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Abstract
Heat  stress  (HS)  poses  a  significant  challenge  to  tomato  production  due  to  disruption  of  the  reproductive  organs,  especially  the  male

gametophytes.  This  study  reports  HS-induced  proteome  changes  in  meiotic  pollen  mother  cells  during  early  stages  of  anther  development.

Tomato (Solanum lycopersicum L. × S. habrochaites) 'Maxifort' were grown in a heated polytunnel in Nashville, Tennessee, USA. Plants at flowering

stage were subjected to heat treatment at 40 ± 2 °C for 4 hr (11:00−15:00 HR); and the non-heat-treated control was at 30 ± 2 °C (day/night) at the

same period of time for 10 d. The size of the flower buds containing meiotic pollen mother cells was determined based on the histology of DAPI

stained cross section of anthers. Flower buds were embedded in optimal cutting temperature solutions (OCT) and then cut into sections of 20 µm

thickness.  Sections  containing  meiotic  pollen  mother  cells  were  collected  using  laser  capture  microdissection  (LCM).  A  protein  extraction

procedure was optimized for the LCM collected pollen samples which yielded 25−30 µg protein from 150,000−200,000 pollen cells.  The heat-

induced proteomes of meiotic pollen mother cells were quantified using tandem mass tag (TMT) quantitative proteomics analysis. Among the

6,343 quantified proteins,  254 differentially  expressed proteins (DEPs)  showed significant differences in abundance level  from heat treated to

non-heat-treated  control  conditions.  The  heat-up-regulated-DEPs  (96  proteins)  include  heat  shock  proteins,  calreticulin  and  exocytosis

(synaptobrevin) which are involved in protein folding/refolding/targeting/removal and secretion of aggregated and damaged proteins/peptides.

The heat-down-regulated-DEPs (158 proteins) were involved in pathways of ubiquitin-mediated protein degradation, antioxidant mechanism,

and metabolic processes of carbohydrates and lipids. Proteins affecting apoptotic programmed cell death and pollen mother cell meiotic activity

were  significantly  changed  under  HS.  The  identified  proteins  and  the  affected  biological  processes  could  represent  the  major  heat  tolerance

mechanisms during early developmental stages of male gametophyte when exposed to daily periods of above 40 °C HS condition.
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 INTRODUCTION

Tomato is one of the most important vegetable crops in the
world with an annual  value exceeding $90 billion[1].  In  the US,
fresh  and  processed  tomatoes  generate  more  than $2  billion
USD  in  annual  farm  cash  receipts[2].  Tomato  production
requires  an  optimum  temperature  range  of  21−24  °C[3].  In
recent years, many tomato growing areas are experiencing hot
summers  when  the  field  temperatures  reach  as  high  as  33−
35  °C  during  the  flowering  and  fruiting  season.  Under  these
high temperatures, photosynthesis and development of repro-
ductive organs are both reduced, leading to low fruit-sets, low
yield and poor  fruit  quality[4−7].  Together  with the demand for
more  water  to  maintain  normal  plant  growth,  rising  tempera-
tures  have  created  a  major  challenge  for  summer  tomatoes.
This  has  created  an  urgent  need  for  new  genes  and  genetic
materials to introduce heat stress (HS) tolerance into cultivated
tomatoes.

Plants exposed to temperatures above certain thresholds for
a period of time are experiencing HS which causes irreversible
damage to plant physiological functions.  Studies by Sato et al.

show  that  tomato  plants  exposed  to  32/26  °C  (d/n)  for  10  d
prior  to  anthesis  produced  low  tomato  fruit-set  due  to  inter-
ruption  of  male  reproductive  development[8,9].  Temperatures
above  40  °C  lasting  for  a  few  hours  caused  severe  injuries  to
tomato  plants  leading  to  flower  drop  and  interruption  of  fruit
ripening[10−12].

A  number  of  studies  have  revealed  that  male  gametophyte
development  is  more  susceptible  to  HS  compared  to  female
gametophyte  cells[13−15].  Tomato  pollen  grain  formation  is
divided  into  the  microsporogenesis  and  microgametogenesis
phases.  During the first phase, the reproductive diploid sporo-
genous cells first differentiate into pollen mother cells (PMCs, or
pollen  meiotyces)  which  will  undergo  meiotic  cell  division  to
produce  four  haploid  microspores  (tetrads).  In  the  second
phase,  microspores  undergo  two  sequential  mitosis  cycles,
which  lead to  the  formation of  trinucleate  mature  pollen  con-
taining one vegetative nucleus and two generative nuclei[13,16].
The meiotic process of PMCs is the initial critical stage for plants
to  produce  microspores.  The  meiotic  PMCs  were  found  to  be
extremely sensitive to temperatures above 40 °C[8,17].  Exposure
to  such  high  heat,  even  for  only  a  short-period  of  time,  can
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induce  pollen  meiosis  abnormalities,  tapetum  development
aberrations,  and  premature  termination  of  microspore
development[14,18,19].

Tomato  flowers  take  about  15  d  from  formation  as  inflore-
scence buds to fully opening (anthesis). The meiotic PMCs were
observed  in  flower  buds  of  10-4  d  before  anthesis,  which
indicates that this stage occupies nearly 1/2 to 2/3 of the entire
tomato  flower  developmental  process  (unpublished  data,  Li,
Tennessee  State  University).  It  is  well-understood  that  pollen
cells  beyond  the  microspore  stage  are  highly  sensitive  to  HS;
loss  of  pollen  viability  and  germination  is  the  major  factor
causing  low  fruit-set  and  yield  of  tomatoes[10,12].  However,  in
nature, hot days are periodic (they normally last for a few days
to a week) and always alternate with cooler temperatures. Our
hypothetical  theory  is  that  increasing  the  heat  tolerance  level
of meiotic PMCs can enable the completion of the microsporo-
genesis  process,  and thus provide a  constant  supply  of  micro-
spores  during  the  hot  days.  As  temperature  drops,  healthy
pollen  grain  can  be  produced  within  2−3  d  to  allow  fruit-sets.
Therefore, the HS tolerance of meiotic PMCs would provide an
option  for  maintaining  stable  tomato  production  against
periodic hot temperatures for summer tomatoes.

Tomato  'Maxifort'  is  used  as  a  rootstock  cultivar  to  improve
tomato  production  under  biotic  (soilborne  pathogens)  and
abiotic  (salinity,  heavy  metals)  stress  conditions  and  maintain
stable  yield[20,21].  We  have  observed  that  the  'Maxifort'  plants
were  blooming  vigorously  in  a  polytunnel  when  the  inside
temperature  reached  above  40  °C  during  the  hot  summer.  In
this  study,  flower  buds  from  this  cultivar  were  collected  to
identify  heat-induced  proteomes  in  the  meiotic  PMCs.  Even
though the reproductive traits of this cultivar have little value in
tomato production,  the molecular mechanisms underlying the
tolerance to high temperature can be very useful for improving
heat  tolerance  during  early  flower  development  stages  in
cultivated tomatoes.

In  flower  anatomical  structure,  PMCs  are  embedded  in
anther  locules  which  are  comprised  of  several  types  of  cells,
each  with  distinct  functions.  Isolation  of  samples  containing  a
homogeneous  cell  population  has  shown  to  be  much  more
powerful  for  identifying  genes/proteins  specific  to  the
biological  function  of  the  cells  under  investigation[22,23].  This
paper reports the isolation of meiotic PMCs using laser capture
microdissection  (LCM)  followed  by  the  identification  of  heat-
induced proteomes using quantitative proteomics analysis. The
primary objective is to provide the scientific community with a
list  of  candidate  genes  (proteins)  to  be  used  to  generate  new
and heat tolerant traits for tomatoes and other plants.

 MATERIALS AND METHODS

 Plant growth and heat stress treatments
Seeds  of  tomato  'Maxifort'  were  provided  by  Johnny's

Selected Seeds (Winslow,  ME).  Tomato plants  were grown in a
heated  polytunnel  with  no  supplemental  light  on  the  Agricul-
tural  Research  Station,  Tennessee  State  University,  Nashville,
Tennessee.  These  tomato  plants  bloomed  all  year  round;  16-
month-old  plants  were  used  in  this  experiment.  The  tempe-
rature  inside  the  polytunnel  was  controlled  by  rolling  up  and
down  the  side  curtains  and  recorded  with  mercury-based
thermometers.  The  HS  treatment  was  applied  to  keep  the
inside  temperature  at  40  ±  2  °C  from  11:00  to  15:00  HR  by

closing  the  side  curtain.  The  temperature  was  above  30  °C  at
9:00  and  18:00  HR  (night  temperature  was  not  recorded).  For
the  replace  with  non-HS-treated  (N-HS)  control  condition,  the
polytunnel  side-curtain  was  left  open,  the  inside  temperature
was recorded at 30 ± 2 °C from 11:00 to 15:00 HR. The ambient
average temperature during this treatment period was 31/20 °C
(NOAA  weather  data).  The  treatments  were  applied  for  10  d.
Flower buds were taken at the end of each treatment period.

 Identification of correlation between flower bud size
and stage of pollen development

Flower  clusters  bearing  the  first  opened  flowers  with  many
un-opened  floral  buds  were  taken  from  plants.  To  determine
the correlation between flower bud size and the stage of pollen
development, sepals and petals were removed, and the length
of  the  stamens  was  measured  from  the  base  to  the  tip  of  the
exposed  flower  stamen  using  an  Insize  vernier  caliper.  These
flower  buds  were  infiltrated  in  optimum  cutting  temperature
(OCT)  compound  (Sakura,  Torrance,  CA)  for  1  h,  then
embedded  in  OCT  compound  in  10  mm  ×  10  mm  ×  5  mm
Tissue-Teck  Cryomold  (Sakura)  and  frozen  into  blocks  under
liquid  nitrogen.  Frozen  flower  buds  were  cross-sectioned  into
20-µm thickness at −20 °C using a Leica CM1950 cryostat (Leica,
Wetzlar, Germany), and then transferred to pre-coated adhesive
slides  (CFSA  1  X  Slides)  using  CryoJane  Tape-Transfer  System.
To  determine  pollen  developmental  stages,  the  cross-sections
were  stained  in  4,6-diamidino-2-phenylindole  (DAPI)  (1
µg·mL−1)  in  darkness  for  15  min[24].  The  structure  of  anther
locules  and  nuclei  of  pollen  cells  were  observed  and  imaged
under  an  upright  microscope  Axio  Imager  (M2;  ZEISS,
Oberkochen,  Germany)  using  objective  EC  Plan-Neofluar
40x/0.75  M27  (FWD  =  0.71  mm)  and  a  BP335-383  excitation
filter.  The correlation between the size of  the flower buds and
pollen developmental stages was determined accordingly.

 Collection of flower buds to isolate meiotic pollen
mother cells

Based on the analysis above, flower buds in the length of 4−6
mm  containing  meiotic  PMCs  were  collected  from  the  heat-
treated  and  non-heat-treated  plants.  For  each  biological
replicate, 18−25 flowers were randomly taken from the tomato
plants,  three  replicates  were  included  for  each  treatment
condition.  Once  detached  from  the  plants,  flower  buds  were
immediately  soaked  in  a  pre-chilled  fixative  solution  (75%
ethanol  and  25%  acetic  acid).  To  prepare  for  the  LCM  slides,
flower buds were infiltrated under vacuum for 10 min using the
following  protocol:  1)  wash  in  fresh  fixative  solution  once;  2)
wash  (2  X)  in  phosphate  buffered  saline  (PBS)  containing  10%
sucrose  and  protease  inhibitors;  3)  wash  (2  X)  in  PBS  buffer
containing  20%  sucrose  and  the  same  concentration  of
protease  inhibitors.  Then  flower  buds  were  imbedded  in  OCT
compound  and  frozen  into  blocks.  Frozen  tissues  were
sectioned into 20 µm thick slices (which is approximately twice
the size of the PMCs and the same size of mature pollen) using
the  method  described  previously[22,25].  As  shown  in Fig.  1,  the
LCM slides were prepared by transferring 40−48 cross-sections
of  the  stamen onto each pre-coated adhesive  slides  (5.5  cm ×
2.5  cm, Fig.  1a).  From  each  individual  flower  bud,  50  sections
were collected. One section (each section has 6−8 stamen)  was
randomly  picked  and  stained  with  DAPI  to  examine  pollen
developmental  stages.  Stamen  containing  the  meiotic  PMCs
were  selected;  these  cells  were  picked  from  the  same  stamen
on the remaining  49 sections.

 
Proteome study of tomato pollen mother cell

Page 2 of 14   Li et al. Vegetable Research 2022, 2:2



For  the  collection  of  meiotic  PMCs  using  LCM,  the  frozen
slides  were  rinsed  twice  in  75%  ethanol  each  for  1  min,  and
100% ethanol for 30 s. Cells were captured by cutting the target
regions  in  pollen  sacs  followed  by  lifting  onto  capture  caps
using  the  PALM  MicroBeam  LCM  with  UV  laser  system  (Zeiss).
The majority of  the pollen sacs (Fig.  1b) contained the meiotic
PMCs (Fig. 1c) which were separated from the other pollen sac
tissues. For each biological replicate, approximately 150,000 to
200,000  cells  were  collected,  and  three  replicates  were  har-
vested for both heat-treated and non-heat-treated conditions.

 Protein extraction and tandem mass tag (TMT)
labelling

Protein was extracted using the Pressure Cycling Technology
(PCT)  method  developed  for  LCM  captured  cell  samples  with
modifications[23].  Briefly,  cells  captured  on  the  collection  caps
were re-suspended in 35 µL PCT buffer comprising of 20 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic  acid  (HEPES),  4  M
urea,  2%  sodium  dodecyl  sulfate  (SDS),  and  2  mM  ethylene-
diaminetetraacetic acid (EDTA) (Sigma, St. Louis, MO) at pH 8.0.
Protein  was  extracted  using  a  Barocycler  2320  EXT  (Pressure
Biosciences Inc., Easton, MA) which was run at 45 kPsi pressure
for  60 cycles  at  25 °C.  The protein extracts  were transferred to
1.5 mL low protein binding micro-centrifuge tubes followed by
centrifugation  at  10,000  g,  4  °C  for  15  min.  Supernatants
containing  proteins  were  transferred  to  fresh  tubes.  Protein
concentration  was  assayed  using  Qubit  Protein  Assay  kit  on  a
Qubit 3.0 Fluorometer (Life Technologies, Carlsbad, CA).

Twenty-five µg  of  protein  was  taken  from  each  sample.
Proteins  were  reduced  using  tris  (2-carboxyethyl)  phosphine
(TCEP),  and  cysteine  residues  were  blocked  with  methyl
methanethiosulfonate  (mM  MMTS)  (Sigma).  Proteins  were

loaded onto an S-TRAP Micro column (PROTIFI, Long Island, NY)
for removal of SDS and urea. On-column trypsin digestion was
performed at 35 °C for 16 h using Sequencing Grade Modified
Trypsin (Promega, Madison, WI). The digested peptide samples
were eluted sequentially in 50 mM triethylammonium bicarbo-
nate  (TEAB)  buffer,  0.2%  formic  acid  (FA),  and  finally  50%
acetonitrile  (ACN) in  water  and  0.2%  FA.  All  elutes  were
combined and dried down under vacuum. Each tryptic peptide
sample was reconstituted in 50 mM TEAB and labeled with TMT
tags  following  the  manufacturer's  instructions  (ThermoFisher
Scientific,  Waltham,  MA).  The three  HS replicates  were  labeled
with tags  127N,  129N,  130C;  and the three non-HS-treated (N-
HS) replicates were labeled with tag 127C, 128N, 131C. The six
labeled  peptide  samples  were  pooled;  unbound  tags  were
removed  using  mixed-mode  cation  exchange  procedure
through  30-mg  ×  30-µm  1-mL  cartridges  following  the  manu-
facture's  instruction  (Oasis  MCX  Vac;  Waters,  Milford,  MA).
Peptide  samples  were  eluted  twice  in  75%  ACN  with  10%
NH4OH and evaporated to complete dryness under vacuum.

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

The  TMT-labeled  peptide  samples  were  reconstituted  in
buffer A (20 mM NH4HCO2, pH 9.5 in water), and loaded onto an
XTerra  MS  C18  Column,  125Å,  3.5 µm,  150  mm  ×  2.1-mm
(Waters) for fractionation by eluting with a gradient (10 to 45%)
buffer B containing 80% ACN with 20% 20 mM NH4HCO2

[26].  In
total,  48-fractions  were  collected  and  pooled  into  12  fractions
with a multiple fraction concatenation strategy. All 12 fractions
were  dried  and  reconstituted  in  2%  ACN  with  0.5%  FA  for
nanoLC-MS/MS analysis[27].

The nano LC-MS/MS was carried out using an Orbitrap Fusion
mass  spectrometer  (Thermo-Fisher  Scientific)  equipped  with
nano  ion  source  using  high  energy  collision  dissociation
(HCD)[28].  The  Orbitrap  Fusion  was  coupled  with  an  UltiMate
3000 RSLCnano (Dionex; ThermoFisher Scientific). Each recons-
tituted fraction was injected into a PepMap C-18 RP nano trap
column (3 µm, 75 µm × 20 mm) (Dionex)  for  on-line desalting
and then into a PepMap C-18 RP column (3 µm, 75 µm × 15 cm)
for  peptide  separation.  The  Orbitrap  Fusion  was  operated  in
positive  ion  mode.  The  instrument  was  operated  in  data-
dependent acquisition (DDA) mode using the Fourier transform
(FT)  mass  analyzer  to  conduct  survey  MS  scans  for  selecting
precursor  ions,  followed  by  3  s,  top  speed,  data-dependent
HCD-MS/MS scans of precursor ions with between 2−7 positive
charges and threshold ion counts of  > 10,000.  The normalized
collision energy was 37.5%. MS survey scans were conducted at
a  resolving  power  of  120,000  full  width  at  half  maximum
(fwhm)  at  m/z  200,  for  the  mass  range  of  m/z  400−1600  with
AGC and Max IT settings of 3e5 and 50 ms, respectively. MS/MS
scans  were  conducted  at  a  resolution  of  50,000  fwhm  for  the
mass range m/z 105−2000 with AGC and Max IT settings of 1e5
and  120  ms.  The  Q  isolation  window  was  set  at  ±  1.6  Da.
Dynamic exclusion duration was set at 60 s with a repeat count
of  1,  a  50  s  repeat  duration  and  a  ±  10  ppm  exclusion  mass
width. All data was acquired under Xcalibur 3.0 operation soft-
ware and Orbitrap Fusion Tune 2.0 (Thermo-Fisher Scientific).

The  MS  and  MS/MS  raw  spectra  from  all  the  six  labeled
samples  were  processed  and  searched  using  Sequest  HT  soft-
ware within Proteome Discoverer 2.2 (ThermoFisher Scientific).
Tomato  protein  version  ITAG2.40  was  used  as  searching
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Fig.  1    Collection  of  pollen  mother  cells  using  laser-capture
microdissection  from  cross-sections  of  frozen  flower  buds  of
tomato 'Maxifort'. (a) Transference of sectioned tissues onto a pre-
coated  adhesive  slide;  (b)  flower  bud  cross-sections  visualized
under  Zeiss  PALM  system;  (c)  images  of  DAPI  stained  PMCs
showing the blue florescent nuclei.
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database. Identified peptides were filtered using the Percolator
algorithm  in  PD  2.2  with  a  maximum  0.05  false  discovery  rate
(FDR),  and high peptide confidence.  Quantifiable spectra were
assigned to peptide spectra detected with all reporter ions.

 Identification of the quantified proteomes and
differentially expressed proteins in heat stress (HS)-
treated pollen mother cells

Proteins  were  filtered  for  those  being  assigned  with  two  or
more  unique  peptides  in  the  PD  2.2  report.  The  normalized
abundance  values  of  reporter  ions  from  the  TMT  tags  (repre-
senting the protein abundances in labeled samples) were used
to calculate the ratio value between HS and N-HS conditions for
each  protein  and  then  subjected  to  Log2 transformation.  The
log2 ratio (HS/N-HS) values (hereafter named as fold (HS/N-HS)
were  fit  into  a  normal  distribution  to  obtain  the  standard
deviation  (SD)  using  SAS  (Version  9.3;  SAS  Institute,  Cary,
NC)[29,30].  The fold (HS/N-HS) datasets (three replicates for each
treatment  condition)  were  subjected  to  t-test  to  generate  the
raw P followed by FDR correction using SAS. The HS regulated
differentially expressed proteins (HS-DEPs) were selected using
the  following  criteria:  fold  (HS/N-HS)  passing  the  cut-off
threshold  at  greater  than  2  x  SD  (±)  and  an  FDR  adjusted P ≤
0.05[22,31]. The HS-up-regulated DEPs have a fold change greater
than  0  (positive  value),  and  down-regulated  proteins  have  a
fold change less than 0 (negative value).

 Analysis of heat stress regulated differentially
expressed proteins (HS-DEPs) and heat tolerance of
pollen mother cells

The  HS-DEPs  were  analyzed  for  Gene  Ontology  (GO)  cate-
gories  using  Plant  MetGenMap[32].  Protein−protein  interaction
networks  were  constructed  using  STRING  with  medium  confi-
dence set  at  0.400,  and the  Markov cluster  (MCL)  algorithm at
an  inflation  parameter  of  3[33].  Protein−protein  association
network  integrating  with  fold  (HS/N-HS)  was  visualized  in
Cytoscape 3.7.1[34].  Additional  literature searches were used to
identify  the  roles  of  DEPs  individually  as  well  as  functional
groups in affecting PMCs development under HS condition.

 RESULTS AND DISCUSSION

 The correlation between the size of tomato flower buds
and pollen development stages

The  11  flower  buds  on  a  tomato  'Maxifort'  flower  cluster
ranging  3−12  mm  in  length  were  divided  into  three  groups
(Fig.  2).  The  cross-sections  of  these  flower  buds  were  stained
with DAPI to observe the pollen developmental stages under a
microscope.  Nine  distinct  pollen  developmental  stages  were
identified with the sizes of corresponding flower buds (stamen
length) (Table 1). Based on this analysis, tomato flower buds in
group  1  with  4−6  mm  long  stamen  should  contain  PMCs  at
premeiotic, meiosis I and II stages.

PMC

Meiosis I

Meiosis II

Tetrad
MSP

Polarized 
MSP

Mitosis I

Mitosis II

SC

 
Fig.  2    Correlation  between  flower  size  and  male  gametophyte  development  stages  in  tomato  'Maxifort'.  Frozen  cross  section  of  tomato
'Maxifort' flower buds were stained with 4',6-diamidino-2-phenylindole (DAPI). Images were taken under an upright Zeiss imager M2 with EC
PlnN  40X  objective  and  a  BP335-383  excitation  DAPI  filter.  The  inflorescence  of  'Maxifort'  flower  were  labeled  1−11.  Nine  distinct
developmental stages were identified including: 1) sporogenous cells (SC); 2) pollen mother cells (PMCs); 3) meiosis I to dyads; 4) meiosis II to
tetrads;  5)  tetrads  to  early  microspore;  6)  microspore  (MSP);  7)  polarized  MSPs;  8)  mitosis  I;  9)  mitosis  II.  Zoom-in  image  of  PMCs,  meiosis  I,
meiosis II and tetrads with merged bright field and DAPI channel are displayed to show pollen cell structure.
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 Quantitative proteomics analysis and identification of
HS-regulated differentially expressed proteins (HS-
DEPs)

Using  LCM  method,  approximately  150,000−200,000  PMCs
were collected and subjected for proteome profiling. From the
meiotic PMCs samples, a total of 8,569 proteins were identified,
of  which  6,343  proteins  were  quantified  with  two  or  more
unique  peptides  (Supplemental  Table  S1).  Among  these
quantified  proteins,  the  number  of  proteins  decreased  with
increasing  number  of  peptides  assigned  to  a  protein  (Fig.  3a).
The  values  of  fold  (HS/N-HS)  of  quantified  proteins  fit  to  a
normal  distribution  with  the  population  mean  at  0  and  SD  at
0.3.  When  the  quantified  proteome  was  divided  into  three
groups based on the fold (HS/N-HS) using the ± 0.30 as a cut-off
value, 749 proteins were in the range from –1.64 to –0.29 (HS-
down-regulated  proteins),  4,955  proteins  in  the  range  from  ±
0.30  (non-changed  proteins),  729  proteins  in  the  range  from
0.31−2.40  (HS-up-regulated  proteins)  (Fig.  3b).  The  quantified
proteins  then  were  filtered  using  fold  (HS/N-HS)  ≥ 0.60  or  ≤
–0.60, and FDR adjusted P ≤ 0.05, which gives 95% confidence

for  the  selection  of  HS-DEPs.  Of  the  quantified  proteins,  4%
(254  proteins)  are  DEPs  comprising  96  HS-up-regulated  DEPs
(13%  of  the  729  HS-up-regulated  proteins)  and  158  HS-down-
regulated  DEPs  (21%  of  749  HS-down-regulated  proteins)
(Supplemental Table S2).

 Functional categories of HS-regulated DEPs
The  enriched  GO  terms  of  the  HS-regulated  DEPs  were

searched  against  the  tomato  genome  using  the  multi-test
correction FDR (P < 0.05) in Plant MetGenMap. When enriched
based  on  functions,  the  HS-up-regulated  DEPs  were  clustered
into  four  groups  including  protein  binding,  unfolded  protein
binding,  heat  shock  protein  (HSP)  binding,  and  chaperone
binding. The HS-down-regulated DEPs were enriched into four
groups, with functions in regulating enzyme activities (Fig. 4a).
When  searched  for  biological  processes,  the  158  HS-down-
regulated DEPs only formed a single carbohydrate metabolism
group,  whereas  the  96  HS-up-regulated  DEPs  were  enriched
into  a  number  of  GO  terms  including  RNA  processing,  trans-
lation,  transcription,  protein  folding,  targeting,  responses  to
stress,  mitotic  spindle  organization,  male  gamete  generation
and  heat  acclimation  (Fig.  4b, Supplemental  Table  S3).  These
results indicate that the HS-up-regulated DEPs, although with a
smaller  number  of  proteins,  affected  a  broader  range  of
biological processes than the HS-down-regulated DEPs.

When  the  HS-regulated  DEPs  were  analyzed  for  functional
classification  using  MetGenMap,  11  functional  groups  (GO
terms)  were  identified  (Fig.  5, Supplemental  Table  S4).  The
largest  functional  group  is  protein  binding,  which  contained
104  proteins  (out  of  the  254 DEPs).  In  this  group,  55  proteins
were HS-down-regulated proteins, and 49 proteins were HS-up-
regulated  proteins.  The  majority  of  HS-up-regulated  proteins
are HSPs which bind to other proteins with a primary function
as  chaperones.  The  outer  membrane  lipoprotein  blc
(Solyc07g005210.2.1, 1.86 fold) showed the highest increase in
HS-treated  PMCs.  This  protein  is  involved  in  the  storage  or
transport of lipids necessary for membrane maintenance under
stress conditions[35]. This is the first report that this protein was
found to be accumulated in PMCs under HS conditions, it may
indicate  a  significant  role  in  protecting  membrane  systems
from  heat-induced  damage.  Proteins  from  multiple  member
families  such  as  peptidyl-prolyl  cis-trans  isomerases,  Bax
inhibitors,  and  serine/threonine  protein  kinases  have  separate
isoforms  as  either  HS-down-  or  up-regulated  proteins.  In  the
transcription factor activity group, the heat stress transcription
factor A3 (HSFA3)  had the highest increase in abundance level
under  HS  condition  (Solyc08g062960.2.1,  1.12-fold).  HSFs
specifically bind to the palindromic heat shock elements (HSEs:
5′-AGAAnnTTCT-3′)  conserved  in  promoters  of  HS-inducible
genes such as those encoding for HSPs, these proteins (genes)
are  known  as  master  regulators  for  induced  thermo-tolerance
in  tomato[36−38].  In  tomato  pollen,  compared  to HSFA1 as  a
master regulator, HSFA3 was observed strongly induced under

Table 1.    The correlation between flower size and pollen developmental stages

Flower size (stamen length mm) Pollen developmental stage Note

Flower size 1−6 (3−6 mm) Sporogenous cells (SCs), Pollen mother cells
(PMCs), Meiosis I to dyads, Meiosis II to tetrads,
Tetrads to early microspores

Microsporogenesis: PMCs undergo meiosis I and II to
produce haploid tetrad.

Flower size 7−8 (7−9 mm) Microspores (MSPs), Polarized MSPs Unicellular microspores release, and polarization.
Flower size 9−11 (9−12 mm) Mitosis I, Mitosis II Microgametogenesis: Microspores undergo mitosis I and II

to produce pollen grain.
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Fig.  3    Protein  distribution  in  the  quantified  proteomes  from
pollen  mother  cells  of  tomato  'Maxifort'.  (a)  Protein  distribution
based on the number of unique peptides assigned to each protein;
(b) protein distribution based on the fold change from HS to N-HS
conditions.  HS-regulated  proteins:  the  number  and  fold  distri-
bution  of  proteins  showing  significant  differences  in  abundance
level from HS-treated to non-HS-treated conditions; Pollen mother
cell proteome: the quantified proteome with two or more peptides
assigned  to  the  identified  protein  from  the  HS-treated  and  non-
HS-treated groups.
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HS  and  regulates  subsets  of  heat  stress  related  genes  in  a
tissue-specific manner[39].  This is consistent with our proteome
analysis,  in  which  expression  level  of HSFA1 (Solyc08g005170)
was  not  changed,  while HSFA3 was  significantly  up-regulated.
Overexpression  of Arabidopsis HSFA3 in  the  quadruple
HSFA1a/b/d/e  knockout  mutant  can  restore  thermo-tolerance,
indicating this gene regulates plant heat stress responses inde-
pendently  from  the  master  HSFs[40].  Concurrently,  the Arabi-
dopsis mutant  lacking HSFA3 expression  showed  a  decreased
expression  in  HS  resistant  proteins  and  was  more  sensitive  to
prolonged  heat  stress[41,42].  A  recent  study  shows  that  these
HSFs  are  also  involved  in  epigenetic  mechanisms  for  HS
tolerance[37].  In this  study,  the HS-up-regulated changes in the

tomato HSFA3 and  HSPs  at  the  protein  level  clearly  confirmed
the important role of these proteins in tolerance to momentary
as well as intermittent HS of PMCs as in the case of temperature
fluctuation during the summer season.

 Protein-protein association networks
The 254 HS-regulated DEPs were submitted to STRING data-

base;  139  proteins  were  placed  in  31  clusters  (Supplemental
Table  S5)  based  on  their  physical  and  functional  associations
(25  major  clusters  are  listed  in Table  2).  The  protein−protein
interactions  were  higher  than  the  expected  value  at  a  protein
and  protein  interactions  (PPI)  enrichment  P-value  of  3.22-15,
which  indicates  that  proteins  clustered  together  are  not
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Fig.  4    Enrichment  gene  ontology  (GO)  analysis  of  heat  stress  regulated  DEPs  (HS-DEPs)  in  pollen  mother  cells  (PMCs),  which  include  158
DEPs-down-regulated protein and 96 DEPs-up-regulated proteins.  (a)  GO terms of molecular functions;  (b)  GO terms of biological  processes.
Positive  value  indicates  HS-up-regulated  DEPs  and  negative  value  indicates  HS-down-regulated  DEPs.  The  classification  analysis  was
conducted using multivariant test at FDR adjusted P ≤ 0.05 in Plant MetGenMap (http://bioinfo.bti.cornell.edu/cgi-bin/MetGenMAP/home.cgi).
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random events[23,43]. Most of the clusters (except for clusters 14,
16,  19)  were  connected  with  each  other  directly  or  indirectly;
this  suggests  a  systemic  change  of  proteomes  leading  to
extensive reorganization of molecular and cellular processes in
PMCs under the HS condition (Fig. 6).

Under HS conditions, the accumulation of unfolded proteins
in  the  cytosol  activates  the  cytosolic  heat  stress  responses
(HSRs) inducing the expression of heat shock factors (HSFs) and
heat  shock  proteins  (HSPs)[44,45].  Clusters  1,  3,  4,  17,  18  con-
tained a large number of HS-up-regulated HSPs associated with
various  molecular  processes.  These  HSPs  play  an  irreplaceable
role  in  ameliorating  cytosolic  HS  through  mediating  the  pro-
cess  of  folding,  refolding,  re-solubilization  of  protein  aggre-
gates  and  removal  of  damaged  peptides  and  proteins[19,46−48].
Data  from  these  clusters  clearly  indicated  that  HSPs  provided
the  major  protection  mechanisms  for  the  PMCs  under  HS
condition. The increases in these HSPs concurred with previous
research  where  HSPs  and  HSFs  showed  a  higher  expression
level in heat-tolerant than heat-sensitive tomato varieties[49,50].
The ubiquitin-mediated degradation of intracellular proteins in
cluster  9;  and  peptide  methionine  sulfoxide  reductase,
thioredoxins in cluster 12 for protecting cells against oxidative
damage were all down-regulated. Furthermore, in cluster 7, the
prolyl  oligopeptidase  family  protein  (protein  #28,  –0.68-fold)
which is involved in the maturation and degradation of peptide
hormones[51] was  down-regulated,  whereas  synaptobrevin
(protein #53, 1.28-fold) with a sort-and-degrade mechanism for
damaged proteins was up-regulated.

In cluster  1,  in  addition to the HSPs,  the calreticulin (coordi-
nating protein targeting on ER) and ethylene-responsive trans-
criptional  coactivator  were  HS-up-regulated.  The  ethylene-
responsive  transcriptional  coactivator  is  required  for  the
ethylene-response  pathways  which  are  important  thermo-
tolerance  mechanisms  in  tomato[52].  The  peptidyl-prolyl  cis-
trans  isomerase  (PPI,  protein  #1)  and  S-adenosylmethionine
synthase  (protein  #116)  are  also  involved  in  protein  folding/
targeting  via  different  mechanisms,  these  proteins  were  HS-
down-regulated.

The PPI in cluster 1 was connected to the superoxide dismu-
tase  (protein  #9)  in  cluster  2  because  of  commonality  in
functions,  and  with  the  tetratricopeptide  repeat  protein  (TPR)
2-like  (protein #93)  in  cluster  12 because PPIs  also contain the
TPR domain.  Cluster 2 is  comprised of nine ribosomal proteins
(up-regulated) and five TPR (down-regulated).  The TPR protein
family has been shown to be involved in a diverse spectrum of
cellular  functions  including  protein  transport,  and  protein
folding,  modulation  of  eukaryotic  translation  through  the
interaction with DDX3 RNA helicase[53].  The ribosomal proteins
were  interconnected  with  cluster  6,  in  which  proteins  for
transcription  and  translation  were  all  down-regulated  in  HS-
treated  PMCs.  Through  connections  of  proteins  #89-#66-#86,
cluster  2  was  associated  with  cluster  15  which  contained  the
down-regulated  TFs  and  signaling  pathways.  Cluster  8  conta-
ined  proteins  affecting  chromatin  status.  The  histone  subunit
proteins were up-regulated, the proteins for the transcriptional
status  (DNA-binding  protein,  protein  #112,  –1.44-fold;  nucleo-
some  assembly  protein,  protein  #113,  –0.69-fold)  were  down-
regulated, indicating a repressed transcriptional activity. Taking
these three clusters together, the higher abundance level of the
ribosomal  proteins  might  indicate  a  more  resilient  thermo-
stability of these ribosomal proteins, not necessarily correlated
with de novo protein biosynthesis.

Proteins  in  clusters  4  and  13  are  related  to  cytosolic  heat
stress  response/programmed  cell  death.  In  cluster  4,  the  nine
proteins  were  all  up-regulated.  The  Bcl-2-associated  athano-
gene  (protein  #120,  1.04  fold)  is  a  membrane  protein  that
blocks a step in a pathway leading to apoptosis or programmed
cell death. In cluster 13, the VASCULAR-RELATED NAC-DOMAIN
6  (protein  #58)  regulating  programmed  cell  death  was  up-
regulated[54]. Two proteins annotated to Importins (protein #98,
99)  which  importing  proteins  from  cytoplasm  into  nucleus
were both down-regulated.

In cluster 18,  the 3-ketoacyl-CoA thiolase (protein #92) cata-
lyzes the last step of the mitochondrial beta-oxidation pathway,
it has a role in abolishing BNIP3-mediated apoptosis and mito-
chondrial  damage[55].  Similarly,  in  cluster  24,  a  phosphosulfo-
lactate  synthase-related  protein  (protein  #24)  was  up-regu-
lated. A study on A. thaliana showed that the HS-associated 32-
kD  protein  (Hsa32),  which  is  a  phosphosulfolactate  synthase-
related  heat-shock  protein,  is  required  for  the  maintenance  of
acquired thermo-tolerance[56].

Clusters  3,  16,  17,  25  comprised proteins  related to  cell  wall
properties  including  cellulase  and  laccase,  and  proteins
affecting degradation and elasticity of cell walls. These proteins
were  all  down-regulated.  Additionally,  cluster  20  contained
pectin  lyase-like  superfamily  protein  (protein  #51,  –1.3-fold)
and meiotic serine proteinase (protein #128, –1.14-fold), which
catalyzes  cell  surface  proteolysis  for  PMCs  to  proceed  to

 
Fig.  5    Pie  chart  of  functional  groups  enriched  with  DEPs  using
Plant  MetGenMap.  Some  proteins  were  placed  in  more  than  one
functional  group.  GO  terms  are:  Nuclease  activity  (GO:0004518);
Protein binding (GO:0005515); Translation factor activity (GO:0008
135);  Enzyme  regulator  activity  (GO:0030234);  Transcription
regulator  activity  (GO:0030528);  Hydrolase  activity  (GO:0016787);
Receptor binding (GO:0005102); Transferase activity (GO:0016740);
Transcription  factor  activity  (GO:0003700);  Signal  transducer
activity (GO:0004871); Kinase activity (GO:0016301).
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Table 2.    Proteins clustered on STRING association networksz

Cluster numbery Protein #x Protein accessionv Protein descriptionu Fold changew

Cluster 1: Protein folding/
unfolding/ targeting

1 Solyc06g051650.2.1 Peptidyl-prolyl cis-trans isomerase –0.60
3 Solyc05g056230.2.1 Calreticulin 0.8
8 Solyc01g104740.2.1 Ethylene-responsive transcriptional coactivator 0.7

14 Solyc06g076520.1.1 HSP20 1.11
15 Solyc03g082420.2.1 Small heat shock protein 1.05
16 Solyc11g020040.1.1 HSP 70 0.96
18 Solyc02g088610.2.1 ClpA/Clp HSP 0.78
29 Solyc01g086740.2.1 Chaperone DnaJ 0.6
36 Solyc01g099660.2.1 HSP 70 0.67
54 Solyc02g077670.2.1 Chaperone protein dnaJ 2 1.41
96 Solyc11g006170.1.1 DnaJ 0.62

100 Solyc11g071830.1.1 Chaperone protein dnaj 1.36
109 Solyc07g053620.2.1 Chaperone protein dnaJ 0.63
115 Solyc03g005700.1.1 Mitochondrial import receptor subunit TOM22 0.67
116 Solyc10g083970.1.1 S-adenosylmethionine synthase –0.60

Cluster 2: Protein translation 9 Solyc06g048410.2.1 Superoxide dismutase 0.64
31 Solyc01g094560.2.1 Eukaryotic ribosomal protein eL36 family 0.79
35 Solyc01g097760.2.1 Ribosomal protein L7a 0.63
39 Solyc01g103510.2.1 Ribosomal protein L3 family 0.91
45 Solyc02g038650.1.1 Tetratricopeptide repeat protein 5 –1.15
46 Solyc02g038660.1.1 Tetratricopeptide-like helical –0.64
47 Solyc02g038670.1.1 Tetratricopeptide-like helical –0.83
48 Solyc02g038680.1.1 Tetratricopeptide-like helical –1.04
49 Solyc02g038700.1.1 Tetratricopeptide repeat protein 5 –1.00
61 Solyc03g112360.1.1 Ribosomal protein 0.61
82 Solyc06g064460.2.1 Ribosomal protein L7a 0.64
94 Solyc10g061970.1.1 60S ribosomal protein L37a 0.63

126 Solyc10g085480.1.1 60S ribosomal protein L24 0.66
132 Solyc05g008420.2.1 Tetratricopeptide repeat protein 5 –0.62

Cluster 3: Defense against
cell wall stress factors

5 Solyc04g072160.2.1 Prostaglandin E synthase 3 0.78
33 Solyc01g095320.2.1 BCL-2-associated athanogene 6 0.91
50 Solyc02g065170.2.1 Laccase-22 –0.61
66 Solyc03g117630.1.1 HSP70 1.02
67 Solyc03g118430.2.1 Peptidase family M16 –0.74
74 Solyc04g014480.2.1 HSP20-like chaperones 1.29
79 Solyc05g056560.2.1 C11orf73 homolog 0.95
80 Solyc06g053380.2.1 Chitinase –1.11
87 Solyc07g005820.2.1 Heat shock protein 0.89
91 Solyc09g075950.1.1 Heat shock protein 70 family. 1.35

103 Solyc09g092690.2.1 Peptidyl-prolyl cis-trans isomerase 1.27
107 Solyc10g007220.1.1 Hsp40, DnaJ –1.05

Cluster 4: Cytosolic heat
stress response/
programmed cell death

13 Solyc08g062340.2.1 Cytosolic class II small heat shock protein HCT2 1.56
21 Solyc08g062450.1.1 Class II small heat shock protein Le-HSP17.6 1.09
22 Solyc08g078700.2.1 HSP20 1.38
37 Solyc01g102960.2.1 HSP20 1.3
62 Solyc03g113930.1.1 HSP20 1.29
90 Solyc09g015000.2.1 HSP20 1.86
64 Solyc03g115230.2.1 ClpA/ClpB HSP 0.61

120 Solyc10g084170.1.1 Bcl-2-associated athanogene 1.04
133 Solyc09g015020.1.1 Small heat shock protein (HSP20) 1.91

Cluster 5: Rerouting the
carbohydrate flux

6 Solyc04g082200.2.1 Bcl-2-associated athanogene 1.37
30 Solyc01g091200.2.1 NAD dependent epimerase/ dehydratase –0.79
44 Solyc01g112210.2.1 Hexosyltransferase –0.61
68 Solyc03g120310.2.1 Glycosyl transferase –0.99
77 Solyc05g054060.2.1 UTP-glucose 1 phosphate uridylyltransferase –0.65

125 Solyc06g074670.2.1 NAD-dependent epimerase/ dehydratase –0.76
88 Solyc07g055300.2.1 Alpha alpha-trehalose-phosphate synthase –0.62

119 Solyc07g007790.2.1 Sucrose phosphate synthase 0.6

Cluster 6: Transcription/
translation

11 Solyc10g051390.1.1 RNA-binding glycine-rich protein-1b –0.99

59 Solyc03g059010.2.1 Glucose-repressible alcohol dehydrogenase transcriptional
effector CCR4

–0.83

(to be continued)
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Table 2.    (continued)
 

Cluster numbery Protein #x Protein accessionv Protein descriptionu Fold changew

75 Solyc04g074750.2.1 RNA-binding (RRM/RBD/RNP motifs) –0.60
78 Solyc05g054240.2.1 Protein arginine N-methyltransferase –0.64
81 Solyc06g062800.2.1 DEAD box helicase family 0.63
84 Solyc06g071560.2.1 Phosphatase 2A regulatory subunit B –1.45
89 Solyc09g008620.1.1 Polyadenylate-binding protein –1.14

Cluster 7: Cytosolic protein
degradation and secretion

28 Solyc01g079450.2.1 Prolyl oligopeptidase family protein –0.68
40 Solyc01g105990.2.1 Os01g0107900 protein –0.64
53 Solyc02g069160.2.1 Synaptobrevin family 1.28
83 Solyc06g071430.2.1 T17H3.1 protein –0.74

111 Solyc11g066830.1.1 Splicing factor U2af subunit 0.66

Cluster 8: Chromatin status/
gene transcriptional activity

12 Solyc06g074790.1.1 Histone H2B.1 0.71
17 Solyc01g099410.2.1 Histone H2A.1 0.61

112 Solyc03g116770.2.1 DNA-binding protein –1.44
113 Solyc06g062690.2.1 Nucleosome assembly protein – 0.69
114 Solyc11g066160.1.1 Histone H4 0.65

Cluster 9: Ubiquitin-
mediated degradation of
intracellular proteins

4 Solyc09g074680.2.1 Cullin family –0.63
43 Solyc01g111680.2.1 Ubiquitin-conjugating enzyme –0.61

104 Solyc05g052960.2.1 BTB/POZ domain containing protein –0.72
105 Solyc06g073820.1.1 Ubiquitin carboxyl-terminal hydrolase –1.10
106 Solyc11g072070.1.1 BTB/POZ domain containing protein –0.63

Cluster 10: Synthesis of
secondary metabolites

26 Solyc01g010900.2.1 Cytochrome P450 –0.78
123 Solyc03g053130.2.1 Calcium-dependent phosphotriesterase –0.96
122 Solyc07g065770.2.1 ABC transporter-like –0.85
124 Solyc11g071800.1.1 Strictosidine synthase –0.68

Cluster 11: Stress-response 20 Solyc09g065180.2.1 mRNA binding protein –0.80
25 Solyc06g076570.1.1 HSP20 2.4
63 Solyc03g114930.2.1 PsbP-like protein 1 –0.67

118 Solyc08g080190.2.1 Glucose-methanol-choline (GMC) oxidoreductase –0.99

Cluster 12: Protecting cells
against oxidative damage

7 Solyc03g111720.2.1 Peptide methionine sulfoxide reductase –1.02
72 Solyc04g010010.1.1 Thioredoxin-like protein 1 –1.05
73 Solyc04g010030.1.1 Thioredoxin-like protein 1 –1.32
93 Solyc10g007230.1.1 Tetratricopeptide repeat protein 2-like –1.64

Cluster 13: Programmed cell
death/ protein targeting

38 Solyc01g103080.2.1 RNA helicase, ATP-dependent 1.15
58 Solyc03g025740.2.1 VASCULAR-RELATED NAC-DOMAIN 6 0.64
98 Solyc11g011790.1.1 Importin beta-3 –1.09
99 Solyc11g011800.1.1 Importin beta –0.90

Cluster 14: Lipidome 10 Solyc08g076470.2.1 Glycerol-3-phosphate acyltransferase –0.76
32 Solyc01g094700.2.1 Glycerol-3-phosphate acyltransferase –0.81
42 Solyc01g109580.2.1 Adenylyl cyclase-associated protein –0.74

110 Solyc07g005580.2.1 Phospholipid/glycerol acyltransferase –0.75

Cluster 15: TFs and signaling
pathways

27 Solyc01g057270.2.1 Calmodulin-binding transcription factor SR4 –0.95
86 Solyc06g083150.2.1 U-box domain-containing protein –0.82

137 Solyc07g055130.2.1 Kinase family protein –0.75

Cluster 16: Cell Wall
degradation/ PMC separation

34 Solyc01g097000.2.1 Glycosyl hydrolase family protein –0.77
85 Solyc06g073750.2.1 Beta-D-glucosidase –0.80

127 Solyc11g071640.1.1 Beta-D-glucosidase –0.65

Cluster 17: Elasticity of cell
surface structures

70 Solyc03g123540.2.1 HSP20-like chaperones 1.78
101 Solyc09g092160.2.1 Beta-galactosidase –0.76
108 Solyc05g014280.2.1 Small heat shock protein 1.59

Cluster 18: Attenuating the
apoptotic effects and
mitochondrial damages

102 Solyc11g020330.1.1 Small heat shock protein 2.18
41 Solyc01g106820.2.1 Peptidase M50 family 1.1
92 Solyc09g091470.2.1 3-ketoacyl CoA thiolase 2 0.68

Cluster 19: Meiotic process 57 Solyc03g007800.2.1 Topoisomerase 1-associated factor 1/Timeless family
protein

0.7

71 Solyc04g008600.2.1 Chromosome segregation in meiosis protein 3 0.7
136 Solyc11g020780.1.1 DCK/dGK-like deoxyribonucleoside kinase –0.60

Cluster 20: Cell surface
activities on premeiotic PMCs
affecting fate of the cells

51 Solyc02g068400.2.1 Pectin lyase-like superfamily protein –1.31

(to be continued)
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meiosis[57].  In  cluster  17,  beta-galactosidase  plays  a  functional
role  in  the  formation  of  extracellular  elastic  fibers  in  mamma-
lian cells[58],  the enzyme may have similar function in affecting
the surface elasticity of PMCs which will help withstand the HS
induced physical dehydration in these cells.

Proteins in clusters 5, 10, 14 are involved in several metabolic
pathways with proteins all  down-regulated except the sucrose
phosphate  synthase  in  cluster  5.  Heat  stress  can  disrupt
carbohydrate and energy metabolism resulting in a decrease of
stored  starch  and  soluble  sugars  in  mature  pollen  grains  and

Table 2.    (continued)
 

Cluster numbery Protein #x Protein accessionv Protein descriptionu Fold changew

128 Solyc08g077860.2.1 Meiotic serine proteinase –1.14

Cluster 21: N/A 23 Solyc07g054210.2.1 Protochlorophyllide reductase like protein –0.92
121 Solyc10g008740.2.1 Mg-protoporphyrin IX chelatase-like –0.62

Cluster 22: Folding and
targeting of nascent proteins

52 Solyc02g069120.2.1 Zinc-finger protein ZPR1 0.61
56 Solyc02g090480.2.1 Peptidyl-prolyl cis-trans isomerase D –0.61

Cluster 23: Pre-meiotic
chromosome

69 Solyc03g120900.1.1 Belongs to the WD repeat SEC13 family –0.64
135 Solyc10g007680.2.1 Regulator of chromosome condensation –0.64

Cluster 24: Maintenance of
acquired thermos-tolerance

2 Solyc08g077980.2.1 Bax inhibitor; Belongs to the BI1 family 0.64
24 Solyc02g079930.2.1 Phosphosulfolactate synthase-related protein 0.66

Cluster 25: Cell wall 95 Solyc11g005490.1.1 Fasciclin-like arabinogalactan family protein –1.12
138 Solyc12g013900.1.1 CT099 0.61

z Proteins clustered on the STRING networks in Fig. 6. These proteins were identified as differentially expressed proteins (DEPs) in the heat stress (HS)-treated
pollen mother cells which were significantly up-regulated or down-regulated compared to to the non-HS-treated control condition. The relative difference in
abundance of  each protein,  measured by  the  intensity  of  its  constituent  peptides,  was  compared between the two treatment  conditions.  The protein  has
passed the t test with false discovery rate (FDR) corrections (P ≤ 0.05) and with a fold change greater than 0.60-fold (±). Statistical analyses were performed
using SAS (Version 9.3; SAS Institute, Cary, NC)
y Cluster number in Fig. 6, which were constructed in STRING protein−protein interaction networks using Markov cluster (MCL) algorithm
x Protein # in Fig. 6
w Protein accession number in the ITAG Protein database (version 2.40; Sol Genomics Network, Boyce Thompson Institute, Ithaca, NY).
v Protein description in the ITAG Protein database (version 2.40; Sol Genomics Network, Boyce Thompson Institute, Ithaca, NY)
u The fold (HS/N-HS) for each protein is the log2 ratio of the protein abundance level between heat stress (HS) and non-HS-treated (N-HS) conditions
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Fig.  6    Protein  interaction  networks  of  proteins  showing  significant  change  from  heat  stress  (HS)  to  non-heat  stress  (N-HS)  conditions  in
pollen mother cells from tomato 'Maxifort'. The network was constructed based on functional and physical interactions at medium confidence
(0.400) level in STRING (https://string-db.org). String clusters, protein accession, and fold change are listed in Table 2. The image was generated
using Cystoscope associated with the STRING database. The red color nodes are HS-up-regulated proteins,  and the blue color nodes are HS-
down-regulated proteins. The color depth corresponds to the protein Fold (HS/N-HS) values.
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has  an  adverse  impact  on  pollen  viability[59,60].  Cluster  5
contained seven enzymes that would change the carbohydrate
flux  in  PMCs.  The  sucrose  phosphate  synthase  catalyzes  the
reaction  for  biosynthesis  of  sucrose.  An  isoform  of  sucrose
phosphate  synthase  (SPS)  in  rice, OsSPS1,  was  found  to  be
essential  for  producing  fertile  pollen  as  well  as  pollen
germination[61].  Trehalose  biosynthesis  could  be  reduced  due
to  the  down-regulation  in  three  enzymes:  hexosyltransferase,
UTP-glucose  1  phosphate  uridylyltransferase  and  alpha  alpha-
trehalose-phosphate  synthase.  Trehalose  was  suggested  to  be
a glycan which can serve as a replacement for water molecules
around  the  proteins  to  protect  them  from  denaturation  and
thus  confer  thermo-tolerance in  pollen cells[62].  Cluster  10  was
formed  by  proteins  for  metabolism  of  secondary  metabolites,
comprising the calcium-dependent  phosphotriesterase  for  the
degradation  of  toxic  phosphotriesters,  and  strictosidine
synthase  as  a  key  enzyme  in  alkaloid  biosynthesis.  Cluster  14
contains three isoforms of gycerol-3-phosphate acyltransferase
which  is  the  rate-limiting  enzyme  in  the de  novo pathway  of
glycerolipid  synthesis,  changes  in  these  proteins  could  affect
lipidomes[63].

 Proteins affecting meiotic process of PMCs
Meiosis represents the earliest stage for PMCs to succumb to

HS  thus  aborting  the  pollen  developmental  process,  or  to
acquire  thermo-tolerance  and  develop  healthy  pollen
grains[18,64,65]. Thus, we further examined the proteins enriched
in  GO  term  for  male  gamete  generation  (Supplemental  Table
S3)  identified  in  the  Plant  MetGenMap  enrichment  analysis.
This group was enriched with the following seven proteins: Bax
inhibitor (Solyc08g077980.2.1, 0.64-fold), calreticulin 2 calcium-
binding  protein  (Solyc05g056230.2.1,  –0.80-fold);  HSPs
(Solyc07g005820.2.1,  0.89-fold;  Solyc03g117630.1.1,  1.02-fold);
two  chaperone  proteins  (Solyc11g071830.1.1,  1.36-fold;
Solyc02g077670.2.1,  1.41-fold),  and  a  RNA-binding  protein
(Solyc02g082270.2.1,  1.16-fold).  The Bax is  an  apoptotic  factor
protein  that  will  sense  persistent  meiotic  defects,  and  then
cause  an  arrest  of  meiotic  processes  and  termination  of  deve-
lopmental progression of the male gametes[66].  The expression
of  Bax  inhibitor  suppresses  Bax-induced  cell  death[67].  In  pre-
vious research, a BI gene was found to be strongly expressed in
male  flower  stamen,  and  artificial  ectopic  expression  of  the BI
homologue  in Arabidopsis was  observed  with  abortion  of
microspore  development[68].  The  high  abundance  of  Bax
inhibitor  found  in  the  HS-treated  PMCs  may  have  a  role  in
preventing PMCs from being aborted.

The  process  of  pollen  development  from  PMCs  to  micro-
spores  involves  intense  protein  biosynthesis  and  trafficking  of
secretory  proteins  through  ER  and  Golgi  apparatus[69].  Calreti-
culin  is  a  quality  control  chaperone  that  binds  to  misfolded
glycoproteins  for  refolding  in  the  ER[70].  HSPs  function  as
molecular  chaperones  to  counteract  protein  aggregation  and
target  misfolded  proteins  for  degradation[71−73].  They  play
essential  functions  to  maintain  protein  homeostasis  in  the
cytosol[74].  Heat-stress  affects  the  developmental  program  of
pollen,  including  protein  homeostasis[52],  and  mis-folding  of
nascent proteins; denaturation and aggregation of proteins can
have  detrimental  effects  from  single  cell  to  multicellular
organisms[75].  The  increased  accumulation  of  the  seven  HSPs
could  comprise  a  mechanism  to  maintain  proper  protein
folding  or  removal  of  toxic/damaged  proteins  in  PMCs  under
the HS condition.

In  STRING  protein  association  analysis,  topoisomerase  1-
associated  factor  1  (protein  #57,  0.70-fold)  and  chromosome
segregation  in  meiosis  protein  (protein  #71,  0.70-fold)  were
clustered together (cluster 19). Both are important proteins for
chromosome  segregation  during  meiosis.  The  two  HS-down-
regulated  proteins  in  cluster  23,  WD  repeat  SEC13  family
(protein #69, –0.64-fold) and regulator of chromosome conden-
sation  (protein  #23,  –0.64-fold)  are  involved  in  premeiotic
chromosome activities.  In cluster 20,  the meiotic serine protei-
nase  protein  (protein  #128,  –1.14-fold)  catalyzes  cell  surface
proteolysis  for  PMCs  to  proceed  to  meiosis[57].  The  meiotic
spindle  formation  protein mei-1 (Solyc01g100120.2.1,  –0.94-
fold)  affects  chromosome  dynamics  during  the  meiotic
prophase  of  PMCs[76].  The  male  sterility  5  family  protein
(Solyc06g075640.1.1,  –1.01-fold)  is  a  meiosis  specific  protein
observed  with  a  two-fold  or  higher  expression  level  in  PMCs
versus anther,  and is  required for cell  cycle exit  after meiosis  II
in Arabidopsis[77].

Furthermore,  two more  meiotic  proteins  not  showing signi-
ficant  changes  were  also  identified  (Supplemental  Table  S1),
including  the  meiotic  nuclear  division  protein  1  homolog
(Solyc12g008680.1.1)  and  meiotic  recombinase Dmc1
(Solyc09g082790.2.1).  The Dmc1 is  an  important  protein  as  it
contributes  to  cross-over  formation  during  meiosis[78].  Cross-
over recombination products are a hallmark of meiosis because
they are necessary for  accurate chromosome segregation,  and
they  allow  for  increased  genetic  diversity  during  sexual
reproduction. The meiotic nuclear division protein participates
in  the process  that  modulates  the frequency,  rate  or  extent  of
meiotic  nuclear  division  for  a  PMC  cell  to  form  four  haploid
microspores. The homeostasis of these two key proteins in the
HS-treated  PMCs  may  also  provide  some  role  in  the  meiotic
process in 'Maxifort'.

 Availability of data
The  mass  spectrometry  proteomics  data  are  available  via

ProteomeXchange database (http://proteomexchange.org/) via
accession number PXD018915 under project title ‘Heat-induced
proteomes in tomato pollen mother cells.

 CONCLUSIONS

In this study, a procedure for the identification of correlation
between  flower  size  and  pollen  developmental  stages  was
established  for  tomato  'Maxifort'.  Using  LCM,  homogenous
PMCs samples were procured from flowers exposed to HS and
N-HS conditions. Quantitative proteomics analysis was used to
identify the HS-induced PMCs proteomes. This dataset is a very
useful resource for future investigations of pollen heat stress as
it will be accessible to the public provided with this publication.
In  HS-treated  PMCs,  there  was  a  significant  increase  in  the
abundance of HSPs,  proteins blocking the apoptotic pathways
and  proteins  facilitating  chromatid  segregation  that  allow
PMCs  to  progress  through  the  meiotic  processes  and  form
haploid  microspores.  On  the  other  hand,  proteins  involved  in
metabolic  pathways,  antioxidant  mechanisms,  ubiquitin-
mediated proteolysis processes were significantly repressed. In
general,  proteins  affecting  meiotic  activities  showed  three
types  of  responses  to  the  HS:  up-regulated,  stable/no-change,
down-regulated  during  premeiotic  and  meiotic  processes.
These proteins with varied responses to the HS condition could
form  a  complex  mechanism  to  protect  PMCs  to  complete  the
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meiotic  process,  which may explain how the 'Maxifort'  flowers
still produce pollen grain under this high temperature. The HS-
induced  significantly  changed  proteins,  and  their  encoding
genes  can  be  candidates  for  exploring  molecular  mechanisms
for heat tolerance in plant reproductive organs and developing
strategies  to  sustain  tomato  productivity  against  extreme
temperatures.
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