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Abstract
Through exploring potential analogies between cotton seed trichomes (or cotton fiber) and arabidopsis
shoot trichomes we discovered that CesAs from either the primary or secondary wall phylogenetic
clades can support secondary wall thickening. CesA genes that typically support primary wall synthesis,
AtCesA1,2,3,5, and 6, underpin expansion and secondary wall thickening of arabidopsis shoot trichomes.
In contrast, apparent orthologs of CesA genes that support secondary wall synthesis in arabidopsis
xylem, AtCesA4,7, and 8, are up-regulated for cotton fiber secondary wall deposition. These conclusions
arose from: (a) analyzing the expression of CesA genes in arabidopsis shoot trichomes; (b) observing
birefringent secondary walls in arabidopsis shoot trichomes with mutations in AtCesA4, 7, or 8; (c)
assaying up-regulated genes during different stages of cotton fiber development; and (d) comparing
genes that were co-expressed with primary or secondary wall CesAs in arabidopsis with genes upregulated in arabidopsis trichomes, arabidopsis secondary xylem, or cotton fiber during primary or
secondary wall deposition. Cumulatively, the data show that: (a) the xylem of arabidopsis provides the
best model for secondary wall cellulose synthesis in cotton fiber; and (b) CesA genes within a “cell wall
toolbox” are used in diverse ways for the construction of particular specialized cell walls.
Betancur L, Singh B, Rapp RA, Wendel JF, Marks MD, Roberts AW and Haigler CH (2010) Phylogenetically distinct cellulose synthase genes
support secondary wall thickening in arabidopsis shoot trichomes and cotton fiber. J. Integr. Plant Biol. 52(2), 205–220.

Introduction
The aim of this research was to compare gene expression
patterns associated with secondary cell wall synthesis in shoot
trichomes of arabidopsis (Arabidopsis thaliana) and cotton
(Gossypium hirsutum) fibers, which are unicellular seed epidermal trichomes. Thick secondary walls are deposited after

cell expansion to confer extra strength to some specialized
plant cells, and their industrial uses range from textile and
wood pulp fibers to forage and biofuel feedstocks. Cotton
fibers provide humankind’s most important renewable textile
fiber. They differentiate over a period of ∼45–60 d, beginning
with expansion of individual cells above the plane of the
ovule outer integument near the day of flower opening. The
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temporal progression of cotton fiber development is described
by days post anthesis (DPA). The differentiation program includes distinct phases of primary and secondary wall deposition
to support fiber elongation and cell wall thickening, respectively.
The >90% cellulose content in the secondary wall and the
>2.25 cm fiber length of domesticated cotton fiber are key
characters that have made this unusual seed epidermal hair
especially useful to humans for over 7 000 years (Ryser 1985;
Dillehay et al. 2007).
Because cotton fibers are a type of trichome, researchers
have frequently looked for analogies with vegetative trichomes,
especially those in the model plant arabidopsis. An alternative model cell type for investigating the function of genes
expressed in cotton fiber would be particularly useful given
the substantial time and resources required for stable cotton
transformation. The term trichom (German) / trichome (English)
was derived in 1875 from the Greek trikhōma, meaning ‘growth
of hair’, to denote a filamentous outgrowth such as a plant
epidermal hair (Merriam-Webster’s Collegiate Dictionary, 11th
Ed. 2003). ‘Trichome’ now refers to outgrowths of the plant
epidermis exclusive of cells of sub-epidermal origin, mainly
leaf and stem (shoot) trichomes, cotton seed hairs (fiber),
and root hairs. These morphologically diverse cells and multicellular structures have been shaped by natural selection
for a wide range of functions, including water absorption,
thermoregulation, UV protection, both repellant and attractant
components of defense, and seed dispersal (Evert 2006). The
seed epidermal trichomes that presently dominate world cotton
commerce were derived through domestication of wild cotton
species with ancestral fibers that probably evolved to aid seed
dispersal and/or germination (through retaining water around
the seed) (Wendel et al. 2009).
Given this diversity, it is of interest to explore the homologies among the various epidermal outgrowths classified as
trichomes. Unicellular, apparently unbranched, spiny epidermal
projections are present in the fossils of the earliest land plants,
e.g. Trichopherophyton teuchansii (Lyon and Edwards 1991).
Nonetheless, the various types of epidermal outgrowths in
extant plants likely evolved independently and on multiple
occasions rather than once from a common ancestor. This is
reflected in the many origins of trichomes on different plant
organs (shoots, roots, sepals, seeds, etc.) and the many differences in the cellular characteristics of trichomes. For example,
the unicellular and branched leaf trichomes of arabidopsis arise
through a different regulatory network than the multicellular
trichomes of snapdragon (Antirrhinum majus) and solanaceous
species such as tobacco (Serna and Martin 2006; Jakoby et al.
2008).
Although trichomes are clearly “convergent” at the gross
structural level, it also is clear that true parallelisms exist
among structures across species. For example, cross-species
gene over-expression and complementation experiments have
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identified common transcription factors involved in the initiation
of arabidopsis leaf trichomes and cotton fiber (reviewed in
Lee et al. 2007; Guan et al. 2007; Liu and Zhang 2008;
Boopathi and Ravikesavan 2009). This finding is consistent
with the close phylogenetic relationship of arabidopsis (Brassicales) and cotton (Malvales) and the common character of
unicellularity in the two types of trichomes. Mapping studies
in cotton have also shown close linkage or common genetic
control of leaf trichomes and cotton fiber (Desai et al. 2008 and
references therein). Similarly, the process of cell elongation
that is dependent on cytoskeletal activity, generation of turgor
pressure, and primary wall synthesis is likely to share some
common controls in shoot trichomes and cotton fiber (Jakoby
et al. 2008). Similar investigations were lacking for the cell wall
thickening phase of trichome differentiation. Consequently, it
was not previously clear if arabidopsis trichomes were a good
model for the later stages of cotton fiber development.
Given the dominance of cellulose in cotton fiber, the tenmember cellulose synthase (CesA) gene family in arabidopsis (Somerville 2006) provides a useful reference point for
comparing cell wall biosynthetic processes between cotton
fibers and arabidopsis shoot trichomes. Although their precise
role in the biochemical pathway of cellulose synthesis is still
undefined, the cellulose synthases are UDP-glucose: 1,4-ß-Dglucosyltransferase enzymes in the glycosyltransferase family
2 (reviewed in Somerville 2006). In arabidopsis, members of
a triplet of CesA isoforms (AtCesA1, 3, 6, or a 6-like protein)
have non-redundant roles in primary wall cellulose synthesis
(Persson et al. 2007; Desprez et al. 2007), whereas members
of another triplet (AtCesA4, 7, 8) have non-redundant roles in
secondary wall cellulose synthesis in xylem cells (Taylor et al.
2003) For convenience, the six clades that arabidopsis CesAs
form with their orthologs from other seed plants have been
designated P1, P2, and P3 (defined by AtCesA1, 3, and 6,
respectively) and S1, S2, and S3 (defined by AtCesA 4, 7, and
8, respectively) (Haigler and Roberts 2009). The remainder
of the ten arabidopsis CesA genes appear to be relatively
recently derived within P1 (AtCesA10) and P3 (AtCesA2, 5,
and 9) in the crucifer lineage. The arabidopsis members of P3
are functionally interchangeable (Persson et al. 2007; Desprez
et al. 2007) and AtCesA10 has limited expression (Doblin et al.
2002). Based on available evidence, the division of function
between these traditionally defined primary- and secondary
wall CesAs is broadly conserved in other angiosperms even if
the number of CesA genes has increased (Tanaka et al. 2003;
Djerbi et al. 2005; Kumar et al. 2009). Other genes/proteins
may be required for both primary and secondary wall cellulose
biosynthesis, e.g. an endo-glucanase–Korrigan, or alternatively
may parallel the CesA family in having isoforms specialized for
primary or secondary wall biosynthesis, e.g. within the COBRA
and POM/CTL families (Table 1; see the review of Somerville
2006 for additional information).

Secondary Walled Cells Express Different Cellulose Synthases

Against this backdrop, we set out to address whether secondary wall cellulose synthesis is under the same or different genetic control in cotton fiber as compared to arabidopsis shoot trichomes. We used several approaches to
address this question: (a) assaying the expression of nine
CesA promoter:GUS reporter genes in arabidopsis seedlings
and trichomes; (b) documenting the occurrence of birefringent
thick walls in trichomes of secondary wall CesA mutants of
arabidopsis; (c) quantifying CesA expression levels in isolated
arabidopsis trichomes and processed shoots; (d) analyzing
genes up-regulated for cotton fiber primary and secondary wall
deposition; and (e) comparing the intersection between several
gene expression sets from arabidopsis and cotton. The latter
comparisons included data from arabidopsis secondary xylem
because cotton fiber expresses apparently orthologous genes
to support fiber thickening (Haigler et al. 2005; Ko et al. 2006;
Haigler et al. 2009).
Cumulatively the data show that phylogenetically distinct
CesA genes support secondary wall cellulose synthesis in
arabidopsis shoot trichomes and cotton fiber. Whereas arabidopsis shoot trichomes express CesA genes belonging to the
three primary wall clades (P1–3) throughout their development,
cotton fiber up-regulates CesA genes belonging to the three
secondary wall clades (S1–3) at the onset of wall thickening.
Rather than shoot trichomes, arabidopsis xylem (and similar
cortical fiber cells) is the preferred model for the secondary
wall stage of cotton fiber development. More generally, the
data illustrate the flexible deployment of CesA genes/proteins in
either P- or S- clades to accomplish secondary wall thickening
in different types of trichomes, thereby blurring the distinction
previously made between primary wall-related and secondary
wall-related CesAs.

Results
Expression of 9 CesA promoter:GUS reporter gene
constructs in arabidopsis shoot trichomes
Although expression patterns for the ProCesA::GUS lines have
been summarized (Doblin et al. 2002) and some data have
been published (Holland et al. 2000; Desprez et al. 2007;
Scheible et al. 2001; Persson et al. 2007), no comprehensive
analysis of these lines was available and expression in trichomes had not been reported. We observed GUS expression
for nine of ten ProCesA::GUS lines (Figures 1, 2), but not
the weak expression of ProCesA10::GUS in seeds reported
previously (M. Doblin, personal communication), even after
overnight color development. For most lines and observations,
3 h was an optimal time for color development.
As expected given their roles in primary wall synthesis,
the cloned 5 fragments of AtCesA(1,2,3,5,6,9) drove GUS
expression in expanding tissues of young plants (typically
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15 d post germination; Figure 1A-F). (See the methods section
for the length of the native CesA promoter regions used in
the reporter gene constructs.) GUS expression was widely
distributed and strongest for the ProCesA(1,3)::GUS lines,
which showed complete color development after 1 h. A widely
distributed but intermediate level of expression was observed
for the ProCesA(2,6)::GUS lines (which required 3 h to show
strong blue color). The weakest expression was observed for
ProCesA(5,9)::GUS lines, which did not show any blue color
at 1 h (data not shown). After 3 h, the expression pattern
was widely distributed for the ProCesA5::GUS line, whereas it
was restricted to young rosette leaves of the ProCesA9::GUS
line. Strong AtCesA(1,2,3,5,6) promoter activity was detected
in all flower parts, whereas the AtCesA9 promoter drove GUS
expression only in pollen (data not shown).
Strong GUS activity was detected in leaf trichomes with
thick walls in the ProCesA(1,2,3,5,6)::GUS lines after 3 h
incubation (Figure 1G–K), but no activity was detected in
the ProCesA9::GUS line even after 24 h color development
(Figure 1L). We examined young trichomes at the shoot apex
to test whether activity of any of the promoters was confined
to the wall thickening stage. However, the AtCesA(1,2,3,5,6)
promoters were all active in the early stages of trichome
elongation (Figure 1M–Q). The lack of thick walls in these young
trichomes was confirmed by the absence of wall birefringence
in polarization microscopy (Figure 1R–V), whereas the thick
walls of mature trichomes were bright blue when photographed
under identical optical conditions (Figure 1W). The polarization
micrographs (Figure 1R–W) were recorded with a first-order
red (530 nm) retardation plate inserted, which increased the
intensity and color contrast arising from birefringent secondary
walls, if present.
As expected given the proven roles of CesA(4,7,8) in secondary wall synthesis, their promoters drove GUS expression
in xylem of leaves and roots after an optimum incubation time
of 3 h (Figure 2A–F). Surprisingly, even thick-walled trichomes
did not stain blue after 3 h color development in these lines
(Figure 2G–I). Isolated trichomes were also observed after 24 h
color development, and the results were still negative except
for occasional faint blue color, especially in the ProCesA7::GUS
line (data not shown). In addition, limited GUS activity at the
top of the style and in anthers was found in reproductive parts
for these lines (data not shown).

Analysis of CesA expression in arabidopsis trichomes
and processed shoots
As reporter gene assays may misrepresent native gene expression patterns due to omitted regulatory elements in the cloned
5 fragment of the gene, CesA expression in isolated trichomes
and processed shoots was assayed by quantitative RT-PCR
(qPCR) using gene-specific primers (Table 2; Figure 3A).
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ProCesA(1,2,3,5,6,9)::GUS arabidopsis lines (A–Q) and polarization images of arabidopsis trichomes (R–W).
(A–F) Whole seedlings showing GUS expression in expanding root and shoot tissues for most lines, with expression highly restricted to the
shoot apex in the ProCesA9::GUS line. The times of color development were 1 h (ProCesA(1,3)::GUS) or 3 h (ProCesA(2,5,6,9)::GUS).
(G–L) Mature, thick-walled trichomes showing GUS activity in all lines except ProCesA9::GUS. The thick walls are visible in brightfield
microscopy as the colorless bands outlining the optically-sectioned trichomes.
(M–Q) Young, thin-walled trichomes in the early stages of elongation showing GUS activity for the ProCesA(1,2,3,5,6)::GUS lines.
(R–V) The same fields in (M–Q) imaged with polarization optics, including a red I retardation plate.
(W) The birefringent walls of a mature wild type trichome appeared bright blue, which was not the case for the young trichomes with only
primary cell walls (R–V). Magnification bars: for A–F, a 2 mm bar is found in (F); for G–W, a 25μm bar is found in (L).

Relative to the low level of AtCesA7 gene expression in isolated
trichomes and processed shoots, only five of the primary
wall-related CesAs, AtCesA(1,2,3,5,6), were substantially upregulated in both samples. Little expression of secondary wallrelated CesA genes, AtCesA(4,7,8), was detected by qPCR
(Figure 3A). The qPCR results were compared to the results of
microarray analysis using the same trichome isolation protocol
(Marks et al. 2009); these results were also normalized to
the low value for AtCesA7 in each sample (Figure 3B). The
microarray data corroborated the qPCR results for all ten
CesAs assayed (compare Figure 3A,B). The low expression
of the secondary wall related CesAs as detected by qPCR and
microarray analysis in processed shoots seemed inconsistent
with GUS expression in the xylem of ProAt(CesA4,7,8)::GUS

lines. This discrepancy is likely explained by the minor amounts
of expanding leaves/elongating stems active in xylem differentiation in the processed shoots used for RNA isolation. In
contrast, young regions of the shoots could be selectively
analyzed in microscopic assays for GUS activity.

Analysis of trichome secondary wall thickening in
arabidopsis lines with mutations in secondary wall
CesA genes
The lack of secondary wall CesA expression in isolated trichomes was unexpected in light of the essential roles of
AtCesA(4,7,8) in secondary wall cellulose synthesis in arabidopsis xylem (Turner and Somerville 1997; Taylor et al.

Secondary Walled Cells Express Different Cellulose Synthases
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Comparison of arabidopsis and cotton gene
expression sets

Figure

2. Brightfield

images

of

GUS

expression

pat-

terns (indicated by blue color) in secondary wall-related
ProCesA(4,7,8)::GUS arabidopsis lines.
(A–C) Whole seedlings after 3 h color development showing tissuespecific GUS expression in shoot and root xylem.
(D–F) Leaves showing GUS expression in xylem.
(G–I) Trichomes showing lack of GUS expression. Magnification
bars: for A–C, a 2 mm bar is found in (C); for D–F, a 500 μm bar is
found in (F); for G–I, a 25 μm bar is found in (I).

2003; Taylor et al. 2004). To test the role of members of the
S1-S3 clades in trichome differentiation, we analyzed three
mutant lines of arabidopsis (irx1-1, irx3-1, irx5-1) with reduced
cellulose content, weak inflorescence stems, and the irregular
(or collapsing) xylem phenotype arising from secondary wall
cellulose deficiency. In the irx1-1 mutant the third conserved
aspartate residue in AtCesA8 is replaced by an asparagine
residue (D683N), leading to an expected null allele (Taylor
et al. 2000). The irx3-1 mutant has a W859Stop in AtCesA7,
which causes the protein to be shortened by 168aa (Taylor
et al. 2000). The irx5-1 mutant has a 5kb Ds insertion at L858
in AtCesA4 (Taylor et al. 2003). The wild type arabidopsis
line, Landsberg erecta, was analyzed as a control since these
irx mutants were in this background. Consistent with the low
expression of AtCesA(4,7,8) in wild type trichomes, the leaf
trichome cell walls in the three irx mutants were similar to
wild type as shown by the blue color observed under polarization optics with the red 1 retardation plate (Figure 4A–D).
Figure 1R–V illustrate that this blue color does not appear in
juvenile trichomes before secondary wall thickening occurs.

The emerging picture from these experiments was that both
branch elongation and secondary wall thickening in shoot
trichomes were accomplished by AtCesA(1,2,3,5,6), the members of the P1-P3 clades required for primary wall deposition. This outcome was more comprehensively evaluated
by comparing arabidopsis gene identifiers held in common
between several gene expression sets (Table 3, Supporting
Table S2). The six sets of genes used in the comparison
were either: (1) strongly co-expressed in arabidopsis with P13 CesAs (Persson et al. 2005); (2) strongly co-expressed in
arabidopsis with S1-3 CesAs (compiled from Brown et al.
2005 and Persson et al. 2005); (3) up-regulated ≥ 2-fold in
arabidopsis secondary xylem compared to other tissues (Zhao
et al. 2005); (4) up-regulated ≥ 2-fold in arabidopsis trichomes
compared to processed shoots (Marks et al. 2009); (5) upregulated ≥ 2-fold in cotton fiber during primary wall deposition
(elongation stage at 10 DPA) as compared to secondary wall
deposition (thickening stage at 20 DPA); and (6) the converse
of set five, which defined a set of genes up-regulated during
secondary wall deposition. Since sets 5 and 6 were cotton
fiber microarray data, the closest arabidopsis homologs of
the up-regulated cotton genes were first identified by BLAST
(Supporting Table S1). This resulted in six sets of arabidopsis
gene identifiers that could be compared using JMP software
(SAS, Cary NC) in order to determine gene identifiers held in
common, or intersecting, between them. Percentages of intersection between gene sets (Table 3) were based on the 46 or 52
arabidopsis genes, respectively, that were highly co-expressed
with primary or secondary wall CesAs. For example, 7 genes
among those up-regulated in arabidopsis trichomes were held
in common with 52 genes co-expressed with secondary wall
CesAs (a 13.5% intersection between sets), whereas 22 were
held in common with 46 genes co-expressed with primary
wall CesAs (a 47.8% intersection between sets). Additional
details about the sets of genes compared and the computational and statistical procedures are available in the methods
section.
Summarizing the comparisons, for the set of arabidopsis
genes co-expressed with primary wall-related (P1-3) CesA
genes, 47.8% (P = 2.7E-07) intersected with the genes upregulated in isolated trichomes vs. processed shoots. This
could be a minimal intersection set since shoots express
primary wall-related genes, some of which might not be upregulated in trichomes. This possibility was investigated further
by additional analysis of gene expression in isolated trichomes.
The 13,917 genes called present in the isolated trichomes
(Marks et al. 2009) included 45 of 46 genes co-expressed
with primary wall CesAs (a 97.8% intersection) and 19 of
52 genes co-expressed with secondary wall CesAs (a 36.5%
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Table 1. Gene identifiers and primers used for qPCR in cotton
NCBI accession number

Cotton gene namea

Closest arabidopsis homolog

U58283

GhCESA1

AtCesA8; At4g18780

Primers, (F) Forward and (R) Reverse
(F) TGGACTACCCGGTGGATAAGGT
(R) CTTTCTTGCAAAGTCGGCTGTT

U58284

Gh(AtCesA4-like)

AtCesA4; At5g44030

(F) GCAGCAGACGATACAGAATTCG
(R) CGTTGTTGATTGCGTCTGAAAC

CO496524

Gh(AtCesA7-like)

AtCesA7; At5g17420

(F) GCCGGCAATCTGTTTACTTACC
(R) GCTCGAGAATACCAGTTGCAAA

ES812699

Gh(AtCesA1-like)

AtCesA1; At4g32410

(F) CAGTGGATTACCCAGTGGACAA
(R) GGCACCCACTTTCTTAGCAAAC

AY291285

GhCTL1

AtCTL2; At3g16920

(F) CCGACCAAGAACGACACGTT
(R) ACCTCGCCCACAAACTTGAT

AF527943

GhCHIA7

AtPOM1/ AtCTL1; At1g05850

(F) GAGCTGCTGGCGATGGTATAA
(R) GGGTCATCCACCTCCAGATG

CO496020

Gh(AtCOBL4-like)

AtCOBL4; At5g15630

(F) CTTTGATTACAAGCCCCTCGTT
(R) ATGGCCCAGCTTCCATTAATAG

ES791793

Gh(AtCOB-like)

AtCOB; At5g60920

(F) CGTGAATTGCCCGACATGT
(R) AAGCAGAGGTGGTGCATTGG

ABV27477

GhFLA6

AtFLA11; At5g03170

(F) CGGTGTGCTTAGCTGGTTGTT
(R) CACTTCCATCCTCGAAAAAGGT

CO492947

Gh(AteIF-5-like)

putative eIF-5; At1g36730

(F) GGTTGCCATTGTGCAAGGA
(R) CCGTAGGTGAGCGTTAATCAGA

a Gh

refers to Gossypium hirsutum and At refers to arabidopsis. GhCESA1, GhCTL1, GhCHIA7, and GhFLA6 are established names for

full-length cotton genes. Names for cotton ESTs or other partial sequences are derived from their closest match by reciprocal BLAST in the
arabidopsis proteome and/or phylogenetic analysis, e.g. Gh(AtCesA4-like) (see also the graphs in Figure 5).

intersection) (data not shown). This comparison confirmed that
primary wall-related processes predominate in trichome differentiation. Surprisingly, only 10.9% of the genes co-expressed
with primary wall CesAs intersected with genes up-regulated
in elongating (10 DPA vs. 20 DPA) cotton fiber. However, the
first phase of cotton fiber wall thickening occurs via additional
synthesis of primary wall-like components (Meinert and Delmer
1977). Consequently, the expression of many primary wallrelated genes had not yet started to decline in cotton fiber
at 20 DPA even though genes required for secondary wall
deposition were beginning to show increased expression (see
Figure 5A,B).
The genes co-expressed with primary wall CesAs in arabidopsis did not intersect significantly with genes up-regulated
for cotton fiber secondary wall deposition (4.4%) or in arabidopsis xylem (2.2%). Conversely, the set of 52 genes co-expressed
with secondary wall-related CesA genes in arabidopsis had the
greatest intersection with genes up-regulated for cotton fiber
secondary wall deposition (57.7%) and in arabidopsis xylem
(65.4%) (P = 0 for both comparisons). The intersection of
the secondary wall CesA co-expression set with genes upregulated in arabidopsis trichomes (13.5%) and for cotton fiber
elongation (3.9%) was not significant. Supporting Table S2
shows the identity of the genes in the intersection sets.

Expression patterns of primary and secondary
wall-related genes in cotton fiber
Toward the end of elongation, the expression of genes required
for primary wall synthesis in cotton fiber is down regulated (for
examples see Arpat et al. 2004; Hovav et al. 2008; Singh et al.
2009a; Al-Ghazi et al. 2009). This large scale phenomenon
was confirmed by qPCR analysis of cotton homologs of AtCOBRA and AtCesA1, Gh(AtCOB-like) and Gh(AtCesA1-like)
respectively, which have been proven by genetic analysis to be
involved in primary wall cellulose synthesis in arabidopsis. Both
Gh(AtCOB-like) and Gh(AtCesA1-like) were down-regulated
at the end of elongation (Figure 5A). GhCHIA7, a cotton
homolog of AtCTL1 that has an unknown role in primary wall
cellulose synthesis in arabidopsis, was also tested. However,
its expression level was relatively high during both primary
and secondary wall synthesis in cotton fiber (Figure 5A). In
addition GhCTL1, a secondary wall-related isoform in the same
chitinase-like gene family, was up-regulate during secondary
wall deposition in cotton fiber (Figure 5B; Zhang et al. 2004).
In addition to this secondary wall-related chitinase-like gene,
genes encoding secondary wall-related isoforms of CesA and
COBRA-like protein were up-regulated for secondary wall deposition in cotton fiber similarly to their expression in xylem

Secondary Walled Cells Express Different Cellulose Synthases

Table 2. Gene identifiers and primers used for qPCR in
arabidopsis
Gene name

Locus ID Primers, (F) Forward and (R) Reverse

AtCesA1

At4g32410 (F) CTCGCTGAAACTGGAGATGTCTT

AtCesA2

At4g39350 (F) CCGGTTTGTAGACCATGCTATG
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related chitinase-like, cobra-like, and arabinogalactan proteins
in arabidopsis. The limited knowledge of the mechanistic roles
of these proteins in secondary wall cellulose synthesis has
been reviewed (Somerville 2006).

(R) CATTGAGGGCAACACTGAGTTC
(R) TCTCCATCAACCCGTGGACTA

Discussion

AtCesA3 (a) At5g05170 (F) GCAAGACTGTTGATGGAGATCGT
(R) GCACTGAGGACAAGATTGATTCC
AtCesA3 (b)

(F) GGTAGTCCTGCTATTCCTGGTGATA
(R) CTCTCCCTTCCCACGAGTAAGA

AtCesA4

At5g44030 (F) GCTCAGTGTACCTCGCCAT
(R) CATCGCCACAGACTTTGCAA

AtCesA5 (a) At5g09870 (F) GGAGTGGCCTTGAATCTGAAAC
(R) TTCAACGTCCTCCTCTCCATAAG
AtCesA5 (b)

(F) CGTTACAAGCGCATCAAAGG
(R) TCAGATTCAAGGCCACTCCTACT

AtCesA6

At5g64740 (F) TGGATCTCTGACAATCGAGTTGAG

AtCesA7

At5g17420 (F) CCATTGTGGTGATTTGGTCAGT

AtCesA8

At4g18780 (F) CGGCAATCCTTACGATGAGAA

AtCesA9

At2g21770 (F) TTCAGCTTCACCAGGCTCTGA

AtCesA10

At2g25540 (F) AACAAGGCAAGACTCCCACATC

(R) GATTAACCGACCACCGGTGTT
(R) TCAGCAGTTGATGCCACACTTGGA
(R) GAATCCCTGAATCCTGAGAAGTGT
(R) CTGTTCCCCAAACCCGTAGAT
(R) GCGTAGGAATCTCTCCAGAAACC

(Figure 5B). This finding has been confirmed more broadly in
microarray analysis of cotton fiber (see Supporting Table S1,
Al-Ghazi et al. 2009, and a general discussion in Haigler et al.
2009). Although GhFLA6 showed earlier up-regulation, expression of most of the secondary wall related genes increased at
19 DPA and reached a sustained high level about 22 DPA,
coinciding with cessation of elongation and onset of high rate
cellulose synthesis for secondary wall deposition. As shown by
phylogenetic analysis (Figure 6), these secondary wall related
cotton CesA genes assayed by qPCR (AAB37767, called
Gh(AtCesA4-like); CO496524, called Gh(AtCesA7-like); and
GhCESA1) are the closest known G. hirsutum homologs of the
CesA genes defining the S1, S2, and S3 clades in arabidopsis,
AtCesA(4,7,8). The CesA sequences in the phylogram were
edited using uniform criteria described in the methods section,
and they include ones from: (a) divergent lineages of plants
with fully sequenced genomes (dicot arabiopsis and monocot
rice); and (b) cotton, as analyzed previously by phylogenetics (Kim and Triplett 2007) and/or identified by reciprocal
BLAST analysis for selection of qPCR targets (Singh et al.
2009a,b; Figure 5A,B). Similarly, as determined by reciprocal
BLAST analysis, GhCTL1, Gh(AtCOBL4-like), and GhFLA6
are the closest known cotton homologs of secondary wall-

The classical systems for analyzing cell wall biosynthesis in
arabidopsis have been primary walls in the epidermis or cortex
and secondary walls in the xylem (vessels and fibers) or cortex
(interfascicular fibers). Secondary walls in eudicots are often
equated with the wall thickenings of xylem cells and cortical
fibers, which contain substantial amounts of highly organized
cellulose embedded in xylan, lignin, and other minor wall
components. A more general definition of secondary cell walls,
however, encompasses any thick wall deposited in (mainly)
non-expanding regions of the cell. These thick walls may
contain cell wall components of multiple types and organization (Evert 2006). For example, the secondary walls in shoot
trichomes and cotton fiber are structurally distinct. The mainly
cellulosic commercial cotton fiber is covered by only a thin,
cuticulated primary wall (Meinert and Delmer 1977). In contrast,
the cell walls of arabidopsis shoot trichomes include abundant
pectin, cellulose, mannose-containing polysaccharides, lignin,
and cuticle/wax appropriate for their defensive role and the
general role of the epidermis in regulating plant water status.
Cellulose is not the dominant polymer in arabidopsis shoot
trichomes; instead, pectin is > 2-fold more abundant and
mannose-containing polysaccharides exist in similar quantity
compared to cellulose (Marks et al. 2008). From this perspective, it cannot be assumed that the biosynthetic processes
for all secondary walls mimic those of the frequently studied
xylem cells and cortical fibers. Similar arguments were made in
the introduction about the convergent evolutionary processes
giving rise to trichomes, classically defined as all elongated
epidermal cells.
The research reported here aimed to determine the extent to
which secondary wall deposition in arabidopsis shoot trichomes
is an appropriate model for cotton fiber secondary cell wall
deposition. Contrary to this possibility, we show here that cotton
fiber secondary wall deposition is more similar to the process
in arabidopsis xylem. First, only the CesA genes in the P1-3
clades, AtCesA(1,2,3,5,6), are expressed in arabidopsis shoot
trichomes throughout their development, as indicated by GUS
activity in ProCesA::GUS reporter gene lines. The validity of
these results is supported by strong GUS activity in expanding
shoot tissues, as expected from prior genetic analysis, as well
as by the high expression of each of these genes in trichomes
and processed shoots as determined by microarray and/or
qPCR analysis. Immature trichomes on young leaves in the
shoot apex with only thin primary walls show GUS activity from
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Figure 3. Expression of ten CesA genes in isolated arabidopsis trichomes and processed shoots analyzed by qPCR (A) and
microarray anaysis (B; Marks et al. 2009).
In each case, log2 data were expressed relative to AtCesA7. Both analyses show similar levels of expression of five CesA genes in the P1-3
clades, AtCesA(1,2,3,5,6), in isolated trichomes and processed shoots. In contrast, two other P-clade CesA genes, AtCesA(9,10), and the
entire set of S- clade CesA genes, AtCesA(4,7,8), had low (in qPCR) and/or undetectable expression (in the microarray experiment). For
qPCR, means for 3-6 replicates are shown along with SE values. For microarray data, an ‘x’ in place of a histogram bar indicates that the
gene was not called present; statistical analysis and error estimations for this experiment are available elsewhere (Marks et al. 2009).

the same set of ProCesA::GUS reporter gene lines. Therefore,
numerous CesA genes in the P1-3 clades, AtCesA(1,2,3,5,6),
turn on during the early elongation stage of trichome differentiation. This observation is consistent with data on isolated sstsim
mutant trichomes with thinner cell walls–although arrested at

Figure 4. Polarization images showing similar leaf trichome
secondary wall deposition in wild type and three arabidopsis
lines with mutations in secondary wall related CesA genes.
Use of a red I retardation plate caused birefringent secondary walls
to appear blue for trichomes of the:
(A) Landsberg erecta wild type;
(B) irx5-1 mutant in AtCesA4;
(C) irx3-1 mutant in AtCesA7;
(D) irx1-1 mutant in AtCesA8.
All trichomes were oriented in the microscope at the same angle that
maximized birefringence of the wild type trichomes. Magnification
bar, the 25 μm bar in (B) applies to A–D.

an early developmental stage, they express CesA genes in
the P1-3 clades (Marks et al. 2009). Microarray and qPCR
analysis also support the involvement of CesA genes in the
P1-3 clades in trichome secondary wall thickening. Trichomes
were isolated from whole shoots composed mainly of mature
leaves and stems prior to RNA isolation for microarray analysis.
Therefore, genes expressed during trichome wall thickening
should have been well represented. Current evidence supports
the continued deposition of cellulose during trichome wall
thickening as shown by strong birefringence arising only later
in trichome maturation (Figure 1) as well as staining consistent
with cellulose existing on the innermost layer of thick trichome
walls (see Figure 6 in Marks et al. 2008).
Second, CesA genes in the S1-3 clades, AtCesA(4,7,8), had
low or no expression in trichomes in all assays even though
they were expressed as expected in xylem as shown by the
ProCesA::GUS reporter gene assays. Consistently, mutations
in AtCesA(4,7,8) did not prevent thickening or development of
birefringence in trichome secondary walls even though mutation in any of these genes disrupts secondary wall cellulose
synthesis in xylem (Turner and Somerville 1997; Taylor et al.
2003; Taylor et al. 2004). Therefore, CesA genes in the P1-3
clades are logical candidates to support cellulose synthesis
during the secondary wall thickening of arabidopsis shoot
trichomes. Future analysis of the trichomes in arabidopsis lines
with mutations in CesAs within the P1-3 clades can test whether
particular CesA genes have unique roles in this thickening
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Table 3. Percentage intersection between two sets of arabidopsis genes that were co-expressed with either primary or secondary
wall CesA genes and four other sets of genes with ≥ 2-fold up-regulation in microarray analysis of: arabidopsis trichomes;
elongating cotton fiber; thickening cotton fiber; or arabidopsis secondary xylem
Primary wall CesA
Gene expression sets arising from microarray analysis
3 539 genes up-regulated ≥ 2-fold in arabidopsis shoot

Secondary wall CesA

co-expression set in

co-expression set in

arabidopsis (46 genes)

arabidopsis (52 genes)

47.8%∗

13.5%

10.9%

3.9%

4.4%

57.7%∗∗

2.2%

65.4%∗∗

trichomes
Arabidopsis homologs of 1 358 genes up-regulated ≥
2-fold during cotton fiber elongation (10 DPA)
Arabidopsis homologs of 1 577 genes up-regulated ≥
2-fold during cotton fiber thickening (20 DPA)
852 genes up-regulated ≥ 2-fold in arabidopsis xylem

The arabidopsis homologs of cotton genes were determined to allow comparison with the other sets of arabidopsis genes. Percentage
calculations were based on the 46 or 52 arabidopsis genes that were highly co-expressed with primary or secondary wall CesAs, respectively.
For example, 47.8% of the 46 arabidopsis genes co-expressed with primary wall CesAs were found in the set of 3 539 genes up-regulated
≥ 2-fold in arabidopsis trichomes. Asterisks indicate the probability of greater intersection between the gene sets than would occur by
chance (∗ , P = 2.7 E-07; ∗∗ , P = 0)

process. Contrary to the results for trichomes, cotton
fibers showed up-regulation of orthologs of AtCesA(4,7,8)Gh(AtCesA4-like),
Gh(AtCesA7-like),
and
GhCESA1,
respectively-at the onset of secondary wall deposition.
Third, bioinformatic comparison of gene expression sets
confirmed that gene expression in secondary wall stage cotton

fiber was more similar to arabidopsis secondary xylem, not
shoot trichomes. Gene sets used in this comparison were
two sets of genes previously determined to be strongly coexpressed with CesA genes in the P1-3 or the S1-3 clades
(Brown et al. 2005; Persson et al. 2005) and microarray data
from: (a) arabidopsis isolated trichomes (Marks et al. 2009);

Figure 5. Patterns of expression assayed by qPCR in 10-30 DPA cotton fibers for putative cotton orthologs of primary wall (A) and
secondary wall (B) related genes.
The expression profile for each gene is shown relative to its level at 10 DPA, a time of high-rate elongation. The transition between primary
and secondary wall deposition occurred between 17-20 DPA. Each data point is the mean ± SE value from three biological replicates. The
graphs for GhCTL1, GhCESA1, and Gh(AtCesA4-like) are republished from Singh et al. (2009b) with kind permission from Springer Science +
Business Media (License Number 2237680337315).
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Figure 6. Parsimony phylogram corresponding to the majority consensus of 1000 bootstrap replicates of deduced CesA amino
acid sequences from arabidopsis and rice, as well as selected sequences from cotton.
The analysis supports putative orthology between cotton sequences used as qPCR targets and arabidopsis and rice sequences in the primary
(P1–3) and secondary (S1–S3) cell wall-related clades of CesAs. All sequences were edited as described in methods. Sequence identifiers
are as follows. Arabidopsis, At, TAIR locus I.D.s: At4g32410, At4g39350, At5g05170, At5g44030, At5g09870, At5g64740, At5g17420,
At4g18780, At2g21770, At2g25540). Rice, Os, TIGR locus I.D.s: Os05g08370, Os03g59340, Os07g24190, Os01g54620, Os03g62090,
Os07g14850, Os10g32980, Os07g10770, Os09g25490. Cotton, Gh, GenBank accession numbers: AAB37766, AAB37767, AAD39534,
AF413210, AI728789, ES812699, CO496136, CO496524, ACS88359, and ACS88358.

(b) arabidopsis secondary xylem (Zhao et al. 2005); and (c)
cotton fiber during times when it was elongating via primary wall
synthesis (10 DPA) or beginning to thicken via secondary wall
synthesis (20 DPA) (Supporting Table S1). The new microarray
results for cotton fiber were consistent with previous studies
on cotton fiber using the same or different chips (Gou et al.
2007; Hovav et al. 2008; Singh et al. 2009a), and they were
validated by qPCR of six genes with enhanced expression
during fiber secondary wall deposition (Figure 5B). Other qPCR
results (Figure 5A) also corresponded with the microarray data

in showing no change in expression at 20 DPA for three
genes related to primary wall synthesis, which is consistent
with persistent primary wall synthesis during the earliest stage
of cotton fiber thickening (Meinert and Delmer 1977). Table 3
shows that the transcriptional profiles of both thickening cotton fiber and xylem have the most commonality (57.7% and
65.4%, respectively) with genes that were co-expressed with
secondary wall CesA genes, whereas isolated shoot trichomes
have the most commonality with genes that were co-expressed
with primary wall CesA genes (47.8%). Examining particular
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genes in the intersection sets (Supporting Table S2), shows
that AtCesA1,3,6 (the P1-3 isoforms) are found only among
genes up-regulated in arabidopsis trichomes. AtCesA4,7,8 or
their cotton homologs (the S1-3 isoforms) are found in two gene
sets—those up-regulated in arabidopsis xylem and secondary
wall stage cotton fiber. The greater similarity of cotton fiber
secondary wall stage gene expression to xylem extends to
many other genes proven by genetic analysis to be required
for secondary wall cellulose synthesis in arabidopsis xylem
and/or cortical fibers (Supporting Table S1 and S2; Haigler et al.
2009). Interestingly, this similarity is deepened by evidence that
at least some cultivars of cotton synthesize 0.37-1.08% ligninrelated phenolics in addition to other phenolic molecules during
cotton fiber differentiation (Fan et al. 2009).
Cumulatively, the results show that CesA genes in either the
primary (P1-3) or secondary (S1-3) clades can be deployed
flexibly to support secondary wall thickening in different types
of trichomes. If primary and secondary walls are defined simply
as expanding vs. thickening walls, the concept of primary wallrelated as contrasted with secondary wall-related CesAs needs
revision. Further work may reveal structural differences in cell
walls that are deposited by proteins from the P1-3 clades
defined by AtCesA(1,3,6 or 6-like proteins) vs. the S1-3 clades
defined by AtCesA(4,7,8). This is a worthwhile goal for future
research because uncovering potential common features of
cellulose synthesized by different types of CesA proteins will
aid the understanding of how particular cell wall properties are
regulated at the nanoscale (Haigler and Roberts 2009). It is
possible that cell wall types would be best defined by the clades
of CesA proteins involved in their biosynthesis. The results also
indicate that arabidopsis xylem and cortical fibers are preferred
models for functional testing of putatively orthologous genes
that may regulate cotton fiber secondary wall cellulose synthesis. However, use of model systems to understand specialized
cell types in crop plants may have limited value given that
different genes/proteins within a “cell wall toolbox” are likely to
be used to generate the diverse cell wall physical properties
that confer their specialized structures, natural functions, and
economic usefulness. In addition, about 30% of cotton genes
have no recognizable arabidopsis homologs (with 1E-5 cut-off;
Rong and Paterson 2009), implying that research on cotton
fiber itself will be required to provide novel insight into the
regulation of fiber maturity and strength via synthesis of a
secondary wall containing > 90% cellulose.

Materials and Methods
Accession numbers of genes and germplasm lines and
primers for qPCR
Table 1 shows the accession numbers and primers for cotton

genes assayed by qPCR in fiber of Gossypium hirsutum cv.
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Deltapine90. The cotton gene names used in this article are
as follows: (a) GhCESA1, GhCTL1, GhCHIA7, and GhFLA6
are established names for full-length cotton genes; and (b)
ESTs or other partial sequences were named for their closest
match by reciprocal BLAST in the arabidopsis (Arabidopsis
thaliana) proteome, e.g. Gh(AtCesA4-like). For the CesA family
emphasized in this report, putative orthology between cotton
qPCR targets and arabidopsis family members was confirmed
by phylogenetic analysis (Figure 6).
For 10 CesA genes assayed by qPCR in arabidopsis, the
locus identifiers and primers are listed in Table 2. Transgenic
arabidopsis lines (Columbia background) expressing one of
ten CesApromoter::GUS reporter gene constructs were made
by D. Delmer and coworkers (available with germplasm names
CS70755 - 64 as listed in the Arabidopsis Information Resource
(TAIR, http://www.arabidopsis.org). These lines are named
ProCesA#::GUS, where # corresponds to 1-10 of the CesA
name. Here, we use parentheses to refer to multiple line
numbers exhibiting similar behavior, e.g ProCesA(1,3,6)::GUS.
The lengths of the 5 fragments cloned from up-stream of the
AUG (start) codon for each native CesA gene are: AtCesA1,
1118 bp; AtCesA2, 2462 bp; AtCesA3, 2176 bp; AtCesA4,
805 bp; AtCesA5, 2619 bp; AtCesA6, 2472 bp; AtCesA7,
1694 bp; AtCesA8, 948 bp; AtCesA9, 978 bp; and AtCesA10,
2634 bp. Additional details about production of the reporter
gene constructs are available at TAIR.
For analysis of effects of mutation in secondary wall CesA
genes on leaf trichome secondary wall thickening, we analyzed
the irx5-1 mutant in AtCesA4, the irx3-1 mutant in AtCesA7,
and the irx1-1 mutant in AtCesA8. Homozygous seed stocks
were obtained from the Arabidopsis Biological Resource Center
(http://abrc.osu.edu/) for irx3-1 (germplasm/stock CS104) and
irx1-1 (germplasm/stock CS18); seeds of irx5-1 were donated
by Simon Turner. As characterized previously (Turner and
Somerville 1997; Taylor et al. 2003; Taylor et al. 2004), each of
these genes is required non-redundantly for xylem secondary
wall cellulose synthesis. Mutation in any one of them results
in cellulose deficiency and collapsing xylem elements. These
mutations were identified in the Landsberg erecta background,
which was analyzed in parallel as a control.

Plant growth conditions and timing of cotton fiber
development
Arabidopsis plants were grown from sterilized, vernalized
seeds in potting mix (Metro-Mix 360 with nutrients and wetting
agent, SUNGRO Horticulture, Bellevue, WA) in a growth chamber with 16 h photoperiod and 22/20◦ C day/night temperatures
and watered 3 times each week by standing pots in dH 2 O for
4 h.
Cotton plants were grown in a greenhouse with tight temperature control as previously described (Singh et al. 2009a),
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and fiber for RNA extraction was harvested in September.
The time course of fiber development under these conditions
has been published previously, and the transition between
primary and secondary wall deposition occurred at 17-22 DPA,
with elongation ending and a high rate of cellulose synthesis
beginning at 22 DPA (Singh et al. 2009a).

GUS assay
Seedlings about 15 d old were: (a) fixed in ice-cold acetone
(90% v/v; 45 min); (b) rinsed (2 × 20 min) in 25 mM phosphate
buffer, pH 7.0, containing 1.25 mM K 3 Fe(CN) 6 , 1.25 mM
K 4 Fe(CN) 6 , 0.25% (w/v) Triton X-100, and 0.125 M EDTA;
(c) vacuum-infiltrated (15 min) with rinsing solution containing
1.25 mg/ml 5-bromo-4-chloro-3-indolyl-β-D- glucuronide, followed by color development at 37◦ C for 1, 3, and/or 24 h; (d)
washed in water (15 min); and (e) stored in 70% EtOH (4◦ C)
until observation.

Microscopic analyses
Micrographs were captured with a digital camera (Model Q5;
QImaging, Surrey, BC, Canada). For the GUS assay, whole
plants were photographed using a dissecting microscope with
a combination of transmitted and incident light. Trichomes were
photographed at higher magnification using brightfield and
polarization optics, which allowed birefringence of secondary
wall cellulose to be detected (Olympus BH-2 polarizing microscope; Olympus Corp., Center Valley, PA). Juvenile trichomes
in the early stages of elongation and before wall thickening
commenced were identified after dissection of small leaves at
the shoot apex. Brightfield images, to show blue color arising
from GUS activity in trichomes (or its absence), were captured
under identical optical conditions, and the levels function in
Adobe Photoshop was adjusted identically across the set to
optimize image contrast for viewing. The polarization images
were also captured under identical optical conditions for the
set, and the stage was rotated for consistent alignment of
the trichome branches with the optical axis producing maximal
birefringence of the secondary walls. A first-order red (530 nm)
retardation plate was used to increase the intensity and color
contrast arising from birefringent secondary walls, if present.
No image adjustments were made to the polarization micrographs, allowing the intensity of birefringence to be qualitatively
compared between samples.

qPCR to determine gene expression profiles
To assay the expression levels of CesA genes in arabidopsis, RNA was extracted from three independent replicates of
isolated shoot trichomes and processed shoots generally as
previously described (Marks et al. 2008). Modifications included
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the use of 100 μm glass beads (BioSpec Products, Bartlesville,
OK) and retention of trichomes on 70 μm nylon mesh followed
by hand-removal of debris. At the start of RNA isolation,
processed shoots were ground in a mortar and pestle under
liquid nitrogen. Trichomes (about 1 ml packed cell volume)
were disrupted in a microfuge tube by agitation with 3 sterilized
1.5 mm beads (BioSpec Products) and 100 μl Buffer RLT
(RNeasy Mini Kit, QIAGEN) using a triturator (Silamat S5;
Ivoclar Vivadent AG, Liechenstein). For five cycles, 7 sec
in the triturator was followed by 7 sec in liquid nitrogen.
DNA was removed (On-Column DNase Digestion, SIGMAALDRICH, St. Louis, MO) before qPCR. Specific primers for
the 10 arabidopsis CesA genes were designed using Primer
Express V3 software (Applied Biosystems, Foster City, CA)
except that two previously published sequences were used
[AtCesA4 Forward (Taylor et al. 2003) and AtCesA7 Reverse
(Zhong et al. 2003)] (Table 2). Primers were designed as
before (Singh et al. 2009a) with parameters 45-55 GC%, 1825 nucleotide length, 58-60 ◦ C Tm, and 100-150 bp amplicon
length. Primers were checked by BLAST against all arabidopsis
genes at TAIR to ensure that they targeted one CesA gene.
The qPCR assay was performed as described (Singh et al.
2009a), except that 200 ng RNA was used to make cDNA and
45 cycles were used instead of 40. Two sets of primers were
used to amplify AtCesA3 and AtCesA5 with similar results, and
the results are averaged. Amplification of At3g1260, a DNAbinding protein with similar expression in trichomes and shoots,
was used as an endogenous control as described previously
(Marks et al. 2008). Each value was expressed relative to the
level of AtCesA7 in the same sample because this gene had a
low expression level in both processed shoots and trichomes
as determined by qPCR analysis reported here as well as in
microarray experiments (Marks et al. 2009).
For comparing secondary wall deposition-related genes in
arabidopsis and cotton, the best matches to putatively orthologous arabidopsis sequences were identified in ESTs
from the Gossypium genus available at the National Center for Biotechnology Information (NCBI). BLAST analysis was used to show the reciprocal best match of the
translated protein sequences (including any longer contig
that could be identified at http://compbio.dfci.harvard.edu/
tgi/cgi-bin/tgi/gimain.pl?gudb=cotton) in both species. Primers
were designed as described above and checked by BLAST
against all cotton sequences at NCBI for amplification of only
one known cotton sequence. Because there is no complete
cotton genome sequence, it is possible that multiple closely
related genes were amplified. Genes assayed and the primer
sequences used for this experiment are shown in Table 1. As
described previously (Singh et al. 2009a), qPCR was performed
starting with RNA extracted from isolated fibers of known
age. The qPCR results for each gene were: (a) normalized
to an endogenous control, Gh(AteIF5-like), a cotton homolog

Secondary Walled Cells Express Different Cellulose Synthases

of elongation initiation factor 5 that was previously validated as
a control for cotton fiber qPCR (Haigler et al. 2009); and (b)
expressed relative to the value at 10 DPA, a time of high rate
of elongation.

Phylogenetic analysis
Cotton peptide sequences included in the phylogram were
either full length cotton CesAs in NCBI, identified in NCBI
by reciprocal BLAST against the 10 arabidopsis CesAs for
selection of qPCR targets assayed in this work, or other
partial sequences used previously in phylogenetic analysis of
cotton CesAs (Kim and Triplett 2007). Sequences that were
very short (<180 aa), contained ambiguous base calls, or
were identical to longer sequences were not analyzed. Full
length CesA sequences from the fully sequenced genomes of
rice and arabidopsis were included, and these embrace the
two major groups of flowering plants, the Monocotyledonae
and Dicotyledonae, respectively. All sequences were edited
to remove the N-terminus upstream of the DCDH consensus
sequence. Sequences were aligned using Prankster (Löytynoja
and Goldman 2008) with gap opening/extension penalties of
1.0000/1.00 and 2 iterations. BioEdit (Hall 1999) was used to
remove large gaps and segments of uncertain homology from
the alignment (Baldauf 2003). Phylograms were constructed
from the aligned sequences using the heuristic search method
in PAUP∗ (version 4.1b10, Sinauer Associates, Sunderland,
MA) with all characters given equal weight. The topology was
tested with 1 000 bootstrap replicates using the parsimony
method.

Comparison of gene expression sets
The arabidopsis gene expression sets providing the basis of the
analysis were: (a) 46 genes strongly co-expressed with primary
wall CesA genes, AtCesA(1,3,6) (Persson et al. 2005); and
(b) 52 genes strongly co-expressed with secondary wall CesA
genes, AtCesA(4,7,8) (compiled from Brown et al. 2005 and
Persson et al. 2005). Four genes that were co-expressed with
both primary and secondary CesA genes were not included
in our comparisons (At5g49720, KOR1; At1g80350, KTN1;
At3g08550, KOB1; and At1g65580, FRA3).
Using JMP software (SAS, Cary NC), these two sets of
genes were evaluated for percentage intersection with four sets
of genes with significantly different, ≥ 2-fold, up-regulation in
microarray experiments: (a) 3539 genes up-regulated in arabidopsis trichomes vs. processed shoots (Marks et al. 2009);
(b) 1 358 genes up-regulated during cotton fiber elongation (at
10 vs. 20 DPA); (c) 1 577 genes up-regulated at the onset of
cotton fiber secondary wall deposition (at 20 vs. 10 DPA); and
(d) 852 genes up-regulated in arabidopsis secondary xylem
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(containing vessels and fibers) vs. non-vascular tissue (Zhao
et al. 2005).
As referenced above, the microarray analysis of isolated
arabidopsis trichomes and secondary xylem tissue have been
published. The cotton fiber microarray analysis used 10 and
20 DPA fiber from greenhouse grown G. hirsutum cv. Texas
Marker 1, a genetic and cytogenetic standard for domesticated elite cotton. For three biological replicates at each DPA,
fiber was separated from developing seeds by agitation with
glass beads under liquid nitrogen (adapting methods from
Taliercio and Boykin 2007), and RNA was isolated (Wilkins
and Smart 1996), treated with DNAase, and linearly amplified (TargetAmpTM 1-Round aRNA Amplification kit, Epicentre
Biotechnologies, Madison, WI). A custom high-density chip
with 283 000 features (an average of seven distinct, approx.
60 bp probes for each of 42 429 unigenes derived from several
cotton species) was used for contracted microarray analysis
(Nimblegen Systems, Inc.; Madison, WI). The chip, which is
described further at www.cottonevolution.info, was designed
to independently interrogate paralogs and included probes for
cotton unigenes homologous (with 1E-10 cut-off) to 16 993
unique loci in arabidopsis (J. Udall, pers. comm.). Raw expression values for each unigene represented on the chip
were obtained by median polishing the seven redundant probes
using Tukey’s Biweight estimator (Tukey 1977; Velleman and
Hoaglin 1981). In R (R Development Core Team 2005), polished values were natural log transformed, median centered
and scale normalized, SAS was used to assess differential
expression (Cary, NC), and R was used to control the false
discovery rate. Differential expression was indicated by a qvalue ≤ 0.05. An EXCEL file showing the microarray data for
7605 cotton genes with significant differences of expression
in fiber between 10 and 20 DPA is provided as Supporting
Table S1.
Also in R, Fisher’s Exact Probability test was used to determine whether the number of genes in an intersection set
was significantly greater than would have occurred by chance
(P ≤ 0.05) (Ewens and Grant 2005). The underlying number of
arabidopsis loci corresponding to each microarray was used in
the test: for the arabidopsis arrays, this was the number of loci
represented on the arabidopsis chip; for the cotton arrays, this
was the 16 993 arabidopsis loci matched at 1E-10 or better by
the cotton unigenes represented on the cotton chip.
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