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Abstract

Pollen development is highly susceptible to heat stress (HS) and the production of inviable pollen causes
reduction in seed- and fruit-set in plants. This study was carried out to identify HS-induced pollen proteins and
the associated biological processes in tomato (Solanum lycopersicum). Tomato ‘Micro-Tom’ plants were incubated
under 32°C//22°C (day/night, 12/12 h) for two weeks for heat treatment, and the non-treated control plants were
incubated for the same time period at 25°C /22°C. Flower buds of 5 mm in length were confirmed to contain the
heat sensitive uninucleate microspores. Pollen cells were harvested using laser capture microdissection (LCM)
and protein was extracted using a one-step method under high pressure and vacuum. Approximately 60,000 LCM-
harvested microspore cells yielded about 18-20 g proteins. The tandem mass tags (TMT) proteomics analysis
identified a total of 6018 proteins, 4784 proteins were quantified, 37 proteins were identified as HS up-regulated
significantly changed proteins (SCPs), and 83 proteins as HS down (dn)-regulated SCPs. Further analysis using
the plant MetGenMap system showed that the HS up-regulated SCPs were enriched in the heat acclimation, pollen
wall formation, protein folding/refolding gene ontology (GO) biological processes, and the HS dn-regulated SCPs
were placed in the carbohydrate catabolism and de-novo protein biosynthesis GO terms. Biological processes such
as mitosis, resistance to oxidative stresses, and carbohydrate and lipid metabolic processes contain both the HS
up-, and dn-regulated SCPs. These results indicate that the LCM-TMT proteomics workflow is highly efficient in the
identification of HS-induced pollen proteomes. These HS induced SCPs will be used for exploring heat tolerance of

tomato pollens. The proteomics data are available via ProteomeXchange with identifier PXD010218.
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Introduction

Tomato (Solanum lycopersicum L.) is a major crop worldwide. In the
US, tomato is the Nations fourth most popular fresh-market vegetable
behind potatoes, lettuce, and onions in terms of consumption,
according to the data from the United States Department of Agriculture,
Economic Research Service [1]. For tomato to properly set fruits it
requires 21°C to 22°C at night and 24°C to 25°C during the day [2,3].
Tomato pollen production and viability is highly vulnerable to higher
temperature (32/26°C day and night) [4]. Hot summers can result in up
to 70% losses in tomato yield due to failure in the production of viable
pollens, and several earlier studies have indicated that the reduced
carbohydrate contents in the developing anthers are in part responsible
for this biological phenomenon [5-7].

In angiosperms, mature pollens are developed through a series
of successive phases from microsporocytes [8]. During the
microsporogenesis stage, the diploid pollen mother cells (PMC)
undergo meiosis to give rise to four haploid microspores (tetrads). As
pollen enters the microgametogenesis stage, these microspore cells are
released from the tetrad, and the free microspores enlarge and undergo
polarization and asymmetric mitosis to form desiccated pollen grains
[9]. Quantitative proteomics analysis in tomato and Arabidopsis
thaliana showed each of these distinct pollen development stages
(pollen mother cell, tetrad, microspore, polarized microspore, and
mature pollens) expresses the cell-specific proteomes, and each stage
shows a specific reprogramming of the proteome [10-12].

The sensitivity of pollen to heat stress (HS) varies over the course of
pollen development, and the most heat sensitive timing occurs from
meiotic process of microsporocytes, at the young microspore stage
(uninucleate stage of microspore) to during late pollen development

(pollen mitosis) [10,13]. Heat stress induces reorganization of the
transcriptome, proteome and metabolome [14]. A recent study
indicated that the response of pollen to elevated temperature was mainly
regulated at the proteome level [15]. Therefore profiling quantitative
proteomic changes in each type of these heat sensitive pollen cells will
lead to a systematic understanding of pollen developmental processes
under the HS conditions.

Cell-specific quantitative proteomics analysis requires the preparation
of a homogenous cell population. In one of the widely used methods,
anthers are normally removed from the flower buds and soaked in a
buffer to release pollen cells, and high purity pollen samples are obtained
by differential centrifugation [10,15]. The fluorescence-activated
cell sorting (FACS) method is also used to separate pollen cells into
subpopulations and for the removal of non-pollen debris tissues [16].
These pollen harvest methods have the possibility to induce physical
or chemical stresses during handling of flower buds, centrifugation,
and the FACS process, which may reduce the power of the quantitative
proteomics in the identification of HS related proteins.

To avoid these unintended effects during sample preparation, we have
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developed a laser capture microdissection (LCM)-proteomics analysis
workflow. Flower buds were fixed immediately after harvest to stop any
further biological activities. A single-step protein extraction method
was developed for the LCM pollen tissue samples, which significantly
improved protein extraction efficiency by eliminating tissue grinding
and protein purification steps. Here, we report a tandem mass tag
(TMT)-quantitative proteomics analysis of the LCM- harvested pollen
samples from heat treated tomatoes. The roles of the heat-induced
significantly changed proteins (SCPs) in heat tolerance/acclimations of
developing pollen were discussed.

Materials and Methods
Tomato heat treatments

Tomato ‘Micro-Tom’ plants were grown in a greenhouse (25/22°C) with
no supplemental light till flower buds emerged (approximately 40-45
days). Plants were transferred into a preheated growth chamber and
exposed to 32°C /22°C (day/night, 12/12 h) for two weeks. Untreated
plants were kept in a growth chamber for the same time period at 25°C
/22°C. Tomato flowers under the heat treatment condition produced
a smaller number of total and viable pollens, which confirmed the
presence of HS (unpublished data, Zhu and Zhou, 2018, Tennessee
State University). Flower buds were harvested from the heat treated or
at the same time from control plants. According to Bokszczanin and
Fragkostefanakis [17] tomato flower buds of 4-6 mm in length should
contain pollen at the meiotic stage/microspore mother cell stage [17].
In this study, we only selected flower buds of 5 mm in length.

Preparation of pollen laser

microdissection (LCM)

samples and capture

The LCM sample preparation followed a method described before with
minor modification [18]. Tomato flower buds were submerged in a
fixative solution containing 75% (v/v) ethanol and 25% (v/v) acetic acid,
at a 1:10 volume ratio of tissue to fixative on ice. Fixative was infiltrated
into the tissue under vacuum for 15 min on ice and then replaced
with fresh solution, before incubating at 4°C overnight. Tissues were
transferred into a phosphate-buffered saline buffer containing 10%
sucrose and the Halt protease inhibitor cocktail (Thermo Fisher, NY)
and infiltrated for 2 x 10 min. Finally, tissues were infiltrated twice in
the same buffer except increasing sucrose to 20% (w/v). Flower buds
were imbedded in optimal cutting temperature (O.C.T.) compound
(TissuePlus; FisherScientific, NY) in 10 mm x 10 mm X 5 mm Tissue-
Teck Cryomold (Sakura, USA) and frozen into blocks under liquid
nitrogen. Tissues were cut into 20 um thick sections at -20°C using a
cryostat (Leica CM1950; Leica, Germany). These frozen slides were
washed in 75% ethanol for 10 min and then dipped in absolute ethanol.
Microspores inside the pollen sacs were picked using the PALM
MicroBeam laser microdissection system (ZEISS, Germany). For each
replicate sample, approximately 60,000 cells were collected.

Protein extraction and tandem mass tags (TMT) labeling

Proteins were extracted in a Pressure Cycling Technology (PCT) buffer
comprising of 20 mM HEPES, pH 8.0, 4 M urea, 2% SDS, 2 mM EDTA
on a Barocycler (2320 EXT; Pressure Biosciences Inc, NY). The LCM
capture cap was washed in 45 ul PCT buffer. Solutions containing the
LCM cells were collected by centrifugation and transferred to a 50 pl
PCT microtube. Protein extraction was performed by running 60 cycles
under 45 kPsi pressure at 25°C. After completion of the cycles, the
protein extract solution was transferred to a 1.5 ml Eppendorf tube and
centrifuged at 13,000 rpm for 10 min at 4°C. Supernatant containing
proteins was transferred to a clean tube. Protein concentration was

measured using Qubit Protein Assay Kit (Fisher Scientific), on a Qubit
3.0 Fluorometer (Life Technologies Corporation, NY). Proteins (18
ug each sample) were reduced with tris (2-carboxyethyl) phosphine
(TCEP) and cysteines were blocked with methyl methanethiosulfonate
(MMTS). After removal of sodium dodecyl sulfate (SDS) and urea using
S-TRAP Micro-Kit (PROTIFI, NY, USA ), on-column trypsin digestion
was carried out using the sequencing grade modified trypsin (Promega,
WI) at 35°C for 16 h. Tryptic peptides were eluted by centrifugation
(8,000 rpm for 0.5 min) in 40 pL 50 mM triethylamonium bicarbonate
(TEAB) buffer, 40 puL 0.2% formic acid, and finally 40 uL 50% acetonitrile
and 0.2% formic acid. Elutes were combined and dried down under
vacuum. The tryptic peptides were reconstituted in 50 pl of 50 mM
TEAB and labeled with TMT tags (126, 127, 128 for the three heat-
treated replicates, and 129,130, 131 for the three non-treated control
replicates), using the TMT six-plex label reagent set (Thermo Fisher).
After pooling of the labeled peptides, unbound tags, SDS, and salts
were removed using the Oasis MCX lcc 30 mg Extraction Cartridges 9
(Waters, MA). Peptides were eluted twice in 75% ACN/ 10% NH,OH
and dried-down under vacuum.

High pH reverse phase (hpRP) fractionation and nano liquid
chromatography and mass spectrometry analysis (LC-MS/MS)

The hpRP chromatography was carried out using a Dionex UltiMate
3000 HPLC system with the built-in micro fraction collection option
in its autosampler and UV detection (Sunnyvale, CA). Specifically, the
TMT 6-plex tagged tryptic peptides were reconstituted in buffer A (20
mM ammonium formate, pH 9.5 in water), and loaded onto an XTerra
MS C18 column (3.5 um, 2.1x 150 mm) from Waters (Milford, MA)
with 20 mM ammonium formate (NH4FA), pH 9.5 as buffer A and 80%
acetonitrile/20% 20 mM NHA4FA as buffer B. The LC was performed
using a gradient from 10-45% of buffer B in 30 minutes at a flow rate 200
uL/min. Forty-eight fractions were collected at 1 minute intervals and
pooled into a total of 6 fractions based on the UV absorbance at 214 nm
and with multiple fraction concatenation strategy. All of the fractions
were dried and reconstituted in 40 pL of 2% ACN/0.5% FA for nano LC-
MS/MS analysis. Nano LC-MS/MS analysis was carried out using an
Orbitrap Fusion (Thermo Scientific, CA) mass spectrometer equipped
with nano ion source using high energy collision dissociation (HCD).
The Orbitrap is coupled with the UltiMate3000 RSLCnano (Dionex,
Sunnyvale, CA). Each reconstituted fraction (8 uL) was injected onto
a PepMap C-18 RP nano trap column (3 pm, 75 um x 20 mm, Dionex)
with nanoViper Fittings at 20 uL/min flow rate for on-line desalting and
then separated on a PepMap C-18 RP nano column (3 um, 75 pm X 15
cm), and eluted in a 120 min gradient of 5% to 38% ACN in 0.1% FA at
300 nL/min, followed by a 7-min ramping to 95% ACN-0.1% FA and
a 7-min hold at 95% ACN-0.1% FA. The column was re-equilibrated
with 2% ACN-0.1% FA for 20 min prior to the next run. The Orbitrap
Fusion was operated in positive ion mode with nano spray voltage set at
1.6 kV and source temperature at 275°C. External calibration for FT, IT
and quadrupole mass analyzers was performed. An internal calibration
was performed using the background polysiloxane ion signal at
m/z 445.120025. The instrument was operated in data-dependent
acquisition (DDA) mode using the FT mass analyzer to select precursor
ions followed by “Top 3 second” data-dependent HCD-MS/MS scans
for precursor ions with 2-7 charges/ion above a threshold ion count
of 10,000 with normalized collision energy of 37.5%. MS survey scans
were carried out at a resolving power of 120,000 (fwhm at m/z 200),
for the mass range of m/z 400-1600 with AGC =3e5 and Max IT = 50
ms. MS/MS scans were carried out at 50,000 resolution with AGC=1e5,
Max IT = 120ms and with Q isolation window (m/z) at 1.6 for the
mass range m/z 105-2000. Dynamic exclusion parameters were set at 1
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within 50s exclusion duration with £10 ppm exclusion mass width. All
data were acquired under Xcalibur 3.0 operation software and Orbitrap
Fusion Tune 2.0 (Thermo-Fisher Scientific).

Data processing protocol

All MS and MS/MS raw spectra from each set of TMT 6-plex
experiments were processed and database searched using Sequest HT
software within Proteome Discoverer 2.2 (PD 2.2; Thermo Scientific)
against tomato protein database version ITAG3.20. The default search
settings used for 6-plex TMT quantitative processing and protein
identification in PD 2.2 searching software were: two mis-cleavages
for full trypsin with fixed carbamidomethyl of cysteine, fixed 6-plex
TMT modifications on lysine and N-terminal amines and variable
modifications of methionine oxidation and deamidation on asparagine
and glutamine residues. The peptide mass tolerance and fragment mass
tolerance values were 10 ppm and 50 mDa, respectively.

Identified peptides were filtered for a maximum 0.05% FDR using the
Percolator algorithm in PD 2.2. Peptide confidence was set to high. The
TMT 6-plex quantification method within PD 2.2 was used to calculate
the reporter ratios. Only peptide spectra containing all reporter ions
were designated as “quantifiable spectra” and used for peptide/protein
quantitation. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD010218, under project title
“Identification of heat-induced proteomes in tomato microspores using
laser capture microdissection proteomics analysis” ( http://www.ebi.
ac.uk/pride).

Identification of significantly changed proteins (SCPs) and
protein functional analysis

In the quantitative proteins analysis, only proteins quantified with
two or more peptides were included. These proteins were first fitted
to a principal component analysis (PCA) to determine if there was a

systemic change from heat-treated to non-treated groups. Then the
abundance ratios (treated/control) of these proteins were converted to
log2 fold values which were fitted to a normal distribution [19]. The
threshold criteria for Significantly Changed Proteins (SCPs) were set
as: abundance ratio value (treated/control) higher than 2.0 standard
deviation (+ 2 SD) which was derived from the normal distribution
test; proteins quantified with two or more unique peptides; and the
Abundance Ratio P-Value (Treatment/Control) <0.5 in the PD 2.2
report. Gene Ontology (GO) functional classification of these SCPs
was identified using the Plant MetGenMAP system [20]. Additional
literature searches were conducted to verify and supplement this
database-generated information.

Microscopic analysis of pollen developmental stages

Frozen tissue slides (before and after LCM) were stained with
4',6-diamidino-2-phenylindole (DAPI) and observed under an
Olympus Widefield Imaging System (Metamorph) using 10x and
40x objective magnification and UV excitation filters to confirm the
developmental stage of pollen cells.

Statistical analysis

The SAS version 9.0 software (SAS Inc., Cary, NC, USA) was used to
perform the analysis of PCA and normal distribution test of quantitative
proteomics data.

Results

The microscopic analysis showed that the LCM-harvested microspores
from heat-treated and non-heat-treated conditions were all at the
uninucleate stage (Figure 1). These results confirmed that these LCM-
harvested microspores from both treatment conditions were at the
same heat sensitive developmental stage. Using LCM, the microspore
cells inside the pollen sacks were harvested (Figure 1). Approximately
60,000 pollen cells were collected in each replicate sample which

LCM section

300 pm

Figure 1: Microscopic analysis of pollen developmental stages of LCM harvested tissues. Pollen nuclei were stained with DAPI and visualized under Olympus BX-
50 upright microscope using oil immersion 40X objective lenses. Images of the DAPI stained nuclei (blue) were overlapped with background (red) tissues using
Metamorph acquisition program ( Right). Microspores were harvested with LCM (Left)”.

MNonheat-treated control
MICrosSpores

Heat-treated microspores
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yielded about 18-20 pg proteins. The proteomics analysis identified a
total of 6018 proteins and 4784 proteins were quantified. In the PCA
analysis of proteins that were quantified with two and more unique
peptides, the three heat treated biological replicate samples were
clustered in a separate component from the three non-treated control
replicate samples (Supplemental Figure S1) This PCA analysis indicated
a systemic change in the microspore proteomes from heat treated to
non-heat treated conditions. The log2 fold values (treated/control) of
proteins in the normal distribution test produced a standard deviation
at 0.26. The SCPs were selected for proteins with log 2 fold > 0.52,
or <-0.52, which equals to >1.43, or <0.70 of the Abundance Ratio
(Treatment/Control) in the PD 2.2. From these quantified proteins,
37 proteins were identified as HS-up-regulated SCPs, and 83 HS-dn-
regulated SCPs (Table 1).

Gene Ontology (GO) functional classification of heat-induced
significantly changed proteins (SCPs)

The SCPs protein accessions were uploaded to the Plant MetGenMap
system to obtain their annotated protein identities (Supplemental
Tables S1 and S2). Functional classification analysis showed that a
large number of proteins were classified under the cellular metabolic
and primary metabolic processes for either Heat up- or dn-regulated
SCPs (Figure 2, Supplemental Table S3). These results indicate that the
tomato microspores have undergone a dynamic alteration in metabolic
pathways under heat treatment conditions. Only the up-regulated SCPs
were assigned to the following processes: Heat Acclimation, Pollen Cell
Wall, Protein Folding/refolding, and G2/M-specific positive regulation
of cyclin-dependent protein kinase activity (FDR P < 0.05 in the
enriched GO-term test). Only the dn-regulated SCPs were assigned to
myo-inositol transport, sucrose metabolic process, cellular metabolic
compound salvage, amino acid catabolic process, Golgi organization,
pyruvate metabolic process, and glycolysis processes.

Heat-induced SCPs associated with microspore development
into viable pollen grains

The development of microspore into viable pollen is affected by the

100 A
90 -
80 -
70 -

60 -

% of proteins in the Ontology Process

v v o eh =2 =
£ 82 £ 2 2 E
S S 82 8 8 E
s:z.::.cu%—;.,_é:
s 2 £ £ 3 & &
== =2 e 2 = 2
S o o 2 S = g
=t D-D-v—<¢_a:<$>
E E 8 § = 2
s - B o =2 =
£ 8 = = s 2
= = .= = S
E & o B S o
= & 5 B S =
= £ 2 £ =
= E 2 & =
8 B § 2
2 z
8 =
3
&)

myo-inositol transport

species and contents of carbohydrates. Under HS, the acid invertase
activity was inhibited which resulted in low soluble sugar level and
inviable pollen [7,21]. In the heat treated tomato microspores, five
dn-regulated SCPs were classified into the starch metabolic process;
they are glucose-1-phosphate adenylyltransferase (Solyc07g019440),
which catalyzes the first committed step toward the synthesis of starch
in plants, and beta-fructofuranosidase (also known as acid invertase)
( Solyc10g085640, Solyc10g085650, Solyc09g010090; Solyc09g010080),
which catalyzes sucrose (sucrose-6P) or stachyose degradation to
glucose-6P. Both HS up- and dn-regulated SCPs were placed in the
following groups: DNA replication, DNA recombination, mitosis,
pollen expansion, and development of pollen wall (Table 2).

Heat-induced SCPs involved in proteome homeostasis

We have selected the top ten biological processes that would affect
cellular/subcellular proteome composition in the heat-treated
microspores (Figure 3, Supplemental Table S4). The HS-induced
SCPs (up or dn) were classified into groups including protein post-
translational modification, protein targeting/localization, proteolysis,
protein metabolic process, and protein complex assembly processes.
Moreover, the HS-up-regulated SCPs were more enriched in the
processes for protein folding/refolding and protein ubiqutination
(Figure 3A). These two processes have a key role in maintaining
functional protein homeostasis. The HS down-regulated SCPs were
clustered into protein translation and ribosome biogenesis, which could
lead to a reduced rate of protein biogenesis (Figure 3B).

Discussion

In this study, we have developed a workflow for LCM-quantitative
proteomics of microspore cells. Microspores at the most-heat sensitive
uninucleate stage were harvested using LCM. Proteins were extracted
from the LCM samples in one step which significantly simplified the
process and also considerably reduced protein loss compared to those
multiple-step protein extraction methods.

m Heat up-regulated SCPs

m Heat dn-regulated SCPs

sucrose metabolic process

cellular metabolic compound salvage
amino acid catabolic process

Golgi organization

pyruvate metabolic process

water transport

glycolysis

response to oxidative stress
macromolecule catabolic process
carbohydrate metabolic process

Figure 2: Distribution of proteins up- (blue) and down-regulated (red) after HS among functional categories for tomato microspores. Proteins assigned to at least one
category were considered and could be counted more than once. The Enriched GO terms for Process Ontology with FDR P < 0.05 in the Plant MetGenMap system.
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No. of HS-up-regulated SCPs®

No. of HS-dn-regulated SCPs¢

83

°dProteins classified as Significantly Changed Proteins (SCPs) which have met the following criteria: ratio value (treated/control) higher than 2.0 standard deviation (+
2 SD) derived from the normal distribution test, and proteins quantified with two or more unique peptides having a P <0.05 of ratio values (treated/control) using three

protein
ubiquitination
9%
protein
modification
by small
protein
conjugation
9%
3A
ribosome tran;};tlon
biogenesis °
8%
3B
SCPs, (3B) Heat-dn-regulated SCPs.
No. of proteins identfied? No. of proteins quantified®
6018 4784
aProteins identified using nano liquid chromatography and mass spectrometry analysis (LC-MS/MS).
*Proteins quantified using tandem mass tags (TMT) reporter ion intensity of the labled tryptic peptides.
replicates from each of the two conditions.

Table 1: Profile of proteins identified in heat-treated tomato microscopres.

Studies have shown that pollen and the surrounding anther tissues
respond to heat stress at the transcriptome, proteome, and metabolome
levels, similar to other plant cell types [13]. This proteomics study
indicated that protein translation was reduced in tomato microspores
under heat treatment conditions. Global down-regulation of de-novo
protein biosynthesis was suggested to be an effective way to reduce
protein flux into the folding machinery in the endoplasmic reticulum
(ER) lumen as an effective mean to reduce ER stress [22,23]. The

reduction of protein biosynthesis may have a similar role in the heat
treated tomato microspores.

At the same time, selective mRNA translation becomes pivotal
to maintain proper cell growth and protein homeostasis. In the
tomato microspores, ten of the 35 HS-up-regulated SCPs are in the
heat acclimation process. These tomato proteins include Hsp20,
(Solyc07g045610, Solyc06g076540, Solyc06g076520, Solyc09g059210,
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Ontology Process? AcF::st::gn” Ratio® P-value? Protein Description®
Solvc063062690 14 0 Nucleosome assembly protein
yedog ’ 1-like protein 4
Solyc03g044350 1.8 0 Chaperone dnaJ 3
Microtubule-associated protein
Solyc07g064970 1.5 0.01 MAP65-1a
DNA replication Ubiquitin-conjugating enzyme
Solyc11g065190 1.5 0.02 E2 H10
LRR receptor-like serine/
Solyc05g050700 1.5 0.01 threonine-protein kinase, RLP
Solyc03g112710 1.6 0.03 SKP1-like 1
Solyc10g055610 1.5 0.04 SKP1-like 1
Solyc01g087560 0.7 0.03 24-sterol C-methyltransferase
Solyc04g071690 0.6 0.02 Ribonuclease P protein subunit
. . ' ' P25
Reg“'a“mp?;?e':’s\ metabolic Solyc06g073530 0.7 0.03 Argonaute 4-like protein
SWI/SNF complex subunit
Solyc03g097450 0.6 0.03 SMARCC1
Solyc079g049500 0.7 0.03 Argonaute 4-like protein
Solyc089g006790 0.6 0.04 Early nodulin-55-1
Solyc03g119880 0.7 0.02 Early nodulin-55-1
SWI/SNF complex subunit
Solyc03g097450 0.6 0.03 SMARCGC1
Solyc07g049500 0.7 0.03 Argonaute 4-like protein
Solyc11g062220 0.7 0.04 Novel protein containing a PHD-
- ) ' finger domain
Chromosome organization -
Solyc05g013740 0.7 0.01 Coilin
Transcription elongation factor,
Solyc03g095720 0.7 0.01 TEIS
Solyc12g010000 0.4 0.03 Early nodulin-55-1
Solyc10g005280 06 0.02 Pentatricopeptide repeat-
’ ’ containing protein
Solyc06g073530 0.7 0.03 Argonaute 4-like protein
G2/M transition of mitotic cell Solyc03g117630 1.6 0.01 Heat shock protein 70
cycle Solyc04g011440 1.4 0.01 Heat shock protein 70
Ubiquitin-conjugating enzyme
Solyc11g065190 1.5 0.02 E2 H10
Solyc10g055610 1.5 0.04 SKP1-like 1
Anaphase Microtubule-associated protein
Solyc07g064970 1.5 0.01 MAP65-1a
LRR receptor-like serine/
Solyc05g050700 15 0.01 threonine-protein kinase, RLP
Solyc10g055610 1.5 0.04 SKP1-like 1
Solyc04g011440 1.4 0.01 Heat shock protein 70
Interphase of mitotic cell cycle Solvc063062690 14 0 Nucleosome assembly protein
yelog ’ 1-like protein 4
Solyc03g117630 1.6 0.01 Heat shock protein 70
Ubiquitin-conjugating enzyme
Solyc11g065190 1.6 0.02 E2 H10
LRR receptor-like serine/
Solyc05g050700 15 0.01 threonine-protein kinase, RLP
E3 ubiquitin ligase, SCF
Solyc03g112710 1.6 0.03 complex, Skp subunit
M phase Microtubule-associated protein
Solyc07g064970 1.5 0.01 MAP65-1a
E3 ubiquitin ligase, SCF
Solyc10g055610 1.6 0.04 complex, Skp subunit
Solyc03g117630 1.6 0.01 Heat shock protein 70
Solyc04g011440 1.4 0.01 Heat shock protein 70
Solyc04g015270 1.5 0.02 Glycosyltransferase
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Solyc11g065190
Solyc07g064970
Solyc10g055610
Mitosis Solyc03g112710
Solyc04g051350
Solyc119g062220

Solyc02g068480

Solyc07g064970,

Solyc08g006790
Solyc07g049500
Solyc06g073530
Solyc11g065190

Spindle organization

Solyc01g090600
Solyc07g065770

Solyc06g082500

Pollen development
Solyc04g008780

Solyc01g010900
Solyc03g051960
Solyc05g050700

Solyc03g051960

Solyc01g010900

Solyc04g008780

Pollen wall formation
Solyc07g065770

Solyc06g082500

Solyc01g090600
aEnriched GO of Ontology Process classified in the Plant MetGen Map system.

1.6

1.5

1.6

1.6

0.7

0.7

0.7

1.5

0.6
0.7
0.7
1.5

1.6

1.6

1.5

1.6

1.8

1.5

1.5

1.5

1.8
1.6

1.5

1.5
1.6

Ubiquitin-conjugating enzyme

0.02 E2 H10
0.01 Microtubule-associated protein
) MAP65-1a
0.04 E3 ubiquitin ligase, SCF
’ complex, Skp subunit
0.03 E3 ubiquitin ligase, SCF
’ complex, Skp subunit
Ribonucleoside-diphosphate
0.01
reductase
Novel protein containing a PHD-
0.04 ) .
finger domain
Ubiquitin carboxyl-terminal
0
hydrolase
0.01 Microtubule-associated protein
’ MAP65-1a
0.01 Early nodulin-55-1
0.03 Argonaute 4-like protein
0.03 Argonaute 4-like protein
0.02 conjugating enzyme E2 H10
Chalcone synthase 3 protein
0.02 ;
(pollen wall formation)
ABC transporter G family
0.03
member 26
Solute carrier family 35 member
0
E3
Dihydroflavonol 4-reductase
0.02 .
(wall formation)
Cytochrome P450 (pollen wall
0.01 .
formation)
0 Fatty acyl coA reductase/Male
sterility
0.01 LRR receptor-like serine/
! threonine-protein kinase, RLP
0 Fatty acyl coA reductase/Male
sterility
0.01 Cytochrome P450
0.02 Dihydroflavonol 4-reductase
0.01 LRR receptor-like serine/
: threonine-protein kinase, RLP
Solute carrier family 35 member
0
E3
0.02 Chalcone synthase 3 protein

®Unigenes accession number in annotated tomato genome databases in Plant MetGen Map system.
°Ratio of protein abundance from heat treated to non-treated tissues estimated based on reporter ion intensity values in the Proteome Discoverer 2.2 (PD 2.2, Thermo)

report.

9P value of the protein ratio between heat treated and non-treated groups (using three biological replicates each) in the Proteome Discoverer 2.2 (PD 2.2, Thermo)

report.
eAnnotated protein in the Plant MetGenMap system.

Table 2: Heat induced significantly changed proteins associated with pollen development.

1.8-2.2-fold, p<0.05), DnaJ (Solyc03g044350), Hsp70 (Solyc03g117630,
Solyc04g011440, 1.4-1.6-fold, p<0.05), Hsp90 (Solyc06g036290,
1.5-fold, p=0.01), and ClpB chaperone (Solyc03g115230, 1.4-fold,
p=0.0001). These tomato HSPs are comprised of the cognate HSPs
including HSP 70 (Hsc 70) [24,25] and the heat-inducible ClpB
chaperone class [26,27]. These HSPs serve as chaperones for protein
folding and refolding and thus have a critical role in maintaining
proteome homeostasis throughout microspore and pollen development
[13]. Therefore, these tomato HSPs, in particular the heat-inducible
ClpB may have a key role for microspores to acquire heat tolerance and
develop into viable pollen.

Heat stress affects composition in the primary and secondary
metabolites (carbohydrates, lipids, proline, polyamines, glutathione,

and flavonoids) [14,28]. A decrease in pollen viability is often
associated with an alteration of metabolite contents such as soluble
sugars and starch [5,29]. Sucrose produced in photosynthetic tissues
is transported to anther, where it is converted to glucose and fructose
under the action of acid invertase. Heat stress was shown to inhibit
the acid invertase activity, which is in part responsible for decreased
levels of soluble sugars in tomato anthers [7]. Tomato RNAi-lines with
silencing of the Lin5 gene, encoding for a homologous enzyme, showed
pollen malformation and abortion [30]. In this study, we have identified
several acid invertase (p-D-fructofuranosidase) isoenzymes among the
HS-dn-regulated SCPs (for instance, Solyc10g085640, Solyc09g010080,
0.36-fold, p<0.01). We have also identified a fatty acyl-CoA reductase
(FAR), which was annotated as a homolog to Male Sterility 2 (MS2). The
FAR affects sporopollenin composition and reduced FAR activity leads
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to infertile pollen [31]. The identification of these SCPs supports the
role of carbohydrate and lipid metabolites in pollen thermo-tolerance.

Heat also affects metabolism of secondary metabolites in many plant
organs including pollens. A recent study using LC-MS platform showed
that a short heat stress at 38°C leads to alteration of the secondary
compound in tomato pollen, such as accumulation of flavonoids in
the microspore [28]. Chalcone synthase catalyzes the initial step of
flavonoid biosynthesis through the phenylpropanoid pathway. A lack
of chalcone synthase activity leads to disruption of flavonoid synthesis
and loss of pollen fertility [32]. The chalcone synthase 3 protein was
induced in the heat treated tomato microspore (Solyc01g090600, 1.6-
fold, p=0.02). The dihydroflavonol 4-reductase (1.6-fold, p=0.02) and
fatty acyl CoA reductase (1.5-fold, p=0.02) also affect pollen wall
formation [31,33]. These HS-upregulated SCPs may have a critical role
in determining the fate of microspores under the stress conditions.

The uninucleate stage microspores undergo mitosis to develop into
binucleate or trinucleate pollen grains. Several heat induced tomato
SCPs are involved in repair of DNA damages (which occurs frequently
under heat and other stresses), DNA replication, the mitotic cycles,
and microspore cell wall loosening to allow pollen expansion after
microspore mitosis [34]. These processes contained both HS up-
regulated or dn-regulated SCPs. Future work will focus on functional
analysis of these SCPs in thermo-tolerance of the developing pollen.

Conclusion

This study has developed a LCM quantitative proteomics workflow
which was used to identify cell-specific pollen proteomes associated
with heat stress. Using the LCM, six replicate samples each containing
approximately 60,000 tomato microspore cells were harvested. A one-
step protein extraction procedure was developed where the LCM-
harvested pollens were directly subjected to the high pressure/vacuum
extraction cycles. By eliminating tissue grinding and multiple steps of
protein purification/precipitation, this protein extraction procedure
has proven very effective in working with small amount of tissue such
as in the case of LCM collected cells. The TMT-proteomics analysis of
the LCM collected microspore proteins has led to the quantification
of over 4000 proteins, and the identification of HS-induced SCPs that
are involved in heat acclimation, proteome homeostasis, pollen coat
formation, mitosis and other biological processes affecting pollen
development under HS conditions.
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