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Abstract
Male reproduction, an essential and vulnerable process in the plant life cycle, is easily disrupted by changes in surrounding environmental factors

such  as  temperature,  photoperiod,  or  humidity.  Plants  have  evolved  multiple  mechanisms  to  buffer  adverse  environmental  effects;

understanding these mechanisms is crucial to increase crop resilience to a changing climate, and to provide new breeding tools for hybrid seed

production. Here, we review the latest research progress in molecular mechanisms underlying plant environment-sensitive genic male sterility

and fertility restoration, covering both genetic and epigenetic aspects, and summarize the common molecular mechanisms underlying fertility

conversion,  using  knowledge  obtained  from  photoperiod/thermo-sensitive  genic  male  sterility  (P/TGMS)  mutants.  This  review  aims  to  better

understand male fertility adaptation in response to environmental factors, with a focus on future applications for two-line hybrid breeding.
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 Introduction

Male  reproduction  in  plants  is  essential  for  successful  seed
setting[1].  In  flowering  plants,  male  reproductive  development
occurs in the stamen, comprising of the anther and the filament.
The  vascular  filament  connects  the  anther  to  the  central  floral
axis  and  transports  water  and  nutrients,  while  the  anther
produces the male gametes (pollen grains).  Pollen grain deve-
lopment in model plant species such as Arabidopsis and rice is
well understood and has common characteristics[2,3]. The initial
round  anther  primordium  comprises  three  germ  layers:  L1,  L2
and  L3.  Division  of  L1  cells  generates  the  epidermis  and  the
stomium,  and  L3  cells  develop  into  the  connective  tissue,
vascular  bundle,  and  circular  cell  cluster.  L2  cells  undergo
mitotic divisions and differentiation to form four lobes in each
anther. In each lobe, microsporocytes are surrounded by three
somatic  anther  wall  layers  (endothecium,  middle  layer  and
tapetum) and the outer anther epidermis. Microsporocytes are
originally  encased  in  the  tapetum-derived  callose  wall  that  is
subsequently degraded by callose degrading enzyme secreted
from  the  tapetum  at  the  initiation  of  meiosis.  During  anther
development,  microsporocytes  undergo  meiosis  to  form
tetrads  containing  microspores,  which  undergo  a  further  two
mitotic divisions to become pollen grains[2,4].

As  the  tapetum  degrades  through  programmed  cell  death
(PCD) during meiosis, it provides critical components for pollen
development, including pollen wall formation and accumulation
of  intracellular  starch  and  lipids[2−9].  Microspores  concurrently
form  primexine  that  serves  as  a  template  for  deposition  and
assembly  of  sporopollenin  precursors.  Ultimately,  mature
pollen grains form an elaborate,  three-layered wall  comprising

the outer exine, the inner intine, and the pollen coat (tryphine),
which protects pollen from environmental stress and also func-
tion  in  adhesion  and  hydration  during  male-female
interaction[1,8−11].

The  plant  male  reproduction  process  is  highly  sensitive  to
various  environmental  factors  such  as  photoperiod,  tempera-
ture and humidity,  which is  typically  evidenced by remarkable
changes  in  anther  revealed  by  multiple  omics  data.  An  inte-
grated transcriptomic and metabolomics study in anthers of a P
/TGMS (Photoperiod-/Thermo-sensitive Genic Male Sterile) rice,
found  that  706  differentially  expressed  genes  (DEGs)  in
response  to  temperature  changes  are  involved  in  metabolic
pathways  of  sugars,  lipids  and  phenylpropanoids;  and  that
more  starch,  lipid  and  flavonoid  accumulate  in  fertile  anthers
compared to sterile ones[12]. In addition, results from proteomic
analysis  in  a  TGMS  (Thermo-sensitive  Genic  Male  Sterile)  line
showed  that  192  differentially  expressed  proteins  (DEPs)  are
involved  in  ubiquinone  and  other  terpenoid  quinone  bio-
synthesis,  biosynthesis  of  secondary  metabolites,  and  other
metabolic pathways[13]. These revealed DEGs and DEPs suggest
that  specific  genes  can  respond  to  temperature  changes,
transcriptionally and translationally,  resulting in the accumula-
tion of essential materials for anther fertility[12−17].

Another  transcriptomic  study  showed  that  11,726  DEGs,  in
response to long-day and short-day photoperiod,  are involved
in pathways including transport,  carbohydrate and lipid meta-
bolic processes, and signaling pathways, particularly phytohor-
mone  signaling[18].  Further  WGCNA  (Weighted  Gene  Co-
expression Network Analysis) results revealed four photoperiod-
related  modules[18] in  which  some  characterized  TGMS  genes
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including TMS10 (Thermo-Sensitive  Genic  Male  Sterile  10)[19],
TMS10L (Thermo-Sensitive  Genic  Male  Sterile  10  Like)[19] and
UbL404 (Ubiquitin fusion ribosomal protein L404)[20−22] are interest-
ingly  enriched.  In  addition  to  these  TGMS  genes,  two  PGMS
genes: CSA (Carbon  Starved  Anther)[23−26] and OsUgp1 (UDP-
glucose pyrophosphorylase1)[27], are identified as two hub genes
with  a  high  degree  of  connectivity  and  co-relationships  with
genes  in  photoperiod-related modules[18].  This  result  indicates
that  TGMS and PGMS phenotypes  can therefore  possess  inde-
pendent, but also common, regulatory mechanisms.

Better  understanding  of  environmentally  responsive  male
fertility  in  cereal  plants  is  of  immense  benefit  to  facilitate  rice
breeding  in  an  increasingly  changeable  and  unpredictable
climate[28]. Hybrid rice, with its significant yield advantage over
inbred rice, demonstrates its simpler reproduction and breeding
procedure  when  produced  from  two-line  breeding  systems,
which demand reliable environment-sensitive male sterile lines.
Many genes involved in environmental adaption of plant male
reproduction  have  been  characterized  (Table  1),  including  not
only  P/TGMS  and  humidity-sensitive  GMS  (HGMS)  genes,  but
also some reverse P/TGMS genes (fertile at higher temperatures
or  longer  day  lengths).  These  characterized  genes  not  only
provide genetic  resource for  new two-line hybrid systems and
crop  cultivars  with  stable  seed-setting  rate,  but  also  facilitate
the  understanding  of  plant-environment  interaction  during
male reproduction. Thus, we summarized the latest mechanisms
of several representative P/TGMS genes that control male fertil-
ity  under  different  environmental  conditions  through  various
mechanisms[19,22,29−32].  Additionally,  we  introduced  the  male
fertility recovery mechanism in pollen wall defective mutants in
order  to  better  understand  adaption  of  male  reproductive
development to the environment[33−38].

 Receptor-like kinases (RLK) and TGMS

Receptor-like  kinases  (RLK)  are  a  large  family  of  membrane
proteins  that  typically  contain  at  least  three domains  to  trans-
duce extracellular  signals  into  cellular  responses.  The extracel-
lular  domain  plays  a  vital  role  in  sensing  ligand  molecules
(secreted  peptides  or  plant  hormones);  the  transmembrane
domain  directs  RLKs  to  the  correct  cellular  location;  while  the
cellular kinase domain initiates the intracellular signal by phos-
phorylating  a  substrate.  Although  RLK-mediated  signaling
pathways  have  been  reported  in  plant  male  reproductive
development[39,40],  few  of  them  are  involved  in  response  to
environment changes.

Our  previous  work  reported  that  two  leucine-rich  repeat
(LRR)-RLKs, TMS10 and TMS10L, redundantly regulate tapetum
degeneration and pollen development in response to tempera-
ture  changes[19];  TMS10  alone  mediates  male  reproduction  at
HT,  while  together  with  TMS10L,  TMS10  mediates  male  repro-
duction  at  LT[19] (Fig.  1a).  However,  how  TMS10  and  TMS10L
function  together  to  control  male  reproduction  at  LT  remains
unknown.  Generally,  LRR-RLKs  form  heterodimers  between  a
RLK  with  short  LRRs  and  a  RLK  with  longer  LRRs[39−41],  such  as
CLV1(CLAVATA 1)  and CIKs (CLAVATA3 INSENSITIVE RECEPTOR
KINASEs)[42].  As  TMS10  and  TMS10L  have  only  four  LRRs,  it  is
plausible  that  there  are  unknown  RLKs  with  longer  LRRs  that
could  recruit  TMS10  and/or  TMS10L  to  form  heterodimeric
complexes,  phosphorylating  and  magnifying  the  signals.  In
addition,  the  extracellular  ligands  activating  TMS10  and

TMS10L remain unknown, as do the downstream key transcrip-
tion factors (TFs)  activated by their  signaling pathways.  Future
efforts  to  reveal  these answers  will  provide novel  insights  into
how plants buffer adverse temperature effects to sustain male
reproduction.

A recent study found that another LRR-RLK protein, OsTMS15,
previously known as MSP1[43], is important for tapetum initiation
and pollen development  in  response to  temperature  changes;
and ostms15 is  male  sterile  under  HT  and  fertile  under  LT.  Its
sterility  under  HT  is  more  stable  than  that  of tms5[22],  with
considerable value for  rice breeding[44].  The recovered interac-
tion  between  mOsTMS15  and  its  ligand  OsTDL1A  and  slow
development  under  LT  compensate  for  the  defective  tapetum
initiation,  further  restoring ostms15 fertility  (Fig.  1b).  Since  the
TIR motif in the LRR region of OsTMS15/MSP1 interacts with its
ligands[43],  authors  created  a  number  of  TGMS  lines  targeting
this  region  with  different  base  substitutions,  facilitating  not
only  mechanistic  investigations  but  also  breeding  of  resilient
rice crops.

 ncRNA (non-coding RNAs) and P/TGMS

ncRNAs,  a  family  of  regulatory  RNAs,  can  recognize  specific
nucleic  sequence  to  regulate  plant  growth,  development,  and
environmental responses[45]. They are broadly divided into two
categories: long ncRNAs (lncRNAs, > 200 nt), and small ncRNAs
(smRNAs, 18–30 nt) that include microRNAs (miRNAs) and small
interfering  RNAs  (siRNAs)[45,46].  Some  components  of  these
ncRNA  pathways  are  sensitive  to  temperature  and  photoperi-
ods,  enabling  plants  to  adapt  to  unwelcome  temperatures  or
photoperiods  during  male  production.  Transcriptomic  and
genetic  studies  have  revealed  that  many  ncRNAs  are  involved
in  plant  male  reproduction[47],  some  of  them  are  sensitive  to
temperature  and  photoperiod,  which  has  been  reviewed  else-
where[48−50].

These  reported  RNA  processing  molecules  include  one
lncRNA LDMAR (Long-Day  specific  Male-fertility–Associated
RNA) and one siRNA Psi-LDMAR that is involved in the methyla-
tion of  the promoter  of  LDMAR,  both are  identified in  the rice
PGMS  mutant  Nongken58S[30,51].  The PMS3 locus  encoding
LDMAR,  known  as P/TMS12-1 in indica Peiai64S  (derived  from
Nongken58S),  also  produces smR5864.  Interestingly,  it  confers
PGMS in japonica Nongken58S but TGMS in indica Peiai64S[52],
however, the exact mechanisms underlying its effect on PGMS
and TGMS in a subspecies-dependent manner remain unknown.
Another  lncRNA, PMS1T,  identified  also  in  Nongken58S  is
responsible  for  the  production  of  21nt  phasiRNAs[29].  Other
components in the phasiRNA pathway that are associated with
T/PGMS are rice AGO1d (ARGONAUTEO1d)[53,54],  maize MAGO1
and MAGO2[55], and maize DCL5 (DICER-LIKE5)[56] (Table 1).

The  above  mentioned  results  indicate  that  ncRNAs  are
important for plant responses to thermal/photoperiodical cues
and that  environmental  factors  can interact  with  both genetic
and  epigenetic  elements  to  regulate  plant  male  reproduction,
albeit  the  fact  that  the  potential  target  gene  or  genes  of
ncRNAs have not been fully identified.

 TMS5-UbL40 molecular module and TGMS

RNase  Z,  the  endoribonuclease  belonging  to  the  metallo-
beta-lactamase  family,  has  been  found  in  all  kingdoms  of  life.

  Plant male reproductive adaption to environmental cues
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Table 1.    Genes involved in environmental adaption of plant male reproduction.

    Species   Gene name     Gene ID     Gene product Type of        
EGMS                 Pathway Reference

Arabidopsis ACOS5 At1g62940 acyl-CoA synthetase 5 P/TGMS Pollen exine formation [36,38]
RVMS At4g10950 GDSL lipase P/TGMS Pollen nexine formation [36,38]
CalS5 At2g13680 callose synthase 5 P/TGMS Pollen exine patterning [36,38]
RPG1/SWEET8 At5g40260 SWEET8 TGMS Pollen nexine formation [34,35,38,

111,112]
CYP703A2 At1g01280 cytochrome P450 703A2 P/TGMS Pollen exine formation [36,38]
ABCG26 At3g13220 ATP-binding cassette

transporter G26
TGMS Pollen exine formation [38]

TMS1 At3g08970 HSP40 TGMS Growth of pollen tubes, unfolded
protein response

[113,114]

NPU At3g51610 ATP-dependent
helicase/deoxyribonuclease
subunit B

P/TGMS Pollen primexine
deposition

[36]

IRE1A IRE1B At2g17520
At5g24360

IRE TGMS Pollen coat formation, unfolded
protein response

[115]

AtSec62 At3g20920 Translocation protein TGMS Protein translocation and
secretion

[116]

PEAMT At3g18000 S-adenosyl-l-methionine:
phosphoethanolamine N-
methyltransferase

TGMS Signal transduction [117]

AtPUB4 At2g23140 E3 ligase TGMS Protein degeneration [118]
COI1 LOC9315901 F box protein TGMS Protein degeneration [119]

ICE1 At3g26744 MYC-like bHLH
transcriptional activator

HGMS Anther dehiscence, transcriptional
regulation

[120]

MYB33 MYB65 At5g06100
At3g11440

R2R3 MYB transcription
factor

TGMS Tapetum PCD, transcriptional
regulation

[62]

CER1 At1g02205 Acyl-CoA synthetase HGMS Pollen coat function [82]
CER3 At5g57800 Acyl-CoA synthetase HGMS Pollen coat function [84]
CER6/CUT1 At1g68530 Acyl-CoA synthetase HGMS Pollen coat function [89]
CER8, LACS4 At2g47240,

At4g23850
Acyl-CoA synthetase HGMS Pollen coat function [90]

FKP At4g11820 3-hydroxy-3-methylglutaryl-
coenzyme A Synthase

HGMS Pollen coat function [121]

Rice UGP1 Os09g0553200 UDP-glucose
pyrophosphorylase1

TGMS RNA processing [27]

TMS5 Os02g0214300 RNase ZS1 TGMS RNA processing [22]
TMS10 -TMS10L Os02g0283800-

LOC_Os03g49620
LRR-RLK TGMS Signaling transduction [19]

TMS9-1/OSMS1 Os09g0449000 PHD finger protein TGMS Protein location and transcriptional
regulation

[63]

AGO1d Os06g0729300 Argonaute protein TGMS PhasiRNAs production [53,54]
HMS1-HMS1I Os03g0220100-

Os01g0150000
3-ketoacyl-CoA synthase 6
very-long-chain enoyl-CoA
reductase

HGMS Pollen coat function [32]

OSOSC12 /OSPTS1 Os08g0223900 Bicyclic triterpene synthase HGMS Pollen coat function [81]
OsCER1/ OsGL1-4 Os02g0621300 Acyl-CoA synthetase HGMS Pollen coat function [91]
CSA Os01g0274800 R2R3 MYB transcription

factor
rPGMS Sugar distribution, transcriptional

regulation
[23,24]

CSA2 Os05g049060 R2R3 MYB transcription
factor

PGMS Sugar distribution, transcriptional
regulation

[26]

PMS1 AK242308 lncRNA PGMS lncRNA regulation [29]
P/TMS12-1 (PMS3) Os12g0545900 lncRNA, smR5864 P/TGMS lncRNA regulation and smRNA

regulation
[51,52]

OsPDCD5 AY327105 Programmed cell death 5
protein

PGMS Tapetum PCD [122]

OSMYOXIB Os02g0816900 Myosin XI B PGMS Nutrition transport, protein
location

[123]

OsNP1/OsTMS18 Os10g0524500 Glucose–methanol–choline
oxidoreductase

TGMS Pollen exine formation [97]

ORMDL/tms2 Os07g0452500 Orosomucoid TGMS Sphingolipid homeostasis,PCD [124]
OsOAT LOC_Os03g44150 Ornithine δ-aminotransferase rTGMS Cold tolerance [125]
HSP60-3B LOC_Os10g32550 Heat Shock Protein60-3B TGMS Starch granule biogenesis, reactive

oxygen species (ROS) levels
[126]

OsTMS15 LOC_Os01g68870 LRR-RLK TGMS Tapetum development [44]
OsAL5 LOC_Os05g34640 Alfin like TGMS TMS5 expression [60]

Maize TMS5 LOC100285786 RNase ZS1 TGMS mRNA decay [127]
DCL5 LOC103643440 Dicer-like 5 TGMS PhasiRNAs production [56]

(to be continued)
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Table 1.    (continued)
 

    Species   Gene name     Gene ID     Gene product Type of        
EGMS                 Pathway Reference

MAGO1, MAGO2 Zm00001d007786,
Zm00001d013063

MALE-ASSOCIATED
ARGONAUTE

TGMS Pre-meiotic phasiRNA pathways [55]

INVAN6 Zm00001d015094 Alkaline/neutral invertase TGMS Sugar accumulation, metabolism,
and signaling

[128]

Brassica
napus

BnChimera BnRfb naA7.mtHSP70-1-like rTGMS Fatty acid synthesis [99]

Barley HvMS1 LOC123121697 PHD finger protein rTGMS Transcriptional regulation [129]
Soybean MS3 GLYMA_02G107600 PHD finger protein rPGMS Transcriptional regulation [64]

EGMS, environment-sensitive genic male sterility; PGMS, photoperiod-sensitive genic male sterility; rPGMS, reverse photoperiod-sensitive genic male sterility;
TGMS, thermo-sensitive genic male sterility; rTGMS, reverse thermo-sensitive genic male sterility; HGMS, humidity-sensitive genic male sterility.

a WT

HT/LT HT/LTHTLT

TMS10

tms10 tms10 tms10 tms10l

tms10 tms10 tms10

PM

Abnormal tapetum degenerationAbnormal tapetum degenerationNormal tapetum degenerationNormal tapetum degeneration

Normal tapetum function Restored tapetum function Defective tapetum function No tapetum

HT/LT HT/LT

ostms15-crostms15ostms15

TIR mTIR

PM

HTLT

Male sterilityMale sterilityMale fertilityMale fertility

Male sterilityMale sterilityMale fertilityMale fertility

tms10lTMS10L TMS10L

Ligands

b

OsTDL1A

Substrates

OsTMS15

 
Fig. 1    TMS10/TMS10L, OsTMS5 buffer temperature changes to maintain rice male fertility.  (a) In WT, TMS10 and TMS10L relay extracellular
signals via substrate phosphorylation (P) to safeguard male fertility at high and low temperatures (HT/LT). In the tms10 mutant at HT, TMS10L is
poorly expressed and signals cannot be transduced, resulting in abnormal tapetum degradation and male sterility. At LT, however, TMS10L can
restore  signal  transduction  to  recover  male  fertility  of  the tms10 mutant.  The tms10  tms10l double  mutant  is  completely  sterile  at  all
temperatures. Red crosses indicate loss of function. (b) In WT, OsTMS15, interacting with its ligand OsTDL1A, initiates tapetum development for
pollen  formation  at  HT  or  LT.  In  the ostms15 mutant  with  an  amino  acid  substitution  in  its  TIR  motif,  the  interaction  between  mTIR  and
OsTDL1A  is  reduced,  leading  to  defective  tapetum  function  and  male  sterility  at  HT.  LT  can  enhance  the  interaction  and  restore  tapetum
function  and  male  fertility  of ostms15 mutant.  The  knockout  line ostms15-cr has  no  tapetum  and  is  completely  sterile  at  both  HT  and  LT
conditions. Os, Oryza sativa (rice).
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Two  different  forms  of  RNase  Z  are  present  in  eukaryotes,  the
short-  and  long-  form  were  called  as  RNase  ZS and  RNase  ZL,
respectively;  whereas prokaryotes only have RNase ZS.  Beyond
tRNA  maturation,  RNase  Z  are  also  involved  in  the  maturation
of  mRNAs  that  contain  tRNA-like  structures  known  as  't-
elements'[57−59].

Rice TMS5 is the best characterized RNase ZS1 that associates
with  TGMS  (Table  1);  it  regulates  the  mRNA  abundance  of  its
substrate UbL40 (Ubiquitin-60S  ribosomal  protein  L40)  that  are
involved in the ubiquitin pathway, in a temperature-dependent
manner[22].  Further  studies  have  revealed  the  regulatory
aspects  of TMS5 expression,  providing  new  options  for  the
development  of  novel  TGMS  rice  lines.  OsbHLH138  directly
binds to the core region in the promoter of TMS5 and activates
its expression[21].  Nevertheless, function of OsbHLH138 in male
reproduction adapting to changing temperature remains to be
fully  elucidated.  In  contrast,  OsAL5  (OsAlfin  Like  5)  directly
binds  to  the  'GTGGAG'  element  in  the  promoter  of  TMS5  and
repress  its  expression;  consequently, OsAL5 overexpression
plants are male fertile at LT but male sterile at HT[60]. In addition,
GATA10 directly binds to the promoter of UbL40 and activates its
expression,  regulating  fertility  conversion[20].  These  results
suggest  that  the  TMS5-UbL40 molecular  module  represents
another  important  male  fertility  regulatory  mechanism  res-
ponding to changing temperatures. Identification of additional
upstream regulatory genes will  advance understanding of  this
genetic  base  to  facilitate  the  development  of  novel  TGMS
germplasms.

 Transcription factor and P/TGMS

Transcription factors play a key role in mediating anther and
pollen development  in  response to  environmental  cues[2,4,9,61].
Among them, two pairs of MYB and PHD (plant homeodomain)
finger proteins play roles in plant male production in a temper-
ature/photoperiod-dependent manner[24,26,62−64]. It is necessary
to  summarize  and  update  the  transcriptional  regulation  of  P/
TGMS briefly reviewed previously[48−50].

 CSA, CSA2 and PGMS
In  rice,  two R2R3-MYB TFs  — CSA and its  homolog CSA2 —

are involved in male reproduction in response to photoperiod.
CSA was first  reported to be involved in PGMS in rice 10 years
ago[24]; csa mutant is male fertile under LD conditions (13.5−14
h) and male sterile under SD conditions (11.5−12 h). Two years
ago, CSA2 was also found to be involved in PGMS in rice[26]; the
csa2 mutant  shows  the  reverse  response,  being  male  fertile
under  SD  conditions  and  semi-sterile  under  LD  conditions.
Furthermore,  the csa  csa2 double  mutant  displays  an  additive
phenotype,  being  male  sterile  under  SD  conditions  and  semi-
sterile  under  LD  conditions[26].  Interestingly, CSA and CSA2 are
preferentially  expressed  under  SD  and  LD  conditions,  respec-
tively, and both mutants exhibit altered sugar metabolism and
transport  pathways,  indicating  that  CSA  and  CSA2  regulate
male  fertility via modulating  sugar  participating  from  the
source tissue to  sink tissue in  response to  different  photoperi-
ods.

Notably, differential expression of CSA and CAS2 in response
to photoperiod is driven by their promoters, as CSA2 expressed
from  the CSA promoter  restores csa fertility,  while CSA
expressed from the CSA2 promoter does not[26].  Transcriptome
analysis  found  that  these  two  TFs  control  adaption  of  plant

male reproduction to photoperiod by regulating expression of
both  conserved  and  different  downstream  genes  involved  in
sugar metabolism and transport[25,26]. Under SD conditions, CSA
expression  is  highly  induced  to  regulate  downstream  genes
including MST8 (Monosaccharide Transporter 8), and to promote
sugar  partitioning  to  anthers[23,24];  under  LD  conditions, CSA2
plays a similar but weaker role[18,23−26] (Fig. 2). Our recent studies
indicated that under SD conditions, CSA influences male repro-
duction via acting  on  a  series  of  genes  directly  or  indirectly
associated with sugar partitioning and cell wall development[25],
and that  under  LD conditions,  CSA homologs,  including CSA2,
exert  similar  functions  but  with  both  common  and  distinct
target genes[26].  Currently, it is still challenging to establish the
specific regulatory relationships between CSA and CSA2, so are
their downstream genes. Mining both upstream regulatory and
downstream  target  genes  of  CSA  and  CSA2  would  benefit
efforts to elucidate PGMS mechanisms and uncover new PGMS
genes.  In  addition,  while  promoters  clearly  play  a  key  role  in
photoperiod  response,  other  regulatory  mechanisms  and
target  genes  involving  in  the  adaptation  to  photoperiod
remain to be explored.

 MYB33, MYB65 and TGMS
In  Arabidopsis, MYB33 and MYB65, are miR159-regulated

genes  that  redundantly  facilitate  anther  development  in
response  to  temperature  and  light  intensity  changes. Neither
myb33 nor myb65 mutant  shows  phenotypes,  while myb33
myb65 double  mutant  is  male  sterile  under  low  light  intensity
(LLI, ~80 µmol·m−2·s−1) and HT (21 °C), which can be restored by
either high light intensity (HLI, 330 µmol·m−2·s−1) or LT (16 °C)[62].
In  rice, GAMYB, their  orthologue  gene,  acts  upstream  of TDR
(Tapetum  Degeneration  Retardation),  in  parallel  with UDT1
(Undeveloped Tapetum 1), to regulate rice early anther develop-
ment,  which  is  conserved  also  in  Arabidopsis.  However,  the
mutant  of  rice GAMYB is  male  sterile,  which  is  different  from
myb33  myb65[65].  While  the  miR159  target  sequence  restricts
the expression of MYB33 in the anther, MYB33 and MYB65 can
be induced by gibberellins (GAs) in seeds for nutrient secretion
and  the  progression  of  PCD  in  the  aleurone  during
germination[66,67].  Whether  the  fertility  conversion  of myb33
myb65 is  related  to  the  similar  process  in  tapetum  remains
unknown.

Since  LT  and  HLI  can  restore  the  fertility  of myb33  myb65
double mutant with increased soluble sugar levels in plants[62],
and both CSA and CSA2 control fertility-sterility conversion via
modulating  sugar  participating[25,26],  it  will  be  interesting  to
explore whether these regulators act via common downstream
genes involving in sugar metabolism and transport or whether
myb33  myb65, csa and csa2 can  be  rescued  by  a  common
mechanism.

 PHD finger proteins and P/TGMS
PHD  (plant  homeodomain)  finger  proteins  are  TFs  with

important  roles  in  plant  male  reproduction[68,69].  These  TFs
contain  a  PHD  domain,  and  some  also  have  LXXLL  motifs  (L,
leucine; X, any amino acid) implicated in protein–protein inter-
actions  mediating  transcriptional  activation/repression  and
subcellular localization[69,70].

A  recent  study  in  rice  found  that  the  allelic  mutation  in  the
LXXLL  motif  of  a  PHD  finger  protein  MS1  (Male  Sterile  1),
MS1wenmin1,  confers  TGMS.  Ambient temperature regulates the
abundance  of  MS1  and  MS1wenmin1,  and  HT  (>  27  °C)  leads  to
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more reduction of MS1wenmin1 than MS1 in the nuclei, resulting
in  male  sterility[63].  Furthermore,  both  MS1  and  MS1wenmin1

interact  with  TDR,  enhancing  the  binding  of  TDR  to  the
promoter  of EAT1(ETERNAL  TAPETUM  1)  and  activate EAT1
expression,  in a  temperature-dependent manner[63,71−74].  Thus,
MS1 controls fertility-sterility conversion in response to temper-
ature  fluctuation via changing  its  nucleus  localization  and
abundance[63,75] (Fig. 3a, c). However, not all allelic mutations in
rice  MS1  are  associated  with  TGMS.  For  example,  two  allelic
mutants of MS1 in rice, ptc1 and osms1, lacking the PHD domain
and the LXXLL motif,  are  completely  male  sterile  independent
of temperature or photoperiod conditions[75,76]. So are mutants
of  MS1  orthologs  in  Arabidopsis,  barley  and  maize,  with  ms1
proteins lacking PHD or additional domains[77−80].

Notably,  a  mutation  of  the  soybean MS1 ortholog, ms3,
confers PGMS, being male sterile under SD conditions (< 13.5 h)
but  fertile  under  LD  conditions  (>  15.75  h).  The ms3 mutation
occurs  in  the  PHD  domain,  resulting  in  its  partial  deletion.
Although comparative transcriptomic analysis reveals differen-
tial  expression  of  genes  related  to  carbohydrate  metabolic
process  and  glycosyltransferase  activity  between  WT  and ms3
under both SD conditions and LD conditions[64], the mechanism
underlying the control of MS3-mediated PGMS remains largely
unknown  (Fig.  3a, b).  In  contrast,  the  full  deletion  of  the  PHD
domain in MS3, causes temperature- or photoperiod- indepen-
dent  complete  male  sterility[64].  Therefore,  both  the  LXXLL
motif  and PHD domain in PHD transcription factors are impor-
tant  for  environmental  sensitive  male  reproduction,  as  both
rice MS1wenmin1 and soybean ms3 proteins retain partial function

under  permissive  conditions[63,64,75].  However,  how  these
domains  function  in  the  response  to  P/TGMS  and  how  to  use
them for generating new P/TGMS lines warrants future investi-
gations.  Generating  weak  allele  in  these  domains  of  MS1  and
their  orthologues  in  crop  plants  will  give  rise  to  useful  TGMS
germplasms  for  crop  breeding  as  observed  in ostms15[44] and
MS1wenmin1[63].

 Pollen coat and HGMS

The tapetum provides materials for pollen development and
maturation.  After  degeneration,  tapetal  lipid  and  protein
remnants  are  positioned  in  exine  cavities  to  form  the  pollen
coat,  also called the tryphine and pollenkitt,  which is  essential
for communication between male and female organs, facilitates
pollination  and  fertilization,  and  has  recently  been  shown  to
play a role in adaptation to humidity.

In  rice,  the  first  reported  HGMS  mutant  was ososc12[81].
OsOSC12/OsPTS1 encodes  a  bicyclic  triterpene  synthase,
catalyzing  production  of  the  bicyclic  triterpene  poaceatapetol
that  assists  deposition  of  long-chain  fatty  acids  in  the  pollen
coat through esterification. The ososc12 mutant pollen coat has
reduced  levels  of  long-chain  fatty  acids,  sterols,  and  several
triterpene  esters,  and  increased  levels  of  three  major  phytos-
terols, which leads to unsuccessful adhesion and hydration, i.e.,
male sterility, at low humidity conditions (LH, relative humidity
[RH]  <  60%).  Fertility  is  restored  at  high  humidity  (HH,  RH  >
80%),  clearly  demonstrating  that  pollen  coat  is  important  for
pollen adhesion and hydration at LH conditions[81].

SD LD

CSA

Target genes

Male fertility

CSA

MST8

et.al.

CSA2

CSA2

SD LD

csa

Target genes

SD Male fertility

LD Male fertility

SD Male fertility

LD Male semi-sterility

CSA

MST8

et.al.

CSA2

CSA2

SD LD

CSA

Target genes

CSA

MST8

et.al.

csa2

CSA2

Sugar partitioning Sugar partitioning Sugar partitioning

 
Fig.  2    CSA  and  CSA2  are  a  pair  of  R2R3  MYB  transcription  factors  in  rice  mediating  male  fertility  adaptation  to  photoperiod.  CSA  is  a  key
regulator under short-day (SD) conditions while CSA2 a major regulator under long-day (LD) conditions, both influencing sugar partitioning to
the anther.  In the csa mutant under SD, downstream target genes, including MST8,  are not activated, leading to defective sugar partitioning
and male sterility;  under  LD conditions,  CSA2 can restore fertility  of  the csa mutant.  In  the csa2 mutant  under  LD,  the loss  of  CSA2 function
reduces activation of downstream target genes, leading to male semi-sterility; while CSA works under SD to restore male fertility. Red crosses
indicate loss of function.
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In  Arabidopsis,  CER  (eceriferum;  Latin,  'without  wax')  genes
play  an  important  role  in  forming  pollen  coat  by  mediating
very-long-chain  (VLC)  fatty  acid  biosynthesis.  Mutations  in
many CER genes  confer  HGMS,  being  male  sterile  under  dry
conditions,  but  fertile  at  HH  (RH  >  90%).  CER1  belongs  to  the
fatty acid hydroxylase superfamily, which promotes the conver-
sion  of  stem  wax  C30  aldehydes  to  C29  alkanes.  The cer1
mutant has a defective pollen coat and is male sterile at LH (30%
<  RH  <  40%)[82].  CER2  and  CER2L2  are  BAHD  acyltransferases
required for VLC fatty acid synthesis, and the cer2 cer2l2 double
mutant is HGMS. CER2 and CER2L2 interact with CER6 (3-ketoa-
cyl-CoA synthase) in the endothecium to modulate biosynthesis
of VLC fatty acid (> 28 °C) in pollen coat[83]. CER3, another fatty
acid hydroxylase, reduces VLC acyl-CoA to aldehydes, which are
converted  into  VLC  alkanes  by  CER1.  Both  the cer3 and cer6
mutants  are  male  sterile  in  dry  conditions  (RH  50–70%),
restored  at  HH[83−89].  In  addition,  CER8  and  LACS4  are  long-
chain  acyl-CoA  synthetases  (LACSs);  the cer8  lacs4 double
mutant  is  HGMS  due  to  significant  reductions  of  lipids  in  the
pollen coat[90].

In rice, OsGL1-4/OsCER1 is the ortholog of Arabidopsis CER1

and the osgl1-4/oscer1 mutant is HGMS[91−93]. Pollens of osgl1-4
mutant  are  viable,  but  display  defective  hydration  under
normal  conditions  (30%−60%  RH),  restored  at  high  humidity
(RH > 80%). OsGL1-4/OsCER1 knockout likely affects VLC alkane
metabolism  and  alters  the  lipid  composition  of  pollen  coat,
causing  defective  pollen  adhesion,  hydration,  and
germination[91−93]. HMS1/OsCER2 encodes  a  3-ketoacyl-CoA
synthase  that  catalyzes  biosynthesis  of  the  C26  and  C28  VLC
fatty acids. The pollen coat of the HGMS hms1 mutant contains
reduced  levels  of  VLC  fatty  acids,  which  disrupts  pollen  water
retention[32,94].  Notably,  seed-setting of hms1 mutants increase
from 0% to 72% when RH increases from 45% to 75%[32,94].

Thus  far,  characterized  genes  associated  with  HGMS  are
involved in wax production or deposition, particularly VLC fatty
acids[32,81,91−93,95,96] (Fig.  4).  Mutation  of  these  genes  compro-
mises  pollen  coat  composition,  with  adverse  effects  on  pollen
hydration,  leading  to  male  sterility  under  low  humidity  condi-
tions.  Exploring  new  components  and  causal  genes  in  pollen
coat  metabolism  will  facilitate  discovery  and  identification  of
HGMS  regulatory  elements  to  prepare  two-line  hybrid  system
with excellent adaptations to drought.
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Fig. 3    PHD finger proteins OsMS1 and GmMS3 affect temperature- or photoperiod-sensitive adaption of plant male reproduction in rice and
soybean,  respectively.  (a)  Schematic  showing  domains  of  plant  homeodomain  (PHD)  finger  proteins.  Truncation  of  PHD  in gmms3 leads  to
PGMS in soybean. The L301P substitution in the OsMS1wenmin1 LXXLL (L, leucine; X, any amino acid) motif leads to TGMS in rice. Deletion of the
LXXLL  and  PHD  domains  in  OsMS1/GmMS3  leads  to  complete  male  sterility.  (b)  Short-day  (SD)  conditions  do  not  induce  the  expression  of
gmms3,  leading to abnormal carbohydrate metabolism in anthers and male sterility. Long-day (LD) conditions is sufficient to activate gmms3
and  restore  male  fertility.  Red  crosses  indicate  loss  of  function.  (c)  At  high  temperature  (HT),  OsMS1wenmin1 is  expressed  at  low  levels  and
distributed  across  both  cytoplasm  and  nucleus,  so  nuclear  concentration  is  insufficient  to  activate  target  genes,  e.g., EAT1,  leading  to  male
sterility.  At  low  temperature  (LT),  OsMS1wenmin1 is  expressed  at  higher  levels  and  concentrated  appropriately  in  the  nucleus  to  restore  male
fertility. Os, Oryza sativa (rice); Gm, Glycine max (soybean); NLS, nuclear localization signal.
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 Slow growth and sterility–fertility conversion

Mechanisms  underlying  sterility–fertility  conversion  in  P/
TGMS  and  HGMS  lines  are  of  great  interest  to  plant  scientists,
and  it  is  attractive  to  figure  out  whether  there  is  a  common
mechanism behind it or not. Recent studies have observed that
slow  development  may  be  a  general  mechanism  of
sterility–fertility conversion in P/TGMS lines.  This theory claims
that  low  temperature,  low  light  intensity  and  short-day
photoperiod can slow anther development to allow formation
of functional pollens in P/TGMS lines[33−38].

The  first  evidence  comes  from  a  TGMS  mutant rvms
(reversible male sterile) that is male sterile at HT (24 °C) but fertile
at LT (17 °C). Interestingly, the double mutant res1 rvms is male
fertile at HT. RES1 encodes a CDKA;1 (A-type Cyclin-Dependent
Kinase;1) that is required for cell division in male gametogene-
sis,  and res1 is  a  weak  allele  that  slows  male  meiosis  and
microgametogenesis at 24 °C. This effect is consistent with the
effect  of  LT  on  pollen  development,  suggesting  that  slow
pollen  development  restores rvms fertility.  This  hypothesis  is
further  confirmed  by  the  fact  that  higher  expression  of KRP2
(KIP-Related Protein  2),  a  CDKA;  1  inhibitor,  in  transgenic rvms
partly restores fertility; while crossing rvms with chlm-4, a slow-
growth  mutant,  also  rescues rvms sterility[38].  Other  TGMS
mutants  involved  in  pollen  wall  patterning  (cals5 (callose
synthase  5)  and rpg1 (ruptured  pollen  grains  1)),  sporopollenin
biosynthesis  (acos5 (acyl-CoA  synthetase  5)  and cyp703a2
(cytochrome  p450  703a2)),  and  sporopollenin  transportation
(abcg26, atp  binding  cassette  g26)  are  all  fertile  at  HT  when
crossed with res1[33−38], indicating that slow pollen development
is  a  general  mechanism  for  restoring  fertility  in  Arabidopsis
TGMS mutants. But is this mechanism applicable to PGMS? The

cals5-2 mutant provides a good answer to this question. cals5-2
was isolated as  a  TGMS mutant,  fertile  at  LT[38].  Recent  studies
have also identified it as a PGMS mutant, sterile under LD (16 h)
but  fertile  under  SD  (8  h)  conditions.  Furthermore,  low  light
intensity  can also  restore  its  fertility[36].  SD conditions  and low
light  intensity  could  also  restore  fertility  in  other  classically
TGMS  lines  (acos5, cyp703a2, npu, rpg1 and rvms)[36], demon-
strating that slow pollen development is a common mechanism
for sterility–fertility conversion in P/TGMS lines, through acting
on multiple genetic and biochemical pathways for development
of functional pollen.

It is interesting to understand why slow pollen development
can  restore  the  fertility  of  P/TGMS  lines.  Permissive  conditions
relieve  the  requirement  for  an  intact  sexine  (acos5 and
cyp703a2), normal callose wall and primexine formation (npu-2
and cals5-2),  and  integral  plasma  membrane  formation  (rvms),
allowing successful development of functional pollen[36]. Other
studies  show  that  slow  development  allows  redundant  genes
to restore the fertility of Arabidopsis TGMS lines, such as rpg1[35].
rpg1 is  defective  in  primexine,  which  can  be  partially  restored
under slow growth conditions through activity of the homolo-
gous,  and  partially  redundant, RPG2 gene;  fertility  recovery  of
the rpg1  rpg2 double  mutant  at  LT  is  significantly  reduced
compared  with  that  of rpg1.  Gene  redundancy  can  therefore
play important roles in fertility restoration of TGMS lines[35], but
its prevalence in other TGMS or PGMS lines remains unresolved.
The  latest  results  from  other  restorers  of rvms provide  novel
insights  into  the  sterility–fertility  conversion  in  P/TMGS  lines.
res2, a mutation in QRT3 (QUARTET 3) that encodes a polygalac-
turonase, shows delayed degradation of the tetrad pectin wall,
and can restore fertility in rvms and other known P/TGMS lines,
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Fig.  4    Pollen  coat  composition  affects  fertility  at  low  humidity  in  rice  and  Arabidopsis  OsOCS12/OsPTS1  influences  long-chain  fatty  acid
transport,  and  OSGL1-4/OsCER1,  HMS1/OsCER2,  and  AtCER1,  AtCER2,  AtCER2L2,  AtCER3,  AtCER6  play  roles  in  VLC  fatty  acid  biosynthesis.
Mutation in these genes (singly or in pairs) compromises pollen coat composition to reduce adhesion and hydration under low humidity (LH).
At, Arabidopsis thaliana; HH, high humidity; VLC, very long chain.
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including acos5-2, cyp703a2, abcg26-1, cals5-6, rpg1,  and rvms-
2; delayed pectin wall degradation is thus also a general mech-
anism  for  fertility  restoration  in  P/TGMS  lines[33]. res3, with  a
point mutation in UPEX1 (UNEVEN PATTERN OF EXINE 1), shows
delayed tetrad callose wall degradation, and can restore fertility
of  a  TGMS  mutation  defective  in  nexine  formation  (rvms–2)[34]

and  other  P/TGMS  lines  with  pollen  wall  defects.  Delayed
callose degradation appears to provide extra protection during
pollen development, allowing P/TGMS microspores to develop
into functional pollen[33,34] (Fig. 5).

These mechanisms found in Arabidopsis are likely conserved
in  other  plants.  In  rice,  OsTMS18/OsNP1  encodes  a  glucose-
methanol-choline  (GMC)  oxidoreductase,  in  which  a  point
mutation (Gly to Ser) produces the TGMS ostms18 mutant, male
sterile with aborted pollen at HT, while fertile with a flawed but
functional  pollen  wall  at  LT[97].  Mutants  of  its  Arabidopsis
orthologs  are  fertile  at  LT  but  semi-sterile  with  significantly
reduced  fertility  at  HT  (28  °C)[97]. ostms15 is  a  weak  allelic
mutant  of  MSP1,  containing  an  amnio  acid  substitution  in  its
TIR  motif  that  leads  to  reduced  interaction  with  the  ligand
OsTDL1A.  Unlike  the  knockout  mutant ostms15-cr,  the  weak
allelic mutant can produce defective tapetum at HT, which can
be  compensated  by  enhanced  interaction  with  OsTDL1A  and
slow  development  at  LT[44] (Fig.  1b).  In  wheat,  SCULP1  (SKS
clade  universal  in  pollen),  a  clade  of  the  multicopper  oxidase
family,  is  required  for  p-coumaroylation  of  sporopollenin  and
exine  integrity;  overexpression  of SCULP1 can  restore  exine
integrity  and male fertility  of  TGMS wheat  line BS366[98].  Since

rice,  wheat,  and  Arabidopsis  have  distinct  growth  conditions,
light and temperature preferences,  and different requirements
for  sterility–fertility  conversion,  permissive  environments  for
these two species may provide different levels of protection for
microspore development at LT.

In rapeseed (Brassica napus), the male-sterility TGMS Lembke
(MSL)  and  9012AB  lines  have  been  extensively  used  in  hybrid
breeding  in  Europe  and  China,  respectively.  These  lines  share
many similarities in defective pollen development and abnormal
tapetum degradation;  importantly,  heat  shock restores fertility
in  both  lines,  which  share  not  only  the  same  restorer  gene
BnaC9-Tic40 but  also  the  same  male  sterility  gene BnChimera.
BnChimera  can  interact  with  BnaC9-Tic40  directly,  which
restores fertility at HT by suppressing expression of anther and
pollen  developmental  genes.  In  this  case,  two  wrongs  make  a
right;  repressing  gene  expression  slows  pollen  development,
providing  time  for  affected  plastids  to  produce  enough  lipid
molecules  for  pollen  wall  development[99].  Uniquely,  slow
development  in  this  case  is  brought  about  by  HT  rather  than
LT[33,34,36,38,99].

In summary, sterility–fertility conversion in P/TGMS lines can
be  affected  by  temperature,  light  intensity,  and  photoperiod.
Low  temperature,  low  light  intensity,  and  short  day  generally
slow  plant  development,  generating  defective  but  functional
pollen to restore fertility. While slow development mechanisms
underlying  sterility–fertility  conversion  of  P/TGMS  lines  in
Arabidopsis  have  been  extensively  studied,  relatively  little  is
known  in  rice  and  rapeseed,  and  even  less  for  other  species.
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Fig. 5    Slow development and delay in pectin wall degradation can restore fertility in Arabidopsis pollen wall mutants. Low-temperature (LT),
short-day  (SD),  low-light  intensity  (LLI),  and  the res1 mutation  can  slow  development  of  pollen  to  recover  male  fertility  in  Arabidopsis  lines
defective in pollen wall formation. The res2 mutation delays pectin wall degradation, providing extra protection for developing pollen in pollen-
defective mutants. Red crosses indicate loss of function.
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More work  is  required to  validate  the  general  mechanism and
reveal  novel  specific  mechanisms,  considering  environmental
requirements  that  differ  for  each species;  and to  extend these
insights into restoration of the more recently discovered HGMS
lines.

 Plant hormone and sterility-fertility conversion

Plant  hormones  are  key  regulators  of  plant  development,
including  male  reproduction[18,100,101].  Few  studies  have
focused  on  the  roles  of  plant  hormones  in  sterility–fertility
conversion, although genes involved in plant hormone biosyn-
thesis  and  transduction  are  known  to  be  differentially
expressed in  EGMS lines,  and can be used to  generate  unique
hormone-sensitive GMS lines[102−104].

In  rice,  an  early  study  in  PGMS  line  (Nongken58S)  clearly
established  the  relationship  between  endogenous  phytohor-
mones and male fertility. Deficiency of IAA (indole-3-acetic acid)
at  early  developmental  stages,  reduction  of  GAs  at  late  deve-
lopmental  stages,  and  decrease  in  ABA  (abscisic  acid)  lead  to
male  sterility  of  Nongkeng58S  under  LD  conditions[105].
Recently, a study found that jasmonic acid (JA) is a pivotal regu-
lator for fertility conversion in both PGMS and TGMS rice lines.
Exogenous spraying of JA analog on Nongken58S and D52S (a
rPGMS line) partially restores male fertility, indicating that JA is
but not the sole hormone in the fertility conversion[103].

In wheat, LT and/or SD at the critical period (from the pollen
mother  cell  meiotic  stage  to  the  early  mononucleate  stage  of
microsporogenesis)  induce  sterility[102].  Conversely,  HT  and/or
LD conditions at the critical period induce fertility by reversing
levels  of  these  hormones  in  anthers.  By  adjusting  the  sowing
date,  environmental  conditions for  inducing sterility/fertility  in
P/TGMS  wheat  can  be  easily  created;  alternatively,  exogenous
application  of  hormones  at  the  critical  period  can  also  affect
fertility[102].  However,  the  exact  molecular  mechanisms behind
hormonal  involvement  in  sterility–fertility  conversion  in  P/
TGMS lines remain unresolved.

 Conclusions and perspective

Climate  change,  with  the  associated  warmer  temperatures
and more frequent extreme climate events, is creating increas-
ingly  adverse  environmental  conditions  for  plant  growth,
impairing  development  and  reproduction  that  can  result  in
crop failures[106−108]. Male reproduction is particularly vulnerable
to  temperature  and  humidity  aberrations.  Therefore,  under-
standing  mechanisms  that  control  adaptations  of  plant  male
reproductive  development  to  environmental  cues  is  of  funda-
mental importance for sustaining agriculture and food security.

Plants  have  evolved  various  molecular  switches  to  adapt  to
changing environments, several of which have been uncovered
in model plants, including Arabidopsis and rice. These molecular
switches, such as TMS10/TMS10L and CSA/CSA2, regulate fertil-
ity conversion via different mechanisms in response to environ-
mental  conditions[32,81,84−86,88,91,93,95].  Slow  development
appears  to  be  a  common  mechanism  to  rescue  fertility  in  P/
TGMS  lines,  which  allows  mutant  lines  to  generate  defective
but functional  pollens in permissive temperature or daylength
conditions[33,34,36,38,99].  While  this  mechanism  is  conserved  in
Arabidopsis,  rice  and  rapeseed,  broader  application  to  other
agricultural  crops  remains  to  be  validated.  Nevertheless,  the

mechanism underlying fertility conversion for HGMS is  not yet
clear. Apparently, it is different from P/TGMS, in HGMS, only the
pollen  coat  is  affected.  But  it  must  be  some  connection
between  HGMS  and  P/TGMS,  because  lipidic  molecules  are
important  components  of  anther  wall,  pollen  wall  and  pollen
coat,  although P/TGMS is  also  related to  cell  wall  components
such  as  callose,  pectin[33,34].  Elucidating  the  exact  lipid  mole-
cules  and  genes/pathways  involved  will  be  helpful  to  explore
mechanisms of  HGMS. We believe that with the discovery and
identification  of  further  relevant  molecular  switches,  we  will
better understand the processes and underlying genetic and/or
biochemical  bases  for  environmental  adaption  of  plant  male
reproduction.

All  EGMS lines  mentioned in  this  review are  from natural  or
induced  mutants  in  cultivated  plant  species;  the  revealed
molecular modules thus reflect the consequence of domestica-
tion  and  artificial  selection  at  the  single  gene  level.  While
detecting the fertility variations between a mutant and its wild
type  is  generally  straightforward,  identifying  the  underlying
genetic  basis  is  quite  difficult.  Although  whole  genome
sequencing-based  genomics  and  pangenomics  studies  have
paved  the  way  for  high  throughput  identification  of  causal
genomic  or  structural  variations  for  important  traits[109],  such
approaches  have  never  been  used  to  identify  genetic  mecha-
nisms  underlying  natural  variations  in  male  reproduction  in
response to environment, nor to mine genes underlying EGMS
in  wild  varieties  lost  during  domestication  and
improvement[110].  Outputs  from  such  studies  would  greatly
advance our understanding of plant male reproduction adapta-
tion mechanisms. In addition, critical transition points respond-
ing  to  environmental  factors  differ  significantly  depending  on
species and cultivars, these points are vital for accurately deter-
mination  of  genetic  bases  of  EGMS.  Critical  transition  points
need to be defined case by case in the future to establish helpful
platform for mining novel EGMS lines and elucidating underly-
ing mechanisms, distinguishing and obtaining pure PGMS and/
or TGMS lines.

Although  some  EGMS  genes  have  been  well  characterized,
few  germplasms  are  applicable  in  hybrid  seed  production  as
many  genes  have  side  effects,  creating  a  desperate  need  to
identify  new  useful  lines.  Considering  the  growing  complexity
of  environmental  factors,  a  successful  strategy  may  involve
combining P/TGMS and HGMS mutations to build environmen-
tal resilience and increase utility of identified genes.

Acknowledgments

Authors are grateful to late Prof. Dabing Zhang for his initiat-
ing,  encouraging  and  supervising  this  manuscript.  We  will
always remember him as our esteemed mentor, colleague, and
friend.  This  work  was  financially  supported  by  the  National
Natural Science Foundation of China (32130006 and 31970803),
Yazhou  Bay  Seed  Laboratory  Project  (B21HJ8104),  Jiangsu
Provincial  Key  R&D  Programme  (BE2021323),  Australian
Research  Council  Discovery  Project  grants  (DP210100956  and
DP230102476), Australian Research Council Training Centre for
Accelerated  Future  Crop  Development  (IC210100047),
Australian  Research  Council  Linkage (LP210301062),  the  China
Innovative  Research  Team  (Ministry  of  Education)  and  the
Programme of  Introducing Talents  of  Discipline to Universities
(111 Project, B14016) to Prof. Dabing Zhang.

  Plant male reproductive adaption to environmental cues

Page 10 of 14   Liu et al. Seed Biology 2023, 2:13



Conflict of interest

The  authors  declare  that  they  have  no  conflict  of  interest.
Dabing  Zhang  is  the  Editorial  Board  member  of Seed  Biology
who  was  blinded  from  reviewing  or  making  decisions  on  the
manuscript.  The  article  was  subject  to  the  journal's  standard
procedures,  with  peer-review  handled  independently  of  this
Editorial Board member and his research groups.

Dates

Received  11  April  2023;  Accepted  26  July  2023;  Published
online 16 August 2023

References

Kim YJ, Zhang D. 2018. Molecular control of male fertility for crop
hybrid breeding. Trends in Plant Science 23:53−65

1.

Gómez JF,  Talle  B,  Wilson ZA. 2015.  Anther  and pollen  develop-
ment: a conserved developmental pathway. Journal of Integrative
Plant Biology 57:876−91

2.

Åstrand J, Knight C, Robson J, Talle B, Wilson ZA. 2021. Evolution
and  diversity  of  the  angiosperm  anther:  trends  in  function  and
development. Plant Reproduction 34:307−19

3.

Marchant  DB,  Walbot  V. 2022.  Anther  development—the  long
road to making pollen. The Plant Cell 34:4677−95

4.

Wan  X,  Wu  S,  Li  Z,  An  X,  Tian  Y. 2020.  Lipid  metabolism:  critical
roles in male fertility and other aspects of reproductive develop-
ment in plants. Molecular Plant 13:955−83

5.

Lee SK, Lee J, Jo M, Jeon JS. 2022. Exploration of sugar and starch
metabolic pathway crucial for pollen fertility in rice. International
Journal of Molecular Sciences 23:14091

6.

Zhang  D,  Shi  J,  Yang  X.  2016.  Role  of  lipid  metabolism  in  plant
pollen  exine  development.  In Lipids  in  Plant  and  Algae  Develop-
ment. Subcellular Biochemistry,  eds. Nakamura Y, Li-Beisson Y. vol
86.  Cham,  Switzerland: Springer,  Cham.  pp.  315–37. https://doi.
org/10.1007/978-3-319-25979-6_13

7.

Shi  J,  Cui  M,  Yang  L,  Kim  YJ,  Zhang  D. 2015.  Genetic  and
biochemical  mechanisms  of  pollen  wall  development. Trends  in
Plant Science 20:741−53

8.

Zhang  D,  Luo  X,  Zhu  L. 2011.  Cytological  analysis  and  genetic
control  of  rice  anther  development. Journal  of  Genetics  and
Genomics 38:379−90

9.

Wilson ZA, Zhang D. 2009. From Arabidopsis to rice: pathways in
pollen development. Journal of Experimental Botany 60:1479−92

10.

Ma  X,  Wu  Y,  Zhang  G. 2021.  Formation  pattern  and  regulatory
mechanisms of pollen wall in Arabidopsis. Journal of Plant Physiol-
ogy 260:153388

11.

Sun Y, Fu M, Ang Y, Zhu L, Wei L, et al. 2022. Combined analysis of
transcriptome  and  metabolome  reveals  that  sugar,  lipid,  and
phenylpropane  metabolism  are  essential  for  male  fertility  in
temperature-induced  male  sterile  rice. Frontiers  in  Plant  Science
13:945105

12.

Fang  Y,  Yang  J,  Guo  X,  Qin  Y,  Zhou  H,  et  al. 2022.  CRISPR/Cas9-
induced  mutagenesis  of TMS5 confers  thermosensitive  genic
male  sterility  by  influencing  protein  expression  in  rice  (Oryza
sativa L.). International Journal of Molecular Sciences 23:8354

13.

Abbas A, Yu P, Sun L, Yang Z, Chen D, et al. 2021. Exploiting genic
male sterility in rice: from molecular dissection to breeding appli-
cations. Frontiers in Plant Science 12:629314

14.

Sze H, Palanivelu R, Harper JF, Johnson MA. 2021. Holistic insights
from  pollen  omics:  co-opting  stress-responsive  genes  and  ER-
mediated  proteostasis  for  male  fertility. Plant  Physiology 187:
2361−80

15.

Tang H, Song Y, Guo J, Wang J, Zhang L, et al. 2018. Physiological
and metabolome changes during anther development in wheat

16.

(Triticum  aestivum L.). Plant  Physiology  and  Biochemistry 132:
18−32
Li C, Tao R, Li Y, Duan M, Xu J. 2020. Transcriptome analysis of the
thermosensitive  genic  male-sterile  line  provides  new  insights
into  fertility  alteration  in  rice  (Oryza  sativa). Genomics 112:
2119−29

17.

Sun S, Wang D, Li J, Lei Y, Li G, et al. 2021. Transcriptome analysis
reveals  photoperiod-associated genes expressed in  rice  anthers.
Frontiers in Plant Science 12:621561

18.

Yu J, Han J, Kim Y-J, Song M, Yang Z, et al. 2017. Two rice receptor-
like kinases maintain male fertility under changing temperatures.
Proceedings of the National Academy of Sciences 114:12327−32

19.

Jin J,  Gui S, Li Q, Wang Y, Zhang H, et al. 2020. The transcription
factor GATA10 regulates fertility  conversion of  a two-line hybrid
tms5 mutant rice via the modulation of UbL40 expression. Journal
of Integrative Plant Biology 62:1034−56

20.

Wen J, Wang L, Wang J, Zeng Y, Xu Y, et al. 2019. The transcription
factor OsbHLH138 regulates thermosensitive genic male sterility
in rice via activation of TMS5. Theoretical and Applied Genetics 132:
1721−32

21.

Zhou  H,  Zhou  M,  Yang  Y,  Li  J,  Zhu  L,  et  al. 2014.  RNase  ZS1

processes UbL40 mRNAs and controls thermosensitive genic male
sterility in rice. Nature Communications 5:4884

22.

Zhang  H,  Liang  W,  Yang  X,  Luo  X,  Jiang  N,  et  al. 2010. Carbon
Starved  Anther encodes  a  MYB  domain  protein  that  regulates
sugar  partitioning  required  for  rice  pollen  development. The
Plant Cell 22:672−89

23.

Zhang H, Xu C, He Y, Zong J, Yang X, et al. 2013. Mutation in CSA
creates a new photoperiod-sensitive genic male sterile line appli-
cable for hybrid rice seed production. Proceedings of the National
Academy of Sciences 110:76−81

24.

Li J, Wang D, Sun S, Sun L, Zong J, et al. 2022. The regulatory role
of  Carbon  Starved  Anther-mediated  photoperiod-dependent
male fertility in rice. Plant Physiology 189:955−71

25.

Wang D, Li J, Sun L, Hu Y, Yu J, et al. 2021. Two rice MYB transcrip-
tion factors maintain male fertility in response to photoperiod by
modulating sugar partitioning. New Phytologist 231:1612−29

26.

Chen  R,  Zhao  X,  Shao  Z,  Wei  Z,  Wang  Y,  et  al. 2007.  Rice  UDP-
Glucose Pyrophosphorylase1 is essential for pollen callose depo-
sition and its cosuppression results in a new type of thermosensi-
tive genic male sterility. The Plant Cell 19:847−61

27.

Virmani  SS,  Ilyas-Ahmed  M.  2001.  Environment-sensitive  genic
male  sterility  (EGMS)  in  crops.  In Advances  in  Agronomy. vol  72.
Amsterdam: Elsevier. pp. 139–95

28.

Fan  Y,  Yang  J,  Mathioni  SM,  Yu  J,  Shen  J,  et  al. 2016.  PMS1T,
producing phased small-interfering RNAs, regulates photoperiod-
sensitive male sterility in rice. PNAS 113:15144−49

29.

Ding J, Shen J, Mao H, Xie W, Li X, et al. 2012. RNA-directed DNA
methylation is involved in regulating photoperiod-sensitive male
sterility in rice. Molecular Plant 5:1210−16

30.

Lu  Q,  Li  X,  Guo  D,  Xu  C,  Zhang  Q. 2005.  Localization  of pms3,  a
gene  for  photoperiod-sensitive  genic  male  sterility,  to  a  28.4-kb
DNA fragment. Molecular Genetics and Genomics 273:507−11

31.

Chen H, Zhang Z,  Ni E,  Lin J,  Peng G, et al. 2020. HMS1 interacts
with  HMS1I  to  regulate  very-long-chain  fatty  acid  biosynthesis
and  the  humidity-sensitive  genic  male  sterility  in  rice  (Oryza
sativa). New Phytologist 225:2077−93

32.

Shi Q, Lou Y, Shen S, Wang S, Zhou L, et al. 2021. A cellular mech-
anism  underlying  the  restoration  of  thermo/photoperiod-sensi-
tive genic male sterility. Molecular Plant 14:2104−14

33.

Wang K, Yu Y, Jia X, Zhou S, Zhang F, et al. 2022. Delayed callose
degradation  restores  the  fertility  of  multiple  P/TGMS  lines  in
Arabidopsis. Journal of Integrative Plant Biology 64:717−30

34.

Zhang  C,  Ren  M,  Han  W,  Zhang  Y,  Huang  M,  et  al. 2022.  Slow
development  allows  redundant  genes  to  restore  the  fertility  of
rpg1, a TGMS line in Arabidopsis. The Plant Journal 109:1375−85

35.

Plant male reproductive adaption to environmental cues  

Liu et al. Seed Biology 2023, 2:13   Page 11 of 14

https://doi.org/10.1016/j.tplants.2017.10.001
https://doi.org/10.1111/jipb.12425
https://doi.org/10.1111/jipb.12425
https://doi.org/10.1007/s00497-021-00416-1
https://doi.org/10.1093/plcell/koac287
https://doi.org/10.1016/j.molp.2020.05.009
https://doi.org/10.3390/ijms232214091
https://doi.org/10.3390/ijms232214091
https://doi.org/10.1007/978-3-319-25979-6_13
https://doi.org/10.1007/978-3-319-25979-6_13
https://doi.org/10.1016/j.tplants.2015.07.010
https://doi.org/10.1016/j.tplants.2015.07.010
https://doi.org/10.1016/j.jgg.2011.08.001
https://doi.org/10.1016/j.jgg.2011.08.001
https://doi.org/10.1093/jxb/erp095
https://doi.org/10.1016/j.jplph.2021.153388
https://doi.org/10.1016/j.jplph.2021.153388
https://doi.org/10.1016/j.jplph.2021.153388
https://doi.org/10.3389/fpls.2022.945105
https://doi.org/10.3390/ijms23158354
https://doi.org/10.3389/fpls.2021.629314
https://doi.org/10.1093/plphys/kiab463
https://doi.org/10.1016/j.plaphy.2018.08.024
https://doi.org/10.1016/j.ygeno.2019.12.006
https://doi.org/10.3389/fpls.2021.621561
https://doi.org/10.1073/pnas.1705189114
https://doi.org/10.1111/jipb.12871
https://doi.org/10.1111/jipb.12871
https://doi.org/10.1007/s00122-019-03310-7
https://doi.org/10.1007/s00122-019-03310-7
https://doi.org/10.1038/ncomms5884
https://doi.org/10.1105/tpc.109.073668
https://doi.org/10.1105/tpc.109.073668
https://doi.org/10.1073/pnas.1213041110
https://doi.org/10.1073/pnas.1213041110
https://doi.org/10.1093/plphys/kiac076
https://doi.org/10.1111/nph.17512
https://doi.org/10.1105/tpc.106.044123
https://doi.org/10.1073/pnas.1619159114
https://doi.org/10.1093/mp/sss095
https://doi.org/10.1007/s00438-005-1155-4
https://doi.org/10.1111/nph.16288
https://doi.org/10.1016/j.molp.2021.08.019
https://doi.org/10.1111/jipb.13205
https://doi.org/10.1111/tpj.15635


Zhang C, Xu T, Ren M, Zhu J, Shi Q, et al. 2020. Slow development
restores  the  fertility  of  photoperiod-sensitive  male-sterile  plant
lines. Plant Physiology 184:923−32

36.

Xu X, Qian X, Wang K, Yu Y, Guo Y, et al. 2021. Slowing develop-
ment facilitates Arabidopsis mgt mutants  to accumulate enough
magnesium for pollen formation and fertility restoration. Frontiers
in Plant Science 11:621338

37.

Zhu J, Lou Y, Shi Q, Zhang S, Zhou W, et al. 2020. Slowing devel-
opment  restores  the  fertility  of  thermo-sensitive  male-sterile
plant lines. Nature Plants 6:360−67

38.

Cui  Y,  Lu  X,  Gou  X. 2022.  Receptor-like  protein  kinases  in  plant
reproduction:  Current  understanding  and  future  perspectives.
Plant Communications 3:100273

39.

Cai W, Zhang D. 2018. The role of receptor-like kinases in regulat-
ing plant male reproduction. Plant Reproduction 31:77−87

40.

Soltabayeva A, Dauletova N, Serik S, Sandybek M, Omondi JO, et
al. 2022. Receptor-like kinases (LRR-RLKs) in response of plants to
biotic and abiotic stresses. Plants 11:2660

41.

Hu  C,  Zhu  Y,  Cui  Y,  Cheng  K,  Liang  W,  et  al. 2018.  A  group  of
receptor kinases are essential for CLAVATA signalling to maintain
stem cell homeostasis. Nature Plants 4:205−11

42.

Yang L, Qian X, Chen M, Fei Q, Meyers BC, et al. 2016. Regulatory
role  of  a  receptor-like  kinase  in  specifying  anther  cell  identity.
Plant Physiology 171:2085−100

43.

Han Y, Jiang S, Zhong X, Chen X, Ma C, et al. 2023. Low temperature
compensates for defective tapetum initiation to restore the fertil-
ity of the novel TGMS line ostms15. Plant Biotechnology Journal 21:
1659−70

44.

Bhogireddy S, Mangrauthia SK, Kumar R, Pandey AK, Singh S, et al.
2021.  Regulatory  non-coding  RNAs:  a  new  frontier  in  regulation
of plant biology. Functional & Integrative Genomics 21:313−30

45.

Quan  M,  Chen  J,  Zhang  D. 2015.  Exploring  the  secrets  of  long
noncoding  RNAs. International  Journal  of  Molecular  Sciences 16:
5467−96

46.

Dziegielewski  W,  Ziolkowski  PA. 2021.  License  to  regulate:
noncoding RNA special agents in plant meiosis and reproduction.
Frontiers in Plant Science 12:662185

47.

Chen L, Liu Y. 2014. Male sterility and fertility restoration in crops.
Annual Review of Plant Biology 65:579−606

48.

Fan Y, Zhang Q. 2018. Genetic and molecular characterization of
photoperiod  and  thermo-sensitive  male  sterility  in  rice. Plant
Reproduction 31:3−14

49.

Peng  G,  Liu  Z,  Zhuang  C,  Zhou  H. 2023.  Environment-sensitive
genic male sterility in rice and other plants. Plant,  Cell  & Environ-
ment 46:1120−42

50.

Ding  J,  Lu  Q,  Ouyang  Y,  Mao  H,  Zhang  P,  et  al. 2012.  A  long
noncoding RNA regulates photoperiod-sensitive male sterility, an
essential component of hybrid rice. PNAS 109:2654−59

51.

Zhou H, Liu Q, Li J, Jiang D, Zhou L, et al. 2012. Photoperiod- and
thermo-sensitive genic male sterility in rice are caused by a point
mutation in a  novel  noncoding RNA that produces a small  RNA.
Cell Research 22:649−60

52.

Si  F,  Luo  H,  Yang  C,  Gong  J,  Yan  B,  et  al. 2023.  Mobile
ARGONAUTE  1d  binds  22-nt  miRNAs  to  generate  phasiRNAs
important for low-temperature male fertility in rice. Science China
Life Sciences 66:197−208

53.

Shi  C,  Zhang  J,  Wu  B,  Jouni  R,  Yu  C,  et  al. 2022.  Temperature-
sensitive male sterility in rice determined by the roles of AGO1d
in reproductive phasiRNA biogenesis and function. New Phytolo-
gist 236:1529−44

54.

Lee YS, Maple R, Dürr J, Dawson A, Tamim S, et al. 2021. A trans-
poson surveillance mechanism that safeguards plant male fertility
during stress. Nature Plants 7:34−41

55.

Teng C,  Zhang H,  Hammond R,  Huang K,  Meyers BC,  et  al. 2020.
Dicer-like 5 deficiency confers temperature-sensitive male sterility
in maize. Nature Communications 11:2912

56.

Canino  G,  Bocian  E,  Echeverría  N,  Echeverría  M,  Forner  J,  et  al.
2009. Arabidopsis encodes four tRNase Z enzymes. Plant Physiol-
ogy 150:1494−502

57.

Vogel A, Schilling O, Späth B, Marchfelder A. 2005. The tRNase Z
family  of  proteins:  physiological  functions,  substrate  specificity
and structural properties. Biological Chemistry 386:1253−64

58.

Cartalas  J,  Coudray  L,  Gobert  A. 2022.  How  RNases  shape  mito-
chondrial  transcriptomes. International  Journal  of  Molecular
Sciences 23:6141

59.

Wen  J,  Zeng  Y,  Chen  Y,  Fan  F,  Li  S. 2021.  Genic  male  sterility
increases rice drought tolerance. Plant Science 312:111057

60.

Verma N. 2019. Transcriptional regulation of anther development
in Arabidopsis. Gene 689:202−9

61.

Millar  AA,  Gubler  F. 2005.  The  Arabidopsis GAMYB-Like genes,
MYB33 and MYB65,  are  microrna-regulated  genes  that  redun-
dantly facilitate anther development. The Plant Cell 17:705−21

62.

Wu L, Jing X, Zhang B, Chen S, Xu R, et al. 2022. A natural allele of
OsMS1 responds  to  temperature  changes  and  confers  ther-
mosensitive genic male sterility. Nature Communications 13:2055

63.

Hou  J,  Fan  W,  Ma  R,  Li  B,  Yuan  Z,  et  al. 2022. MALE  STERILITY  3
encodes a plant homeodomain-finger protein for male fertility in
soybean. Journal of Integrative Plant Biology 64:1076−86

64.

Liu  Z,  Bao  W,  Liang  W,  Yin  J,  Zhang  D. 2010.  Identification  of
gamyb-4 and  analysis  of  the  regulatory  role  of GAMYB in  rice
anther  development. Journal  of  Integrative  Plant  Biology 52:
670−78

65.

Alonso-Peral  MM,  Li  J,  Li  Y,  Allen  RS,  Schnippenkoetter  W,  et  al.
2010.  The  microRNA159-regulated GAMYB-like genes  inhibit
growth  and  promote  programmed  cell  death  in  arabidopsis.
Plant Physiology 154:757−71

66.

Kaneko M, Inukai Y, Ueguchi-Tanaka M, Itoh H, Izawa T, et al. 2004.
Loss-of-function  mutations  of  the  rice GAMYB gene  impair α-
amylase  expression  in  aleurone  and  flower  development. The
Plant Cell 16:33−44

67.

Wang TY, Wang YX, You CJ. 2021. Structural and functional char-
acteristics of plant PHD domain-containing proteins. Hereditas 43:
323−39

68.

Sanchez  R,  Zhou  M-M. 2011.  The  PHD  finger:  a  versatile
epigenome reader. Trends in Biochemical Sciences 36:364−72

69.

Plevin MJ, Mills MM, Ikura M. 2005. The LxxLL motif: a multifunc-
tional  binding  sequence  in  transcriptional  regulation. Trends  in
Biochemical Sciences 30:66−69

70.

Niu  N,  Liang  W,  Yang  X,  Jin  W,  Wilson  ZA,  et  al. 2013.  EAT1
promotes  tapetal  cell  death  by  regulating  aspartic  proteases
during male reproductive development in rice. Nature Communi-
cations 4:1445

71.

Tang J, Tian X, Mei E, He M, Gao J, et al. 2022. WRKY53 negatively
regulates rice cold tolerance at the booting stage by fine-tuning
anther gibberellin levels. The Plant Cell 34:4495−515

72.

Zhang  D-S,  Liang  W-Q,  Yuan  Z,  Li  N,  Shi  J,  et  al. 2008.  Tapetum
Degeneration Retardation is critical for aliphatic metabolism and
gene regulation during rice pollen development. Molecular Plant
1:599−610

73.

Li N, Zhang DS, Liu HS, Yin CS, Li X, et al. 2006. The Rice Tapetum
Degeneration Retardation gene is required for tapetum degrada-
tion and anther development. The Plant Cell 18:2999−3014

74.

Li  H,  Yuan  Z,  Vizcay-Barrena  G,  Yang  C,  Liang  W,  et  al. 2011.
PERSISTENT  TAPETAL  CELL1 encodes  a  PHD-finger  protein  that  is
required  for  tapetal  cell  death  and  pollen  development  in  rice.
Plant Physiology 156:615−30

75.

Yang Z, Liu L, Sun L, Yu P, Zhang P, et al. 2019. OsMS1 functions as
a  transcriptional  activator  to  regulate  programmed  tapetum
development and pollen exine formation in rice. Plant Molecular
Biology 99:175−91

76.

Ito  T,  Nagata  N,  Yoshiba  Y,  Ohme-Takagi  M,  Ma  H,  et  al. 2007.
Arabidopsis  MALE  STERILITY1 encodes  a  PHD-type  transcription
factor and regulates pollen and tapetum development. The Plant
Cell 19:3549−62

77.

  Plant male reproductive adaption to environmental cues

Page 12 of 14   Liu et al. Seed Biology 2023, 2:13

https://doi.org/10.1104/pp.20.00951
https://doi.org/10.3389/fpls.2020.621338
https://doi.org/10.3389/fpls.2020.621338
https://doi.org/10.1038/s41477-020-0622-6
https://doi.org/10.1016/j.xplc.2021.100273
https://doi.org/10.1007/s00497-018-0332-7
https://doi.org/10.3390/plants11192660
https://doi.org/10.1038/s41477-018-0123-z
https://doi.org/10.1104/pp.16.00016
https://doi.org/10.1111/pbi.14066
https://doi.org/10.1007/s10142-021-00787-8
https://doi.org/10.3390/ijms16035467
https://doi.org/10.3389/fpls.2021.662185
https://doi.org/10.1146/annurev-arplant-050213-040119
https://doi.org/10.1007/s00497-017-0310-5
https://doi.org/10.1007/s00497-017-0310-5
https://doi.org/10.1111/pce.14503
https://doi.org/10.1111/pce.14503
https://doi.org/10.1111/pce.14503
https://doi.org/10.1073/pnas.1121374109
https://doi.org/10.1038/cr.2012.28
https://doi.org/10.1007/s11427-022-2204-y
https://doi.org/10.1007/s11427-022-2204-y
https://doi.org/10.1111/nph.18446
https://doi.org/10.1111/nph.18446
https://doi.org/10.1111/nph.18446
https://doi.org/10.1038/s41477-020-00818-5
https://doi.org/10.1038/s41467-020-16634-6
https://doi.org/10.1104/pp.109.137950
https://doi.org/10.1104/pp.109.137950
https://doi.org/10.1104/pp.109.137950
https://doi.org/10.1515/BC.2005.142
https://doi.org/10.3390/ijms23116141
https://doi.org/10.3390/ijms23116141
https://doi.org/10.1016/j.plantsci.2021.111057
https://doi.org/10.1016/j.gene.2018.12.022
https://doi.org/10.1105/tpc.104.027920
https://doi.org/10.1038/s41467-022-29648-z
https://doi.org/10.1111/jipb.13242
https://doi.org/10.1111/j.1744-7909.2010.00959.x
https://doi.org/10.1104/pp.110.160630
https://doi.org/10.1105/tpc.017327
https://doi.org/10.1105/tpc.017327
https://doi.org/10.16288/j.yczz.20-412
https://doi.org/10.1016/j.tibs.2011.03.005
https://doi.org/10.1016/j.tibs.2004.12.001
https://doi.org/10.1016/j.tibs.2004.12.001
https://doi.org/10.1038/ncomms2396
https://doi.org/10.1038/ncomms2396
https://doi.org/10.1038/ncomms2396
https://doi.org/10.1093/plcell/koac253
https://doi.org/10.1093/mp/ssn028
https://doi.org/10.1105/tpc.106.044107
https://doi.org/10.1104/pp.111.175760
https://doi.org/10.1007/s11103-018-0811-0
https://doi.org/10.1007/s11103-018-0811-0
https://doi.org/10.1105/tpc.107.054536
https://doi.org/10.1105/tpc.107.054536


Fernández  Gómez  J,  Wilson  ZA. 2014.  A  barley  PHD  finger  tran-
scription  factor  that  confers  male  sterility  by  affecting  tapetal
development. Plant Biotechnology Journal 12:765−77

78.

Zhang D, Wu S, An X, Xie K, Dong Z, et al. 2018. Construction of a
multicontrol  sterility  system  for  a  maize  male-sterile  line  and
hybrid  seed  production  based  on  the ZmMs7 gene  encoding  a
PHD-finger  transcription  factor. Plant  Biotechnology  Journal 16:
459−71

79.

An X, Ma B, Duan M, Dong Z, Liu R, et al. 2020. Molecular regulation
of ZmMs7 required for maize male fertility and development of a
dominant  male-sterility  system  in  multiple  species. PNAS 117:
23499−509

80.

Xue Z, Xu X, Zhou Y, Wang X, Zhang Y, et al. 2018. Deficiency of a
triterpene  pathway  results  in  humidity-sensitive  genic  male
sterility in rice. Nature Communications 9:604

81.

Aarts  MG,  Keijzer  CJ,  Stiekema  WJ,  Pereira  A. 1995.  Molecular
characterization  of  the  CER1  gene  of  arabidopsis  involved  in
epicuticular wax biosynthesis and pollen fertility. The Plant Cell 7:
2115−27

82.

Zhan H, Xiong H, Wang S, Yang Z-N. 2018. Anther endothecium-
derived  very-long-chain  fatty  acids  facilitate  pollen  hydration  in
arabidopsis. Molecular Plant 11:1101−4

83.

Xu F, Zheng L, Yang Z, Zhang S. 2020. Arabidopsis ECERIFERUM3
(CER3)  functions to maintain hydration for  pollen–stigma recog-
nition during fertilization. Journal of Plant Biology 63:347−59

84.

Ariizumi T,  Hatakeyama K, Hinata K, Sato S,  Kato T,  et al. 2003. A
novel male-sterile mutant of Arabidopsis thaliana, faceless pollen-
1, produces pollen with a smooth surface and an acetolysis-sensi-
tive exine. Plant Molecular Biology 53:107−16

85.

Chen  X,  Goodwin  SM,  Boroff  VL,  Liu  X,  Jenks  MA. 2003.  Cloning
and characterization of the WAX2 gene of Arabidopsis involved in
cuticle membrane and wax production. The Plant Cell 15:1170−85

86.

Bernard  A,  Domergue  F,  Pascal  S,  Jetter  R,  Renne  C,  et  al. 2012.
Reconstitution of plant alkane biosynthesis in yeast demonstrates
that Arabidopsis ECERIFERUM1  and  ECERIFERUM3  are  core
components  of  a  very-long-chain alkane synthesis  complex. The
Plant Cell 24:3106−18

87.

Preuss D, Lemieux B, Yen G, Davis RW. 1993. A conditional sterile
mutation  eliminates  surface  components  from  Arabidopsis
pollen  and  disrupts  cell  signaling  during  fertilization. Genes  &
Development 7:974−85

88.

Fiebig  A,  Mayfield  JA,  Miley  NL,  Chau  S,  Fischer  RL,  et  al. 2000.
Alterations in CER6,  a gene identical to CUT1,  differentially affect
long-chain lipid content on the surface of pollen and stems. The
Plant Cell 12:2001−8

89.

Jessen  D,  Olbrich  A,  Knüfer  J,  Krüger  A,  Hoppert  M,  et  al. 2011.
Combined  activity  of LACS1 and LACS4 is  required  for  proper
pollen coat formation in Arabidopsis. The Plant Journal 68:715−26

90.

Ni E, Deng L, Chen H, Lin J, Ruan J, et al. 2021. OsCER1 regulates
humidity-sensitive  genic  male  sterility  through  very-long-chain
(VLC) alkane metabolism of tryphine in rice. Functional Plant Biol-
ogy 48:461

91.

Ni  E,  Zhou  L,  Li  J,  Jiang  D,  Wang  Z,  et  al. 2018.  OsCER1  plays  a
pivotal  role  in  very-long-chain  alkane  biosynthesis  and  affects
plastid  development  and programmed cell  death of  tapetum in
rice (Oryza sativa L.). Frontiers in Plant Science 9:1217

92.

Yu B,  Liu  L,  Wang T. 2019.  Deficiency of  very  long chain alkanes
biosynthesis causes humidity-sensitive male sterility via affecting
pollen  adhesion  and  hydration  in  rice. Plant,  Cell  &  Environment
42:3340−54

93.

Wang X, Guan Y, Zhang D, Dong X, Tian L, et al. 2017. A β-Ketoa-
cyl-CoA  synthase  is  involved  in  rice  leaf  cuticular  wax  synthesis
and  requires  a  CER2-LIKE  protein  as  a  cofactor. Plant  Physiology
173:944−55

94.

Zheng H, Rowland O, Kunst L. 2005. Disruptions of the Arabidopsis
Enoyl-CoA reductase gene reveal an essential role for very-long-

95.

chain fatty acid synthesis in cell expansion during plant morpho-
genesis. The Plant Cell 17:1467−81
Ashraf MF, Peng G, Liu Z, Noman A, Alamri S, et al. 2020. Molecular
control  and  application  of  male  fertility  for  two-line  hybrid  rice
breeding. International Journal of Molecular Sciences 21:7868

96.

Zhang Y, Li  Y,  Zhong X, Wang J,  Zhou L,  et al. 2022. Mutation of
glucose-methanol-choline oxidoreductase leads to thermosensi-
tive genic male sterility in rice and Arabidopsis. Plant Biotechnol-
ogy Journal 20:2023−35

97.

Xu L,  Tang Y,  Yang Y,  Wang D,  Wang H,  et  al. 2023.  Microspore-
expressed SCULP1 is required for p-coumaroylation of sporopol-
lenin,  exine  integrity,  and  pollen  development  in  wheat. New
Phytologist 239:102−15

98.

Schuhmann  P,  Engstler  C,  Klöpfer  K,  Gügel  IL,  Abbadi  A,  et  al.
2022. Two wrongs make a right:  heat stress reversion of a male-
sterile Brassica  napus line. Journal  of  Experimental  Botany 73:
3531−51

99.

Zhao Z, Wang C, Yu X, Tian Y, Wang W, et al. 2022. Auxin regulates
source-sink  carbohydrate  partitioning  and  reproductive  organ
development in rice. PNAS 119:e2121671119

100.

Jin  Y,  Song  X,  Chang  H,  Zhao  Y,  Cao  C,  et  al. 2022.  The
GA–DELLA–OsMS188  module  controls  male  reproductive  devel-
opment in rice. New Phytologist 233:2629−42

101.

Zhang J, Zong X, Yu G, Li J, Zhang W. 2006. Relationship between
phytohormones  and  male  sterility  in  thermo-photo-sensitive
genic male sterile (TGMS) Wheat. Euphytica 150:241−48

102.

He Y, Liu C, Zhu L, Fu M, Sun Y, et al. 2021. Jasmonic acid plays a
pivotal  role  in  pollen  development  and  fertility  regulation  in
different  types  of  P(T)GMS  rice  lines. International  Journal  of
Molecular Sciences 22:7926

103.

Yang Q,  Nong X,  Xu J,  Huang F,  Wang F,  et  al. 2021.  Unraveling
the genetic basis of fertility restoration for cytoplasmic male sterile
line  WNJ01A  originated  from Brassica  juncea in Brassica  napus.
Frontiers in Plant Science 12:721980

104.

Jin  ZY,  Zhe  T,  Jun  CH,  You  J. 1996.  Relationship  between  male
fertility  and  endogenous  phytohormones  in  photoperiod  sensi-
tive genic male sterile rice. Journal of Integrative Plant Biology 38:
936−41

105.

Fuglie K. 2021. Climate change upsets agriculture. Nature Climate
Change 11:294−95

106.

Dubey PK, Singh GS, Abhilash PC. 2016. Agriculture in a changing
climate. Journal of Cleaner Production 113:1046−47

107.

Shi J, An G, Weber APM, Zhang D. 2023. Prospects for rice in 2050.
Plant, Cell & Environment 46:1037−45

108.

Huang X, Han B. 2014. Natural variations and genome-wide asso-
ciation studies  in  crop plants. Annual  Review  of  Plant  Biology 65:
531−51

109.

Fernie  AR,  Yan  J. 2019. De  novo domestication:  an  alternative
route toward new crops for the future. Molecular Plant 12:615−31

110.

Sun M, Huang X, Yang J, Guan Y, Yang Z. 2013. Arabidopsis RPG1
is important for primexine deposition and functions redundantly
with RPG2 for  plant  fertility  at  the late reproductive stage. Plant
Reproduction 26:83−91

111.

Guan  Y,  Huang  X,  Zhu  J,  Gao  J,  Zhang  H,  et  al. 2008. RUPTURED
POLLEN  GRAIN1,  a  member  of  the  MtN3/saliva  gene  family,  is
crucial  for  exine  pattern  formation  and  cell  integrity  of
microspores in Arabidopsis. Plant Physiology 147:852−63

112.

Ma Z, Leng Y, Chen G, Zhou P, Ye D, et al. 2015. The THERMOSEN-
SITIVE  MALE  STERILE  1  interacts  with  the  BiPs  via  DnaJ  domain
and  stimulates  their  ATPase  enzyme  activities  in Arabidopsis.
PLoS One 10:e0132500

113.

Yang  K,  Xia  C,  Liu  X,  Dou  X,  Wang  W,  et  al. 2009.  A  mutation  in
THERMOSENSITIVE MALE STERILE 1, encoding a heat shock protein
with  DnaJ  and  PDI  domains,  leads  to  thermosensitive  gameto-
phytic male sterility in Arabidopsis. The Plant Journal 57:870−82

114.

Plant male reproductive adaption to environmental cues  

Liu et al. Seed Biology 2023, 2:13   Page 13 of 14

https://doi.org/10.1111/pbi.12181
https://doi.org/10.1111/pbi.12786
https://doi.org/10.1073/pnas.2010255117
https://doi.org/10.1038/s41467-018-03048-8
https://doi.org/10.1105/tpc.7.12.2115
https://doi.org/10.1016/j.molp.2018.05.002
https://doi.org/10.1007/s12374-020-09257-3
https://doi.org/10.1023/B:PLAN.0000009269.97773.70
https://doi.org/10.1105/tpc.010926
https://doi.org/10.1105/tpc.112.099796
https://doi.org/10.1105/tpc.112.099796
https://doi.org/10.1101/gad.7.6.974
https://doi.org/10.1101/gad.7.6.974
https://doi.org/10.1105/tpc.12.10.2001
https://doi.org/10.1105/tpc.12.10.2001
https://doi.org/10.1111/j.1365-313X.2011.04722.x
https://doi.org/10.1071/FP20168
https://doi.org/10.1071/FP20168
https://doi.org/10.1071/FP20168
https://doi.org/10.3389/fpls.2018.01217
https://doi.org/10.1111/pce.13637
https://doi.org/10.1104/pp.16.01527
https://doi.org/10.1105/tpc.104.030155
https://doi.org/10.3390/ijms21217868
https://doi.org/10.1111/pbi.13886
https://doi.org/10.1111/pbi.13886
https://doi.org/10.1111/pbi.13886
https://doi.org/10.1111/nph.18917
https://doi.org/10.1111/nph.18917
https://doi.org/10.1093/jxb/erac082
https://doi.org/10.1073/pnas.2121671119
https://doi.org/10.1111/nph.17939
https://doi.org/10.1007/s10681-006-9114-7
https://doi.org/10.3390/ijms22157926
https://doi.org/10.3390/ijms22157926
https://doi.org/10.3389/fpls.2021.721980
https://doi.org/10.1038/s41558-021-01017-6
https://doi.org/10.1038/s41558-021-01017-6
https://doi.org/10.1016/j.jclepro.2015.11.067
https://doi.org/10.1111/pce.14565
https://doi.org/10.1146/annurev-arplant-050213-035715
https://doi.org/10.1016/j.molp.2019.03.016
https://doi.org/10.1007/s00497-012-0208-1
https://doi.org/10.1007/s00497-012-0208-1
https://doi.org/10.1104/pp.108.118026
https://doi.org/10.1371/journal.pone.0132500
https://doi.org/10.1111/j.1365-313X.2008.03732.x


Deng  Y,  Srivastava  R,  Quilichini  TD,  Dong  H,  Bao  Y,  et  al. 2016.
IRE1,  a  component  of  the  unfolded  protein  response  signaling
pathway, protects pollen development in Arabidopsis from heat
stress. The Plant Journal 88:193−204

115.

Mitterreiter  MJ,  Bosch  FA,  Brylok  T,  Schwenkert  S. 2020.  The  ER
luminal  C-terminus  of  AtSec62  is  critical  for  male  fertility  and
plant growth in Arabidopsis thaliana. The Plant Journal 101:5−17

116.

Mou Z, Wang X, Fu Z, Dai Y, Han C, et al. 2002. Silencing of phos-
phoethanolamine N-methyltransferase  results  in  temperature-
sensitive  male  sterility  and  salt  hypersensitivity  in  Arabidopsis.
The Plant Cell 14:2031−43

117.

Wang H, Lu Y, Jiang T, Berg H, Li C, et al. 2013. The Arabidopsis U-
box/ARM repeat E3 ligase AtPUB4 influences growth and degen-
eration  of  tapetal  cells,  and  its  mutation  leads  to  conditional
male sterility. The Plant Journal 74:511−23

118.

Huang  H,  Wang  C,  Tian  H,  Sun  Y,  Xie  D,  et  al. 2014.  Amino  acid
substitutions of GLY98, LEU245 and GLU543 in COI1 distinctively
affect  jasmonate-regulated  male  fertility  in  Arabidopsis. Science
China Life Sciences 57:145−54

119.

Wei D, Liu M, Chen H, Zheng Y, Liu Y, et al. 2018. INDUCER OF CBF
EXPRESSION 1 is a male fertility regulator impacting anther dehy-
dration in Arabidopsis. PLoS Genetics 14:e1007695

120.

Ishiguro S, Nishimori Y,  Yamada M, Saito H, Suzuki T,  et al. 2010.
The  Arabidopsis FLAKY  POLLEN1 gene  encodes  a  3-Hydroxy-3-
Methylglutaryl-coenzyme  a  synthase  required  for  development
of tapetum-specific organelles and fertility of pollen grains. Plant
and Cell Physiology 51:896−911

121.

Wang  Y,  Zha  X,  Zhang  S,  Qian  X,  Dong  X,  et  al. 2010.  Down-
regulation  of  the OsPDCD5 gene  induced  photoperiod-sensitive
male sterility in rice. Plant Science 178:221−28

122.

Jiang S, Cai M, Ramachandran S. 2007. ORYZA SATIVA MYOSIN XI B
controls  pollen  development  by  photoperiod-sensitive  protein
localizations. Developmental Biology 304:579−92

123.

Chueasiri C, Chunthong K, Pitnjam K, Chakhonkaen S, Sangarwut
N,  et  al. 2014.  Rice ORMDL controls  sphingolipid  homeostasis
affecting  fertility  resulting  from  abnormal  pollen  development.
PLoS One 9:e106386

124.

Yan W, Yuan S, Zu Y, Chang Z, Li Y, et al. 2023. Ornithine δ-amino-
transferase  OsOAT is  critical  for  male  fertility  and cold tolerance
during rice plant development. The Plant Journal 14(6):1301−18

125.

Lin  S,  Liu  Z,  Sun  S,  Xue  F,  Li  H,  et  al. 2023.  Rice  HEAT  SHOCK
PROTEIN60-3B  maintains  male  fertility  under  high  temperature
by starch granule biogenesis. Plant Physiology 192:2301−17

126.

Li J, Zhang H, Si X, Tian Y, Chen K, et al. 2017. Generation of ther-
mosensitive  male-sterile  maize  by  targeted  knockout  of  the
ZmTMS5 gene. Journal of Genetics and Genomics 44:465−68

127.

Huang W, Li Y, Du Y, Pan L, Huang Y, et al. 2022. Maize cytosolic
invertase  INVAN6  ensures  faithful  meiotic  progression  under
heat stress. New Phytologist 236:2172−88

128.

Fernández-Gómez J, Talle B, Wilson ZA. 2020. Increased expression
of  the  MALE  STERILITY1  transcription  factor  gene  results  in
temperature-sensitive  male  sterility  in  barley. Journal  of  Experi-
mental Botany 71:6328−39

129.

Copyright:  © 2023 by the author(s).  Published by
Maximum  Academic  Press  on  behalf  of  Hainan

Yazhou Bay Seed Laboratory. This article is an open access article
distributed  under  Creative  Commons  Attribution  License  (CC  BY
4.0), visit https://creativecommons.org/licenses/by/4.0/.

  Plant male reproductive adaption to environmental cues

Page 14 of 14   Liu et al. Seed Biology 2023, 2:13

https://doi.org/10.1111/tpj.13239
https://doi.org/10.1111/tpj.14483
https://doi.org/10.1105/tpc.001701
https://doi.org/10.1111/tpj.12146
https://doi.org/10.1007/s11427-013-4590-1
https://doi.org/10.1007/s11427-013-4590-1
https://doi.org/10.1371/journal.pgen.1007695
https://doi.org/10.1093/pcp/pcq068
https://doi.org/10.1093/pcp/pcq068
https://doi.org/10.1016/j.plantsci.2009.12.001
https://doi.org/10.1016/j.ydbio.2007.01.008
https://doi.org/10.1371/journal.pone.0106386
https://doi.org/10.1111/tpj.16194
https://doi.org/10.1093/plphys/kiad136
https://doi.org/10.1016/j.jgg.2017.02.002
https://doi.org/10.1111/nph.18490
https://doi.org/10.1093/jxb/eraa382
https://doi.org/10.1093/jxb/eraa382
https://doi.org/10.1093/jxb/eraa382
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Receptor-like kinases (RLK) and TGMS
	ncRNA (non-coding RNAs) and P/TGMS
	TMS5-UbL40 molecular module and TGMS
	Transcription factor and P/TGMS
	CSA, CSA2 and PGMS
	MYB33, MYB65 and TGMS
	PHD finger proteins and P/TGMS

	Pollen coat and HGMS
	Slow growth and sterility–fertility conversion
	Plant hormone and sterility-fertility conversion
	Conclusions and perspective
	References

