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Abstract

Sexual reproduction in flowering plants takes place without an aqueous environment. Sperm are carried by pollen
through air to reach the female gametophyte, though the molecular basis underlying the protective strategy of the male
gametophyte is poorly understood. Here we compared the published transcriptomes of Arabidopsis thaliana pollen, and of
heat-responsive genes, and uncovered insights into how mature pollen (MP) tolerates desiccation, while developing and
germinating pollen are vulnerable to heat stress. Germinating pollen expresses molecular chaperones or “heat shock
proteins” in the absence of heat stress. Furthermore, pollen tubes that grew through pistils at basal temperature showed
induction of the endoplasmic reticulum (ER) stress response, which is a characteristic of stressed vegetative tissues. Recent
studies show MP contains mRNA-protein (mRNP) aggregates that resemble “stress” granules triggered by heat or other
stresses to protect cells. Based on these observations, we postulate that mRNP particles are formed in maturing pollen in
response to developmentally programmed dehydration. Dry pollen can withstand harsh conditions as it is dispersed in air.
We propose that, when pollen lands on a compatible pistil and hydrates, mRNAs stored in particles are released, aided by
molecular chaperones, to become translationally active. Pollen responds to osmotic, mechanical, oxidative, and peptide
cues that promote ER-mediated proteostasis and membrane trafficking for tube growth and sperm discharge. Unlike
vegetative tissues, pollen depends on stress-protection strategies for its normal development and function. Thus, heat
stress during reproduction likely triggers changes that interfere with the normal pollen responses, thereby compromising
male fertility. This holistic perspective provides a framework to understand the basis of heat-tolerant strains in the repro-
duction of crops.
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ADVANCES

® The male gametophyte of flowering plants uses
abiotic stress pathways to manage its normal
development. Male gametophyte development
and pollen function are particularly heat
sensitive.

® Protein translation is essential to initiate pollen
germination, indicating pre-synthesized mRNA
is stored in pollen grains as shown recently in
tobacco.

® |n response to cellular stress, cytoplasmic
granules composed of mRNA and proteins are
formed to protect eukaryotic cells by arresting
protein translation transiently.

® Transcriptome profiles of developing and
germinating pollen with or without heat stress
from Arabidopsis thaliana reveal pollen
responses to developmental, pistil and stress
cues.

® By integrating omics data and published
studies, we propose that pollen forms mRNA-
protein granules during desiccation as pollen
matures and then releases mRNAs from
granules for translation during hydration and
germination.

® As pollen depends on stress-protection
strategies for its normal development and
function, heat stress would compete for the
molecular chaperones and ER-mediated
proteostasis machinery required for desiccation
tolerance and pollen function, and thus
compromise male fertility.

Introduction

Sexual reproduction in flowering plants takes place on land
without an aqueous environment. Immotile sperm cells are
carried by pollen (male gametophyte) through air and
the pistil to reach the egg in the female gametophyte.
Plants have developed strategies to protect gametes from
environmental stress. The female gametophyte is relatively
well-protected as it is buried inside the pistil that remains
attached to the vegetative parent plant. The 2- to 3-celled
male gametophyte is relatively vulnerable as it is exposed at
pollen dispersal, though the molecular basis of stress protec-
tion is poorly understood. Furthermore, sexual reproduction
is particularly sensitive to temperature fluctuations (Hedhly,
2011) and to combination stress from heat and water deficit
(Sinha et al, 2021). High temperatures cause reductions in
fruit and seed set. Two developmental stages were identified
as particularly heat sensitive, one before anthesis and one
after anthesis (Bac-Molenaar et al, 2015). The weakest link
in reproductive stress tolerance is often associated with the
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male gametophyte (Zinn et al, 2010) during pollen develop-
ment and in pollen functions after anthesis (Rieu et al,
2017). As seeds and fruits provide a major part of the hu-
man diet, it is imperative to understand the mechanisms
and processes associated with heat-induced male sterility.
An outstanding question in the field is why pollen develop-
ment and function are particularly sensitive to heat (Rieu et
al, 2017). Heat sensitivity at meiosis of the pollen mother
cell, microspore formation, pollen development, and tape-
tum development within the anther was reviewed before
(De Storme and Geelen, 2014; Rieu et al, 2017; Chaturvedi
et al, 2021). Here we primarily focus on pollen maturation
and germination to reveal insights into pollen responses to
developmental cues and environmental stress.

Development of the male gametophyte (pollen) takes
place inside the anther chamber of the male floral organ. It
starts with the diploid microspore mother cell undergoing
meiosis to give four haploid microspores followed by micro-
gametogenesis that ends with the formation of a mature pol-
len (MP) grain (Borg et al., 2009; Figure 1). Each microspore
divides to give a bicellular pollen (BCP) containing a large
vegetative cell and a small generative cell. Subsequently, the
generative cell alone divides to produce two sperm cells. In
some plants, as in Arabidopsis thaliana, tricellular pollen
(TCP) grains are formed before they are released from the
anther. In other plants, such as tobacco (Nicotiana tabacum),
BCP grains are released from the anther and the generative
cell divides later within the elongating pollen tube (PT) to
produce two sperms. Pollen function refers to events that
start when the mature grain lands on a compatible female
pistil and terminates with discharge of the sperm cells for
double fertilization in the female gametophyte (Johnson et
al, 2019). After pollen grains are transferred to a compatible
female floral organ either by direct contact or vectors (air or
insect), grains germinate and the vegetative cell forms a PT.
The tube elongates rapidly inside a style and navigates to a
well-protected ovule in the ovary. At the entrance to the fe-
male gametophyte within the ovule, the tube bursts in
the synergid cells to release two sperms that fertilize the egg
cell and the central cell. Double fertilization is followed
by embryo and endosperm development to produce fruit
and seed.

Nearly all pollen functions are carried out by one vegeta-
tive cell, which ferries the relatively quiescent sperm cells to
the female gametes (Zhang et al,, 2017). Pollen functions in-
clude grain hydration, germination, tip growth, navigation to
the ovule, and finally tube burst to release the two sperms
for double fertilization. Thus the male gametophyte provides
a powerful model to study the molecular and cellular
changes in a single plant cell. Many transcriptome and pro-
teome studies of developing and MP of Arabidopsis have
been published (Holmes-Davis et al., 2005; Wang et al., 2008;
Grobei et al, 2009; Qin et al, 2009; Loraine et al, 2013;
Zhang et al, 2017). They provide a great resource to the
research community, though much of the data remains
unanalyzed. Although gene expression alone does not define
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Figure 1 Transcriptomes of pollen at different stages of development and germination in Arabidopsis. Inside the anther, meiosis of the microspore
mother cell produces four uninucleate microspores (UNM:s). Each microspore divides to give a BCP containing a large vegetative cell (nucleus in
gray) and a small generative cell (blue). Division of the generative cell produces two sperm cells (blue) in the TCP. TCP develops to an MP (or
dry). On germination medium, MP becomes HP, and a tube emerges in about 1h and elongates in 4-5h. SIV PTs refer to tubes grown through
the pistil (pink) and emerged from the cut style onto a medium (scale reduced). Transcriptomes analyzed here are from three studies. Pollen
stages UNM, BCP, TCP, and MP are from Honys and Twell (2004); MP, HP, and PT 4 h in vitro are from Wang et al. (2008), and dry, PT 0.5 h, PT
4h, and SIV are from Qin et al. (2009). Transcriptome after heat stress is from two reports. In (1), whole plants were exposed to diurnal heat/cold
(orange/blue bars) cycles for 7 d before anthesis. Each cycle was designed with 18 h at cool temperature (10°C) and a 6-h period in which temper-
atures were ramped up and down with 40°C mid-day peak for 1h. MP RNA was analyzed (Rahmati Ishka et al., 2018). In (2), MP on germination
medium was given 35°C (orange bar) or 24°C for 5 h before RNA was isolated (Poidevin et al., 2020).

a biochemical or biological role, the functions of many previ-
ously uncharacterized genes have been revealed at the
molecular level and validated by subsequent mutant studies.
Integrative analysis of single-cell data can discover relation-
ships and show holistic views of a cell state (Stuart and
Satija, 2019) and function. We have compared transcrip-
tomes across different pollen experiments and unveiled ho-
listic insights when combined with published experimental
advances. This approach to integrate expression data of
genes with functions across experiments is just beginning in
pollen biology and serves as a template study for single cell-
type investigations in plants.

Through data mining of genes responsive to heat stress
on Arabidopsis pollen (Rahmati Ishka et al, 2018; Poidevin
et al, 2020), we confirm and extend previous findings that
conserved heat stress responses, like increase in molecular
chaperone (HSP) transcripts (Frank et al, 2009) are observed
in the male gametophyte; however, HSP and endoplasmic
reticulum (ER) stress response genes are highly expressed in
germinating pollen even in the absence of heat stress (Wang
et al, 2008; Qin et al, 2009). Why? Recent studies have
revealed that MP grains from Arabidopsis and tobacco con-
tain mRNA-protein (mRNP) complexes/particles (Honys et
al, 2009; Scarpin et al, 2017; Hafidh et al, 2018) that share
similarity to stress granules (SGs) formed in eukaryotic cells
(Nover et al, 1989; Wallace et al, 2015; Chantarachot and
Bailey-Serres, 2018). SGs sequester mRNA and protein
molecules and protect cells by arresting protein translation
transiently (Protter and Parker, 2016). An attractive hypoth-
esis emerging from these seemingly varied observations is
that mRNA-protein (mRNP) particles/granules are formed
in response to an intrinsic cue, such as dehydration, at

Table 1 Transcripts of many molecular chaperones are elevated by
heat stress in pollen as in leaves

Genes upregulated by heat

Total Pol1 Pol2  Pol2 Shoot Leaf

Protein Class/Family ~ Genes RNA1 RNA2 RPF RNA3 RNA4
No. Number of Genes Induced
HSP20 19 13 16 16 17 16
HSP70, 90, 100 24 20 20 20 20 18
HSP40/Dna) 9 7 5 6 6 6
Foldase 6 5 5 5 6 6
ROS Scavenger/Other 5 3 2 2 2 2

“Total genes” indicates the number (no.) of differentially expressed genes for each
protein class from four studies. Number of genes induced refers to the members of
the class that show a significant increase in FC (log2FC > 1) of RNA transcripts in
response to heat stress.

Pollen1 (Pol1), Pol2, and Shoot and Leaf refer to transcriptome results of Rahmati
Ishka et al. (2018), Poidevin et al. (2020), Kilian et al. (2007), and Sugio et al. (2009)
from A. thaliana, respectively. Heat stress regimes for Pol1 and Pol2 are described in
Figure 1; transcript levels were determined using RNA-seq. Shoot or Leaf indicates
transcriptome changes of heat-treated vegetative plant (37-38°C) determined using
ATH1 microarray (Kilian et al,, 2007; Sugio et al., 2009). RPF refers to a ribosomal
protection fragment increased significantly by heat, a measure of mRNA undergoing
translation. Gene identification number and heat-induced FC (log2FC) are shown in
Supplemental Table S1.

pollen maturation, and when pollen hydrates after transfer
to a compatible stigma, the granules disassemble releasing
mRNAs for translation to support germination. Here we
highlight findings from pollen and stress biology that led us
to this model. Pollen germination and tube growth through
the pistil apparently depend on responses to extracellular
ligands as well as “non-heat” stress, including hydration, os-
motic (Osm), and redox cues. As pollen survival and func-
tion rely on a series of intrinsic and extrinsic stress cues, an
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additional stress from heat, conceivably would disrupt con-
served stress-protection machinery supported by HSP and
ER unfolded protein response (UPR) for PT functions and
sperm delivery. Any impairment or delay to critical pollen
functions during a very short life span would reduce male
fertility and decrease seed set. Understanding the cellular
and molecular bases of pollen survival and function provides
insights to finding strategies to improve male fertility in
crops during heat spells and combination stress (Sinha et al,,
2021).

Molecular chaperone and ER-stress response
genes are upregulated in pollen by heat
stress

To understand whether pollen and vegetative tissues re-
spond to heat stress differentially, we compared some of the
well-known heat-responsive genes from leaves (Sugio et al,,
2009) and shoots (Schmid et al, 2005; Kilian et al, 2007)
with those from pollen. Analysis and validation of the tran-
scriptome results are described in the figure legends and
Methods (see Supplemental Data). Quantitative variation
between results may reflect the experimental conditions
used by different laboratories. The overall response of molec-
ular chaperone genes in pollen to different heat treatments
shared striking similarities (Table 1; Supplemental Table S1).
Rahmati Ishka et al. (2018) determined the transcriptome of
MP grains collected from plants that were subjected to diur-
nal heat/cold cycles for 1week before anthesis. The diurnal
cycle was designed with 18h at cool temperature (10°C)
and a 6-h period in which temperatures were ramped up
and down with a 40°C midday peak. This stress cycle sub-
jected developing pollen to heat stress. Poidevin et al. (2020)
collected MP from plants grown under normal conditions
and determined the transcriptome of in vitro germinating
pollen at 35°C (heat stress) or 24°C (basal) (Figure 1). As
heat stress unfolds proteins and can promote aggregation,
and interfere with cellular processes, the chaperone system
is induced to protect cells (Mogk et al, 2018). Molecular
chaperones are involved in processes, like folding of newly
synthesized proteins, transport of proteins across mem-
branes, refolding of proteins after stress, preventing aggrega-
tion of misfolded proteins, and degradation of unfolded
proteins. To control protein homeostasis, Hsp70 works with
cochaperones, like Hsp40/Dna) and nucleotide-exchange fac-
tors. DnaJ proteins target substrates to Hsp70, stimulating
its ATP hydrolysis and trapping the substrate (Mogk et al,
2018). Upon release from Hsp70, the substrate protein folds
to its native state. As shown in Table 1 and Supplemental
Table S1, heat-induced significant increases in transcript lev-
els in 40 out of 52 HSP genes from the Hsp70, Hsp20,
Hsp90, as well as Hsp40/Dna) families. Furthermore, expres-
sion of Hop3, an Hsp70-Hsp90 organizing protein and
peptidyl-prolyl cis-trans isomerases, ROF1 and ROF2, were
enhanced. The foldases are essential components of the
cytosolic protein response (Sugio et al, 2009). Overall, the
upregulation of HSP genes by heat in pollen resembles
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that in vegetative tissues, though the average fold-change in
pollen is less than that in shoots (Supplemental Table S1).
Furthermore, results from the ribosome protection fragment
(Poidevin et al, 2020) infer that most of the upregulated
transcripts in pollen are translated.

Genes encoding ER-localized chaperones and foldases
were also induced by heat consistent with the notion that
the UPR (Deng et al, 2013) is activated in pollen after heat
stress. Notable examples include the ER membrane-bound
calnexin (CNXT), ER lumen Hsp70 protein (BiP1 and BiP3),
calreticulin (CRT1a and CRT1b), Hsp40/Dna) co-chaperones,
like ERDj3A/thermo-sensitive male sterile 1 (TMST), ERDj3B,
and P58IPK, as well as several protein disulfide isomerases
(PDIs; PDIL) and ER-Golgi trafficking regulators (p24;
Table 2; Supplemental Table S2, A). Transcripts of plant-
specific TINT (tunicamycin-induced) are very abundant in
MP but are weakly increased by heat in pollen in contrast
to a 60-fold increase in leaves (Sugio et al,, 2009). According
to the current model, BiP is recruited by an Hsp40/Dna) to
aid the insertion of newly synthesized polypeptides into the
ER lumen. Glycoproteins in the lumen are bound by cal-
nexin or calreticulin to be further modified and folded.
During the folding process, disulfide bonds are formed by
PDIs of which several members are expressed in pollen
(Supplemental Table S2A). ERO1, an oxidoreductin, then
oxidizes PDI homologs by transferring electrons from the ER
to oxygen in the cytosol. UTR1 and UTR3 transport
nucleotide-sugars (UDP-Glu) into the ER lumen for glycosyl-
ation (Reyes et al, 2010), whereas UTR2 moves UDP-Gal
into the Golgi (Norambuena et al, 2005). Proteins are deliv-
ered to their destination or secreted, but misfolded proteins
are guided to the ER-associated protein degradation (ERAD)
system. Genes encoding components of the ERAD and upre-
gulated by heat, included Derlini, Derlin2-1, and Hrd1B
(Supplemental Table S2A). Hrd1 is part of the ubiquitin
ligase complex that works with an AAA-ATPase (CDC48) to
remove misfolded proteins out of the ER and then ubiqui-
nates them for degradation by the 26s proteasome (Liu and
Howell, 2016).

The comparisons show that Arabidopsis pollen at different
stages is competent to sense and respond to heat stress by
upregulating genes encoding molecular chaperones and the
ER UPRs just like in vegetative tissues (Kilian et al, 2007
Sugio et al,, 2009). These results extend previous findings on
pollen responses to heat from crop plants (Frank et al,
2009).

Transcripts encoding molecular chaperones
and ER-stress response proteins are elevated
in PTs growing through the pistil at basal
temperature

Surprisingly, a comparison of transcriptome results of
Arabidopsis pollen germinated in vitro (Wang et al,, 2008) or
under semi-in vivo (SIV) conditions (Qin et al, 2009),
revealed upregulation of many molecular chaperones relative
to that in ungerminated pollen in the absence of any heat
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Table 2 ER-stress response genes are induced by heat in pollen (A) and in PTs grown at basal temperature (B)

A. Genes Up by Heat

B. Genes Up in Pol Tube C. Heat

Total Genes Pol1 Pol2 Pol2 Wang Qin Qin Leaf and Shoot
Function/Protein Class RNA1 RNA2 RPF2 PT/MP PT/dry SIV/dry
Number of Genes Induced

ER Chaperone

BIP, CNX, CRT, and ERDJ 11 10 11 11 7 0 10 8
ER/Golgi Traffick

p24delta#, ERD2 10 6 7 7 4 0 7 1
ER Isomerase

PDIL, ERO1 6 3 5 5 3 0 5 2
ER-associated degradation

DER, Hrd1B, and CDC48B 5 5 5 4 2 1 4 3
Transporter UDP-Gal  UTr1 to UTr3 3 2 2 2 2 0 2 2
Glycosylation-related GPT, UGGT, and TIN1 3 2 2 2 0 0 1 1

“Total genes” indicates the number of differentially expressed genes in each protein class from six experiments. Number of genes induced refers to members of each class that
show a significant increase (log2FC > 1) of RNA transcripts in response to heat stress (A and C) or PT germination (B). Examples of genes for each class are abbreviated. Gene

identification numbers and log2FC values are provided in Supplemental Table S2.

(A) Genes upregulated by heat. Pol1 and Pol2 refer to transcriptome data of Rahmati Ishka et al. (2018) and Poidevin et al. (2020) from A. thaliana, respectively. Heat stress
regimes for Pol1 and Pol2 pollen are described in Figure 1, and transcript levels determined using RNA-seq. “RPF” refers to ribosomal protection fragment, a measure of mRNA
undergoing translation. See Supplemental Table S2 for gene descriptions and the fold increase in transcript (log2FC) for each gene.

(B) Induction of transcripts during PT germination and growth at basal temperature. Wang et al. (2008) tested expression in PTs (4 h) grown in vitro relative to MP. Qin et al.
(2009) tested expression in PTs grown in vitro (PT, 4 h) or SIV relative to dry (ungerminated) pollen. Variation in transcript accumulation in PT may be caused by different ex-

perimental conditions and dehydration state of MP and dry pollen.

(C) Induction by heat stress in leaves and shoots. Average value from two experiments is shown (Kilian et al,, 2007; Sugio et al., 2009).

Table 3 Genes encoding molecular chaperones are upregulated in
germinating pollen and in tubes at basal temperature

Genes upregulated in PT

Protein Class Total Wang  Wang Qin Qin
Genes No. HP/MP  PT/MP  PT/dry SIV/dry
Number of Genes Induced
All Classes 62 33 36 24 54
HSP20 15 9 9 11 14
HSP70, 90, and 100 20 12 14 8 20
HSP40/Dna) 17 7 8 2 15
Foldase 5 3 3 3 4
Other 5 2 2 0 1

“Total genes” indicates the number of differentially expressed genes in each protein
class from two studies. Number of genes induced refers to the members of each pro-
tein class that show a significant increase in FC (log2FC > 1) of RNA transcripts in
response to pollen germination of tube growth. Wang et al. (2008) tested HP and
PT grown in vitro for 4 h. Qin et al. (2009) tested PTs grown in vitro (PT) and SIV.
Gene identification numbers and fold-change (log2FC) values are provided in
Supplemental Table S3.

stress (Table 3; Supplemental Table S3). An SIV protocol to
study PT growth in Arabidopsis was established, as in vitro
tube growth is several-fold slower than growth through the
pistil (Palanivelu and Johnson, 2010). Moreover, PTs grown
through the pistil target unfertilized ovules efficiently com-
pared to in vitro grown tubes, indicating tubes sense and re-
spond to signals from the pistil (Palanivelu and Preuss,
2006). To identify genes that prime the tubes growing
in vivo, PTs grown under a “semi-in vivo” (SIV) condition
were collected for transcriptome analysis (Qin et al, 2009).
The SIV condition was accomplished by first pollinating
pistils, and then cutting the style transversely and placing it
horizontally on a solid medium, so elongating PTs exit from

the cut end and grow onto the medium (Figure 1). After
3-h growth, SIV-grown tubes were excised for RNA extrac-
tion. As experimental conditions used in Wang (Wang et al,,
2008) and Qin (Qin et al, 2009) may differ, we have com-
pared changes in transcript level as log2 fold-change (FC) in
pollen germinated in vitro or SIV relative to ungerminated
pollen of each study.

After pollen hydration and tube growth in vitro, at least
nine members of the Hsp20 family were significantly upregu-
lated (from 4- to 30-fold) relative to dry pollen in both stud-
ies (Table 3; Supplemental Table S3). Interestingly, transcript
levels of small Hsp (sHSP) were consistently higher in SIV-
grown PTs (Supplemental Table S3). Similar upregulation of
Hsp70, Hsp90, and Hsp101 chaperones by at least four-fold,
was observed in PTs grown in vitro, and particularly in SIV-
grown PTs (Supplemental Table S3). Upregulation of most
Hsp40/DnaJ cochaperone transcripts was low or not signifi-
cant, unless tubes were grown through the style (Table 3;
Supplemental Table S3). Hsp40 cochaperones, include
DjB12, DjB16, DjB20, and DjC32, as well as ER-associated
ERDj3A, ERDj3B, and P58IPK (Supplemental Table S3;
Yamamoto et al, 2008). In summary, 49 out of 52 HSP genes
are upregulated in PTs grown through the pistil (SIV), rela-
tive to 31 HSP genes in PTs germinated in vitro.

Strikingly, the ER-stress response (or the UPR) is clearly ac-
tivated in PTs germinated especially under SIV conditions
without heat stress (Supplemental Table S2C). Notable
genes, considered as molecular signatures of the UPR, in-
clude BiP1, BiP3, CNX1, CRT1a, CRT1b, Derlin 1 and 2, PDIL1-
2, ERO1, and UTr3 (Table 2 (B); Supplemental Table S2B).
Curiously, transcript levels of a tunicamycin-induced protein
(TINT) are already high in MP before germination. Its
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transcript accumulates at the TCP stage through tube
growth with those encoding ER DnaJ chaperone (ERDJ3A),
and sugar-nucleotide transporter (UTr1), suggesting that MP
is primed for the UPR. Combined with upregulation of fol-
dases and other components of the UPR, these results sug-
gest that many molecular chaperones have roles in
supporting germination and tube formation. Furthermore,
our comprehensive analyses confirm and extend the idea
that ER-stress response is activated in growing tubes
(Fragkostefanakis et al., 2016; Liu and Howell, 2016) indepen-
dent of thermoprotection. Mutants of numerous ER-stress
response genes (Supplemental Table S2) are either male ga-
metophyte lethal, defective in male transmission, pollen ger-
mination, or tube elongation (Fragkostefanakis et al, 2016;
Singh et al,, 2021). The ER-stress response is regulated by ER
sensors and ER-associated transcription factors (TFs; see
Section “TFs responsive to PT growth are also responsive to
other stresses”), though what cues activate it in germinating
pollen is unclear.

Signals sensed by pollen germinating in vitro or

in vivo: Osm and oxidative

What signal(s) are sensed by pollen on the stigma and in a
pistil to boost activation of transcription in PTs? Aside from
Osm, calcium (Ca’"), arabinogalactan proteins, and yet
undefined pistil factors, one strong candidate is reactive oxy-
gen species (ROS) based on several observations. First, stig-
mas of various angiosperms produce ROS constitutively,
predominantly as H,O, (Mclnnis et al, 2006). Second, the
NADPH oxidase RbohD, as well as peroxidases, are highly
expressed in the stigma based on transcriptome results of
Arabidopsis (Swanson et al, 2005; Klepikova et al, 2016).
Recently, ROS production was shown to be stimulated by
RALF23/33 peptide binding to a receptor kinase complex
ANJEA-FERONIA (ANJ-FER) in unpollinated stigma cells,
while pollination reduces ROS allowing pollen hydration.
Pollen coat protein peptides from a compatible pollen com-
pete and interact with the stigma receptor kinase complex
ANJ-FER to promote pollen hydration and germination (Liu
et al, 2021). Thus, recognition of compatible pollen by the
stigma is a prerequisite for water movement from papilla
cells to pollen grains.

Hydration of pollen produces a mechanical stress which
could lead to ROS signaling in pollen (Hamilton et al, 2015;
Basu and Haswell, 2020). Rehydration of the pollen grain
imposes a hypoosmotic shock as cells swell and membranes
are stretched. MSL8, a pollen-specificc membrane tension-
gated ion channel was shown to sense and respond to
changes in membrane tension. Mutant msl8 pollen grains
showed reduced viability after hydration and germinating
tubes burst more frequently than wild-type tubes (Hamilton
et al, 2015). Recently, the msl/10 null mutant showed de-
creased response to hypoosmotic shock-induced cytoplasmic
Ca’" transient and ROS production in seedlings (Basu and
Haswell, 2020), indicating that MSL10 is a membrane sensor
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that links the perception of cell swelling to downstream sig-
naling, including ROS production.

PT growth depends on ROS signaling as shown by double
mutants of two pollen-specific NADPH oxidases localized at
the plasma membrane (Boisson-Dernier et al, 2013; Kaya et
al, 2014; Lassig et al, 2014). Both AtRbohH and AtRboh) ac-
tivities are activated by Ca’* via their EF hands and by
phosphorylation, and ROS are detected in tubes germinating
on the stigma papilla (Kaya et al, 2014). One role of apo-
plastic ROS is to alter wall properties and balance cell wall
loosening with stiffening as cells grow (Swanson and Gilroy,
2010; Karkonen and Kuchitsu, 2015). PTs from null mutants
of rbohH and rbohJ burst more frequently, have short tubes
and reduced seed set (Boisson-Dernier et al, 2013; Kaya et
al, 2014). Thus, pollen hydration on the stigma is likely per-
ceived by membrane sensor(s) which are connected to
Ca’*-activated ROS production that in turn modulates
pollen wall integrity and tube tip growth. Perhaps ROS plus
secreted factors from pollen—pistil interaction (Doucet et al.,
2016) upregulate the transcription of >900 genes in SIV
tubes (Qin et al, 2009) relative to those expressed in PTs
grown in vitro (Supplemental Table S3).

TFs responsive to PT growth are also
responsive to other stresses

The transcriptional response to heat stress has been exten-
sively studied in vegetative tissues, but much less is known
about the transcriptional regulation of heat responses in de-
veloping pollen (Fragkostefanakis et al, 2016). The rapid and
strong transcriptional activation of genes, encoding chaper-
ones and foldases in the vegetative plant, is controlled by
the activity of heat shock TFs (Ohama et al, 2017). Heat
stress is likely sensed in cells as an imbalance of unfolded
proteins which leads to activation of master TFs, such as
HsfA1 (Scharf et al, 2012; Ohama et al,, 2017). Activation of
HSF TFs is proposed to result from (1) the release of the
master regulator from molecular chaperones (Hsp70/90),
and (2) changes in Ca’* and/or ROS levels (Ohama et al,,
2017). Using heat-upregulated TF genes as a criterion
(Rahmati Ishka et al,, 2018), concluded that developing pol-
len responds to heat differently from vegetative tissues. To
understand the responses of pollen to heat and to germina-
tion, we compared heat-responsive TF profiles in germinat-
ing pollen (Poidevin et al, 2020) with that in shoots (Sugio
et al, 2009) and PTs germinated in vitro and SIV (Table 4;
Supplemental Table S4).

Heat-responsive TFs in germinating pollen partially over-
lapped with those in shoots. Of 13-17 TFs that increased in
shoots (Table 4(C1) and (C2)), 6-7 TFs are also upregulated
in heat-stressed pollen (Table 4(B)). If the thermo-protection
machinery is conserved in PTs as in shoots according to HSP
and ER-stress response proteins (Supplementary Tables S1
and S2), what is the basis of the differential TF response? In
seedlings, HSFs are upregulated significantly by heat (log2FC
of 3-7; Kilian et al, 2007; Sugio et al, 2009). However, in MP
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Table 4 TFs increased in germinating PTs at optimal temperatures overlap partially with those responsive to other stresses

Al A2 A3 B (@] 2 c3
Pol PT/d Pol SIV/d Cont. Pol Heat-Pol Heat Sh1 Heat Sh2 Cont. Sh1
Gene ID Name Qin Qin Qin Poidevin Kilian Sugio Kilian
log2FC log2FC log10 log2FC log2FC log2FC log10
At4G17750 HSFA1A 0.13 0.3 23 0.81 -0.13 X 1.8
At1G32330 HSFA1D 0.69 2 1.8 1.2 0.33 1.30 2.4
At2G26150 HSFA2 0.42 313 1.0 X 8.05 7.12 1.4
At5G03720 HSFA3 0.26 -0.22 1.4 X 0.27 3.15 1.8
At5G45710 HSFA4C -0.18 -0.77 3.0 -0.06 -0.35 X 2.1
At4G13980 HSFA5 -0.35 -1.58 3.1 -0.18 0.35 X 1.8
At3G51910 HSFA7A 0.29 -0.09 1.2 X 6.22 7.65 1.7
At3G63350 HSFA7B 0.23 -0.23 1.4 X 53 6.21 13
At1g67970 HSFA8 0.01 0.55 1.8 X 0.04 -2.47 1.7
At4G36990 HSFB1 0.31 0.15 1.2 1.6 5.42 373 2.0
At5G62020 HSFB2A 0.22 0.87 22 0.19 3.55 2.08 23
At4G11660 HSFB2B 0.15 2.58 15 1.4 4.94 4.23 1.7
At1G22985 CRF7 0.6 1.06 1.9 -0.41 0.13 3.14 2.0
At2G38340 DREB19 1.2 3.13 1.1 -0.4 0.54 433 1.2
At5G05410 DREB2A 223 3.72 1.6 0.75 4.69 57 1.9
At3G11020 DREB2B 1.37 1.1 2.0 -0.57 1.13 3.22 1.7
At1g64380 ERF061 1.42 3.36 1.2 -24 -0.84 -3.16 1.6
At3g10800 bZIP28 0.04 0.2 2.8 0.4 0.21 2.6 1.2
At1G42990 bZIP60 0.07 1.74 2.6 0.2 1.6 1.48 2.6
At5G24360 IRE1-1 0.79 171 23 -0.07 -0.24 X 2.6
At2g17520 IRE1-2 0.38 1.52 2.1 -0.25 -0.66 X 22
At1g60040 AGL49 2.43 1.57 1.8 X -0.1 X 25
At1g01720 ANAC002 0.64 1.04 1.6 1 2.25 2 2.4
At3g49530 ANAC062 229 4.53 1.4 -0.19 0.8 X 2.0
At5g04760 DIV2 2.5 2.75 1.7 -1.55 0.57 X 22
At5g10550 GTE2 -0.1 0.83 2.8 0.09 1.23 329 26
At1G17790 GTES 1.13 1.93 1.6 -0.83 0.22 X 2.1
At5g65630 GTE7 0.29 1.73 22 1.4 -0.79 2.36 2.6
At3g24500 MBF1C 3.06 4.82 1.6 2.77 6.48 5.55 23
At1G56170 NF-YC2 0.04 -0.01 2.0 35 3.12 4.87 22
At2G41900 OXS2/TZF7 -0.4 =11 1.6 7.6 -0.89 -1.8 2.6
At1G18330 EPR1 0.12 0.09 1.1 X 2.79 4.61 26

All (FCs are provided as log2 values (A1, A2, B, C1, and C2). Transcript abundance for each gene in pollen (P, A3) and shoots grown under control conditions (Sh, C3) are given
as log10 values. (A) Changes in transcript levels in response to PT growth in vitro (PT/d) or in SIV condition (SIV/d) relative to dry pollen grain (d) are shown as log2FC (Qin
et al,, 2009). (B and C) Heat-stress-induced changes in transcripts in pollen (Pol, Poidevin et al,, 2020, B) and shoot (Sh1, Kilian et al., 2007; Sh2, Sugio et al., 2009). x, no data or

not significant.

grains, transcripts of several HSFs (including HSFA1a, A4c, A5,
and B2A) are already present at moderate to high levels.
Heat stress did not significantly change their gene expression,
though other HSFs (HSFA2, HSFA1d, HSFB1, and HSFB2b)
were upregulated at least two-fold in one or both studies
(Table 4). Heat-induced HSF2A expression in developing pol-
len (Rahmati Ishka et al., 2018) would be consistent with its
role in priming for thermotolerance (Scharf et al, 2012
Fragkostefanakis et al, 2016). Furthermore, another master
regulator, DREB2A was not significantly upregulated by heat
in germinating pollen, though it was expressed in MP
(Table 4). DREB2B and DREB19 (DREB2E) transcripts detected
in pollen showed little to no response to heat. In contrast,
MBF1C, a Multiprotein Bridging Factor1, is upregulated signif-
icantly by heat in both germinating pollen and seedlings, as
are GTE7 (global TF) and NF-YC2. Thus, the transcriptional
network of pollen in response to heat partially overlaps with
that seen in heat-stressed vegetative tissues. However, several
HSF and DREB genes in Arabidopsis plants are upregulated

by drought stress alone (Rizhsky et al, 2004; Kilian et al,
2007), suggesting that some TFs in pollen grains respond to
hyperosmotic stress from dehydration during maturation.
The primary sensors and transducers of ER stress are sev-
eral ER membrane-associated proteins and TFs (Howell,
2013). In vegetative cells, heat causes accumulation in the
ER lumen of unfolded proteins which are then recognized
by BiP chaperones. The dissociation of BiP from the mem-
brane spanning bZip28 causes the TF to transit to the Golgi
where it is cleaved by protease (S-1-P) at the cytosolic side.
The soluble TF then moves to the nucleus to regulate
downstream genes (Howell, 2013). In another response to
ER stress, bZip60 mRNA held at the ER-cytosolic interface is
spliced by IRE1T (INOSITOL-REQUIRING ENZYMET, a protein
kinase/ribonuclease) spanning the ER membrane, and the
translation of the IRE-spliced form of bZip60 results in a pro-
tein that moves to the nucleus to activate heat-responsive
genes. Although, heat induced little to no change in expres-
sion of bZIP28 or bZIP60 in germinating pollen (Table 4(B)),
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these transcripts are already present at moderate levels in MP
suggesting the ER UPR is ready for activation.

Interestingly, 9 of 14 TFs induced by heat in seedlings are
also elevated at basal temperatures in germinating pollen
(in vitro or SIV) relative to MP (Table 4). MP contains mod-
erate transcript levels of HSFA1, HSFA4, HSFAS, or HSFB2A,
and their expression is not altered significantly after hydra-
tion and PT growth (Table 4). However, expression of
HSFA2, HSFA1d, and HSFB2b is enhanced significantly espe-
cially in SIV PTs. The upregulation of additional TF genes,
like those encoding DREB2A, DREB19, MBF1C, ANACO062,
and DIV2, is observed in SIV PTs (Table 4). Furthermore, reg-
ulators of the ER UPR (bZip28, IRE1a, IRE1b, and bZip60)
(Liu and Howell, 2016) are expressed in dry pollen, though
only bZip60 and IRE1b showed significant upregulation in
SIV PTs, supporting the enhanced expression of ER-stress re-
sponse genes (Table 2(B)). In the absence of heat stress,
transcript increases in the genes encoding HSFA2, HSFB2B,
MBF1C, DREB2A, and other TFs (ERF061, ANAC062, and
DIV2), especially in PTs growing through the style, are likely
responding to signals from Osm and/or oxidative changes
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plus cues from pollen—pistil interactions, such as secreted
ligands and perhaps hormones (see section “RNP aggregates
in pollen grains may serve as sites of stored MRNA”").
MBF1C is a transcription cofactor, and its transcript is ele-
vated in response to heat, as well as oxidative, drought, and
salt stress (Suzuki et al, 2005). Partial overlap of TFs
expressed in PTs growing through the style with those in-
duced by heat (Table 4) and other abiotic stresses (Swindell
et al, 2007) suggests crosstalk of developmental and non-
heat stress cues, and convergence of regulatory networks at
common signaling intermediates, like ROS. Alternatively, pol-
len has a distinct transcriptional regulatory program that
responds to nonheat stress cues to activate the ER UPR and
promote germination and tube growth.

RNP aggregates in pollen grains may serve as
sites of stored mRNA
The increased expression of small HSPs and other molecular

chaperones in the absence of heat stress suggests they per-
form critical roles in pollen germination and tube growth.

Granule formed from
programmed dehydration
in maturing pollen
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Figure 2 A model of granule assembly and dynamics during stress and development. [Left] Heat stress induces granule formation. Transgenic
Arabidopsis seedlings expressing RFP-labeled RBP47b were treated at 39°C for 0 or 10 min. Fluorescent foci appear in root tip cell in minutes.
Bar = 5um. (Gutierrez-Beltran et al,, 2015, with permission). (1) Translation. Under optimal conditions, polyA™-RNAs loaded with ribosomes
(green) (polysomal mRNA) are actively translated in the cytoplasm. (2a) Environmental stress-induced granule formation. In response to stress,
like heat, hypoxia or dehydration, polysomes lose ribosomes, and the mRNAs are bound by various RNA-binding proteins (colored circles) forming
mRNP (messenger ribonuclear protein). The mRNP complexes assemble into condensates forming (brown arrow) granules (circular dashed line)
in the cytoplasm. Granules may have a stable dense core and a dynamic phase-separated shell and contain mRNAs that are translationally silent.
Granules differ in mRNA content depending on the cell type and stress. During stress recovery (green arrow), the granules disassemble and the re-
leased mRNAs form polysomes and become translationally active (1). (2b) Programmed dehydration-induced granule formation. In developing
pollen, many mRNA transcripts required for tube growth are pre-synthesized. The onset of dehydration is proposed to stimulate mRNA and
RNA-binding protein (colored circles) complexes (mRNP) to coalesce forming (brown arrow) condensates or granules (brown dashed line) in ma-
turing pollen. Upon hydration on a compatible pistil, the granules disaggregate, releasing mRNAs (blue arrow) to form polysomes (1) that become
translationally active to support pollen germination. (3) Degradation. Some mRNAEs in the cytoplasm or released from SGs are processed for degra-
dation. Model is modified from SG dynamics in nonplant (Protter and Parker, 2016) and plants (Chantarachot and Bailey-Serres, 2018). Box shows
examples of MRNA and protein components common to SGs (Jain et al,, 2016, Kosmacz et al.,, 2019). SG proteins include those detected in gran-
ule fraction of tobacco pollen (Honys et al,, 2009; Hafidh et al.,, 2018).



Stress responses in pollen

Based on recent advances in stress biology, we speculate be-
low that some molecular chaperones in pollen are crucial
for recovery from stress, such as in the disassembly of “stress
granules” formed to protect cells. SGs are defined as aggre-
gates composed of proteins and mRNA molecules, mostly
stalled translation initiation complexes that usually form in
a reversible manner upon cellular stress (Protter and Parker,
2016; Figure 2).

Pollen grains from many plants are competent to germi-
nate and initiate tube extensions without de novo transcrip-
tion; however, protein translation is essential for germination
indicating the presence of stored messages. Shortly after ger-
mination, sustained tube growth requires de novo transcrip-
tion and the translation of new as well as stored mRNAs.
Although it was long known that MP grains contain stored
or masked mRNAs (Linskens et al, 1970; Mascarenhas, 1993);
how mRNA is stored in the cell was not determined until re-
cently. Honys et al. (2009) found mRNA and proteins associ-
ated with aggregates (or particles) from MP of tobacco, N.
tabacum. They separated ribonucleoproteins with a sucrose
gradient and showed monosomes dominate (90%) in MP
grains, whereas polysomes dominate (>90%) in 4-h-old PTs,
indicating an increase in translation in the early stage of tube
growth (Hafidh et al, 2018). To identify a candidate stored
mRNA, Honys et al. (2000) tracked the distribution of a
pollen-specific NTP303 mRNA which is transcribed late in
developing pollen but is translated only after germination.
They found that NTP303 mRNA is preferentially associated
with a pellet fraction resistant to polysome-destabilizing con-
ditions (Honys et al, 2000) suggesting that nontranslating
mRNAs are held in EDTA-puromycin-resistant particles
(EPPs). In addition to mRNA, EPPs contained ribosomal pro-
teins, polyA-binding proteins, chaperones, and cytoskeleton
proteins based on proteomic analysis (Honys et al, 2009;
Hafidh et al, 2018). On the bases of these findings, pollen
EPPs may be biochemically similar to SGs (Protter and
Parker, 2016; Chantarachot and Bailey-Serres, 2018) and serve
as sites for stored mRNAs (Figure 2).

Onset of dehydration as a developmental cue?

Less clear is what change(s) induced formation of
“aggregates” in developing pollen. In plants, SGs are formed
in response to acute environmental stress, such as heat, salt,
or hypoxia (Chantarachot and Bailey-Serres, 2018). SGs pro-
tect the nontranslating mRNA from degradation, while
processing bodies (PBs) containing decapping enzymes pro-
mote RNA degradation (Chantarachot and Bailey-Serres,
2018). Although, it is unclear what cellular change(s) is(are)
sensed inside anthers, pollen reaches maturity when it is
partially desiccated (Figure 1). After haploid microspores di-
vide to form a BCP as in tobacco or TCP as in Arabidopsis,
pollen loses water to enter a “quiescent” state as anthers be-
gin to desiccate, causing anther dehiscence and release of
MP (Firon et al, 2012). The partially dehydrated pollen (MP;
ranging from <30% to 40% water) represents a “quiescent”
state that can withstand the harsh conditions (Franchi et al,
2011) as pollen is exposed to the environment. In self-
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pollinated flowers like Arabidopsis, this period is short; how-
ever, pollen grains from insect- or wind-pollinated plants
endure relatively long periods of desiccation and heat.

Pollen undergoes partial dehydration at the end of its de-
velopment and after anther dehiscence based on several
observations. These include change of grain shape from spher-
ical to oblong and reduced water content (< 30%), decrease
in small vacuoles in the vegetative cell, increase in osmolytes
such as sucrose, trehalose, and proline (Firon et al, 2012), and
accumulation of dehydrins and late embryogenesis abundant
(LEA) proteins (Grobei et al, 2009). LEA proteins, named for
their abundance in developing seeds, are thought to protect
membranes and proteins from aggregation due to desiccation
or Osm stress (Goyal et al, 2005). Transcriptome data show
microspores or BCP have low to no LEA transcripts; however,
8 out of 11 LEA transcripts peaked (up to 30- to 100-fold) in
TCP of Arabidopsis and then decreased in germinating PTs
(Supplemental Figure S1A). Moreover, 7 out of 11 AtLEA pro-
teins are detected in MP based on proteomic analysis (Grobei
et al, 2009). From this result, we infer that dehydration begins
at the TCP phase in Arabidopsis, and in the BCP phase in to-
bacco (Supplemental Figure S1B).

The importance of anther dehydration on male fertility is
supported by genetic studies in Arabidopsis. A mutant of
DDE1 gene, encoding an enzyme (OPR3) for biosynthesis of
jasmonic acid, causes delayed anther dehiscence resulting in
male sterility (Sanders et al, 2000). The regulation and basis
of dehydration are unclear, and are probably due to a combi-
nation of factors, including water flow out of the anther,
blockage of water into the anther, and loss of water by evap-
oration. In a mutant lacking ICE1, an MYB TF, anthers dehisce
too late to pollinate pistils that have surpassed anther height
(Wei et al, 2018). As in leaves, ICET regulates stomatal devel-
opment in anthers. One interpretation is reduced stomata in
ice1 mutant retard water loss and anther dehiscence (Wei et
al, 2018). The desiccation of anther locules promotes pollen
maturation and viability, based on the dad1 mutant (Ishiguro
et al, 2001). DAD1 encodes a stamen filament lipase that cat-
alyzes the first step of jasmonic acid synthesis. Perhaps, the
onset of desiccation at the late BCP (tobacco) or TCP
(Arabidopsis) stage and the accompanying intracellular
physico-chemical changes enhanced RNA- protein conden-
sates in “stress” granules (Alberti and Hyman, 2021). This pro-
cess is likely conserved in all flowering plants (Honys et al,
2009). The cue(s) and regulatory network that promote the
formation of storage granules and the entry to a quiescent
state are unexplored in pollen development. Understanding
the basis for desiccation tolerance in pollen and developing
seeds (Bai et al, 2020) could yield fundamental insights into
drought tolerance in plants (Zhu, 2002, 2016).

SGs formed in response to heat or hypoxia share
similarities with RNP aggregates in pollen
Cytoplasmic “stress” granules formed in response to environ-
mental stress (Nover et al, 1989; Chantarachot and Bailey-
Serres, 2018) share similarities with mRNP particles in pollen.
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First, plant cells exposed to heat, hypoxia, or dehydration,
show ribosome run-off. This is evident as a decrease in poly-
somes and increase in monosomes (Kawaguchi et al., 2004;
Branco-Price et al,, 2008; Merret et al,, 2017. The dominance
of monosomes seen in MP grains (Hafidh et al, 2018) would
suggest dehydration is a major cue for ribosome run-off in
developing pollen. This idea is consistent with the finding
that most stored mRNA are associated with monosomes in
dry seeds (Bai et al, 2020). Second, heat or hypoxia stress
triggered formation of cytoplasmic aggregates that resemble
RNP particles in pollen. Heat shock granules (HSGs) first iso-
lated by ultracentrifugation and fractionation are resistant
to RNase, high salt, EDTA, and detergent, suggesting aggre-
gate formed with tight structural binding (Nover et al,
1989). Cytoplasmic granules can be visualized in plant cells
as fluorescent foci using markers (Chantarachot and Bailey-
Serres, 2018). Core components of HSG like poly(A +) RNA,
translation initiation factors (elF4e), RNA binding proteins
(RBP47, UBP1), and small HSP17 are useful markers.
Unstressed cells showed disperse cytosolic fluorescence. After
heat stress, fluorescent oligo-dT colocalized with RBP47 or
elF4e, and HSP17 colocalizes in part with GFP-UBP1 (Weber
et al, 2008). Fluorescent foci of RFP-RBP47b appeared in
seedlings after 10 min at 39°C (Gutierrez-Beltran et al,, 2015;
Figure 2). SGs differ from PBs as Hsp17 did not colocalize
with foci containing a decapping enzyme (GFP- DCP1).
Similar SGs are formed after 1h hypoxia of A. thaliana seed-
lings (Sorenson and Bailey-Serres, 2014). UBPC1-GFP, which
rescued Atubpic mutant, colocalizes with C3-oligo dT or
with Poly(A) binding protein (PABP2-RFP) after hypoxia.
Thus poly(A™) mRNA, translation initiation factors, and
RNA binding proteins (UBP1/RBP47 and PABP) are recruited
together to cytoplasmic structures under stress conditions.
The major components of SGs (Jain et al, 2016, Kosmacz
et al, 2019) are also found in EPP particles from tobacco pol-
len (Honys et al, 2009; Hafidh et al, 2018 (see model
Figure 2).

Granule disassembly at recovery from stress

After a stress period ends, cells gradually recover and resume
translation. Recovery is evident when the fraction of poly-
somes to monosomes increases to levels seen in unstressed
cells, whether the stress was from heat, hypoxia, or dehydra-
tion (Kawaguchi et al., 2004; Branco-Price et al, 2008; Merret
et al, 2017). Recovery is accompanied by disassembly of
heat SGs as seen by solubilization of HSP17 (Nover et al,
1989) or loss of cytoplasmic foci monitored by fluorescent
SG markers in 1-2h (Weber et al, 2008; Sorenson and
Bailey-Serres, 2014).

Some molecular chaperones aid recovery from heat stress
by promoting the release of mRNA from “stress granules.”
hsp101 knock out mutants were defective in translation at
recovery and in the dissociation of the SGs (Merret et al,
2017). Hsp101 has a role in binding mRNA encoding ribo-
somal proteins and also after release in translation. Another
study showed that reduction of sHSP using RNA interfer-
ence in the hsp101 background, delayed the recovery of
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complexed protein in the soluble fraction (McLoughlin et
al, 2016), suggesting that molecular chaperones, like Hsp17,
collaborate with HSP101 to dissociate the complex. The
model is similar to that of bacteria and fungi where sHsp
binding to native substrates enhanced the efficiency of the
Hsp101 disaggregation machinery (Mogk et al, 2018).
Moreover, Arabidopsis HSP101 interacts with proteasome
subunits, suggesting a dynamic relationship between disag-
gregation and proteolysis of ubiquitylated proteins from the
granules (McLoughlin et al, 2019).

Here, we postulate that complex disassembly is triggered
by pollen hydration and pistil signals (Section “Transcripts
encoding molecular chaperones and ER-stress response pro-
teins are elevated in PTs growing through the pistil at basal
temperature”) and that molecular chaperones participate in
restoring the translation machinery. Several observations
support this idea. First, polysomal RNA increased in PTs rela-
tive to low or no polysomes in MP, inferring activation of
translation (Hafidh et al, 2018). Second, late pollen tran-
scripts (e.g. SKU5-like Cu oxidases, pectin methylesterases
[PMEs], and PM-H™ pump) initially enriched in EPP par-
ticles in MP shifted to the polysome fraction in PTs (Hafidh
et al, 2018; Supplemental Figure S2). Third, the earliest tran-
scripts induced significantly after pollen hydration included
nine HSP20, four Hsp70s, three Hsp90s, and HSP101 which
have a role in granule disassembly (Table 3; Wang et al,
2008). Furthermore, PTs germinated on a pistil (SIV) showed
increased transcripts for additional Hsp70s and multiple
Hsp40s. Activation of the ER-stress response in germinating
pollen suggests a role of the ER in the dynamics and disas-
sembly of SGs as proposed in animal cells where RNP-
containing granules contact the ER and their changes are re-
lated to the ER translational capacity (Lee et al.,, 2020).

Transcripts unresponsive to heat are likely
protected in mature and germinating pollen

The identification of pollen mRNAs stored in aggregates is
just beginning. Here we applied two criteria to predict
stored transcripts in developing pollen from Arabidopsis
First, as dehydration occurs at pollen maturation, the tran-
script would accumulate at the TCP stage and persist
through germination and tube elongation. Second, the tran-
script level would be resistant to heat stress applied to ger-
minating pollen if the mRNA is protected in heat-stable
particles as for SGs. Using both criteria, we found abundant
transcripts that encode proteins involved in cell wall synthe-
sis, wall modeling, signaling, and transport (Figures 3 and 4).

Many transcripts that are likely protected in aggregates
(Figures 3 and 4) are not only specifically or preferentially
expressed in pollen, but also are critical for pollen functions.
The synthesis and remodeling of cell walls in pollen, and
functional studies based on mutant analyses, have been
reviewed (Mollet et al, 2013; Dehors et al, 2019), so only a
few examples are highlighted. Cellulose is important for tube
wall integrity. Pollen carrying a single mutant of cellulose
synthase-like gene (csld1 or csld4) showed disorganized wall,
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A) Cell Wall Synthesis and Remodeling

Gene ID mRNA Abundance Gene Heat
0 € Name Resp.
Z58appS>8
Do+~ =000 00N
AT4G26830 . GH17 down
AT5G20390 GH17 no
AT3G55430 GH17 no
AT5G64790 GH17 no
AT5G47000 PERG65 no
AT1G24520 BCP1/AGP50C no
AT3G26110 BCP1-like no
AT3G01700 AGP11 no
AT5G14380 AGP6 no
AT5G58050 GPDL6/SVL4  no
AT5G58170 GPDL7/SVL5 no
AT3G20865 AGP40 no
AT2G24450 FLA3 no
AT5G20230 BCB low
AT2G33100 CsID1 low
AT4G38190 CsID4 low
AT4G07960 CslC12 low
AT5G03760 CslA9 low
AT1G55560 SKU14 no
AT3G13400 SKU13 no
AT1G55570 BHEEEEE  s«ui2 no
AT3G13390 BEYEEEE | skut no
AT4G26260 MIOX4 no
AT5G56640 MIOX5 no
AT3G06260 GATL4 low
AT1G71380 GH9B3/CEL3 down
AT2G44560 GH9B11 low
AT3G43860 GH9A4 low
AT2G16730 BGAL13 low
AT4G35010 BGAL11 no
AT3G60570 EXPB5 no
AT2G39700 EXP4 no
AT3G20580 COBL10 no
Scale
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B) Pectin-Modifying
Gene ID mRNA Abundance Gene Heat
0 € Name Resp.
S58azroo>2
S o (p—) S0o0oo0onn
AT4G24640 .-.-. APPB1 low
AT5G50030 .-.-.- PMEI no
AT4G02250 .-.-.- PMEI no
AT2G47340 PMEI no
AT1G23350 .-.-. PMEI no
AT1G70540 .. EDA24 low
AT1G10770 .-.-.- PMEI-1 no
AT3G01040 GAUT13 low
AT5G 15470 GAUT14 down
AT3G05610 .-.-.- PME21 no
AT5G27870 .-. PME28 down
AT3G06830 .-. PME23 down
AT5G49180 . PMES58 down
AT4G15980 PME43 no
AT2G26450 PME13 no
AT2G47040 VGD1/PME5 no
AT3G62170 VGDH2/PMES37 no
AT5G07420 PME49 no
AT5G07430 PMES50 no
AT5G07410 PME48 no
AT3G17060 PME67 no
AT2G47050 PMEIL no
AT3G62180 PMEIL no
AT3G07820 PG38 no
AT5G48140 PG41 no
AT1G02790 PG45 low
AT2G23900 PG53 low
AT1G14420 PLL8/AT59 no
AT2G02720 PLL9 no
AT3G01270 PLL10 no
AT5G15110 PLL11 down
AT5G09280 PLL3 down
Scale

16 16,383

Figure 3 Many transcripts that accumulated in maturing pollen are unresponsive to heat stress in germinating pollen. A, Cell wall synthesis and
remodeling and (B) Pectin modifiers. Diagram showing relative transcript levels in developing and germinating pollen. Pollen stages refer to: (1)
UNM,; (2) BCP; (3) TCP, and (4) MP (Honys and Twell (2004); (5) dry pollen (dry); (6) PT 0.5h (PT 0.5); (7) PT 4h (PT4); (8) SIV PT (Qin et al.
2009); and (9) sperm (Borges et al.,, 2008). Expression value scale ranges from yellow (low), red (medium) to black (high). Transcriptome profile
generated using Arabidopsis Heat Tree Viewer (http://pheattreecit.services.brown.edu/, Johnson MA). Heat response of each gene (right) is desig-
nated as “no” or “low” response when no significant change (log2FC) in transcript level was observed in germinating pollen at 35°C versus at 24°C
(Poidevin et al,, 2020). “down” indicates genes that are significantly downregulated by heat stress. Genes are described in Supplemental Table S6.

increased tube burst at germination, and defective male
transmission (Bernal et al, 2008; Wang et al,, 2011). Pectin, a
major polysaccharide of pollen wall, is synthesized in the
Golgi apparatus and secreted to the tube tip in Golgi-
derived vesicles. Methylesterified homogalaturonan (HG) se-
creted at the apical zone appears to have plasticity that can
accommodate growth. HG can be modified or remodeled to

change the mechanical properties of the wall by: (1) PMEs
which remove methyl groups and expose carboxylic groups
that bind Ca’* to mediate cross-linking of adjacent poly-
mers and (2) pectate lyases (PLLs) and polygalacturonase
(PG) that cleave demethylated HG backbone. PMEs are criti-
cal for modulating wall plasticity, and PLLs or PG may cause
wall loosening. HG is synthesized by several Golgi-associated
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A) Receptors and Co-receptors B) Secreted Ligands
Gene ID mRNA Abundance Gene Heat Gene ID mRNA Abundance Gene Heat
) Name Resp. S o g < % Name log2FC
Z8°%85538
AT1G17540 ZRK17 down AT2G19040 [ raF2 [OE 15
AT5G12000 ZRK19 no AT3G25170 BEEEEE -~AFes -0.09
AT1G50610 PRK5 no AT3G25165 L[] ] RALF25 B -019
AT3G20190 PRK4 no AT1G61563 ....... RALF8 -0.02
AT2G07040 PRK2 no INRICGECEINN | | [ | | [ O 0.09
AT3G42880 PRK3 no AT1G29140 HEEEEE OeetlLats? 0.1
AT5G20690 PRK6 no AT5G45880 [ I  Oeet -0.02
AT1G72460 PRK8 down AT1G28270 BHEEEEE -RALF4 -0.06
AT4G18640 MDIS2/MRH1  low Scale B |
AT5G45840 MDISA no 17 14,937
AT2G15880 LRX10 no C) Transporters
AT4G33970 LRX11 no AT2607560 | I AHAG ﬁ 145
AT3G19020 LRX8 no AT3G42640 .-..-. AHA8 0.32
AT1G49490 LRX9 no AT3G21180 BHEEEEE AcA -0.29
AT2G20700 BEREER LLG2 no AT4G18050 [ ABCBY -1.64
AT5G18910 .-.-.- RLCK-VI_A7  low AT5G60740 ABCG28 -0.2
AT5G65530 RLCK-VI_A3 no AT2G39890 PHEEEE  ProTt -0.46
AT2G43230 CARK6 down AT1G67640 [l AtHTS -1.08
AT3G59350 Pti1-3 low AT4G35180 .-..-. AtLHT7 -0.17
AT1G06700 Pti1-1 low AT3G 19940 . STP10 -1.45
AT2G41970 MARIS no AT5G23270 HEEE STP11 -0.04
AT1G10620 PERKL11 no AT3G47440 .-..-.- TIP5.1 -0.18
AT1G23540 PERKL12 no AT1G156% I vHPLA -1.1
AT1G49270 PERKL7 no Scale B
AT3G18810 PERKL6 no 12 10,268
AT4G34440 PERKL5 down AT2G25600 .-.-. SPIK1 -0.67
AT2G 18470 PERK4 no AT3G48010 [l onGete 0.46
AT3G02810 LIP2 no AT5G14870 P EEEl  cncots -0.64
AT5G16500 LIP1 no AT1G58520 U oscA21 0.05
AT3G20530 PBL23 low AT4G02900 Bl oscatz -0.23
AT2G21480 BUPS2 no AT2G17000 B wsw7 -2.31
AT4G39110 BUPS1 no AT2G17010 MSL8* -0.98
AT3G04690 ANX1 no AT5G60010 P EEEE RboH 0
AT5G28680 ANX2 no AT3G45810 RbohJ -0.68
Scale AT2G28180 FEEEE cHxs -0.68
AT2G31910 B chHxat 213
AT1G05580 CHX23* -0.27
AT2G23150 [l NRAVP3 -2.08
AT4G18790 P EEEE \RAWPS -0.02
AT3G05150 .-..-. EDLO8 -0.32
Scale B |
11 2,975

Figure 4 Heat stress-unresponsive transcripts and heat-repressed transcripts in germinating pollen. Relative expression pattern of genes encoding
signaling components (A and B) and transporters (C) during pollen development as described in Figure 3. Many genes highly expressed from 3-
TCP to 8-SIV are also largely unresponsive to heat. SIV activated genes (A and C) are downregulated by heat. Note: MSL8 and CHX23 transcripts
were detected by RNA-seq data from MP and PT (Rahmati Ishka et al., 2018; Poidevin et al. 2020). Heat response of each gene (right) is designated
as yes (down), low or no change, or as log2 FC. “down” indicates a significant change when log2 FC is less than -1 based on Poidevin et al. (2020).
Genes are described in Supplemental Table S6.
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galacturonosyl transferases (GAUT) in pollen, and loss of
GAUT activity results in impaired pollen germination and
tube elongation (Atmodjo et al., 2013). For example, GAUT1
interacts with either GAUTS5, 6, or 7 to mediate activity, and
male infertility is severe in triple mutants (gaut5,6,7; Lund et
al, 2020). These four GAUT genes are expressed in develop-
ing pollen (uninucleate microspore [UNM], BCP, and TCP)
and functionally distinct from two others, GAUT13 and
GAUT14, which are preferentially expressed in MP and in
PTs (Figure 3B). Double mutants of gaut13gaut14 produced
short swollen tubes and disorganized walls (Wang et al,
2013). Curiously, single PME mutants, Vanguard-like PME
(vgd1)/pme4 (Jiang et al,, 2005) or pme48, resulted in prema-
ture tube burst, or delayed germination suggesting a strict
balance between methylesterification/de-methylesterification
of homogalacturan is needed to maintain the mechanics of
the wall (Leroux et al., 2015). Pectin remodeling may also af-
fect the adhesion and guidance of PT in the style (Mollet et
al, 2013). At least 15 out of 66 PME members are expressed
in pollen (Figure 3B). PME activity is likely tuned spatially
and temporally in PTs, as shown by the targeted exocytosis
of a PMEI at the tip, and endocytosis of a PMEI at the sub-
apex (Rockel et al, 2008). PMEIs are proteins that bind and
block PME activity. Like pollen PME, approximately 16 PMEI
genes are highly expressed in pollen (Figure 3B; Honys and
Twell, 2004; Qin et al., 2009; Klepikova et al,, 2016) and two-
thirds show expression pattern consistent with stored tran-
scripts (based on Heat Tree Viewer). Their specific roles are
largely not understood. Based on the differential pH depen-
dence of PME activities and the pH sensitivity for PMEI-
PME binding, PME could be finely modulated by local pH
(Hocq et al, 2017; Senechal et al, 2017). Prime candidates
for pH regulation include the collaboration of plasma mem-
brane (AHA) or endomembrane (VHA) proton pumps, with
cation/proton antiporters (CHX) that are preferentially
expressed in pollen and associated with dynamic endomem-
branes (Sze and Chanroj, 2018). The roles of these transport-
ers on wall remodeling, via PME and PMEI activities, and
signaling in pollen behavior need to be determined.
Interestingly, many transcripts of receptor-like kinases
(RLKs) that sense and transduce external signals at the tip
to the elongating tube cell are synthesized in TCP and likely
stored in granules (Figure 4A). For example, two CrRLK1L
RLKs, ANX1/2 interact with BUPS1/2 receptor kinases to
form a heterodimer that supports PT integrity (Ge et al,
2019). Double mutants of anx1/2 (Boisson-Dernier et al,
2013) or bups1/2 cause precocious tube rupture. ANX1/2
coordinate cell wall integrity through ROS production from
NADPH oxidases (RbohH/J) (Boisson-Dernier et al, 2013).
Recently, the ANX1/2 receptor complex was shown to inter-
act with extracellular ligands, RALF4/19 (Ge et al, 2019) or
in partnership with LRX Leucine-rich repeat extensins
(Mecchia et al, 2017) to maintain proper tube growth, and
disruption of this interaction by a female-secreted RAPID
ALKALINIZATION FACTOR (RALF) is proposed to cause
tube rupture and sperm discharge. RALF4/19 plus several
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other RALFs are cysteine-rich peptides specific to pollen and
their transcripts may be stored (Figure 4B). PTs of double
mutant ralf4/19 also rupture. Thus, cell wall-sensing recep-
tors, like the ANX1/2 complex, regulate and coordinate wall
status with the internal growth machinery (Cheung and
Wu, 2011).

Transcriptome analysis of transporters showed some tran-
scripts accumulate late during pollen development (Bock et
al, 2006) and are relatively heat-stable in germinating pollen
(Poidevin et al, 2020). Transporters active in PTs were
reviewed before (Michard et al, 2017), we highlight a few
genes essential for tube growth dependent on pH and Ca**
homeostasis. ACA9 transcript is unresponsive to heat stress,
and likely stored in granules. It is the only PM Ca’* extru-
sion pump showing abundant transcripts from TCP to the
PT stage (Figure 4C Bock et al, 2006). Null aca9 mutants
show 80% reduced seed set due to defective tube growth
and fertilization (Schiott et al, 2004). High-affinity Ca’* ex-
trusion pumps generate and maintain a steep Ca’* gradient
across the PM (high outside), thus ACA9 could participate
in Ca’" signaling and pectin wall remodeling. PM AHAs
generate the primary proton motive force in cells not only
for transport of nutrients across the PM, but also for pH ho-
meostasis. Although, three AHAs are preferentially expressed
in pollen, only AHA8 transcript is predicted to be stored in
granules. The expression pattern of AHAG6 and AHA9 infers
they are developmentally regulated (Figure 4CBock et al,
2006). Studies of a triple aha6/8/9 mutant indicate that PM
H™ -pumping ATPases are essential for tube growth and fer-
tilization (Hoffmann et al, 2020). Other transcripts unre-
sponsive to heat, include a Ca’*-permeable channel
CNGC18, NADPH oxidase RbohH, sugar transporter STP11,
amino acid transporter, LHT7, and K*/H™-cotransporters,
CHX8 and CHX23. Yet other members of gene families are
heat-sensitive and newly transcribed in PTs growing in the
pistil, such as LHT5, AHAG, STP10, and CHX21 (Figure 4C). A
cngc18 null mutant was male sterile, as PTs were short,
kinky, and unable to grow into the transmitting tract
(Frietsch et al., 2007). Intriguingly, PTs carrying a double mu-
tant of chx21chx23 (cation/H™ transporters) failed to turn
toward ovules, suggesting pH homeostasis in the endomem-
brane system is critical for sensing and responding to cues
that guide directional growth at the pollen tip (Lu et al,
2011).

In summary, 75% of abundant transcripts that accumu-
lated in the TCP and persisted in the PT, are unresponsive
to heat stress (Supplemental Table S5) and possibly pro-
tected in RNP particles. These transcripts encode many cell
wall synthesis proteins, pectin remodelers, receptors, and
transporters that are critical for supporting rapid germina-
tion and tube growth in A. thaliana. Experimental support
for stored transcripts is emerging in tobacco pollen, based
on the first RNA-seq transcriptome of developing pollen
and PTs, where nontranslating and translating mRNA frac-
tions were separated (Hafidh et al, 2018). Transcripts abun-
dant in RNP particles (EPP) of MP and growing PTs (PT4),
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included wall remodeling enzymes, such as an extracellular
Cu oxidase (SKU5-13 homolog) and VGD1. In contrast,
these transcripts were low in the polysome fraction of MP
grains but increased in 4h tubes (Supplemental Figure S2)
indicating increased translation in growing tubes. Other
examples of transcripts that become translationally active in
tubes include pectin remodelers, receptors, and transporters
are shown in Supplemental Figure S2 (data from Hafidh et
al, 2018). Furthermore, two late pollen-expressed transcripts
(Figure 3; SKU14 and PLL8) were detected using the viral
MS2-GFP chimeric RNA system in cytoplasmic foci of MP
from Arabidopsis (Scarpin et al, 2017). Verification of stored
mMRNAs in cytoplasmic granules in pollen and growing tubes
is needed. Nevertheless, the predicted stored transcripts in
Arabidopsis (Figures 3-4) are strikingly similar to EPP-
associated transcripts from tobacco pollen (Supplemental
Figure S2).

Transcripts sensitive to heat stress are newly
synthesized in PTs growing on the pistil

Two protein classes whose transcripts were downregulated
by heat are transporters (Poidevin et al,, 2020) and metabo-
lite interconversion enzymes (Supplemental Figure S3C(i)),
as analyzed using Panther 16 (Mi et al, 2021). Transporters
include MSL7, CHX21, AHAG6, and STP10 (Figure 4C), and
enzymes, include Gly-Asp-Ser-Leu (GDSL) esterase/lipases.
Curiously, 75%—-80% of genes downregulated by heat in ger-
minating pollen, are upregulated in tubes growing under SIV
conditions (Supplemental Figure S3C(ii)). One interpretation
is that many SIV-induced transcripts (approximately 1,100;
Qin et al, 2009) are not only transcriptionally regulated by
factors or cues from hydration and pollen—pistil interactions,
a large subset is also repressed by heat-responsive factors.
Heat impairs pollen germination and tube growth (Poidevin
et al, 2020) indicating the transcriptional regulation of
many newly transcribed genes post pollination are crucial
for optimal pollen functions.

ER-mediated proteostasis

Clearly, protein translation in germinating pollen relies
heavily on ER-bound polyribosomes, based on the predicted
stored transcripts (Figures 3 and 4) and newly synthesized
mRNAs. In addition to membrane integral proteins (recep-
tors and pumps), highly abundant transcripts encode se-
creted ligands, extracellular wall proteins, and remodeling
enzymes. ER is the hub and gateway for the synthesis, modi-
fication, and sorting of materials to their destination by
membrane trafficking and targeted secretion of materials to
the wall. Furthermore, the Golgi apparatus is the hub for
the synthesis of noncellulosic wall polysaccharides, like pec-
tins (Atmodjo et al, 2013). Together, the activities place an
extreme burden on ER and the endomembrane system, con-
tributing to activation of the ER UPR (Section “Transcripts
encoding molecular chaperones and ER-stress response pro-
teins are elevated in PTs growing through the pistil at basal
temperature”; Fragkostefanakis et al, 2016; Howell, 2017)
and perhaps promoting ER dynamics and expansion to
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support rapid tube growth and sperm delivery in the female
gametophyte. This model is consistent with findings that
the UPR plays a central role in the normal development and
function of eukaryotic cells specialized for secretion, as in
pancreatic cells (Moore and Hollien, 2012). A future chal-
lenge is to understand how the UPR response is related to
the dynamics, proliferation, and function of the ER network
that makes contacts and communicates with organelles, like
mitochondria, endosomes, Golgi, and plasma membrane
(Wu et al,, 2018).

Model: formation and disaggregation of
complexes containing stored mRNAs rely on
the stress-protection machinery

Here we present a model from myriad observations that
show pollen responds to programmed dehydration at pollen
maturation and then recovery from desiccation for germina-
tion. Pollen has adapted a conserved survival strategy where
cells respond to short-term stress by sequestering mRNA
and proteins in “stress” granules to stall translation for a lim-
ited period. We reason that the dependence on stress
responses for pollen viability and function is an underlying
basis for heat sensitivity of the male gametophyte. The pro-
posed working model (Figure 5A) based on available infor-
mation needs to be tested and refined (see Outstanding
Questions box).

After formation of the haploid microspore and mitosis,
the BCP in tobacco or the TCP in A. thaliana undergoes
partial desiccation. Dehydration, sensed as hyperosmotic
stress (Zhu, 2016) by the vegetative cell, inhibits translation
and triggers formation of more cytoplasmic “granules.”
These granules hold mRNA, RNA-binding proteins, and
translation initiation factors, and selected molecular chaper-
ones in pollen (Hafidh et al, 2018) similar to heat-induced
SGs (Chantarachot and Bailey-Serres, 2018). Pollen enters a
quiescent state to tolerate the harsh environment as it is
carried by wind or insect from the anther to the female
pistil.

After landing on a compatible stigma, dry pollen grains
hydrate, and granules disassemble releasing stored mRNP for
translation. We propose that Hsp101 along with Hsp70, and
small Hsp20 work together to disaggregate the complex of
stored mRNA and promote formation of the translation ma-
chinery as seen in the disassembly of heat SGs (Liberek et
al., 2008; McLoughlin et al,, 2016; Merret et al,, 2017; Mogk
et al, 2018). Upregulation of molecular chaperones shortly
after pollen hydration and germination (Table 3) is consis-
tent with this idea.

Hydration and pistil-derived factors lead to Osm, mechan-
ical, oxidative, hormonal, and/or secreted peptide cues that
upregulate transcription of genes, including molecular chap-
erone, foldase, and the ER-stress response (Tables 2 and 3)
to initiate germination and tube elongation. Stored tran-
scripts as well as newly synthesized mRNAs encoding pro-
teins for wall synthesis and remodeling, signaling, and
transport (Figures 3 and 4) are translated, modified, and
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Figure 5 Model showing the dynamics of mRNP granules and the cellular changes as pollen dehydrates at maturation and then rehydrates for ger-
mination. A, Fate of mRNA at pollen maturation and at germination. The haploid microspore divides to produce a TCP (as in Arabidopsis) or a
BCP (tobacco) inside the anther. Pollen then undergoes partial dehydration (H,O removal) to reach maturity and the grains are exposed as
anthers dehisce. After pollen lands on a compatible stigma, rehydration, Osm, ROS, and pistil factors stimulate pollen germination and tube
growth. a, Relative hydration state of the pollen stages is shown as a dotted line. b, Dehydration is postulated to decrease polysome content
(green) and enhance formation of mRNP granules (pink). Upon rehydration, the granules disassemble. Nontranslating mRNA decreases (pink

(continued)
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sorted to their destination via the endomembrane system
(Figure 5B) for rapid tube growth, tip navigation and finally
tube burst to discharge sperm at the ovule.

Heat stress could compromise pollen development and
performance depending on the time and stage. We propose
five major outcomes when heat stress is sensed at different
stages (see Heat 1-5 in Figure 5, A-C). (1) Microspore de-
velopment is vulnerable to heat spells in part because the
ER UPR is activated in tapetal cells lining the anther cham-
ber in unstressed plants (Iwata et al., 2008; Deng et al.,, 2016;
Singh et al., 2021). Tapetal cells provide nutrients to the de-
veloping pollen, synthesize and secrete compounds for the
outer pollen wall, thus disruption of the UPR by heat com-
promises pollen development and subsequent germination.
(2) Heat stress before pollen maturation would induce ther-
motolerance responses that directly interfere or compete
with formation of mRNP storage granules (Figure 2) in re-
sponse to programmed dehydration. Although the protein
components of SG are largely conserved for heat or drought
stress, the composition, and type of mMRNAs stored in pollen
granules are specific for germination and tube growth
(Figures 3 and 4). Granules are diverse, and their composi-
tion and properties are thought to differ depending on the
cellular stress and the cell type (Protter and Parker, 2016).
Consequently, granules with a deficient set of mRNAs could
result in reduced pollen vigor. (3) After dehydration and
maturation, pollen grains would be relatively desiccation-
and heat-tolerant during pollen dispersal.

(4 and 5) Heat stress after pollen arrives at the stigma
would (a) stimulate formation of heat SGs and inhibit release
of stored mMRNAs; (b) repress de novo transcription of pollen
genes normally activated by pollen—pistil interactions, includ-
ing RLKs, and transporters (Figures 3 and 4; Poidevin et al,
2020); and (c) induce the ER-stress response to synthesize
molecular chaperones for thermo-protection purposes and
promote ubiquitin-mediated degradation of proteins which
are required for tube growth. Together, a delay in pollen ger-
mination and tube growth of several hours could severely
compromise male fertility and reduce seed set. One study
supporting this model is seen in a mutant of an ER-localized

Figure 5 Continued
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Dna) chaperone, ERDj3A, expressed in pollen. Seed set in the
mutant is severely reduced at 30°C, but not at 22°C (Yang et
al, 2009). At 30°C, PT growth in vivo is strongly retarded in
the mutant; however, plant growth was not affected. The
gene was named TMS1. Thus except for stress tolerance of
MP grains, multiple essential processes during pollen develop-
ment and after germination are compromised by heat stress.

Conclusion and future perspectives

We have illuminated relationships and insights by compar-
ing transcriptomes of developing, mature, and germinating
pollen with or without heat stress. First, unlike most vegeta-
tive cells, a subset of pollen genes encoding cytoplasmic and
ER molecular chaperones, and foldases are induced at germi-
nation in response to hydration and other pistil factors in
the absence of heat stress. These chaperones are thought to
aid release of stored transcripts for protein translation and
ER-mediated proteostasis for germination. A similar set of
molecular chaperones and UPR genes are upregulated by
heat stress in pollen indicating thermo-protection strategies
are conserved in pollen as observed in vegetative tissues.
Second, a subset of transcripts is unresponsive to heat stress
and predicted to be stored in granules at pollen maturation
when dehydration sets in. These transcripts are induced late
in developing pollen, and their levels remain high through
pollen germination and tube growth. Estimated to be 21%
of pollen-expressed genes (Hafidh et al, 2018), many stored
transcripts are likely released and become translationally ac-
tive after pollen landing on the stigma to initiate germina-
tion. Third, another subset of genes (10%-22%) is newly
transcribed in pollen germinated in vitro and on the pistil at
basal temperatures (Qin et al, 2009). These de novo synthe-
sized transcripts include many transporters; however, their
transcription is repressed by heat stress in germinating
pollen. These transcripts are essential for sustained PT
growth, signaling, and wall remodeling. Thus pollen survival
and vigor depend on (1) protection of a subset of pre-
synthesized transcripts in MP; (2) translational activation of
stored transcripts after pollen lands on a compatible stigma,
(3) de novo transcription of another subset of genes by

dashed) as translating mRNA (green) increases in growing tubes. Upward or downward slope indicates an increase or decrease. c, New mRNAs are
transcribed in pollen germinating in vitro and on the pistil. d, LEA transcripts increase in TCP inferring dehydration onset as pollen grains mature.
Molecular chaperones and the ER UPR are activated in germinating pollen and particularly after tube growth through the pistil. Heat stress (or-
ange triangles) sensed at different stages (1-5) would perturb pollen development, maturation, or germination (see Figure 5, B and C, and text). B
and G, Cellular changes at pollen maturation, pollen hydration and tube growth at optimal temperature and effects of heat stress. Respective pol-
len stages are shown above. B, Maturation of TCP in the anther. Onset of dehydration promotes the packaging of mRNAs into mRNP granules in
the cytoplasm of a maturing pollen grain. C, Germination and tube growth. As grain hydrates at the pistil, RNP granules disassemble and release
mRNAs forming polysomes to begin translation. De novo transcription is activated in the nucleus producing new mRNAs. Released and newly syn-
thesized transcripts encoding secreted and membrane proteins are translated at the ER, modified and sorted to their destination. The ER UPR is
activated in germinating pollen. Heat stress (Orange) at 2 could inhibit granule formation at pollen maturation (B), granule disassembly at hydra-
tion (4), ER-mediated protein synthesis for tube growth (5), or new transcription in the nucleus (4 and 5). MP is desiccation- and heat-tolerant.
Heat stress is postulated to reduce male fertility as it diverts heat stress-responsive genes and ER-mediated proteostasis for thermo-protection pur-
poses instead of PT functions for sperm delivery.
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OUTSTANDING QUESTIONS BOX

® What are the regulatory controls and the
physiological basis of programmed dehydration
that initiates pollen grain maturation?

® Does programmed dehydration in maturing
pollen induce similar responses as those
triggered by extrinsic dehydration?

® What responses are triggered by rehydration to
promote recovery from desiccation at
germination?

® |s heat sensitivity of early pollen development
largely due to disruption of a developmentally
programmed ER UPR of tapetal cells?

® What regulatory factors activate the ER UPR in
germinating pollen in the absence of heat
stress? What is the role of the ER network in
the assembly and disassembly mRNP granules?

® How do the stress-protective strategies essential
for pollen development and function crosstalk
with environmental stress cues?

hydration, ROS, and other factors from pollen—pistil interac-
tions, and (4) a very active ER UPR that may participate in
granule disassembly and mediate proteostasis for the synthe-
sis, folding and trafficking of secreted and membrane pro-
teins for germination, tip growth, navigation, and tube burst
after reaching the female gametophyte.

We propose that the male gametophyte is particularly
vulnerable to heat, because its developmental program
depends on severe stress-induced responses, unlike that of
vegetative tissues. During vegetative growth, a multicellular,
photosynthetic plant develops and grows normally under
mild abiotic stress over a period of weeks or more. Most
vegetative cells are not highly secretory, so energy, resources,
and the stress-protection machinery, like the ER UPR, are
not fully engaged as in the extending PT. A heat wave dur-
ing vegetative growth will induce a full heat-protection re-
sponse which could retard growth transiently without a
substantial impact on reproduction. During reproductive
growth at optimal temperature, our analyses suggest that
developed pollen responds to programmed dehydration
to mature, and then dry pollen recovers at rehydration to
begin germination (Figure 5A). Both desiccation- and
rehydration-induced responses are parts of a stress-
protection strategy. First, to tolerate desiccation during pol-
len dispersal in a dry environment, mRNAs and proteins are
protected in granules transiently (Figure 2). Second, to re-
cover from desiccation, the granules containing nontranslat-
ing MRNP are disassembled and mRNAs are released for
translation to support germination (Figure 5A). A bicellular
or TCP has limited energy and resources to complete its
functions in a short life span. Heat stress would induce con-
served thermo-protection strategies that overwhelm the
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same machinery required for formation and disassembly of
storage granules, and subsequent ER-mediated translation
and delivery of secretory and membrane proteins
(Figure 5B). The machinery required to mount desiccation
tolerance in maturing pollen or the recovery at rehydration
would be commandeered by any additional stress, thus heat
stress would compromise male fertility. The holistic perspec-
tive based largely on A. thaliana and N. tabacum provides a
useful framework to decipher the basis of crop varieties with
heat-tolerant reproduction (Hedhly, 2011; Bac-Molenaar et
al, 2015). An important challenge is to understand what
regulates programmed dehydration and its timing, and the
crosstalk between the pollen developmental program and
abiotic stress signaling.
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