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Summary

Pollen tubes grow by the targeted secretion of new cell wall material to their expanding tip region.
Sec1/Munc18 (SM) proteins promote membrane fusion through regulation of the SNARE complex. We
have previously shown that disruption of protein glycosylation in the Arabidopsis thaliana hpat1 hpat3
double mutant leads to pollen tube growth defects which can be suppressed by reducing secretion. Here,
we identified five point mutant alleles of the SM protein SEC71A as hpat1/3 suppressors. The suppressors
increased seed set, reduced pollen tube growth defects and reduced the rate of glycoprotein secretion. In
the absence of the hpat mutations, sec7a reduced pollen germination and pollen tube elongation
producing shorter and wider pollen tubes. Consistent with a defect in membrane fusion, sec7a pollen
tubes accumulated secretory vesicles. Though sec7a had significantly reduced male transmission,
homozygous sec7a plants maintained full seed set, demonstrating that SEC1A was ultimately
dispensable for pollen fertility. However, when combined with a mutation in another SEC17-like SM gene,
keule, pollen fertility was totally abolished. Mutation in sec7b, the final member of the Arabidopsis SEC1
clade, did not enhance the sec7a phenotype. Thus, SEC1A is the major SM protein promoting pollen
germination and tube elongation, but in its absence KEULE can partially supply this activity. When we
examined the expression of the SM protein family in other species for which pollen expression data were
available, we found that at least one Sec1-like protein was highly expressed in pollen samples,

suggesting a conserved role in pollen fertility in other species.

Introduction

Pollen tubes grow by a highly polarized secretion mechanism known as tip growth. New cell wall and
plasma membrane material are delivered by the fusion of Golgi-derived secretory vesicles at the growing
pollen tube tip. The cell wall overlaying the tip region has a specialized composition which allows for
continued expansion while the shaft cell wall is reinforced and non-extensible (Cascallares et al., 2020).

The vesicle trafficking required to sustain growth requires the participation of multiple protein complexes
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to target and tether vesicles to the proper membrane location and to drive membrane fusion. The
assembly of the exocyst complex is a major mechanism of vesicle tethering and several exocyst
members have been shown to play important roles in pollen germination and pollen tube growth (Cole, et
al., 2005; Hala et al., 2008; Bloch et al., 2016; Li et al., 2017; Beuder et al., 2020; Markovi¢ et al., 2020).
Membrane fusion is driven by the SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein
receptors) complex (Han et al., 2017). SNARE proteins are classified based on conserved amino acids
into R-SNAREs which are generally associated with vesicles and Q-SNAREs which are generally
associated with the target membrane. Q-SNAREs are further divided into Qa, Qb and Qc SNAREs (Baker
and Hughson, 2016). The force required for membrane fusion is hypothesized to derive from the
“zippering” of the SNARE complex from a trans form into a cis form bringing the two membranes into
close proximity for fusion (Cascallares et al., 2020). Several Arabidopsis SNARE proteins have
demonstrated roles in pollen tube growth, in particular a group of Qa-SNAREs, also known as the
Syntaxin of Plants (SYP) family (Sanderfoot et al., 2000). SYP124, SYP125 and SYP131 are partially
redundantly required for pollen fertility (Slane et al., 2017).

SNAREs are regulated by several families of proteins, a particularly important group of regulators is the
Sec1/Munc18 (SM) family which regulate SNARE complex assembly through physical interaction with
Qa-SNAREs and assembling trans-SNARE complexes (Stdhof and Rothman 2009). The Arabidopsis SM
family contains three Sec1p orthologues, KEULE=SEC11, SEC1B and SEC1A (Assaad et al; 2001).
KEULE is important for the formation of the cell plate during cytokinesis, through its interaction with the
Qa-SNARE KNOLLE=SYP111 (Park et al., 2012), and as a general secretion factor through interaction
with SYP121 and SYP132 (Karnik et al., 2013; Karnahl et al., 2018). KEULE is also required along with
SEC1B for production of viable male and female gametophytes (Karnahl et al., 2018). No function has

been previously described for SEC1A.

We have previously found that loss of function mutations in two exocyst complex members, exo70a2 and
sec15a suppress pollen tube growth defects of Arabidopsis hydroxyproline O-arabinosyltransferases
(hpat1) hpat3 double mutants (hpat1/3 for brevity). The HPAT enzyme family catalyzes the first dedicated
step in the production of a plant-specific post-translational protein modification, Hydroxyproline O-
arabinosylation (Hyp-ara), which occurs abundantly on cell wall-associated structural proteins of the
Extensin (EXT) family and are predicted to occur on proteins containing EXT-like domains in addition to
secreted peptides of the CLE (CLAVATA3/Embryo Surrounding Region-Related) family (Ogawa-Ohnishi
et al., 2013; Petersen et al., 2021). Hyp-ara is particularly important during pollen tube growth; hpat1/3
plants have reduced seed set due to pollen tube defects including frequent tube rupture, slow pollen tube
growth and the initiation of secondary, sub-apical tips (MacAlister et al., 2016). In addition to the loss of
Hyp-ara in the pollen tube wall, hpat1/3 pollen tubes also have disrupted polarity of several major cell wall

polymers including callose and the pectic polysaccharide homogalacturonan (Beuder et al., 2020). This



loss of cell wall polarity is also associated with increased secretion of HPAT-modified glycoproteins.
Reduced secretion in the exocyst mutants suppress the pollen growth defects of hpat1/3 and increase
seed set. Thus, the hpat1/3 genetic background is a convenient system for identification of novel pollen
tube secretion factors. Here we report the recovery of several mutant alleles of sec1a as suppressors of
the hpat1/3 pollen fertility defect.

Results:

sec1a mutants suppressed the hpat1/3 fertility phenotype

Due to defects in pollen tube growth, hpat1/3 double mutants fertilize only a fraction of their available
ovules, leading to low seed set and short siliques (MacAlister et al., 2016). We have previously described
a mutagenesis screen in which we identified suppressors of the hpat1/3 fertility defect (Beuder et al.,
2020). Briefly, we chemically mutagenized hpat1/3 seeds and in the M2 generation selected mutants with
increased silique length and seed set. Following four generations of backcrossing, whole genome
sequencing and data analysis as described in Beuder and MacAlister (2020), we identified candidate
causative mutations. In addition to the previously reported mutants, we identified four unique mutations in
the SEC1/MUNC18 (SM) family member sec7a. These sec’a mutations included three glutamic acid to
lysine missense mutations (E153K, E398K and E267K) and one truncation allele (W506stop)
(Supplemental Tables 1-4). Given the large number of sec1a alleles recovered, we performed direct
sequencing of the SEC1A coding sequence in five additional suppressed lines. In one of these lines, we
identified a fifth, threonine to isoleucine sec7a allele (T1971). All five suppressed lines displayed increased

silique length and seed set relative to hpat1/3 and had no other notable phenotypes (Figure 1A-B).

We confirmed the presence of all five sec7a alleles in the corresponding suppressor lines by PCR-based
genotyping assays (Supplemental Table 5). We further confirmed that the increased seed set phenotype
co-segregated with the identified sec7a alleles in the fifth or sixth backcross F2 generations (Figure 1C).
Segregation of the mutation was also distorted with a significant bias against recovery of homozygous
wild type SEC1A plants (Table 1), as expected for a mutation conferring a fertility advantage. Like the
exo70a2 and sec15a hpat1/3 suppressors we previously reported (Beuder et al., 2020), both
homozygous and heterozygous sec1a mutants displayed increased seed set, with homozygous mutants
having a minor, but statistically significant increase in seed set beyond the heterozygous suppressors
(Figure 1C). This behavior is consistent with a gametophytic increase of pollen fertility. We confirmed that
the mutant pollen was responsible for suppression using reciprocal pollinations between the sec7g%5%"
hpat1/3 suppressed line and the hpat1/3 background strain. As expected, seed set was high when the
suppressed line was used as the pollen parent, but set was low when hpat1/3 pollen was used to fertilize
either hpat1/3 or hpat1/3 sec1aw5%6" stigmas (Figure 1C).



The identified mutations occur broadly across the SEC1A coding sequence with mutations falling within
domains 1, 2a, 3b and 2b (Figure 2A)(Misura et al., 2000; Karnahl et al., 2018). The mutated residues
were also conserved with the two other Arabidopsis SEC1 homologs, SEC1B and KEULE (Figure 2C). To
better understand the potential consequences of these changes to protein structure, we used a homology
modeling approach to fit the predicted Arabidopsis SEC1A protein sequence onto available protein
structures (Kelley et al., 2015). The highest quality model, returned with a confidence score of 100.0, was
the crystal structure of the Unc18 (Sec1)-syntaxin 1 complex from the choanoflagellate Monosiga
brevicollis (Protein Data Bank identifier 2XHE; Burkhardt et al., 2011). The five mutations fell into two
spatial clusters, one at the interface of domains 1 and 2A (E153 and T197) and the second where
domains 2B, 3A and 3B approach (E267, E398 and W506). The W506 truncation allele removes about
one third of the protein sequence including the majority of domain 2B (Figure 2B). The position of the
mutations and the nature of the amino acid changes suggested possible protein folding defects and loss

of protein function.

In order to confirm that suppression was caused by loss of SEC1A function in each suppressed line, we
performed a transgenic rescue assay using a 5.3 kb fragment of the wild-type genomic SEC7A sequence.
Since the suppressive mutations increase pollen fertility, “rescue” will reduce pollen fertility back to the
level of the hpat1/3 genetic background. Consequently, we predicted that pollen carrying a functional
SEC1A transgene would be largely outcompeted by non-transgenic suppressed pollen. We transformed
homozygous hpat1/3 sec1a mutant lines of all five alleles with the rescue construct. In the T1 generation,
we performed reciprocal crosses with WT to determine male and female transgene transmission
efficiency. In three independent T1s for each of the five sec7a alleles, we found that transgene
transmission through the male was significantly reduced (~10-20% of progeny inherited the transgene)
while inheritance through the female was not significantly different from the expected 50% (Supplemental
Figure 1), thus confirming that the suppressive phenotype was due to a loss of SEC1A function which

was complemented by the SEC1A transgene in all five lines.

While our screen identified multiple single nucleotide polymorphism alleles of sec7a, the publicly available
T-DNA and transposon-insertion mutant collections did not provide promising candidate SEC1A mutants
(Sessions et al., 2002; Alonso et al., 2003; Rosso et al., 2003; Woody et al., 2007; Kleinboelting et al.,
2012). Indeed, it has been previously reported that SEC1A is one of only three genes within a 425kb
region of chromosome 1 lacking any coding region insertions (Borsics et al., 2006). Given that all five
suppressor alleles are indistinguishable based on their increased seed set phenotypes and all were
rescued by the WT transgene, we chose sec1a"V%%" (hereafter sec1a-1) as the reference allele for further

study.



sec1a-1 partially suppressed hpat1/3 pollen tube defects and reduced glycoprotein secretion

To better understand the nature of the sec7a effect on hpat1/3 pollen fertility, we examined pollen tubes
directly. hpat1/3 pollen exhibit a number of growth and morphological defects contributing to their low
fertility including reduced pollen germination, high rates of pollen tube rupture, the initiation of sub-apical
secondary tips (“branching”) and reduced rates of elongation leading to an overall reduction in PT length
(Beuder et al., 2020; MacAlister et al 2016). While we found that the frequency of successful sec7a-1
hpat1/3 pollen germination was not altered compared to the hpat1/3 background, most other hpat1/3
defects were partially suppressed (Figure 3). The incidence of PT branching, and rupture were both
significantly reduced, although not to the level of WT pollen (Figure 3D, E). After four hours of in vitro
growth, we also found that the length of sec7a-1 hpat1/3 pollen tubes was significantly increased
compared to those of hpat1/3, but again, the suppressed pollen tubes were still significantly shorter than
those of WT (Figure 3B). Consistent with this increase in PT length, we also observed increased
elongation rates in suppressed PTs (Figure 3F). Finally, we also noted a novel increase in PT width in the
sec1a-1 hpat1/3 mutants, an effect we had not observed for the exocyst-based suppressors of hpat1/3
(Figure 3G; Beuder et al., 2020).

Given SEC1A’s status as an SM protein and its potential role in membrane fusion combined with our
previous observation that reduced rates of secretion can suppress the hpat1/3 phenotype, we
hypothesized that sec7a may function through a similar mechanism. We have previously developed an
assay to measure the rate of secretion of HPAT-modified proteins using a reporter protein composed of
the EXT3 signal peptide fused to GFP with an internally inserted EXT3 glycosylation motif (GF(EXT3)P),
expressed using the pollen-expressed Lat52 promoter (Bate and Twell, 1998). The protein is Hyp O-
arabinosylated in an HPAT-dependent fashion and is secreted at a higher rate in hpat1/3 pollen tubes
compared to WT PTs (Beuder et al., 2020). We crossed this construct into WT, hpat1/3 and hpat1/3
sec1a-1 plants. A non-secretory pollen-expressed GFP (Lat52::GFP) was used as a control. In vitro
grown pollen tubes expressing the reporter were plasmolyzed by transfer to high sucrose pollen
germination media. We then measured the fluorescence intensity in the vacated cell wall area at the
pollen tube tip as well as the cytoplasmic signal. The “secretion index” was calculated as the ratio of the
fluorescence intensity in the cell wall fraction to that of the cytoplasmic fraction, normalized to background
signal. Consistent with previous results, we found that the secretion index was significantly higher in
hpat1/3 pollen compared to WT and it was reduced in the sec7a-1 suppressor compared to the hpat1/3
background, indicating that the rate of secretion of glycoproteins is reduced in the suppressed line (Figure
3H).

Given the altered secretion of HPAT-targeted glycoproteins, we hypothesized that endomembrane
trafficking in general may be disrupted. To test this, we examined the distribution of vesicles in WT,

hpat1/3 and hpat1/3 sec1a-1 pollen tubes using the amphiphilic fluorescent dye FM4-64. The dye binds to



the plasma membrane and is taken up through endocytosis. Within a few minutes it marks vesicles a
characteristic cone-shaped pattern in the “clear zone” near the pollen tube tip (Parton et al., 2001; Hepler
and Winship, 2014). In WT tubes, we observed the expected pattern (Fig. 3I). We found that the
accumulation of vesicles at the pollen tube tip was reduced in hpat1/3 tubes relative to WT. We quantified
this effect by measuring the fluorescence at the tip and normalizing it against the fluorescence intensity at
a distal portion of the pollen tube. We found that this ratio was significantly lower in the hpat1/3 pollen
tubes (Fig. 3J), consistent with increased secretory vesicle delivery leading to reduced secretory vesicle
residence at the pollen tube tip. As with the secretion index measured above (Fig. 3H), this was also
suppressed in the hpat1/3 sec1a-1 pollen tubes, where the normalized fluorescence intensity at the tip

region was not significantly different from that of WT (Fig. 3H).

sec1a pollen fertility was compromised and pollen tubes accumulated secretory vesicles

Pollen tube elongation is based on secretion. If SEC1A is acting as an SM protein contributing to SNARE
complex assembly in pollen tubes, we predicted PT growth would be compromised in sec1a mutants in
the absence of the hpat1/3 mutations. To test this prediction, we outcrossed sec7a-7 and the four other
sec1a alleles to WT. After fixing for the WT HPAT1 and HPAT3 alleles, we measured seed set in
segregating families based on sec7a genotype. We found no statistically significant difference in seed set
between the sec7a homozygous mutants and sibling WT or heterozygous plants (Supplemental Figure 2),
suggesting that mutant pollen remains viable and competent to fertilize in vivo. A more sensitive measure
of pollen fertility is the relative success of mutant and WT pollen when in competition for a limited number
of ovules. Therefore, we performed transmission rate tests with sec7a-1/+ parents. For female
transmission of the mutant allele, we found no significant deviation from the expected value (49%
heterozygous progeny, N=92, x?> P-value=0.834). However, the male transmission of the mutant allele
was significantly reduced (1.46% heterozygous progeny, N=137, x2 P-value=6.39x10-30), demonstrating a
fitness cost to mutant pollen.

We next compared PTs directly during in vitro growth. After one hour in pollen growth media, we found
that fewer sec7a-1 pollen had successfully germinated (61.0%, N=6130) compared to WT (91.3%,
N=3890). We next measured pollen tube length and width of sec7a-7 and WT pollen tubes and found a
reduction in average PT length and an increase in PT width in sec7a-1 (Figure 4C and D). Consistent with
reduced PT lengths, the rate of PT elongation was also reduced in sec7a-1 vs WT (Figure 4E). We also
measured rates of PT rupture and branching, two phenotypes characteristic of hpat1/3 which sec7a-1
partially suppressed (Figure 3D and E). We found no change in either the incidence of pollen tube rupture
(WT=2.23%, N=269; sec1a-1=2.02%, N=247; x? P-value=0.826) or in the initiation of secondary tips
(WT=0.7%, N=285; sec1a-1=0.35%, N=285; x? P-value=0.478) after 2.5 hours of in vitro growth. Thus
sec1a-1 pollen germinated less frequently and PTs elongated more slowly, but aside from an increase in

pollen tube width, the pollen tubes were morphologically normal (Figure 4A and B).



To better understand the in vivo behavior of the sec7a-1 pollen tubes and to potentially account for the full
seed set of the mutants, we used an in vivo imaging approach to follow PT growth in the pistil. Given the
lower rate of pollen tube elongation observed in vitro, we predicted that the sec7a-1 pollen tubes would
penetrate the pistil more slowly than WT PTs. We stained WT pistils eight hours after pollination with
either WT or sec7a-1 pollen using Aniline blue fluorochrome, a callose-binding dye which binds the
callose rich PT cell walls (Mori et al., 2006). We observed that WT pollen had largely traversed the pistil at
this time (Figure 4F) while sec7a-1 pollen was noticeably less advanced within the female tissue (Figure
4G). Thus, the slower rate of sec7a-1 pollen tube growth in vivo likely leads to reduced competitiveness
against the faster WT pollen. Although slower growing, the sec7a-1 pollen was still competent to fertilize,

leading to full seed set in the homozygous mutants (Supplemental Figure 2).

If SEC1A is involved in vesicle trafficking, as would be predicted for an SM protein, we would expect the
distribution of secretory vesicles might be altered in sec7a pollen tubes. To test this, we used a secretory
vesicle-specific marker, the Rab GTPase, RabA4B fused to the fluorescent protein mRuby2 to compare
the distribution of secretory vesicles in sec1a-1 and WT pollen tubes (Preuss et al., 2004; Lam et al.,
2012). We observed the expected pattern in WT pollen tubes, specifically a cone-shaped population of
secretory vesicles at the pollen tube tip, but when we crossed this reporter into the sec7a-1 background,
we noted an increase in the total fluorescence intensity within the pollen tube (Fig. 4H-J), which was
consistent with an accumulation of secretory vesicles, potentially due to reduced rates of vesicle fusion in
the sec1a mutants, consistent with what we had previously observed using FM4-64 to mark vesicles in
the hpat1/3 background (Fig. 3I, J).

SEC1A localization

Available mRNA sequencing data indicates that SEC1A is expressed primarily, if not exclusively in pre-
anthesis anthers, in open flowers containing pollen and in purified pollen (Loraine et al., 2013; Klepikova
et al., 2016). Proteomic data further supports the pollen expression of SEC1A (Grobei et al., 2009). To
determine the sub-cellular localization of SEC1A, we generated a fluorescent reporter line consisting of
664 bp of SEC1A promoter sequence, the full coding region and a C-terminal fusion with the fluorescent
protein mNeonGreen (SEC1A-mNG; figure 5A). We transformed this construct into WT and sec7a-1
plants. To test for functionality of the fusion protein, we performed reciprocal crosses between the sec1a-
1 SEC1A-mNG T1s and WT. Given that sec7a-1 significantly reduced pollen transmission, a functional
transgene should increase fertility and confer a transmission advantage to transgenic pollen compared to
non-transgenic sibling pollen. In three independent sec7a-1 T1s we found elevated transmission of the
SEC1A-mNG transgene through the male (~85% of progeny inheriting the transgene, N=89) while female
transmission was unaffected (50% progeny inheriting the transgene, N=83) (Figure 5B), confirming that

the fusion construct was functional.



We examined the localization of the reporter in in vitro grown pollen tubes and observed diffuse,
cytoplasmic fluorescence near the tip of the pollen tube (Figure 5C). Since Arabidopsis PT growth is
oscillatory (Damineli et al., 2017), we confirmed that pollen tubes maintained this pattern of localization

during active growth by following individual tubes over time (Figure 5D).

SEC1A and KEULE are redundantly essential for pollen fertility

Although the male transmission efficiency of the sec7a-1 allele was significantly reduced in the absence
of the hpat1/3 mutations, the ability of the homozygous sec7a mutants to achieve full seed set
(Supplemental Figure 2) suggested that SEC71A is ultimately dispensable for pollen tube growth. Given
the importance of secretion to pollen tube growth and the importance of SM proteins to this process, we
hypothesized other SM proteins may be functioning redundantly with SEC1A. The Arabidopsis genome
encodes three Sec1p-like SM proteins; SEC1A, SEC1B and KEULE (KEU/SEC11; Sanderfoot et al.,
2000; Assaad et al., 2001). KEULE has a well-described role in cytokinesis, functioning together with the
SNARE protein KNOLLE/SYP111, and, as a result, keu mutants are seedling lethal (Assaad et al., 1996).
At the protein sequence level, the three share a minimum of 57.9% sequence identity and 71.9%
sequence similarity. Furthermore, available mMRNAseq expression data indicate that SEC1A, SEC1B and
KEULE all achieve proportionally high levels of expression in anthers, pre-anthesis (Figure 6A; Klepikova
et al., 2016) and in mature pollen grains (Figure 6B; Loraine et al., 2013). Microarray expression data is
also available for SEC1B and KEULE and indicates high transcript levels in pollen samples with SEC1B
also expressed during pollen development in the uninucleate microspore and bicellular pollen stages
(Honys and Twell 2004; Qin et al., 2009). Given their sequence similarity and partially overlapping
expression patterns, we next tested for a potential contribution of SEC71B and KEULE to pollen tube

elongation.

To determine if either SEC1B or KEULE alone measurably contributed to pollen fertility, we tested the
male and female transmission efficiency of insertional mutants in sec7b (Karnahl et al., 2018; GABI-
KAT_601G09) and keule (GABI-KAT_513H06). We found no significant difference between the observed
and expected transmission for either mutation through either the male or female (Supplemental Figure
3D). As expected, we were unable to recover homozygous keule mutant plants from self-fertilized
heterozygous plants (N=48) and we observed the segregation of deformed seeds and seedlings with the

previously described keule phenotype (Supplemental Figure 3B and C; Assaad et al., 1996).

We next crossed sec1b and keu/+ to hpat1/3 to determine if these mutations could also suppress the
hpat1/3 pollen phenotypes as observed for sec1a. We observed no significant change in seed set in
hpat1/3 plants carrying the sec1b or keule mutations compared with sibling hpat1/3 plants (Figure 6C).

We also found no statistically significant deviation in male transmission for either keu or sec1b in this



background (42% heterozygous progeny, N=88 for keule and 50% heterozygous progeny, N=60 for

sec1b). Therefore, sec1a is unique in its ability to suppress the hpat1/3 pollen defects.

To test for functional redundancy between these genes, we performed pairwise crosses between sec7a-1
and sec1b and keu/+. sec1b and keu have been previously shown to be redundantly required for
gametophyte function with double mutant gametophytes displaying late stage pollen grain abortion and
non-viable ovules. Thus, populations segregating for sec1b and keu are limited to the segregation of, at
most, double heterozygous plants (Karnahl et al., 2018). In contrast to the sec7b and keu combination,
we recovered the double mutant between sec7a-7 and sec7b and isolated sec7a-1 keu/+ plants without
undue difficulty. We found no notable vegetative phenotypes (Supplemental Figure 3D). We also found
no statistically significant differences in seed set with the exception of reduced seed set in the keu/+

sec1b/+ plants, consistent with their redundant requirement for ovule viability (Supplemental Figure 3F).

To test for functional redundancy with sec7a-17 in pollen fertility, we fixed for the mutation in sec1a-7 and
monitored the segregation of secb and keu to compare single and double mutant pollen fertility. We
found no statistically significant deviation in the expected 1:2:1 segregation ratio for sec1b in self-fertilized
sec1a-1 sec1b/+ progeny (N=34). To more carefully test for a male transmission impact, we crossed
these plants as males to WT and genotypes for the transmission of the sec7b mutant allele. We found no
significant change in sec1b transmission compared to the expected value (42% sec1b/+ progeny, N=84,
x? P-value=0.12663). For the segregation of sec?a keu/+ plants, we expected the homozygous keu plants
not to survive until genotypeable age and therefore expected a 1:2 segregation ratio (WT:keu/+).
However, the keu mutation segregation was closer to a 1:1 ratio (N=48; 25 WT, 23 keu/+), suggesting a
gametophytic transmission defect. When we tested the male transmission of sec7a keu/+ plants we found
keule transmission was fully abolished (0 keule/+ progeny, N=144, x2 P-value= 3.55296x10-33;
Supplemental Figure 3G). Therefore, SEC1A and KEU are redundantly essential for male fertility.

sec1b/+ keu/+ plants have been previously reported to produce aborted pollen grains (Karhnal et al.,
2018). Here, we find that sec1a-1 and keu are required for pollen fertility. To compare the sec1a-1 keu
pollen phenotype to the previously described sec1b keu pollen abortion phenotype, we sectioned anthers
from WT, sec1a-1 keu/+ and sec1b/+ keu/+ plants. We observed the segregation of aborted pollen grains
in sec1b/+ keu/+ anthers from stages 9 through maturity (Figure 6E and H). However, the pollen grains in
sec1a-1 keu/+ anthers were morphologically normal with no sign of abortion (Figure 6D and G),
suggesting that the fertility defect in this genotype occurs later in pollen function. We next tested the
impact of keu on the ability of sec1a-1 pollen to germinate. While sec7a-1 alone significantly reduced
germination frequency compared to the WT, pollen from sec1a-1 keu/+ plants had a significant further
reduction compared to sec7a-1 alone. Therefore, while both SEC1A and SEC1B interact with KEU in



male fertility, SEC1B and KEU are required for pollen development while SEC1A and KEU are required

for pollen germination.

SEC1A orthologues are highly expressed in pollen

The role of SEC1A and the other Arabidopsis SM proteins in pollen fertility next prompted us to
investigate the evolutionary history of this gene family. The presence of a SEC1B orthologue is limited to
a subgroup within the dicots (the Brassicales-Malvales clade), suggesting a relatively recent origin for
SEC1B following the duplication of an ancestral KEU-like gene in this lineage. However, the divergence
between SEC1A and KEU likely occurred after the evolution of angiosperms, but before the separation of

the monocots and eudicots (Karhnal et al., 2018).

To explore the possible role of SEC1 proteins as a general feature of pollen tube growth, we identified SM
family members in species for which pollen expression data were available. We have recently published a
transcriptomic data set for tomato (Solanum lycopersicum) reproductive tissues including pollen and
pollen tubes (Lara-Mondragén and MacAlister, 2021). Transcriptomic data were also available for rice,
maize and the basal angiosperm Amborella trichopoda (Wei et al., 2010; Davidson et al., 2011; Flores-
Tornero et al., 2020). We identified putative orthologues of the SM proteins in these species through
sequence similarity searches using the Arabidopsis SEC1A protein as bait and identified predicted SM
proteins of the SEC1 clade as well as SLY1 and VPS45 members. VPS45 and SLY1 are implicated in
vacuolar trafficking and ER-Golgi trafficking, respectively (Segaard et al., 1994; Bassham and Raikhel,
1998; Zouhar et al., 2009). We found that the tomato SEC1A gene was split into two gene models
(Solyc01g091290 and Solyc01g091300), corresponding to the first ~160 aa and the remainder of the
protein. We consulted the available RNA sequence data to determine the appropriate exon distribution for
a manually corrected gene model, labeled SISEC1A (Supplemental Figure S4). The merged gene model
produced a full length SEC1-like protein.

We generated a maximum parsimony phylogenetic tree using the identified protein sequences along with
the budding yeast Sec1p, Sly1p and VPS45p sequences. We found that the VPS45 and SLY1 sequences
clustered into two well supported clades, generally with a single representative per species. The SEC1
clade, however, was more complex and, with the exception of the single SEC1 protein from Amborella,
contained two or three members per species (Fig. 6A). Within this limited sample of species, tomato was
most similar to Arabidopsis in term of SEC1 genes with a clear AtSEC1A orthologue and a single sister to
KEU and SEC1B. To better understand the expression pattern of the SM proteins, we generated heat
maps of expression across vegetative and reproductive tissues. For tomato, we found that the pollen and
pollen tube samples were heavily enriched for expression of SISEC1A while the other SM genes had

depleted expression in the pollen samples. In our original analysis of the transcriptomic data, we had
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identified the second (larger) tomato SEC1A model as one of the 1229 tomato genes with enriched

expression in pollen grain samples (Lara-Mondragén and MacAlister, 2021).

In the two monocots (rice and maize) we identified three SEC1-like proteins including a moderately well
supported sister group to the SEC1A clade containing one rice and maize gene. Interestingly, the maize
gene in the SEC1A group (GRMZM5G830776) was highly expressed in anther and pollen samples, while
the other SEC1-like genes had depleted transcript abundance in pollen. Of the three rice SEC1 genes,
the two genes present on the microarray used in Wei et al. (2010) were both well expressed in pollen
samples, particularly from the tricellular stage through pollen tubes (Figure 7D). Finally the single SEC1
gene from Amborella was also strongly expressed in pollen (Figure 7E). Therefore, in each species
analyzed at least one SEC17-like gene had high expression in pollen samples. In Amborella, tomato and
maize this high expression was limited to one SEC1 gene while in Arabidopsis, and rice multiple SEC1s
had high pollen expression. Determining the functional significance of these expression patterns and

these genes will require future work.

Discussion

Here we demonstrate an important function for SEC1A during pollen tube growth. sec7a mutant pollen
tubes had reduced germination and compromised tube growth rates leading to shorter tubes in vitro and
in vivo and reduced pollen fitness (Figure 4). The likely cause of this slower growth, given that SEC1A
encodes an SM protein, is the reduced secretion of vesicles, limiting cell expansion. Consistent with this
hypothesis, we demonstrated accumulation of secretory vesicles in the mutant pollen tubes (Figure 4H-J.)
and reduced secretion of a glycosylated reporter protein in the hpat1/3 sec1a-1 suppressed line (Figure
3H). We have previously found reduced secretion resulting from mutation of the exocyst complex as a
suppressive mechanism for the hpat1/3 phenotype (Beuder et al., 2020). It is likely that the suppression
by sec1a mutations follows a similar mechanism, although how, specifically this occurs is unknown. Given
that the HPATSs are glycosyltransferases, we expect that the hpat1/3 phenotype reflects the impact of the
loss of hydroxyproline O-arabinosylation from the proteins that they modify. The largest known group of
HPAT-modified proteins are the EXT cell wall structural proteins (Petersen et al., 2021). The EXTs form a
cross-linked network and are hypothesized to serve as a scaffold for the assembly of pectin during cell
wall formation (Cannon et al., 2008). Deglycosylated EXTs have reduced in vitro cross-linking ability,
presumably compromising their ability to function as structural proteins (Chen et al., 2015). We
hypothesize two possible ways in which reduced secretion may suppress the hpat1/3 phenotypes. First,
suppression may occur by slowing the delivery of new cell wall material to the pollen tube tip, allowing the
pollen tube to compensate for the absence of hydroxyproline O-arabinosylation. In this way, reduced
growth itself is the compensation mechanism. An alternative, though not mutually exclusive explanation,
envisions the non-glycosylated HPAT-target proteins as “toxic” to cell wall assembly. In the hpat1/3

mutants, these non-modified proteins are secreted more quickly (Beuder et al., 2020; Fig. 3H). Such
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proteins in the wall might interfere with wall stability and by simply reducing their trafficking, the wall can
be restored. Determining the specific mechanism of suppression and identifying the specific HPAT target

proteins mediating this process will require additional work.

Though we initially identified sec1a mutants based on suppression of the hpat1/3 phenotype, we found
that SEC1A is an important regulator of pollen tube growth in its own right. SM proteins promote
membrane fusion by regulating SNARE complex assembly through the binding of Qa-SNARESs or
assembling trans-SNARE complexes (Risselada and Mayer, 2020; Baker and Hughson, 2016). Several
SNARE proteins with functions in pollen have been identified (Sanderfoot et al., 2001; Slane et al., 2017;
Sogawa et al., 2020; Rui et al., 2021). Of particular interest here are three Qa-SNAREs of the SYP family
(SYP124, SYP125, and SYP131) which are all exclusively expressed in male gametophytes (Silva et al.,
2010; Ichikawa et al., 2015; Slane et al., 2017). The three are redundantly required for male transmission,
and syp124/125/131 triple mutant pollen tubes are shorter and wider than those of transgenically rescued
sibling pollen (Slane et al., 2017). This phenotype is reminiscent of the pollen tube phenotype we
observed in the sec7a mutants (Figure 4), suggesting a possible mode of action for SEC1A through the
binding of these three Qa SNARE proteins or SNARE complexes containing them, though further work

will be required to test this hypothesis.

The diffuse localization we observed for SEC1A-mNG in pollen tubes (Figure 5C) was somewhat
unexpected since SM proteins generally localize to the target membrane for vesicle fusion (Carr et al.,
1999). In the case of tip-growing pollen tubes, this would be the plasma membrane near the tip. The
observation that the reporter construct rescues sec7a’s low transmission phenotype indicates that the
fusion protein is functional (Figure 5B). The pollen tube localization of SEC1A-mNG was also consistent
with the reported cytoplasmic localization of SEC1A when expressed under the KNOLLE promoter in
roots (Karnahl et al., 2018). The localization of SYP124, SYP125 and SYP131 has been examined by
several groups. SYP131 localizes primarily to the pollen tube plasma membrane (Enami et al., 2008;
Ichikawa et al., 2015). The localization of SYP124 and SYP125 is more complicated. They both display
considerable cytoplasmic signal as well as some plasma membrane signal largely excluded from the tip at
a distance that differs between SYP124 and SYP125 (Enami et al., 2008; Silva et al, 2010; Ul-Rehman et
al., 2011; Ichikawa et al., 2015; Slane et al., 2017). This difference in localization has been suggested to
reflect a functional difference with SYP124 and SYP125 operating in the recycling pathway, while
SYP131 operates in vesicle secretion (Ruan, Li et al., 2020). The cytoplasmic SYP124 and SYP125
signal is similar to SEC1A-mNG’s general localization to the cytoplasm and may reflect a functional

relationship.

Though sec7a pollen had compromised fertility in transmission tests (Supplemental Figure 3G), the

homozygous mutant plants still achieved high seed set, indicating that SEC1A is ultimately dispensable
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for pollen function (Supplemental Figure 2). However, we found fertility was fully abolished in the sec7a
keu double mutant pollen, suggesting that, in the absence of SEC71A activity, KEU could partially
substitute during pollen tube growth. SEC1B on the other hand did not measurably contribute to the
sec1a phenotype (Figure 6F). Interestingly, while we found SEC71A and KEU have functions during pollen
germination and pollen tube growth, SEC1B and KEU function redundantly during the late stages of
pollen development leading to abortion in sec1b keu double mutant pollen (Figure 6H). The sec1b keu
phenotype is reminiscent of the overexpression phenotype of another SYP-binding protein, Arabidopsis
thaliana Tomosyn (AtTMS). AtTMS is an R-SNARE motif-containing protein which binds to several pollen-
expressed SYP1s, inhibiting secretion. Overexpression of AtTMS leads to pollen developmental defects,
specifically failure of intine deposition and disrupted cell plate formation during pollen mitosis | resulting in
pollen abortion (Li et al. 2019). The loss of sec1b and keu may function analogously to the
overexpression of AtTMS leading to their similar pollen phenotypes. However, we noted no disruption in
pollen development in sec1a plants, even in the presence of keu (Figure 6G). The sec7a mutant
phenotype was only apparent during pollen tube elongation, suggesting a division of function between
SEC1A and SEC1B with SEC1B functioning earlier during pollen development and SEC1A functioning
later during pollen tube growth. An earlier role for SEC1B is also consistent with its expression during
pollen development (Honys and Twell, 2004). However, this difference in function may also be explained
by differences in binding partners or activities. While SYP124, SYP125 and SYP131 are required for
pollen germination and tube growth, they are not required for pollen development (Slane et al., 2017).
Other Qa-SNAREs (KNOLLE, SYP112 and SYP132), however are expressed during pollen development
and may mediate earlier fusion events (Slane et al., 2017). There is precedence for binding preference
among the SEC1 proteins. For example, KEU interacts with the open conformation of KNOLLE and
SYP132 while SEC1B had a much weaker interaction with KNOLLE and a preference for SYP132 (Park
et al., 2012; Karnahl et al., 2018). SEC1A has been shown to not bind to KNOLLE using an in vitro pull

down assay (Assaad et al., 2001).

Given SEC1A’s importance to pollen tube growth in Arabidopsis, we hypothesized that SEC1A
orthologues may have similar functions in other flowering plants. To explore this, we examined gene
expression data available for pollen samples in four different species across broad evolutionary
distances. Though expression data alone is not sufficient to conclude function in a given tissue, we found
that in tomato and maize, a single SEC1A-like gene was highly expressed in pollen while in rice, similar to
Arabidopsis, more than one SEC17-like gene was expressed in pollen (Figure 6A and B, Figure 7).
Amborella contained only a single SEC1-like gene which was highly expressed in pollen (Figure 7E),
possibly reflecting the high secretory demands of this cell type compared to the other samples in the data

set.
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Materials and Methods

Plant materials and growth conditions

Plants were grown under 16 hr light/8 hr dark cycles in a temperature-controlled growth room maintained
at 23°C. Mutagenesis of the hpat1 (SALK_120066) hpat3 (SALK _04668) background, screening,
sequencing and data analysis was carried out as previously described (Beuder et al., 2020). The sec1b
(GABI-KAT_601G09) and keule (GABI-KAT_513H06) mutant alleles were provided by the Arabidopsis
Biological Resource Center (Kleinboelting et al., 2012; Karnahl et al., 2018) and backcrossed to the
Columbia-0 ecotype before analysis. Mutations were genotyped using the primers and restriction
enzymes listed in Supplemental Table 5. For direct sequencing of SEC1A in additional suppressor lines,
the SEC1A coding sequence was amplified with the primers in Supplemental Table 5 and sequenced by
Sanger sequencing using the same primers by the University of Michigan DNA sequencing core. For
seed counts, mature, pre-dehiscent siliques were cleared overnight in 70% ethanol then transferred to

50% glycerol for at least two days before counting using a dissecting microscope.

Cloning

To generate the genomic SEC1A construct used to rescue suppression, we amplified the SEC1A region
from Columbia-0 in a single fragment including 664 bases of promoter region, the full coding region and
117 bp following the stop codon using the primers in supplemental table 5 and Phusion® High-Fidelity
DNA Polymerase. This fragment was recombined into pDONR221 using BP Clonase II™ (11789-020,
ThermoFisher) and transferred by recombination reaction into the plant binary expression vector pFAST-
GO01 (Shimada et al., 2010) using LR Clonase II™ (11791-020, ThermoFisher). Cloning of the C-terminal
fusion of SEC1A with mNeonGreen, was similarly done except the SEC1A amplified region included only
until the last coding codon and the entry clone was recombined into a previously described modified

pFAST-RO07 vector in which the GFP sequence was replaced with mNeonGreen (Beuder et al., 2020).

To generate the Lat52::mRuby2-RabA4b construct, the mRuby2 and RabA4b fragments were amplified
from plasmid sources using the primers in supplemental table 5. The two fragments were combined by
Gibson assembly using the Gibson Assembly® Cloning Kit (E5510S, New England Biolabs) and the
resulting merged fragment was recombined into pPDONR221 P5-P2 using BP Clonase [I™. This clone
was then recombined along with a Lat52 promoter clone into the pFAST-GO01 destination vector (Shimada
et al., 2010; Beuder et al., 2020) using LR Clonase II™.

The resulting constructs were transformed into Arabidopsis of the appropriate genetic background by the
floral dip method. To allow for quantitative comparisons, a single insertion event was crossed into all the
necessary genetic backgrounds. Lat52::mRuby2-RabA4b was transformed into WT and then crossed into
sec1a-1 and Lat52::GF(EXT3)P was transformed into hpat1/3 and crossed into WT and hpat1/3 sec1a-1
(Beuder et al., 2020).
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Pollen assays and imaging

Pollen was germinated and grown on in vifro growth media as described previously (Beuder et al., 2020).
Pollen was considered germinated if a pollen tube the length of the pollen grain was visible and tubes
were considered branched if two morphologically distinct tips were visible. Sustained growth rate was
measured by imaging a field of pollen tubes at two times approximately 25 minutes apart. Lengths of
individual tubes were measured at both times and the difference in total length was taken and divided by
the time interval between images. For imaging of pollen tubes in the pistil, nearly mature buds of WT
flowers were emasculated and allowed to mature for 24 hours before pollination. Eight hours after
pollination with WT or sec7a-17 pollen, the pistils were collected and prepared as in Mori et al. (2006) with
the exception that decolorized aniline blue was replaced with aniline blue fluorochrome (Biosupplies
Australia LTD). The prepared pistils were imaged on a Leica DM5500 compound microscope using a
Leica DAP filter cube (excitation filter 405/10, emission filter 460/40).

The secretion index was measured as previously described (Beuder et al., 2020). For SEC1A-mNG
imaging, transgenic pollen was grown on pollen growth media plates overlaid with a piece of cellophane.
After two hours of growth, pollen tubes were transferred by dabbing the cellophane onto a slide with a
drop of 4 yM FM4-64 in agarose-free liquid pollen growth media and slides were sealed with nail polish.
Pollen tubes were imaged ~10 minutes after mounting. SEC1A-mNG was imaged on a Leica SP5
confocal microscope with a 488 nm excitation laser and emission range set at 494-575 nm, and FM4-64
was imaged with a 514 nm excitation laser and emission range set at 620-783 nm; a DD488/561 dichroic
beam splitter and PMT detectors. For imaging during pollen tube growth, the pollen was imaged directly
on the pollen growth media plate on a Leica DM5500 compound microscope using a Leica GFP filter
cube (excitation filter BP 470/40, emission filter BP 525/50).

For vesicle staining, WT, hpat1/3 and hpat1/3 sec1a-1 pollen tubes were grown inside of imaging
chambers as mentioned above. After 1 hour, samples were incubated with 12 yM FM4-64 diluted in liquid
germination medium for 15 min and imaged using the Leica Sp5 confocal microscope, using a 561 nm
excitation laser, a DD488/561 dichroic beam splitter and PMT detector set to capture light at the 568 —
678 nm wavelength range. Images were captured in the medial section for each pollen tube (N=16 for
wild-type, N=20 for hpat1/3 and N=22 for hpat1/3 sec1-a1). Laser intensity and gain settings were
maintained constant during imaging of all genotypes and fluorescence intensity was quantified using

ImageJ.
WT Col-0 or sec7a-1 pollen tubes expressing Lat52:mRuby2:RabA4b were germinated inside of an

imaging chamber composed of a slide with a CoverWell silicone chamber (Grace Bio-Labs, GBL635051)

filled with molten pollen growth media and solidified on a flat surface for ~1 min. Once solidified, pollen
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grains of either genotype were dusted on top of the medium and carefully covered with a coverslip. The
samples were incubated for 50 min in a humid chamber at room temperature and imaged with a Leica
SP8 laser scanning confocal microscope, using a white light laser set to 550 nm excitation, notch filter set
NF488/561/633 and HyD detector capturing signal in the 570-721 nm wavelength range. Images were
captured in the medial section for each pollen tube. Laser intensity and gain settings were maintained
constant during imaging of both genotypes. Fluorescence intensity was quantified using ImagedJ in both

genotypes.

For anther sectioning and toluidine staining, flower buds and mature flowers of WT Col-0, sec1b/+ keule/+
and sec1a-1 keule/+ were fixed, embedded in LR-white resin, and sectioned following the protocol from
Costa et al., 2017. 10 nm semi-thin sections were stained with 0.1% toluidine blue incubating the samples
at 65°C for 30 and washing the excess stain with distilled water. Slides were mounted with Permount
mounting medium (Fisher Scientific) for long-term storage. The sectioned samples were then imaged
using light microscopy (Leica, model DM5500B; camera Leica, model DFC365FX). Developmental stages
in the samples were determined based on the anther development description by Sanders et al., 1999.

Phylogeny and expression analysis

We identified SM proteins from tomato, rice and Amborella by BLAST sequence search using the
Phytozome 12 database with the SEC1A protein sequence as query. The maize gene models were
identified in the same way from the MaizeGDB database using the B73 FGS translations 5b.60 for
RefGen_v2. A maximum parsimony phylogenetic tree was generated using 100 replicate bootstrap
values using the Phylip 3.698 program suite with At3g22150 (AEF1) as an outgroup to root the tree
(Felsenstein, 1989). The phylogeny was constructed using the full predicted protein coding sequences
and in the event that more than one transcript per gene was annotated, we took the one encoding the
longest protein. We did not include SM members of the VSP33 family due to their weaker homology to
SECH1.

Expression values of the SM homologs were gathered from published RNA-seq data (tomato — Lara-
Mondragdn and MacAlister, 2021; maize — Davidson et al, 2011; Amborella — Flores-Tornero et al., 2020;
Arabidopsis — Loraine et al, 2013) or microarray data (rice — Wei et al., 2010, Arabidopsis —Klepikova et
al., 2016) and a heatmap corresponding to the log2 of the mean expression values per gene was plotted

using the pheatmap package in Rstudio. Species icons were generated using BioRender.
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Whole genome sequence data for the sec7a suppressors can be found at the Sequence Read Archive
(SRA) under project accession number: PRINA808998. Additional data are available within the paper,
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Figure legends

Figure 1: Mutations in sec7a increase seed set in the hpat1/3 background.

A) Plants of the indicated genotypes. Scale bar marks 1 cm. B) Cleared nearly mature siliques of the
indicated genotypes. All seca alleles are in the hpat1/3 background. Long siliques are composite
images. C) Average number of seeds per silique *+ standard deviation (SD). Bars to the left of the dashed
line are self-pollinations while bars to the right are manual pollinations. sec7a segregating populations
(BC5 or BC6 F2 generation) were grouped based on sec7a allele genotype. Statistical comparisons were
made within sample groups (clustered bars). Stars indicate significance relative to the left-most bar in a
group. Within the manual pollination group, ‘s’ marks the suppressor (hpat1/3 sec1a*%%"), while ‘- is the
unsuppressed background strain (hpat1/3) Male parent is on the top row, female parent on the bottom. *’
marks T-test p-value <0.05, “*' <0.005; ***' <0.0005.

Figure 2: sec1a mutations occur in two clusters

A) The SEC1A locus structure with rectangles indicating exons. The position of the identified mutations
are marked with red arrows and the portion encoding the domains are colored as follows: domain 1-
yellow, domain 2a- light blue, domain 3a- light green, domain 3b- dark green, and domain 2b- dark blue.
Sequence not falling into a given domain is gray and the C-terminal tail is in black (Karnahl et al., 2018;
Bracher et al., 2000). B) The homology model structure of the predicted Arabidopsis SEC1A protein
sequence modeled onto the crystal structure of UNC18 (Sec1) of the choanoflagellate Monosiga
brevicollis (Burkhardt et al., 2011). Domains are colored as in A and mutated residues and their side
chains are marked in red and labeled. The upper view shows the first cluster of mutations (E153 and
T197) occurring at the interface between domain 1 and domain 2a and the lower view shows an
approximately 90° rotation along the vertical axis showing the second mutational cluster (W506, E267 and
E398). C) Protein sequence alignments of the Arabidopsis SM proteins for the region of the five secfa
point mutations. The altered residue is marked in red if it is conserved between SEC1A and other
sequences and marked in orange if amino acid character is maintained.

Figure 3: sec7a partially suppresses hpat1/3 pollen phenotypes.

A) Representative in vitro grown pollen tubes of the indicated genotypes. B) Histogram of pollen tube
length after 4 hours of in vitro growth. N=121 PTs per genotype. Mean value for each genotype was
significantly different from the others (T-test P-value <0.0005). C) Pollen germination frequency after 2.5
hr of in vitro growth (N=350 pollen grains per genotype). D) Incidence of branched pollen tubes after 2.5
hr of in vitro growth (N=500 pollen tubes per genotype). E) Incidence of PT rupture after 2.5 hr of in vitro
growth (N=250). F) Sustained growth rate of pollen tubes were measured by the total change in length
over a given period of time (~25 minutes) divided by time interval in minutes (N=30). G) PT width (N=30).
H) The secretion index measured for an HPAT-modified reporter protein (Lat52::GF(EXT3)P) expressed
in pollen tubes. Pollen were grown in vitro and transferred to high sucrose media to trigger plasmolysis.
The secretion index is the ratio of the fluorescence signal in the vacated portion of the pollen tube (the
cell wall area) divided by the fluorescence identity in the cytoplasmic portion of the tube, normalized to
background. Lat52::GFP is a control construct lacking a signal peptide or glycosylation sequence and is
included as a control (mean +SE; N>28; asterisks mark significant differences *’ T-test p-value <0.05, **'
<0.005; “***’ <0.0005). 1) Pollen tubes of the indicated genotype stained with FM4-64 to mark vesicles.
The two regions of interest from which fluorescence intensity measures (mean gray value) were taken are
circled. J) Fluorescence quantification of the tip region normalized to the fluorescence in the shaft (mean
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+ SD WT N=16, hpat1/3 N=20 and hpat1/3 sec1a-1 N=22; *’ marks significant differences, T-test p-value
<0.05).

Figure 4: sec7a single mutants reduce pollen fertility

Representative in vitro grown WT (A) and sec7a-1 (B) pollen tubes. C) Histogram of pollen tube length
after 4 hours of growth (N=2240 PTs per genotype). D) Mean pollen tube width (£SD, N=30, *** marks T-
test P-value <0.00005). E) Mean sustained pollen tube growth rate (+SD, N=30, *** marks T-test P-value
<0.00005). F and G) Aniline blue fluorochrome stained WT pistils eight hours after pollination with the
indicated genotype. H and I) The secretory vesicle marker Lat52::mRuby2-RabA4B expressed in WT (H)
and sec7a-1 (I) pollen tubes. J) Quantification of RabA4B reporter fluorescence (** marks T-test p-value
<0.0025; WT N=53 and sec7a-1 N=75).

Figure 5: SEC1A localization

A) The structure of the SEC1A reporter construct including the SEC1A coding region under the native
promoter fused to mNeonGreen and a selection cassette with Hygromycin resistance and a seed
expressed RFP reporter (OLE1-RFP). B) The transgene rescues the sec7a-1 low transmission efficiency.
When crosses as a male, transgene-carrying pollen are more likely to fertilize than non-transgenic sibling
pollen while transmission through the female is not altered (*** marks x? P-value<0.0005, sample size is
given in bars). C) Confocal image of SEC1A-mNG expression in representative WT pollen tube co-
stained with FM-64. Medial z-slice shown with individual channels and merged fluorescent channels.
mNeonGreen signal is pseudo-colored cyan, FM4-64 is pseudo-colored magenta, and overlapping
signals are white. Scale bar is 10um. D) Sequential images of a single growing pollen tube with time
given relative to the start of imaging.

Figure 6: SEC1A and KEU are required for pollen germination

A) Heatmap of the mRNA sequencing expression values of the indicated genes (Klepikova et al., 2016).
B) Histogram of pollen and seedling mRNA sequencing data (Loraine et al., 2013). All three Sec1p-like
genes displayed high levels of expression in pollen and anthers. C-H) Toluidine blue stained sections of
developing anthers from stage 9 to 10 (C, D and E) or stage 11 to 12 (F, G and H) flower buds (Sanders
et al., 1999). Both WT and sec7a-1 keu/+ plants produce morphologically normal pollen while sec1b/+
keu/+ plants segregate for aborted pollen grains (marked with*). I) Pollen from plants of the indicated
genotype after 2 hours on in vitro pollen germination media. J) Quantification of pollen germination rate
(mean zSD, five biological replicates of N2225 per replicate). Asterisks mark significantly different T-test
P-values (*“*** <0.0005; ** <0.005; *’ <0.05).

Figure 7: SEC1 genes are highly expressed in pollen in other species

A) Maximum parsimony phylogenetic tree with 100 replicate bootstrap values given in nodes. The VPS45
clade is marked in orange, the SLY1 clade is marked in purple and the SEC1-like clade is marked in
green with the SEC1A-like subclade marked in dark green. The protein sequence for SISEC1A was
manually corrected to account for its split into two gene models (Solyc01g091290 and Solyc01g091300)
(Supplemental Figure 4). The Amborella gene names are given by scaffold and gene number. B-E)
heatmaps corresponding to the log2 of the mean expression values for the indicated genes based on
available mRNA-seq or microarray data. B) Tomato expression values (Lara-Mondragén and MacAlister,
2021). C) Maize expression values (Davidson et al, 2011). D) Rice expression values (Wei et al., 2010) E)
Amborella trichopoda expression values (Flores-Tornero et al., 2020). Pollen, pollen tube and developing
pollen samples are marked with grey. PTs- pollen tubes, PG- pollen grains, UNM-uninulceate microspore,
BCP- bicellular pollen, TCP- tricellular pollen, ML- mature leaf, OL- old leaf, YL young leaf, IT- whole
tassel 10d before emergence, MT- whole tassel after emergence, dap- days after pollination.
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Table 1: Segregation ratio of sec7a mutant alleles in the hpat1/3 background in the BC5 or BC6
generation. N=72 plants for each allele, P-value is calculated by the x? test compared to the expected
value for Mendelian segregation (25%/50%/25%).

Allele +/+ +/- -/- P-value
sec1a-W506* 13% 46% 42% 0.001704
sec1a-E153K 6% 58% 36% 0.000443
sec1a-E267K 3% 63% 35% 6.79E-05
sec1a-E398K 11% 44% 44% 0.000215
sec1a-T1971 3% 58% 39% 3.08E-05
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Significance statement: The rapid growth of pollen tubes imposes a heavy demand on the secretory
pathway to delivery of new cell wall material to the specialized cell wall at the growing tip. Here we
demonstrate a key role for the Arabidopsis Sec1/Munc18 gene SEC1A in pollen germination and pollen

tube growth.
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