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Near-isogenic cotton germplasm lines that differ in fiber-bundle
strength have temporal differences in fiber gene expression
patterns as revealed by comparative high-throughput profiling
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Abstract Gene expression profiles of developing cotton
(Gossypium hirsutum L.) fibers from two near-isogenic lines
(NILs) that differ in fiber-bundle strength, short-fiber content,
and in fewer than two genetic loci were compared using an
oligonucleotide microarray. Fiber gene expression was
compared at five time points spanning fiber elongation and
secondary cell wall (SCW) biosynthesis. Fiber samples were
collected from field plots in a randomized, complete block
design, with three spatially distinct biological replications for
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each NIL at each time point. Microarray hybridizations were
performed in a loop experimental design that allowed com-
parisons of fiber gene expression profiles as a function of
time between the two NILs. Overall, developmental expres-
sion patterns revealed by the microarray experiment agreed
with previously reported cotton fiber gene expression
patterns for specific genes. Additionally, genes expressed coor-
dinately with the onset of SCW biosynthesis in cotton fiber
correlated with gene expression patterns of other SCW-pro-
ducing plant tissues. Functional classification and enrichment
analysis of differentially expressed genes between the two
NILs revealed that genes associated with SCW biosynthesis
were significantly up-regulated in fibers of the high-fiber
quality line at the transition stage of cotton fiber develop-
ment. For independent corroboration of the microarray
results, 15 genes were selected for quantitative reverse
transcription PCR analysis of fiber gene expression. These
analyses, conducted over multiple field years, confirmed the
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temporal difference in fiber gene expression between the two
NILs. We hypothesize that the loci conferring temporal
differences in fiber gene expression between the NILs are
important regulatory sequences that offer the potential for
more targeted manipulation of cotton fiber quality.

Introduction

The seeds of cultivated tetraploid cotton (Gossypium hirsutum
L. and Gossypium barbadense L.) produce single-celled tric-
homes, referred to as fibers, than can attain lengths of nearly
60 mm at maturity (Kim and Triplett 2001). The value of the
US cotton crop is estimated at $5.2 billion annually (National
Cotton Council of America 2008). At maturity, fiber is com-
posed almost entirely of multiple layers of thickened second-
ary cell wall (SCW) and is approximately 94% pure cellulose
(p-1,4-linked Dp-glucose units). Overlapping stages of fiber
development occur in all genotypes and consist of fiber initia-
tion, fiber elongation, SCW biosynthesis or thickening, and
maturation (Basra and Malik 1984). The duration and rate of
each stage varies among genotypes. During the elongation
stage of development, the fiber cell undergoes rapid polar
expansion and is delimited by only a primary cell wall (PCW).
The onset of SCW biosynthesis can vary depending on cotton
species and environmental conditions, but typically occurs
from 16 to 21 DPA (Basra and Malik 1984; Wilkins and
Jernstedt 1999). The period of time between the beginning of
SCW biosynthesis and the end of the elongation stage is
referred to as the transition stage. Distinct patterns of gene
expression characterize each of the developmental stages
(reviewed in Smart et al. 1998; Haigler et al. 2005; Shi et al.
2006; Lee et al. 2007). During the transition stage, the expres-
sion profiles of genes related to SCW biosynthesis are up-
regulated, whereas the transcript abundance of genes related to
elongation and PCW biosynthesis begins to decline. The thick-
ness of the SCW, degree of polymerization of cellulose mole-
cules (number of p-glucose units), orientation of cellulose
microfibrils (MFs), and the number of reversal points (changes
in gyre of MF orientation) are all attributes that can potentially
affect classification and pricing of the mature fiber (Triplett
1992).

The cotton germplasm lines MD 52ne and MD 90ne are
near-isogenic lines (NILs) of cotton (G. hirsutum L.) both
derived by backcross breeding. MD 90ne is the recurrent par-
ent and MD 52ne is a BCy high-bundle strength selection
(Meredith 2005a). In these studies, MD 52ne was shown to
have approximately 10% higher fiber-bundle strength than the
recurrent parent MD 90ne (Meredith 2005b). Cotton fiber-
bundle strength is a key determining factor in the price of cot-
ton, especially in the export market which now accounts for
approximately two-thirds of the cotton grown in the United
States (Jung 2008). In addition to increased fiber-bundle
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strength, MD 52ne has significantly lower short-fiber content
(22% less) compared with MD 90ne (Meredith 2005b). Higher
short-fiber content results in fewer spinnable fibers leading to
reduced spinning efficiency and yarn quality and is a signifi-
cant source of waste. Previous studies conducted by Meredith
(2005b) on the cotton NILs MD 52ne and MD 90ne indicated
that the higher fiber-bundle strength trait of MD 52ne is con-
trolled by a small number of genes (<2) or possibly a single
locus of closely linked genes (Meredith 2005b). The increased
fiber-bundle strength of MD 52ne also appears to be highly
heritable indicating predominately gene effects and not envi-
ronment effects controlling the phenotype (Meredith 2005b).

The cotton NILs MD 52ne and MD 90ne released in
2005 (Meredith 2005a) provide an unparalleled opportunity
to study the genetic components of cotton fiber strength in
two near-isogenic populations. The recently developed
cotton oligonucleotide gene chip for microarray analysis
combines expressed sequence tag (EST) data from Gossypium
arboreum L., Gossypium raimondii L., and G. hirsutum L.
from over 50 cDNA libraries and a myriad of tissues,
including initiating, elongating, and SCW-producing fibers
(Udall etal. 2007). In this study, we have used high-
throughput methods for analyzing fiber gene expression in
this unique pair of genotypes to identify candidate genes
associated with higher cotton fiber strength.

Materials and methods
Plant material

The cotton NILs MD 52ne and MD 90ne resulted from two
separate backcross programs as described by Meredith
(2005a). MD 90ne is an advanced generation backcross,
BC,F,, germplasm line derived from crossing ‘Deltapine
Acala 90’ to a ‘Deltapine 16’ nectariless line designated
MD 65-11ne. Half of the parentage for Deltapine Acala 90
was Deltapine 16 and the other half involved exotic and
western US-type Acalas. During the backcross procedure
for MD 90ne, selection was practiced only for the nectari-
less trait (Meyer and Meyer 1961). MD 52ne is an
advanced generation BC(F, germplasm line derived from
crossing MD 90ne with MD 65-11ne and selecting for
high-fiber strength in each segregating generation. The
pedigrees of MD 90ne and MD 52ne are shown in Fig. 1.
Additional pedigree information on cotton lines used to
develop the progenitors of MD 52ne and MD 90ne can be
found in Calhoun et al. (1994) and Bowman et al. (2006).

Field experimental design and fiber quality measurements

Fiber samples for quality evaluation were taken by hand
harvest when 60% or more of the bolls were open. All
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Fig. 1 Pedigrees of the cotton near-isogenic lines (NILs), MD 52ne
and MD 90ne. Trait selections and generations are indicated for
germplasm lines that were developed by backcross breeding. Germ-
plasm line release dates are shown in parentheses. R Recurrent parent,
D donor parent, JCPC John Cotton Poly Cross, MD Mississippi Delta,
DP Deltapine, FTA ARS strain from Pee Dee Experiment Station,
Florence, SC

samples were ginned on a laboratory gin. The field experi-
mental design was a randomized complete block design. A
total of 11 environments were sampled to determine fiber
traits. The number of locations per year varied from one to
five. Locations were near Stoneville, MS, and varied in soil
type, planting dates, and other cultural practices. The num-
ber of locations was one in 2006 and 2008, four in 2005 and
five in 2007. Plot size varied from one to three rows with
sampling in the center row. Row dimensions were
Imx9m and 1 m x 18 m. The number of replications
varied from two to six. The genotypes evaluated were MD
52ne and MD 90ne and descend from the genetic study by
Meredith (2005b) and subsequently released as germplasm
lines (Meredith 2005a).

The data in Table 1 were from 60 observations, 30 for
each germplasm line. The significant differences in fiber
quality measurements of the cotton NILs were determined
using analysis of variance (ANOVA). The combination of
years and locations were treated as 11 random environ-
ments. The probability levels listed in Table 1 are for the
one degree of freedom F test comparisons between the
cotton NILs. No significant germplasm line by environmental
interaction was detected.

Fiber tests given in Table 1 were determined by Star-
Lab Inc., Knoxville, TN, USA. Bundle strength (T,) was
determined by stelometer that measures the grams-force
per tex required to break a bundle of fibers, expressed as
kilonewton meters per kilogram, in which fibers are held
by two jaws separated by 3.2 mm. Elongation (E,) is the
percentage of elongation at the point of fiber breakage.
Micronaire is a measure of fineness and maturity and was
measured by the Fibronaire instrument and expressed in
micronaire units. Fiber lengths were measured by the
Digital Fibrograph. The 50% span length is that point on
an array of fibers in which 50% of the fibers are that long
or longer. Similarly, the 2.5% span length is that point on
an array of fibers in which 2.5% of the fibers are that long
or longer.

RNA extraction

Fiber samples for gene expression analyses were
harvested from ten randomly selected, first-position bolls that
had been tagged on the day of anthesis from triplicate
3-row plots grown at a single location near Stoneville,
MS. In preliminary experiments conducted in 2003 and
2004, bolls were harvested from the replicate plots only at
12, 16, and 20 DPA. Subsequent field experiments con-
ducted from 2006 to 2008 included additional developmen-
tal time points. In the 2006 and 2007 growing seasons,
bolls were harvested at 8, 12, 14, 16, 20, and 24 DPA. In
the 2008 growing season, bolls were harvested at 8, 10,
12, 14, 16, 18, 20, and 24 DPA. Harvested bolls were
immediately chilled on ice in the field and transported to

Table 1 Average fiber traits for

MD 90ne and MD 52ne across Germplasm line Micronaire Elongation Strength B Span length (mm)
eleven combinations of locations (%) (kN'm kg™ 50% 2.5%
and years
MD 90ne 4.63 6.69 236 14.7 29.5
MD 52ne 4.73 6.10 272 15.1 30.0
F test prob. level* 0.1083 0.0035 <0.0001 0.0167 0.0100
Environmental range
High MD 90ne 5.15 7.88 267 16.0 30.8
High MD 52ne 5.00 7.50 308 16.1 31.3
Low MD 90ne 4.10 5.83 221 14.0 28.3
* F test probability levels were Low MD 52ne 4.13 4.67 240 142 29.5

obtained by ANOVA analysis
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the lab. The seeds with fibers attached were quickly
frozen in liquid nitrogen and stored at —80°C. Fibers were
ginned from seeds by gently swirling the frozen samples
in a mortar filled with liquid nitrogen to break fibers away
from the ovules. Seeds were then removed from the mor-
tar and the fiber tissue ground to a powder. Total RNA
was extracted and an on-column DNase I digestion per-
formed using the Sigma Spectrum™ Plant Total RNA Kit
(Sigma-Aldrich, St. Louis, MO, USA) as per the manufac-
turer’s protocol. RNA quantity was determined using a
NanoDrop ND-1000 (NanoDrop Technologies, Wilmington,
DE, USA), and RNA quality was verified using an Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA).

RNA amplification and labeling

RNA amplification and labeling was performed using the
Amino Allyl MessageAmp™ II aRNA Amplification Kit
(Ambion, Austin, TX USA) as per the manufacturer’s pro-
tocol. In each amplification reaction, 1 pg of total RNA was
used for starting material. The in vitro transcription reaction
for synthesizing amplified RNA (aRNA) was performed for
12 h. Probe aRNA was indirectly labeled by dye-coupling
with Cy3 or Cy5 fluorescent dyes for hybridization to the
cotton oligonucleotide gene chips.

Microarray hybridization and image acquisition

For each hybridization, 2 pg of aRNA probe labeled with
either Cy5 or Cy3 was used. The cotton oligonucleotide
arrays utilized in this study were described in detail by
Udall etal. (2007) and were printed on Arraylt Super
Amine 2 slides (TeleChem International Inc., Sunnyvale,
CA, USA). The slides were prehybridized in 5x SSC, 0.1%
SDS, and 0.1 mg/mL BSA (Fraction V) at 42°C for 45 min
and then submerged in 0.1 x SSC for 5 min three times,
followed by a final submersion in ddH,O for 30 s. The slides
were dried by centrifugation at 1,000xg for 5 min. The
probe hybridization buffer consisted of 35% formamide, 5 x
SSC, 0.1% SDS, and 0.1 mg/mL sheared fish testes DNA.
All hybridizations were carried out at 42°C for 16 h in a
Genetix 10-slide Hybridization Chamber (Genetix, New
Milton, England). Following hybridization, slides were
washed in 2x SSC, 0.1% SDS at 42°C for 5 min, then
washed twice in 1x SSC at room temperature for 3 min,
then washed twice in 0.1x SSC at room temperature for
2 min, and finally washed once in 0.05x SSC at room tem-
perature for 30 s. After drying by centrifugation, the slides
were treated with DyeSaver2 (Genisphere Inc., Hatfield,
PA, USA) as per the manufacturer’s protocol to prevent
ozone-mediated degradation of the Cy5 dye. Slides were
scanned in a GenePix 4000B microarray scanner (Molecular
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Devices Corporation, Sunnyvale, CA, USA) at 10 mm
resolution using the GenePix Pro 6.0 software package.

Experimental design and statistical analysis

A loop hybridization experimental design was used to com-
pare gene expression patterns in fiber cells from the NILs
(MD 52ne and MD 90ne) over time (8, 12, 16, 20, and 24
DPA) (Fig. 2a). The microarray hybridizations were per-
formed using two biological replicates per cotton germ-
plasm line at each time point. The hybridization process
also included dye-swaps of each pairing that served as a
technical replicate in the analysis. Each hybridization pro-
duced a pair of red (Cy5) and green (Cy3) fluorescence
intensities that serve as the inputs for all statistical analyses.
For statistical analysis, the background-subtracted median
fluorescence intensity of each individual DNA spot was
used. The raw expression data were transformed to the log,

a MD 52ne MD 90ne
8 DPA 8 DPA

MD 90ne MD 52ne
24 DPA y\—/k 12 DPA

9 3
MD 52ne MD 90ne

24 DPA 12 DPA
8 4
MD 90ne ‘\ /‘ MD 52ne
20 DPA /ﬁ\ 16 DPA
MD 52ne MD 90ne
20 DPA 16 DPA
b 10
! {
MD 52ne MD 52ne MD 52ne MD 52ne MD 52ne
8 DPA 6 12DPA 16 DPA g 20DPA ¢ 24 DPA
Y Rt Y
MD 90ne MD 90ne MD 90ne MD 90ne MD 90ne
SDPA 11 12DPA |2 16DPA 13 20DPA 14 24 DPA
t |

15

Fig. 2 Microarray hybridization experimental design and statistical
analysis. a A loop microarray hybridization design was utilized for the
experiment. Each numbered point in the loop represents microarray
hybridization with probes generated from amplified fiber RNA of the
indicated NIL and developmental stage. A total of ten microarray
hybridizations (numbered) are indicated in the loop with each block
representing technical replications in the form of a dye-swap. Two
biological replications were performed for each microarray hybridiza-
tion. b The microarray data derived from the loop hybridization experi-
mental design allows comparisons (numbered) between the indicated
developmental stages. The design also shows a more simplified view
of the experiment comparisons on the cotton NILs between genotypes
and over time
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scale and all analyses were performed using JMP® Genomics
version 3.0 (SAS Institute Inc., Cary, NC, USA).

Data distribution and ratio analysis tools were used to
evaluate data quality. The data were normalized within
arrays using Loess normalization and across arrays by
median standardization (Dudoit et al. 2002). The normal-
ized expression levels were further evaluated for quality
using correlation and principal components analyses. The
normalized expression levels were then analyzed in indi-
vidual gene-specific models. The gene-specific models
were fit in JMP® Genomics using mixed models analysis
(Wolfinger et al. 2001). Germplasm lines, developmental
stage (DPA), interaction between germplasm line and
developmental stage, and dye channel were considered as
fixed effects. The array effect was considered as a random
effect. The estimates of means and standard errors, and
difference of means, of the germplasm lines, developmental
stage (DPA), and their interactions were calculated using
the LSMEANS option. The multiple comparison tests were
controlled for familywise error rate (FWER) with the Holm
method (also known as a stepwise Bonferroni adjustment)
(Holm 1979). The magnitude and significance of differ-
ences in the effects of germplasm line, developmental stage
and their interaction were used to select genes for valida-
tion and further study.

The entire normalized microarray dataset output from
the JMP® Genomics software (SAS Institute Inc., Cary,
NC, USA) and the raw Genepix (Molecular Devices
Corporation, Sunnyvale, CA, USA) data files for each
microarray were submitted to the Gene Expression
Omnibus (GEQO) database (Barrett et al. 2007). These
data are freely available under the GEO accession
number GSE14388.

Functional classification and enrichment analysis
of differentially expressed genes

The program Blast2GO was used to perform all bioinfor-
matics on selected cotton tentative consensus sequences
(TCs) and ESTs (Conesa et al. 2005). The end result of the
analysis is the assignment of Gene Ontology (GO) terms
(Ashburner et al. 2000) to selected TCs and ESTs based on
BLASTx results (Gish and States 1993). Also, the
Blast2GO program incorporates InterPro searches and the
ability to map InterPro IDs to BLASTx-derived GO terms,
merging the results into one integrated annotation result
(Conesa et al. 2005). Enrichment analysis of statistically
(P <0.006) significant genes at different developmental
time points was carried out using the integrated GOSSIP
software package (Bliithgen et al. 2005) of the Blast2GO
program that employs the Fisher’s exact test to identify
enriched GO terms in a group of genes. When comparing
fiber gene transcript abundance between the two cotton

NILs at the same time point (e.g., 16 DPA fibers of MD
52ne compared to 16 DPA fibers of MD 90ne), only genes
considered biologically significant (twofold or greater
difference in expression) were used in the enrichment
analysis. The limit placed on statistical significance of the
enrichment analysis was a false discovery rate (FDR)-
corrected P value of 0.05 that is calculated by the
Blast2GO program. In addition to the GenBank annota-
tions generated by BLASTx searches, selected genes were
used to query The Arabidopsis Information Resource
(TAIR) database using a BLASTx search (Huala et al.
2001). TAIR sequence accessions obtained from the
BLASTx searches were included in the results with the
GenBank accessions.

The online program GeneVenn (Pirooznia et al. 2007)
was used to construct Venn diagrams of statistically signifi-
cant genes identified in the following data: genes up-regu-
lated from 12 to 16 DPA in MD 52ne; genes up-regulated
from 12 to 16 DPA in MD 90ne; genes up-regulated in MD
52ne at 16 DPA; genes up-regulated in MD 90ne at 16
DPA. A total of three Venn diagrams were generated
(Fig. 3) and the Blast2GO program was used to perform
enrichment analysis on all independent and overlapping
Venn groups in each diagram. Only the Venn groups with
statistically significant, enriched biological processes are
labeled in the diagrams.

Confirmation of microarray gene expression profiles
by quantitative reverse transcription PCR

Primers for quantitative reverse transcription PCR
(qQRT-PCR) were designed using the Primer Express 2.0
program (Applied Biosystems, Foster City, CA, USA).
The reagents used for cDNA synthesis reactions were
TaqMan Reverse Transcription Reagents (Roche Molecular
Systems, Inc., Branchburg, NJ, USA) or the iScript™
cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules,
CA, USA). Control cDNA synthesis reactions to check
for genomic DNA contamination during qRT-PCR con-
sisted of the same template and components as the
experimental reactions minus the reverse transcriptase
enzyme. The PCR reactions were performed with ABI
PowerSYBR® Green Master-Mix (Applied Biosystems,
Foster City, CA, USA) or iTag™ SYBR® Green Super-
mix with ROX (Bio-Rad Laboratories, Hercules, CA,
USA) in an Applied Biosystems Prism 7900HT
Sequence Detection System (Applied Biosystems, Foster
City, CA, USA). Thermal cycler parameters for qRT-
PCR were as follows: 50°C 5 min, 95°C 2 min, 50 cycles
of 95°C 155, 60°C 1 min. A dissociation curve was
generated and used to validate that a single amplicon was
present for each qRT-PCR reaction. Relative quantita-
tion of gene transcript abundance was performed using
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Al055116
Al727450
AY291285

TC59066
TC59194
TC66201.3
TC68655

© Up-regulated in MD 52ne
fibers from 12 to 16 DPA

© Up-regulated in MD 52ne
fibers compared to MD 90ne
fibers at 16 DPA

Fig. 3 Venn diagrams utilized for enrichment analysis and identifica-
tion of genes. Venn group designations were assigned to gene lists that
produced statistically significant enrichment analysis at a FDR-cor-
rected P < 0.05. Venn groups without any group designations were not
significantly enriched in any biological process. An abbreviated list of
enriched GO terms associated with each Venn group is given in
Table 3. a Genes statistically significant and up-regulated from 12 to

the comparative CT method as described in the ABI
Prism 7700 Sequence Detection System User Bulletin
#2. In an earlier study, we used a-tubulin4 as a normal-
izer for qRT-PCR measurement of fiber gene expression
during development (Kim and Triplett 2004a); however,
significant improvements in our fiber RNA isolation pro-
cedure have resulted in much higher RNA quality and
quantity. As a result, the integrity of 18S RNA varied
less from sample to sample and between developmental
time points than in previous experiments. Amplification
efficiency and consistent CT values over fiber development
time points (data not shown) led to the selection of 18S
rRNA as the endogenous reference for the qRT-PCR
results presented here.

A total of nine qRT-PCR reactions were performed for
each germplasm line at each time point, representing three
biological replications and three technical replications. In
order to assess the statistical significance of the qRT-PCR
results comparatively between the cotton NILs at each time
point, a Wilcoxon signed-rank test was performed on the
AC, values (Yuan et al. 2006) in order to derive a 95% con-
fidence interval and calculate the AAC, and fold difference
in transcript abundance. A P < 0.05 and a greater than two-
fold change in transcript abundance were considered sig-
nificant. The Wilcoxon test was performed using the
Analyse-it® Version 2.11 statistical analysis add-in for
Microsoft Excel (Analyse-it Software Ltd, Leeds, England,
UK).
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Cottonl2_06485_01
Cottonl2_06695_01

AY 189968

CD485826
TC59405

O Up-regulated in MD 90ne
fibers from 12 to 16 DPA

© Up-regulated in MD 90ne
fibers compared to MD 52ne
fibers at 16 DPA

16 DPA in fibers of both cotton NILs, b genes statistically significant
and up-regulated from 12 to 16 DPA in fibers of both cotton NILs, and
genes statistically significant and up-regulated in fibers of MD 52ne
compared to fibers of MD 90ne at 16 DPA, ¢ genes statistically signifi-
cant and up-regulated from 12 to 16 DPA in fibers of both cotton NILs,
and genes statistically significant and up-regulated in fibers of MD
90ne compared to fibers of MD 52ne at 16 DPA

Results
Fiber quality measurements

The summary of genetic differences between the two NILs
over 11 environments is given in Table 1 and shows signifi-
cant differences for all fiber traits except micronaire. MD
52ne produced lint with 15% greater (P <0.0001) fiber
strength than that of its NIL recurrent parent, MD90ne,
confirming the superior fiber strength previously reported
by Meredith (2005a). Both 50 and 2.5% span lengths of
MD 52ne were significantly longer than those of MD 90ne;
probability levels of 0.02 and 0.01, respectively. Elongation
of MD 52ne was 6.1% and that for MD 90ne was signifi-
cantly higher, 6.7%. The environmental effect was large for
all fiber traits but no significant genotype-by-environment
interaction was detected for any trait (data not shown). The
environmental average bundle strength ranged from 221 to
267 kN m kg~! for fibers of MD 90ne and 240 to 308 for
fibers of MD 52ne kN m kg~! (Table 1).

Enrichment analysis of genes differentially expressed
during cotton fiber development

Preliminary studies using qRT-PCR were conducted by our
laboratory to measure transcript abundance of specific
G. hirsutum cellulose synthase genes in the NILs during
two growing seasons prior to 2006. The results from both
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years revealed an increased abundance of cellulose syn-
thase 1 and cellulose synthase 2 (GhCesAl and GhCesA2)
transcripts in fibers of MD 52ne compared with fibers of
MD 90ne slightly before and during the transition stage of
fiber development (for the results from 2003 see Supple-
mental Fig. 1). Since GhCesAl and GhCesA2 are abun-
dantly expressed during SCW biosynthesis in cotton fiber
(Pear et al. 1996), we hypothesized that a temporal differ-
ence in fiber development existed in the cotton NILs, with
fibers of the higher strength line, MD 52ne, entering the
SCW biosynthesis stage earlier than fibers of MD 90ne.
The focus of gene selection for corroboration of the micro-
array data in silico and by qRT-PCR was centered on time
points related to the fiber transition and SCW biosynthesis
developmental stages. In our microarray dataset, the fiber
developmental time point most representative of the transi-
tion stage is 16 DPA.

Enrichment analysis was conducted on all up-regulated
genes in fibers of both cotton NILs at all comparative devel-
opment time points (Fig. 2b, comparisons 1, 2, 3, 4, and 5).
The reference gene set used for the enrichment analyses con-
sisted of the cotton TCs and ESTs represented on the micro-
array platform that were significantly expressed (P < 0.006)
in fibers of either cotton NIL at any time point in the dataset.
In this manner, our reference gene set was tailored to repre-
sent the fiber transcriptomes of the NILs during a specific
time-course of fiber development and consisted of approxi-
mately 50% of the TCs and ESTs represented on the micro-
array. The results of the enrichment analyses, including
complete lists of significantly enriched biological processes,
GO identifications, FDR-corrected P values and the cotton
microarray IDs represented in each enriched GO term, are
given in Supplemental Table 1. The enrichment analysis on
genes up-regulated in the 16 DPA dataset (Fig. 2b, compari-
son 3) revealed significant enrichment of biological pro-
cesses involved in cell wall and cellulose biosynthesis
exclusively in fibers of the higher fiber-bundle strength
cotton germplasm line, MD 52ne. These data were of particu-
lar interest based on our preliminary studies mentioned above
and the fact that the fiber transition period and entrance into
the SCW biosynthesis stage typically occurs near the 16
DPA time point of fiber development in cotton grown in the
Mississippi delta. Based on the up-regulated genes in fibers
of MD 52ne compared with fibers of MD 90ne at 16 DPA,
eleven GO terms were found to be significant at the FDR-
corrected P < 0.05 as shown in Table 2. There were a total of
ten unique sequences represented in the enriched GO terms
that are related to plant cell wall biosynthesis, including two
G. hirsutum cellulose synthase genes (CesAs), and orthologs
of the CesA7 gene (Taylor etal. 1999) and COBRA-LIKE4
gene (COBLA) (Roudier et al. 2002) of Arabidopsis.

In order to further examine up-regulated genes and bio-
logical processes related to the fiber transition and SCW

developmental stages, a separate enrichment analysis was
conducted to include not only genes differentially expressed
in fibers of the cotton NILs at 16 DPA, but also genes up-
regulated in fibers of both NILs from 12 to 16 DPA
(Fig. 3). The analysis revealed a significant increase in bio-
logical processes associated with cellulose and cell wall
biogenesis in fibers of both NILs from 12 to 16 DPA
(Fig. 3a, Venn Group II; Table 3, Venn Group II). Biologi-
cal processes involved in cellulose and cell wall biosynthe-
sis were also enriched and highly significant for 22 genes
that were more abundantly expressed in 16 DPA fibers of
MD 52ne compared with 16 DPA fibers of MD 90ne
(Fig. 3b, Venn Group V). Table 3 lists the top significant
GO terms (FDR-corrected P < 0.05) for each Venn group.
A complete list of significantly enriched biological pro-
cesses for each Venn group and the corresponding cotton
microarray sequence IDs are shown in Supplemental
Table 2. Further enrichment analysis was performed on
genes up-regulated from 12 to 16 DPA in fibers of both
NILs separately without generating Venn groups. In other
words, the two test groups were Venn Group I+ Venn
Group II (genes up-regulated from 12 to 16 DPA in fibers
of MD 52ne) and Venn Group II + Venn Group III (genes
up-regulated from 12 to 16 DPA in fibers of MD 90ne).
Only genes in the 12-16 DPA MD 52ne test group were
significantly enriched in cellulose and cell wall biosynthetic
biological processes. Even though Venn Group II in Fig. 3a
indicates an overlap of biological processes involved in
SCW and cellulose biosynthesis in fibers of both cotton
NILs (Table 3, Venn Group II), this supplemental enrich-
ment analysis revealed that these processes are more highly
enriched in 12-16 DPA fibers of MD 52ne. Genes in the
12-16 DPA MD 90ne reference group were enriched in
oxidoreductase activities that were also enriched in genes
more abundantly expressed in 16 DPA fibers of MD 90ne
(Fig. 3c, Venn Group VII).

In silico and gqRT-PCR corroboration of microarray
analysis

A total of 15 genes were selected for verification of the
microarray data based on enrichment analysis of biologi-
cal processes and expression profiles of genes differen-
tially expressed during the transition and SCW
biosynthesis stages of fiber development in both cotton
NILs (Tables 4, 5). Prior to empirical corroboration of the
comparative microarray data, the expression profiles of
the selected genes from each cotton NIL were examined
independently as a function of fiber development and
compared with the existing literature on expression
patterns of each gene. For example, GhCesAl and GhCesA2
transcripts are nearly undetectable during the elongation
stage of cotton fiber development, but become highly
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Table 2 Enrichment analysis of gene ontologies up-regulated at 16 DPA in fibers of the germplasm line MD 52ne (significant at FDR-corrected

P <0.05)
GO term Biological process Sequence IDs of up-regulated genes
G0:0007047 Cell wall organization AI055116, A1727450, AY291285,
and biogenesis Cottonl12_12955_01, TC59066,
TC66201.3, TC68655, TC72660
GO0:0045229 External encapsulating AI055116, A1727450, AY291285,
structure organization Cottonl12_12955_01, TC59066,
and biogenesis TC66201.3, TC68655, TC72660
GO0O:0009225 Nucleotide-sugar AI727450, Cotton12_07111_02,
metabolic process TC66201.3, TC68655, TC75914
GO0:0009793 Embryonic development Cotton12_05329_01, Cotton12_06897_01,
ending in seed dormancy Cottonl12_07111_02,
Cotton12_14001_01, DR463436,
DT566883
GO0:0010382 Cell wall metabolic process AI055116, AY291285,
Cotton12_12955_01, TC68655
GO:0048316 Seed development Cotton12_05329_01, Cotton12_06897_01,
Cotton12_07111_02, Cotton12_14001_01,
DR463436, DT566883
G0O:0009790 Embryonic development Cottonl12_05329_01, Cotton12_06897_01,
Cotton12_07111_02, Cotton12_14001_01,
DR463436, DT566883
GO:0006040 Amino sugar metabolic process AI055116, AY291285, Cotton12_25165_01
GO:0016998 Cell wall catabolic process AI055116, AY291285, Cotton12_12955_01
G0:0009832 Cellulose and AlI727450, TC59066, TC66201.3, TC68655
pectin-containing cell
wall biogenesis
GO:0044247 Cellular polysaccharide AlI055116, AY291285, TC60987

catabolic process

AI055116, class I chitinase (GhCTL1); AI727450, cellulose synthase (GhCesA3); AY291285, chitinase-like (GhCTL1); Cotton12_12955_01,
peptidoglycan-binding LysM domain-containing protein; TC59066, COBRA-LIKE4 (AtCOBL4); TC66201.3, cellulose synthase (GhCesA2);
TC68655, cellulose synthase (AtCesA7); TC72660, pectin methylesterase; Cotton12_07111_02, UDP-galactose 4-epimerase-like protein;
TC75914, UDP-galactose 4-epimerase-like protein; Cotton12_05329_01, NAC domain-containing protein protein 74 (ANACO74); Cotton12_
06897_01, MONOPTEROS transcription factor (AtMP); Cotton12_14001_01, ubiquitin protein ligase (ASK2); DR463436, repressor of silencing
1 (AtROS1); DT566883, flavin-containing monooxygenase/oxidoreductase (AtYUC4); Cottonl12_25165_01, NADH:cytochrome-b5 reductase

(ATCBR); TC60987, chloroplast beta-amylase (AtCT-BMY)

abundant beginning at the transition stage and during
SCW biosynthesis (Kim and Triplett 2007; Pear et al.
1996). Based on our microarray and qRT-PCR data, the
same pattern of expression was observed for GhCesAl
and GhCesA2 in fibers of MD 52ne and MD 90ne,
supporting previous observations and providing in silico
validation of our results. In addition, the G. hirsutum
a-expansin gene (GhExpl) and germin-like protein gene
(GhGLP1I) were chosen as controls to quantify the expres-
sion profile of genes known to be more abundantly
expressed during fiber elongation (Harmer et al. 2002;
Kim and Triplett 2004b; Orford and Timmis 1998) com-
pared with the SCW biosynthesis stage. The expression
profiles of the remaining genes listed in Tables 4 and 5
are also supported in the literature. These independent,
corroborating lines of evidence indicate the accuracy and
usefulness of our microarray data. The genes are catego-
rized according to the stage of fiber development that
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corresponds with the purported gene product function
and/or highest transcript abundance (Tables 4, 5).

The design of qRT-PCR primers from the TC or EST
represented on the cotton oligonucleotide microarray was
performed following careful analysis of the target nucleo-
tide sequence. Specifically, multiple alignments were per-
formed on the target sequence and related sequences in the
CGI 8.0 and/or CGI 9.0 databases in an attempt to design
primers that would amplify only the target sequence and
not homeologous sequences or other gene family members
that may exhibit different expression profiles than the
intended target sequence. The cotton microarray sequence
IDs are listed in Table 4 with the BLASTx sequence anno-
tations, GenBank accessions, TAIR accessions, and qRT-
PCR primer sequences. Each of the selected genes, the
logic behind their selection, and a comparison of transcript
abundance estimated by microarray to transcript levels
measured by qRT-PCR are discussed below.
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Table 3 Enrichment analysis of

. . GO term
gene ontologies up-regulated in

Venn group

Biological process

Venn groups shown in Fig. 3 I
(significant at FDR-corrected
P <0.05)

GO:0030865
GO:0031122
GO0:0043622
II GO0:0005982
G0O:0009225
GO:0016760
G0:0005984
GO:0006011
G0:0009834
I GO:0004364
G0:0009696
G0:0010337
G0:0032350
G0:0006749
GO0:0016491
v GO:0009793
GO:0048316
v G0O:0009225
GO:0007047
GO:0045229
G0:0009832
G0:0009664
G0O:0042546
VI G0:0000786
GO0:0006334
GO:0016841
GO0O:0045548
GO0:0031497
GO:0065004
VII GO0:0004022
GO0:0005507

Cortical cytoskeleton organization and biogenesis
Cytoplasmic microtubule organization and biogenesis
Cortical microtubule organization and biogenesis
Starch metabolic process

Nucleotide-sugar metabolic process

Cellulose synthase (UDP-forming) activity
Disaccharide metabolic process

UDP-glucose metabolic process

Cellulose and pectin-containing secondary cell wall biogenesis
Glutathione transferase activity

Salicylic acid metabolic process

Regulation of salicylic acid metabolic process
Regulation of hormone metabolic process
Glutathione metabolic process

Oxidoreductase activity

Embryonic development ending in seed dormancy
Seed development

Nucleotide-sugar metabolic process

Cell wall organization and biogenesis

External encapsulating structure organization and biogenesis
Cellulose and pectin-containing cell wall biogenesis
Cellulose and pectin-containing cell wall organization and biogenesis
Cell wall biogenesis

Nucleosome

Nucleosome assembly

Ammonia-lyase activity

Phenylalanine ammonia-lyase activity

Chromatin assembly

Protein-DNA complex assembly

Alcohol dehydrogenase activity

Copper ion binding

Genes related to SCW biosynthesis

Distinct sets of CesA genes are transcribed for PCW and
SCW biosynthesis (reviewed in Taylor 2008). The high
degree of sequence similarity among CesA genes, particu-
larly in the conserved glycosyltransferase coding region led
us to design primers to the hypervariable region (HVR)
(Pear et al. 1996) of CesA genes selected from the micro-
array data (Table 4). The 16 DPA comparative microarray
data (Fig. 2b, comparison 3) combined with microarray
data from the 12 to 16 DPA time point comparisons in
fibers of both cotton NILs (Fig. 2b, comparisons 7 and 12;
Fig. 3) identified three CesA genes whose expression was
significantly different. The CesAs were annotated by
BLASTX searches as G. hirsutum CesA2 (Pear et al. 1996),
an ortholog of ArabidopsisCesA7/irx3 (Taylor et al. 1999),
and G. hirsutum CesA3 (Laosinchai et al. 2000), designated

in Table 4 as GhCesA2, AtCesA7, and GhCesA3, respec-
tively. All three CesA genes followed a similar pattern of
expression during fiber development from 8 to 24 DPA
based on the microarray data, with higher transcript
abundance (GhCesA2 = 2.13-fold; AtCesA7 = 3.40-fold;
GhCesA3 = 2.21-fold) in fibers of MD 52ne compared with
fibers of MD 90ne at 16 DPA (Table 5). The qRT-PCR
results for GhCesA2 (TC66201.3) and AtCesA7 (TC68655)
supported the microarray data showing that both genes
were more highly expressed at 16 DPA in fibers of MD
52ne (Table 5; Supplemental Fig. 2).

The microarray data for AtCesA7 indicated significant
differences in transcript abundance at 8 DPA and 12 DPA
in fibers of the NILs; however, these results were not sup-
ported by qRT-PCR with primer pairs designed from the
HVR-coding region of the nucleotide sequence. These
results could indicate cross-hybridization on the array with
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Table S Comparative microarray and qRT-PCR results for selected cotton genes

8 DPA fold difference
(MD 52ne-MD 90ne)

12 DPA fold difference
(MD 52ne-MD 90ne)

Sequence ID

16 DPA fold difference
(MD 52ne-MD 90ne)

20 DPA fold difference
(MD 52ne-MD 90ne)

24 DPA fold difference
(MD 52ne-MD 90ne)

Microarray qRT-PCR  Microarray  qRT-PCR  Microarray

gRT-PCR  Microarray qRT-PCR  Microarray ~ qRT-PCR

SCW biosynthesis stage

TC66201.3 - - - 2.13 2.55 - - - -
TC68655 7.66 —2.22 - 3.40 3.50 - - - -
U58283 - - - - 3.50 - - - -
TC59066 - - - 2.34 2.26 - 1.98 - -
Cotton12_06695_01  2.69 —-2.21 - 2.50 4.16 - 324 - -
TC59194 - - 2.02 2.11 2.61 - 4.52 - -
Cotton12_06485_01 - - - 1.98 2.33 2.04 2.12 - -
AY291285 - - - 2.02 3.47 - 3.75 - -
AI055116 11.36 —2.99 - 2.01 - - - - -
CD485826 - - - —2.66 - 2.80 - 1.98° -
TC59405 - - 2.53 —3.38 3.18 5.31 8.4 2.83 4.36
Cotton12_15955_01 - - - 2.03% - - - - -
Elongation stage

Al727450

Microarray - - - - 2.21 - - - - -

CesA domain - - - - - - - - -

primers

HVR primers - - - - - - - - -
TC59150 - - - - - =771 —24.19 - -
AY189968 - - - - —6.39 - - - - -

— No statistically significant data
2 P=0.018," P=0.008

other CesA genes related to PCW biosynthesis since SCW-
related CesA transcripts are nearly undetectable during the
fiber elongation stage, even using qRT-PCR. The micro-
array expression data for GhCesA3 (AI727450) closely
matched the expression profile of the other two CesA genes,
GhCesA2 and ArCesA7, and also fit the fiber gene expres-
sion profile of cotton CesAs involved in SCW biosynthesis
during fiber development (Arpat et al. 2004; Gou et al.
2007; Pear et al. 1996); however, GhCesA3 is slightly more
abundantly expressed during the elongation stage of cotton
fiber development and becomes down-regulated but
remains constitutively expressed during the transition and
SCW biosynthesis stages (Laosinchai et al. 2000).

In addition to the CesA genes identified for corroboration
from the microarray data, our laboratory designed specific
qRT-PCR primers for G. hirsutum CesAl for use in a previ-
ous study (Kim and Triplett 2007). We included GhCesAl
(GenBank accession: U58283) in the qRT-PCR analysis as
a positive control. As with the GhCesA2 (TC66201.3) and
AtCesA7 (TC68655) genes, these qRT-PCR results
revealed higher transcript abundance (3.5-fold) of
GhCesAl in fibers of MD 52ne compared with fibers of
MD 90ne at 16 DPA (Table 5; Supplemental Fig. 2).

TC59066 is highly identical in the predicted amino acid
sequence (85% identity; 94% similarity) with the Arabid-
opsis COBRA-LIKE4 (COBLA4) protein (Brady et al. 2007;
Roudier et al. 2002). The microarray expression data for
TC59066 mirrored the GhCesA2 and AtCesA7 ortholog
expression profiles during fiber development, with a higher
level of transcript (2.34-fold) present at 16 DPA in fibers of
MD 52ne compared with fibers of MD 90ne (Table 5).
These qRT-PCR results confirmed the transcript abundance
of TC59066 to be 2.26-fold higher in fibers of MD 52ne
compared with fibers of MD 90ne at 16 DPA and also
1.98-fold higher at 20 DPA (Table 5; Supplemental Fig. 2).

Two cotton TCs predicted to encode arabinogalactan
proteins (AGPs), Cotton12_06695_01 and TC59194, were
identified from our microarray analysis. The predicted pro-
tein sequence of Cottonl2_06695_01 encodes the previ-
ously reported G. hirsutum AGP GhAGP4 that contains
conserved fasciclin domains characteristic of fasciclin-like
AGPs (FLAs) (reviewed in Johnson et al. 2003; Liu et al.
2008). The expression profile of Cotton12_06695_01 in
fibers of both cotton NILs indicated low transcript levels
during fiber elongation followed by a significant increase in
expression beginning at the transition stage and a continued

@ Springer



1358

Theor Appl Genet (2010) 120:1347-1366

increase in transcript abundance during the beginning of
SCW biosynthesis. These data are consistent with the
expression profile of GhRAGP4 in fibers of G. hirsutum and
G. barbadense (Liu et al. 2008). The comparative analysis
shown in Table 5 revealed statistically significant differ-
ences in Cotton12_06695_01 transcript abundance in fibers
of MD 52ne compared with fibers of MD 90ne (2.7-fold
higher at 8 DPA and 2.5-fold higher at 16 DPA). At 12
DPA the microarray data indicated 2.2-fold higher tran-
script abundance in fibers of MD 90ne compared with
fibers of MD 52ne. The qRT-PCR data corroborated only
the 16 DPA comparative data and revealed 4.2-fold higher
transcript abundance in fibers of MD 52ne (Table 5;
Supplemental Fig.2). The qRT-PCR data also indicated
3.2-fold higher transcript abundance in fibers of MD 52ne
compared with fibers of MD 90ne at 20 DPA (Table 5;
Supplemental Fig. 2).

The BLASTx results for TC TC59194 indicate 100%
sequence identity to a gene product of unknown function
encoded by a G. hirsutum gene designated FB-B6 that
is preferentially expressed in fibers (John 1995). The
BLASTx results with the next highest identities are the
G. hirsutum fasciclin-like arabinogalactan proteins 2 and 3
(GhFLA2 and GhFLA3) (Huang etal. 2008) that share
62% identity with the TC59194 predicted protein sequence.
The GhFLA3 gene is preferentially expressed in roots,
whereas GhFLA?2 is preferentially expressed in fibers with
transcript abundance gradually increasing from 2 DPA to
20 DPA (Huang et al. 2008). The microarray expression
profile of TC59194 is similar to Cotton12_00695_01 in
fibers of both NILs with transcript abundance increasing at
the transition stage and into the SCW biosynthesis stage.
Based on the comparative microarray data, transcript abun-
dance of TC59194 is 2.1-fold higher in fibers of MD 52ne
compared with fibers of MD 90ne at 16 DPA (Table 5;
Supplemental Fig. 2). The qRT-PCR data corroborated this
result (2.6-fold) and also revealed a higher transcript abun-
dance at 12 and 20 DPA (2.0- and 4.5-fold, respectively) in
fibers of MD 52ne compared with fibers of MD 90ne
(Table 5; Supplemental Fig. 2). The expression profiles of
both AGP genes were slightly delayed in fibers of MD 90ne
compared with MD 52ne.

The list of genes selected for corroboration of the
microarray data included a f-1,3-glucanase-like gene
(Cotton12_06485_01) that is more abundantly expressed
at 16 and 20 DPA (1.98 and 2.04-fold, respectively) in
fibers of MD 52ne compared with fibers of MD 90ne. The
predicted amino acid sequence of TC Cotton12_06485_01
shares 72% identity and 83% similarity to an Arabidopsis
p-1,3-glucanase-like  protein  (GenBank accession:
AAM66024). The microarray expression data were vali-
dated by qRT-PCR and are shown in Table 5 and Supple-
mental Fig. 2.
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Two chitinase-like genes, AY291285 (GhCTLI) and
AI055116, were identified from the enrichment analysis.
AY291285 was previously shown to be more abundantly
expressed in cotton fiber cells in the SCW synthesis stage
of development (Zhang etal. 2004). An alignment of
AY291285 and AI055116 revealed that the microarray
probe sequences for both ESTs were designed from highly
identical regions of the nucleotide sequences that could
result in cross-hybridization on the microarray. The
AI055116 microarray probe is a 70-mer oligonucleotide
that is 100% identical in both cotton nucleotide sequences
and the AY291285 microarray probe is a 60-mer oligonu-
cleotide that is 95% identical to the AI055116 EST.
Sequence-specific qRT-PCR primers were designed from a
more divergent region of the aligned sequences in order to
validate the microarray expression profiles of the CTL
genes. The qRT-PCR data confirmed that the transcript
abundance of AY291285 was higher (3.47-fold) in fibers of
MD 52ne at 16 DPA compared with fibers of MD 90ne at
16 DPA (Table 5; Supplemental Fig. 2). Furthermore, the
increased transcript abundance of AY291285 persisted in
fibers of MD 52ne compared with fibers of MD 90ne at 20
DPA (3.75-fold). The qRT-PCR analysis of AI055116 indi-
cated that the gene was not expressed at any time point in
fibers of either germplasm line. The GenBank accession
data for AI055116 revealed that the EST was generated
from G. hirsutum boll abscission zone tissues. This finding
suggests that the GhCTLI transcript, represented by
AY291285, hybridized to both the AY291285 and
AIO55116 microarray probes and that AI055116 is
expressed in a tissue-specific manner, but not in fibers of
either cotton NIL at the time points chosen for this study.

Two cotton nucleotide sequences, EST CD485826 and
TC TC59405, encoding MET proteins were selected from
the distilled list of selected genes for corroboration of the
microarray expression profiles. The coding sequence for
TC59405 shares 91% identity to a G. hirsutum metallothio-
nein (MET) gene (GenBank accession: AY857933) desig-
nated Ghmtl. The coding sequence for CD485826 shares
76% identity with the MET gene Ghmet-1 reported by
Jacob-Wilk et al. (2006). The microarray expression profile
for both genes indicates higher transcript levels in fibers of
MD 90ne at 16 DPA (CD485826: 2.66-fold and TC59405:
3.38-fold) and higher transcript levels in fibers of the MD
52ne at 20 DPA (CD485826: 2.80-fold and TC59405: 5.31-
fold), and then once again higher transcript levels in fibers
of MD 90ne at 24 DPA (CD485826: 1.98-fold and
TC59405: 2.83-fold) (Table 5). These qRT-PCR results for
TC59405 did not corroborate the microarray expression
data for the 16 DPA time point; however, the microarray
data for 20 and 24 DPA were corroborated. The design of
primers for CD485826 proved to be more difficult; dissoci-
ation data from the qRT-PCR indicated amplification of
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cDNA from more than one gene; therefore corroboration of
the microarray data was not possible.

The cotton PAVE TC Cotton12_15955_01 was initially
selected based on preliminary statistical testing with a
Student’s ¢ test prior to completion of the entire microarray
experiment. The ¢ test results indicated that the
Cotton12_15955_01 transcript was several-fold more abun-
dant in fibers of MD 52ne compared with fibers of MD
90ne at the 16 DPA time point. In terms of functionality,
Cotton12_15955_01 shares 38% identity in the predicted
protein sequence with the Arabidopsis WAVE-DAMP-
ENED2-LIKE1 (AtWDL1) protein (Yuen et al. 2003).
In the C-terminal region of the protein, the Cottonl2_
15955_01 predicted protein sequence is highly identical to
AtWDL1 and a paralogous sequence WAVE-DAMP-
ENED2 (AtWVD2) The C-terminal region contains a
conserved domain found in the vertebrate microtubule
(MT) associated protein (MAP) Targeting Protein for
Xklp2 (TPX2) (Wittmann et al. 2000). Once the entire
microarray dataset was assembled and a more thorough sta-
tistical analysis conducted as described in the methodology,
Cotton12_15955_01 was no longer significant based on
the final criteria for statistical significance. The P value
placed on the comparative 16 DPA microarray data for
Cotton12_15955_01 was 0.018, whereas the cut-off for sig-
nificance was a more stringent P < 0.006 (Table 5).
However, since qRT-PCR primers were already designed
from the nucleotide sequence, the expression profile of this
potentially interesting gene was tested in both NILs. The
qRT-PCR data revealed that the Cotton12_15955_01 tran-
script abundance was, in fact, higher (3.2-fold) in fibers of
MD 52ne compared with fibers of MD 90ne at 16 DPA
(Table 5). The expression over time of Cotton12_15955_01
in fibers of both cotton NILs followed a pattern similar to
genes up-regulated during SCW biosynthesis (Supplemental
Fig. 2).

Genes related to cotton fiber cell elongation

The EST AI727450 shares 84% identity with GhCesA3
(GenBank accession: AAD39534) in the predicted protein
sequence, which includes a portion of the conserved glyco-
syltransferase domain and the HVR domain. The micro-
array probe sequence designed for AI727450 is located in
the glycosyltransferase encoding region of the EST. Two
sets of qRT-PCR primers were designed for AI727450, one
pair from the probe region of the EST and the other from
the HVR-coding region of the EST. Both primer pairs
showed sequence specificity for the target sequence based
on dissociation curves generated during qRT-PCR and also
revealed nearly the same expression pattern during fiber
development for both cotton NILs (Supplemental Fig. 2).
The pattern of AI727450 transcript abundance matches the

expression profile for GhCesA3 as reported by Laosinchai
et al. (2000), with mostly constitutive expression through-
out fiber development and slightly higher expression during
fiber elongation. Together, the sequence similarity and
expression data indicate that AI727450 is a homeolog or
paralog of GhCesA3. Comparison of the microarray expres-
sion data of AI727450 with the corresponding qRT-PCR
expression data (Supplemental Fig.2) indicates possible
cross-hybridization to the microarray probe sequence with
one or more CesAs that are more abundantly expressed dur-
ing the SCW synthesis stage of cotton fiber development.

As previously stated, the G. hirsutum o-expansin 1
(GhExpl) gene was initially chosen as a control candidate
gene for qRT-PCR to further validate the microarray
results. The GhExpl gene (GenBank accession: AF512539)
is represented on the cotton oligonucleotide microarray by
TC59150. The 16 DPA comparative microarray data indi-
cated no difference in GhExp1 expression (Fig. 2b, compar-
ison 3; Table 5) in fibers of the NILs, a result that was
verified by gqRT-PCR (Table 5; Supplemental Fig. 2); how-
ever, the comparative data from the 20 DPA time point
(Fig. 2b, comparison 4) revealed a 7.71-fold higher tran-
script abundance in MD 90ne compared with the level of
GhExpl transcripts in MD 52ne (Table 5). Verification of
the microarray data by qRT-PCR revealed the difference in
GhExpl transcript levels to be much more pronounced,
with a 24.2-fold higher abundance in fibers of MD 90ne
(Table 5; Supplemental Fig.2). Another a-expansin EST
that was not used for validation of the microarray data
(BG442643) was also up-regulated at 20 DPA in fibers of
MD 90ne (5.6-fold) compared with fibers of MD 52ne at 20
DPA. Based on BLASTX results, the predicted protein
sequence of BG442643 shares 82% identity with G. hirsu-
tum o-expansin 4 (Harmer et al. 2002). RT-PCR data pre-
sented by Harmer et al. (2002) indicated that GhExpl and
GhExp4 share similar expression profiles in developing
cotton fibers, but GhExp4 is expressed at much lower levels
than GhExpl. Since a number of genes related to fiber tran-
sition and SCW biosynthesis stages were already analyzed
in detail, we focused on genes related to fiber elongation to
further support the germplasm line-specific differential
expression data for o-expansin 1 (Ghexpl) (Fig.4;
Table 5).

The cotton nucleotide sequence AY 189968 encodes the
G. hirsutum germin-like proteinl (GhGLP1). The GhGLPI
transcript was previously shown to be fiber-specific and
more abundant in G. hirsutum elongating fibers and then
expressed at a much lower basal level during the SCW bio-
synthesis stage (Kim and Triplett 2004b). The microarray
expression profile of GRGLPI1 was validated in silico in
fibers of both cotton NILs, with a transcript being more
abundant during fiber elongation and less abundant during
the transition stage and SCW biosynthesis. In addition, the
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Fig. 4 Microarray and qRT-PCR expression profiles of two represen-
tative genes. a, b The left panels present the microarray fiber gene
expression profiles, back-transformed from the log, scale, of both
cotton NILs over time. The middle panels are the qRT-PCR data used
to validate the microarray fiber gene expression profiles that were tested
for statistical significance using a Wilcoxon signed-rank test. The right
panels indicate only the statistically significant and biologically

microarray results indicated the GhGLPI transcript was
6.4-fold higher in fibers of MD 90ne compared with fibers
of MD 52ne at 16 DPA (Table 5). Gene-specific qRT-PCR
primers for GhAGLPI confirmed the temporal pattern of
GhGLP1 expression in fibers of both cotton NILs (Supple-
mental Fig. 2); however, no significant difference in
GhGLP] transcript was evident in fibers of MD 52ne com-
pared with fibers of MD 90ne.

Expression profiles of selected genes from multiple
growing seasons

In addition to corroborating the microarray data, several
genes were selected for qRT-PCR analyses in subsequent
growing seasons with additional time points as described in
the methodology. These genes were GhCesA2, AtCesA7,
AtCOBILA4, GhExpl, and AtWDLI. Preliminary data from
the first growing season of this study were included for the
genes that were analyzed in that year, GhCesAl, GhCesA2,
and GhExpl, with the time points limited to 12, 16, and 20
DPA. In the case of genes that continue to up-regulate start-
ing at the transition stage and into the SCW biosynthesis
stage of cotton fiber development, the pattern of MD 52ne
fibers entering the transition stage prior to fibers MD 90ne
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significant (>2-fold difference) data for each time point comparison. A
positive fold change value indicates higher transcript abundance in
fiber of MD 52ne, and a negative fold change value indicates higher
transcript abundance in fibers of MD 90ne. aG. hirsutum a-expansin 1
(GhExpl) cotton gene chip ID TC59150, bG. hirsutum cellulose syn-
thase 2 (GhCesA2) cotton gene chip ID TC66201.3

was evident for all years except the 2007 season (Supple-
mental Fig. 1). In 2003, the fibers of MD 52ne appeared to
be well into the transition stage and entering the SCW bio-
synthesis stage at 12 DPA as indicated by the large fold
increase in transcript abundance of GhCesAl and GhCesA2
in fibers of MD 52ne compared with fibers of MD 90ne. In
the 2007 season, the transition stage was much later in the
fibers of both cotton NILs compared to the other seasons,
with the largest increases in transcripts of SCW biosynthe-
sis-related genes occurring after 18 DPA. Although the
observed differences in the expression levels of GhExpl
between fibers of MD 52ne and MD 90ne from the micro-
array data were corroborated by qRT-PCR (Table 5;
Supplemental Fig. 2), there were no significant differences
in GhExpl expression levels in prior or subsequent years of
the study (Supplemental Fig. 1).

Discussion

The microarray and qRT-PCR analysis of selected genes
suggests that there is a difference in the temporal shift in
biological processes leading to the SCW stage of cotton
fiber development between the cotton NILs. This finding
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was first evidenced by monitoring the expression profiles of
genes (GhCesAl and GhCesA2) that are indicators of the
SCW biosynthesis stage in fibers of the cotton NILs. These
observations served as the basis for our hypothesis that the
fibers of MD 52ne were entering the transition and SCW
biosynthesis stages of development earlier than the fibers of
MD 90ne. These preliminary data were supported in subse-
quent years of the study by comparative global gene
expression analysis and qRT-PCR of selected genes
(Supplemental Fig. 1). The environmental effect on the timing
of the transition stage and the beginning of SCW biosynthesis
during cotton fiber development were evident in each year
of the study, particularly in the 2003 and 2007 seasons
(Supplemental Fig. 1). The effect of temperature on cotton
fiber development is well-documented and indicates that
cooler temperatures, especially at night, cause a decrease in
the rate of fiber elongation and an increase in the duration
of the elongation stage of fiber development (Gipson and
Joham 1969; Gipson and Ray 1969; Thaker et al. 1989).
These observations have also been confirmed in vitro using
cotton ovule cultures (Haigler et al. 1990. We hypothesize
that lower night temperatures during boll/fiber development
in the 2007 season delayed the transition period. Had we
sampled beyond 24 DPA in 2007, the expression profiles
for selected genes in different years may have been more
similar. Significant environmental effects on the relative
duration of fiber developmental stages also precluded direct
comparisons of microarray results between years.

In looking at the microarray expression profiles of genes
related to fiber cell elongation and SCW biosynthesis, the
interval between collection time points of immature fiber
samples (4 days) was not sufficient to reveal a clear distinc-
tion between the NILs throughout fiber development. For
example, the expression of genes related to SCW biosyn-
thesis is significantly up-regulated from 12 to 16 DPA in
fibers of both NILs. Likewise, the expression of genes
related to fiber cell elongation, such as expansins, show
similar expression profiles over time in fibers of both NILs.
The comparative aspect of this study allowed a more
thorough analysis of the transcript abundance of selected
genes, and allowed us to make inferences into the biological
processes that differed in fibers of MD 52ne and MD 90ne
over time. Group V of the Venn diagram in Fig. 3b represents
genes that are up-regulated in fibers of MD 52ne from 12 to
16 DPA and up-regulated in fibers of MD 52ne compared
with fibers of MD 90ne at 16 DPA. These genes are
enriched in biological processes related to SCW biosynthe-
sis (Table 3; Supplemental Table 2), suggesting the fibers
of MD 52ne have entered the SCW stage of development.
Conversely, Group VII of the Venn diagram in Fig. 3c rep-
resents genes that are up-regulated in fibers of MD 90ne
from 12 to 16 DPA and up-regulated in fibers of MD 90ne
compared with fibers of MD 52ne at 16 DPA. The genes in

this Venn group are significantly enriched in biological pro-
cesses related to oxidoreductase activity (Supplemental
Table 2). Since the Venn Group V in Fig. 3b also includes
genes involved in cellulose and cell wall biosynthesis up-
regulated in fibers of MD 90ne from 12 to 16 DPA, it is
likely that the transition to SCW biosynthesis is slightly
delayed in MD 90ne fibers.

The microarray dataset revealed a large number of aqu-
aporins were more abundantly expressed at 20 DPA in
fibers of MD 90ne compared to fibers of MD 52ne (GEO
accession GSE14388), supporting the notion that fibers of
MD 90ne are delayed in entering the transition stage and
may also have a more prolonged elongation stage. The
rapid polar expansion of cotton fiber cells occurring from
approximately 5 to 20 DPA requires an increase in fiber
intracellular turgor pressure. Dhindsa et al. (1975) demon-
strated in vitro and in vivo that the increased turgor pres-
sure within the fiber cell coincides with an increase in the
accumulation of potassium (K*) and malate, presumably
acting as osmoregulators to decrease the osmotic potential
and cause water to move into the fiber cell from the mater-
nal tissue. This observation corresponds with the up-regula-
tion of the f-1,3-glucanase (Cotton12_06485_01) gene in
fibers of MD 52ne compared with fibers of MD 90ne at 16
and 20 DPA (Table 5; Supplemental Fig. 2). Ruan et al.
(2001) presented evidence that the elongation stage of
cotton fiber development coincides with the closure of plasmo-
desmata in the membrane interface connecting the fiber cell
to the maternal tissue. This plasmodesmatal closure coin-
cides with callose deposition at the base of the fiber, pre-
sumably sealing the membrane interface between the fiber
and the maternal tissue, thus preventing an influx of solutes
and maintaining tugor pressure within the fiber cell (Ruan
et al. 2004). Conversely, the degradation of callose at the
fiber base coincided with plasmodesmatal opening and up-
regulation of the GhGluc! that encodes a callose-degrading
p-1,3-glucanase enzyme (Ruan et al. 2004). Based on the
literature, the observed up-regulation of f-1,3-glucanase
expression levels in fibers of MD 52ne compared to fibers
of MD 90ne at 16 and 20 DPA presents convincing evi-
dence that fibers of MD 52ne have entered the transition
stage leading into SCW biosynthesis. This finding supports
our hypothesis of a temporal difference in fiber develop-
ment between the NILs.

The apparent temporal difference in fiber development
does not seem to extend to other aspects of boll develop-
ment since there is no difference in the maturation rate of
bolls in the NILs for the years covered by this study or in
years prior to the germplasm line release (Meredith 2005a).
The micronaire of mature fibers from both NILs showed no
statistical difference, indicating no difference in fiber fine-
ness (Table 1). Micronaire is a fiber quality measurement
that is critical in determining the market value of cotton.
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It is measured by compressing a constant mass of cotton
fibers to a fixed volume and then measuring the air perme-
ability of the fibers. This measures the surface area of the
cotton fibers and gives an indication of the individual fiber
thickness, which is interpreted as fineness. Micronaire is
also considered as an indirect measure of fiber maturity;
however, micronaire measures only fiber surface area.
Initial studies conducted on the NILs revealed a slightly
higher fiber maturity when measured by more direct means
using the Advance Fiber Information System (AFIS); how-
ever, this was not evident in subsequent years of the study
(Meredith 2005b). We also attempted to assess fiber matu-
rity by means of cross-section analysis of fiber cells and
direct measurements of fiber perimeter and SCW thickness,
but no statistical difference was evident in fibers of MD
52ne compared with fibers of MD 90ne (data not shown).

A more mature fiber with a thicker SCW does not
explain the increased fiber-bundle strength of MD 52ne
since fewer fibers would compose the beard used in the ste-
lometer measurement. Fibers of G. barbadense cottons are
typically higher in fiber-bundle strength than fibers of
G. hirsutum cottons, a fact that is partially explained by
G. barbadense having finer fibers and consequently more
fibers by weight. An extreme example of more mature
fibers with a thicker SCW that have lower fiber-bundle
strength are fibers of the diploid cotton species G. arboreum.
The mature fibers of G. arboreum have a SCW nearly twice
the thickness of the mature fibers of G. hirsutum and
G. barbadense, but fiber-bundle strength is 44-63% lower
and single fiber strength is 9-13% lower in G. arboreum
fibers (Benedict et al. 1999). These results suggest that no
correlation exists between the amount of cellulose deposited
in the SCW and fiber strength, meaning that other factors such
as cellulose MF orientation and/or degree of polymerization
have a greater effect on the trait.

Previous studies of late-stage expression profiling in
cotton fiber development have focused mainly on a single
cotton germplasm line or cultivar, with comparative analysis
between developmental time points and/or tissue types
(Arpat et al. 2004; Gou et al. 2007; Hovav et al. 2008; Li
et al. 2002; Shi et al. 2006; Tu et al. 2007; Wu et al. 2007).
The microarray data compiled in our study present an anal-
ysis of genes expressed over a broad range of developmen-
tal time points and comparatively between fibers of two
cotton NILs. This experimental approach revealed interest-
ing similarities in our list of selected genes (Table 4) with
those related to SCW biosynthesis in heterologous systems.
In three separate studies that identified genes highly corre-
lated with cellulose and SCW biosynthesis in Arabidopsis
vascular tissues (Brown et al. 2005; Ko et al. 2006; Persson
etal. 2005), there was significant overlap with genes
selected from our microarray analysis that were more
highly expressed in fibers of MD 52ne compared with
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fibers of MD 90ne at the 16 DPA transition stage of fiber
development (Tables 4, 5). The BLASTX results from the
TAIR database were used to compare the results of our
analysis with previous studies (Table 4). The following
sequences selected from our study are found in gene lists
that correlate with SCW biosynthesis in Arabidopsis vascu-
lar tissues (Brown et al. 2005; Ko et al. 2006; Persson et al.
2005): the ArabidopsisCesA7 ortholog encoded by
TC68655; the ArabidopsisCOBL4 ortholog encoded by
TC59066; the G. hirsutum arabinogalactan protein 4
GhAGP4 encoded by Cotton12_06695_01, which is highly
similar to Arabidopsis fasciclin-like arabinogalactan pro-
teins FLAII and FLA12; and the G. hirsutum cellulose syn-
thase CesA2 that is orthologous to ArabidopsisCesA4. The
G. hirsutum chitinase-likel protein GhCTL1 encoded by
AY291285 is also found in the SCW biosynthesis corre-
lated gene lists generated in two of the Arabidopsis studies
(Brown et al. 2005; Persson et al. 2005). The overlap of
genes identified in this study with SCW-related Arabidop-
sis genes supports the notion of utilizing Arabidopsis as a
heterologous system for functional analysis of cotton genes
implicated in fiber SCW biosynthesis.

Genes that were selected from the microarray data that
were not directly correlated with SCW biosynthesis could
encode proteins that function to improve the strength of
cotton fibers. Two of these genes are of interest, Arabidopsis
homologs named A:tWVD2 and AtWDLI. Overexpres-
sion of AtWVD2 or AtWDLI under the control of the
cauliflower mosaic virus (CaMV) 35S promoter in elongat-
ing Arabidopsis root cells resulted in a change in root skew-
ing from rightward to leftward, shorter roots with increased
diameter, and a higher density of root hairs (Yuen et al.
2003). The AtWVD?2 overexpression phenotype is accompa-
nied by alteration of cortical MT orientation from trans-
verse to longitudinal in epidermal cells of the root
elongation zone (Yuen et al. 2003). AtWDL1 and AtWVD2
were also shown to localize to cortical MTs in multiple tis-
sue types of Arabidopsis and AtWVD2 was shown to bind
to and bundle polymerized MTs in vitro (Perrin et al.
2007). In developing cotton fiber cells, layers of cellulose
MFs are deposited beginning at the transition stage and
during the SCW biosynthesis stage. The orientation of the
cellulose MFs becomes more longitudinal with each suc-
cessive layer and this change is mirrored by cortical MT
orientation in cotton ovules grown in vitro (Seagull 1986;
Yatsu and Jacks 1981). The cortical MTs of SCW-synthe-
sizing fiber cells also change gyre concurrent with the
reversal points of the cellulose MFs (Seagull 1986; Yatsu
and Jacks 1981). This observation suggests that an associa-
tion may exist between cortical MTs and cellulose MFs and
possibly that cortical MTs direct cellulose MF deposition.
Since cellulose MF orientation is correlated with fiber
strength, the cotton AtWDLI ortholog is of particular interest
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as a potential determinate of higher fiber strength. Although
there is no direct evidence that cortical MTs direct cellulose
MF orientation in cotton fiber cells, real-time fluorescent
imaging results presented by Paredez et al. (2006) suggests
that there is interaction between cortical MTs and cellulose
synthase 6 (AtCesA6) in cells of etiolated Arabidopsis
hypocotyls. More recent evidence using live cell imaging of
intact Arabidopsis roots supports a similar role for cortical
MTs and SCW cellulose synthase complexes (Wightman
and Turner 2008).

The selected genes that encode MET proteins merit
further investigation based on their suggested role in
regulating the oxidative state and stability of GhCesAl
(Jacob-Wilk et al. 2006), and their reported linkage to a
known cotton fiber-bundle strength QTL (Park et al. 2005).
The CD485826 coding sequence was very similar to the
published Ghmet-1 sequence, but also shares significant
homology with two ESTs used to develop four EST-SSR
(simple sequence repeat) markers and one EST-CSR
(complex sequence repeat) marker that mapped within
close proximity (~3 to 4 cM) to a fiber-bundle strength
QTL on chromosome 15 of the D-subgenome of tetraploid
cotton (Park et al. 2005). The EST-SSR markers are desig-
nated MUCS141, MUCS152, MUCS410 and MUCS422
and the EST-CSR marker is designated MUSS598. The
ESTs from which they were designed, CON_006_03864
and CON_018_04414, can be found in the Cotton Marker
Database (Blenda et al. 2006) by querying the SSR data-
base. A more recent genetic linkage map of tetraploid
cotton, with greater resolution and highly enriched in markers
representing expressed genes, revealed two more met
genes in addition to the ones reported by Park et al. 2005,
with GenBank accessions DR044136 and CO124976 (Guo
et al. 2007). The four mapped met genes all encode Type 11
METs and share significant nucleotide and protein sequence
homology (CON_006_03864 and CON_018_04414 are
100% identical) with the cotton microarray met EST
CD485826 and Ghmet-1. The met genes map to a 4.6 cM
region of chromosome 15; however, the study did not
include QTL analysis, so the presence of a stable fiber-
bundle strength QTL near the met gene cluster on chromo-
some 15 was not confirmed in the mapping population of
Guo et al. (2007).

The results of this study suggest that variations in the
mechanism controlling the temporal pattern of fiber
development can impact mature fiber-bundle strength and
other fiber quality parameters. It is unclear if one or more
of the genes identified in this study, through individual
function or acting synergistically, are ultimately responsi-
ble for the increased fiber-bundle strength observed
in fibers of MD 52ne compared with fibers of MD 90ne. In
Arabidopsis, insertion mutations in SCW cellulose syn-
thase genes are known to cause structural weaknesses in

vascular bundles presumably due to cellulose deficiency
in the SCW of vascular tissues (Brown et al. 2005;
Persson et al. 2005; Taylor et al. 1999). Also, an insertion
mutation in the Atcobl4 gene results in irregularly formed
xylem that is deficient in cellulose (irregular xylem 6 or
irx6) (Brown et al. 2005). Similar mutant phenotypes
resulting in reduced mechanical strength of stem tissues
are found in the rice brittle culm2 mutant (Osbcl) (Li
etal. 2003) and maize brittle stalk-2 mutant (Zmbk2)
(Ching et al. 2006), and are the result of mutations in
COBLA4 orthologs. The effect of knockout mutations or
overexpression of orthologous genes in cotton fibers is
unknown, but their relation to mechanical strength in
other plant systems makes them likely candidates for
functional analysis in cotton fiber.

The genetic studies conducted by Meredith (2005b)
indicated that 1.23 + 0.16 genes control the increased
fiber-bundle strength in MD 52ne compared with MD
90ne. This result indicates that a single gene or a genetic
locus may result in the higher strength phenotype. The
genes identified in this study are coordinately regulated in
a temporal and tissue-specific manner and, therefore,
likely controlled by a common, global regulator such as a
transcription factor. At present, the identity of such a tran-
scription factor in cotton is unknown; however, the
involvement of NAC domain-containing transcription
factors in SCW formation of Arabidopsis xylem cells is
well-documented (Mitsuda et al. 2005, 2007; Yamaguchi
et al. 2008). Kubo et al. (2005) presented convincing
evidence that overexpression of the NAC domain-
containing transcription factor VASCULAR-RELATED
NAC-DOMAIN7 (VND7) triggers SCW differentiation in
multiple tissue types of Arabidopsis. Similar results were
observed in tobacco BY-2 cells with VND7 expressed
under the control of an inducible promoter (Yamaguchi
et al. 2008).

The prospect of a single gene controlling the temporal
pattern of fiber developmental that results in higher fiber-
bundle strength is appealing since the phenotype may be
more readily adapted using a transgenic approach. Once
identified, a single gene could also be easily tracked in a
conventional breeding program using marker-assisted
selection (MAS) with gene-specific PCR primers that
would forego the regulatory complications that exist with
transgenic crop plants. Breeding selection for a single gene
or a genetic locus can also be efficiently carried out using a
smaller population than what is required for a more
quantitative trait. A molecular marker(s) within or in close
proximity to a tightly linked genetic locus containing genes
responsible for the higher fiber-bundle strength phenotype
would serve the same purpose as a gene-specific marker
and allow the phenotype to be tracked in a breeding
program.
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