing pollen tubes, gynoecia, and ovules (Fig. 1D; Sup-
plemental Fig. S3), which suggests their functions in 
both male and female gametophytes. Silique develop-
ment and in vivo pollen tube length were not impaired 
with wild-type pollen grains pollinated on saur62/− 
and RNAi pistils but were impaired with wild-type 
pollination on saur75/− pistils (Fig. 3E; Supplemental 
Figs. S8 and S9). Because saur62/− is a knockdown 
mutant and saur75/− is a knockout mutant (Fig. 3A), 
genetic differences in these mutants might explain 
the impaired seed development (both average silique 
length and seed number per silique) observed only 
with wild-type pollen grains pollinated on saur75/− 
but not saur62/− and RNAi pistils.

Pollen tubes of saur62, saur75, and RNAi lines showed 
shorter and branching phenotypes, which might ac-
count for male sterility in these lines (Figs. 3 and 4; 
Supplemental Fig. S6). iTRAQ analysis suggested 
that down-regulated proteins with unique functions 
in pectin wall biogenesis and F-actin organization 
were down-regulated in RNAi flowers (Supplemental  
Table S3). Pectins are the major component of the pol-
len tube primary wall, are polymerized in the Golgi, 
and then are secreted into the apical wall in a highly 
methylesterified state (Bosch et al., 2005; Bosch and 

Hepler, 2005). Incorrect deposition of cell wall compo-
nents could cause various pollen tube defects, includ-
ing short and swollen, short and burst, or branched 
pollen tubes (Jiang et al., 2005; Iwai et al., 2006; Wang 
et al., 2013; Leroux et al., 2015). Methylesterified pec-
tins recognized by Ruthenium Red or LM20 localize 
predominantly at the tip region of elongating pollen 
tubes (Verhertbruggen et al., 2009; Boisson-Dernier et 
al., 2013), but deesterified pectins recognized by Tolui-
dine Blue O or LM19 are absent from the tip and local-
ize along the shank wall (Verhertbruggen et al., 2009; 
Hoedemaekers et al., 2015). In the elongating RNAi 
pollen tubes, esterified pectins misdistribute along the 
shank wall (Fig. 7, A and C), and the rigidity of the cell 
wall decreases to result in pollen tube rupture at ran-
dom sites. Nevertheless, overaccumulation of deester-
ified pectins at the pollen tube tip (Fig. 7, B and D) will 
thicken the apical cell wall, which thus loses flexibility 
and retards pollen tube elongation. Therefore, altered 
deposition of both esterified and deesterified pectin in 
RNAi pollen tubes clearly explains the observed phe-
notypes. Proper organization of the actin cytoskeleton 
is important for pollen tube growth. In addition, the 
tube cell wall architecture is controlled and organized 
by the fine apical F-actin cytoskeleton, where the se-
creted vesicles driving the intracellular transport of the 
Golgi contribute the wall and membrane components 
essential for pollen tube growth (Qu et al., 2015). We 
have shown that disturbing the apical dynamic F-actin 
organization significantly retards pollen tube elonga-
tion and results in branched pollen tubes (Wang et al., 
2008). The down-regulation of several F-actin-binding 
factors affects the dynamic F-actin organization at the 
tip region and results in growth retardation and tube 
tip branching (Fig. 7E).

Diverse subcellular locations have been reported for 
several SAUR fusion proteins in the nucleus (Knauss 
et al., 2003; Park et al., 2007), cytosol (Kant et al., 2009; 
Kong et al., 2013), and plasma membrane (Chae et al., 
2012; Spartz et al., 2012). We found SAUR62/75-GFP 
localized predominantly in the vegetative nucleus of 
the pollen tube by particle bombardment-mediated  
transient assay in tobacco pollen tubes (Fig. 2). How-
ever, we did not observe the GFP signal in pollen tubes 
of LAT52::SAUR62-GFP and LAT52::SAUR75-GFP 
transgenic plants, but we observed GFP signals in 
the nucleus but not the nucleolus of hypocotyls 
(SAUR62-2xGFP) or petioles (SAUR75-2xGFP) in corre-
sponding SAUR::SAUR-2xGFP seedlings (Supplemen-
tal Fig. S5). ZmSAUR2, the Arabidopsis SAUR62/75 
homolog protein in maize (Zea mays), is a short-lived 
(about 7 min) nuclear protein (Knauss et al., 2003). 
Other studies showed that AtSAUR19 and AtSAUR63 
are almost completely degraded at 30 min and may 
be regulated by the 26S proteasome (Chae et al., 2012; 
Spartz et al., 2012). In immunoblot assays, we detected  
the presence of SAUR62-GFP and SAU752-GFP in 
corresponding transgenic but not wild-type flowers 
(Supplemental Fig. S4), which suggests that SAUR62 
and SAUR75 are nuclear proteins with very short  
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half-lives in pollen tubes. Therefore, SAUR62/75 might 
be degraded rapidly before their detection in elongat-
ing pollen tubes.

There are 249 ribosomal genes in the Arabidopsis ge-
nome (Barakat et al., 2001); our previous translatome 
data suggested that 213 were highly expressed in in 
vivo-grown pollen tubes during pollination (Lin et al., 
2014). In addition, defective 80S monosome assembly 
is compromised by the significantly up-regulated bio-
synthesis of many ribosome proteins (Supplemental 
Table S2) to support the extensive translation activity 
in rapidly elongating pollen tubes. SAUR62/75 asso-
ciate with the RPL12 family, as evidenced by IP-MS 
(Supplemental Table S1), BiFC, and Y2H assays (Fig. 5).  
SAUR62/75 interact with the RPL12 family in the nu-
cleus (Fig. 5A), and polysome profiling experiments 
showed reduced 80S monosome fractions in saur62, 
saur75, RNAi, and rpl12c flowers, but polysome pro-
duction was not affected (Fig. 6). From their exclu-
sively nuclear localization, SAUR62/75 may modulate 
RPL12 protein activity and thereby affect pre-60S sub-
unit assembly or their composition before export to the 
cytoplasm, where they mature and assemble into func-
tional ribosomes for translation. In addition, proteins 
involved in pollen tube wall biogenesis and F-actin 
dynamic organization were predominantly down-reg-
ulated in RNAi flowers (Fig. 7; Supplemental Table S3), 
which implies that certain transcripts might be recruited  
selectively to the translational machinery to fulfill 
the rapid pollen tube elongation during pollination. 
Horiguchi et al. (2012) proposed three possible mod-
els of ribosome biogenesis (ribosome insufficiency, 
heterogeneity, and aberrancy) in regulating plant de-
velopment. We speculate that the amount of fully func-
tional ribosomes used for translating certain proteins 
required for proper pollen tube elongation might be 
impaired and result in the retarding and/or branching 
phenotypes in RNAi lines. We need further research 
into the underlying mechanism of the interaction of  
SAUR62/75 and RPL12 in regulating the assembly of 
functional 80S ribosomes to regulate certain groups  
of mRNAs essential for rapid pollen tube growth. These 
results highlight the unique roles of SAUR62/75 in as-
sociating with the RPL12 family in ribosome assembly 
and, thereafter, possibly selective translation of certain 
groups of proteins to coordinate prompt pollen tube 
elongation during pollination.

SAUR61 to SAUR68 and SAUR75 were induced by 
auxin in seedlings and flowers (Paponov et al., 2008), 
and auxin has been found to be important for stamen 
development, including anther dehiscence, pollen 
maturation, and filament elongation (Cecchetti et al., 
2008). Although the precise roles of auxin mediating 
pollen tube growth during pollination remain un-
clear, many studies suggest that auxin participates in 
regulating pollen tube elongation and function. For 
instance, some studies show an increase in free IAA 
content in the pistil after pollination (Kovaleva and 
Zakharova, 2003; Aloni et al., 2006), and exogenous 
IAA promotes in vitro pollen tube growth in tobacco 

and Torenia fournieri (Chen and Zhao, 2008; Wu et al., 
2008). The mutant pin-formed8 (pin8), an auxin efflux 
carrier mutant, showed reduced pollen germination 
rate as compared with the wild type, but overexpres-
sion of PIN8 (LAT52::PIN8) increased pollen tube elon-
gation (Ding et al., 2012). In addition, our previous 
translatomic studies showed up-regulated transcripts 
of PIN3, PIN4, the auxin receptor TRANSPORT INHIB-
ITOR RESPONSE1, ARFs, and many auxin response 
genes during pollination (Lin et al., 2014).

Here, we functionally studied two closely related 
SAURs, SAUR62 and SAUR75, which might be in-
volved in the regulation of translational machinery 
via the interaction between SAUR62/75 and RPL12 to 
impair ribosome assembly. These functionally and/or 
structurally distinct ribosomes selectively recruit some 
transcripts for translation to support rapid pollen tube 
elongation during pollination. The loss of function of 
SAUR62/75 quantitatively reduced the levels of pro-
teins participating in pollen tube wall formation or 
F-actin organization, eventually disturbing the organi-
zation of the tube wall and cytoskeleton and causing a 
branched pollen tube phenotype. These findings pro-
vide important insights into the molecular mechanism 
of SAUR proteins in translational regulation during 
pollen tube elongation.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Columbia was used in this study. 
Two T-DNA insertion lines, SALK_024165 (saur62) and SALK_076536 (saur75), 
were obtained from the Arabidopsis Biological Resource Center. Wild-type, 
saur62, saur75, and transgenic plants were grown in a growth chamber at 22°C 
with a photoperiod of 16 h of light/8 h of dark.

Phylogenetic Analysis

Amino acid sequences of SAUR61 to SAUR68 and SAUR75 were obtained 
from the National Center for Biotechnology Information (https://www.ncbi.
nlm.nih.gov/) and used for phylogenetic tree analysis. The phylogenetic tree 
of SAUR61 to SAUR68 and SAUR75 was obtained at the Web site Phylogeny.
fr: Tree Dyn. (http://www.phylogeny.fr/). The numbers on the nodes of the 
phylogenetic tree correspond to bootstrap values.

RT-PCR Analysis

Total RNA was extracted from different tissues by using a plant total RNA 
purification kit (GeneMark), then treated with the TURBO DNA-free Kit  
(Ambion) to remove contaminating genomic DNA. First-strand cDNA was 
synthesized by using the M-MLV reverse transcriptase kit (Invitrogen) accord-
ing to the supplier’s instructions. ACTIN1 was used as an internal control for 
RT-PCR. The primer pairs used in the assays are listed in Supplemental Table S4.

Molecular Cloning and Generation of Transgenic Plants

To construct the SAUR62::GUS and SAUR75::GUS expression vectors, 
∼1.2- and ∼1-kb DNA fragments containing the promoters and 5′ untranslated  
regions of SAUR62 and SAUR75, respectively, were cloned into the pBX-2 
vector (Ho et al., 2000). For the RNAi construct, a 231-bp similar sequence of 
SAUR62/75 was amplified and cloned into the pKANNIBAL vector (Wesley 
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et al., 2001) carrying the LAT52 promoter. All SAUR62::GUS, SAUR75::GUS, 
and LAT52::SAUR62/75-RNAi constructs were subcloned into the pSMY1H 
binary vector (Ho et al., 2000) and then transformed into wild-type plants by 
the floral dip method (Clough and Bent, 1998). For transient expression assays 
in pollen, SAUR62 and SAUR75 coding regions and their deletion fragments 
were cloned into the G39 vector (Gui et al., 2014), and the constructs were 
transformed into tobacco (Nicotiana tabacum) pollen by particle bombardment.

GUS Histochemical Assay

Plant materials were fixed in 90% (v/v) acetone at −20°C for 1 h, rinsed 
twice with 100 mm sodium phosphate buffer (pH 7), and then placed into 
X-Gluc reaction solution (100 mm sodium phosphate, pH 7, 10 mm EDTA, 
0.5 mm potassium ferrocyanide, 0.5 mm potassium ferricyanide, 0.1% Triton 
X-100, 10% (v/v) methanol, and 0.5 mg mL−1 5-bromo-4-chloro-3-indolyl-β-d-
GlcA) at 37°C overnight. The stained tissues were decolorized in 70% ethanol 
at 37°C for 24 h and observed with an Olympus BX51 microscope.

Pollen Development and Viability Assays

For nucleus staining, mature pollen grains were stained with 1 μL of DAPI 
solution (1 mg mL−1) in 1 mL of mounting buffer (0.1 m Tris-HCl, pH 9, and 
50% [v/v] glycerol), and pollen grains were observed with a laser scanning 
confocal microscope (Carl Zeiss; LSM510) after 20 min. For Alexander stain-
ing, mature anthers before anthesis were cut and fixed in an acetic acid:eth-
anol solution (1:3 [v/v]) overnight, then incubated in Alexander’s solution 
(Alexander, 1969). Stained anthers were observed by bright-field microscopy 
(Olympus; BX51). For staining with FDA, mature pollen grains were collected 
from plants and stained with 1 μL of 0.1% (w/v) FDA in 20 μL of liquid pollen 
germination medium for 5 min. Images were captured by laser scanning con-
focal microscopy (Carl Zeiss; LSM510).

Pollen Germination, Observation, and Cytological 
Observation

Mature pollen grains from 20 open flowers were collected in liquid pollen 
germination medium (1 mm KCl, 5 mm CaCl2, 0.8 mm MgSO4, 1.5 mm H3BO3, 
15% (w/v) Suc, 10 μm myoinositol, and 5 mm MES, pH 5.8) with vigorous 
shaking for 5 min. The mixture was centrifuged at 11,000 rpm for 5 min at 
room temperature. After removing flower tissues and supernatant, the pollen 
pellet was resuspended in 100 μL of liquid pollen germination medium and 
transferred onto solid pollen germination medium (1 mm KCl, 5 mm CaCl2, 
0.8 mm MgSO4, 1.5 mm H3BO3, 19.8% (w/v) Suc, 10 μm myoinositol, 5 mm 
MES, pH 5.8, and 1% [w/v] agarose) for 5 h at room temperature in the dark. 
The pollen germination rates and elongating pollen tubes were observed by 
light microscopy (Olympus; BX51). The pollen tubes were measured by using 
ImageJ.

For the phenotypic analysis of pollen tubes, pistils were harvested after 
pollination and fixed in an acetic acid:ethanol solution (1:3 [v/v]) for 2 h, then 
softened in an 8 m NaOH solution overnight, and stained with Aniline Blue for 
5 h in the dark. The Aniline Blue buffer contained 0.1% (w/v) Aniline Blue in 
0.1 m K2HPO4-KOH buffer, pH 11. The stained pollen tubes in the pistils were 
observed with an Olympus BX51 microscope with UV light emission.

For actin cytoskeleton staining with Alexa Fluor 488 phalloidin (Molec-
ular Probes), pollen tubes were fixed with 300 μm 3-maleimidobenzoic acid  
N-hydroxysuccinimide ester in liquid pollen germination medium for 1 h, 
then washed with TBS-T (50 mm Tris-HCl, 200 mm NaCl, and 0.05% [v/v] 
Nonidet P-40, pH 7.4), and stained with 1 μL of 300 units per 1.5 mL of Alexa 
Fluor 488 phalloidin in 40 μL of TBS-T buffer for 5 min. Images were captured 
by laser scanning confocal microscopy (Carl Zeiss; LSM510).

For pectin staining, pollen tubes were stained with 0.01% (w/v) Rutheni-
um Red (Sigma) in liquid pollen germination medium and stained with Tolu-
idine Blue O (Sigma) with 15 μL of 0.05% (w/v) Toluidine Blue O in 0.1 m 
phosphate buffer at pH 6.8 in 20 μL of liquid pollen germination medium for 
20 min, then images were captured with a light microscope (Olympus; BX51). 
For the immunolocalization of methylesterified and unesterified homoga-
lacturonan, pollen tubes were fixed in 4% formaldehyde in PIPES buffer (50 
mm PIPES, 1 mm EGTA, 5 mm MgSO4, 0.5 mm CaCl2, and 0.1% [v/v] Triton 
X-100, pH 7) for 1 h. The fixed pollen tubes were washed three times with PBS  
(100 mm potassium phosphate, 138 mm NaCl, and 2.7 mm KCl, pH 7.3) and 
then incubated in blocking buffer (0.8% [w/v] BSA, 0.1% [w/v] gelatin, and 

2 mm NaN3 in PBS) for 30 min. After removing the blocking buffer, samples 
were incubated for 1 h at room temperature with primary antibodies for LM19 
and LM20 (Verhertbruggen et al., 2009; 1:100 dilution in blocking buffer). Sam-
ples were rinsed three times with PBS and incubated for 30 min at room tem-
perature with Alexa Fluor 488-conjugated secondary antibody (1:100 dilution 
in blocking buffer). Samples were washed five times with PBS before analysis 
by laser scanning confocal microscopy (Carl Zeiss; LSM510).

Y2H Assay

The cDNAs were cloned into the pGBKT7 and pGADT7 vectors. Pairs of 
pGBKT7 and pGADT7 plasmids were cotransformed into the yeast (Saccharo-
myces cerevisiae) strain AH109 following the Match Maker GAL4 Two-Hybrid 
System according to the supplier’s instructions (Clontech). Primary transfor-
mants were selected on synthetic dropout medium lacking Trp and Leu and 
confirmed again by colony PCR before growing on synthetic dropout medium 
lacking Ade, His, Trp, and Leu.

Pollen Bombardment and BiFC Assays

cDNAs were cloned into the K307 (YN) and the K309 (YC) vectors (Gui  
et al., 2014). Plasmid pairs were cotransformed into tobacco pollen by particle 
bombardment. For particle bombardment, mature pollen grains from 10 open 
flowers were collected in liquid pollen germination medium with vigorous 
shaking for 5 min. The mixture was centrifuged at 11,000 rpm for 5 min at 
room temperature. After removing flower tissues and supernatant, the pollen 
pellet was resuspended in 1 mL of liquid pollen germination medium and 
transferred onto germination medium-immersed filter paper in a 90-mm petri 
dish. The YC- and YN-containing plasmids (3.5 μg each) were incubated with 
1.875 mg of gold particles (1 μm) and bombarded into pollen grains by using 
the PDS-1000/He Biolistic Particle Delivery System (Bio-Rad) at 1,100 p.s.i.,  
27 mm Hg vacuum, 1-cm gap distance, and 9-cm particle flight distance.  
Bombarded pollen grains were washed immediately from filter paper with 
1 mL of liquid pollen germination medium and cultured in solid pollen ger-
mination medium (10% [w/v] Suc, 1.27 mm CaCl2, 0.162 mm H3BO3, 0.99 mm 
KNO3, pH 5.2, and 1% agarose) for 3 to 5 h. Images were captured by Zeiss 
LSM 510 confocal microscopy.

Polysome Profiling

Open flowers were collected and ground with liquid nitrogen. Approxi-
mately 1,000 μL of frozen tissue powder was extracted with 500 μL of poly-
some extraction buffer (200 mm Tris-HCl, pH 8, 50 mm KCl, 25 mm MgCl2, 
50 μg mL−1 cycloheximide, 400 units mL−1 RNasin [Promega], 2% [v/v] 
polyoxyethylene 10 tridecyl ether, and 1% [w/v] deoxycholic acid). The 
resuspended mixture was incubated on ice for 5 min and then centrifuged 
at 13,000 rpm for 10 min at 4°C. The supernatant was transferred to a new 
prechilled 1.5-mL tube, and OD260 was measured using NanoDrop. The same 
OD amount of supernatant was loaded onto the 11-mL Suc gradient (15% 
[w/v]–50% [w/v]) and spun at 35,000 rpm for 3.5 h at 4°C. The distribution 
of the nucleic acids was examined by a UV254 absorbance profile (model #UA-
6; ISCO).

IP-MS

Open flowers (∼2 g) of the wild type, LAT52::SAUR62-GFP, and LAT52::-
SAUR75-GFP were ground under liquid nitrogen before the addition of 2 mL 
of lysis buffer (150 mm NaCl, 100 mm Tris-HCl, pH 8, 5 mm EDTA, 10 mm DTT, 
and 0.1% [v/v] Nonidet P-40) supplemented with protease inhibitor (Roche). 
Homogenates were centrifuged at 13,000 rpm for 15 min at 4°C to remove 
cellular debris. The supernatants were coimmunoprecipitated using GFP-
trap beads (Chromotek) and then incubated with gentle end-over-end mixing  
(15 rpm) for 1.5 h at 4°C. The mixtures were centrifuged at 2,700g for 2 min 
at 4°C. After washing the pellet three times with wash buffer (150 mm NaCl,  
100 mm Tris-HCl, pH 8, 5 mm EDTA, 10 mm DTT, and 0.1% [v/v] Nonidet 
P-40), immunoaffinity complexes were eluted with elution buffer (0.1 m Gly, 
pH 2.5) followed by neutralization with 1 m Tris base. The protein compo-
nents of the immunoprecipitates were determined by MS analysis as described 
previously (Tamura et al., 2010). The LC-nESI-Q Exactive mass spectrom-
eter (Thermo Fisher Scientific) coupled with an online nanoUHPLC system  
(Dionex UltiMate 3000 Binary RSLCnano) was used. Peptide and protein 
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identification were performed using Proteome Discoverer software (ver-
sion 1.4; Thermo Fisher Scientific) with the Mascot version 2.4 search engine 
against a TAIR10 database with 27,416 protein sequence entries.

iTRAQ Analysis

Open flowers (∼1 g) from wild-type and RNAi plants were ground in liquid 
nitrogen in a prechilled mortar with use of a pestle. Proteins were extracted 
with extraction buffer (8 m urea and 50 mm Tris-HCl, pH 8.5) supplemented 
with protease inhibitor (Roche). Protein sample preparation, iTRAQ labeling, 
protein determination by liquid chromatography-MS/MS, and data analysis 
were performed as described previously (Lan et al., 2011). Differentially regu-
lated proteins were identified by change in expression of 1.3-fold or greater for 
up-regulated proteins and 0.7-fold or less for down-regulated proteins and at 
least two unique peptides identified.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome 
Initiative or GenBank/EMBL databases under the following accession num-
bers: SAUR62 (AT1G29430) and SAUR75 (AT5G27780).
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The following supplemental materials are available.

Supplemental Figure S1. Expression profiles of 79 Arabidopsis SAUR fam-
ily genes in flower buds (pollen grains) and in vivo- and in vitro-cul-
tured pollen tubes.

Supplemental Figure S2. Amino acid sequence alignment of Arabidopsis 
SAUR61 to SAUR68 and SAUR75.

Supplemental Figure S3. Promoter::GUS assay of seedlings and ovules.

Supplemental Figure S4. Subcellular localization of SAUR62 and SAUR75 
in stably transformed plants.

Supplemental Figure S5. Immunoblot analysis of lysates from wild-type 
and transgenic (SAUR62/75-GFP) plants.

Supplemental Figure S6. Expression of SAUR62 and SAUR75 in RNAi 
flowers and phenotyping of selected RNAi pollen tubes.

Supplemental Figure S7. Pollen viability of the wild type, saur62, saur75, 
and RNAi-1.

Supplemental Figure S8. SAUR62 and SAUR75 are required for normal 
pollen tube growth in vivo.

Supplemental Figure S9. Silique phenotypes after reciprocal cross-pollina-
tion of saur62/−, saur75/−, RNAi-1, and wild-type plants.

Supplemental Figure S10. Aniline Blue-stained gynoecia reveal impaired 
pollen tube growth in self-pollinated saur62/−, saur75/−, and RNAi-1 
flowers.

Supplemental Figure S11. Expression levels and subcellular localization of 
RPL12s in pollen grains and elongating pollen tubes.

Supplemental Figure S12. Phenotyping of the rpl12a/− and rpl12c/−  
mutants.

Supplemental Table S1. Potential SAUR62/75-interacting candidates ob-
tained from the in vivo immunoprecipitation experiment.

Supplemental Table S2. iTRAQ analysis showing differentially regu-
lated proteins involved in ribosome biogenesis in flowers of RNAi 
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Supplemental Table S3. iTRAQ analysis showing down-regulation of two 
groups of proteins involved in cell wall biogenesis and dynamic F-actin 
organization in RNAi flowers.
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