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Abstract

In flowering plants, male gametes are immotile and carried by dry pollen grains to the female organ. Dehydrated pollen is
thought to withstand abiotic stress when grains are dispersed from the anther to the pistil, after which sperm cells are delivered
via pollen tube growth for fertilization and seed set. Yet, the underlying molecular changes accompanying dehydration and the
impact on pollen development are poorly understood. To gain a systems perspective, we analyzed published transcriptomes
and proteomes of developing Arabidopsis thaliana pollen. Waves of transcripts are evident as microspores develop to bicellular,
tricellular, and mature pollen. Between the “early”- and “late”-pollen-expressed genes, an unrecognized cluster of transcripts
accumulated, including those encoding late-embryogenesis abundant (LEA), desiccation-related protein, transporters, lipid-
droplet associated proteins, pectin modifiers, cysteine-rich proteins, and mRNA-binding proteins. Results suggest dehydration
onset initiates after bicellular pollen is formed. Proteins accumulating in mature pollen like ribosomal proteins, initiation fac-
tors, and chaperones are likely components of mMRNA-protein condensates resembling “stress” granules. Our analysis has re-
vealed many new transcripts and proteins that accompany dehydration in developing pollen. Together with published
functional studies, our results point to multiple processes, including (1) protect developing pollen from hyperosmotic stress,
(2) remodel the endomembrane system and walls, (3) maintain energy metabolism, (4) stabilize presynthesized mRNA and
proteins in condensates of dry pollen, and (5) equip pollen for compatibility determination at the stigma and for recovery
at rehydration. These findings offer novel models and molecular candidates to further determine the mechanistic basis of de-
hydration and desiccation tolerance in plants.
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ADVANCES

1) The normal development of the male gameto-
phyte in many flowering plants undergoes
stress-related changes. Pollen dehydrates before
grain dispersal, then rehydrates to enable pollen
function. The bases of dehydration and its im-
pact on pollen development are not understood.

2) Accumulation of late-embryogenesis-abundant
mRNAs in bicellular pollen (BCP) suggests de-
hydration onset after pollen mitosis
I. Transcriptome and proteome datasets re-
vealed a new wave of transcripts that peaks in
late BCP.

3) Transcripts coexpressed in late BCP show dehy-
dration is accompanied by changes to trans-
porters, pectin modifiers, membrane trafficking,
and cysteine-rich proteins.

4) Proteins required for respiration and energy pro-
duction are abundant in developing and mature
pollen.

5) Some pollen-expressed RNA-binding proteins
bind mRNA and form mRNA-protein granules.

6) The protein translation machinery accumulating
in dry pollen is likely stored in mRNA-protein
stress granules until rehydration.

7) Uncovering transcripts and proteins that accom-
pany pollen dehydration is revealing new work-
ing models and genes to study dehydration and
desiccation tolerance in plant parts.

Introduction

The reproductive adaptations of land plants have played
a key role in their successful colonization on land.
Dependence on water and motile male gametes for sexual re-
production was retained by moss and basal vascular plants
but overcome in seed plants by pollen dispersal and
guided-delivery of nonmotile sperms to the female gametes
(Hackenberg and Twell 2019). In many flowering plants, male
gametophytes undergo programmed dehydration before
pollen grains mature. A major purpose of dehydration in pol-
len grains is to better withstand and survive atmospheric
conditions when grains are dispersed from the male organ
and transported to the female pistil (Firon et al. 2012).
After landing on a compatible pistil, pollen grains adhere, hy-
drate, and extend a pollen tube (PT) to deliver 2 sperm cells
to the embryo sac for union with the egg and the central cell.
Successful double fertilization is followed by embryo and
endosperm development to produce a seed. Development
of the haploid uninucleate pollen to a mature tricellular pol-
len grain in Arabidopsis thaliana has been reviewed mostly
from a genetic and genomic perspective (Borg et al. 2009;
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Hackenberg and Twell 2019). However, the physiological, bio-
chemical, and cellular changes associated with dehydration
in developing pollen and the impact on pollen fitness remain
poorly understood at the molecular level (Firon et al. 2012;
Sze et al. 2021). Integrating these changes during pollen de-
velopment is critical for understanding subsequent func-
tions, like germination, sperm delivery, and ultimately male
fertility for seed and fruit production.

In flowering plants, male gametophyte development inside
the anther chamber begins with meiosis of the diploid micro-
spore mother cell to produce 4 haploid microspores,
followed by microgametogenesis that ends with the forma-
tion of a mature pollen grain (MP) (Borg et al. 2009)
(Fig. 1A). Each microspore divides to give a bicellular pollen
(BCP) containing a large vegetative cell that engulfs a small
generative cell. The generative cell divides later to produce
2 sperm cells. In some plants, as in A. thaliana, tricellular pol-
len (TCP) grains are formed before they are released from the
anther. In other plants, such as tobacco (Nicotiana tabacum),
BCP grains are released and the generative cell divides later
within the elongating PT (Hafidh and Honys 2021). In one
perspective, “pollen function” refers to post-pollination
events that start when the mature grain lands on a compat-
ible female pistil and terminates with discharge of the sperm
cells for double fertilization in the female gametophyte
(Johnson et al. 2019). Fertilization of the egg and the central
cell by the 2 sperms is followed by embryo and endosperm
development to produce a seed (Johnson et al. 2019).

Published transcriptomes of developing pollen (Honys and
Twell 2004; Qin et al. 2009; Julca et al. 2021) remain largely
unmined, though their analyses can reveal new insights
and ideas. By comparing and integrating transcriptomes
across pollen experiments, we recently showed that the nor-
mal development and function of the 1- to 3-celled
male gametophyte of flowering plants includes abiotic
stress responses (Sze et al. 2021). We postulated that
mRNA-protein particles are formed in maturing pollen in re-
sponse to programmed dehydration similar to stress granules
induced by heat or other stresses in vegetative cells.
Moreover, we predicted the identity of stored mRNAs in pol-
len grains based on their developmental expression pattern
and reasoned that heat-unresponsive transcripts in germin-
ating pollen are likely stabilized in MP (Sze et al. 2021).

Pollen is categorized as desiccation tolerant (orthodox) or
desiccation sensitive (recalcitrant) depending on their rela-
tive water content at dispersal and wall properties (Franchi
et al. 2011; Firon et al. 2012; Pacini and Dolferus 2019).
BCP, like tobacco and lily, are orthodox as they contain less
water (<30% relative water content [RWC]) at dispersal
and are relatively tolerant to dry periods. Some self-
pollinating plants produce recalcitrant pollen with high
water content (>30% to 70% RWC) and are short lived,
such as rice (5 minutes) (Pacini and Dolferus 2019; Moon
and Jung 2020). Like other plant parts, “dehydration” in pol-
len is considered as a steady water loss that progresses from
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Figure 1. Waves of gene expression in developing pollen reveal a novel

intermediate cluster. A) Stages of pollen development and function. Inside

the anther, the uninucleate microspore (UNM) develops to bicellular pollen (BCP), tricellular pollen (TCP), and mature/dry pollen (MP). PMI and
PMII refer to Pollen Mitosis | and I, respectively. After dry pollen is transferred to a compatible stigma, pollen hydrates (HP) and extends to a pollen
tube (PT). The vegetative nucleus is shown grey. Generative and sperm cells are dark blue. Transcriptome data of pollen stages are available from
ATH1 microarray (Honys and Twell 2004; Wang et al. 2008; Qin et al. 2009) and RNA-Seq (Julca et al. 2021). Relative water content is shown in blue

dashes. B) Heat map of mRNA abundance reveals 4 clusters as pollen
abundance selected from transcript clusters determined by RNA-Seq

develops, matures, and extends a tube. Representative examples of mRNA
(Julca et al. 2021). Four mRNA clusters peak at UNM-BCP, late BCP-TCP,

MP, and in vitro germinated PT (5 hours). The cell/tissue-type with the highest transcript per million (TPM) is scaled to a normalized read of
1.0. Transporter genes are identified by their Atg ID # and names. AVP1 and VHA-a3 represent transcripts with constitutive expression. All tran-
scripts shown here are not detected in sperm cells (Sper). C) A novel transcript wave peaks between the early- and late-pollen expressed genes. A
cluster of mRNAs rises after BCP formation, accumulates at the late BCP or TCP stage, and drops at TCP and MP (late). This “intermediate” wave of
mRNA:s is distinct from late-pollen expressed transcripts which increase at TCP, peak in the MP and can persist in the pollen tube (PT). Early

pollen-expressed genes show maximal mRNA in UNM that is reduced

mild stress (80% to 65% RWC) to moderate (65% to 50%) and
severe stress (40% RWC), and desiccation (<35%) is the final
result of dehydration (Zhang and Bartels 2018). Although
A. thaliana self-pollinates and produces tricellular pollen,
its pollen is considered orthodox. Orthodox pollen is consid-
ered desiccation tolerant because (1) they are viable for up to
3 days after anthesis, (2) the pollen wall contains furrows that
allow pollen to change shape from spherical when hydrated
to ovoid when partially dehydrated (Franchi et al. 2011), and
(3) they recover and are competent for germination after hy-
dration. In contrast, desiccation-sensitive pollen lacks
strategies to maintain osmotic balance. Thus, desiccation tol-
erance depends on the interplay of multiple processes in pol-
len with the environment (Franchi et al. 2011).

Pollen grains reach maturity when they are dehydrated
through a process called developmentally programmed de-
hydration, though the molecular and physiological basis of

in BCP. (Data from B).

programmed dehydration is poorly understood. After a hap-
loid microspore divides to form a BCP containing a vegeta-
tive and a generative cell, as in tobacco, pollen enters a
metabolically “quiescent” state as the anther becomes desic-
cated, dehisces, and disperses MP (Firon et al. 2012). The
regulation and physiological basis of anther dehydration
are unclear, it probably includes 1 or a combination of fac-
tors, including prevention of water flow in the stamen fila-
ment to the anther, diversion of water in the anther to the
stamen filament, loss of water by transpiration via anther sto-
mata (Wei et al. 2018), and evaporation after anthers dehisce,
exposing pollen to the environment (Sze et al. 2021). In
A. thaliana, stamen maturation is regulated by jasmonic
acid (JA) as mutants of JA biosynthesis or perception are
male sterile (Jewell and Browse 2016; Acosta and Przybyl
2019). Mutants of DAD1 lipase or DDE1/OPR3, 2 enzymes re-
quired for JA biosynthesis, show delayed anther dehiscence
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(Sanders et al. 2000; Ishiguro et al. 2001). Transcripts or pro-
tein of DAD1 or DDE1/OPR3 localize to the stamen filament
particularly at maturation. The site of JA perception was
shown to reside in the epidermis of the stamen filament
and the anther, as epidermis-expressed COI1 coreceptor re-
stored male fertility of coil mutant (Jewell and Browse
2016). How JA influences water distribution is unknown.
Two possibilities are that either water flow into the filament
is blocked, or water flows out of the anther to the stamen
filament (Ishiguro et al. 2001) due to solute accumulation
(Stadler et al. 1999) followed by water flux down a water po-
tential gradient. As anther cells dehydrate, they likely draw
liquid from the locules causing pollen to dehydrate.
Anthers fail to split open if cells with secondary thickening
at the endothecium layer do not dehydrate and shrink.
Thus, programmed dehydration starts in sporophytic tissues
surrounding the gametophyte, in response to JA perception
in stamen filament and anther epidermis in A. thaliana
(Jewell and Browse 2016).

To begin understanding the molecular basis of dehydra-
tion and desiccation tolerance in pollen, we analyzed tran-
scriptome and proteome results (Julca et al. 2021; Klodova
et al. 2023) of A. thaliana. Waves of coexpressed transcripts
corresponding to early and late pollen-expressed genes
(Fig. 1, B and C) were observed before (Honys and Twell
2004). Here we reveal a temporal wave of transcripts that
peak at the late BCP stage between the early and late
pollen-expressed genes. Previously unnoticed, this intermedi-
ate wave includes mRNAs encoding multiple LEA proteins,
which are thought to protect proteins and membranes
from aggregation due to desiccation or osmotic stress
(Goyal et al. 2005). Combined with published functional
studies, our analysis revealed that genes coexpressed with
LEAs are not only involved in osmotic stress adjustment
but also in membrane and wall remodeling, in protection
of transcripts in “stress” granules, and in recovery at rehydra-
tion after pollen lands on the stigma. As water deficit be-
comes more prevalent around the globe (Mancosu et al.
2015), the normal development of orthodox pollen provides
a simple model to understand the basis of dehydration and
desiccation in vegetative and reproductive plant parts, and
in the evolution of sexual reproduction.

Expression waves reveal a distinct
“intermediate” gene cluster in late BCP

Clustering analysis revealed that waves of coexpressed tran-
scripts correspond with pollen development stages (Fig. 1).
Previously, analysis of A. thaliana pollen transcriptome
(Honys and Twell 2004) had shown that genes expressed
early in development in microspores (UNM) and BCP be-
came repressed in tricellular (TCP) and MP, whereas late
pollen-expressed genes were low or absent in UNM and
BCP but increased in TCP and in MP (Fig. 1C). Importantly,
the recent RNA-seq study included an additional substage,
the late BCP. A pilot test of the new results revealed a novel
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cluster of transcripts, peaking at the late BCP to TCP stage,
between the early and late pollen-expressed genes (Fig. 1C).
Transcripts encoding transporters accumulating in
UMN-BCP (early), TCP, and TCP-MP (late), shown by micro-
array (Bock et al. 2006), are confirmed by RNA-seq (Julca et al.
2021), except for a distinct “intermediate” peak. The early
pollen-expressed transcripts encode proteins enriched for
function in protein translation, nucleic acid metabolism,
protein-modifying enzymes, and metabolite interconversion
enzymes (Supplementary Fig. S1). The late-expressed tran-
scripts encode proteins enriched in characterized or pre-
dicted roles in cell wall synthesis and remodeling, signaling
proteins, and receptors that support pollen germination
and tube growth (Supplementary Fig. S1) (Sze et al. 2021).
The role of the intermediate cluster is unknown.

To identify genes expressed preferentially at the intermedi-
ate (late BCP-TCP) stage, we collected cluster 1 and 2 derived
by k-means clustering of male-specific genes (from Fig. S14 of
Julca et al. 2021). This study had normalized gene expression
in transcript per million (TPM) to compare relative expres-
sion of 48 samples and scaled gene expression from 0 to
1.0. The clusters revealed transcripts peaking at 4 stages:
UNM-BCP, late BCP-TCP, MP, and PT stages similar to
Fig. 1B. This analysis confirms that specific transcripts are
preferentially coexpressed at a particular pollen developmen-
tal stage(s) (Fig. 1). Notably, other transcripts are constitu-
tively expressed at all stages, as shown for vacuolar proton
pumps, VHA and AVP1 (Fig. 1B).

For simplicity, we define transcripts of the “intermediate”
cluster (Supplementary Tables S1 and S2) as those that rise
after BCP is formed, peak at late BCP or TCP, and drop by
MP (Fig. 1). To focus on transcripts mainly coexpressed in
the vegetative cell, sperm-preferential genes (evorepro.sbs.
ntu.edu.sg) were removed. The “intermediate” cluster of
427 transcripts was further analyzed here. We verified that
transcripts peaking at the TCP stage from microarray
results overlapped with those obtained in the intermediate
stage by k-means clustering from RNA-seq results. Taking
the LEA family as an example, 13 (array) of 14 (RNA-seq)
(92%) members were expressed in developing pollen (late
BCP-TCP), and 24 (array) of 26 (RNA-seq) showed elevated
mRNA in developing seeds (Supplementary Fig. S2).
Even though LEA transcript abundance using 2 methods
are not quantitatively similar, the temporal and spatial distri-
bution in pollen or seeds were strikingly consistent
(Supplementary Fig. S2).

Genes expressed in late BCP point to the
onset of dehydration

Panther v17 (Thomas et al. 2022) classified at least one-half of
the query genes (e.g. 427), and the remaining genes were
manually categorized using TAIR, Araport, Aramemnon,
and UniProt. Top protein classes expressed in BCP and TCP
were metabolite interconversion enzyme, transporter, defen-
sin, and protein-modifying enzyme. Plant-specific genes like
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Figure 2. LEA mRNAs and proteins accumulate in late bicellular and tricellular pollen. A) Expression of LEA mRNAs in developing pollen. Eleven of
19 LEA transcripts are specifically or preferentially expressed in pollen. Eight of 11 accumulate in late BCP and TCP. Transcripts expressed as raw TPM
(1) or normalized TPM (2) in late BCP, TCP, endosperm (Endo) or seed. Relative mRNA abundance (TPM) is shown as high (red), medium
(orange-yellow) and low (green). Normalized RNA of 1.0 indicates the maximum expression across 48 tissues or developmental stages. High to
low abundance is shown as dark to light red. Four genes with high expression are unnamed. Here we tentatively call them LEA-related1 to
LEA-related4 (LEA-rel). B) LEA proteins in pollen. AA and IDR refer to amino acid residues, and predicted intrinsically disordered region, respectively.
High to low IDR is shown from dark to light brown. Right, Relative protein abundance from 2 studies: UNM-BCP (early), TCP-MP (late) (Klodova
et al. 2023) and mature pollen (MP) (Grobei et al. 2009). Relative scale from high (blue), medium (yellow), to low (grey).

LEAs are often poorly annotated (Supplementary Table S1)
and were manually identified from publications.

LEAs

A. thaliana has over 50 LEA genes (Hundertmark and Hincha
2008; Candat et al. 2014), and 41 show preferential expression
either in developing seeds (23 LEAs), in pollen (9 LEAs), or
both (5 LEAs) (Supplementary Fig. S2). Some LEA proteins
are localized to organelles, such as ER (LEA43-er) and mito-
chondria (LEA38-mt), and thus are present in many tissues
(Hundertmark and Hincha 2008; Candat et al. 2014). The re-
maining 9 to 11 LEA transcripts accumulate in other tissues,
such as stamen filament (LEAS), sepals, petals, root quiescent
center (LEA5, LEA44), and root differentiating zone
(evorepro.sbs.ntu.edu.sg).

Our analysis of RNA-seq results (Julca et al. 2021) showed
that 19 of 50 LEA genes are expressed during A. thaliana pollen
development (Fig. 2) (Honys and Twell 2004; Qin et al. 2009;
Sze et al. 2021). Named for their abundance in seeds, LEA pro-
tein accumulation to high concentration coincides with the ac-
quisition of desiccation tolerance. Thus, LEA proteins are
thought to play a primary role in desiccation tolerance, as in
protecting the viability of desiccated seeds (Hoekstra et al.
2001). LEA proteins are hydrophilic, heat-stable, and are thought
to protect membranes and proteins from aggregation due to os-
motic stress from desiccation (Goyal et al. 2005). They are in-
duced in response to programmed dehydration in developing
seeds (Olvera-Carrillo et al. 2010), and some are ABA inducible

(Hundertmark and Hincha 2008). Many LEAs contain predicted
intrinsically disordered regions (IDR) (Fig. 2B), and LEA46 might
serve as a potential osmosensor in plant cells (Cuevas-Velazquez
et al. 2021). Of 19 pollen-expressed LEA genes in A. thaliana,
most peak at TCP and/or late BCP (Fig. 2A) and drop in the
MP. Nine LEAs are specific to pollen. Most pollen-expressed
LEAs (e.g. 15-17) are translated, based on peptides detected
in developing or MP (Grobei et al. 2009; Klodova et al. 2023)
(Fig. 2B). Together, the results suggest that the onset of dehydra-
tion occurs at the BCP to late BCP stage.

Other stress- related proteins

Several other stress-responsive transcripts accompany LEA
mMRNAs at the late BCP or TCP stage, including a desiccation-
related protein (DRP), a dormancy-associated protein
homolog or stress response regulatory protein (DRMH2), a
low-temperature—induced protein (AT3G46750), 2 low-
temperature and salt-responsive proteins (RCI2C/RCI2G),
and an ABA-related protein (CAR5) (Fig. 3).

A DRP was named originally in a resurrection plant,
Craterostigma plantagineum, after leaves were desiccated or
in callus treated with ABA (Bartels et al. 1990; Piatkowski
et al. 1990). Resurrection plants recover after complete des-
iccation (<2% water content) and are viable after rehydra-
tion. Interestingly, homologs of the CpDRP [PCC13-62] are
found in many nonresurrection plants. In A thaliana, 2
homologs are expressed in developing pollen, anther, or
seed [mined from (Julca et al. 2021)], suggesting this protein
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Figure 3. mRNA and protein accumulation of stress-related proteins in late BCP and TCP. RNA abundance in TPM at various pollen stages is plotted
(left) and values from late BCP and TCP stages are tabulated (1). Red, yellow, and green shadings refer to high, medium, and low abundance, re-
spectively. Normalized RNA (2) abundance in pollen, anther (Anth) or seed pod (Pod) is scaled from 0 to 1. Atg gene ID# and abbreviated names
of genes are shown if available. “Desiccation” and “Low temp.” are uncharacterized genes annotated as “Desiccation-related protein” and “low

temperature-induced protein” in Araport, respectively.

has a role in desiccation tolerance in angiosperms. Although
AtDRP transcript declined in MP, the protein level was rela-
tively high (Fig. 3), suggesting the protein is translated and
likely functional before maturation.

Although genes in Fig. 3 are largely uncharacterized, their
expression in response to salt, cold, and desiccation in non-
pollen cells point to hyperosmotic stress in late BCP to
TCP stage. Whether ABA, the stress hormone, regulates pol-
len dehydration is unclear, though transcriptome analysis in-
fers participation of ABA biosynthesis and signaling
(Supplementary Fig. S3). Together, our results reveal gene ex-
pression changes that point to the onset of stress, such as de-
hydration, in late BCP.

mRNAs coexpressed in the intermediate phase
provide clues to the dehydration process

If LEA transcripts are induced in BCP at the onset of dehydra-
tion, then transcripts coexpressed with LEAs are potentially
enriched in functions to adjust and protect cells from osmot-
ic stress. To this end, we surveyed genes induced at the inter-
mediate phase. Our analysis reveals that dehydration is
accompanied by multiple changes in the single vegetative
cell of the male gametophyte. Changes include ion and me-
tabolite fluxes, endomembrane dynamics, cell wall remodel-
ing, and strategies to protect transcripts, proteins, and the
translation machinery. Transcripts with potential roles in
pollen dehydration and adaptation are highlighted.

Transporters are abundant and point to dynamic
cellular functions

Transporters represent one of the most abundant protein
classes (18%-20%) expressed in the “intermediate” cluster
(Fig. 4, A and B, Supplementary Fig. S4) and provide glimpses

into their cellular functions. Most transcripts in developing
pollen (late BCP and TCP) are translated based on the prote-
ome results (Grobei et al. 2009; Klodova et al. 2023). Proteins
were detected for 14 to 17 out of 20 transcripts (70%—85%)
peaking at late BCP and 10 to 15 of 27 (37%-55%) transcripts
in TCP (Fig. 4). These are likely underestimated, as detection
of peptides is less sensitive than transcripts. The absence of a
spectral count (indicated as n.d.) indicates the peptide level is
low, undetectable, or absent. Thus, at least one-half to three-
quarters of the transcripts are translated before pollen desic-
cates. Protein level is frequently high when transcript level is
high, as seen for AHA6, AHA9, VHA-G3, VHA-E2, STP6, and
STP9 (Fig. 4). However, some abundant transcripts yielded lit-
tle or undetectable protein, like LHT8 and SWEETS5. Based on
the patterns, 4 outcomes are considered: (1) the protein is
translated and functional during pollen development
(late BCP-TCP); (2) protein is synthesized, stable, and
stored in the MP for use later in germination and PT growth;
(3) a combination of both (1) and (2); or (4) mRNA is
stored and not translated until germination. Multiple
transmembrane-spanning or low-abundance proteins, like
channels, are often not detected (e.g. CNGC18; OSCA1.7)
(Supplementary Fig. S4). As many transporters have been ex-
perimentally characterized, we provide a working model in-
tegrating transport activities (characterized or predicted)
within a single cell of developing pollen (Fig. 4B).

Proton pumps

As H'-pumps provide the central driving force for
all co-transport and channel fluxes (Taiz et al. 2015),
PM-localized H* pumps are postulated to be functional
in developing pollen before the cell becomes metabolically
quiescent in MP. Similarly, the vacuolar-type H* pump is
required to energize transport across the vacuolar
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Figure 4. mRNA and protein abundance of diverse transporters in BCP and TCP. A.i) and ii) Transcripts peaking at late BCP. Abundance determined
by RNA-Seq are shown as raw TPM (i) or normalized value (ii). Transcripts that peak (1.0) at the late BCP or TCP are preferentially-expressed in
pollen. A.iii) Relative protein abundance in developing (early, late) and mature pollen (MP). About 77% (16 of 20) of the transcripts are translated
based on proteome data (Grobei et al. 2009; Klodova et al. 2023). A.iv) Function refer to membrane localization (Memb) and transport mode
(Activity) which are characterized or predicted (parenthesis). vac, vacuole; pm, plasma membrane; endo, endomembrane; Golgi, Golgi apparatus;
nd, not determined. (see Supplementary Fig. S4 for transporters expressed in TCP). B) Working model of transport activities in BCP and TCP. The
transcripts accumulated in late BCP and/or TCP, are largely translated and likely functional in TCP. The transport mode and membrane localization
of previously characterized transporters are shown with key substrates (A). Pumps, H*-coupled symporters (2 parallel arrows), and antiporters
(2 opposite arrows) are defined as in the box. H* (grey ball) are extruded at the PM or into the vacuole. Flux through channels (rectangle) are shown
as dashed arrows.
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membrane and post-Golgi endomembrane. Consistent
with this idea, transcripts of most VHA-V; and V, subunits
are constitutively expressed in MP (Supplementary Fig.
S5), except for VHA-E2 and VHA-G3, which are specifically
induced in the intermediate cluster (Fig. 4).

AHAG, 9, or 8 is localized to the PM of the PT shank. The
triple mutant aha6/8/9, but not double mutant (aha6/9 or
aha8/9), pollen showed the most severe defects in germin-
ation, PT length, and seed set (Hoffmann et al. 2020).
Triple mutants showed reduced cytosolic pH, decreased tip
to shank proton gradients, and less negative membrane po-
tentials, supporting their critical roles in PT growth
(Hoffmann et al. 2020). However, because AHA6 and AHA9
transcripts accumulated in late BCP and their proteins
were present before pollen maturation (Fig. 4), we propose
that AHA6 and AHA9 pumps support BCP development to
TCP. In contrast, AHA8 mRNA, but not protein, is abundant
in MP and PT (Supplementary Fig. S5), suggesting its tran-
script is largely stored in MP for later use in tube growth.

Sugar transporters

Transcripts of many sugar transporters peak in late BCP and
TCP with relatively high protein in developing and mature
pollen (Fig. 4), including PM-localized, STP9, SWEETS5, INT4,
and vacuolar TMT3. STP4, STP6, and STP9 are expressed in
late BCP (Fig. 4; Supplementary Fig. S5), whereas STP2 and
STP11 are “early” and “late”-pollen expressed genes, respect-
ively. Single stp mutants show no obvious defects in pollen
development or function, possibly due to redundancy
(Rottmann et al. 2018). However, wild-type PT length is re-
duced in a sucrose medium supplemented with glucose.
Hexokinase/sugar sensor mutants gin2-1 or hxk1.3 are in-
sensitive to glucose. Knockout stp mutant (stp4,6,8,9,10,11)
showed decreased glucose uptake but 2-fold increase in PT
length on medium containing glucose and sucrose. These re-
sults indicate that high glucose inhibits PT growth via the
glucose sensor (HXK1) present in developing pollen and
MP. We postulate that bicellular and tricellular pollen de-
pend on high-affinity sugar uptake via STP9, STP6, and
STP4 (Supplementary Fig. S5) for nutrition and osmolyte bal-
ance as pollen dehydrates.

Strikingly, SUC1T mRNAs peak sharply at late BCP and TCP
and is very abundant even though the protein is relatively low
(Fig. 4). Single Atsuc1 mutant pollen shows low germination in
vitro (Sivitz et al. 2008), suggesting sucrose accumulation by a
high-affinity sugar/H* symporter at the PM in germination.
Whether SUCT1 has other roles in sugar signaling or pollen de-
velopment is not known.

Sugar storage and homeostasis is coordinated by vacuoles in
plant cells (Hedrich et al. 2015) and possibly in developing
pollen. For instance, TMT3/TST3, expressed preferentially in
BCP (Fig. 4), is predicted to be a tonoplast monosaccharide/H"
antiporter based on studies of TMT1 and TMT2.
Intriguingly, both TMT1 and TMT2 are induced by cold,
drought, and salt stress in vegetative tissues (Wormit et al.
2006). T-DNA knockout lines had much lower levels of glucose
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and fructose especially after cold stress. These results suggest
that TMT3/TST3 mediates glucose uptake into vacuoles per-
haps in response to stress, like dehydration onset in pollen.

Amino acid cotransporters

Multiple amino-acid/H" cotransporters localized to the PM
(LHT2, LHT8) and the vacuole (AVT) are expressed in pollen.
LHT2 and LHT8 mRNAs peak at BCP and TCP, and the
proteins are present in MP suggesting they mediate
H*-amino-acid uptake into TCP (Figz 4 A and B;
Supplementary Fig. S4). Less is known about vacuolar amino
acid transporters in plants. Vacuoles usually degrade proteins
and the amino acids produced must be exported to the cyto-
sol for new protein synthesis. The AVT family is thought to
mediate amino acid export from vacuoles based on studies
of AVT3 (Fujiki et al. 2017). Six of 12 pollen-expressed AVT
transcripts (AVT1c, AVT6b, ANT1, AVT1a, AVT1d, AVT3a) ac-
cumulate with low abundance in developing pollen
(Supplementary Fig. S4), though the protein was undetectable
except for AVT1c. Curiously, AVT6d is induced by ABA, os-
motic, or drought stress (Dhatterwal et al. 2022) and strongly
expressed in siliques, suggesting its promoter is responsive to
abiotic stress. Whether other AVT-like amino acid transpor-
ters in pollen are stress responsive with roles in osmolyte bal-
ance and nutrient acquisition is not yet known.

Nucleotide-sugar transport

Nucleotide-sugar transporters (NSTs) translocate nucleotide-
sugars from the cytosol to the lumen of the Golgi apparatus
where glycosyltransferases mediate synthesis of noncellulosic
polysaccharides and glycoproteins (Temple et al. 2016). The
products inside Golgi compartments are then transferred to
the extracellular matrix or cell wall via exocytosis of secretory
vesicles. Developing pollen expresses multiple NSTs. Increase in
transcripts of nucleotide-sugar transporters (e.g. UTR4, UAfT1)
localized to the ER or Golgi is consistent with active cell wall
synthesis, remodeling, and glycosylation. UTr1 and UTr3 trans-
port UDP-Glu into the ER and Golgi (Reyes et al. 2010) for glu-
cosylation of glycoproteins. UTr1 transcripts increase in late
BCP and persist in MP (Fig. 4). The double mutant is lethal,
probably due to their functions in a wide range of vegetative
and reproductive organs. In contrast, UTr4 is preferentially ex-
pressed in pollen at late BCP suggesting UDP-Glu/Gal transport
into the ER lumen (and Golgi) serve roles specific for developing
pollen. UAfT1-UAfT4 transport UDP-Arabinose as a furanose
ring (Araf) from the cytosol into the Golgi lumen
(Rautengarten et al. 2017), where Araf is used by glycosyltrans-
ferases to synthesize non-cellulosic polysaccharides, like
Rhamnogalacturan | pectin, and Arabinogalactan proteins
(AGP).Three UAfT are expressed in pollen as well asother tissues,
like root and seeds. Only UAfT1 expression is pollen specific,
peaking at late BCP. Transcripts of additional nucleotide-sugar
transporters are induced at late BCP-TCP stage though they
are not pollen specific. These examples illustrate that developing
pollen has an active endomembrane system, where ER and Golgi
are engaged in cell wall synthesis, glycosylation, and signaling.
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Ca’* dynamics: pumps and channels

Transient increases in cytosolic [Ca“]Cyt levels often follow
stress cues, though little is known about dynamic Ca®* re-
sponses in developing pollen. The induction of OsCA1.7
and OsCA2.5, members of the hyperosmolality-gated cation
channel, initially named ERD4 (early-response to dehydration
family 4) (Yuan et al. 2014) would suggest a Ca®" response
to dehydration in late BCP to TCP (Fig. 4; Supplementary
Fig. S4). Furthermore, several cyclic nucleotide-gated
Ca’*-permeable channels (CNGC) are induced in TCP
(Supplementary Fig. S4), though like late-expressed genes,
their mRNAs persist in MP. CNGC18 is specifically expressed
in pollen. Mutant cngc18 pollen appears to be sterile due to
defects in PT growth (Frietsch et al. 2007). CNGC7 and
CNGC8 are also critical for male fertility, and cngc7/8 mutant
pollen bursts at germination (Tunc-Ozdemir et al. 2013).
GFP-CNGC7 localizes to the PM at the tip of emerging PTs
and to the shank of growing PTs. Thus, these CNGC channels
function in pollen germination and tube growth, their role in
developing pollen remains untested.

Four ACA-type Ca>* pumps localized to the PM, vacuole,
or ER show differential expression during pollen develop-
ment (Supplementary Fig. S5). mRNA of PM-localized
ACA9 peaks late in pollen development and is critical for
PT functions as aca9 mutants are defective in tube growth
and fertility (Schiott et al. 2004). ACA11 mRNA is expressed
early in pollen development, and the protein is localized to
the vacuole. In contrast, ACA7 and ACA2 mRNA are ex-
pressed in BCP and translated. ACA2, ACA7, and ACA1 are
ER-localized, and triple knockout aca1/2/7 mutants showed
reduced transmission of the mutation through pollen and
plant growth defects (Rahmati Ishka et al. 2021). Thus, in de-
veloping pollen, ER-localized ACAs likely pump Ca®* into the
lumen for ER functions and modulate Ca®* signaling.

Vacuolar aquaporins

Curiously, transcripts of a vacuolar, but not PM (PIP#), aqua-
porins are induced at late BCP in A. thaliana (Fig. 4). AtTIP1; 3
is pollen specific and is the major vacuolar aquaporin in the
pollen vegetative cell. The protein is translated in BCP as
shown by AtTIP1; 3-GFP-labeled membranes and in vacuolar
membranes of MP and the PT (Wudick et al. 2014). Another
aquaporin, TIP1,5 localized to small vacuoles, is specifically
expressed in sperm cells. Single loss-of-function mutants
are fertile; however, double mutants produce short seed
pods with unfertilized ovules (Wudick et al. 2014). Thus,
TIP1; 3 or TIP1; 5 can replace one another functionally in sin-
gle loss-of-function mutants. The tip1; 3/tip1; 5 double mu-
tant is more susceptible to water, nutrient or heat stress,
indicating that the transporters participate in stress toler-
ance. Based on characterized functions of aquaporins in pol-
len and other cells (Li et al. 2014), we hypothesize that TIP1,3
plays multiple roles: (1) TIP1,3 protein is translated and func-
tion in vacuole dynamics of BCP and TCP before pollen mat-
uration; (2) part of TIP1; 3 protein is stored in dry pollen and
then activated to mediate rapid water balance and vacuolar

PLANT PHYSIOLOGY 2024: 00; 1-21 | 9

dynamics during rehydration when pollen lands on a com-
patible stigma; and (3) some TIP1; 3 mRNA is newly tran-
scribed and translated at recovery for osmoregulation,
membrane trafficking, and vacuolar morphology to support
germination and tube elongation.

Cation/H™ antiporters in endomembrane trafficking and
cargo sorting

Over 20 members of the CHX family in A. thaliana are pref-
erentially and developmentally expressed in pollen (Bock
et al. 2006). CHX19 accumulates in late BCP (Fig. 4), 9 other
CHXs at TCP, 4 in MP, and 9 are induced in PTs
(Supplementary Fig. S5). mRNAs peaking at BCP or TCP are
probably active before pollen maturation based on protein
expression. Functional studies using yeast mutants and
structure-guided mutagenesis support the idea that
CHX17(and homologs) exchanges K for H™ providing a
leak pathway to modulate pH and K* homeostasis across
membranes (Sze and Chanroj 2018). A current model is
CHXs responds to the microenvironment (osmotic) and
modulate local pH and ion balance of endomembrane com-
partments and/or the plasma membrane (Fig. 4B), and so af-
fect membrane trafficking, cargo sorting, and cell wall
remodeling (Sze and Chanroj 2018).

mRNAs encoding lipid droplet proteins

The large class of metabolic interconversion enzymes ex-
pressed during pollen dehydration and development
(BCP-TCP) includes genes predicted to function in carbon
metabolism, cell wall synthesis and remodeling, and oxidative
stress. Here, we spotlight selected genes involved in lipid
droplet and pollen wall formation.

Multiple studies have reported that oil bodies/droplets,
common in seeds, increase in plants and algae during stress.
One study (de Vries and Ischebeck 2020) proposed that for-
mation of oil bodies is an evolutionarily conserved mechan-
ism to tolerate desiccation and that the required proteins
have been co-opted in seed plants. Here, we reveal that the
transcripts of lipid droplet proteins accumulate in develop-
ing pollen of A thaliana. Examples include oleosin (OLEO),
oil-body associated protein (OBAP), caleosin (CLO), and sei-
pins (Fig. 5). Oleosin, a protein on the surface of lipid bodies,
is specific to plants and expressed mainly in tissues that be-
come desiccated, like seeds and pollen (Chapman et al. 2012;
Kim et al. 2002). Mutant analysis suggests oleosins and sei-
pins keep lipid droplets small by preventing their aggregation
during seed desiccation (Chapman et al. 2012) or in pollen
(Taurino et al. 2018). Figure 5 shows that 2 AtOLEO
(AtOLEO6 and AtOLEOS) transcripts are preferentially ex-
pressed in pollen, while 5 (AtOLEO1,2,4,5, and 7) are tran-
scribed in seeds. Moreover, 2 AtOBAP (1b and 2b) are
expressed in developing pollen and 3 other AtOBAP (1a,
2a, and 2c) are highly expressed in seeds or pods. In tobacco
cells, transiently expressed maize OBAP1 (like AtOBAP1a)
and maize Oleosin1 protein colocalize to the same compart-
ments that were stained by a neutral lipid dye (Lopez-Ribera
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Figure 5. mRNAs encoding lipid body proteins are expressed in bicellular and tricellular pollen. Preferential expression of oleosins (OLEO), caleosin
(CLO), and oil-body associated genes (OBAP) in developing pollen (late BCP and MP) and seeds. Columns refer to (1) RNA abundance in TPM, (2)
normalized mRNA in pollen or in seeds, and (3) relative protein level in developing (early and late) or mature pollen. Examples in graph (left) include
At1g52570 (PLDalpha), At4g29470 (sPLA2-delta) and At5g65158 (PLAT3).

et al. 2014). Together, the results imply that OLEO- and
OBAP-containing lipid droplets form in developing pollen
of A. thaliana perhaps in response to dehydration. This
idea is supported by ultrastructural studies where lipid bod-
ies surround the generative cell in A. thaliana BCP (Owen and
Makaroff 1995; Yamamoto et al. 2003) as large vacuoles re-
model, split into small ones, and disappear.

A subset of oleosins (Mayfield and Preuss 2000) and extra-
cellular lipases are abundant in the pollen coat of the exine
wall, which protects the pollen from stress and dehydration.
For instance, the oleosin-domain containing Glycine Rich
Protein17 (GRP17) is associated with tapetosomes that are
discharged from the anther tapetal cells (sporophyte) to
form the pollen coat of developing pollen. Homozygous
grp17(-/-) mutant is male sterile, and pollen grains show de-
layed hydration on the stigma relative to wild type.
Moreover, double mutant pollen of grp17/exl4 shows en-
hanced delay in hydration in vivo. EXL4 belongs to a group
of extracellular lipases that originates from the tapetal cells
and are abundant in the pollen coat (Updegraff et al.
2009). Thus, the pollen coat, containing GRPs mixed with
other proteins and lipids, form a complex hydrophobic bar-
rier to protect grains from dehydration until the pollen lands
on a compatible pistil and extracellular lipase action pro-
motes hydration.

Pectin wall synthesis and remodeling
Because of the unique physical and chemical properties, pec-
tins influence wall hydration, porosity, mechanics, and ion
binding to alter wall structure and dynamics (Hofte and
Voxeur 2017; Du et al. 2020). The importance of pectin
and its dynamics in plants is illustrated by the multiplicity
of pectin-modifying enzymes (Senechal et al. 2014). In dicots,
pectin is the major structural component of the cell wall
in pollen, which undergoes major changes during its develop-
ment and PT growth. According to the expression of multiple
galacturonosyltransferases (e.g. GAUT1,6,7,8,9), pectin bio-
synthesis in the Golgi lumen (Atmodjo et al. 2013) is pre-
dicted early in pollen development from UNM and BCP,
whereas GAUT13, 14 are expressed later in TCP (Fig. 6A).
For simplicity, we illustrate pectin dynamics using mainly
homogalacturonan (HG), which is synthesized in the Golgi
by GAUT and then methyl esterified. About 19 pectin
methyltransferases (PMTs) from a family of 29 are expressed
in pollen. Six transcripts peaked in late BCP and TCP, and
others peaked at the early or late stages (Fig. 6B).
Functional studies showed 1 PMT (QUAZ2) is a methyltrans-
ferase, localized to the Golgi membrane with the catalytic
methytransferase domain inside the lumen (Mouille et al.
2007; Du et al. 2020). Furthermore, cellulose content was re-
duced and less organized in qua2/tsd2 mutants, suggesting
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pectin interacts with cellulose synthesis and assembly and in-
fluences cell wall integrity (Du et al. 2020). Expression of
PMT17, PMT18, and PMT27 mRNA and protein in late
BCP would infer they methyl-esterify pectin in developing
pollen similarly to QUA2 in the vegetative plant. Results sug-
gest that homogalacturonan is methyl-esterified in the Golgi
before being secreted to the pollen wall.

After export to the cell wall, methyl-esterified pectin that
produces a soft wall can be modified in multiple ways spatial-
ly and temporally, depending on the microenvironment
(Hofte and Voxeur 2017). Esterified pectin can be
de-esterified by pectin methylesterase (PME) to yield HG
that upon cross-linking with Ca>* gives a stiff wall. Twelve
out of 66 A. thaliana PME are highly expressed in pollen.
Transcripts peak late in development in TCP and MP
(Fig. 6C), and protein was detected for most except for 3
transcripts accumulating at MP. In contrast, all 4 transcripts
(PPME1, PME48, PME49, and VGDH2) peaking at TCP
showed relatively abundant protein. VGD1/PMES5 protein is
distributed in MP and PT, including the PM and cell wall.
vgd1 mutants show decreased PME activity and PT growth
in the pistil and reduced male fertility. Moreover, mutant
tubes burst more often than wild type when germinated in
vitro (Jiang et al. 2005). PME48 transcript and protein are
abundant in developing pollen (Fig. 6C), and fluorescent-
tagged protein was detected in dry and imbibed pollen
(Leroux et al. 2015). Homozygous pme48 mutant showed a
delay in pollen grain imbibition and drastic reduction in ger-
mination, and they had reduced PME activity and higher le-
vels of methyl-esterification. The PTs were less stable and
burst more than wild-type tubes. PME48, likely modulates
the mechanical properties of the intine wall when pollen
grains mature and the hydration rate at imbibition.
Together, the examples suggest that certain PMEs could pro-
tect developing pollen from osmotic stress by strengthening
the wall.

PME activities can be targeted and inhibited by specific
pectin methylesterase inhibitors (PMEI) in a spatial and tem-
poral manner (Levesque-Tremblay et al. 2015). PMEI are se-
creted small proteins (average 194 aa) that bind to the
cleft of PME and prevent substrate access (Hothorn et al.
2004; Di Matteo et al. 2005). Individual PMEI can pair with
a PME, some in a pH-dependent manner (Hocq et al.
2017), though the specificity of pairing and their functional
diversity remain poorly understood. Of 76 PME-inhibitor
genes in A. thaliana, 26 are expressed in pollen in a develop-
mentally regulated manner. Eleven PMEI genes show abun-
dant transcripts (>2k TPM) in MP or in PTs and are
postulated to participate in PT growth. In contrast, 9 PMEI
transcripts peaking in TCP with low expression (<1 k TPM)
and low protein level (Fig. 6D; Supplementary Fig. S6) infer
potential roles in BCP-TCP. Interestingly a PME and its corre-
sponding PMEI protein can be spatially separated.
Accumulation of PMEI2, but not PPME1, in endosomal com-
partments suggests that endocytosis of extracellular PMEI at
the lateral walls resulted in inhibitor accumulation at the

Sze et al.

apex. Thus, polar growth is regulated in part by the spatial
and temporal coordination of anterograde and retrograde
membrane trafficking of secreted pectin remodelers. The dif-
ferential distribution of PMEIs suggests wall mechanics and
properties can be finely tuned in space and time.

How pectin modification by enzymes, like PME, polygalac-
turonase (PG), pectate lyases (PLL) (Supplementary Fig. S6),
and regulators (e.g. PMEI), mediate pollen dehydration, hy-
dration, cell expansion, or tube navigation, has yet to be de-
termined. An emerging model is that pectin modification can
drive phase transitions in the wall to regulate wall assembly
and growth (Haas et al. 2021). Such phase transitions could
elicit physical and biochemical responses to small changes
(like osmotic stress) in the microenvironment of a cell.

Proteins abundant in developing and mature
pollen: energy metabolism and translation
machinery

The first proteome of A. thaliana at 4 pollen stages (Klodova
et al. 2023) reveals proteins abundant in developing and ma-
ture pollen. The total proteins detected previously in MP
(Grobei et al. 2009) and recently in developing pollen was es-
timated at 3,467 and 4,964, respectively. Proteins in the top
10% of the proteome (350-500) are over-represented by
metabolic interconversion enzymes (32%) and translation
proteins (22%) followed by chaperones (6.3%), protein modi-
fying enzymes (6.1%), transporters (5.4%) and RNA metabol-
ism (3.6%).

Proteins in respiration and energy production are
abundant and stable
Previous physiological studies of plants had shown respir-
ation overall is less sensitive to water deficit than photosyn-
thesis (Mittler 2006; Taiz et al. 2015). For example,
desiccation-tolerant resurrection plants are able to preserve
respiration even when water content is very low. In
desiccation-tolerant seeds, the ability to sustain respiration
during dehydration and then to resume respiration shortly
after seed imbibition, indicates mitochondria function is pre-
served during desiccation (Atkin and Macherel 2009).
Analysis of highly-abundant proteins (top 500) with a ro-
bust positive signal (>35) in the pollen proteome, showed
that most mitochondrial proteins high in the early stages,
remained steady in MP, while only 22% of proteins dropped
in TCP and MP. In contrast, transcripts of mitochondrial
proteins high in the early stages (UNM, BCP) drop in the
TCP and mature pollen (Fig. 7A). Transporters are among
the most abundant mitochondrial proteins (Fig. 7A), includ-
ing F-ATP synthase subunits, dicarboxylate/tricarboxylate
carrier (DTC), phosphate transporter (PHT1,3), and ADP/
ATP carrier (AAC1/2) of the inner mitochondria membrane,
and VDAC channels at the outer mitochondrial membrane.
All ions and metabolites (ADP or ATP) entering or
leaving the mitochondrion cross the outer membrane via
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Figure 7. Energy and C metabolism proteins are abundant and stable in developing pollen. A) Mitochondria transporters and enzymes. Transcripts
of transporters and enzymes high in UNM to TCP drop in mature pollen. Relative abundance of proteins in early developing (UNM-BCP), late
(TCP-MP) or mature pollen (MP) as Fig. 2. Selected mitochondria enzymes are ACO3, aconitase; FUM1, fumarase; MDH1, malate dehydrogenase;
SDH1, succinate dehydrogenase. B) Transcripts encoding selected glycolytic enzymes are high in developing pollen but drop in MP. Proteins remain
abundant from developing to mature pollen. (see Supplementary Fig. S6 for additional mitochondria and glycolysis enzymes). C) Map of transpor-
ters and proteins in the mitochondria and cytosol. Transporters on the inner mitochondria membrane include F-ATP synthase subunits, ADP/ATP
carrier (AAC), phosphate transporter (PHT3; 1/MPT3), and carboxylic acid carrier (DTC). Most metabolites and ions cross the outer mitochondria
membrane via porins (VDAC1-3). TCA and ETC refer to proteins of the Tricarboxylic Acid (Kreb) Cycle and the oxidative Electron Transport Chain,
respectively. Glycolysis enzymes include hexokinasel (HXK1), fructose bis-phosphate aldolase (FBAS8), triose phosphate isomerase (TPI),
glyceraldehyde-3-phosphate dehydrogenase (GAPC1), phosphoglycerate kinase (PDK3), phosphoglucomutase (PGM2), and enolase (ENO2).

VDAC1/VDAC3 (Fig. 7B). Similarly, proteins of the Krebs
cycle and oxidative phosphorylation remain steady until
MP, though transcripts are also abundant early in pollen
development (Fig. 7). Cytoplasmic glycolytic enzymes are
also present early in pollen development and persist in
MP, especially Glyceraldehyde-3-phosphate dehydrogenase
GAPC1, enolase ENO2, fructose-bis phosphate aldolase
FBAS8, phosphofructokinase FRK4, phosphoenolpyruvate
carboxykinase PCK2 and phosphoglucomutase PGM2/3
(Fig. 7B). Intriguingly, GAPC and ENO2/LOS2, are bifunc-
tional proteins with roles in heat or freezing stress protec-
tion in A. thaliana (Lee et al. 2002; Kim et al. 2020).
Together the respiration-related proteome (Grobei et al.
2009; Klodova et al. 2023) indicates the proteins are
translated in developing pollen and stabilized in mature
dry pollen. Thus, MP is well-equipped for respiration and
immediate energy production when grains reach a compatible
stigma and rehydrate.

Proteins of the translation machinery and chaperones
accumulate in mature pollen

Proteins of the translation machinery are abundant in TCP
and MP, though mRNA levels maximal early in pollen devel-
opment (UNM and BCP) drop sharply by TCP and MP
(Fig. 8). The translation machinery includes at least 50 60S

ribosomal proteins, 37 40S ribosomal proteins 20 translation
initiation factors, and over 25 amino acid-tRNA ligases (Fig. 8;
Supplementary Fig. S7). Initiation factors included TIF4A-2,
TIF3A-1, TIF3C-1, ELF5A-2, TIF3B-1, and elongation factors,
EF1-alpha2 and LOS1/EF2 (Supplementary Fig. S7).
Combined with the mRNA expression pattern, the results
indicate (1) the translation machinery is synthesized and ac-
tive when pollen is metabolically active (BCP-early TCP); and
(2) these proteins are stable, or protected as TCP dehydrates,
matures, and enters developmental arrest (Grobei et al. 2009;
Honys et al. 2009). Identified as components of stress gran-
ules (Kosmacz et al. 2019; Sze et al. 2021), proteins of the
translation machinery are likely protected, stored in mRNP
aggregates/granules found in pollen, and are fully prepared
to begin translation when pollen reaches a compatible
stigma. This conclusion is consistent with studies that initial
pollen germination and tube growth depends largely on pro-
tein translation and not transcription (Mascarenhas 1993).
Molecular chaperones are involved in processes like fold-
ing of newly-synthesized proteins, transport of proteins
across membranes, refolding of proteins after stress, pre-
venting aggregation of misfolded proteins, and degradation
of unfolded proteins. Chaperone proteins rise late in pollen
development when their corresponding transcripts have
dropped to minimal levels. Abundant are HSP70- and
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Figure 8. mRNAs of the translation machinery are abundant early in UNM and BCP but proteins accumulate later in mature pollen. Examples of
mRNA (top) and protein (bottom) abundance in developing pollen are shown for selected families. See Supplementary Tables S3 and S7 for gene
ID#. A) 40S ribosomal proteins. Selected 37 with relatively high protein abundance. B) 60S ribosomal proteins. Examples of 50 with relatively abun-
dant proteins. C) Amino-acid tRNA ligases. Examples of 29 relatively abundant proteins. D) Molecular chaperones detected in the proteome.
Examples include HSP70, HSP90, and BiP from the cytosol, ER, plastids or mitochondria.

HSP90-type proteins localized in the cytosol, mitochondria,
plastids; along with CPN60 subunits in plastids (Fig. 8D,
Supplementary Fig. S9). Small HSP20 proteins were not
detected. The cytoplasmic chaperonin complex (CCT) and
ER-associated chaperones also rise late in pollen
development (Supplementary Fig. S9) when transcript levels
are reduced. ER chaperones include BIP1/2, SHD, calnexin
CNX, calreticulin, and protein disulfide isomerase (PDI).
Together, these results indicate MP is equipped with
many types of chaperones to promote protein synthesis,
protect proteins under osmotic or salt stress and aid stress
recovery at rehydration on the stigma and during rapid tip
growth.

RNA-binding proteins associate with
mRNAEs in stress granules

RNA-binding proteins control development of organisms
and response to environmental stress by controlling mRNA
fate, including stability, storage, transport, and translation
(Chantarachot and Bailey-Serres 2018; Wiedner and
Giudice 2021), though, their roles in pollen development re-
main largely unexplored. We had postulated that mRNP par-
ticles are formed in developing pollen in response to
dehydration (Sze et al. 2021), though direct evidence was

lacking. The transcriptome analysis here shows that some
RNA-binding proteins are preferentially expressed in the
intermediate phase (BCP-TCP), and recent reports indicate
they bind transcripts and are associated with stress granules.

Transcripts of RNA-binding proteins rising in late BCP or
TCP, include poly(A)-binding protein (PAB3 and PABS5),
poly(A)-binding protein-interacting protein (CID5), DNA/
RNA binding protein (ALBA3), and La-related protein
(LARPGC) (Fig. 9). Furthermore, presence of protein products
for most transcripts in late BCP to TCP, suggest they are func-
tional before pollen grains enter the quiescent state.
Additional RNA-binding proteins are expressed early in pol-
len development (e.g. Rbp45/47; RNA helicases), though
their functions are unknown.

ALBA transcripts are expressed early in pollen develop-
ment, and GFP-tagged fusion proteins (e.g. ALBAG, ALBA3)
are abundant in MP and localized in cytoplasmic foci of
the vegetative cell (Naprstkova et al. 2021). Furthermore,
ALBA4 and ALBAG6 co-localized with pollen-specific
PABP3-RFP, implying these ALBAs participate in storage of
mRNA in stress granules. In seedlings, ALBA4,5,6 phase sepa-
rates into stress granules and processing bodies (P-bodies)
under heat stress (Tong et al. 2022). In vivo targets of
ALBA5 are mostly mRNAs, including heat-responsive
transcription factors, like DREB2A, MBF1C, HSFB2A, and


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae177#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae177#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae177#supplementary-data

Omics of developing pollen during dehydration

A LARP mRNA B

mRNA (TPM)

250

w

w

o
mRNA (TPM)

PLANT PHYSIOLOGY 2024: 00; 1-21 15

MP  Pred.
ID Name Prot IDR
At4g32720 LA1/IRP2 3 1031
ALBA mRNA At1g79880 LA2 nd 008
At5g21160 LARPla  nd |10
At5g66100 LARP1b 1

At4g35890 LARP1c
At5g46250 LARP6a nd

200 600 At2g43970 LARP6b nd
128 400 At3g19090 LARP6C 11 0.264
50 200 =
0 S ,  ——_— At1g22760 PAB3 Gl nd
UNM BCP LBCP TCP MP PT UNM BCP L-BCP TCP MP  PT At1g34140 PAB1 nd
At1g49760 PABS 26 0.089
e— A BAS e ALBA1/IRP5)
——LA1/IRP2 =—LA2 LARP1a LARP1b ALBAL ALBA2 Atlg71770 PABS W70 nd
At2g15500 PAB nd nd
e | ARP1C o= | ARP6Q emmmmmm| ARPGD —emmmmm| ARP6C e AL BA3/DAN1 e A BAG At2g23350 PAB4 36 0.137
C PAB mRNA D At2g36660 PAB7 3 nd
CID mRNA At3g16380 PAB6 nd  0.065
0 o 1600 At4g34110 PAB2 15 008
800 o =
E 1400 &
;22 < 200 g At1g20220 ALBAS 19 7055
£ 1000 & At1g29250 ALBA1 6 nd
> 0 © AT1G76010 ALA4 |55 G
400
600 AT2G34160 ALBA2 2 nd
300
oo 400 AT3G04620 ALBA3/DAIJNZ2N 0.213
10 200 At3g07030 ALBA6 nd [JEIEEE
0 0
UNM BCP L-BCP TCP MP  PT UNM LBCP TCP - MP o PT At1g54170 CID3 nd  0.14
oAB3 PABL PABS PABS AR am—C|D3 e C| D7 CID1/ERD15 At2g26280 CID7 nd 0.11
CID4 e C|D2 e CID5/1PD1 At2g41430 CID1 nd 0.28
———PABA e PAAB7 = PABG ==PAB2 —_—CiDE At3g14010 CID4 2 048
At4gl4270 CID2 nd nd
At5g11440 CID5 2 027
At5g25540 CID6 2 018

Figure 9. Transcripts that affect RNA fate increase in late BCP and TCP and their proteins persist in mature pollen. Examples of genes encoding
RNA-binding proteins are shown in A to D. Relative protein abundance in mature pollen (MP) and predicted intrinsically disordered regions
(IDR) of the genes in A to D are shown at the right. A) LARP family (La-related protein). Most LARPs are expressed early in pollen development
except for LARP6¢c which accumulate in late BCP and TCP. B) ALBA family (Acetylation lowers binding affinity). ALBA4, 5, 6 are expressed early
in UNM and BCP. Only ALBA3 show peak transcripts at late BCP and TCP. C) PAB (poly-A binding protein). PAB3 and PABS5 transcripts peak in
late BCP. D) CID. PAB-binding interacting protein. CID5 mRNA peaks at TCP.

HSFA2. Triple alba4,5,6 mutants showed reduced thermoto-
lerance. Tong et al. (2022) demonstrated that ALBA proteins
are critical to stress granule formation which store mRNAs
and protect them from heat and degradation.

La-related proteins (LARP) are conserved RNA-binding
proteins but largely uncharacterized in plants (Merret et al.
2013; Bayfield et al. 2021). Billey et al. (2021) showed that
LARPG6c expression is pollen specific and necessary for post-
transcriptional regulation during the transition of dry
pollen to PT. LARP6c is physically associated with hundreds
of transcripts that function in PT growth. In dry pollen,
LARPGc is associated with cytoplasmic granules containing
poly(A)-binding protein, suggesting LARP6c is localized
with stored mRNA and granules in pollen.

We suggest LARP6c performs at least 2 major roles in pol-
len development. One, LARP6c binds transcripts as conden-
sates form to protect translationally silent mRNA when

pollen desiccates. Second, LARP6¢ activates translation as
stored transcripts are released from granules upon pollen
germination on a compatible stigma. Results support this
idea include:

1) Temporally, only LARPGC transcript increases at the
late BCP-TCP, and drop sharply by MP stage (Fig. 9A).

2) The fluorescent protein-tagged LARP6c is localized to
the nucleolus of the microspore, then appears diffused
in the cytoplasm of the BCP and TCP, where this pat-
tern transitions to granular aggregates in the MP (Billey
et al. 2021). Furthermore, in MP, LARP6¢c aggregates
concentrate near the perinuclear membrane and
around the endo-PM membrane surrounding the
sperms.

3) Tagged PABS5, but not DCP1, colocalized with LARPéc,
suggesting the LARPG6c-associated aggregates are stress
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Figure 10. Scores of transcripts encoding cysteine-rich proteins accumulate in late BCP and TCP. At least 54 of 105 pollen-expressed genes are in-
duced at the intermediate stage. A) LCR (Low molecular weight CRP) family: 18 of 25 LCR pollen-expressed genes accumulate in late BCP and TCP.
Protein detected for 3 of 18. B) SCRL (S-locus CRP-like) family: 14 of 16 transcripts are expressed in late BCP and TCP. C) CRR (Cysteine rich repeat)
(DUF26) family: 17 of 21 transcripts in late BCP or TCP show TPM reads of 60 or above. Protein was detected for 12 of 21 genes (average 254 residues).
D) ESF-like (Embryo surrounding factor) family includes PCP-b (pollen coat protein): Of 4 PCP-b genes, 3 are expressed in developing pollen. Only
PCP-b delta was detected in the mature pollen proteome. Supplementary Tables S4 and S5 show summary and gene ID#. Supplementary Fig. S11
shows pollen expressed SPH (self-incompatibility protein homologue) and RALF (Rapid Alkalinization Factor) gene families.

granules that include the translational machinery but
are not P-bodies that turnover mRNA. PABP and
DCP1 are markers of stress granules and P-bodies,
respectively.

4) Hundreds of transcripts are physically associated with
LARP6¢c as shown by RNA immunoprecipitation and
RNA sequencing (Billey et al. 2021). At least 112 tran-
scripts were shown as clients of LARP6c. Some of these
transcripts were predicted to be stored in granules,
based on their mRNA abundance late in pollen devel-
opment and on their resistance to heat stress in ger-
minating pollen (Poidevin et al. 2021; Sze et al. 2021).

As LARPGc binds hundreds of transcripts that encode pro-
teins with varied biochemical roles in MP; it is likely that
larp6c mutants would be compromised in multiple pollen
functions (Billey et al. 2021). Indeed, it was shown that
~10% of the pollen in larp6c T-DNA insertional mutants
failed to develop to maturity and were arrested at the BCP
stage compared with only 3% in wild type. Thus, LARP6c is
critical for pollen development from the BCP to MP. Based
on these reports, we propose that TCP without a functional
LARP6c form defective mRNP aggregates containing non-
translating mRNAs as pollen dehydrates. Aggregates with al-
tered mRNA composition, binding or architecture due to loss
of function in LARP6c¢ could result in pollen with less vigor/
fitness that result in impaired functions, including reduced
germination, tube burst, and failed guidance as shown in
Billey et al. (2021). LARPGc function is likely conserved across
flowering plants, as pollen germination and tube growth
from maize mutants of LARP6c were less competitive than
wild type (Zhou et al. 2021).

Importantly, LARP6 and ALBA proteins are predicted to
have disordered domains (Fig. 9) suggesting their conform-
ation, properties, like phase separation and RNA-binding af-
finity, may be responsive to physio-chemical changes in cells
undergoing osmotic stress (Alberti and Hyman 2021) in TCP,
hydrating pollen or both. Additional RNA-binding proteins
and their roles in pollen development have yet to be
determined.

Scores of cysteine-rich protein mRNAs
induced in late BCP have unknown roles

Over 100 transcripts encoding cysteine-rich proteins (CRP)
are expressed in pollen, and 60 are specifically induced at
the late BCP-TCP stage. The remaining CRP mRNAs appear
in MP or in germinating tubes (Supplementary Table S3;
Fig. 10). In addition, a large fraction (46%) of CRP transcripts
(total 270) is expressed in seeds, siliques, and endosperm, and
a small fraction (15%) is expressed in vegetative tissues, like
roots and stem (Supplementary Table S4). Often called
defensin-like proteins (DEFL) or anti-microbial peptides
(Silverstein et al. 2005; Tesfaye et al. 2013), we refer to the
pollen-expressed peptides as pollen CRP. The roles of CRPs
from different families (e.g. LCR, SCR, SPH, CRRSP,
or PCP-B) are largely unexplored (Fig. 10; Supplementary
Fig. S11). CRPs are secreted ligands and emerging studies
show they are important for cell-cell communication and
cell-cell recognition to prevent self-fertilization and inbreed-
ing. Previous studies have largely focused on CRPs produced
by female cells, like stigma papilla, pistil, or synergid (Qu et al.
2015), or in developing embryo (Costa et al. 2014). Much less
is known about pollen CRPs.
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Omics of developing pollen during dehydration

A recent study revealed a pollen CRP in regulating pollen-
stigma compatibility and subsequent hydration. A. thaliana
PCP-B (Protein coat protein-type B) genes identified by hom-
ology to Brassica PCP-B are expressed in late BCP and TCP
(Wang et al. 2017; Fig. 10D). Mutants of A. thaliana PCP-B dis-
played delayed rehydration scored as change in pollen diam-
eter and delayed tube growth on the stigma. A receptor-like
kinase complex of ANJ-FER on the stigma was essential as
the receptor mutant also showed delayed rehydration.
Furthermore, before pollen landing on the stigma, RALF bind-
ing to the receptor-complex stimulated ROS production; how-
ever, pollen PCP-B competes with RALF binding, which leads
to suppression of ROS levels at the stigma (Liu et al. 2021).
These results demonstrate that after pollen lands on a stigma,
PCP-B class of CRPs is sensed by a stigma receptor complex
that signals to promote pollen adhesion and rehydration.
This gating mechanism is probably a key first step to deter-
mine pollen-stigma compatibility. Most pollen-expressed
CRPs remain uncharacterized, we postulate that some CRP
mRNA are translated and the protein secreted before pollen
desiccates in preparation for recognition, rehydration, and
germination.

Summary and perspectives

To our knowledge, this study reports the first analysis of tran-
scripts and proteins accompanying normal dehydration in
developing male gametophyte. This analysis is relevant to
major questions in biology:

1) What regulates pollen development/microgametogen-
esis when a haploid microspore divides to produce 2
cells with distinct fates: a vegetative and a generative
cell; and

2) As dehydration onset occurs in BCP, what is the cellu-
lar and molecular basis of intrinsic dehydration and
desiccation tolerance?

We distinguished an “intermediate” wave of transcripts
that accumulate between the “early-" and “late”-pollen ex-
pressed genes. The intermediate cluster detected at late
BCP-TCP in A. thaliana included multiple LEA transcripts
and stress-related proteins. Most genes coexpressed at the
late BCP are pollen specific or preferential and translated
before pollen maturation, suggesting the proteins are func-
tional. What regulates the “intermediate” wave of tran-
scripts seen in late BCP and TCP after pollen mitosis | is
largely unknown. Most studies have focused on male germ-
line development (Twell 2011; Hackenberg and Twell 2019);
however, events controlling vegetative cell differentiation
are unexplored. The “early” pollen-expressed genes in
UNM after meiosis reflect those passed on from the
sporophyte-transcribed mRNA. The repression of early-
pollen genes and the activation of the “intermediate” tran-
script cluster likely marks the developmental time (Fig. 1C)
when the transition of the sporophyte-to-gametophyte
program takes place. Our analysis suggests the transition
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happens after mitosis | in A. thaliana, similar to that in
maize. In maize, transcripts synthesized in the sporophyte
persist in the male gametophyte days after meiosis, and
the transition to the haploid genome was observed after mi-
tosis | (Nelms and Walbot 2022). Whether the transcription
program specific to the vegetative cell (Supplementary
Fig. S10) is governed by chromatin remodeling (Borg and
Berger 2015), developmental cues, abiotic cues (like dehy-
dration), or a combination is largely unknown and awaits
future studies.

The onset of dehydration after mitosis | is supported by
several molecular indicators. First, the transcripts and pro-
teins of LEAs and other desiccation-related proteins peaking
in BCP or TCP are homologous to those accumulating in seed
maturation. Second, increase in lipid droplets and expression
of lipid-droplet associated proteins in BCP are also observed
in dehydrating seeds and in plants and algae under stress.
Third, many transcripts in BCP are also induced by salt,
osmotic, or cold stress in other tissues, including
RNA-binding proteins that bind mRNAs and associate with
mRNA-protein granules.

Genes coexpressed with LEAs suggests the BCP is actively
modifying the vegetative cell as it dehydrates and differenti-
ates to a mature pollen grain. First, many transporters with
known functions are expressed in late BCP, including H*
and Ca®* pumps, sugar and amino acid co-transporters,
aquaporins, nucleotide-sugar porters, and Ca>*-permeable
channels. Together they mediate not only nutrient uptake,
but also osmolyte balance, wall synthesis/remodeling and
possibly sugar and Ca®" signaling. Second, an active endo-
membrane trafficking system is central to the coordination
of transport activities, wall formation, and pectin remodeling
in dehydrating and developing pollen. GAUT and PMT
expression suggests homogalacturonan synthesis and
methyl-esterification in the Golgi started early in pollen de-
velopment. Pectin released to the wall is then modified by se-
creted PME and PMEI perhaps in a spatial and temporal
manner. Third, scores of CRP transcripts accumulate at the
intermediate stage. Largely uncharacterized, they may be sig-
naling cues for cell-cell communication and cell-cell recogni-
tion when the pollen interacts with the stigma and pistil.
Fourth, mRNAs encoding RNA-binding proteins accumulate
in late BCP-TCP, and functional studies support their roles in
binding mRNAs as part of condensates and stress granules in
MP. Finally, proteins of the translation machinery and mo-
lecular chaperones accumulate in MP. Moreover, proteins re-
quired for carbon metabolism and energy production are
abundant and stabilized in the cytosol, mitochondria, and
plastids. Together, these results support the idea that MP tol-
erates desiccation at dispersal after remodeling membranes
and walls, protecting mRNAs and the translation machinery
in stress granules, and preparing pollen for recognition and
compatibility at the stigma, for adhesion and rehydration.

This first survey of genes coexpressed at the “intermedi-
ate” stage expands our perspective about processes accom-
panying dehydration and pollen development. Analysis of
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more transcript clusters and protein classes will reveal add-
itional relationships and insights. This integrated omics
approach to combine large datasets with development
and functional studies reveals new models and strategies
to answer major questions in dehydration stress and plant
reproduction.

OUTSTANDING QUESTIONS BOX

1) What is the basis of programmed dehydration in
anther and pollen development?

2) What regulates the “intermediate” wave of tran-
scripts peaking in late BCP? Is it epigenetic
changes, regulatory networks related to osmotic
stress, or both?

3) What regulates the stabilization of proteins re-
quired for energy production and protein
translation?

4) What cellular roles do genes coexpressed at de-
hydration (transporters, pectin modifiers, pol-
len CRP) serve?

5) What protective strategies are critical for desic-
cation tolerance? What controls the formation
of mMRNA-protein granules?

6) What cellular processes mediate the recovery
from desiccation at rehydration?
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