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Abstract
During angiosperm sexual reproduction, pollen tubes must penetrate through multiple cell types in the pistil to mediate suc-
cessful fertilization. Although this process is highly choreographed and requires complex chemical and mechanical signal-
ing to guide the pollen tube to its destination, aspects of our understanding of pollen tube penetration through the pistil are 
incomplete. Our previous work demonstrated that disruption of the Arabidopsis thaliana O-FUCOSYLTRANSFERASE1 
(OFT1) gene resulted in decreased pollen tube penetration through the stigma–style interface. Here, we demonstrate that 
second site mutations of Arabidopsis GALACTURONOSYLTRANSFERASE 14 (GAUT14) effectively suppress the phenotype 
of oft1 mutants, partially restoring silique length, seed set, pollen transmission, and pollen tube penetration deficiencies in 
navigating the female reproductive tract. These results suggest that disruption of pectic homogalacturonan (HG) synthesis 
can alleviate the penetrative defects associated with the oft1 mutant and may implicate pectic HG deposition in the process 
of pollen tube penetration through the stigma–style interface in Arabidopsis. These results also support a model in which 
OFT1 function directly or indirectly modifies structural features associated with the cell wall, with the loss of oft1 leading 
to an imbalance in the wall composition that can be compensated for by a reduction in pectic HG deposition.
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Introduction

Double fertilization in angiosperms requires precise com-
munication between male and female gametes (Johnson 
et al. 2019). Plant sperm cells are nonmotile and must be 
transported to the distant egg cell-containing ovule via a 
specialized structure called the pollen tube. Upon interaction 
with stigmatic papillar cells, pollen grains germinate to form 
a pollen tube, which subsequently and sequentially invades 
the stigmatic papillar cell, the style, and the transmitting 

tract. During this time, the pollen tube responds to positional 
guidance cues that attract the tube to an unfertilized ovule 
(Chae and Lord 2011; Palanivelu and Tsukamoto 2012; 
Higashiyama and Yang 2017), where it penetrates synergid 
cells, ruptures, and releases the two sperm cells. Sperm cells 
fuse with the egg and central cells to produce a new embryo 
and the surrounding endosperm tissue, respectively.

Pollen tubes respond to numerous positional guidance 
cues during different points along their journey to unferti-
lized ovules. In the transmitting tract, pollen tubes follow 
a gradient of gamma aminobutyric acid (GABA) and are 
additionally provided with other attractants and nutrients in 
this structure (Palanivelu et al. 2003). Closer to the ovule, 
pollen tubes perceive ovule-secreted LURE peptides through 
the Pollen Receptor Kinase 6 (PRK6) receptor-like kinase 
that cause pollen tubes to re-orient growth toward the unfer-
tilized ovule (Okuda et al. 2009; Takeuchi and Higashiyama 
2016). Rapid Alkalinization Factor (RALF) peptides, which 
are perceived by Catharanthus roseus Receptor-Like Kinase 
(CrRLK) receptor complexes, also play a role in regulating 
the process of pollen tube rupture once the pollen tube has 
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reached the synergid cells (Ge et al. 2017, 2019). While 
the chemical nature of these attractants and their associated 
molecular mechanisms are coming into view, mechanical 
signaling and the modulation of cell adhesion or cell–cell 
signaling that occurs during the pollen tube trajectory 
through the female tissues is still poorly understood.

Pollen–pistil interactions represent a unique system to 
investigate signaling processes associated with cell adhe-
sion, cell–cell interactions, and cell-to-cell communication 
in plants. Most other cells in the plant body are cemented 
to neighboring cells early in development through cell wall 
extracellular matrices. Vegetative plant cells are proposed to 
adhere to one another through extensive contacts within their 
cell walls that are largely mediated by pectic polysaccharides 
in the middle lamella, and these contacts are proposed to 
largely remain stable throughout the life of the plant (Daher 
and Braybrook 2015; Behar et al. 2017). In contrast, pollen 
tubes interact with multiple cell types, including stigmatic 
papillae, cells of the stigma–style interface, the transmitting 
tract, and the ovule during pollen tube growth through the 
pistil (Johnson et al. 2019; Robichaux and Wallace 2021), 
suggesting that the pollen tube must modulate cell adhesion 
and cell–cell interactions as it traverses the pistil. Addition-
ally, the pollen tube experiences vast pressure differences 
during this trajectory. For example, pollen tubes must ini-
tially penetrate the stigmatic papillar cells by elongating 
between the cuticle and cell wall of these cells (Ndinyanka 
Fabrice et al. 2017; Riglet et al. 2020), grow through the 
apoplastic space in tightly packed cells within the stigma tis-
sue, and finally emerge into the less densely packed transmit-
ting tract. The changes in cellular turgor pressure imposed 
on the pollen tube by these growth parameters would destroy 
normal cells (Nezhad et al. 2013; Yanagisawa et al. 2017), 
and recent work has demonstrated that a signaling pathway 
composed of RALF4 and the BUDDHA’S PAPER SEAL1/2 
(BUPS1/2) CrRLK receptors actively prevents premature 
bursting of pollen tubes during these extremes of cellular 
pressure (Zhou et al. 2021). Despite these advances, the 
mechanical signaling that facilitates pollen tube growth 
through the female reproductive tract remains largely 
unclear.

We previously demonstrated that disruption of the Arabi-
dopsis O-FUCOSYLTRANSFERASE1 (OFT1) gene, a glyco-
syltransferase with sequence similarity to metazoan protein 
O-fucosyltransferases, resulted in a nearly 2,000-fold reduc-
tion in pollen transmission efficiency in pollen outcrosses 
from a heterozygous plant, and a ten-fold decrease in seed 
set in homozygous plants due to compromised pollen tube 
penetration through the stigma–style interface (Smith et al. 
2018b). Therefore, we postulate that OFT1 may regulate 
aspects of mechanical signaling during pollen tube penetra-
tion (Smith et al. 2018a). Here, a forward genetic screen 
was conducted to identify Suppressor of OFT (SOFT) 

mutants with the hypothesis that these suppressor mutants 
could identify genetic interactors of OFT1 that inform on 
its function. Among the mutants identified in this screen 
was soft2, which presented with partially restored seed set, 
silique length, pollen tube penetration, and pollen transmis-
sion phenotypes associated with the parent oft1 mutant. The 
causative genetic lesion in the soft2-1 mutant was mapped 
to an EMS-induced stop codon in AtGAUT14, an enzyme 
that synthesizes pectic homogalacturonan (HG) in the pollen 
tube cell wall. Thus, this genetic relationship suggests that 
disruption of HG synthesis might allow oft1 pollen tubes to 
enhance their penetrative ability in the pistil, suggesting that 
specific cell wall structural features play a role in pollen tube 
invasion through the stigma–style interface.

Results

Soft mutant screen and description of the soft2 
mutant

Previously, we demonstrated that loss-of-function mutations 
in the Arabidopsis O-FUCOSYLTRANSFERASE1 (OFT1) 
gene cause decreased pollen tube penetration through the 
stigma–style interface that led to decreased seed set, reduced 
silique length, and vastly decreased pollen transmission 
efficiency (Smith et al. 2018b). Although AtOFT1 bears 
weak amino acid sequence similarity to metazoan protein 
O-fucosyltransferases, the precise biochemical function of 
this enzyme is unknown. Thus, we postulated that identify-
ing genetic modifiers of oft1 mutants might shed light on 
the genetic basis of pollen tube penetration defects in this 
mutant. To examine this hypothesis, we performed a for-
ward genetic screen to identify suppressor mutations that 
improve oft1 mutant fertility. Homozygous oft1-3 mutant 
seed was subjected to EMS mutagenesis, and the resulting 
M1 seed was grown to reproductive maturity. Approximately 
10,000 M1 plants were screened for increased silique size as 
a visual assay for oft1 suppression, and this approach led to 
the identification of multiple suppressor mutants, including 
the soft2 mutant.

soft2-1;oft1-3 mutants exhibited silique lengths that were 
56% longer than oft1-1 and 63% longer than oft1-3 homozy-
gous mutants (Fig. 1A and 1B). However, soft2-1;oft1-3 
mutant silique lengths were 23% shorter than corresponding 
wild-type Col-0 controls, suggesting that the soft2-1 muta-
tion does not completely restore wild-type silique morphol-
ogy. We additionally assessed seed set in the soft2-1;oft1-3 
mutant compared to oft1 and Col-0 controls (Fig. 1C and 
1D). Seed set in soft2-1;oft1-3 mutants increased 6 and 
5.8-fold compared to oft1-1 and oft1-3 mutant alleles, but 
was only 70% of wild-type Col-0 controls (Fig. 1D), again 
suggesting that the soft2-1 mutation partially suppresses 
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the seed set phenotypes of oft1 mutants. Overall, these 
results suggest that soft2-1 is a partial suppressor of oft1 
and that this mutation may increase the competitiveness of 
soft2;oft1-3 pollen compared to the original oft1 mutant 
parent.

Mapping of soft2 candidate mutations

To identify the causative locus associated with the soft2-1 
mutation, a mapping by sequencing approach was taken. 
The soft2-1 mutant was generated in the oft1-3 back-
ground, and the soft2-1;oft1-3 mutant was backcrossed 
to oft1-1 to remove mutations associated with the oft1-3 
background. The resulting F1 progeny were grown to the 

reproductive stage, and plants with large siliques were gen-
otyped to verify the presence of both oft1 T-DNA inser-
tions. Genomic DNA was isolated from thirty segregating 
F1 plants meeting these criteria, and the pooled genomic 
DNA samples were subjected to Illumina sequencing 
to identify candidate single nucleotide polymorphisms 
(SNPs) that co-segregate with the soft2 phenotype.

This approach revealed a peak of preferentially co-seg-
regating SNPs on chromosome 5 (Supplemental Fig. 1A), 
which could be narrowed to an interval of approximately 
1 Mb based on SNP frequency. We filtered SNPs in this 
interval for G to A or C to T mutations, which are consist-
ent with the EMS mechanism and used SnpEff (Cingolani 
et al. 2012) to predict the functional outcomes associ-
ated with EMS-induced mutations in this interval. This 
approach narrowed the number of candidates to 13 genes 
that contained missense or nonsense mutations that were 
consistent with EMS mutagenesis in this interval (Supple-
mental Table I). Finally, we surveyed potential candidate 
mutations for their expression in reproductive tissues (Sup-
plemental Fig. 1B). Based on these criteria, the most likely 
candidate soft2-1 mutation was a W448 to stop mutation 
in the GALACTURONOSYLTRANSFERASE14 (GAUT14) 
gene (Fig. 2A). GAUT14 is a HG: galacturonosyltrans-
ferase that participates in pectic HG synthesis (Engle et al. 
2022). Prior work has also demonstrated that this protein 
is highly expressed in pollen and germinating pollen tubes, 
where GAUT14, along with the closely related GAUT13, 
is essential for pollen tube HG synthesis and pollen tube 
elongation (Wang et al. 2013a). Therefore, these results 
suggest that a loss-of-function mutation in GAUT14 is 
likely responsible for the soft2 suppression effect.

To confirm this hypothesis, we crossed the oft1-3 
mutant with the previously described gaut14-1 T-DNA 
null mutant (Wang et  al. 2013a) (Fig.  2A). We first 
assessed silique length and seed set phenotypes of the 
resulting oft1-3;gaut14-1 double mutant, which were 
virtually identical to the original soft2-1;oft1-3 mutant. 
Quantification of silique lengths (Fig. 2B and 2D) and 
seed set (Fig. 2C and 2E) demonstrate that soft2-1;oft1-3 
and oft1-3;gaut14-1 plants produce significantly longer 
siliques than those of the oft1 mutant background. 
Although silique length is not completely restored to 
wild type in the oft1-3;gaut14-1 double mutant, the oft1 
mutant silique length is partially suppressed, resulting in 
an intermediate phenotype between oft1 and wildtype phe-
notypes. This pattern is also seen in seed set quantification 
(Fig. 2C and 2E), which again show this partial restoration 
to wildtype phenotype when the oft1 mutation is present in 
combination with the soft2-1 mutation in GAUT14. Ulti-
mately, these data confirm that gaut14 disruption is the 
causative genetic disruption underlying soft2.

Fig. 1   Silique morphology and seed set of the soft2-1 suppres-
sor mutant: mature siliques were collected from six-week-old wild-
type Col-0, oft1-1, oft1-3, and soft2-1;oft1-3 plants. A Representa-
tive images of siliques collected from these genotypes are shown. B 
Quantification of silique lengths for wild-type Col-0 (gray box), oft1-
1 and oft1-3 (red boxes), and soft2-1;oft1-3 (blue box) (n = 76–206). 
C Mature siliques were removed and cleared in 70% ethanol as 
described in Materials and Methods to visualize seed set. D Quanti-
fication of seed set in wild-type Col-0 (gray box), oft1-1, oft1-3 (red 
boxes), and soft2-1;oft1-3 (blue box) (n = 82–205). Scale bars in A 
and C represent 2 mm. For B and D, the center line in each box repre-
sents the median, and edges of the box represent 1st and 3rd quartiles. 
Error bars represent minimum and maximum values. In B and D, sta-
tistical significance was analyzed by one-way ANOVA and Tukey’s 
HSD post hoc analysis. Letters above samples indicate significantly 
different groups (P < 0.0001)
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Soft2 suppresses various reproductive phenotypes 
associated with the oft1 mutant

Our prior work indicated that oft1 mutant pollen exhibits a 
nearly 2000-fold decrease in pollen transmission efficiency 
(Smith et al. 2018b), so we sought to investigate how gaut14 
mutations impact this parameter. Pollen outcrosses from 

various genotypes indicated in Table 1 were performed using 
MALE STERILE1 (MS1) mutants (Wilson et al. 2001), and 
surprisingly, oft1-1 or oft1-3 heterozygous pollen transmit-
ted slightly better that was previously reported for Col-0 
pistils (Smith et al. 2018b). Despite this small increase in 
pollen tube transmission compared to Col-0, oft1 mutant 
pollen was still extremely compromised in their ability to 

Fig. 2   Mutations in Arabidopsis GAUT14 are responsible for the 
soft2-1 phenotype: A The gene structure of Arabidopsis GAUT14 
(At5g15470) is shown with the positions of the soft2-1 EMS and 
gaut14-1  T-DNA mutations shown. Siliques were collected from 
six-week-old Arabidopsis plants of the indicated genotypes. Repre-
sentative siliques B and seed set C images are shown for indicated 
genotypes. Scale bars in B and C are 20 mm and 1 mm, respectively. 

Silique length D and seed set E were quantified for the indicated 
genotypes. For box plots in D and E, the central line represents the 
median value, borders of the boxes represent the 1st and 3rd quartile, 
and error bars represent minimum and maximum values (n = 217–642 
for D and 72–261 for E). Statistical analysis was performed with one-
way ANOVA followed by Tukey’s HSD post hoc analysis. Letters 
above samples indicate significantly different groups (P < 0.0001)
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fertilize, displaying transmission efficiencies of 0.35% (oft1-
1) and 0.28% (oft1-3) which is far below the expected 50%. 
We then used these transmission efficiencies as a baseline to 
investigate how well the soft2-1 or gaut14-1 mutations sup-
press the oft1 pollen transmission defect. soft2-1±;oft1-1± 
and soft2-1±;oft1-3± pollen were first outcrossed to ms1 
pistils, and the transmission efficiency of the oft1 mutant 
allele was measured (Table 1). This experiment revealed 
that the presence of the soft2-1 allele increased transmis-
sion efficiency of the oft1-1 allele to 5.6% and the oft1-3 
allele to 6.3%, representing 16- and 22.5-fold increases in 
transmission efficiency compared to the parent oft1 allele. 
We also outcrossed oft1-3±;gaut14-1−/− pollen to ms1 pistils 
and found that transmission efficiency increased to 10.1%, 
representing a 33-fold increase in pollen transmission effi-
ciency. Thus, these results suggest that multiple mutations 
in GAUT14 partially rescue the pollen tube transmission effi-
ciency defects associated with oft1 mutants and increase pol-
len tube transmission efficiency by between 16- and 33-fold.

To expand upon which oft1 mutant phenotypes might be 
suppressed by mutation of GAUT14, semi-in vivo assays 
(see Materials and Methods) were used to quantify pollen 
tube penetration through the stigma–style interface using 
different pollen tube genotypes. Col-0, oft1-3, gaut14-1, and 
oft1-3;gaut14-1 plants were grown to reproductive matu-
rity, and pollen from these plants was applied to respec-
tive, emasculated ms1 pistils. The pollen germinated on the 
pistils for 30 min, and the pollinated ms1 pistils were dis-
sected and placed on an agarose pad for imaging. Images 
of emerging pollen tubes were collected at 2, 4, 6, and 8 h 
after pollination (HAP). By 4 HAP, there were visibly more 
Col-0, gaut14-1, and oft1-3;gaut14-1 pollen tubes emerging 
from the stigma–style interface compared to oft1-3 pollen 
tubes (Fig. 3A). At 8 HAP, there was a threefold to four-
fold increase in pollen tube emergence when comparing 
oft1-3 pollen tubes to Col-0, gaut14-1, and oft1-3;gaut14-1 
(Fig. 3B). Similar results were obtained for the soft2-1; oft1 

EMS mutant (Supplemental Fig. 2), suggesting that both 
mutant alleles exhibited increased pollen tube penetration 
through the stigma–style interface. Lengths of pollen tubes 
growing through each individual pistil (n = 10) per genotype 
were measured over time to produce pollen tube growth rates 
through ms1 pistils (Fig. 3C). There was no difference in 
growth rate between gaut14-1 and oft1-3;gaut14-1 pollen, 
but both of these genotypes were found to have a signifi-
cantly higher growth rate when compared to oft1-3 pollen. 
These data demonstrate that mutation of GAUT14 in the oft1 
mutant background partially restores the ability of mutant 
pollen to penetrate through pistil tissue.

Discussion

The major goal of this study was to identify genetic modi-
fiers of the oft1 mutant, which is compromised in pollen tube 
penetration through the stigma–style interface, leading to 
severe pollen tube transmission deficiencies, reduced silique 
length, and reduced seed set (Smith et al. 2018b). We EMS 
mutagenized oft1 plants and performed a forward genetic 
screen to identify Suppressor of OFT (SOFT) mutants and 
mapped the causative genetic lesion of the soft2-1 mutant 
to a W448* mutation in the GALACTURONOSYLTRANS-
FERASE14 (GAUT14) gene. Both oft1-3;soft2-1 and oft1-
3;gaut14-1 double mutants exhibited increased silique elon-
gation, seed set, pollen transmission, and pollen penetration 
through the stigma–style interface compared to the parent 
oft1-3 mutant. In the case of all these phenotypes, the oft1-
3;soft2-1 or oft1-3;gaut14-1 pollen tubes did not perform 
as well as wild type, suggesting that the GAUT14 mutation 
confers partial suppression of these phenotypes.

Plant cell walls are complex extracellular matrices that 
consist of multiple polysaccharide networks, including cel-
lulose, neutral hemicelluloses, and acidic pectins. Pectic 
polysaccharides consist of multiple subdomains, including 

Table 1   Pollen transmission 
efficiency measurements:

a Parent lines of each cross are shown
b The number of progeny that were resistant (#R) or sensitive (#S) to the T-DNA-associated herbicide 
marker is shown. Oft1-3 progeny were scored on media containing BASTA, while oft1-1 seedlings were 
selected on media containing kanamycin
c The transmission efficiency (TE) of each cross was calculated as #R/#S × 100
d The expected segregation ratio for each outcross is shown. For crosses containing the suppressor mutation, 
the transmission efficiency of the corresponding oft1 mutant parent was used as the expected value

Parents (♀x♂)a #Rb #Sb Total TEc %R % Expectedd P value

ms1 × oft1-1± 3 864 867 0.35 0.35 50 P < 0.0001
ms1 × oft1-3± 2 702 704 0.28 0.28 50 P < 0.0001
ms1 × soft2-1±;oft1-1± 23 389 412 5.91 5.58 0.35 P < 0.0001
ms1 × soft2-1±;oft1-3± 47 691 738 6.80 6.37 0.28 P < 0.0001
ms1 × oft1-3±;gaut14-1−/− 147 1460 1607 10.1 10.1 0.28 P < 0.0001
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HG, rhamnogalacturonan-I (RG-I), and rhamnogalacturo-
nan-II (RG-II) (Caffall and Mohnen 2009). Prior work has 
indicated that GAUT14 is a robust HG: galacturonosyltrans-
ferase that is localized to the Golgi apparatus in growing pol-
len tubes, and that this protein participates in the synthesis 
of HG redundantly with GAUT13 (Wang et al. 2013a; Engle 
et al. 2022). Indeed, gaut13;gaut14 double mutants exhib-
ited reduced pollen tube elongation, swelling and bursting of 
the pollen tube, and poor penetration of pollen tubes through 
the reproductive tissues (Wang et al. 2013a). We endeav-
ored to generate oft1;gaut13 double mutants to understand 

whether the suppression effect was specific to GAUT14, but 
unfortunately, these genes are tightly linked on the same 
chromosome, which prevented functional characterization 
of a double homozygous line. Still, it is curious that gaut14 
mutations alone are sufficient to suppress oft1-induced 
fertility defects, suggesting that GAUT13 and GAUT14 
are not completely redundant and may have some unique 
functions. We also note that gaut14-1 individual mutants 
exhibited reduced seed set, which was a previously unidenti-
fied phenotype of this mutant. Previous work indicated that 
gaut14 mutations alone were not sufficient to elicit reduced 

Fig. 3   Semi-in vivo analysis of pollen tube penetration: Pollen was 
harvested from reproductively mature flowers of 6-week-old plants 
from the indicated genotype and used to pollinate ms1 pistils. Polli-
nated pistils were dissected after pollination and visualized for pol-
len tube emergence as described in Materials and Methods. A Visual 
comparison of representative semi-in vivo ms1 pistils pollinated with 
pollen from the indicated genotype and imaged at 2- and 4-h time 
points (scale bar represents 0.5 mm). B The number of pollen tubes 
exiting the transmitting tract over an 8-h time course was quantified 
for ms1 pistils pollinated with pollen from the indicated genotype. 

Error bars represent SEM (n = 10). C Growth rates for pollen tubes 
of the indicated genotype emerging from ms1 cut pistils were calcu-
lated from SIV images as described in Materials and Methods. For 
box plots, the median value is indicated by the center line, while the 
perimeter of the box represents the first and third quartile. Error bars 
represent minimum and maximum values (n = 10). Statistical analysis 
was performed with one-way ANOVA followed by Tukey’s HSD post 
hoc analysis. Letters above samples indicate significantly different 
groups (P < 0.001).
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transmission of mutant pollen, suggesting that GAUT14 may 
participate in some aspect of pollen–pistil interactions in 
female tissues, but this phenotype is independent of oft1 sup-
pression. Prior enzymatic characterization of GAUT13 and 
GAUT14 revealed that while both of these enzymes robustly 
synthesize HG, GAUT14 has a nearly four-fold higher HG 
synthesis activity in the presence of a short HG oligomer 
compared to GAUT13 (Engle et al. 2022). This observation 
may indicate that GAUT14 is responsible for the synthesis 
of unique domains of elongated HG in the pollen tube, and 
that in oft1 pollen tubes, the precise HG glycans synthe-
sized by GAUT14 contribute to the reduction in pollen tube 
penetration.

There is also increasing evidence that enzymes related 
to OFT1 directly participate in the synthesis of pectic poly-
saccharide domains. The Arabidopsis genome contains 
approximately 40 genes that are annotated as putative pro-
tein O-fucosyltransferases (Smith et al. 2018b; Takenaka 
et al. 2018), and AtOFT1 is a member of this large gene 
family. Although the precise biochemical functions for 
many of these genes remain unclear, it is likely that this 
gene family represents a diversity of glycosyltransferase 
activities. Recent work has demonstrated that a subgroup 
of these proteins are actually RG-I Rhamnosyltransferase 
(RRT) enzymes that catalyze one of the essential reactions in 
the production of pectic RG-I (Takenaka et al. 2018). Other 
work has shown that MANNAN SYNTHESIS-RELATED 
1/2 (MSR1/2) plays an undefined role in regulating and 
activating Cellulose Synthase-Like A glycosyltransferases 
that catalyze cell wall mannan biosynthesis (Wang et al. 
2013b; Voiniciuc et al. 2019; Robert et al. 2021), again 
suggesting a diversity of glycosyltransferase activities in 
the putative POFT family. Thus, these observations and 
our work described here suggest that OFT1 may be either 
indirectly participating in pollen tube cell wall deposition 
by regulating enzymes that synthesize cell wall polysac-
charides or that OFT1 is actually a cell wall-synthesizing 
glycosyltransferase.

We propose two potential models to explain these find-
ings. First, it is possible that AtOFT1 is a protein O-fuco-
syltransferase that glycosylates and regulates the binding 
of an unidentified receptor to cell wall pectic components 
(Fig. 4). Candidates for such a receptor could include the 
CrRLK family of receptors because these receptors bind 
pectic polysaccharides in addition to various RALF pep-
tides (Lin et al. 2022; Tang et al. 2022), and some mem-
bers of this family have been implicated in mechanical 
signaling at the stigma–style and transmitting tract inter-
face during pollen tube growth through the pistil (Zhou 
et al. 2021). In this model, oft1 mutants might exhibit 
dysregulated receptors that initiate inhibitory signal-
ing cascades leading to reduced pollen tube growth. The 
additional soft2/gaut14 mutations in this background may 

mediate suppression by altering pectin fine structure in 
the pollen tube and destroying the signal that is recog-
nized by the receptor. An alternative model is that AtOFT1 
and GAUT14 reciprocally regulate the fine structure of 
the pollen tube cell wall leading to reciprocal changes in 
wall stiffness. oft1 pollen tubes may fail to penetrate the 
stigma–style interface due to increased pollen wall stiff-
ness through an unclear mechanism, while a second gaut14 
mutation passivates the pollen tube cell wall facilitating 
pollen tube elongation. While the mechanistic interplay 
between AtOFT1 and GAUT14 remains unclear, in this 
study, we have demonstrated that two independent gaut14 
mutations suppress the phenotypes of the oft1 mutant. 
This work shows that there is a clear genetic relationship 
between fine pectin structure, pollen tube penetration, and 
the biological function of AtOFT1 that are interdependent 
and mediate complex signaling and mechanical processes 
required for successful fertilization events to occur.

Materials and methods

Plant growth and maintenance

Arabidopsis thaliana seeds were sterilized in seed sterili-
zation solution (3% [v/v] sodium hypochlorite, 0.1% [w/v] 
sodium dodecylsulfate) for 20 min at 25 °C. Seeds were 
washed 5 times with sterile water and stratified at 4 °C for 
48 h prior to plating. Seeds were germinated on Murashige 
and Skoog (MS) medium (1/2X MS salts, 10 mM MES-
KOH pH 5.7, 1% [w/v] sucrose, 1% [w/v] phytoagar) 
and grown vertically for 7 days under long-day condi-
tions (16-h light/8-h dark) at 24 °C. Seedlings were then 
transferred to soil and propagated in a Percival AR-66L2 
growth chamber under long-day conditions until seed set.

For silique length measurements and seed set imaging, 
siliques were harvested from 6-week-old reproductively 
mature plants and placed on an Epson Perfection V550 
Scanner with an internal scale for size reference. Silique 
lengths were measured using ImageJ software (imagej.nih.
gov/ij). After imaging, siliques were incubated for 5 days 
in 70% [v/v] ethanol at 25 °C. Seeds in the cleared siliques 
were visualized with a Leica EZ4HD dissecting micro-
scope at 40X magnification.

Bulk segregant analysis for mutant mapping

High molecular weight genomic DNA was extracted from 
siliques of soft2-1;oft1 mutants using the Qiagen DNeasy 
Plant Mini Kit (Qiagen) according to the manufacturer’s 
instructions. DNA concentrations were quantified using 
PicoGreen dsDNA quantification reagent (ThermoFisher). 
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The resulting genomic DNA samples were sheared to a size 
distribution of 500–800 bp using a CovarisM220 focused 
ultrasonicator, and the size distribution was examined using 
an Agilent 2100 BioAnalyzer system. Sheared genomic 
DNA libraries were labeled with unique Illumina barcode 
tags and sequenced using a NextSeq 500 Mid Output v2 
flowcell on an Illumina NextSeq 500 instrument in the 
Nevada Genomics Center.

The resulting sequencing data were first processed to 
remove Illumina adapters and low-quality sequence elements 
using Trimmomatic (Bolger et al. 2014). Trimmed reads 
were aligned to the TAIR10 Arabidopsis thaliana genome 
using the Burrows-Wheeler Aligner algorithm (Li and Dur-
bin 2009). Single nucleotide polymorphism (SNP) and indel 
variants were called using SAMtools (Li et al. 2009; Li and 
Barrett 2011) and analyzed using BCFTools. The frequen-
cies of SNP events were used to identify an over-represented 
genomic interval containing the causative mutation, and 

each EMS-type SNP in this interval was analyzed using 
snpEff (Cingolani et al. 2012) to determine potential effects 
on target genes.

SIV assays

Mature anthers from 6-week-old Arabidopsis plants (Col-0, 
oft1-3, gaut14-1, and oft1-3;gaut14-1) were dissected and 
used to pollinate ms1 pistils. Thirty minutes after pollina-
tion, pollinated ms1 pistils were dissected from the parent 
plant using forceps and transferred to a pollen germination 
medium (PGM; 5 mM CaCl2, 0.01% H3BO3, 5 mM KCl, 
1 mM MgSO4, 10% [w/v] sucrose, and 1.5% [w/v] low-
melting-point agarose, pH 7.8)-agarose pad on a micro-
scope slide after allowing to cool to 25° C. The dissected, 
pollinated stigmas were incubated in a dark, humidified 
chamber at 25° C for the indicated time. Pollen tube growth 
through stigmatic tissue was imaged using a Leica EZ4HD 

Fig. 4   Schematic of proposed OFT1 enzymatic relationship to 
GAUT14 activity. A. A magnified view of cell wall components 
at the middle lamella between two cells is shown. B The proposed 
sequence of enzyme activity is shown in the Golgi apparatus. 
GAUT14 polymerizes α-(1→4)-linked-D-galacturonic acid, while 

OFT1 is O-fucosylating an unknown target protein. C The OFT1 
acceptor molecule specifically binds the homogalacturonan prod-
uct generated by GAUT14, thus impacting cell wall integrity and/or 
mechanistic signaling
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Dissecting microscope at 35X magnification. After each set 
of images was collected for a given time point, the samples 
were returned to the humidified chamber in the dark until 
the next images were collected. Pollen tube lengths were 
measured by an internal scale and ImageJ software.

Genotyping

Genomic DNA was extracted from Arabidopsis plants as 
previously described (Villalobos et al. 2015). Genomic DNA 
samples were subjected to PCR genotyping using ExTaq 
DNA polymerase (Takara Bio) with the following locus-
specific primers: gaut14-1 (SALK_000091 LP: AAA​CAT​
TTG​CTC​TTG​TGC​TGC; SALK_000091 RP: TTA​AAC​
GCT​TTG​ACA​TCA​CCC), oft1-3 (WiscDsLox489-492M4 
LP: GTG​AAC​CGC​AAC​AAA​AGG​TAC; WiscDsLox489-
492M4 RP: ATT​TGC​ATG​TCA​AGT​TCG​AGG). T-DNA 
left border regions were amplified with an insertion-specific 
left border primer (LBb1.3: ATT​TTG​CCG​ATT​TCG​GAA​
C; WiscDsLox LB: AAC​GTC​CGC​AAT​GTG​TTA​TTA​AGT​
TGTC) and the gene-specific right primer (RP) indicated 
above. Reactions were cycled under the following condi-
tions: 95 °C initial denaturation time for 5 min, 35 cycles of 
95 °C (30 s), 52 °C (30 s), and 72 °C (1.5 min) and a final 
extension at 72 °C for 7 min. The resulting PCR products 
were separated on 1% (w/v) agarose gels and documented 
using a Bio-Rad Gel Doc XR + workstation.
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