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Abstract In flowering plants, male gametophytes are

generated in anthers from microsporocytes. However, more

evidence is needed to reveal the genetic mechanisms which

regulate the differentiation and interaction of these highly

specialized cells in anthers. Here we report the character-

ization of a series of male-sterile cotton (Gossypium hirsu-

tum) mutants, including mutants with normal fertility, semi-

sterility and complete sterility. These mutants are forms of

transgenic cotton containing RNAi vectors with partial

cDNA fragments of GhSERK1. The GhSERK1 gene encodes

a putative leucine-rich repeat receptor protein kinase (LRR-

RLK), and generally has 11 domains. In previous research,

we found plants containing GhSERK1 produce an abun-

dance of male reproductive tissue. In this paper, three RNAi

constructs were designed separately to analyze its function

in anther. After the three RNAi vectors were transformed

into the cotton, transgenic plants with the specialized frag-

ment exhibited normal fertility or the pollen energy

decreased slightly, as ones with the homologous fragments

exhibited various degrees of male sterility with different

expression levels of GhSERK1 mRNA. In conclusion, for

the transgenic plants with conserved fragments, lower

expression levels of GhSERK1 mRNA were in transgenic

plants, and a higher degree of male sterility was observed.

Taking together, these findings demonstrate the GhSERK1

gene has a role in the development of anthers, especially in

the formation of pollen grains. Also, we infer there must be

another homolog of GhSERK1 in cotton, and both of

GhSERK1 and its homolog function redundantly as impor-

tant control points in controlling anther pollen production.
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Abbreviations

LRR-RLK Leucine-rich repeat receptor protein kinase

SERK Somatic embryogenesis receptor-like kinases

EMS1 Excess microsporocytes1

EXS Extra sporogenous cells

TPD1 Tapetum determinant1

BAM1/2 Barely any meristem1/2

RPK2 Receptor-like protein kinase1

SPP Ser-Pro-Pro motif

TM domain Transmembrane domain

Nt Nucleotide

Introduction

In the life cycles of flowering plants, the haploid gameto-

phyte and diploid sporophyte generation alternate. Male

gametophytes develop in anthers. The anther consists of

highly specialized reproductive and nonreproductive tis-

sues [1]. The reproductive tissues with microsporocytes

develop into pollen grains though microsporogenesis. The

nonreproductive tissues in anthers are necessary for the

development and release of normal pollen, including the
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epidermis, endothecium, middle layer, and tapetum. The

existence and disintegration of the tapetum layer is nec-

essary for nutrients to be supplied to the microsporocytes

and for the release of pollen [2, 3]. Therefore, the inter-

action between the microsporocytes and surrounding

somatic cells in anthers is important to the formation of

microspores and eventually pollen grains.

The developmental process of anthers consists of two

sequential phases [1]. During the first phase, the differenti-

ation of specialized cells is completed, and anther morphol-

ogy is established. In detail, archesporial cells give rise to the

microsporocytes, tapetum, middle layer and endothecium.

Microsporocytes then undergo meiosis. In the second phase,

microspores develop into pollen grains, and then the anther

dehisces to release the pollen grains. To date, only a few

genes have been identified which have roles in the regulation

of anther cell division and the differentiation events. For

example, the genes EXCESS MICROSPOROCYTES1

(EMS1)/EXTRA SPOROGENOUS CELLS (EXS) [4, 5]

and SOMATIC EMBRYOGENESIS RECEPTORLIKE

KINASES1/2 (SERK1/2) [6–8] play an important role in the

differentiation of tapetal cells. The TAPETUM DETERMI-

NANT1 (TPD1) gene product signals the differentiation of

the tapetum [9]. BARELY ANY MERISTEM1/2 (BAM1/2)

is required for the differentiation of anther somatic cell lay-

ers, including the endothecium, middle layer, and tapetum

[10, 11]. Also, RECEPTORLIKE PROTEIN KINASE2

(RPK2) defines middle layer cells [12].

Somatic embryogenesis receptor-like kinases (SERKs) are

a large family of receptor-like kinases with an extracellular

domain, a transmembrane domain and a putative serine/

threonine kinase domain. Until now, several SERK genes

have been identified from many monocotyledonous and

dicotyledonous plants. The predicted protein structure of the

SERK proteins starts at the N terminus with a single peptide

followed by a Leu zipper domain, five Leu-rich repeats

(LRRs), a Pro-rich domain called the Ser-Pro-Pro motif, a

single transmembrane domain, a Ser/Thr kinase and a C-ter-

minal Leu-rich domain [7]. The kinase domain has the highest

identity among the 11 domains of SERK. For example, for

AtSERK1, AtSERK2, AtSERK3, AtSERK4, and AtSERK5,

identity within the kinase domain is 85 to 95 % for all five

sequences and all contain the core sequences characteristic of

Ser/Thr kinases. Identity is about 66 % in the LRR region and

54 % in transmembrane domain. The greatest divergence,

\45 %, is seen in the SPP and C-terminal domains [13]. A

similar phenomenon is seen among the three SERKs in maize

[15]. So there is homology in the kinase domains among

SERKs, and specificity in the SPP and TM domains.

Until now, a number of reports have suggested a variety

of roles for SERKs, such as in somatic embryogenesis [13–

17], sporogenesis [7, 8], hormone response [18–20] and

host defense response [21–23]. For example, Jan Salaj et al.

[14] found four sites of AtSERK1 expression in the

embryogenic cultures: embryogenic callus, the basal parts

of primary somatic embryos, the outer layers of cotyledons

of primary somatic embryos and provascular and vascular

strands of developing somatic embryos. The in vitro

expression of AtSERK1::GUS coincides with embryogenic

development, and it was expressed in single cells and small

cell clusters. The results indicated that AtSERK1 maybe

marks embryogenic competence. In the report by Santos

et al. [23], using antisense RNA, transgenic lettuce with

silenced SERK exhibit absence of detectable LsSERK gene

transcripts. As the transgenic lines presented a reduction in

their ability to form in vitro somatic embryonic structures,

and showed enhanced susceptibility to the pathogenic

fungus Sclerotinia sclerotiorum, when compared to control

plants. The results support the idea that SERK genes might

not only be involved in embryogenic competence, but also

in a general mechanism of biotic and abiotic stress

perception.

According to the previous annotation, the full-length

cDNA of SERK1 in Gossypium hirsutum is 2,502 bp (Gen-

Bank Accession no. HQ621831). Expression analysis

showed GhSERK1 mRNA was present in all organs of cotton

plants, and at different developmental stages. However, its

transcripts were most abundant in reproductive organs.

Our current work was designed to characterize the function

of the GhSERK1 gene in the Gossypium anther. So we

designed three RNAi constructs. One construct with the spe-

cialized fragment was aimed to produce single knockdown

mutants of GhSERK1 itself. The others with two different

homologous fragments were aimed to down-regulate the

normal expression level of GhSERK1 and its homologous

gene. After genes are transformed into the cotton, transgenic

plants with the specialized fragment showed normal fertility

or the pollen energy decreased slightly, and ones with the

homologous fragments showed various degrees of male ste-

rility with different expression levels of GhSERK1 mRNA. In

conclusion, for the transgenic plants with conserved frag-

ments, lower expression levels of GhSERK1 mRNA in

transgenic plants resulted in a higher degree of male sterility.

Taken together, these findings demonstrate GhSERK1 takes

part in sporophytic development of anther. Also, we infer

there is another homolog in cotton, and both of GhSERK1 and

its homolog function redundantly as an important control

point in controlling anther pollen production.

Materials and methods

Plant materials

Four Gossypium hirsutum lines were prepared in the lab-

oratory: Sumian12 (Su12), P30A, P30B and Y18.
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Sumian12 (Su12), P30B and Y18 are inbred lines. P30A is

a cytoplasmic male sterile line, and it is cross-pollinated

with its maintainer line P30B. Transgenic plants were

generated from the T1 generation line of Sumian12. The

cotton field used in these experiments was used for normal

agricultural practices. No specific permits were required for

the described field studies. The cotton field used in these

experiments was owned by our lab. All the cotton seeds

were preserved in our lab. The field studies did not involve

endangered or protected species.

Southern hybridization

Genomic DNA samples were extracted using a modified

CTAB method [24] from the four G. hirsutum lines. 50 lg

of genomic DNA was separated on 1 % agarose gels after

digestion with EcoRI and HindIII (Promega, USA). Then

the DNA was transferred to Hybond N? nylon membranes

(GE Healthcare, USA) using a vacuum-transfer apparatus

(Vacuum Blotter 785; Bio-Rad, USA). Next, it was fixed

on the nylon membranes by UV crosslinking (CL-1000 UV

Crosslinker; UVP, USA) for 1 min (0.1 J/cm2). 1 lg of

DNA fragments were amplified with specific primers

(Table 1), and then used as a template DNA for probe

labeling. Consequently, probe labeling, hybridization, and

detection were performed based on the DIG High Prime

Labeling and Detection Starter Kit II manual (Roche

Applied Science, Germany). A Gene-ruler DNA ladder

Mix (Fermentas, No 0331 Lithuania, Canada) was labeled

and used as a size standard.

Generation of GhSERK1 RNAi constructs

To produce knockdown mutants, we used an RNAi

approach. RNAi constructs were generated using the

Gateway system pK7GWIW (I) (Invitrogen, USA). The

site-specific recombination sequences to be used in Gate-

way were introduced in the kinase regions of the GhSERK1

coding sequence by PCR amplification. Three fragments

were separately chosen to construct three RNAi vectors.

The three fragments of GhSERK1 cDNA were 184-nt (nt

102–285 in CDS), 343-nt (nt 1,207–1,549 in CDS), and

169-nt (nt 1,689–1,857 in CDS). These were amplified by

PCR using the primers in Table 2. The PCR product was

introduced into the pENTR/D-TOPO vector (Invitrogen,

USA) and subsequently inserted into the plant transfor-

mation RNAi vector pK7GWIWG2 (I) by means of a

lambda reconstruction (LR) recombination reaction

(Invitrogen, USA). The construct with 184-nt was designed

to down-regulate the expression level of GhSERK1 itself,

named NG514. The others with 343-nt and 169-nt were

aimed to down-regulate the expression level of GhSERK1

and its homolog, separately named NG1683 and NG7016.

Cotton transformation

The RNAi constructs were introduced into Agrobacterium

tumefaciens strain LBA4404 and transformed into Sumi-

an12 by the floral spraying method. In this method, MS

liquid medium containing Agrobacterium was cultured

until its OD600 value was 0.8. Then the culture medium was

centrifugated, and the pellet Agrobacterium was collected.

The cell pellet was resuspended in 0.5 % Sucrose and

0.2 ml/L Silwet L-77 until its OD600 value was 0.4. The

suspension was used to spray the developing flowers. Seeds

were harvested from the dipped plants and were then sown

under normal agricultural management practices.

Screening on the transformed plants

The transformed plants were screened using kanamycin

and the resistant plants were further confirmed by PCR and

sequence analyses (Screening primers on Table 1). Geno-

mic DNA samples were extracted from transgenic plants

using a modified CTAB method [24]. Genomic DNA was

used as a template for PCR. The PCR reaction mixture

consisted of 1 lL of genomic DNA (25 ng), 1 lL each of

FP1 and RP1 (10 lmol L-1) primers, 1 lL of dNTPs

Table 1 Primers used in the study

Primer name Primer sequence

Southern Blot

GhSERK1-FP1 50-GTGCCTTAGGTGGTTGTTGTTCC-30

GhSERK1-RP1 50-TGTCACCAAATCTTGAACCCTCC-30

GhSERK-FP 50-CAACACGGAAGAGAATTGCGTTG-30

GhSERK-RP 50-CATCATCATTTGCAAGACGAGC-30

RNAi constructs

SP-514(184) 50-CTTAAGCAAGCCAAGCTGCGG-30

RP-514 50-ATTGCACAGCTAAGGACCAACTTG-30

SP-1683(169) 50-CTCCCCAATGGACCGGCC-30

RP-1683 50-ATGCAGATTGTCAGTTGAGTCCAC-30

SP-7016(343) 50-GCCAACACGGAAGAGAATTGCGTTG-30

RP-7016 50-CCATCATCATTTGCAAGACGAGC-30

Screening primers

pK7G-R: 50-CCATAGGGGTTTAGATGCAACTG-30

NG514-F 50-CTGCAGAGTTGGGATCCTACC-30

NG1683-F 50-GAATGCTGGAAGGTGATGGG-30

NG7016-F 50-TTGCGTTGGGATCTGCTAGG-30

Real-time PCR

GS1-RTF 50-GTTGGCCGAGAGATGGGATG-30

GS1-RTR 50-ATGCGGACTGGGCTTACAGG-30

18F 50-AGCCTTGCGACCATACTC-30

18R 50-CCATAAACGATGCCGACCAG-30
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(2.5 mmol L-1 each), 5 lL of PCR reaction buffer,

0.25 lL of ExTaq DNA polymerase (5.0 units lL-1)

(TaKaRa) and 42.5 lL of distilled water. The PCR con-

ditions were as follows: an initial denaturation at 94 �C for

3 min, followed by 35 cycles at 94 �C for 1 min, 55 �C for

1 min and 72 �C for 2 min, and a final extension at 72 �C

for 5 min. The products were cloned into pGEM-T vectors

(Promega, USA) and sequenced.

Phenotypic analysis and pollen stained

Phenotypic analysis of transformed lines was performed in

the T1 generation. In all experiments, vector-transformed

plants were analyzed together with wild-type plants as

controls. Flowers were imaged using a digital camera

(Canon, Japan) and a dissecting microscope (Leica, Ger-

many). Pollen activity was evaluated using 2,3,5-triphenyl-

2 h-tetrazolium chloride (TTC) staining, in TTC staining;

pollen grains were soaked in 0.1 % TTC solution. Viable

pollen stains red because the NADH/NADPH produced

deoxidized TTC to TTF (which is red). These stained

pollen grains were observed under the microscope (ZEISS

AXIOSKOP40, Germany).

Real-time PCR

The expression of the GhSERK1 gene in transgenic cotton

was further analyzed by real-time PCR. RNA extraction

was performed from the leaves of the seedlings using the

RNeasy Plant Mini kit (Qiagen, Hilden, Germany) based on

the instructions of the manufacturer. The RNA isolation

protocol included an on-column DNaseI (Promega, USA)

digestion to remove contaminating genomic DNA. RNA

was reverse transcribed into cDNA using AMV reverse

transcriptase (ToKoBo, Japan). Real-time PCR was per-

formed using the SYBR Green kit (BioRad, USA) follow-

ing the manufacturer’s standard instructions. As a control,

parallel amplification reactions for 18SrRNA were per-

formed. The GhSERK1 specific primers were GS1-RTF and

GS1-RTR, and the 18SrRNA specific primers were 18F and

18R (Table 1). Each sample was run three times to confirm

the results (primer sequences in Table 1). Real-time PCR

Table 2 Compared the

phenotype and the GhSERK1

transcript between the wildtype

and the transgenic plants

No. of plants Phenotype

of the anther

The

percentage

of active

pollen

The relative

expression of

the GhSERK1

gene(compared

with WT)

WT Normally dehiscent,

abundance of pollen

90–98 % 100 %

NG514-1, NG514-3, NG514-4,

NG514-5, NG514-6

Normally dehiscent,

abundance of pollen

80–89 % 10–20 %

NG514-2 Normally dehiscent,

abundance of pollen

70–79 % 1–9 %

NG1683-7 Normally dehiscent,

abundance of pollen

90–95 % 40 %

NG1683-6, NG1683-12 Normally dehiscent, less

pollen

70–89 % 20–39 %

NG1683-1, NG1683-2, NG1683-3,

NG1683-5, NG1683-8, NG1683-9,

NG1683-10, NG1683-11, NG1683-13

Indehiscent, less pollen 30–69 % 5–19 %

NG1683-4 Indehiscent, without pollen 0 0

NG7016-15 Normally dehiscent,

abundance of pollen

90–95 % 40–60 %

NG7016-1, NG7016-12, Normally dehiscent, less

pollen

70–89 % 20–39 %

NG7016-2, NG7016-3, NG7016-4,

NG7016-4, NG7016-4, NG7016-5,

NG7016-6, NG7016-7, NG7016-9,

NG7016-10, NG7016-12, NG7016-17,

NG7016-20,

Indehiscent, less pollen 30–69 % 5–19 %

NG7016-8, NG7016-11, NG7016-13,

NG7016-18, NG7016-19, NG7016-14

Indehiscent, without pollen 0 \5 %
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results were analyzed according to the method of 2–DDCt

[25].

Results

G. hirsutum has one copy of GhSERK1 gene,

and contains at least two to three members of SERK

genes

Southern-blot hybridization analysis was performed to

investigate the genomic organization of GhSERK1 and the

members of the SERK family in G. hirsutum. All genomic

DNA was extracted from G. hirsutum and digested with

EcoRI and HindIII restriction enzymes. One probe was

obtained from genomic DNA amplification with specific

primers (GhSERK1-FP and GhSERK1-RP) corresponding

to the SPP and transmembrane domains of GhSERK1

(5,665–6,448 bp) (Fig. 1 and Supplementary material). It

was named Probe1. The 834-bp-long probe was designed

to analyze copies of the GhSERK1 gene. The hybridization

on the genomic DNA digested with HindIII and EcoRI

resulted in one band for the ten lines (Fig. 2).

The other probe was cloned from the cDNA corre-

sponding to the kinase domain of GhSERK1, and primers

were GhSERK-FP and GhSERK-RP (Table 1). It was

named Probe2 (7,016–7,356 bp, Fig. 1). The 334-bp-long

probe was used to analysis the members of the SERK

family. Three hybridization products were found for

genomic DNA. The presence of multiple copies of SERK

genes in the G. hirsutum genome agrees with the findings

of multiple members documented in genomes of other

species (Fig. 3).

The cotton transformants containing RNAi constructs

displayed various degrees of male sterility

To determine whether the GhSERK1 gene took part in the

regulation of anther development, transgenic cotton plants

were generated separately after transformation with Agro-

bacterium containing the NG514, NG1683, and NG7016

constructs. Among the 29 kanamycin-resistant cotton

Fig. 1 Schematic map of the

two probes for the southern blot

in the GhSERK1 gene

Fig. 2 Southern blot of

GhSERK1with the probe 1 (the

unique fragment). Left: HindIII;

Right: EcoRI; M DNA marker
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plants, six plants contained NG514, 13 contained NG1683,

and 20 contained NG7016.

When grown to maturity in soil, all of the transgenic

plants grew into normal plants and exhibited normal veg-

etative development. Meanwhile there were no differences

between the transgenic plants containing NG514 and the

wild type, and the pollen energy ranged from 70 to 89 %

(Fig. 7). In other words, all of the plants with NG514-

construct were fertile.

However, all but two plants of the transgenic lines

containing NG1683 or NG7016 constructs exhibited vari-

ous degrees of male sterility. Two plants named NG1683-7

and NG7016-15 were fully male-fertile (data not shown).

There was no difference between them and the wild type.

Compared with the wild type (Figs. 4a, 5b) another four

plants displayed fewer pollen grains in the anther, though

the stamens of them were normally dehiscent. In the

anthers of 22 other plants (Figs. 4b, c, 5b) there were some

indehiscent stamens with fewer pollen grains. We scored

the 26 lines as semi-sterile plants. Seven transgenic plants

containing NG1683 or NG7016 were fully male-sterile as

there were no pollen grains in their anthers (Figs. 4d, 5c).

Thus, they failed to form seeds by themselves. For all the

transgenic plants, the pistil was normal. In detail, we

compared the flowers of the wild type and the completely

male-sterile line (Fig. 6); the flowers of these plants

exhibited normal filaments and their anthers seemed full

(Fig. 6b). But their anther walls were indehiscent and there

were no pollen grains in their anthers (Fig. 6d).

To determine the activity of pollen grains, staining the

pollen of the transformants and the wild type with TTC was

performed (Fig. 7). The pollen energy of the wild type was

above 90 % (Fig. 8a). It ranged from 80 to 89 % for the

plants containing NG514 constructs and the two fully

male-fertile lines (NG1683-7 and NG7016-15) (Fig. 8b).

Among the 26 semi-sterile plants, the activity of pollen was

70–89 % (Fig. 8c) for the four of them; it was 30–69 % for

another 22 of them (Fig. 8d, e).

Various degrees of male sterility were coupled

with different expression levels of GhSERK1

in transgenic plants

Real-Time PCR analysis was performed to check for

expression of GhSERK1 in transgenic lines, as well as in

untransformed cotton plants (Fig. 9; Table 2). For the

transgenic lines containing NG514, the expression of

GhSERK1 ranged from 10 to 20 % in the fully male fertile

lines, and from 1 to 9 % in the lines with decreased pollen

energy. For the transgenic lines containing NG1683 or

NG7016, the expression level of GhSERK1 in the fully

male fertile lines was about 40 % compared with the wild

type. As it was from 5 to 39 % in the semi-sterile plants,

and it was below 5 % in the completely male sterile lines.

Discussion

There were at least two to three homologous

with GhSERK1 in G. hirsutum

In 1997, Schmidt et al. [6] found the first SERK gene in

carrot (Daucus carota) and named it DcSERK. Conse-

quently, many SERK genes have been cloned from other

Fig. 3 Southern Bolt of

GhSERK1 with probe 2 (the

homologous fragment). Left:

Genomic DNAs on the left of

the marker were digested with

HindIII. The ones on the right

of the marker were digested

with EcoRI. Right: Genomic

DNAs digested with EcoRI
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Fig. 4 Phenotypic analysis of male-sterile transformants carrying RNAi-

vectors. a Flower morphology of non-transgenic cotton; b, c Semi-sterile

transformants (NG1683 or NG7016); b The indehiscent stamen accounts

for 30 %; c The indehiscent stamen accounts for 50 %; d A full male-

sterile transformant. Red arrow sterile anther; blue arrow fertile anther.

Scale bar A = 1.5 mm; B, C, D = 2 mm. (Color figure online)

Fig. 5 Comparison of the anther of transgenic plants containing

NG1683 or NG7016 and wildtype. a Anther of a non-transgenic

cotton plant: dehiscent and full of pollen grains; b Indehiscent anther

of a semi-sterile transformant carrying NG1683 or NG7016; c Stamen

of a fully male-sterile transformant carrying NG1683 or NG7016:

indehiscent and absence of pollen grains. Scale bar A, B = 0.5 mm;

C = 2 mm
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plants, such as Arabidopsis thaliana (AtSERK; [13]), Zea

mays (ZmSERK; [15]), Medicago truncatula (MtSERK;

[26]), Oryza sativa (OsSERK [21, 27], OsBISERK [28]),

Triticum aestivum (TaSERK, [29]) and Vitis vinifera

(VvSERK; [30]), Rosa hybrid cv. Linda (RhSERK; [31]).

Also, two or more members have been isolated from

Fig. 6 Comparison of the flowers of the wild type and the completely

male-sterile line. a the flower of the wild type; b the flower of the

completely male-sterile line; c the anther of the wild type; d the

anther of the completely male-sterile line. Scale bar A, B = 2 mm;

C, D = 0.5 mm

Fig. 7 Comparison of the pollen energy of the wild type (a) and

transgenic plants carrying RNAi-514 (b, c) with TTC. a The active

pollen of the wild type accounts for 95 %; b, c The active pollen of

the transgenic plant carrying RNAi-514 accounts for 80 % (b) to

70 % (c). Scale bar = 0.5 mm
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specific plant species. For example, five Arabidopsis

SERKs (AtSERK1–5) [13], three maize SERKs (ZmSERK1–3)

[15], three wheat SERKs (TaSERK1–3) [29], three grapevine

SERKs (VvSERK1–3) [30], and four rose SERKs (RhSERK1–4)

[31]) have been identified. So, many studies have found SERKs

were a subfamily of the LRR-RLKs family. Meanwhile the

kinase domain has the highest identity among the 11 domains of

SERK, as the greatest divergence is seen in the SPP and

C-terminal domains (below 45 %) [13, 15].

In our studies, the GhSERK1 gene was one copy in the

genomic DNA of G. hirsutum proved by southern blot.

Including that, we also wanted to know how many mem-

bers of SERK exist in G. hirsutum. A probe was designed to

locate in the kinase domain of GhSERK1 according to its

highest identity. Three hybridization products were found

for genomic DNA of G. hirsutum. One of the three bands

was GhSERK1 gene, and the other bands were one or two

SERK genes. There were at least two or three SERK genes

in G. hirsutum.

The role of GhSERK1 in the male reproduction of

G. hirsutum and in the network of pollen development

The SERK1/2 gene in Arabidopsis was reported to be

involved in anther development. In Arabidopsis, the

expression level of AtSERK1 mRNA was highest in closed

flower buds before fertilization and in flowers with

Fig. 8 Comparing the pollen energy of the wild type and transgenic

plants carrying RNAi-1683 or RNAi-7016 with TTC. A: The active

pollen of the wild type accounts for 95 %; b The active pollen of the

fully fertile transformants accounts for 90 %. c–e The active pollen of

the semi-sterile transformants accounts for 80 % (c), 60 % (d) and

35 % (e). Scale bar = 0.5 mm

Fig. 9 The relative expression of the GhSERK1 gene in the wildtype and transgenic plants. a, b, and c The relative expression of the GhSERK1

gene in the wildtype and transgenic plants containing NG514, NG1683, and NG7016, respectively
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embryos of stage 1 through 7 after pollination. Quantitative

analysis shows the abundance of AtSERK1 mRNA in the

flower buds was about ten times higher than in the leaf

tissue [6]. The expression patterns of AtSERK1 and At-

SERK2 in wild-type plants were similar based on the

semiquantitative RT-PCR analysis. Also, the serk1 and

serk2 single insertion mutants show no differences com-

pared to the wild type, but serk1serk2 double mutants were

not able to produce seeds because the mutant anthers

produced no pollen. Meanwhile, the AtSERK1 and At-

SERK2 proteins can form homodimers or heterodimers

in vivo. These results demonstrate AtSERK1 and AtSERK2

play an important but redundant role in sporophytic

development by controlling male gametophyte production

[7, 8]. Similarly, in a previous study [32], we found the

transcripts of the GhSERK1 gene were most abundant in

reproductive organs, especially in anthers. GhSERK1

mRNA was most abundant in closed flower buds before

fertilization, especially in 14- and 18-day-old buds con-

taining pollen. In the floral organ, the expression of the

GhSERK1 gene was higher in anthers and ovules than in

the sepals and petals. Also, the anthers in a male-sterile

cotton cultivar line (P30A) showed obvious abortion in the

PMC meiosis stage, and the level of GhSERK1 mRNA was

sharply decreased in this stage compared with that of the

male-fertile line. This phenomenon indicated the expres-

sion of the GhSERK1 was related to the development of

anthers. Here single knockdown mutants of GhSERK1

showed male-fertility only with slightly decreased pollen

energy. However, transgenic plants with homologous

fragments RNAi vector showed various degrees of male

sterility. The lower the expression levels were in GhSERK1

mRNA in transgenic plants, the higher degree of male

sterility they exhibited. So we infer GhSERK1 is respon-

sible for the male gametophyte development in Gossypium

anthers. Also, there is another homolog in cotton; the role

of GhSERK1 and its homolog in sporophytic development

is probably redundant. It would be interesting to identify

other SERK members related to anther cell differentiation

in G. hirsutum. If found, this will verify the SERKs play an

important role in the signal pathway of microsporogenesis

in G. hirsutum.

Similar to SERK1/2, only a few genes have been known

to be involved in early anther cell division and cell differ-

entiation events, including SPOROCYTELESS/NOZZLE

(SPL/NZZ) [33–35], EMS1/EXS [4, 5], TPD1 [9], RPK2

[12]and BAM1/2 [10, 11]. The SPL/NZZ protein is related

to MADS box transcription factors and is involved in reg-

ulating anther cell differentiation. The spl/nzz mutant is not

able to produce microsporocytes or anther walls. So, the

SPL/NZZ gene is required for the differentiation of mi-

crosporocytes and anther walls, including the tapetum [33,

34]. Also, ectopic expression of SPL/NZZ not only affects

flower development in the wild-type background but also

results in the transformation of petal-like organs into sta-

men-like organs in flowers of ap2-1, a weak ap2 mutant

allele. The results indicate the ‘‘floral organ-building’’ gene

SPL/NZZ is engaged in controlling stamen identity via

interacting with genes required for stamen identity in

Arabidopsis [35]. The EMS1/EXS gene encodes a putative

leucine-rich repeat receptor protein kinase (LRR-RLK), and

it mediates signals controlling the fate of reproductive cells

and their contiguous somatic cells during early anther

development. The anthers in the ems1/exs mutant lack

tapetum, but produce more microsporocytes than the wild

type. In fact, the ems1 anthers produce excess microsporo-

cytes at the expense of tapetal cells, since the number of

microsporocytes in ems1 mutant anthers is close to the sum

of microsporocytes and tapetal cells in wild-type anthers.

This indicates a trade-off exists between somatic and

Fig. 10 Signal pathways including SPL/NZZ, EMS1/EXS, SERK1/

2, TPD1, BAM1/2 and RPK2, and their possible integrations in

regulating anther cell differentiation. SPL/NZZ: SPOROCYTELESS/

NOZZLE; EMS1/EXS: EXCESS MICROSPOROCYTES1/EXTRA

SPOROGENOUS CELLS; SERK1/2: SOMATIC EMBRYOGENE-

SIS RECEPTOR-LIKE KINAES1/2; TPD1: TAPETUM DETERMI-

NANT1; BAM1/2: BARELY ANY MERISTEM; RPK2:

RECEPTOR-LIKE PROTEIN KINASE 2
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reproductive cells [4, 5]. The TPD1 gene is reported to play

an important role on the differentiation of tapetal cells in

Arabidopsis anthers. Morphological analysis of tpd1, the

male-sterile mutant, revealed the precursors of tapetal cells

differentiate and develop into microsporocytes instead of

tapetum. As a result, extra microsporocytes were produced

and tapetum was absent in developing tpd1 anthers. The tpd1

mutant was phenotypically similar to the ems1/exs mutant.

The RECEPTOR-LIKE PROTEIN KINASE2 (RPK2) gene

belongs to the LRR-RLK family, and is required for dif-

ferentiation of the middle layer and the tapetum in anthers.

The middle layer is absent in the rpk2 mutant anther, and the

tapetum displays hypertrophy. So the disruption of RPK2

function affects the pollen maturation [12]. BARELY ANY

MERISTEM1 (BAM1) and BAM2 are two novel LRR-

RLKs which are involved in regulating early anther cell

differentiation in Arabidopsis [10], [11], and [36]. The bam1

and bam2 single mutants have no detectable phenotypes.

However, bam1bam2 double mutants exhibit various

developmental abnormalities, including reduced meristem

size and aberrant leaves, as well as irregular male and female

fertility [10]. Additional detailed morphological analysis of

anther development reveals the bam1bam2 double mutant

anthers have no endothecium, middle layer, and tapetum

[11]. Nevertheless, the double mutant anthers produce only

microsporocytes. Both BAM1 and BAM2 genes in Arabi-

dopsis are expressed in archesporial cells at as early as stage

2, while in later stages they are preferentially expressed in

sporogenous cells and microsporocytes. The results dem-

onstrate the BAM1 and BAM2 genes are related to the

development of anthers. Also, some evidence strongly

suggests these genes interact with each other. The phenotype

of the mutant tpd1 is nearly identical to the ones of the ems1/

exs single mutant and serk1serk2 double mutant, showing

the absence of tapetum and the formation of excess mi-

crosporocytes [9]. Also, TPD1 is a novel secreted protein

and interacts with EMS1/EXS in vitro and in vivo and the

ectopic expression of TPD1 in the ems1 mutant affects the

differentiation of tapetal cells and microsporocytes. The

results indicate TPD1 and EMS1/EXS probably function in

the same genetic pathway [37]. However, the expression of

SPL/NZZ in bam1bam2 anthers is expanded to most of the

L2-derived cells. So BAM1/2 probably represses the

expression of SPL/NZZ [11]. These results remind us to

propose these questions: Do these genes function in the same

signal pathway? (Fig. 10) How do the mechanisms of the

interaction function? Further studies should focus on

studying the crosstalk among these signaling networks.
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