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Abstract

A potential strategy to mitigate oxidative damage in plants is to increase the abundance of antioxidants, such as ascorbate (i.e.
vitamin C). In Arabidopsis (A. thaliana), a rate-limiting step in ascorbate biosynthesis is a phosphorylase encoded by Vitamin C
Defective 2 (VTC2). To specifically overexpress VTC2 (VTC2 OE) in pollen, the coding region was expressed using a promoter from a
gene with ~150-fold higher expression in pollen, leading to pollen grains with an eight-fold increased VTC2 mRNA. VTC2 OE re-
sulted in a near-sterile phenotype with a 50-fold decrease in pollen transmission efficiency and a five-fold reduction in the number
of seeds per silique. In vitro assays revealed pollen grains were more prone to bursting (greater than two-fold) or produced shorter,
morphologically abnormal pollen tubes. The inclusion of a genetically encoded Ca>* reporter, mCherry-GCaMPéfast (CGf), re-
vealed pollen tubes with altered tip-focused Ca** dynamics and increased bursting frequency during periods of oscillatory and
arrested growth. Despite these phenotypes, VTC2 OE pollen failed to show expected increases in ascorbate or reductions in re-
active oxygen species, as measured using a redox-sensitive dye or a roGFP2. However, mRNA expression analyses revealed greater
than two-fold reductions in mRNA encoding two enzymes critical to biosynthetic pathways related to cell walls or glyco-mod-
ifications of lipids and proteins: GDP-p-mannose pyrophosphorylase (GMP) and GDP-p-mannose 3',5" epimerase (GME). These
results support a model in which the near-sterile defects resulting from VTC2 OE in pollen are associated with feedback mechan-
isms that can alter one or more signaling or metabolic pathways critical to pollen tube growth and fertility.

Introduction

Increasing antioxidant production in crop plants is a potential
strategy to mitigate toxic increases in reactive oxygen species
(ROS) arising from abiotic stress (Kerchev and Van
Breusegem, 2022). In vivo, hydrogen peroxide (H,O,, t;,,>
1 ms) is a relatively stable form of ROS that can be transported
across membranes, whereas superoxide (O,; t1/, ~1-4 ps) and

hydroxyl radicals (®*OH; t;;, ~ 1 ns) are more unstable. This
wider distribution of H,O, increases the potential for wide-
spread oxidation of lipids, proteins, and DNA (Mittler, 2017).
To prevent oxidative damage, plants generate a wide array of
antioxidants to quench ROS (Shao et al,2008; Laxa
et al,2019), one of which is ascorbate (Figure 1) (Foyer and
Noctor, 2011; Smirnoff, 2018).
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Figure 1 Ascorbate (vitamin C) metabolism in plants. Ascorbate quenches hydrogen peroxide (H,O,) to form H,O by electron transfer via ascorbate
peroxidase (APX), resulting in monodehydroascorbate (MDHA). MDHA undergoes further oxidation by ROS to dehydroascorbate (DHAR). MDHA
and DHA can be recycled back to ascorbic acid via MDHA reductase (MDHAR) and DHA reductase (DHAR), respectively, and NAD(P)H and gluta-
thione cofactors. Spontaneous hydrolysis irreversibly converts DHA to 2,3-diketogulonic acid (Smirnoff, 2018; Hasanuzzaman et al., 2019).

Ascorbate (i.e. vitamin C) is one of the most abundant
antioxidants in plant cells, ranging from nanomolar to milli-
molar concentrations throughout the cell. Ascorbate is trans-
ported into organelles and the extracellular matrix (i.e.
apoplast), where it can undergo oxidation to monodehy-
droascorbate (MDHA) or dehydroascorbate (DHA) and
then recycle back to ascorbate via MDHA reductase
and DHA reductase using NAD(P)H or reduced glutathione
as cofactors (Figure 1) (Gallie, 2012; Smirnoff, 2018;
Hasanuzzaman et al., 2019). However, if DHA is spontaneous-
ly hydrolyzed to 2,3-diketogulonic acid, a subsequent oxida-
tion step can occur, resulting in an unknown intermediate
reported to increase H,O, production (Hasanuzzaman
et al, 2019). Similarly, ascorbate itself can become a
pro-oxidant by participating in the production of free radi-
cals via Fenton reactions (Smirnoff, 2018). Despite ascor-
bate’s potential role as both a pro- and anti-oxidant, its
high redox potential generally favors its function in mitigat-
ing toxic ROS levels during oxidative stress.

Although there are three distinct routes to ascorbate pro-
duction in the Smirnoff-Wheeler pathway, ascorbate biosyn-
thesis via the GDP-L-galactose branch is considered dominant
(Figure 2) (Fenech et al, 2019). A precursor to this GDP-L-
galactose branch is the conversion of p-mannose-1-P to
GDP-p-mannose, where GDP-dD-mannose is a central branch-
ing point between ascorbate production, synthesis of cell
wall polysaccharides, and carbohydrate metabolism (Qi
et al, 2017). After GDP-p-mannose is converted to
GDP-L-galactose, an important rate-limiting step is the subse-
quent conversion of GDP-L-galactose to galactose-1-
phosphate via a phosphorylase encoded by the gene
Vitamin C Defective 2 (VTC2) (Gao et al, 2011; Yoshimura
et al, 2014). The VTC2-encoded phosphorylase is also regu-
lated at the translational level through an upstream open
reading frame (uORF), where the overaccumulation of

ascorbate provides negative feedback to decrease the abun-
dance of VTC2 (Laing et al,, 2015).

The overexpression of VTC2, via promoter swapping or
editing VTC2’s uORF, was reported to increase ascorbate
production in leaves, thereby improving plant tolerance to
abiotic stress (Bulley et al,, 2012; Wang et al,, 2014; Zhang
et al,, 2020). While previous studies associated increased as-
corbate with smaller fruits and fewer seeds in tomato
(Solanum lycopersicum) (Bulley et al., 2012), only recently
was the overexpression of VTC2 linked to reduced pollen
germination (Deslous et al.,, 2021). Although an increase in
pollen ascorbate was not directly confirmed, the reduced
pollen germination was speculated to arise from a disrup-
tion in redox-dependent events in pollen development,
raising a doubt as to whether increasing ascorbate levels
in pollen is a viable strategy to improve pollen thermotoler-
ance. In this study, we provide evidence that VTC2 overex-
pression in Arabidopsis (A. thaliana) pollen severely
reduced pollen fertility without showing a significant in-
crease in the accumulation of ascorbate, or changes in the
redox potential of the pollen grain cytoplasm. This under-
scores the need to consider alternative scenarios in which
VTC2 overexpression might increase or decrease the flux
of metabolites into other pathways, such as cell wall biogen-
esis or glycosylation of proteins or lipids. Interestingly, VTC2
overexpression altered calcium (Ca®") signaling dynamics as-
sociated with growing pollen tubes, with an increase in the
average magnitude of tip-focused Ca”* oscillations during
oscillatory growth, as well as the absence of distinct oscilla-
tions during periods of arrested growth. While it is not yet
clear whether these changes in Ca>* dynamics are the cause
or consequence of VTC2-dependent pollen infertility, they
invite speculation on the mechanistic relationship between
Ca’" signaling and the metabolic pathways related to vita-
min C production.
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Figure 2 Ascorbate biosynthesis via the Smirnoff-Wheeler pathway. Ascorbate biosynthesis occurs through three pathways: L-Galactose, .-Gulose,
and Myo-inositol pathways. Solid arrows are direct steps. Dashed arrows represent several enzymatic or non-enzymatic steps. Enzymes are shown in
green with respective abbreviations or alternative nomenclature (i.e. GDP-p-mannose pyrophosphorylase (GMP) is also Vitamin C Defective 1
(VTC1)). Substrates of interest are beige. Bold, solid arrows indicate the 1-Galactose pathway. Arrows replaced with lines represent inhibition.
*Elevated ascorbate levels lead to the translation of VTC2’s upstream ORF, resulting in translational inhibition of VTC2. (Gao et al,, 2011; Laing

et al, 2015; Qi et al, 2017; Tao et al, 2018).

Results

VTC2 overexpression reduces seed set

and pollen fertility

To determine whether VTC2 overexpression in pollen direct-
ly affects male fertility, a transgene encoding VTC2 under the
control of a pollen-dominant promoter (upstream region of
Ca’*-dependent Protein Kinase 34, At5g19360) was intro-
duced into wild-type (WT) Col-0. This promoter was chosen
because CPK34 is expressed more than 150-fold higher in pol-
len relative to female or vegetative tissues (Supplemental
Figure S1). Thus, the CPK34p::VTC2 transgene was designed
to selectively increase VTC2 expression in pollen, leaving
other non-pollen tissues with normal endogenous VTC2 ex-
pression. For two representative lines used here, a greater
than 8-fold overexpression (OE) of VTC2 was confirmed in
pollen grains using reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) (Figure 3B and
Supplemental Figure S1).

To test for impacts of VTC2 OE in pollen, plants heterozy-
gous for the VTC2 transgene were tested for a segregation
distortion phenotype. The transmission efficiency (TE) of
the transgene was scored in F1 progeny by counting
hygromycin-resistant  (Hyg®) and sensitive seedlings
(Figure 3A). In the case of OE1 and OE2 plants that were

allowed to self-pollinate, the TE ratio dropped from the ex-
pected ratio of 3:1 to ~1:1 (P < 0.007). Reciprocal crosses in-
dicated that transmission through the ovule (i.e. female) was
normal (~50% TE; P> 0.6), whereas transmission through
pollen (ie. male) was reduced ~50-fold (~1% TE P<
0.001). This pollen-specific infertility was observed in all 20
independent transgenic lines examined. Vector controls
showed no segregation distortions through male or female
gametes (Supplemental Figure S2).

Two additional studies were performed to further under-
stand how VTC2 OE impacted pollen fertility. First, to address
whether the ~50-fold decrease in pollen TE was simply due
to slower pollen tube growth, a limited pollination outcross
(fewer pollen than ovules) was performed. A limited pollen
assay provides an equal opportunity for slow pollen to fertil-
ize ovules (Weigand and Harper, 2020) and thus, potentially
restore normal transmission frequencies for VTC2 OE pollen.
Nevertheless, pollen transmission did not improve under lim-
ited pollination conditions, indicating fertility defects
associated with VTC2 OE were not simply caused by slower-
growing pollen tubes (Figure 3A).

Second, to investigate whether VTC2 OE might still
render a protective effect on pollen fertility during a poten-
tial ROS-elevating stress, self-pollination and pollen out-
crosses were performed under hot/cold stress conditions
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. Total n Obs TE (%) p-value
A Male x Female Condition line 1,2 Exp TE (%) line 1,2 (sum)
Self CPK34p::VTC2 Normal 147,150 75 54,55 <0.001
Hot/ Cold Stress 288,548 75 58,52 <0.001
COL-0 x CPK34p::VTC2 Normal 114,67 50 45,49 >0.6
CPK34p::VTC2 x ms1 Normal 433,253 50 1,0 <0.001
Limited Pollination 203,112 50 3,0 <0.001
Hot/ Cold Stress 114,152 50 1,5 <0.001
Vector Control x msl Normal 264, 286 50 55,48 >0.6
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Figure 3 VTC2 OE reduces seed set and pollen fertility. A, Genetic crosses showing reduced pollen transmission of a transgene expressing VTC2
under the control of a pollen-specific promoter from AtCPK34 (CPK34p:VTC2, ps3059). Progeny of selfed plants and reciprocal outcrosses were
scored for transmission efficiency (TE) of a heterozygous hygromycin resistant transgene. TE = # resistant seedlings/total # seedlings. Statistical sig-
nificance was determined by Pearson’s Chi-square test (3”) with a minimum threshold set at P < 0.05. Total n, obs TE%, and P-values are shown for
overexpression (OE) line 1 (left, ss2695) and OE2 (right, ss2696). B, CPK34p:VTC2 increases VTC2 mRNA abundance in pollen, shown by RT-qPCR of
VTC2 in comparison to a reference gene Cyclin P2; 1. Error bars represent + S.E.M,, n = 3 biological replicates analyzed in duplicate. Asterisk indicates
significance determined by Student’s t-test, P < 0.00001. C and D, VTC2 OE reduces seed set, as shown by (C) quantification of average seed numbers
per silique and (D) pattern of seed deposition (% seed in the top half), shown by cleared siliques, between WT and homozygous OE lines (OE1
ss2697and OE2 ss2698). Boxplot elements include a median (center line), interquartile range (inside box), and S.E.M. (whiskers), n = 10. Asterisk
indicates significance determined by Student’s t-test, P < 0.00001. See Supplemental Figures S1 and S2 for expression details and genetics for vector

control, respectively.

(Rahmati Ishka et al.,, 2018). To create a stress regime with
hot days and cold nights, temperature conditions cycled be-
tween —1°C and 40°C (Tunc-Ozdemir et al.,, 2013). However,
there was no indication of improved transmission for pollen
harboring the VTC2 OE transgene under this temperature
stress environment (Figure 3A).

Although VTC2 OE reduced pollen transmission, it was still
possible to generate plants homozygous for the CPK34p:
VTC2 transgene. The seed set for homozygous lines OE1
and OE2 was reduced more than 5-fold compared to WT
plants grown in parallel (Figure 3, C and D). Together, these
results support the contention that pollen-specific increases
in VTC2 expression result in pollen-autonomous fertility
defects.

VTC2 OE resulted in pollen germination

and tube growth defects

To identify potential pollen defects, pollen were subjected to
in vitro germination and pollen tube growth assays.
Compared to WT, pollen grains from homozygous OE lines
1 and 2 showed a ~2-fold increase in the frequency of burst-
ing at the time of germination (Figure 4A). Among grains

that formed tubes, the average tube length was more than
2-fold shorter (Figure 4B). An in vivo confirmation of this
short pollen phenotype was supported by the observation
that more than 99% of the fertilization events occurred in
the upper half of the silique (i.e. nearest the stigma end of
the pistil) (Figure 3D).

In WT pollen tubes, it is common to observe some vari-
ation in tube width and morphologies. However, OE pollen
tubes showed more than a 2-fold greater variation between
the widest and narrowest regions of the tube (Figure 4, C and
D). Together, these results suggest that deficiencies in ger-
mination and tube growth could account for at least some
of the pollen fertility defects associated with VTC2 OE.

VTC2 OE failed to elevate concentrations

of ascorbate in pollen grains

To determine if VTC2 overexpression lines produced pollen
grains with higher levels of ascorbate, a fluorometric method
was used to quantify ascorbate concentrations. Ascorbate
was quantified by assaying the fluorescence of 3-(dihydrox-
yethyl)furo[3,4-b]quinoxaline-1-one, the product of a two-
step hydroxylamine oxidation—condensation reaction that
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Figure 4 VTC2 OE pollen develop fewer and shorter pollen tubes com-
pared to WT. A, Pollen grain bursting events during germination. Error
bars represent + S.E.M.,, Col-0, n =250; OE L1, n =540; OE L2, n=740.
The asterisk indicates significance by Pearson’s Chi-square test ()%),
df =1, P <0.001. B, Pollen tube length between WT and OE VTC2 (after
10 h) grown in vitro on agar solidified media. Error bars represent +
S.E.M,, n=30. Asterisk indicates significance by one-way ANOVA and
Tukey test, P < 0.0001. Data were collected from homozygous plants
harboring CPK34p:VTC2 (ps3059, OE1 ss2697, and OE2 ss2698). C,
Quantification of differences in tube width. Boxplot elements include
a median (center line), interquartile range (inside box), and S.EM.
(whiskers), n=30. The asterisk indicates significance by Student’s
t-test, P<0.001. D, Pictures of grain bursting and abnormal tube
morphologies in VTC2 OE pollen. Scale bar =5 pym.

directly corresponds with ascorbate concentrations (Vislisel
et al,, 2007). While VTC2 OE lines displayed a trend toward
lower ascorbate (1.3-fold), this difference was not significant
(P> 0.05) (Figure 5A) and was within the range of reported
ascorbate  concentrations in  Arabidopsis  seedlings
(Mdiller-Moulé, 2008) and tomato fruits (Deslous et al,
2021). A failure to detect increased ascorbate suggests that
fertility defects in the VTC2 OE lines were not caused by in-
creases in the steady-state concentrations of ascorbate.

VTC2 OE failed to reduce ROS levels in mature
pollen grains

Despite the failure to detect VTC2-dependent increases in as-
corbate, two different assays were still used to evaluate
whether redox homeostasis might have been impacted. In

Weigand et al.

the first assay, the relative redox potential of pollen grains
was evaluated using 2’-7'-dichlorodihydrofiuorescein diace-
tate (DCF), a fluorescent stain that increases intensity as it
undergoes oxidation by ROS (Luria et al, 2019). To provide
a control for plant-to-plant variation and environmental
variables, pollen grains were analyzed from plants
segregating a transgene construct harboring both VTC2
and an ER-mCherry visualization marker targeted to the
endoplasmic reticulum (ER) (CPK34p:VTC2 and CPK34p:
ER-mCherry). Fluorescence from the ER-mCherry allowed
the transgenic pollen to be identified and directly compared
to WT pollen produced by the same parental plant. In pollen
from plants heterozygous for OE1 or OE2, there was no sig-
nificant difference observed for DCF fluorescence between
WT and VTC2 OE pollen (Figure 5B). As an independent
method, pollen grains were evaluated using a roGFP2 as a
genetically encoded redox-sensitive ratiometric reporter
(Ugalde et al, 2020). To determine the redox state of
roGFP2, pollen from plants expressing either UBQ10p:
mCherry-roGFP2 (WT + reporter) or co-expressing CPK34p::
VTC2 and UBQ10p:mCherry-roGFP2 (OE + reporter) were im-
aged for the relative intensity of the 520 nm emission peak
resulting from an excitation at either 405 nm (higher in the
oxidized state) or 488 nm (higher in the reduced state).
Compared to WT, the roGFP2 excitation ratios for VTC2
OE lines indicated a slightly more oxidized cytosolic environ-
ment (i.e. less, rather than more “ROS quenching”) (P <
0.0001) (Figure 5C). Taken together with the DCF staining as-
say, our results indicate that VTC2 OE failed to generate a less
oxidized redox status compared to WT.

VTC2 OE alters tip-focused Ca’* signaling

in pollen tubes

Because tip-focused Ca®* oscillations are proposed to be
essential to polarized pollen tube growth (Frietsch et al,
2007; Johnson et al, 2019), a ratiometric ca** reporter
mCherry-GCaMP6fast (CGf) from Weigand et al. (2021)
was used to investigate whether VTC2 OE altered Ca** dy-
namics. There are three main growth-related Ca®* signaling
patterns that have been reported for pollen tubes: steady-,
oscillatory-, and arrested-growth Ca®* oscillations (i.e. SGC,
OGC, and AGC oscillations, respectively) (Damineli et al,
2017; Weigand et al., 2021). For pollen tubes that displayed
SGC oscillations, there were no obvious differences in oscilla-
tions between WT and VTC2 OE lines (Figure 6, A and B).
However, major differences were observed during periods
of both OGC and AGC oscillations.

During oscillatory growth, WT pollen exhibited a classical
pattern of growth cycles followed by Ca®* oscillations
(OGC oscillations), as shown by synchronized peaks between
CGf ratios (black) and growth rates (green) (Figure 6C, left).
In contrast, OE pollen displayed WT-like OGC oscillations
(Figure 6C, right) but with significantly higher peak Ca®*
(i.e. CGf) ratios and larger amplitude changes (Figure 6, D
and E) (P < 0.001).
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Figure 5 VTC2 OE does not increase ascorbate or lower redox potential in mature pollen grains. A, Spectrophotometric assay for the abundance of
ascorbate (AsA) in the pollen of two lines homozygous for CPK34p:VTC2 (ps3059: OE1 ss2697, and OE2 ss2698). Error bars represent +S.EM,, n =6.
B, ROS accumulation detected by 2’-7'-Dichlorodihydrofluorescein diacetate (H,DCFDA, DCF). WT and transgenic pollen grains produced from the
same flower of heterozygous plants were compared by scoring for the OE pollen that showed coexpression of an ER-localized mCherry (ps3059, OE1
52695, and OE2 552696). Boxplot elements include a median (center line), interquartile range (inside box), and S.E.M. (whiskers), n =20. C, Redox
state of roGFP2 in pollen grains. Results are shown using two independent transgenic lines for each genotype. Boxplot elements include a median
(center line), interquartile range (inside box), and S.E.M. (whiskers), n = 550. Statistical significance was determined using one-way ANOVA and
Tukey test with minimum threshold of P<0.01. ns=not significant. “a” and “b’=significantly different means. WT with UBQ10p:
mCherry-roGFP2 (ps3209, WT1 ss2673 and WT2 ss2674). VTC2 OE with UBQ10p:mCherry-roGFP2 (ps3217, OE1 552676 and OE2 ss2677).

During arrested growth, WT pollen displayed typical AGC
oscillations with distinct intervals between very high peaks
and very low valleys (Figure 6F, left). In contrast, OE pollen
showed a reduction in peak magnitudes (Figure 6, F right
and G) and the loss of distinct repeating intervals
(Figure 6H) (P < 0.0001).

VTC2 OE reduces GMP and GME mRNA

expression levels

To determine if VTC2 OE altered the expression for genes en-
coding key enzymes upstream of VTC2 (Figure 7), RT-gPCR
analyses were performed to quantify the relative abundance
of mRNA encoding GDP-p-mannose pyrophosphorylase
(GMP) and GDP-p-mannose 3',5 epimerase (GME). In
homozygous OE lines, GMP mRNA expression was reduced
2-fold in OE1 and 4-fold in OE2 (P<0.0001). Similarly,
GME expression was reduced 1.5-fold in OE1 and 2-fold in
OE2 (P<0.01). Together, reductions in GMP and GME ex-
pression suggest that VTC2 OE results in feedback regulation
of genes corresponding to at least two of the upstream bio-
synthetic steps (Figure 2) that could impact multiple path-
ways linked to carbohydrate-related modifications of lipids,
proteins, or cell walls.

Discussion

Increasing the production of vitamin C in plants has potential
benefits for both nutritional fortification and improved stress
tolerance (Kerchev and Van Breusegem, 2022). A rate-limiting
step in ascorbate biosynthesis is the conversion of
GDP-L-galactose to galactose-1-phosphate via a phosphorylase
encoded by a gene named VTC2 (Yoshimura et al, 2014). VTC2
overexpression constructs have been stably expressed in a wide

variety of crops including tomato (Solanum lycopersicum)
(Deslous et al, 2021), tobacco (Nicotiana tabacum) (Wang
et al, 2014), strawberry (Fragaria x ananassa), and potato
(Solanum tuberosum) (Bulley et al, 2012), with each study re-
sulting in increased ascorbate and in some cases improved
stress tolerance. However, impaired seed development was
also noted in tomato plants overexpressing VTC2 using a trans-
gene driven by 35S promoter (Bulley et al, 2012) or by a clus-
tered regularly interspaced short palindromic repeats
(CRISPR)-edited endogenous VTC2 uORF (Deslous et al., 2021).

Here in Arabidopsis, we show a similar reproductive deficiency
when VT(C2 is overexpressed using a transgene with a pollen-
specific promoter. In this study, a CPK34p:VTC2 transgene was
introduced into WT Arabidopsis, resulting in a nearly 50-fold de-
crease in pollen transmission and, in homozygous transgenic
plants, a more than 5-fold decrease in the number of seeds
per silique. This indicates that VTC2 OE can result in a pollen au-
tonomous defect that dramatically reduces reproductive fertility
and seed production in Arabidopsis. Importantly, the observed
decrease in pollen fertility remained unchanged under hot/
cold stress conditions (Figure 3), suggesting that VTC2 OE in pol-
len did not provide any significant benefits for improving repro-
ductive stress tolerance.

Reduced pollen transmission is caused

by fewer and shorter tubes

Multiple lines of evidence indicate that the VTC2 OE fertility
defects were primarily due to fewer and shorter pollen tubes,
and not a decrease in pollen tube growth rates. First, when
there was no competition between slow- and fast-growing
pollen (i.e. limited pollen assays) (Weigand and Harper,
2020), the transmission efficiencies of VTC2 OE pollen re-
mained low (Figure 3). Thus, the segregation distortion
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ratio (black) and growth rate (green) between WT (left) and VTC2 OE (right) pollen tubes. B, Average CGf ratio during steady growth (n=9). C,
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bar (A, C) 10 ym and 15 s and (F) 10 ym and 5s.

observed with VTC2 OE pollen cannot be explained by a sim-
ple decrease in pollen fitness due to slower-growing pollen
tubes. Second, VTC2 OE pollen tubes were 2-fold shorter
than WT in vitro (Figure 4B). A short pollen phenotype
was also supported by in vivo evidence of seed deposition
patterns, where VTC2 OE pollen fertilized ovules nearest
the stigma end of the pistil (Figure 3D). Lastly, OE lines

showed a 2-fold increase in pollen grain bursting when germi-
nated in vitro (Figure 4A). A germination defect was also ob-
served in tomato pollen from a plant harboring a
CRISPR-edited VTC2’s uORF (Deslous et al., 2021).

The similarities between VTC2 OE in tomato and
Arabidopsis, such as reduced seed set and pollen germination
defects, suggest that VTC2 OE can cause or contribute to
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Figure 7 VTC2 OE reduces GMP and GME expression levels in pollen
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lyzed in duplicate. The asterisk indicates significance by Student’s
t-test, P < 0.05.

pollen autonomous defects across multiple angiosperms.
However, one important difference is that the tomato experi-
ments potentially altered VTC2 ubiquitously and might have
impacted other aspects of plant development or reproduc-
tion, whereas Arabidopsis experiments here utilized a
pollen-specific promoter to minimize secondary impacts
from non-pollen tissues. Although it is unclear if pollen defects
are the sole cause of reduced fertility in tomatoes, future stud-
ies are still warranted to determine if VTC2 OE in female repro-
ductive tissues can positively or negatively impact fertility.

Pollen defects did not correspond with an increase
in ascorbate or a decrease in ROS

Despite expectations, experiments here failed to provide evi-
dence that VTC2 OE resulted in a measurable increase in pol-
len ascorbate concentrations or a subsequent decrease in ROS
resulting from higher antioxidant levels (Figure 5). Previous
VTC2 OE studies observed measurable increases in ascorbate
concentrations (3- to 6-fold in tomatoes and 2-fold in straw-
berries) (Bulley et al.,, 2012). However, those studies were not
designed to specifically increase VTC2 OE during pollen devel-
opment, and, in the case of Deslous et al. (2021), increased
amounts of ascorbate were only measured in the context of
the entire flower and not specifically in pollen. As such, future
studies are needed to elucidate if ascorbate biosynthesis or
steady-state concentrations might be regulated differently
in pollen compared to other tissues or between different an-
giosperms, such as tomato and Arabidopsis. Regardless, two
different assays (DCF staining and roGFP2 imaging) failed to
provide any evidence for a potential VTC2-triggered increase
in antioxidant activities (Figure 5, B and C).

VTC2 OE disrupts OGC and AGC Ca’* signaling

in pollen tubes

Because VTC2 OE pollen tubes exhibited growth deficiencies
and abnormalities in morphology, we investigated whether
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VTC2 OE could change growth-associated Ca®* signals using
a Ca”* reporter (CGf) (Weigand et al, 2021). The evidence
here indicates that VTC2 OE altered Ca®* oscillation patterns
during oscillatory and arrested growth (i.e. OGC and AGC),
whereas steady growth signals were relatively normal
(Figure 6). More specifically, OGC oscillations in VTC2 OE
lines displayed higher peak Ca”* ratios and larger amplitude
changes, and AGC oscillations had reduced peak magnitudes
and a loss of interval repeats.

Interestingly, of the pollen tube bursting events captured
during imaging of VTC2 OE pollen, the majority (17 out of
18 bursting events) occurred during the two growth patterns
that showed abnormal Ca** signaling, oscillatory or arrested
growth (Supplemental Movies S1 and S2, respectively). No
bursting events were observed during the imaging of WT
(0 out of 12 tubes) (Supplemental Figure S3). Thus, there is
a strong association between a bursting event in a growing
pollen tube and those tubes showing a VTC2-dependent dis-
ruption in Ca®* oscillations. As pollen tube bursting is ultim-
ately driven by an imbalance between cytosolic turgor
pressure and cell wall strength, it is not clear if abnormal
Ca’" signals are the symptom or cause of a potential defi-
ciency in cell wall integrity.

Models for VTC2 OE leading to reduced

pollen fertility

There are at least two models to explain how overexpression
of VTC2 might interfere with pollen fertility. The first model
is dependent on increased ascorbate, where too much ROS
quenching might disrupt signals required for pollen grain ger-
mination and tube growth, as speculated by Muhlemann
et al. (2018). Similarly, an excess of apoplastic ascorbate could
promote cell wall loosening (Green and Fry, 2005), a possible
explanation for the high bursting frequency in VTC2 OE pol-
len. Under severe oxidative stress, ascorbate breakdown to
oxalic acid (Fenech et al,, 2021) can result in the formation
of oxalate-Ca®" crystals in the apoplast and vacuoles, pos-
sibly affecting the pools of free Ca®* (Truffault et al,, 2017).
However, the failure to detect an increase in ascorbate or
changes in ROS favors the consideration of alternative mod-
els. For example, VTC2 OE could alter the flux of metabolites
through interconnected pathways and thereby perturb the
supply of related sugar nucleotides that are critical to
pathways involved in cell wall biosynthesis, such as
GDP-1-galactose or GDP-p-mannose.

In support of an alternative model where VTC2 OE might
disrupt interconnected pathways, a greater than 2-fold de-
crease in MRNA abundance was observed for GMP, a key
gene encoding an upstream pyrophosphorylase that cata-
lyzes the synthesis of GDP-p-mannose (Figure 7A).
Similarly, in tomatoes, mMRNA abundance for SIGMP1 was de-
creased in an analysis of floral buds during anthesis from
VTC2 OE lines (Deslous et al., 2021). Here in Arabidopsis, a
greater than 1.5-fold reduction was also observed in mRNA
abundance for GME, a gene encoding an upstream
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epimerase that converts GDP-p-mannose to GDP-L-galactose
(Figure 7B). As the feedback mechanism(s) responsible for
these gene expression changes are not known, future studies
are needed to determine whether the VTC2-dependent re-
duction in GMP or GME is initiated by increased VTC2
mMRNA, protein levels, or enzymatic activity of VTC2, or
through metabolic feedback pathways resulting from the in-
creased abundance of L-Gal-1-P. Despite this knowledge gap,
it appears that VTC2 overexpression in both tomato and
Arabidopsis shares similar feedback pathways that could im-
pact other biosynthetic pathways, including carbohydrate
modifications associated with the cell wall, glycolipids, or gly-
coproteins (Lukowitz et al,, 2001; Mounet-Gilbert et al., 2016;
Tao et al, 2018).

Together, these results provide evidence that VTC2 OE in
Arabidopsis pollen results in severe male fertility defects, des-
pite a failure to provide detectable increases in pollen grain
ascorbate concentrations or alterations to ROS homeostasis.
This favors a model in which VTC2 OE triggered a deficiency
in one or more metabolic pathways related to the biosyn-
thesis of cell wall components, glycolipids, or glycoproteins.
These deficiencies ultimately result in an inability to properly
coordinate the dynamic interplay between turgor-driven
pollen tube growth and maintaining cell wall integrity.
Regardless of the specific deficiencies, this study demon-
strates that VTC2 OE potentiates pollen bursting, abnormal
tube morphologies, and changes in growth-associated Ca**
signaling.

Materials and methods

Plant materials and growth conditions

Plant expression vectors were transformed into Arabidopsis
(A. thaliana) Col-0 using Agrobacterium tumefaciens
(GV3101 strain) floral dip method (Clough and Bent, 1998).
Sterilized seeds were sown on square Petri dishes containing
05X Murashige and Skoog medium (Phytotechnology
Laboratories, pH 5.7), 0.05% (w/v) MES, 25 mg/L hygromycin
B (Gold Biotechnology), and 1% (w/v) agar. After stratification
in the dark for 48-72 h at 4°C, seeds were transferred to room
temperature conditions with constant light for 10 days.
Thereafter, seedlings were transplanted into soil prepared ac-
cording to manufacturer guidelines (Sunshine SMB-238
SunGro Horticulture, Marathon pesticide, Cleary Turf and
Ornamental Systemic Fungicide). Plants were grown to matur-
ity in growth chambers at 22°C with 70% humidity and 16-h
light (~125 umol m~> s™") followed by 8-h dark.

Plasmid construction

All plant expression constructs were made through standard
molecular techniques using a pGreenll vector system
(Hellens et al,, 2000) with a hygromycin resistant (Hyg") se-
lection marker for plants and a kanamycin-resistant (Kan")
selection marker for Escherichia coli. For VTC2 overexpres-
sion, all constructs used the promoter region from Ca’
*-dependent protein kinase 34 (CPK34p). Plasmid stock
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(ps3059) included CPK34p:VTC2 and CPK34p:ERmCherry;
ps3217, CPK34p:VTC2 and Ubiquitin 10 (UBQ10) promoter:
mCherry-roGFP2; ps3202, CPK34p:VTC2, and UBQ10:CGf.
Reporter constructs without VTC2 were ps2935, UBQ10p:
CGf (Weigand et al, 2021); ps3260, UBQ10p:ER-CGf; and
ps3209, UBQ10p:mCherry-roGFP2.  See  Supplemental
Figures S4-S8 for plasmid maps and DNA sequences.

Genetics and seed set analyses

Transgene transmission was measured by scoring hygromy-
cin resistance of F1 progeny from selfed plants and reciprocal
outcrosses. Statistical significance was determined using
Pearson’s chi-squared test (x’) unless stated otherwise.
Seed set analyses were conducted using mature siliques
decolorized in 70% (v/v) ethanol at room temperature over
24 h.

In vitro pollen germination

Using 1- to 2-day-old flowers, Arabidopsis pollen grains were
germinated on the surface of agar containing 1.5% (w/v) low
melting agarose and pollen growth media (PGM) modified
from Boavida and McCormick (2007): 10% (w/v) sucrose,
2mM Ca’>* chloride (CaCl,), 650 uM (0.004% w/v) boric
acid (H3BO3), 2 mM potassium chloride (KCl), 0.4 mM mag-
nesium sulfate (MgSQOy,), and buffered to pH 7.5 using potas-
sium hydroxide (KOH). A humidity chamber was used to
germinate pollen grains in the dark at 22°C. Pollen were incu-
bated for various periods of time depending on the analysis.
Glass coverslips were placed over pollen tubes on the agar
surface prior to imaging.

Germination frequency and pollen tube length

After incubating for 10 h, pollen samples were imaged using a
Keyence BZ-X700 microscope under bright-field illumination
using a 20%/0.45NA air objective. Germination frequency
and pollen tube length were quantified using Image) software
(Abramoff et al, 2004) including multi-measure and cell
counter plugins.

Pollen collection for mRNA expression

and ascorbate analyses

To isolate pollen, open flowers were cut and vortexed for 30 s
in a 50-mL centrifuge tube containing water, followed by fil-
tration through a 70-um nylon mesh (Becton Dickinson and
Company). Filtered pollen was pelleted at 4°C by centrifuga-
tion for 5 min at 12,000 X g. The supernatant was discarded.
For mRNA expression analyses, lysis buffer (RLT) containing
beta-mercaptoethanol (Qiagen) was added to pollen pellets
per the manufacturer’s guidelines. For ascorbate analyses,
fresh weight was recorded. Thereafter, pollen pellets were
frozen in liquid nitrogen and stored at —80°C.
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RNA isolation, cDNA synthesis,

and expression analyses

Total RNA was extracted from pollen samples using Qiagen
RNeasy Plant Mini Kit including an optional cleaning step
using RNase-free DNase (Qiagen) to eliminate genomic
DNA contamination. Complementary DNA (cDNA) was
synthesized using 150 ng of total RNA via BioRad iScript
cDNA Synthesis Kit (BioRad Cat#1708890). RT-qPCR analyses
were performed using BioRad SsoAdvanced Universal SYBR
Green supermix (Cat#1725271). PCR conditions were as fol-
lows: initial denaturation 95°C for 30 s, followed by repeating
cycles of 95°C for 10s, 58°C for 20 s for 40 total cycles.
Reference gene Cyclin P2; 1 (AT3G21870) was chosen based
on minimal variation in pollen expression (Rahmati Ishka
et al, 2018). A fold change was calculated for VTC2 (normal-
ized to CYCP2; 1) in relation to the expression of the WT con-
trol. RT-gPCR fold changes were calculated using the delta—
delta Ct (AACt) method. Primer sequences are available in
Supplemental Figure S1.

Ascorbate measurement

Following pollen harvest, 60% (v/v) ice-cold methanol contain-
ing 250 uM Diethylenetriaminepentaacetic acid (DTPA, Sigma
Cas#67-43-6) was added to frozen pollen pellets. Cells were
mechanically lysed by bead beating for 5 min at 4°C. After lysis,
1 volume of chloroform was added for a final methanol:water:
chloroform ratio of 4:3:1, respectively. Samples were vortexed
and centrifuged for 10 min at 10,000 X g. The supernatant
was transferred to a new tube and stored at —80°C.

The assay was essentially performed as described in
Vislisel et al. (2007). Assay buffer containing 2 M sodium
acetate adjusted to pH 5.5 with glacial acetic acid was che-
lated using Chelex 100 (Sigma Cas#11139-85-8) according
to the manufacturer’s guidelines. Individual stocks of
232 mM Tempol (Sigma Cas#2226-96-2) and 5.5 mM
o-Phenylenediamine (OPDA, Sigma Cas#65-54-5) were pre-
pared in assay buffer. Ascorbate standards were prepared
in 60% (v/v) methanol containing 250 ym DTPA as a series
of 1:2 serial dilutions (100, 50, 25, 12.5, and 6.25 yM
L-ascorbate) (Sigma Cas#50-81-7). In triplicate, 50 yL of
standards and 1:5 sample dilutions were added to individ-
ual wells of a 96-well microtiter plate (ThermoFisher
cat#9205). Using a multichannel, repeat pipettor, 50-uL
Tempol was added. After a 10-min incubation, 21 yL OPDA
was added in a dimly lit room. After a final 10-min incubation,
fluorescence was measured at excitation 345 nm and emission
425 nm using Spectramax M5 plate reader and SoftMax Pro
software. Ascorbate levels were determined by interpolating
fluorescent values from standard curves with R* value >
0.998. Due to the instability of ascorbate and light sensitivity
of OPDA, the metabolite extraction, ascorbate standards,
and OPDA were prepared on the day of analysis.

ROS analysis
To measure ROS accumulation, 1- to 2-day-old flowers were
vortexed in 1 mL PGM (no agar). Flowers were removed
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using forceps, while the remaining pollen germinated in
PGM for 10 min. About 1uL of 5 mM H,DCFDA (DCF)
was added to germinating pollen solution for a final concen-
tration of 5 uM DCF. After a 20-min incubation, pollen was
pelleted by centrifugation for 5 min at 10,000 X g. Then,
5 uL of pelleted pollen was transferred to an agar slide. A
coverslip was placed on the top of pollen grains on the
agar surface. Pollen was imaged under bright-field, mCherry
excitation 561 nm/emission 615 nm (to identify transgenic
pollen), and yellow fluorescent protein (YFP) excitation
500 nm/emission 530 nm (DCF stain) using Keyence
BZ-X700 microscope with a 20x/0.45NA air objective. YFP
fluorescent intensity was measured using Image] multi-
measure plugin. ROS accumulation was determined by nor-
malizing fluorescent intensity to WT (non-transgenic) pollen.
To measure redox status, pollen was dusted onto individual
27-mm glass bottom dish (Thomas Scientific cat#1190X48)
sprayed with medical adhesive, followed by the addition of
500 pL liquid PGM. Pollen germinated for 2 h at 22°C prior
to imaging pollen using a Leica STELLARIS Spectral Point
Scanner HyD S Inverted Confocal Microscope system at
20%/0.75 NA. roGFP2 redox state was determined by imaging
for the relative intensity of the 520 nm emission peak resulting
from an excitation at either 405 nm (higher in the oxidized
state) or 488 nm (higher in the reduced state). Fluorescent in-
tensity was measured using Image) multi-measure plugin.

Ca’* and growth time series analysis
Pollen was germinated on agar slides as described in in vitro
pollen germination. Pollen time-lapse images were captured
using a Leica DMi8 inverted microscope fitted with a
Yokogawa CSU-W1 spinning disk confocal scanner module
and a CCD camera. Images were captured with 63X/1.4 NA
objective with filter switching between GFP (excitation
488 nm, intensity 100 mW, exposure 250 ms, collection
bandwidth 500-550 nm, gain 250) and RFP (excitation
561 nm, intensity 150 mW, exposure 250 ms, collection
bandwidth 572.5-647.5 nm, gain 250). Only pollen tubes be-
tween 100 and 400 ym in length were used for the analysis.
Using Image), the region of interest for tip-focused imaging
was 10 ym (pollen apex). Multiple Kymograph plugin was
used to generate kymographs (average pixel neighborhood
=5) for individual fluorescent channels. Kymograph text files
were analyzed using the CHUKNORRIS web interface
(https://feijolab.shinyapps.io/CHUK/) for single-channel ky-
mographs (Damineli et al, 2017). Fluorescent intensity and
growth rate patterns were obtained from CHUKNORRIS out-
put. A raw ratio (CGf ratio) was calculated from
CHUKNORRIS-derived time series (ROL.ts) data to normalize
Ca”" signals (GCaMP6f; GFP fluorescence) to protein abun-
dance (mCherry; RFP fluorescence).

Accession numbers
Sequence data from this article can be found in the
GenBank/EMBL data libraries under the following accession
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numbers: VTC1; GMP (At2g39770), VTC2 (At4g26850), and
GME (At5g28840).

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. VTC2 and CPK34 expression pro-
file comparison and primers used for mRNA expression
analyses.

Supplemental Figure S2. Ubiquitin10promoter:ER-CGf
does not alter reproduction.

Supplemental Figure S3. Bursting frequency of pollen
tubes during steady growth (SGC), oscillatory growth
(OGCQ), or arrested growth calcium (AGC) oscillations.

Supplemental Figure S4. ps3059 CPK34p:VTC2 and
CPK34p::ER_mCherry plasmid map and DNA sequence.

Supplemental Figure S5. ps3217 CPK34p:VTC2 and
UBQ10p:=zmCherry-roGFP2 plasmid map and DNA sequence.

Supplemental Figure S6. ps3202 CPK34p:VTC2 and
UBQ10p:CGf plasmid map and DNA sequence.

Supplemental Figure S7. ps3260 UBQ10p:ER_CGf plasmid
map and DNA sequence.

Supplemental Figure S8. ps3209
mCherry-roGFP2 plasmid map and DNA sequence.

Supplemental Movie S1. VTC2 OE pollen tube bursting
during OGC oscillations.

Supplemental Movie S2. VTC2 OE pollen tube bursting
during AGC oscillations.
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