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Abstract:

Cotton (Gossypium hirsutum L.) fibersare derived from the outer integument of owle, while

little is known about cotton ovule development. In order to identify and analyze the expression of genes
associated with cotton ovule development, a cDNA array approach was used to screen for genes with
altered expression in cotton ovule before and after anthesis, and 25 dfferentially expressed genes were
subsequently identified. Among them, GhIAA16 encodes apredicted polypeptide of 208 amino acids highly
homologous to Arabidopsis IAA16. Molecular analysis revealed that it is a single-copy gene in cotton
genome and specifically expressed in the ovule endothelium. To our knowledge, GhIAALG is the first
endothelium-specific gene isolated from cotton. Its possible function is discussed during cotton ovule

formation.
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An angiospermseed including embryo and endosperm
is surrounded by seed coat, which develops fromouter
integument of ovule, the femeale reproductive organ and
therefore is of maternal origin. Important functions of the
seed coat include protecting embryo frombiotic and abi-
otic stresses, providing nutrients for embry o during its
development as well as water and oxygen during
germination, and delaying germination by controlling the
strength of dormancy (Boesewinkel and Bouman, 1995).

An ovulehas asimple but nevertheless highly differen-
tiated structure. The nucellus is the terminal region of the
ovule and is the site of embryo sac formation, which con-
sists of seven cells and four different cell types: three an-
tipodal cdls, two synergid cdls, one egg cell, and one cen-
tral cell. Surrounding the nucellus are one or two
integuments, lateral structures that usually tightly encase
the nucellus. The integuments arenot fused at the apex of
the nucellus but have an opening, the micropyle, through
which apollen tube cangain accessto theembryo sac. The
basal part of the ovuleis the funiculus, a supporting stalk
that attaches the ovuleto the placental region within the
carpel (Gasser et al., 1998). The innermost cell layer of the
seed coat is also called endothelium. In Arabidopsis, the
seed coat consists of five cell layers: two of themformthe
outer integument and three form theinner integument
(Léon-Kloosterziel et al., 1994). Genetic analyses indicate
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that inner and outer integument development can occur
independently and the late stage embryo sac development
depends on the integuments. In every case in which the
integuments do not enclose the nucellus, an embry o sac
fails to form. So the diploid or sporophytic integument is
indispensable for the formation of thehaploid multicellular
embryo sac (Gasser et al., 1998).

Aux/1AA genes are found throughout theplant kingdom
and were first identified because many of themare rapidly
induced as a primary responsetoauxin (A beland Theologis,
1996). The Arabidopsisthaliana genome contains at least
29 Aux/1AA genes, many of which were identified because
of their rapid induction after auxin treatment (Liscumand
Reed, 20(2). The Aux/IAA genes encode short-lived nudear
proteins, which have arelative molecular mass of 25-35 kD
and share four conserved domains, designed - . Do-
mains and mediate homo- and heterodimerization
between Aux/IAA proteins and heterodimerization with
members of a second large protein family called the auxin-
response factors (ARFs), most of ARFs also contain do-
mains and  aswell. TheARF proteins aretranscription
factors that bind to auxin-response elements (A uxRE) lo-
cated upstream of auxin-inducible genes (Leyser, 2001).
Domain  has been demonstrated to act as a transferable
protein degradation signal when fused to luciferase.
Furthermore, mutations in domain  restored stability to
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the luciferase fusion protein. Thus,argpid tumoverof AuxIAA
protens isessentid for normaelauxin response(Tiwari et al ., 2000).

Besides Arabidopsis, several members of this family
have been found in other species. For example, PS-1AA4/5,
PS1AAG in pea and Aux22 and Aux28 in soybean are ex-
pressed in elongating, dividing, and differentiating cell
types, indicating multiple functions during development
(Ainley et al., 1988; Wong et al., 1996).

Cotton fibers are derived fromthe outer integument of
ovule. Butlittle isknown about cotton ovule development.
In thisstudy, we isolaed an |AA genefromcotton homolo-
gous to Arabidopsis IAA16 and named it GhIAALG. Ex-
pressional analysis revealed that GhlIAA16’s transcript is
restricted to the most internal cell layer of the seed coat,
that is, the endothelium. Its possible functions in cotton
are discussed.

1 Materialsand Methods

1.1 Plant materials

Vegetative and reproductive organs and tissues were
harvested fromtheallotetraploid cotton species (Gossypium
hirsutumL. cv. XZ142 and G. hirsutum L. cv. XZ142w)
grown under a30/21  day/night temperature regimein
the greenhouse. The XZ142w is afuzzess-lintless mutant
identified by Zhang and Pan (1991) fromthe XZ142. Devel-
oping ov ules were excised from flower buds or bolls on
various days before/post-anthesis (dpa) relative tothe day
of anthesis (0 dpa).
1.2 cDNA array

cDNA library from cotton ovules was constructed

using SMART cDNA Library Construction Kit (Clontech,
K1051), and were randomly selected and printed from 384-
well plates onto Hybond N* (A mershamParmacia Biotech,
UK ) membranes. ThecDNA array procedures were carried
out basically as previously described (Bao et al., 2002).
The high density filters were prepared using the Biomek
2000 HDRT system, and were probed with a->2P-dCT P-la-
belled first strand cDNA.. Thefilters were exposed to X-ray
films (Kodak).
1.3 Semi-quantitative RT-PCR analysis

First-strand cDNA wassynthesized from5 ng total RNA
using the SUPERSCRIPT RNase H Reverse Tran-
scriptase (Gibco, USA). One tenth of the first strand cDNA
was used as atemplate in 50 L. PCR reactions. Gene-spe-
cificRT-PCR primers were designed according to the cDNA
sequences and synthesized commercially (Sangon,
Shanghai, China). Parallel reactions using cotton ubiquitin
primers served to normalizethe amount of template added.
The used primers are shown in Table 1.
1.4 Southern and Norther n analyses

Genomic DNA was isolated fromleaves of G. hirsutum
L. cv. XZ142and G. hirsutumL. cv. XZ142w using a
cetyltrimethylammoniumbromide(CTA B) extraction method
(Paterson etal., 193). The DNA (20ng) wasdigested, sepa-
rated on 0.8% agarose gd and transferred onto Hybond N*
membrane. Prehybridization, hybridization, andwashing of
the blot were performed as recommended by the
manufacturer. Total RNA was extracted fromdifferent tis-
sues with theprotocol according to RNeasy Plant Mini Kit
(Qiagen, USA). RNA sanmples were separated on 1.2%

Table1l Primersused for RT-PCR andysis of genes differentialy expressed during cotton ovule development

CloneID 3' primer 5' primer

aryl CATTAAAAT GAAATATGGTC GGGCT TCGAGGGGGACCC

ary2 CTAATTAACAACAGTATG CATTAAAGCT CAAATGCAACTCC
ary3 CACTTTGGAGCTATCAGT GAGAAGGCCGGAGT GAAAG

ary4 GTTGTACAAGCCCTTGCC AGAAGCGTAAGAAGCGCAAG
ary5 CATAGCAGAACAGGTAAATCCATC TCACTAGATCT CT CATGGC

aryé CGAGGCGACAAAGGECT G GAAT CAGCGGGGAAAGAAGAC
aryl10 CCATAGAACAACAACTGAGAACCG CTCCGCT GCCCGAATTCCC

aryll GTGAGAAAAGAGAGAGAGAGAG CTGCTTTCT CGTATAGCAGCCTG
aryl2 TACTCTTGTTTACATTACAGCTG AT GGGGAGT TCT TGGGECT G
aryl3 CTCCTCTCACACATAT GT CGCGC CTTTTACTAGAGGCTAGAGCC
aryl4 CTCTTAAAAACCTCTCTCAC GCCTAAAAGT TAAAAGGTAAACAG
aryl5 CCAAAGCCACTATACTGIGTGTG GAAGAT GGCCCGTACCAAGCAG
aryl6 CGGAGAGTAAATTTCCAACAAGG GCAACTGAGAAAAGGCCTC
ary27 CATTCTTATTACCGATACCCGAG GGAGGCTTTGACTAAGGCATG
ary30 GCCGACTTCCCTTGCCTAC GACGGT GGT CATGGAAGT CG
ary31 GCAAGAGCTACAAACGACG ACT CGT GTACAT CGCGT GGC
ary32 CACAT T GCGT GAGCAT CCGC GCAGAACT GGCGAT GCGGGAT G
ary33 CTACTATATACTACTAGT TAACTTGG GGAACTGAGTATTATCAAAAGAG
ary34 GCCGACTTCCCTTGCCTTAC CGGT CCGACAGCGLCGGT C
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agarose/formaldehyde gels and transferred to Hybond N*
membrane, and prehybridization, hybridization and wash-
ing of the blot were performed as recommended by the
manufacturer. Frobes werelabeled with 2Pby randomprim-
ing using Prime-a-Gene Labeling system (Promega, USA).
The blots were exposed to X-ray films (Kodak).
15 [Insitu RNA hybridization

Digoxygenin-labeled sense or antisense RNA probes
were prepared following the manufacturer’s recommenda-
tion (Boehringer Mannheim). Tissue fixation and
embedding, in dtu hybridization and signal detection were
essentially performed as described by Lai et al. (2002).

2 Results

2.1 ldentification of Ghl AA16 expressedin cotton owle

To identify genes involved in cotton ovule formation,
we took acDNA array approach to monitoring differential
geneexpressionof cotton ovules. Frst strand cDNA probes
reverse-transcribed fromtotal RNAs of theovules from-3
dpa, 0dpa and +3 dpa were hybridized with 62 high-density
filters containing 23 000 cDNA clones from the cDNA |i-
brary constructed fromdeveloping cotton ovules and dif-
ferentially expressed clones were selected. To reduce pos-
sible fal se positives caused by the difference of sample
deposit among filters, hybridization was performed twice
with changed filters and only those clones that showed

similar expression patterns in the two hybridizations were
chosen. An image of aportion of cDNA array is shown in
Fig.1l.

Thehybridization results between different probes were
similar, and most of the clones showed no significant
changes among different probes. Subsequently, atotal of
only 25 differentially expressed cDNA clones were identi-
fied and subcloned into a pBluescript  SK (+) vector.
Sequencing and homology analy ses revealed that 10 of
themarehomologous to known genesin theGenBank (Teble
2), whereas the rest has no hit.

Toconfirmthedifferential eqressionduringcotton ovule
development, they were subject to semi-quantitative RT-
PCR and the results of 13 cDNA sequences are shown in
Fig.2. Most of themdisplayed the sameresponsiveness as
detected by the cDNA array and were highly expressed at
the early stage of ovuleformation. Among them, ary1l en-
codes a 208 amino acid protein highly homologous to
Arabidopsis|AA 16 (AtIAA16) (Arabidopsis Genome
Initiative, 2000) with 59.4% amino acids identity (Fig.3) and
was therefore named GhlAA16. Sequence alignment be-
tween AtlIAA16and GhlAA 16 revealed that they are iden-
tical in the conserved 4 domains of the |AA family with
some differences in their amino termini (Fig.3A).

Toinvestigae its gene structure, we obtained a genomic
DNA sequenceof GhlAA16 of 934 bp corresponding to its
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| dentification of differential expressed genesduring cotton ovule development by using cDNA array. A portion of afilter isshown

here and was hybridized by probes from -3 dpa (upper) and +3 dpa (lower) ovules. Cydes indicatethe differentialy expressed clones.
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Table2 Genesthat aredifferentialy expressed during cotton ovule development

Accession number of the

Clone ID closest hit in dat abase Description E-value
ary-3 Q42551 Ubiquitin-conjugating enzyme E2 3.1e-14
ary-4 Q42619 Ctp:phosphocholine cytidylyltransferase 3.3e-12
ary-6 064410 Cytochrome P450 monooxygenase 4.0e-21
ary-11 024407 Auxin-responsive protein laal6 2.7e-07
ary-12 QILWP7 Smilar To Arabidopsisthaliana chromosome 2 bac clone F4123 3.8e-05
ary-15 BAA31218 Histone H3 6.4e-56
ary-30 QINGQ4 Insecticide resstance-associated Cytochrome P450 (fragment) 0.010

ary-35 AAB97162 Histone H3 3.1e-65
ary-37 Q9AXD9 Mago nashi-like protein 1.2e-70
ary-38 004263 Immunophilin 1.4e-51
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Fig.2. RT-PCR andysis of cotton ovule cDNAs. Totd RNA (3 np) isolated from — 3, 0 and +3 dpaovules and leaves were used to
synthesize cDNA for RT-PCR andysis using gene-specific primers. A cotton ubiquitin cDNA was used to normaize the amount of
templates added in the PCR reactions. Day's post anthesis (dpa) are shown at the bottom.

cDNA. Threeintrons with thelengths of 110, 103 and 94 bp
and four exons with the lengths of 236, 182, 109and 100 bp
were identified, respectively, different from AtlAA16 which
contains fourintrons with the lengthsof 450, 87, 94, and 81
bp and five exons with the lengths of 204, 271, 137, 61, 38
bp (Arabidopsis Genome Initigtive, 2000), respectively. Se-
guence comparison showed that the former three introns
are at the same positions between AtIAA16 and GhIAALG,
whereas thelast oneof AtlIAA16 is not present in GhIAA16

(Fig.3B).
2.2 GhlAA16 presents as asingle-copy gene in cotton
genome

To examine the organization of GhIAA16 in cotton
genome, DNA blotting analysis was performed using the
coding region of GhlAA16 as a probe (Fig.4). Sngle frag-
ments of 6.0 kb and 8.0 kb were detected in BamH  and
EcoR -restricted genomic DNA, respectively, and two
fragments of 3.8and 2.9kb werefound inthe Hind ~ digest.
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Fig.3. Comparison of amino acid sequences and gene structures of GhIAA16 and AtlAA16. A. Alignment of predicted polyp eptide
sequences of GhIAA16 and AtIAA1G. | dentica amino acids are shaded. Dashes areintroduced to maximizethe dignment. Four
conserved domains areindicated by -1V, theamphipahic b a a structure areundelined. Thearrowswith number indicated the location
of intron. B. The genesequence structures of Ghl AA16 and Atl AA16. Boxes indicateexons and lines represent introns(intron not drawn

to scde).

Thetwo Hind  -hybridizing bands were due to the pres-
enceof aninternal Hind  site of GhlAA16 sequence. Thus,
GhlAAL6 occurred as a unique gene in cotton genome. In
addition, wealso investigated the genomicorganization of
GhlAA16 in a fuzzess-lintless (fl) mutant of cotton and
detected no difference between the mutant and wild type
(Fig.4).
2.3 GhlAA16 s highly expressedin the endothelium of
owle

To examine the expression pattern of GhlAA16, North-
ern blotting analysis was performed using RNA fromcot-
ton ovules of —3 dpa, 0 dpa,+3 dpa and leaves respectively
(Fig.9). Theresult showedthat GhlAA16 transcripts peaked
at the—3 dpa ovule when cotton fibers are initiated, and no
signal was detected in the leaves, suggesting that it isa
cotton ovule-specific gene (Fig.5).

Tofurther examineits tissue-specific pattem, in 9tu RNA
hybridization was donewith the ovule of Odpa. The 5 end
of thegene with 450 bp was used as theprobe, because the
3 ends of thelA A family areusudly highly conserved. The
result showed that it is specifically expressed inthe endot-
helium of the cotton ovule (Fig.6).

3 Discussion

Here, wehave isolated a cotton gene GhlAA16 honolo-
gous to Arabidopsis|AA16 and found that it is asingle-
copy gene in cotton genome and specifically expressed in
the endotheliumof the ovule.

Although genetic control of cotton ovule development
remains unknown, a number of genes have been identified
that areimportant for the growth and morphogenesisof the
integuments in Arabidopsis (Schneitzet al ., 1998). Several
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Fig.4. DNA blottinganaysis of cotton genomic DNA of

GhlAA16. Genomic DNA (20 ng/lane) of leaves of Gossypium
hirsutum cv. XZ142 (WT)and G. hirsutum cv. XZ142w (fly)was
completely digestedwith BamHI, EcoRI and Hindl I respectively
and transferred on nylon membrane. The blot was hybridized
with agene-specific probe of Ghl AA16. M olecular weight makers
areindicated in kb.
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Fig.5. Northern blotting analy sis of GhlAA16. Total RNA (20
ng/lane) from +3, 0,-3 dpaovules and leaves wasfradioned on a
dena uring 1.2% (W/V) agarose gel and transferred to nylon
membrane. Theblot was hy bridized with the full-length DNA of
GhlAA16. Loading control of tota RNA was shown.

genes for theinitiation of the integuments and an increas-
ing number of genes for their morphogenesis have been
identified (Schneitz et al., 1998). The first group comprises
HLL, ANT, BEL1, INO, ABERRANT TESTA SHAPE (ATS)
and UNICORN (UCN). They act as positive regulators of
early integument development, with the possible exception
of UCN. Genes of thesecond group include STRUBBELIG
(SUB) and BLASIG (BAG), LEUNIG (LUG), TOUSLED,
SHORT INTEGUMENTS (SIN1), SUP, TSO1 and others.
However, the genetic network of these genes is not clear

Antiscnse
irihie

dense
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Fig.6. Insitu RNA hylridization anaysis of GhlAA16. Upper,
alongtudinal section of 0 dpa ovule hybridized by an antisense
probe of GhlAA16; lower, alongtudina section of 0 dpaovule
hybridized by sense probe of GhlAA16. Theblue cdor indicates
thehy bridizingsignd. e, endothelium;i, inner sead coa ; n, nucdllus;
0, outer seed coat.

although limited data indicatethat thefirst group genes are
likely to precede the activities of members of the second
group (Schneitz, 1999).

Genes expressed in endothelium are not well
documented. Arabidopsis BANYULS (BAN) gene, which
most likely encodes a leucoanthocy anidin reductase and
restrictsits expression tothe endothdiumof immeture seeds
at the pre-globular to early globular stages of embryo de-
velopment (Devic et al., 1999). It represents a marker for
early differentiaion and development of theseed coat.BAN
is probably involved in ametabolic channeling between
the production of anthocyanins and pro-anthocyanidins
in the seed coat (Devic et al., 1999). Another Arabidopsis
gene, TT16, encodes the ARABIDOPSISBSISTER (ABS)
M A DSdomain protein andis expressed mainly intheovule
(Nesi et al., 2002). TT16/ABSis necessary for BAN expres-
sion and proanthocyanidin accumulation in the endothe-
lium of the seed coat, with the exception of the chalazal-
micropylar area. In addition, mutant phenotypeand ectopic
expression analyses suggested that TT16/A BSis also in-
volved in the specification of endothelial cells. It appears
tha these twoendotheliumexpressed genes are allinvolved
in flavonoids production of the seed coat as well (Nesi et
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al., 2002).

Aux/1AA genes are early auxin response genes that en-
code short-lived nuclear proteins (Abel et al., 1994). Tiwari
et al. (2001) found that most of the ArabidopsisAux/IAA
proteins repressed transcription on auxin-responsive re-
porter genesin protoplast transfection assays. Their work
suggested that Aux/IAA proteins function as active re-
pressors by dimerizing with auxin response factors bound
to auxin response elements and that early auxin response
genes areregulated by auxin-modulated stabilities of Aux/
IAA proteins.

Whether theorthologs of thesegenes play rolesin cot-
ton integument development is not clear. The identifica-
tion of GhIAA16 as an endothelium-specific genesuggests
that auxin plays arole in cotton ovule development. In fact,
the initiation of cotton fiber development appears to be
triggered by hormones, auxins and gibberellins. Galvalis
and Seagull (2001) have demonstrated that unfertilized
ovules produced large numbers of fiber initials in the ab-
sence of any hormone treatment. But exogenous applica-
tionof eitherindole-3-acetic acid or gibberellic acid induced
significant increases in fiber production. But the molecular
mechanism of this influenceis unknown. Gh1AA 16 may
provideamolecular bridge between hormone IAA and cot-
ton fiber formation. The expression pattern of AtIAA16 re-
mains unclear. Direct transformation of Arabidopsis with
CGhIAA16 (sense or antisense) did not result any obvious
phenotypic changes (data notshown), suggesting a diver-
sified role of IAA 16, also supported by their different ge-
nomic structures (Fig.3). Further genetic transformation of
cotton likely reveals arole of GhIAA 16, if any, in cotton
ovule development.
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