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Abstract
Rop/Rac proteins are plant-specific monomeric guanosine triphosphate-binding
proteins (G-proteins) with important functions in plant development. Until recently, only three
cotton (Gossypium hirsutum) Rop/Rac G-protein genes were sequenced, representing subfamilies
III and IV of the plant monomeric G-protein family. In this project, members of subfamilies II
and I were cloned, sequenced, and named GhRac2 and GhRac3, respectively. Using real-time
reverse transcription PCR, expression of GhRac2 was highest during fiber elongation, decreasing
significantly when cellulose biosynthesis began. Transcript abundance of GhRac3 doubled
between fiber elongation and secondary wall synthesis, remaining constant until 20 days postanthesis. Expression of GhRac2 and GhRac3 was compared between the unfertilized ovules of
Gossypium hirsutum, Texas Marker 1 and two near-isogenic fiber-impaired mutants. Expression
of GhRac2 and GhRac3 was significantly higher in wild type ovules than in Ligon lintless, a
mutant impaired in fiber elongation, but was not different in Naked Seed, a mutant impaired in
fiber initiation.

xii

Introduction
I. Cotton production, utilization, and taxonomy
Cotton is the most important textile crop, worldwide [Lee, 1984; Wendel and Cronn,
2003]. According to the latest estimates from the National Cotton Council, cotton is the number
one value crop in the United States. Cotton generates approximately $120 billion in annual
revenue for the United States economy [http://www.cotton.org].

According to the latest

estimates from the United States Department of Agriculture, Economic Research Service,
Louisiana is the eighth highest cotton producing state. Generating over $116 million of revenue,
cotton is the second highest agricultural export for Louisiana [http://www.ers.usda.gov]. Fiber
represents 90% of the value of the cotton crop with the remainder of the profit coming from
cottonseed, a by-product of ginning. Fibers are used in making cotton cloth, plastics, explosives,
and high quality paper products [Lee, 1984; http://www.cotton.org]. Fibers are also processed
into batting for padding mattresses, furniture, automobile cushions, and other non-woven
products [Lee, 1984; http://www.cotton.org]. Cottonseed oil is used primarily for culinary
purposes: shortening, cooking oil, and salad dressing [Lee, 1984]. The meal and hulls that
remain are used either separately or in combination as a protein rich fodder for livestock, poultry,
and fish feed as well as fertilizer [Lee, 1984; http://www.cotton.org].
The word ‘cotton’, derived from the Arabic word ‘quotn’, refers to the genus
Gossypium, a member of the Malvaceae (mallow) family [Lee, 1984]. The large and diverse
Gossypium genus is divided into at least 45 diploid species (2N=26) and five tetraploid species
(2N=52) distributed throughout arid and semi-arid tropic and sub-tropic regions [Brubaker et al.,
1999; Wendel and Cronn, 2003]. The approximately 45 diploid Gossypium species are grouped
into eight different genomes, designated A through G and K [Brubaker et al., 1999; Wendel and
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Cronn, 2003]. The five tetraploid Gossypium species originated from a hybridization event that
united an Old World AA genome with a New World DD genome [Brubaker et al., 1999; Wendel
and Cronn, 2003]. How and when the original crosses occurred and the identity of the progenitor
species are still a matter of speculation [Brubaker et al., 1999; Wendel and Cronn, 2003].
Comparative restriction fragment length polymorphism mapping of the tetraploid species, the
AA genome diploid species, and the DD genome diploid species suggests that the closest living
descendants of the progenitor species are Gossypium raimondii (DD genome) and Gossypium
herbaceum (AA genome) [Brubaker et al., 1999].

Today, four independent species of

Gossypium are cultivated [Lee, 1984; Brubaker et al., 1999; Wendel and Cronn, 2003]. Two
species are New World (American) tetraploid species, Gossypium hirsutum L. (upland cotton)
and Gossypium barbadense L. (Egyptian or pima cotton); two species are Old World (AfricaAsia) diploid species, Gossypium arboreum L. (tree cotton, AA genome) and Gossypium
herbaceum L. (levant cotton, AA genome) [Lee, 1984; Brubaker et al., 1999; Wendel and Cronn,
2003]. Gossypium hirsutum is responsible for at least 90% of the commercially cultivated
cotton, worldwide [Lee, 1984; Brubaker et al., 1999; Wendel and Cronn, 2003].

II. Cotton fiber development and fiber mutants
Cotton fibers are unicellular trichomes that differentiate from ovule epidermal cells
[Basra and Malik, 1984; DeLanghe, 1986].

Cotton ovules bear two forms of trichomes:

trichomes that differentiate into lint fibers and trichomes that differentiate into fuzz or linter
fibers [Basra & Malik, 1984]. At present, the mechanisms for determining whether cotton ovule
epidermal cells develop into lint, fuzz, or some other type of cell (i.e. stomatal cells) have not
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been fully elucidated [Kim & Triplett, 2001]. There are four recognized stages of cotton fiber
development that overlap each other in time: fiber initiation, cell elongation, cellulose
biosynthesis, and maturation (Figure 1-1) [Basra and Malik, 1984; DeLanghe, 1986].

Figure 1-1. Stages of cotton fiber development. Cotton fibers pass through four stages of development: initiation,
elongation, cellulose biosynthesis, and maturity. The area of overlap between elongation and cellulose biosynthesis
is the transition period.

Initiation, the first stage of fiber development, involves the initial expansion of the epidermal cell
above the surface of the ovule [Basra and Malik, 1984; DeLanghe, 1986]. The cotton flower
blooms for only one day. Initiation is conveniently timed beginning on or near the day of
anthesis (day of flowering) and lasts only a day or so for each fiber initial (Figure 1-1) [Basra
and Malik, 1984]. Fiber initiation first appears at the chalazal part of the ovule and continues
progressively toward the micropylar end [DeLanghe, 1986]. Initiated fibers immediately enter
Stage 2 or fiber elongation (Figure 1-1) [Basra and Malik, 1984]. The elongation phase of cotton
fiber development encompasses the major growth phase of the fiber [Basra and Malik, 1984].
Fibers initiating development on the day of anthesis (DOA) are destined to become lint fibers;
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fibers that start to elongate beginning around the fourth to seventh day after anthesis are destined
to become fuzz fibers [Basra and Saha, 1999]. Fiber growth occurs by a combination of tip
growth and an intercalation of materials throughout the fiber length (diffuse growth) [Seagull,
1990]. In tip growth, post-Golgi vesicles are targeted and fused to the plasma membrane,
resulting in unidirectional expansion of the cell membrane and cell wall. Diffuse growth is
driven by turgor pressure with new cell wall materials deposited throughout the cell surface
[Seagull, 1990]. The elongation stage of cotton fiber development continues from the day of
anthesis to approximately 21 to 26 days post anthesis (DPA) (Figure 1-1) [Basra and Malik,
1984]. The third stage of cotton fiber development is the cellulose biosynthesis stage or the
secondary cell wall deposition stage (Figure 1-1). Secondary cell wall synthesis begins slightly
before the cessation of fiber elongation (16 to 18 DPA) [Basra and Malik, 1984; Delmer, 1999].
During the cellulose biosynthesis stage, the ß-1,4-glucan chains that form the cellulose
microfibrils of the secondary cell wall are synthesized [Basra and Malik, 1984; Delmer, 1999].
Successive layers of cellulose are deposited until the wall is 3 to 4 µm thick [Basra and Malik,
1984; Delmer, 1999]. At approximately 45 to 60 DPA, the fibers enter into the last stage of
development, maturation (Figure 1-1) [Basra and Malik, 1984].

Maturation occurs

concomitantly with boll opening and results from drying of the hydrated living fiber to a dried
metabolically inactive fiber [Basra and Malik, 1984]. This is in contrast to the first three stages
that occur while the fiber is alive and actively growing. During maturation, the seed capsule
dehisces and the thin fiber cells quickly dehydrate [Basra and Malik, 1984]. As the cytoplasm
dries, the cytoplasm adheres to the innermost layer of the fiber cell wall leaving a lumen where
the central vacuole was once located [Basra and Malik, 1984].
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Several near-isogenic mutants in cotton are impaired in fiber development. Each of
these naturally occurring mutants has been repeatedly backcrossed into Gossypium hirsutum,
Texas Marker 1 (TM1), a long-term inbred and the genetic standard line for cotton genetic
studies (Figure 1-2) [Kohel et al., 1970].

Figure 1-2. Mature Gossypium hirsutum bolls. TM1, wild type Texas Marker 1. N1, Naked Seed mutant. Li1,
Ligon lintless mutant.

One mutant, known as Naked Seed (N1), is impaired in fiber initiation. N1 is a dominant
mutation; N1 mutants are characterized by a small tuft of lint fiber at the chalazal end of the seed
and fuzz fibers are completely absent (Figure 1-2) [Endrizzi et al., 1984]. A second mutant,
Ligon lintless (Li1) is impaired in fiber elongation. Li1 is a dominant mutation; Li1 mutants are
characterized by very short fiber (~6 mm long) and distorted (epinastic) plant growth in the
leaves, stem and flower (Figure 1-2) [Kohel, 1974].
The desire to improve fiber productivity and quality is inherent to the culture of
cotton; the challenge is to develop new varieties with both high quality and high productivity
[Kohel, 1999]. New strategies are necessary to increase cotton fiber yield without sacrificing
quality [Kim and Triplett, 2001] and must include biotechnological approaches. In order to
achieve this long-term goal, the genes responsible for regulating the development of lint fiber
must be identified and their roles characterized [Kim and Triplett, 2001]. Our research group has
previously characterized cotton fiber guanosine triphosphate-binding proteins or G-proteins as
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potentially important regulators of fiber development [Kim et al., 2000; Kim and Triplett,
2004a]. G-proteins are a subset of guanosine triphosphatases (GTPases) ubiquitously found in
eukaryotes from yeast to humans. G-proteins act as pivotal molecular switches involved in
eukaryotic signal transduction, though the entire signal transduction process has yet to be fully
elucidated [for reviews see Bischoff et al., 1999; Takai et al., 2001; Yang, 2002; Vernoud et al.,
2003; Gu et al., 2004]. G-proteins cycle between an active guanosine triphosphate (GTP) -bound
or “on” state and an inactive guanosine diphosphate (GDP) -bound or “off” state, ensuring the
flow of information at the expense of GTP [Bischoff et al., 1999; Takai et al., 2001; Yang, 2002;
Gu et al., 2004]. Currently, two distinct classes of G-proteins are known: heterotrimeric Gproteins and monomeric G-proteins [Bischoff et al., 1999; Takai et al., 2001; Jones and
Assmann, 2004].

III. Heterotrimeric G-proteins in animals and plants
Heterotrimeric G-proteins mediate a vast array of signaling processes in eukaryotes,
including ion channel regulation, cell proliferation, hormone regulation, and light signaling [for
reviews see Bischoff et al., 1999; Fujisawa et al., 2001; Jones and Assmann, 2004].
Heterotrimeric G-proteins are GTPase mediators that transmit external signals (i.e. light) via a
plasma membrane G-protein-coupled receptor (GPCR) [Fujisawa et al., 2001; Jones and
Assmann, 2004]. Heterotrimeric G-proteins consist of three different polypeptide subunits:
alpha (Gα), beta (Gβ), and gamma (Gγ) [Bischoff et al, 1999; Fujisawa et al., 2001; Jones and
Assmann, 2004].

The Gα domain is the regulatory domain for GDP-GTP exchange in

heterotrimeric G-proteins; the Gα subunit has a GDP/GTP-nucleotide-binding site and GTPhydrolase activity [Bischoff et al., 1999; Fujisawa et al., 2001; Jones and Assmann, 2004]. In the
inactive state, GDP is bound to an active site on the Gα subunit [Bischoff et al., 1999; Fujisawa
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et al., 2001; Jones and Assmann, 2004]. When an extracellular signal binds to the appropriate
GPCR, GDP is released from the active site on the Gα subunit [Fujisawa et al., 2001; Jones and
Assmann, 2004]. Because the intrinsic cytoplasmic concentration of GTP is higher than GDP,
GTP binding is favored [Bischoff et al., 1999; Fujisawa et al., 2001; Jones and Assmann, 2004].
Once GTP binds, the Gα subunit resumes an activated confirmation and dissociates from the
Gαβγ trimer complex [Bischoff et al., 1999; Fujisawa et al., 2001; Jones and Assmann, 2004].
The separated Gα and/or Gβγ subunits transiently interact with the appropriate target proteins
[Jones and Assmann, 2004]. The intrinsic hydrolase activity of the Gα subunit eventually results
in GTP hydrolysis, and the Gα subunit re-associates with a Gβγ dimer [Bischoff et al., 1999;
Fujisawa et al., 2001; Jones and Assmann, 2004].
In plants, heterotrimeric G-protein signaling has been implicated in an array of plant
signal transduction pathways, including hormone signaling [Ullah et al., 2003; Pandey and
Assmann, 2004], pathogen responses [Suharsono et al., 2002], ion channel regulation [Wang et
al., 2001], seed germination [Ullah et al., 2002], and cell proliferation [Ullah et al., 2001]. To
date, it appears that plants possess few heterotrimeric G-protein subunit genes, compared to
animals. Only one heterotrimeric G-protein α subunit gene, GPA1 (GenBank (GB) mRNA ID
M32887) [Ma et al., 1990] and one heterotrimeric G-protein β subunit gene, AGB1 (GB mRNA
ID U12232) [Weiss et al., 1994] have been identified in Arabidopsis thaliana. Two putative
heterotrimeric G-protein γ subunit genes, AGG1 (GB mRNA ID AF283673) [Mason and Botella,
2000] and AGG2 (GB mRNA ID AF347077) [Mason and Botella, 2001] have been identified in
Arabidopsis thaliana. Finally, only one G-protein-coupled receptor gene similar to an animal Gprotein-coupled receptor, GCR1 (GB mRNA ID U95143) has been identified in Arabidopsis
[Josefsson and Rask, 1997; Plakidou-Dymock et al., 1998]. In addition, sequences released very
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recently by the TIGR database [http://www.tigr.org/tigr-scripts/tgi/T_index.cgi?species=cotton]
revealed one tentative consensus (TC) sequence for a putative heterotrimeric G-protein α-like
subunit (TC28475) derived from various expressed sequence tags (EST) clones from Gossypium
arboreum [Wing et al., unpublished] and Gossypium raimondii [Kim et al., unpublished]. At
present, no heterotrimeric G-protein α-subunit ESTs have been identified from Gossypium
hirsutum. Four TC sequences for a putative heterotrimeric G-protein β-like subunit (TC27639,
TC32268, TC32269, TC32270) have been assembled from various EST clones from Gossypium
arboreum [Wing et al., unpublished], Gossypium hirsutum [Blewitt et al., unpublished], and
Gossypium raimondii [Kim et al., unpublished].

One TC sequence for a putative GPCR

(TC36932) has been assembled from two Gossypium raimondii EST clones [Kim et al.,
unpublished]. In addition, one EST clone similar to a GPCR (GB mRNA ID AI728327) has
been identified in Gossypium hirsutum [Blewitt et al., unpublished]. At present, heterotrimeric
G-protein γ subunit ESTs have not been identified in Gossypium arboreum, Gossypium hirsutum,
or Gossypium raimondii.

IV. Monomeric G-proteins in animals
The second class of signaling G-proteins are monomeric G-proteins [for reviews see
Mackay and Hall, 1998; Bischoff et al., 1999; Takai et al., 2001]. In contrast to heterotrimeric
G-proteins, monomeric G-proteins are small, single subunit proteins with molecular masses of
20-40 kDa [Bischoff et al., 1999; Takai et al., 2001]. Like heterotrimeric G-proteins, the activity
of monomeric G-proteins depends on their association with GTP or GDP [Bischoff et al., 1999].
The active GTP-bound form activates downstream target molecules and signaling pathways, but
an intrinsic GTPase activity hydrolyses GTP to GDP, inactivating the G-protein [Bischoff et al.,
1999; Takai et al., 2001]. In contrast to heterotrimeric G-proteins, monomeric G-proteins are
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controlled by three classes of regulatory proteins in animal cells: guanine nucleotide exchange
factor (GEF), GTPase activating protein (GAP), and guanine nucleotide dissociating inhibitor
(GDI) [Boguski and McCormick, 1993; Takai et al., 2001]. In response to different cellular
conditions, GEF, GAP, and GDI proteins maintain the equilibrium between the active GTPbound form and inactive GDP-bound form of monomeric G-proteins [Boguski and McCormick,
1993].
A series of reactions, constituting the GTPase switch, appears to be conserved in
eukaryotes (Figure 1-3) [for review see Boguski and McCormick, 1993; Bischoff et al., 1999;
Takai et al., 2001].

Figure 1-3. A general scheme for the regulation of monomeric G-proteins in plants and animals. Figure
adapted from Yang (2002). GAP (GTPase-activating protein), GDI (guanine nucleotide dissociation inhibitor), GEF
(guanine nucleotide exchange factor). Bent arrowhead indicates a lipid moiety that becomes attached to membranes.
The red arrow indicates activation of the monomeric G-protein. The black arrow indicates inactivation of the
monomeric G-protein.

GDI, an inhibitor of GAP, is postulated to shuttle GDP-bound inactive cytosolic monomeric Gproteins, except Ras and Ran G-proteins to the plasma membrane (Figure 1-3) [Boguski and
9

McCormick, 1993; Bischoff et al., 1999; Takai et al., 2001]. Membrane localization is achieved
through a post-translational lipid modification of the G-protein at the C-terminus [Boguski and
McCormick, 1993; Takai et al., 2001]. Upon stimulation by an upstream signal, GEF converts
the GDP-bound inactive G-protein into the GTP-bound active form through GDP/GTP
replacement (Figure 1-3) [Boguski and McCormick, 1993; Takai et al., 2001]. In order to be
activated by GEF, the GDP-bound G-protein must be membrane-bound [Boguski and
McCormick, 1993; Takai et al., 2001]. Through the effector domain, the GTP-bound active Gprotein can interact with other proteins to perform a myriad of functions [Bischoff et al., 1999;
Takai et al., 2001]. The GTP-bound form of the enzyme exhibits a weak intrinsic activity for
GTP hydrolysis [Boguski and McCormick, 1993; Takai et al., 2001].

GAPs promote the

intrinsic GTP hydrolyzing activity, leading to the rapid conversion of the active monomeric Gprotein to the inactive GDP-bound form (Figure 1-3) [Boguski and McCormick, 1993; Takai et
al., 2001]. Then, GDI binds to the inactive GDP-bound G-protein and releases the G-protein
from the membrane (Figure 1-3) [Boguski and McCormick, 1993; Takai et al., 2001]. GDI
subsequently dissociates GDP from the guanine nucleotide-binding site leaving the G-protein
“empty” (Figure 1-3) [Boguski and McCormick, 1993]. This complex series of reactions ensures
the flow of information at the expense of guanosine triphosphate. The irreversibility of GTP
hydrolysis makes the cycle unidirectional [Boguski and McCormick, 1993].
Animal monomeric G-proteins belong a gene superfamily and are structurally divided
into at least five distinct families: Arf, Rab, Ran, Ras, and Rho (Figure 1-4) [for reviews see
Bischoff et al., 1999; Takai et al., 2001].
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Figure 1-4. Animal monomeric G-protein superfamily. Animal monomeric G-proteins are structurally divided
into 5 distinct families: Arf (adenosine diphosphate-ribosylation factor), Rab (ras gene from rat brain), Ran (rasrelated nuclear), Ras (rat sarcoma), and Rho (ras homology). The Rho family of monomeric G-proteins is divided
into 3 distinct subfamilies: Cdc42 (cell division cycle), Rac (ras-related C3 botulinum toxin substrate), and Rho (ras
homology).

Monomeric G-proteins have two domains responsible for GTPase activity and two domains for
guanine nucleotide binding [Takai et al., 2001]. Moreover, monomeric G-proteins have an
effector domain for interacting and binding with downstream proteins [Bischoff et al., 1999;
Takai et al., 2001]. In addition, the Ras, Rab, and Rho families have a membrane localization
domain at their C-termini. Ras, Rab, and Rho G-proteins are post-translationally modified with
lipid for plasma membrane binding [Bischoff et al., 1999; Takai et al., 2001]. The Arf Gproteins are post-translationally modified at the N-terminus with a myristate fatty acid for plasma
membrane binding [Bischoff et al., 1999; Takai et al., 2001]. The Rho family of monomeric Gproteins contains a variable domain or an insert region that is responsible for interacting with
effector molecules [Mackay and Hall, 1998; Bischoff et al., 1999; Takai et al., 2001].
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Adenosine diphosphate (ADP) -ribosylation factors (Arfs) were initially identified due
to their ability to stimulate the ADP-ribosyltransferase activity of cholera toxin A [Kahn and
Gilman, 1986]. Arf G-proteins function in vesicular trafficking pathways as regulators of vesicle
transport between the endoplasmic reticulum and the Golgi network [for reviews see Bischoff et
al., 1999; Takai et al., 2001; Vernoud et al., 2003; Memon, 2004; Molendijk et al., 2004].
Rab (ras gene from rat brain) G-proteins organize intracellular membrane trafficking
during three consecutive stages of transport: vesicle formation, vesicle motility, and the tethering
of vesicles to target compartments preceding membrane-fusion events [for reviews see Bischoff
et al., 1999; Takai et al., 2001; Vernoud et al., 2003; Molendijk et al., 2004].
Ran (ras-related nuclear) G-proteins cycle between GDP- and GTP-bound states, like
other monomeric G-proteins, but GTP binding and hydrolysis is linked to transport into or out of
the nucleus.

Ran G-proteins function in nucleocytoplasmic transport and microtubule

organization [for reviews see Bischoff et al., 1999; Takai et al., 2001; Vernoud et al., 2003].
Unlike other small monomeric G-proteins, Ran G-proteins are not post-translationally modified
with lipid and do not associate with cellular plasma membranes.
Ras (rat sarcoma) G-proteins regulate cell proliferation in yeast and mammalian
systems. Ras G-proteins are essential for cell viability, cell differentiation, cell morphology, and
apoptosis [for reviews see Bischoff et al., 1999; Takai et al., 2001; Vernoud et al., 2003]. An
interesting characteristic of Ras G-proteins is that Ras genes and/or mutations in Ras regulator
genes have been implicated in over 30% of human carcinomas [for reviews see Drivas et al.,
1990; Campbell and Der, 2004]. Rho (ras homology) G-proteins control key cellular processes
such as cell proliferation, apoptosis, lipid metabolism, adhesion, migration, cell polarity, and
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transcriptional regulation [for reviews see Mackay and Hall, 1998; Bischoff et al., 1999; Takai et
al., 2001; Vernoud et al., 2003; Burridge and Wennerberg, 2004].
The Rho family of monomeric G-proteins is structurally divided into at least three
subfamilies in animals: Rho, Rac, and Cdc42 (Figure 1-4) [for reviews see Bischoff et al., 1999;
Takai et al., 2001; Vernoud et al., 2003]. In mammalian fibroblasts, the Rac (ras-related C3
botulinum toxin substrate) subfamily of Rho G-proteins regulates growth factor-induced
membrane ruffling [Ridley et al., 1992; Burridge and Wennerberg, 2004]. Rac G-proteins are
also involved in signal transduction pathways involving stress fiber formation [Ridley et al.,
1992; Burridge and Wennerberg, 2004]. In addition, Rac G-proteins control the production of
reactive oxygen species by directly associating with and regulating the activity of plasma
membrane-associated nicotinamide adenine dinucleotide phosphate oxidase complexes resulting
in oxidative bursts [Heyworth et al., 1993; Hassanain et al., 2000]. In yeast and mammals, the
Rho G-proteins play a key role in the control of microfilament organization; Rho G-proteins are
crucial components of signal transduction pathways mediated by the actin cytoskeleton such as
establishing cell polarity and influencing cell morphogenesis [Ridley and Hall, 1992; Burridge
and Wennerberg, 2004]. In yeast and mammals, Cdc42 (cell division cycle) G-proteins are
involved in regulating cell polarity and cell morphogenesis [for a review see Etienne-Manneville,
2004].

V. Monomeric G-proteins in plants
Numerous Rab, Arf, Ran, and Rho-related G-protein orthologs have been identified in
many plants species, including Gossypium hirsutum, but to date, no Ras orthologs have been
identified in plants (Figure 1-5).
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Figure 1-5. Plant monomeric G-protein superfamily. Plant monomeric G-proteins are divided into four
structurally distinct families: Arf (adenosine diphosphate-ribosylation factor), Rab (ras gene from rat brain), Ran
(ras-related nuclear), and Rho (ras homology). At present, Ras (rat sarcoma) G-proteins have not been identified in
planta. The Rho family is comprised of a monomeric G-protein subfamily exclusive to plants, Rop (rho-related
GTPase from plant). Even though Rac G-protein orthologs have not been identified in plants, both terms Rop and
Rac are used in literature to identify the same type of plant G-protein.

The monomeric G-protein orthologs identified in plants, so far, are assumed to regulate the same
biological processes:

membrane trafficking, cytoskeletal assembly, vesicle fusion, vesicle

budding, nuclear transport, and gene expression [for reviews see Bischoff et al., 1999; Vernoud
et al., 2003]. To date, no Rho, Rac, or Cdc42 orthologs have been identified in plants. Instead,
plants seem to possess a novel and unique group of G-proteins, termed Rop (rho-related GTPase
from plants, Figure 1-5) [Bischoff et al., 1999; Yang, 2002; Vernoud et al., 2003; Gu et al.,
2004]. Rho1P (GB mRNA ID L19093) from the garden pea was the first plant monomeric Gprotein to be cloned and characterized [Yang and Watson, 1993]. Yang and Watson (1993)
demonstrated that Rho1P encoded an active GTP-binding-protein and that the Rho1P transcript
was expressed in all organs of pea seedlings and was quite abundantly expressed in root tips.
Since 1993, numerous G-proteins unique to plants have been cloned and characterized [Yang and
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Watson, 1993; Delmer et al., 1995; Winge et al., 1997; Kawasaki et al., 1999; Arabidopsis
Genome Initiative, 2000; Kim et al., 2000; Morel et al., 2004]. Phylogenetic analyses of human
Rho, Rac, and Cdc42 G-proteins, yeast Rho and Cdc42 G-proteins, and Arabidopsis thaliana
Rho-related G-proteins suggest that the plant Rho-related G-proteins belong to a distinct
subfamily (Figure 1-6) [Zheng and Yang, 2000b].

Figure 1-6. Phylogenetic analysis of the Rho family of monomeric G-proteins. Figure adapted from Zheng and
Yang (2000b). The phylogenetic tree file was obtained from amino acids aligned with CLUSTAL W [Thompson et
al., 1994]. A web-based program, Phylodendron Phylogenetic tree printer, created the phenogram [Gilbert, 1997].
HsRhoA (Homo sapiens, GB protein ID NP001655); HsRhoB (GB protein ID AAH66954); HsRhoC (GB protein
ID AAH52808); HsCdc42 (GB protein ID P60953); HsRac1 (GB protein ID P15154); HsRac2 (GB protein ID
P15153); ScRho1p (Saccharomyces cerevisiae, GB protein ID NP015491); ScRho2 (GB protein ID P06781 );
ScRho3 (GB protein ID Q00245); ScCdc42 (GB protein ID NP013330); AtRop1 (Arabidopsis thaliana, GB protein
ID NP190698); AtRop2 (GB protein ID NP173437); AtRop3 (GB protein ID AAF40237); AtRop4 (GB protein ID
NP177712); AtRop5 (GB protein ID NP195320); AtRop6 (GB protein ID NP195228); AtRop7 (GB protein ID
NP199409); AtRop8 (GB protein ID NP566024); AtRop9 (GB protein ID NP194624); AtRop10 (GB protein ID
NP566897); AtRop11 (GB protein ID NP201093).
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Based on amino acid sequence similarities with human Rac G-proteins, plant Rho-related Gproteins are termed Rac G-proteins in some literature [Yang and Watson, 1993; Delmer et al.,
1995; Tranin et al., 1996; Winge et al., 1997; Kawasaki et al., 1999; Kost et al., 1999; Potikha et
al., 1999; Hassanain et al., 2000; Kim et al., 2000; Winge et al., 2000; Lemichez et al., 2001;
Lavy et al., 2002; Tao et al., 2002; Kim and Triplett, 2004a; Morel et al., 2004]. Due to amino
acid differences between plant Rho-related G-proteins, fungal Rho and Cdc42 G-proteins, and
animal Rho, Rac, and Cdc42 G-proteins, it has been suggested to rename the plant Rho-related
G-proteins Rop (rho-related GTPase from plant) G-proteins [Zheng and Yang, 2000b; Yang,
2002; Vernoud et al., 2003]. Both terms Rac and Rop are currently used in the literature to
identify the same type of plant monomeric G-protein. For clarity and consistency in this thesis,
plant monomeric G-proteins will be called Rop/Rac G-proteins. Since the Rop/Rac G-protein
genes identified from Arabidopsis thaliana have been renamed Rop, Arabidopsis thaliana
Rop/Rac G-protein genes will be called AtRop throughout this thesis. Rac is still used in
literature to identify Gossypium hirsutum G-protein genes; cotton Rop/Rac G-protein genes will
be referred to as GhRac throughout this thesis.
Full-length Rop/Rac G-proteins contain four conserved domains, two for guanine
nucleotide binding and two for GTPase activity, that have been found in all the monomeric Gproteins identified, so far [Winge et al., 2000; Zheng and Yang, 2000b; Yang, 2002]. A fifth
conserved domain is an effector domain, the domain for binding target proteins [Winge et al.,
2000; Zheng and Yang, 2000b; Yang, 2002].

In addition, full-length Rop/Rac G-proteins

possess a variable domain termed the Rho insert region that functions in target protein
recognition and binding. The insert region is unique to the Rho family of monomeric G-proteins
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[Mackay and Hall, 1998; Winge et al., 2000; Zheng and Yang, 2000b; Yang 2002]. Rop/Rac Gproteins also have a post-translational lipid modified C-terminal motif for plasma membrane
binding [Zheng and Yang, 2000b; Yang, 2002].
Rop/Rac G-proteins undergo one of two types of post-translational lipid modification
that may be necessary for interaction with effector proteins or for relocation from the cytoplasm
to cellular membranes [Takai et al., 2001; Yang 2002]. One form of lipid modification of
Rop/Rac G-proteins is prenylation. Prenylation is the addition of a 15 carbon (farnesyl) or a 20
carbon (geranylgeranyl) group to a CAAX or CAAL motif (C= cysteine, A= an aliphatic amino
acid, X= any amino acid except leucine, L= leucine) at the C-terminus of Rop/Rac G-proteins
[Yalvosky et al., 1999; Zheng and Yang 2000b; Yang 2002]. Prenylated Rop/Rac G-proteins can
localize to nuclei, the cytoplasm, or plasma membrane [Molendijk et al., 2001; Lavy et al.,
2002]. Eight of the Arabidopsis thaliana Rop/Rac G-proteins (AtRop1-AtRop8) and the three
Gossypium hirsutum Rop/Rac G-proteins (GhRac1, GhRac9, and GhRac13) terminate with a
CAAL motif specifying prenylation [Delmer et al., 1995; Tranin et al., 1996; Winge et al., 2000;
Kim and Triplett, 2004a]. Prenylated Rop/Rac G-proteins have been implicated in regulating
polar cell division and elongation [Li et al., 1999; Fu et al., 2001; Fu et al., 2002, Molendijk et
al., 2001; Jones et al., 2002]. The second form of post-translational lipid modification of
Rop/Rac G-proteins is prenylation independent, requiring palmitoylation. Palmitoylation is the
reversible attachment of 16-carbon palmitate molecule to one or multiple cysteine residues by a
reversible thiodiester bond [Lavy et al., 2002]. Three of the Arabidopsis Rop/Rac G-proteins,
AtRop9-AtRop11, are palmitoylated [Lavy et al., 2002]. AtRop9 and AtRop11 are palmitoylated
multiple times. AtRop10 is palmitoylated once [Lavy et al., 2002]. The palmitoylated Rop/Rac
G-proteins are targeted to the plasma membrane [Lavy et al., 2002] and have been implicated in
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regulating plant hormone responses and stress responses [Kawasaki et al., 1999; Zheng et al.,
2002]. In addition, unlike the prenylated Rop/Rac G-proteins, in vitro assays suggest that
palmitoylated Rop/Rac G-proteins do not interact with the regulator protein GDI [Lavy et al.,
2002].
At present, the Rop/Rac signal transduction pathway is poorly characterized in plants.
Presumably, the complex series of reactions constituting the GTPase switch as described for
animal cells also regulates Rop/Rac G-protein activity (Figure 1-3) [Yang, 2002; Gu et al., 2004].
Rop/Rac GTPase activating-proteins [Wu et al., 2000] and Rop/Rac guanine nucleotide
disassociation inhibitor proteins [Bischoff et al., 2000] have been identified in Arabidopsis
thaliana and many other plant species. Recently, a gene orthologous to a human guanine
nucleotide exchange factor has been identified in Arabidopsis thaliana and is postulated to be a
putative Rop/Rac guanine nucleotide exchange factor [Qiu et al., 2002]. A recent survey of the
TIGR database [http://www.tigr.org/tigr-scripts/tgi/T_index.cgi?species=cotton] has revealed
five cotton Rop/Rac GAP putative TC sequences. The TCs were derived from Gossypium
arboreum ESTs (TC35528) [Wing et al., unpublished] and Gossypium raimondii ESTs
(TC28980, TC28981, TC30195, TC31609) [Kim et al., unpublished].

At present, putative

Rop/Rac GAP ESTs have not been identified in Gossypium hirsutum. Three TC sequences
weakly similar to a guanine nucleotide exchange-like protein have been assembled from
Gossypium raimondii ESTs (TC31563, TC39393, TC40595) [Kim et al., unpublished].

In

addition, two ESTs weakly similar to a guanine nucleotide exchange protein have been identified
in Gossypium hirsutum (GB mRNA ID AI731844, AW187291) [Blewitt et al., unpublished] and
Gossypium arboreum (GB mRNA ID BE053450) [Wing et al., unpublished].
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At present,

Rop/Rac GDI ESTs have not been identified in Gossypium arboreum, Gossypium raimondii, or
Gossypium hirsutum.
In addition, sequences released very recently by the TIGR database revealed six
tentative consensus sequences for putative Rop/Rac G-proteins assembled from various
expressed sequence tag clones from Gossypium arboreum [Wing et al., unpublished], Gossypium
raimondii [Kim et al., unpublished], and Gossypium hirsutum [Blewitt et al., unpublished].
TC28011 is similar to Lotus japonicus mRNA sequence Rac1 (GB mRNA ID Z73961).
TC29458 is similar to Arabidopsis thaliana mRNA AtRop9 (GB mRNA ID NM_119039).
TC30900 is similar to Nicotiana tabacum mRNA Rac4 (GB mRNA ID AJ496228). TC32824
and TC32825 are similar to Gossypium hirsutum mRNA sequence GhRac1 (GB mRNA ID
AF165925).

TC38099 is similar to Oryza sativa (rice) mRNA sequence OsRac3 (GB mRNA

ID XM467730) [Blewitt et al., unpublished; Wing et al., unpublished; Kim et al., unpublished].
Gain-of-function studies, involving constitutively active (CA - GTP permanently
bound) and dominant negative (DN - GDP permanently bound) Rop/Rac mutants, loss-offunction studies involving knockouts, and overexpression studies have been used to investigate
the physiological roles of Rop/Rac G-proteins in many plant species [Yang, 2002]. Collectively,
these experiments suggest a pivotal role for Rop/Rac signaling in many plant processes,
including stress responses [Baxter-Burrell et al., 2002; Suharsono et al., 2002; Park et al., 2004],
defense responses [Kawasaki et al., 1999; Hassanain et al., 2000; Agrawal et al., 2003; Morel et
al., 2004], hormone responses [Lemichez et al., 2001; Li et al., 2001; Tao et al., 2002; Zheng et
al., 2002], secondary cell wall differentiation [Potikha et al., 1999], pollen tube growth [Lin and
Yang, 1997; Li et al., 1998; Kost et al., 1999; Li et al., 1999], root hair initiation [Molendijk et
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al., 2001; Jones et al., 2002], and actin cytoskeleton organization [Fu et al., 2001; Fu et al., 2002;
Jones et al., 2002; Chen et al., 2003; Gu et al., 2003; Kim and Triplett, 2004a].
Phylogenetic analyses suggest that Rop/Rac G-proteins are divided into at least four
subfamilies based on their amino acid sequence (Figure 1-7) [Winge et al., 1997; Zheng and
Yang, 2000b; Yang, 2002; Vernoud et al, 2003].

Figure 1-7. Phylogenetic analysis of the Rop/Rac G-protein subfamilies from Arabidopsis thaliana and
Gossypium hirsutum. The phylogenetic tree file was obtained from amino acids aligned with CLUSTAL W
[Thompson et al., 1994]. A web-based program, Phylodendron Phylogenetic tree printer, created the phenogram
[Gilbert, 1997]. The Rop/Rac G-proteins are divided into at least four distinct subfamilies and designated with the
Roman numerals I through IV. The Gossypium hirsutum Rop/Rac G-proteins are underlined. AtRop1 (Arabidopsis
thaliana, GB protein ID NP190698); AtRop2 (GB protein ID NP173437); AtRop3 (GB protein ID AAF40237);
AtRop4 (GB protein ID NP177712); AtRop5 (GB protein ID NP195320); AtRop6 (GB protein ID NP195228);
AtRop7 (GB protein ID NP199409); AtRop8 (GB protein ID NP566024); AtRop9 (GB protein ID NP194624);
AtRop10 (GB protein ID NP566897); AtRop11 (GB protein ID NP201093); GhRac1 (Gossypium hirsutum, GB
protein ID AAD47828), GhRac9 (GB protein ID Q41254), GhRac13 (GB protein ID Q41253).
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The function of the subfamily I Rop/Rac G-proteins is unknown, at present. AtRop8
(GB mRNA ID NM130033) from Arabidopsis is a subfamily I Rop/Rac G-protein. Although Li
and colleagues (1998) demonstrated that AtRop8 is expressed in pollen tubes, the function of
AtRop8 is still undetermined [Gu et al., 2004]. Prior to beginning this research project, no
members of the subfamily I class of Rop/Rac genes in Gossypium hirsutum had been cloned or
characterized (Figure 1-7).
Subfamily II contains three Rop/Rac G-proteins from Arabidopsis, AtRop9 (GB
mRNA ID NM119039), AtRop10 (GB mRNA ID NM114673), and AtRop11 (GB mRNA ID
NM125682) (Figure 1-7). Subfamily II Arabidopsis Rop/Rac G-proteins are hypothesized to be
involved in stress responses and hormone responses [for reviews see Yang, 2002; Vernoud et al.,
2003; Gu et al., 2004]. The CA form of OsRac1 (GB mRNA ID AB029508), a subfamily II
Rop/Rac G-protein from Oryza sativa (rice), induces H2O2 production and cell death in
transgenic rice and the DN form of OsRac1 inhibits H2O2 production and cell death in transgenic
rice [Kawasaki et al., 1999]. Two other subfamily II Rop/Rac G-proteins (AtRop9 and AtRop10)
act as general negative regulators of the hormone abscisic acid in higher plants [Zheng et al.,
2002]. In loss-of-function experiments, double null mutants of AtRop9/AtRop10 specifically
enhanced various abscisic acid responses, including increased seed dormancy, inhibition of seed
germination and root elongation, and stimulation of stomatal closure [Zheng et al., 2002].
Although AtRop11 is expressed in pollen tubes [Li et al., 1998], the function of this gene has yet
to be determined [Gu et al., 2004]. At the time this research project was initiated, no members of
the subfamily II Rop/Rac G-protein class from Gossypium hirsutum had been cloned or
characterized (Figure 1-7).
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Subfamily III includes one Rop/Rac G-protein from Arabidopsis, AtRop7 (GB mRNA
ID NM123965), and two Rop/Rac G-proteins from Gossypium hirsutum, GhRac9 (GB mRNA
ID S79309) and GhRac13 (GB mRNA ID S79308) (Figure 1-7). Overexpression of AtRop7
inhibited root hair tip growth in Arabidopsis thaliana [Jones et al., 2002]; however, the function
of this gene is currently unknown [Gu et al., 2004]. Similarly, the functions of the cotton
subfamily III Rop/Rac genes are not well established. Delmer and colleagues (1995) reported
that GhRac9 is expressed at low levels in root tissue and in cotton fiber during the cellulose
biosynthesis stage. This group also demonstrated that GhRac13 was preferentially expressed in
cotton fiber at the time of transition between primary and secondary cell wall synthesis (14 to 18
DPA) [Delmer et al., 1995]. Constitutive expression of GhRac13 induced the production of
reactive oxygen species in cultured soybean and Arabidopsis cells. The DN form of GhRac13
had the opposite effect suggesting that GhRac13 may be involved in the H2O2 signaling pathway
[Potikha et al., 1999]. More recently, Kim and Triplett (2004a) demonstrated that GhRac13 was
also expressed in young cotton leaves, 1- and 6-week old cotton roots, and fully expanded cotton
leaves, in addition to its transient expression in fiber during the transition phase.
Subfamily IV is the largest group of plant monomeric G-proteins, including at least six
members from Arabidopsis, AtRop1 (GB mRNA ID NM114989), AtRop2 (GB mRNA ID
NM101863), AtRop3 (GB mRNA ID AF115466), AtRop4 (GB mRNA ID NM106234), AtRop5
(GB mRNA ID NM119762), and AtRop6 (GB mRNA ID NM119668) (Figure 1-7). Only one
subfamily IV Rop/Rac G-protein has been characterized from Gossypium hirsutum, GhRac1 (GB
mRNA ID AF165925). Subfamily IV Arabidopsis Rop/Rac G-proteins are hypothesized to
control cell growth by regulating the dynamic assembly of cortical F-actin [Li et al., 1999; Li et
al., 2001; Fu et al., 2001; Fu et al., 2002] or by controlling actin binding and activity of actin-
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depolymerizing factors [Chen et al., 2003]. At present, mechanisms for regulating the actin
cytoskeleton in plants are not well understood [Gu et al., 2004]. AtRop1, AtRop3, and AtRop5
are preferentially expressed in pollen and may be functionally redundant during pollen tube
growth [Li et al., 1998; Kost et al., 1999; Gu et al., 2003]. Pollen tubes overexpressing AtRop1
assume a spoon- or balloon-shaped morphology at the tip suggesting that this gene in involved in
the conversion from polar tube growth to isotropic growth [Li et al., 1999; Fu and Yang, 2001;
Fu et al., 2002]. Pollen tube elongation was inhibited by microinjecting anti-Rop1Ps antibodies
or by overexpressing of DN forms of AtRop1 [Lin and Yang, 1997]. Expression of the DN form
of AtRop5 inhibited pollen tube elongation; expression of the CA form of AtRop5 induced
depolarized growth. The other three Arabidopsis Rop/Rac G-proteins belonging to this group:
AtRop2, AtRop4, and AtRop6 may also be functionally redundant and involved in multiple signal
transduction pathways. Li and colleagues (2001) reported that the CA form of AtRop2 is
involved in multiple developmental processes in Arabidopsis: embryo development, seed
dormancy, seedling development, shoot apical dominance, lateral root initiation, morphogenesis,
and orientation of shoot lateral organs. Overexpression of AtRop2 induced multiple root hair
swellings but often inhibited root hair formation [Jones et al., 2002]. Expression of CA and DN
forms of AtRop2 controlled root hair initiation and modulated polar expansion of various cells
within differentiating tissues during Arabidopsis organogenesis by spatially regulating a diffuse
form of cortical fine F-actin throughout the cell cortex [Fu et al., 2002]. In addition, a CA form
of AtRop2 and phosphotidic acid, through a reactive oxygen species-generated pathway, induced
leaf cell death [Park et al., 2004]. AtRop4 and the CA form of AtRop6 may regulate cell polarity
in Arabidopsis roots [Molendijk et al., 2001].

AtRop2 and AtRop4 localize to the tips of

elongating root hairs [Molendijk et al., 2001; Jones et al., 2002]. CA forms of AtRop2, AtRop4,
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and AtRop6 either cause isotropic growth or increased root hair length in Arabidopsis, whereas
the DN form of AtRop2 inhibited root hair elongation. These observations indicate that AtRop2,
AtRop4, and AtRop6 also control tip growth during root hair development [Molendijk et al.,
2001; Jones et al., 2002]. In both root hairs and pollen tubes, Rop/Rac G-proteins control growth
by modulating the formation of both the dynamic fine tip F-actin and a cytosolic calcium
gradient [Li et al., 1999; Fu and Yang, 2001; Li et al., 2001; Molendijk et al., 2001; Fu et al.,
2001; Fu et al., 2002; Jones et al., 2002].
GhRac1, a subfamily IV Rop/Rac G-protein from cotton (Figure 1-7), is highly
expressed during the elongation stage of cotton fiber development and is minimally expressed
when secondary cell wall synthesis begins [Kim and Triplett, 2004a]. GhRac1 is also expressed
at high levels in elongating cotton tissues such as 1-week old hypocotyls and 1-week old roots
[Kim and Triplett, 2004a]. The association of highest GhRac1 expression during maximal cotton
elongation, expression in other elongating tissues, and the sequence similarities between GhRac1
and subfamily IV Rop/Rac genes from Arabidopsis suggested that GhRac1 might regulate cotton
fiber elongation by controlling cytoskeletal assembly [Kim and Triplett, 2004a].
When this research project was initiated, only three Rop/Rac G-proteins had been
cloned from Gossypium hirsutum: GhRac1 (subfamily IV Rop/Rac G-protein) [Kim et al., 2000],
GhRac9 (subfamily III Rop/Rac G-protein), and GhRac13 (subfamily III Rop/Rac G-protein)
[Delmer et al., 1995]. In an ongoing effort to characterize genes involved in cotton fiber
development, a project to clone and characterize subfamily II and subfamily I Rop/Rac Gproteins from Gossypium hirsutum was initiated. Monitoring changes in the expression of
Gossypium hirsutum Rop/Rac G-proteins in a wild type and mutants during fiber development
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and in young ovules may provide clues about how fiber development is regulated and offers the
opportunity to gain additional insights about the potential functions of these genes during fiber
development.
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Materials and Methods
I. Enzymes, chemicals, reagents, and kits
Primers for 3′ rapid amplification of cDNA ends polymerase chain reaction (3′-RACE
PCR) and real-time reverse transcription PCR (Q-RT-PCR) were purchased from SigmaGenosys (The Woodlands, TX). TaqMan® reverse transcriptase enzyme and reagents, SYBR®
Green PCR master mix, 96-well optical reaction plates, and adhesive covers were purchased
from Applied Biosystems (Foster City, CA). Accuprime™ Taq DNA polymerase, molecular
mass markers for RNA, and restriction enzymes were purchased from Invitrogen (Carslbad, CA).
Molecular mass markers for DNA were purchased from Sigma-Aldrich Co. (St. Louis, MO).
Unless otherwise noted, all chemical reagents were purchased from Sigma-Aldrich Co. Water
used in the preparation of all buffers, media, and other reagents was purified using a Milli-Q
water purification system (Millipore, Bedford, MA).
II. Plant materials and growth conditions
Three near-isogenic lines of upland cotton (Gossypium hirsutum L.), Texas Marker 1
(TM1), Naked Seed (N1), and Ligon lintless (Li1) were grown under standard field conditions at
the Southern Regional Research Center in New Orleans, LA during the summer of 2004.
Developing TM1 ovules with attached fiber were collected at 2-day intervals from DOA to 20
DPA. Developing N1 ovules with attached fiber were collected at 2-day intervals from DOA to
10 DPA. Li1 ovules were collected at DOA, only. For stages younger than 10 DPA, when it is
difficult to strip fiber from the seeds, immature seeds with attached fiber were used. For some
experiments, elongating TM1 fibers (10-20 DPA) were manually removed from freshly
harvested ovules using a pair of straight micro-dissecting forceps. All bolls of the appropriate
age and cell line were harvested from individual Gossypium hirsutum plants by 9:00 a.m. and
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stored, briefly at 4°C until the ovule and/or fiber tissues were harvested. All plant tissue
harvested from individual bolls was rapidly frozen in liquid nitrogen and stored at -80°C until
use.

III. Cloning of the Rop/Rac G-Proteins from Gossypium hirsutum
Primer design.

Three forward primers were designed from the 5′ ends of 10

Gossypium arboreum Rop/Rac G-protein ESTs that were deposited in GenBank at the time this
research project was initiated. The Gossypium arboreum nucleotide sequences were aligned
with the web-based program CLUSTAL W [Thompson et al., 1994] version 1.82 from the
European Bioinformatics Institute.

Reverse primers were not designed from G-protein

sequences because cDNAs were prepared with an adapter sequence that could be used as a
primer.

One primer (G1) was degenerate and designed to amplify a Gossypium hirsutum

Rop/Rac G-protein from any subfamily (5′-ATGAGYRCYKCVARRTTYATMAARTGY-3′;
translation codes: Y= C+T, R= A+G, K= G+T, V= A+C+G, M= A+C). The second primer (G2)
was designed to amplify a subfamily II Rop/Rac G-protein from Gossypium hirsutum (5′ATGGCTTCAAGCGCTTCAAGATTTATC-3′).

The third primer (Nic1) was designed to

amplify a subfamily I Rop/Rac G-protein from Gossypium hirsutum (5′-ATGAGCGCCTCG
AGATTCATAAAGTGC-3′). All three primers were designed to amplify the protein-coding
region and the 3′ untranslated region (UTR). Based on CLUSTAL W sequence analyses of the
protein-coding regions and 3′ UTRs from Gossypium hirsutum Rop/Rac G-proteins available in
GenBank, an amplicon length of 800-900 base pairs was expected.
3′ Rapid amplification of cDNA ends polymerase chain reaction. The full-length
protein-coding region and 3′ UTR for new Gossypium hirsutum Rop/Rac G-proteins were
obtained by 3′-RACE PCR following a protocol outlined by Clontech (Palo Alto, CA) [Clontech,
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Marathon™ cDNA Amplification Kit User Manual PT1115-1] and using the AccuPrime™ Taq
DNA Polymerase System from Invitrogen. The AccuPrime™ Taq DNA polymerase was used
because this enzyme preparation contained anti-Taq polymerase antibodies that inhibited
polymerase activity prior to reaching 60-80°C. This feature, called a “hot start”, permitted
ambient temperature set-up of the reactions [Chou et al., 1992; Sharkey et al., 1994] and an
improved recovery of amplification products, specific to the primer pairs, by not catalyzing the
reactions until the primer pairs were annealed [Chou et al., 1992]. The following components
were added to a sterile PCR tube at ambient temperature: 10% (v/v) 10X Accuprime™ PCR
Buffer II (Invitrogen) to amplify products in the 200 base pair to 4 kb range, 0.2 µM primer, 100
ng template cDNA (4 DPA TM1 ovule or 20 DPA TM1 fiber, kindly provided by Dr. Hee Jin
Kim), 2 units Accuprime™ Taq DNA Polymerase (2 U/µL, Invitrogen), 5 µM Adaptor I primer
(Clontech) to reduce nonspecific amplification, 5 mM dNTP mix (1.25 mM each: dATP, dGTP,
dCTP, and dTTP, Clontech), and autoclaved H2O to adjust the final reaction volume to 50 µL.
The contents were vortexed (1 minute) and were briefly centrifuged (at 20,196 x g for 30
seconds at room temperature) in an Eppendorf 5417C microcentrifuge with a standard 45° fixed
angle rotor (Brinkmann Instruments, Westbury, NY) to collect the reaction mixture at the bottom
of each tube.

Reactions were incubated in a GeneAmp 9700 Thermal Cycler (Applied

Biosystems, Foster City, CA) at 94˚C for 2 minutes to denature the template and to activate the
polymerase.

Thirty-five cycles of PCR were performed as follows: 94°C (30 seconds) to

denature the double-stranded cDNA template, 52°C (30 seconds) to allow stringent annealing of
primers to the template, 68°C (60 seconds) for amplification of template cDNA, and 68°C (10
minutes) for a final extension. All reactions were maintained at 4˚C after cycling and stored at

28

-20˚C until use. Six different PCR reactions were performed using the three primers, G1, G2,
and Nic1, with either 4 DPA TM1 ovule cDNA or 20 DPA TM1 fiber cDNA.
Gel electrophoresis of PCR amplification products. After each round of 3′-RACE
PCR, the PCR products were separated on a 10 cm by 8.5 cm 0.8% agarose gel (5 mm thick,
Appendix 1) in 1X TBE buffer (Appendix 1) and electrophoresed at 100 V for 90 minutes at
room temperature [Sambrook et al., 1989]. The total volume in each electrophoresis lane was 24
µL, 20 µL from each PCR reaction and 4 µL of 6X DNA gel-loading buffer (Appendix 1). A
DNA ladder (1 kb, Invitrogen) was used as the molecular mass marker. The gel was stained with
ethidium bromide solution (Appendix 1) diluted to a final concentration of 0.5 µg/mL [Sambrook
et al., 1989]. The gel was rocked gently (30 minutes) on Hoefer Red Rocker (Hoefer Scientific
Instruments, San Francisco, CA). After staining, the gel was washed in H2O to remove unbound
ethidium bromide. The DNA bands were visualized with a Gel Doc 1000 Imager (Bio-Rad,
Hercules, CA) and analyzed with the Bio-Rad Molecular Analyst software (version 1.5).
Recovery of PCR amplification products.

The gel was placed on a Fotodyne

Transilluminator (Fotodyne Incorporated, Hartland, WI) and transmitted UV light (312 nm) was
utilized to visualize the ethidium bromide-stained DNA bands.

All DNA bands of the

appropriate size (800-900 base pairs) were excised from the gel and were extracted using the
Bio-Rad Quantum Prep™ Freeze ‘N Squeeze DNA Gel Extraction Kit. The manufacturer’s
directions were followed [Thuring et al., 1975; Bio-Rad, Quantum Prep™ Freeze ‘N Squeeze
DNA Gel Extraction Spin Columns].
Ligation and cloning reactions. Extracted DNA was cloned into the pCR®-XL
TOPO® cloning vector from Invitrogen, following the manufacturer’s instructions [Invitrogen
TOPO® XL PCR Cloning Kit Manual, Version M]. The pCR®-XL-TOPO® cloning vector is a
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3.5 kb vector designed for direct selection of recombinants in Escherichia coli, because the
vector contains the lethal Escherichia coli ccdB gene [Bernard et al., 1994] fused to the Cterminus of the LacZα fragment. Ligation of a PCR product disrupts the expression of the
lacZα-ccdB fusion gene that permits growth of only positive recombinants upon transformation
[Bernard et al., 1994].

In addition, the vector contains the Lac promoter region for gene

expression, a multiple cloning site with 16 unique restriction sites to facilitate in-frame cloning, a
TOPO® cloning site (single 3′ thymidine overhangs) for efficient insertion of the PCR
amplification product, kanamycin and zeocin antibiotic resistance genes for selection of
transformants, and a pUC ori for replication in Escherichia coli [Invitrogen TOPO® XL PCR
Cloning Kit Manual, Version M]. Furthermore, the vector is supplied with Topoisomerase I
from the Vaccinia virus covalently bound to each 3′ phosphate for efficient ligation of the PCR
amplification product within the multiple cloning site of the vector [Shuman, 1994]. The total
volume for each ligation/cloning reaction was 2.5 µL, 2 µL from the recovered PCR product and
0.5 µL of the pCR®-XL-TOPO® vector (10 ng/µL plasmid DNA). After a 5-minute incubation
period at room temperature, 6X TOPO® cloning stop solution (0.3 M NaCl and 0.06 M MgCl2)
diluted to a 1X final concentration was added to each reaction to prevent the topoisomerase
enzyme from re-binding the plasmid and nicking the DNA [Invitrogen TOPO® XL PCR Cloning
Kit Manual, Version M].
Transformation. The pCR®-XL-TOPO® constructs from above were transformed
into chemically competent One Shot® TOP10 Escherichia coli cells (provided in Invitrogen’s
TOPO® XL PCR Cloning Kit). The manufacturer’s directions for transforming chemically
competent cells were followed [Invitrogen, TOPO® XL PCR Cloning Kit Manual, Version M].
The total volume for each transformation event was 278 µL: 3 µL from the pCR®-XL-TOPO®
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cloning reaction, 25 µL of chemically competent One Shot® TOP10 Escherichia coli cells, and
250 µL SOC medium (Appendix 1). From each transformation event, 150 µL of cells were
spread unto a pre-warmed Luria-Bertani (LB) agar plate (Appendix 1) and incubated overnight
in a 37°C incubator.

IV. Recombinant DNA procedures
Bacterial cell culture. Individual Escherichia coli colonies were isolated with a
disposable sterile inoculating loop and transferred to 5 mL liquid LB media (Appendix 1)
containing 3 µL of 50 µg/mL kanamycin (Appendix 1). Bacterial cell cultures were incubated at
37°C, overnight with shaking (500 rpm).
Plasmid DNA isolation. Plasmid DNA was isolated and purified with the Wizard®
Plus Miniprep DNA Purification System Kit from Promega (Madison, WI). Promega’s Miniprep
Kit was selected because only a small amount of highly purified plasmid DNA was required for
DNA sequencing. The manufacturer’s protocol for 3-5 mL of bacterial cell culture and plasmid
purification using a vacuum manifold was followed [Promega, Technical Bulletin Number 117].
Multiple minipreps were processed simultaneously.
DNA quality and yield. Plasmid DNA samples were diluted 1: 200 with autoclaved
H2O and the absorbance (A) at 260, 280, and 320 nm was measured with a Pharmacia Biotech
Ultrospec 3000 UV/Visible Spectrophotometer (Amersham Biosciences, Piscataway, NJ). A
solution of DNA whose A260 = 1 contains approximately 50 µg DNA/mL [Sambrook et al.,
1989]. The A260/A280 absorbance ratio was calculated to assess the purity of the sample. Pure
DNA preparations have an A260/A280 value of 1.8 [Sambrook et al., 1989].
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Restriction enzyme digestion. Restriction enzyme digestion was performed on the
plasmid DNA samples to liberate the PCR amplification product (~ 800-900 base pairs) from the
plasmid vector. The multiple cloning site of the pCR®-XL-TOPO® plasmid vector contains 16
unique restriction enzyme sites including flanking EcoR1 sites [Invitrogen, TOPO® XL PCR
Cloning Kit Manual, Version M]. The following components were added to a sterile tube: 5
units EcoRI (Invitrogen), up to 5 µg of purified plasmid DNA, 0.1 volumes 10X REact3 buffer
(Appendix 1) from Invitrogen, and autoclaved H2O to adjust the final reaction volume to 20 µL.
Each reaction was placed into a 37°C bath for 1 hour to digest the plasmid DNA [Sambrook et
al., 1989].

The restriction enzyme digests were electrophoresed on a 0.8% agarose gel

(Appendix 1) in 1X TBE buffer (Appendix 1) at 100 V for 90 minutes at room temperature. The
gel was visualized with the Bio-Rad Gel Doc 1000 imager and analyzed with the Bio-Rad
Molecular Analyst software (version 1.5).

V. Sequencing and bioinformatics
Sequencing. The multiple cloning site of the pCR®-XL-TOPO® vector contains the
T7 promoter/priming site and the M13-forward and –reverse priming sites. The M13-reverse
priming site and T7 promoter/primer site were the closest priming sites to the ligated PCR
product. All samples were sequenced with both the T7 primer and the M13 reverse primers by
the Auburn University Genomics Center (Auburn, AL). Raw sequence data files were received
in the Applied Biosystems (ABI) file format and were converted with the web-based program
Chromas version 1.45 (Technelysium Pty Ltd, Tewantin, Australia). The sense and anti-sense
nucleotide sequences for each sample were aligned with CLUSTAL W [Thompson et al., 1994]
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to resolve ambiguous nucleotides. Plasmid vector sequences were identified and removed by the
web-based Vecscreen software at the National Center for Biotechnology Information (NCBI)
[Altschul et al., 1997].
Bioinformatics. A web-based basic local alignment search tool (BLAST) from
NCBI was used to perform a rapid sequence comparison, using the blastn algorithm, for each
sequenced DNA sample [Altschul et al., 1990]. Samples identified as putative Rop/Rac Gproteins were translated with a web-based program from the ExPASy (Expert Protein Analysis
System) proteomics server of the Swiss Institute of Bioinformatics [Gasteiger et al., 2003]. After
translation, amino acid sequences were aligned with known Gossypium hirsutum Rop/Rac Gprotein amino acid sequences with CLUSTAL W [Thompson et al., 1994].
Cryogenic preservation of bacterial cultures growing in liquid media. Glycerol
stocks were prepared for bacterial cultures containing PCR amplification products putatively
identified as Rop/Rac G-proteins. Five hundred microliters of each bacterial cell culture was
transferred to a sterile 2.0 mL Corning cryogenic vial. An equal volume of sterile 80% (v/v)
glycerol solution (Appendix 1) was added. The glycerol stocks were vortexed and stored at
-80°C [Sambrook et al., 1989].

VI. Gene expression of the cloned Rop/Rac G-Proteins
Total RNA isolation. Total RNA from cotton tissues of different developmental
stages was isolated using a phenol-based extraction and LiCl-precipitation procedure [Schultz et
al., 1994]. Tissue samples were ground in liquid nitrogen-filled mortars before maceration in
30 mL Total RNA Extraction Buffer (Appendix 1) with a Tekmar Tissumizer and 10N
Homogenizer (Tekmar, Cincinnati, OH).

The cellular debris was pelleted by centrifugation

(23, 708 x g for 15 minutes at 4°C) in a Sorvall RC5C centrifuge with a HB-4 swinging bucket

33

rotor (Kendro Laboratory Products, Newton, CT). The aqueous phase was extracted sequentially
with an equal volume chloroform, an equal volume phenol/chloroform/isoamyl alcohol
(25:24:1), and again with an equal volume chloroform. Between each extraction, the samples
were vortexed (2 minutes) and centrifuged (23,708 x g for 15 minutes at 4°C). After the final
extraction, the aqueous phase (approximately 10 mL) was transferred to a fresh tube. Nucleic
acids were precipitated with 0.1 volume 3 M sodium acetate, pH 5.2 (Appendix 1), and
2.5 volumes cold 100% ethanol. The samples were stored at -20°C overnight. The following
day, the samples were centrifuged (23,708 x g for 45 minutes at 4°C) in a Sorvall RC5C
centrifuge with a HB-4 swinging bucket rotor. After the supernatant liquid was discarded, the
remaining pellet was rinsed with a small amount of 70% ethanol (Appendix 1), air-dried
(5 minutes), and was dissolved in 10 mL Total RNA Re-suspension Buffer (Appendix 1). To
selectively precipitate polysaccharides contaminating the sample, an equal volume of
2-butoxyethanol was added1.

The samples were vortexed (2 minutes) and incubated on ice

(1 hour) before centrifugation (23,708 x g for 15 minutes at 4°C) in a Sorvall RC5C centrifuge
with a HB-4 swinging bucket rotor. The supernatant liquid was transferred to fresh tubes. An
additional 50% (v/v) 2-butoxyethanol was added to the RNA preparation to precipitate the
nucleic acids.

Samples were vortexed (2 minutes) and incubated on ice (1 hour) before

centrifugation (23,708 x g 15 minutes at 4°C). The nucleic acid pellets were washed with a
small volume of 70% ethanol (Appendix 1), air-dried (5 minutes), and were dissolved in 1 mL
diethylpyrocarbonate (DEPC)-treated water (Appendix 1).

To precipitate RNA, 8 M LiCl

(Appendix 1) was added to a final concentration of 2 M before incubation on ice at 4°C
overnight. The following day, all samples were centrifuged (20,196 x g for 30 minutes at room

1

The selective precipitation of polysaccharides with 2-butoxyethanol was omitted in all samples extracted from
cotton fiber to avoid precipitating nucleic acids with the polysaccharides, thereby reducing total RNA yields.

34

temperature) in an Eppendorf 5417C microcentrifuge with a standard fixed 45° angle rotor. The
supernatant liquid was discarded; the nucleic acid pellets were rinsed in a small volume of
70% ethanol (Appendix 1), air-dried (5 minutes), and dissolved in 300 µL DEPC-treated water
(Appendix 1). To each RNA sample, 0.1 volume 3M sodium acetate, pH 5.2, (Appendix 1) and
2.5 volume 100% ethanol was added. The samples were stored at -80°C for 2.5 hours. Total
RNA was recovered by microcentrifugation (20,196 x g for 30 minutes at room temperature), the
pellet was rinsed with a small volume of 70% ethanol (Appendix 1), air-dried (5 minutes),
dissolved in 300 µL of DEPC-treated water (Appendix 1), and stored at -80°C.
Quality and yield of total RNA. The concentration of total RNA was determined by
measuring the A260 of a 1:50 dilution of each total RNA sample. A solution of RNA whose
A260= 1 contains approximately 40 µg RNA/mL [Sambrook et al., 1989]. The absorbance was
monitored at 230, 260, 270, 280, and 320 nm with a Pharmacia Biotech Ultraspec 3000
UV/Visible spectrophotomer to determine the quality, concentration, and yield of each total
RNA sample. The A260/A280 absorbance ratio was calculated to assess sample purity. Pure RNA
preparations have an A260/A280 value of 2.0 [Sambrook et al., 1989].
Gel electrophoresis of total RNA. Total RNA (5 µg) was separated on a 10 cm
by 8.5 cm 0.8% agarose gel (5 mm thick, Appendix 1) in 1X TBE buffer (Appendix 1) and
electrophoresed at 100 V for 60 minutes at room temperature. An equal volume of 2X RNA dye
(Appendix 1) was added to each sample to visualize the RNA bands [Sambrook et al., 1989]. A
RNA ladder (0.24-9.5 kb, Invitrogen) was used as the molecular mass marker. The bands were
visualized with the Bio-Rad Gel Doc 1000 imager and analyzed with the Bio-Rad Molecular
Analyst software (version 1.5).
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DNase digestion of genomic DNA contaminating total RNA samples.

DNase

digestion was performed using the Turbo DNA-free™ Kit (Ambion, Austin, TX) following the
manufacturer’s instructions. The Turbo DNase is designed to remove up to 50 µg contaminating
DNA/mL RNA [Ambion, TURBO DNase Treatment and Removal Protocol, Version 0405]. For
each DNase digestion reaction: 100 ng of total RNA, 2 units Turbo DNase (2 U/µL), 0.1 volume
10X Buffer, and DEPC-treated water to adjust the total volume to 100 µL. Samples were
incubated in a 37°C water bath (30 minutes), and 0.1 volume Turbo DNase Inactivation reagent
was added to inactivate the DNase.

The samples were centrifuged (20,196 x g at room

temperature for 90 seconds) in an Eppendorf 5417C microcentrifuge with a standard 45° fixed
angle rotor from Brinkmann Instruments to pellet the DNase Inactivation reagent. The DNAfree total RNA was recovered and transferred to sterile microcentrifuge tubes.
Purification of DNA-free total RNA.

The DNA-free total RNA samples were

purified with the RNeasy® Plant Mini Kit from Qiagen (Valencia, CA), following the protocol
for RNA cleanup [Qiagen, RNeasy® Mini Handbook, Third Edition]. Absorbance readings at
260, 280, and 320 nm were measured for all purified RNA samples with a Pharmacia Biotech
Ultraspec 3000 UV/Visible spectrophotometer.
Reverse transcription of total RNA to cDNA. Purified DNA-free total RNA was
reverse transcribed using the TaqMan® Reverse Transcriptase Reagent Kit from Applied
Biosystems. All reagents, except the total RNA sample and DEPC-treated water (Appendix 1),
were supplied in the kit. The final reaction in a sterile PCR tube contained the following
components: 500 ng DNA-free purified total RNA, 10% (v/v) 10X Buffer, 5.5 mM MgCl2,
2 mM dNTP mix (0.5 mM each: dATP, dTTP, dCTP, and dGTP), 2 µM random hexamer
primers, 25 units MultiScribe™ reverse transcriptase (50 U/µL), 8 units RNase inhibitor
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(20 U/µL), and DEPC-treated water (Appendix 1) to adjust the final volume to 20 µL. Random
hexamer primers were used instead of an oligo (dT) primer because 18S rRNA, which does not
have a polyA tail, needed to be reverse-transcribed for use in real-time reverse transcription PCR
experiments. All reverse transcription reactions were incubated in a GeneAmp 9700 Thermal
Cycler from Applied Biosystems at 25°C (10 minutes) for primer binding, 48°C (30 minutes) to
reverse transcribe the total RNA template, and 95°C (5 minutes) to stop the reverse transcription
reaction.

Each reverse transcription reaction produced 500 ng of double-stranded cDNA.

Autoclaved water was added to each reaction to dilute the cDNA to a 2.5 ng/µL final
concentration. The cDNA samples were stored at -80°C until used.

VII. Characterization of the cloned Rop/Rac G-proteins
Real-time reverse transcription PCR primer design.

Real-time reverse

transcription PCR gene specific primers for cotton Rop/Rac G-proteins were designed with
Primer Express, version 2.0 from Applied Biosystems. Forward (F) and reverse (R) primer pairs
were designed for three Gossypium hirsutum Rop/Rac G-proteins: GhRac2, GhRac3, and
GhRac9.

Primers pairs designed were as follows: GhRac2-F (5′-GAGGAACTTCGT

GCCTGCTAA-3′), GhRac2-R (5′-GCAAGAGGAACACAAGCATTTG-3′), GhRac3-F (5′AGATTGCGGCTCCTGCATAC-3′),

GhRac3-R

(5′-TGCATCAAACACTGCCTTCAC-3′),

GhRac9-F (5′-ACGTCGAGGTTTATCAAGTGTGTC-3′), and GhRac9-R (5′-TTGCTAGTATA
CGAAATAAGCATGCA-3′). The primer pairs for GhRac1-F (5′-GAAATGGATTCCAGAAT
TGAGACA-3′),

GhRac1-R

(5′-TGTTGGGACTAAGCTTGATCTT-3′),

GhRac13-F

(5′-

GTGAAGGCTGTTTTCGATGCT-3′), GhRac13-R (5′-CCAAAGAGAAAGCCTTGCAAAA3′), 18S rRNA-F (5′-CGTCCCTGCCCTTTGTACA-3′), 18S rRNA-R (5′-AACACTTCACC
GGACCATTCA-3′), cotton α-tubulin4-F (5′-GATCTCGCTGCCCTGGAA-3′), cotton α-
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tubulin4-R (5′-ACCAGACTCAGCGCCAACTT-3′), Gossypium hirsutum Germin-like protein
(GhGLP1-F) (5′-CCGTACCGCAGGCAACAC-3′), GhGLP1-R (5′-CGGGAATTGAGTCGA
AAAGG-3′), ubiquitin-conjugating protein (UCP-F) (5′-CGGAAAGAGGTGAAGATGTC
AAC-3′), and UCP-R (5′-GGATCTTGCTGCAACCTCTTAAA-3′) were previously designed
and purchased by Dr. Hee Jin Kim. The specificity of the gene specific primers was carefully
monitored by examining the dissociation curves at the completion of each Q-RT-PCR reaction.
Real-time reverse transcription polymerase chain reaction.

All Q-RT-PCR

experiments utilized SYBR® Green as the fluorescent reporter. SYBR® green is a fluorogenic
minor groove binding dye that exhibits little fluorescence when in solution but emits a strong
fluorescent signal upon binding to double-stranded DNA [Morrison, 1998]. Reaction
components were assembled in a 96-well optical reaction plates from Applied Biosystems that
were sealed with optical adhesion covers. The following components were added to each
reaction well:

0.25 µM forward primer, 0.25 µM reverse primer, 7.5 ng cDNA template,

50% (v/v) of 2X SYBR® Green PCR master mix, and autoclaved water to adjust the final
volume to 18 µL. Q-RT-PCR experiments were performed using an ABI 7900HT Sequence
Detection System from Applied Biosystems. The samples were incubated at 50°C (2 minutes)
followed by 95°C (10 minutes).

Fifty cycles of amplification were performed at 95°C

(15 seconds) to denature double-stranded cDNA template and 60°C (1 minute) for primer
annealing and extension. A dissociation stage at 95°C (15 seconds), 60°C (15 seconds), and
95°C (15 seconds) followed amplification. The amplicon sizes of GhRac2 (71 base pairs),
GhRac3 (71 base pairs), GhRac9 (73 base pairs), GhRac1 (73 base pairs), GhRac13 (73 base
pairs), α-tubulin4 (51 base pairs), 18S rRNA (61 base pairs), GLP1 (70 base pairs), and UCP (74
base pairs) were designed to be less than 150 base pairs to make amplification efficiencies
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equivalent. For samples using cDNA prepared from TM1 fiber (10-20 DPA), the reported values
are the average of 2-4 independent PCR reactions. For all other real-time PCR experiments,
reported values are the average of 3-6 independent PCR reactions. The experiments were
repeated 2 to 4 times independently beginning with RNA isolation. Rop/Rac G-protein relative
transcript levels were determined by a comparative CT method (2-∆∆CT) [Livak and Schmittgen,
2001]. Statistical analyses and construction of graphs were performed using Graph Pad Prism,
version 4.00.
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Results and Discussion
I. Cloning of the Rop/Rac G-proteins from Gossypium hirsutum
Rop/Rac G-proteins are involved in numerous plant signal transduction pathways,
including those for stress responses [Baxter-Burrell et al., 2002; Suharsono et al., 2002; Park et
al., 2004], hormone responses [Lemichez et al., 2001; Li et al., 2001; Tao et al., 2002; Zheng et
al., 2002], defense responses [Kawasaki et al., 1999; Hassanain et al., 2000; Agrawal et al., 2003;
Morel et al., 2004], secondary cell wall differentiation [Potikha et al., 1999], and actin
cytoskeleton organization [Fu et al., 2001; Fu et al., 2002; Jones et al., 2002; Chen et al., 2003;
Gu et al., 2003; Kim and Triplett, 2004a]. At the time this research project was initiated, only
three Gossypium hirsutum Rop/Rac G-protein sequences were available in GenBank, GhRac1
(subfamily IV Rop/Rac G-protein, GB mRNA ID AF165925) [Kim et al., 2000], GhRac9
(subfamily III Rop/Rac G-protein, GB mRNA ID S79309), and GhRac13 (subfamily III Rop/Rac
G-protein, GB mRNA ID S79308) [Delmer et al., 1995]. All three cotton Rop/Rac G-proteins
were characterized as potentially important regulators of fiber development [Delmer et al., 1995;
Delmer, 1999; Kim et al., 2000; Kim and Triplett, 2004a]. No subfamily I or II Rop/Rac genes
had been cloned from Gossypium hirsutum. The central role of Rop/Rac genes in Arabidopsis
thaliana pollen tube [Lin and Yang, 1997; Li et al., 1998; Zheng and Yang, 2000a; Fu and Yang,
2001; Fu et al., 2001; Fu et al., 2002; Chen et al., 2003] and root hair development [Fu and Yang,
2001; Molendijk et al., 2001; Jones et al., 2002], two cells with exaggerated polar growth,
suggested that elucidating the function of cotton Rop/Rac G-proteins might provide important
clues about the regulation of cotton fiber development.
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PCR primer design. PCR primers were designed from the 5′ ends of 10 known
Gossypium arboreum Rop/Rac EST sequences in GenBank at the time this research project was
initiated (Figure 2-1).

Figure 2-1. Multiple sequence alignment of the Gossypium arboreum Rop EST sequences used to design PCR
primers. Gossypium arboreum Rop/Rac EST sequences aligned with CLUSTAL W [Thompson et al., 1994].
Primer G1 is indicated by the black underline. Primer G2 is indicated by the yellow highlight. Primer Nic1 is
indicated by the grey highlight. The translation start codon is indicated by the boldface font.

We designed forward primers at the 5′ end of the genes because we could choose a defined
internal site, such as the translation start site, for alignment (Figure 2-1). Three forward primers
were designed to amplify the entire protein-coding region and 3′ UTR.

Primer G1 was

degenerate and designed to amplify a Rop/Rac G-protein from any subfamily (Figure 2-1).
Primer G2 was designed to amplify a Rop/Rac G-protein from subfamily II (Figure 2-1). Primer
Nic1 was designed to amplify a Rop/Rac G-protein from subfamily I (Figure 2-1). Reverse
primers were not designed from G-protein sequences because cDNAs were prepared with an
adapter sequence that was used as a primer.
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3′-RACE PCR. Since the 5′ end of the Gossypium arboreum Rop/Rac ESTs were more
defined than the 3′ end, we chose 3′-RACE PCR to amplify the newly cloned Rop/Rac Gproteins from Gossypium hirsutum. We chose 4 DPA TM1 ovule cDNA as one template to
amplify Rop/Rac G-proteins from the elongation stage of fiber development. We chose 20 DPA
TM1 fiber cDNA as a second template to amplify Rop/Rac G-proteins from the cellulose
biosynthesis stage. Six different PCR reactions were performed using the three primers, G1, G2,
and Nic1 with either 4 DPA TM1 ovule cDNA or 20 DPA TM1 fiber cDNA. Based on a
multiple sequence alignment of the protein-coding region and the 3′ UTR from known
Gossypium hirsutum Rop/Rac G-proteins, an amplicon length of 800-900 base pairs was
expected (Figure 2-2).

Figure 2-2. Multiple sequence alignment of the Gossypium hirsutum Rop/Rac GTPases used to determine
amplicon length. The nucleotide sequences of GhRac1 (Gossypium hirsutum, GB mRNA ID AF165925), GhRac9
(GB mRNA ID S79309), and GhRac13 (GB mRNA ID S79308) were aligned with CLUSTAL W [Thompson et al.,
1994]. The first 120 nucleotides are shown to represent the beginning of the protein-coding region. Sequences
between 120 and 541 are omitted for brevity. Starting at nucleotide 541, the last 50 nucleotides of the proteincoding region are shown. The translation start codon is indicated by the yellow highlight. The translation stop
codon is indicated by the grey highlight. The polyA tail is underlined.
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Gel electrophoresis and recovery of amplification products. PCR products were
separated on an agarose gel (Figure 2-3).

Figure 2-3. Agarose gel of PCR amplification products. 3′-Race PCR products were separated on a 0.8% (w/v)
agarose gel. The gel was stained with ethidium bromide, visualized with the Bio-Rad Gel Doc 1000 imager, and
analyzed with the Bio-Rad Molecular Analyst Software. The DNA molecular mass marker (Invitrogen) is shown in
the lane labeled M. Lane 1 is 4 DPA TM1 ovule cDNA amplified with primer G1. Lane 2 is 4 DPA TM1 ovule
cDNA amplified with primer G2. Lane 3 is 20 DPA TM1 fiber cDNA amplified with primer G1. Lane 4 is 20 DPA
TM1 fiber cDNA amplified with primer G2. Lane 5 is 4 DPA TM1 ovule cDNA amplified with primer Nic1. Lane
6 is 20 DPA TM1 fiber cDNA amplified with primer Nic1. The bands circled and labeled (A-G) are the bands that
were excised, cloned, and sequenced.

Seven PCR amplification products ranging in size between 0.50 and 1.0 kb were excised from
the gel and labeled A through G (Figure 2-3). Bands A (~ 1.0 kb), B (~ 0.75 kb), and C (~ 0.6
kb) were extracted from lane 1. Bands D (~ 0.9 kb), E (~ 0.8 kb), F (~ 0.8 kb), and G (~ 0.8 kb)
were extracted from lanes 2, 3, 4, and 5, respectively (Figure 2-3). No PCR amplification
products were evident in lane 6 (Figure 2-3).
Recombinant DNA procedures. A small volume of DNA extracted from each PCR
product was ligated into the multiple cloning site of the pCR®-XL-TOPO vector (Invitrogen).
The key to using this cloning vector was the enzyme DNA topoisomerase I that functions as both
a restriction enzyme and a ligase to enable fast ligation of DNA sequences with compatible ends
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[Shuman, 1994]. After only 5 minutes at room temperature, ligation was complete and ready for
transformation into Escherichia coli. We also chose this vector because we could directly select
recombinants via disruption of a lethal Escherichia coli gene, ccdB [Bernard et al., 1994]. Each
PCR product was ligated in frame between flanking EcoRI restriction sites, and kanamycin was
used for chosen the antibiotic selection.

Chemically competent Escherichia coli was

transformed with plasmid DNA corresponding to one of the seven PCR amplification products.
For each transformation event, at least six individual Escherichia coli colonies were isolated.
Plasmid DNA was isolated, purified, quantified, and digested with EcoRI to liberate the PCR
amplification product.
Sequencing and bioinformatics. One representative DNA sample (concentration ≥
150 ng/µL) from each PCR amplification product was sequenced at the Auburn University
Genomics Facility. The nucleotide-nucleotide or blastn algorithm of BLAST at NCBI [Altchsul
et al., 1990; 1997] was used to determine sequence relatedness with previously characterized
genes. Two DNA sequences amplified from 4 DPA TM1 ovule cDNA (A and B from Figure 23) and two DNA sequences amplified from 20 DPA TM1 fiber cDNA (E and F from Figure 2-3)
were similar to an Arabidopsis thaliana mRNA sequence for importin alpha protein, IMPA4 (GB
mRNA ID NM179292). A third DNA sequence amplified from 4 DPA TM1 ovule cDNA (C
from figure 2-3) was similar to an Arabidopsis thaliana mRNA for a mitochondrial ATP binding
cassette transporter gene, STA1 (GB mRNA ID AJ272202). Two DNA sequences amplified
from 4 DPA TM1 ovule cDNA (D and G from Figure 2-3) were similar to putative GTP-binding
proteins. Fragment D was similar to a Nicotiana tabacum mRNA sequence for GTP-binding
protein, NtRac4 (GB mRNA ID AJ496228) and was named GhRac2 (GB mRNA ID
AY965615). Fragment G was similar to a Lotus japonicus mRNA sequence for GTP-binding
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protein, Rac1 (GB mRNA ID Z73961) and was named GhRac3 (GB mRNA ID AY965614).
The only amplification products determined to be Rop/Rac G-proteins were amplified from TM1
4 DPA ovule cDNA. These Rop/Rac G-proteins were transcribed during the fiber elongation
stage.
GhRac2 encodes a full-length Rop/Rac G-protein. The cDNA sequence of GhRac2
is shown in Figure 2-4A.

Figure 2-4. cDNA sequences of GhRac2 and GhRac3. A) The full-length cDNA sequence of GhRac2 (GB
mRNA ID AY965615) is 877 nucleotides. The protein-coding region (nucleotides 1-636) is underlined in red. The
3′ UTR (nucleotides 637-877) is underlined in black. The translation start codon (nucleotides 1-3) is highlighted in
yellow. The translation stop codon (nucleotides 633-636) is highlighted in green. The polyA tail (nucleotides 850877) is highlighted in grey. B) The full-length cDNA sequence of GhRac3 (GB mRNA ID AY965614) is 839
nucleotides. The protein-coding region (nucleotides 1-588) is underlined in red. The 3′ UTR (nucleotides 589-839)
is underlined in black. The translation start codon (nucleotides 1-3) is highlighted in yellow. The translation stop
codon (nucleotides 585-588) is highlighted in green. The polyA tail (nucleotides 812-839) is highlighted in grey.

Translated with a web-based program from the ExPASy proteomics server [Gasteiger et al.,
2003], the deduced GhRac2 (GB protein ID AAX77218) is a 211 amino acid polypeptide with a
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predicted molecular weight of 23.3 kDa. Conserved domains found in all Rop/Rac G-proteins
identified thus far are shown in Figure 2-5.

Figure 2-5. Multiple sequence alignment of the Gossypium hirsutum Rop/Rac G-proteins at the amino acid
level. Amino acid sequences were aligned with CLUSTAL W [Thompson et al., 1994]. Amino acid differences are
highlighted in yellow. The predicted Rop/Rac GTPase domains are boxed and labeled I and II. The predicted
Rop/Rac guanine nucleotide binding domains are boxed and labeled II and IV. The predicted Rop/Rac effector
domain is underlined in black. The predicted Rho insert region is underlined in red. The predicted Rop/Rac
membrane localization domain is indicated by the boldface font and underlined in green.

The predicted Rop/Rac GTPase domains (amino acids 10-25, 58-67), predicted Rop/Rac effector
domain (amino acids 27-55), predicted Rop/Rac guanine nucleotide binding domains (amino
acids 115-123, 157-163), and predicted Rho insert region (amino acids 127-137), and the
predicted Rop/Rac membrane localization domain (amino acids 203-206) were found in the open
reading frame (Figure 2-5). We predict that this protein is post-translationally modified by the
addition of palmitoyl residues, because GhRac2 does not terminate with the consensus carboxyl
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motif CAAL (C = cysteine, A = an aliphatic amino acid, L = leucine) or CAAX (X = any amino
acid, except leucine, Figure 2-5). Palmitoylated Rop/Rac G-proteins have been implicated in
regulating plant defense responses [Kawasaki et al., 1999; Hassanain et al., 2000; Agrawal et al.,
2003; Morel et al., 2004] and hormone responses [Lemichez et al., 2001; Li et al., 2001; Tao et
al., 2002; Zheng et al., 2002].
GhRac3 encodes a full-length Rop/Rac G-protein. The cDNA sequence of GhRac3
is illustrated in Figure 2-4B. Translated with a web-based program from the ExPASy proteomics
server [Gasteiger et al., 2003], GhRac3 (GB protein ID AAX77217) is a 195 amino acid
polypeptide with a predicted molecular weight of 21.2 kDa. The predicted Rop/Rac GTPase
domains (amino acids 8-23, 56-65), the predicted Rop/Rac effector domain (amino acids 25-53),
the predicted Rop/Rac guanine nucleotide binding domain (amino acids 113-121, 155-161), the
predicted Rho insert region (amino acids 125-135), and the predicted Rop/Rac membrane
localization domain (amino acids 192-195) were found in the open reading frame of GhRac3
(Figure 2-5). We postulate that GhRac3 undergoes prenylation post-translationally, because
GhRac3 terminates with the consensus carboxyl motif CAAL (C = cysteine, A = any aliphatic
amino acid, L = leucine, Figure 2-5). Other prenylated Rop/Rac G-proteins have been implicated
in regulating polar cell division and elongation [Li et al., 1999; Fu et al., 2001; Fu et al., 2002,
Molendijk et al., 2001; Jones et al., 2002; Chen et al., 2003].
Phylogenetic analysis of GhRac2 and GhRac3.

GhRac2 showed the greatest

sequence similarity to subfamily II Rop/Rac G-proteins from Arabidopsis thaliana; GhRac3
showed the greatest sequence similarity to subfamily I Rop/Rac G-proteins from Arabidopsis
thaliana (Figure 2-6).
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Figure 2-6. Phylogenetic analysis of the Gossypium hirsutum and Arabidopsis thaliana Rop/Rac G-proteins.
The phylogenetic tree file was obtained from amino acids aligned with CLUSTAL W [Thompson et al., 1994]. A
web-based program, Phylodendron Phylogenetic tree printer, created the phenogram [Gilbert 1997]. AtRop1
(Arabidopsis thaliana, GB protein ID NP190698); AtRop2 (GB protein ID NP173437); AtRop3 (GB protein ID
AAF40237); AtRop4 (GB protein ID NP177712); AtRop5 (GB protein ID NP195320); AtRop6 (GB protein ID
NP195228); AtRop7 (GB protein ID NP199409); AtRop8 (GB protein ID NP566024); AtRop9 (GB protein ID
NP194624); AtRop10 (GB protein ID NP566897); AtRop11 (GB protein ID NP201093); GhRac1 (Gossypium
hirsutum, GB protein ID AAD47828); GhRac2 (GB protein ID AAX77218), GhRac3 (GB protein ID AAX77217),
GhRac9 (GB protein ID Q41254); and GhRac13 (GB protein ID Q41253). The Gossypium hirsutum Rop/Rac Gproteins are boxed. The Rop/Rac subfamilies are indicated by the Roman numerals (I-IV).

At the amino acid level, GhRac2 shared an 87% similarity with two Arabidopsis subfamily II
Rop/Rac members AtRop10 and AtRop11, and a 73% similarity with the third Arabidopsis
subfamily II Rop/Rac member, AtRop9. In addition, GhRac2 shared a 76%-80% deduced amino
acid similarity with the cotton Rop/Rac G-proteins, GhRac1, GhRac9, and GhRac13. GhRac3
shared a 75% amino acid similarity with the only Arabidopsis thaliana subfamily I Rop/Rac
member, AtRop8.

GhRac3 also shared an 81%-87% deduced amino acid similarity with

GhRac1, GhRac9, and GhRac13 and a 79% similarity with GhRac2.
Sequences released very recently by the TIGR database [http://www.tigr.org/tigrscripts/tgi/T_index.cgi?species=cotton] revealed six tentative consensus sequences (TC28011,
TC29458, TC30900, TC32824, TC32825, and TC38099) for putative Rop/Rac G-proteins
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assembled from expressed sequence tag clones from Gossypium arboreum [Wing et al.,
unpublished], Gossypium raimondii [Kim et al., unpublished], and Gossypium hirsutum [Blewitt
et al., unpublished]. At the nucleotide level, GhRac2 most closely identifies with TC38099
(Figure 2-7).

Figure 2-7. Phylogenetic analysis of the Gossypium hirsutum Rop/Rac G-proteins and the Rop/Rac G-protein
TC sequences from the TIGR database. The phylogenetic tree file was obtained from the protein coding region
and 3′ UTR nucleotide sequences that were aligned with CLUSTAL W [Thompson et al., 1994]. The web-based
program, Phylodendron Phylogenetic tree printer, created the phenogram [Gilbert, 1997].

The protein coding region and 3′ UTR of GhRac2 and TC38099 shared a 97% sequence
similarity at the nucleotide sequence level. GhRac3 is most closely related to TC28011 (Figure
2-7) with a 96% nucleotide sequence similarity.
GhRac2 and GhRac3 single nucleotide polymorphism analysis. Single-nucleotide
polymorphisms (SNPs) are the most frequent type of variation found in DNA [Brookes, 1999].
SNPs are a rich source of variability because of their high frequency of occurrence in genomes
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[Brookes, 1999]. Gossypium hirsutum is a tetraploid species (AADD genome) that arose from a
hybridization event that united an Old World diploid species (AA genome) and a New World
diploid species (DD genome) [Brubaker et al., 1999; Wendel and Cronn, 2003]. Identifying
single nucleotide polymorphisms in GhRac2 and GhRac3 could provide genetic markers useful
to breeders for improving Gossypium hirsutum fiber length, strength, and quality. The SNP
analysis of GhRac2 and GhRac3 compared to their closest TC sequences from Gossypium
raimondii and Gossypium arboreum is listed in Table 2-1.
Species
Gossypium
raimondii

EST Clone
Name
GR_Eb0038J16.f
GR_Eb0038J14.r

Full Length
Sequence
No
No

# of
Bases
471
802

Similarity
GhRac2 SNP Location
with GhRac2
97%
282, 448, 683, 720, 796, 851,
99%
856, 862, 864

Gossypium
arboreum

GA_Eb0024I13.f No
GA_Eb0005K22.f No

719
567

97%
97%

Species
Gossypium
raimondii

EST Clone
Name
GR_Eb10C10.f
GR_Eb10C10.r

Full Length
Sequence
No
No

# of
Bases
684
650

Similarity
GhRac3 SNP Location
with GhRac3
99%
387, 416, 668, 673, 674, 676,
93%
683, 815, 839

Gossypium
arboreum

GA_Eb0011J19.f
GA_Eb0012E08.f

No
No

613
690

98%
91%

105, 253, 284, 292, 426, 435,
445, 521, 537, 552, 621, 640,
641, 651, 654, 659, 660, 661,
664, 707

563, 565, 574, 629. 630, 640,
641, 644, 658, 659, 686, 689,
692, 694, 697, 699, 708, 710

Table 2-1. Single nucleotide polymorphisms in GhRac2 and GhRac3. A) GhRac2, the Gossypium raimondii
EST clones GR_Eb0038J16.f and GR_Eb0038J14.r, and the Gossypium arboreum EST clones GA_Eb0024I13.f and
GA_Eb0005K22.f. B) GhRac3, the Gossypium raimondii EST clones GR_Eb10C10.f and GR_Eb10C10.r, and the
Gossypium arboreum EST clones GA_Eb0011J19.f and GA_Eb0012E08.f. The protein coding regions and 3′ UTRs
were aligned with CLUSTAL W [Thompson et al., 1994]. SNP locations are relative to the ATG start codon in
GhRac2 and GhRac3.

The results indicate that informative SNPs exist in GhRac2 and GhRac3 that could form the
basis for distinguishing between the three species.
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II. Gene expression of GhRac2 and GhRac3
Total RNA was extracted from Gossypium hirsutum TM1, N1, and Li1 ovule tissue
and TM1 fiber tissue at different developmental stages, using a phenol-based extraction protocol
and precipitation with LiCl [Schultz et al., 1994]. A representative gel of purified total RNAs is
illustrated in Figure 2-8.

Figure 2-8. Representative total RNA gel. Five micrograms of total RNA was separated on a 0.8% (w/v) agarose
gel. The gel was stained with ethidium bromide, visualized with the Bio-Rad Gel Doc 1000 imager, and analyzed
with the Bio-Rad Molecular Analyst software. Lane M is the RNA molecular mass marker (Invitrogen). Lane 1 is 4
DPA TM1 ovule total RNA [4.7 mg/mL]. Lane 2 is 6 DPA TM1 ovule total RNA [2.1 mg/mL]. The 25S and 18S
ribosomal RNA and tRNA bands are labeled.

The 25S ribosomal RNA band was ~ 3.0 kb, the 18S ribosomal RNA band was ~ 2.0 kb, and the
tRNA band was less than 0.24 kb (Figure 2-8). Genomic DNA was often detected near the
loading well when RNA gels were visualized (Figure 2-8). Even though each total RNA sample
was precipitated in LiCl overnight, residual genomic DNA still co-purified. This problem was
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mainly encountered when total RNA was extracted from ovule tissue. Therefore, in order to
prevent problems with downstream applications, all total RNA samples were digested with
DNaseI to eliminate contaminating genomic DNA.

III. Characterization of the Gossypium hirsutum Rop/Rac G-proteins
Cellular decisions concerning growth and development are reflected in altered patterns
of gene expression. The ability to quantify transcript levels of specific genes has always been
central to any research into gene function [Bustin, 2000]. Delmer et al. (1995) showed that
GhRac9 and GhRac13 were developmentally regulated genes during cotton fiber development.
Kim and Triplett (2004a) demonstrated that GhRac1 was also developmentally regulated during
cotton fiber development. Elucidation of the temporal and tissue-specific expression patterns of
the newly cloned GhRac2 and GhRac3 genes will be important for defining their role in fiber
development. Our lab previously characterized the temporal expression pattern of GhRac1 and
GhRac13 using real-time reverse transcription PCR (Q-RT-PCR) and northern blot analysis
[Kim and Triplett, 2004a]. Northern analysis provided information about mRNA size and
integrity of the RNA sample. The main limitations of northern analysis are low sensitivity, large
amounts of starting material are required, and the semi-quantitative nature of the analysis [Bustin
2000]. On the other hand, Q-RT-PCR measures the amplified PCR product at each cycle
throughout the PCR reaction allowing the amplification to be followed in real-time during the
exponential phase [Gachon et al., 2004]. Q-RT-PCR is a more advantageous technique since it
was a quantitative method that provides reliable data rapidly, requires less starting material, can
more specifically determine a target sequence than northern analysis, and is more sensitive than
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northern analysis in detecting low abundance mRNAs [Gachon et al., 2004]. Since the temporal
expression patterns of GhRac1 and GhRac13 as determined by real-time PCR were consistent
with the results obtained by northern blot analysis, we chose Q-RT-PCR to test how GhRac2 and
GhRac3 were regulated during fiber development.
Primer design. To verify the relative transcript levels of GhRac2 and GhRac3, gene
specific primers were designed using Primer Express software 2.0 from Applied Biosystems.
The following important parameters were considered in the design of real-time PCR primers: (1)
the G/C content of the primer pair was kept in the 20-80% range, (2) the Tm was kept between
58-60°C, and (3) the last five nucleotides at the 3′ end did not contain more than two G and/or C
base pairs [ABI User Bulletin No. 2]. Primer specificity was confirmed by analyzing the
dissociation curves when the PCR reaction was complete.
Optimization of Q-RT-PCR conditions. The expression of two genes, GhRac9 and
GhGLP1 was monitored as a test to show that all reaction conditions were optimal. Previously,
the developmental regulation of GhRac9 in cotton fiber was determined by Delmer et al. (1995)
using northern blot analysis. Since Q-RT-PCR technology was unavailable at the time Delmer
and colleagues published their results, we determined the expression pattern of GhRac9 using QRT-PCR and compared our results with Delmer et al. (1995) results to verify that conditions for
conducting Q-RT-PCR were optimized. Delmer and colleagues (1995) reported that the level
GhRac9 mRNA was lowest during fiber elongation and highest during secondary wall synthesis.
The expression pattern of GhRac9 transcript levels in TM1 10-20 DPA fiber using real-time PCR
is illustrated in Figure 2-9.
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Figure 2-9. Developmental expression of GhRac9 in TM1 fiber tissue. cDNA was synthesized from DNA-free
total RNA by priming with random hexamer primers. Quantitative RT-PCR was performed using the SYBR®
Green PCR master mix in the ABI Prism 7900HT Sequence Detection System (Applied Biosystems) with gene
specific primers for GhRac9. The transcript levels of GhRac9 are normalized with respect to the transcript level of
cotton α-tubulin4. The asterisk (*) indicates significant difference and n indicates the sample size.

Transcript levels of GhRac9 peaked at 16 and 18 DPA and were lowest at 10 DPA. Transcript
abundance of GhRac9 in 16 and 18 DPA fibers was 79 times higher than 10 DPA fibers (Figure
2-9). A one-way analysis of variance (ANOVA) with the Tukey-Kramer multiple comparison
post-test was performed to compare the mean GhRac9 transcript accumulation from 10 to 20
DPA in TM1 fiber. The ANOVA determined that the mean GhRac9 transcription levels from 10
to 20 DPA in fiber was significantly different (p<0.0001, n=6). The Tukey-Kramer multiple
comparison post-test confirmed the ANOVA result. GhRac9 transcript levels were significantly
different in 10 versus 12 DPA (p<0.01), 14 versus 16 DPA (p<0.001), and 18 versus 20 DPA
(p<0.01), but there was no significant difference in transcript accumulation between 12 versus 14
DPA (p>0.05) and 16 versus 18 DPA (p>0.05).

Collectively, these results suggested that

GhRac9 transcripts levels were highest during the cellulose biosynthesis stage of fiber
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development and lowest during the elongation stage, a result consistent with the results obtained
by Delmer et al. (1995).
Kim and Triplett (2004b) reported that a germin-like protein (GhGLP1) showed
tissue-specific accumulation in Gossypium hirsutum fiber. Expression of GhGLP1 was regulated
developmentally as shown by northern blot analysis. The abundance of GhGLP1 transcripts was
high during fiber elongation (10–14 DPA) and dropped dramatically when secondary cell wall
synthesis began at ~ 16 DPA. The function of this protein in fiber growth and development
remains unknown [Kim and Triplett, 2004b; Kim et al., 2004]. The temporal expression pattern
of GhGLP1 using real-time PCR is summarized in Figure 2-10.

Figure 2-10. Developmental expression of GhGLP1 in TM1 fiber tissue. The relative transcript abundance of
GhGLP1 measured by Q-RT-PCR with gene specific primers for GhGLP1. Conditions for Q-RT-PCR are identical
to those shown in Figure 2-9. The transcript levels of GhGLP1 are normalized with respect to the transcript level of
cotton α-tubulin4. The asterisk (*) indicates a significant difference and n indicates the sample size.

The abundance of GhGLP1 transcripts was three times higher during fiber elongation (10-14
DPA) and declined coincidently with the transition to cellulose biosynthesis at 16 DPA. A oneway ANOVA analysis was performed and showed that the mean GhGLP1 transcript levels were
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significantly different (p<0.0001, n=6) in TM1 10-20 DPA fiber. The Tukey-Kramer multiple
comparison post-test confirmed that the mean GhGLP1 transcript accumulation in 10, 12, and 14
DPA TM1 fiber tissue (elongation stage) was significantly different from the mean GhGLP1
transcript accumulation in 16, 18, and 20 DPA fiber tissue or the cellulose biosynthesis stage
(p<0.001). However, there was no significant difference among GhGLP1 transcripts levels at
10, 12, or 14 DPA (p>0.05) and at 16, 18, or 20 DPA (p>0.05). The results were consistent with
the results obtained by Kim and Triplett (2004b).
Developmental regulation of GhRac2 and GhRac3 in TM1 fiber. The temporal
expression pattern of the GhRac2 in TM1 10-20 DPA fibers is illustrated in Figure 2-11.

Figure 2-11. Developmental expression of GhRac2 and in TM1 fiber tissue. The relative transcript abundance
of GhRac2 measured by Q-RT-PCR with gene specific primers for GhRac2. Conditions for Q-RT-PCR are identical
to those shown in Figure 2-9. The transcript levels of GhRac2 are normalized with respect to the transcript level of
cotton α-tubulin4. The asterisk (*) indicates a significant difference and n indicates the sample size.

The transcript levels of GhRac2 were highest during the period of fiber elongation (10-14 DPA)
and decreased by half when cellulose biosynthesis begins (16-18 DPA). A one-way ANOVA
analysis comparing GhRac2 transcript levels in 10 to 20 DPA fiber suggested that the mean
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transcript levels differ significantly (p<0.0001, n=6). The Tukey-Kramer post-test determined
that GhRac2 transcript level accumulation during the elongation stage (10-14 DPA) was
significantly different from transcript accumulation during the cellulose biosynthesis stage (1620 DPA, p<0.01). However, there was no significant difference among GhRac2 transcription
levels between 10, 12, and 14 DPA or between 16, 18, and 20 DPA (p>0.05). The significance
of the real-time PCR results was that GhRac2 was expressed at maximal stages of cotton fiber
elongation (10-14 DPA) with transcripts levels significantly decreasing as fibers enter into the
cellulose biosynthesis stage of development.
The temporal expression pattern of GhRac3 in TM1 10-20 DPA fibers is illustrated in
Figure 2-12.

Figure 2-12. Developmental expression of GhRac3 and in TM1 fiber tissue. The relative transcript abundance
of GhRac3 measured by Q-RT-PCR with gene specific primers for GhRac3. Conditions for Q-RT-PCR are identical
to those shown in Figure 2-9. The transcript levels of GhRac3 are normalized with respect to the transcript level of
cotton α-tubulin4. The asterisk (*) indicates a significant difference and n indicates the sample size.
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GhRac3 transcript levels doubled between 10 and 12 DPA and plateau from 14 to 20 DPA. A
one-way ANOVA analysis comparing GhRac3 transcript levels from 10 and 20 DPA suggested
that the mean GhRac3 transcript level was significantly different (p=0.0453, n=6). The TukeyKramer post-test determined that the only mean difference in GhRac3 transcript levels that was
significantly different was the GhRac3 transcript level at 10 DPA compared to 18 DPA (p<0.05).
The significance of the real-time PCR analysis of the temporal transcript expression pattern of
GhRac3 was that in TM1 fiber GhRac3 transcripts increased during the elongation stage between
10 and 12 DPA and remained at a constant level throughout fiber development.
Comparison of the temporal expression pattern of cotton Rop/Rac GTPases in
TM1, N1, and Li1 ovules on the day of anthesis. Several near-isogenic mutants in cotton are
impaired in fiber development. One of these mutants, Naked Seed (N1) is impaired in fiber
initiation. N1 mutants are completely devoid of fuzz fibers and have a substantial reduction in
the number of lint fibers [Endrizzi et al., 1984]. A second mutant is Ligon lintless (Li1); Li1
mutants are impaired in fiber elongation. Li1 mutants are characterized by very short fiber
[Kohel, 1974]. We compared the relative transcript abundance of GhRac1, GhRac2, GhRac3,
GhRac9, and GhRac13 between a genetic standard (TM1) and the two mutants (N1 and Li1)
using Q-RT-PCR. Since lint fibers initiate elongation on the day of anthesis [Basra and Malik,
1984], we chose to measure transcript abundance for ovules.
Cotton α-tubulin4 is preferentially expressed in cotton fiber and expressed at very low
levels in other tissues such as ovules [Whittaker and Triplett, 1999]. We compared Rop/Rac Gprotein transcript levels normalized with respect to the transcript level of 18S rRNA and Rop/Rac
G-protein transcript levels normalized with ubiquitin-conjugated protein (UCP), an enzyme that
catalyzes the covalent attachment of ubiquitin to proteins targeted for degradation. We chose

58

18S rRNA and UCP as normalizers because they represent housekeeping genes that have been
used as normalizers in other plant Q-RT-PCR experiments [Bustin, 2000; Kim et al., 2003;
Burton et al., 2004; Iskandar et al., 2004].
The transcript levels of GhRac1 in TM1, N1, and Li1 ovules normalized with respect
to the transcript level of 18s rRNA are shown in Figure 2-13A.

Figure 2-13. GhRac1 transcript level comparison among Gossypium hirsutum TM1, N1, and Li1 ovules on the
day of anthesis. The relative transcript abundance of GhRac1 measured by Q-RT-PCR with gene specific primers
for GhRac1. Conditions for Q-RT-PCR are identical to those shown in Figure 2-9. A) GhRac1 transcript levels
normalized with respect to the transcript level of 18S rRNA. B) GhRac1 transcript levels normalized with respect to
the transcript level of UCP. NS indicates no significant difference and n equals the sample size.

There appeared to be slight differences among the genotypes in transcript accumulation;
however, the one-way ANOVA analysis determined that the mean GhRac1 transcript level was
not significantly different in a wild type line (TM1) versus the two fiber mutants (N1 and Li1,
p=0.3010, n=3).

The Tukey-Kramer multiple comparison post-test confirmed the results

obtained in the ANOVA analysis (p>0.05). Figure 2-13B illustrates the transcript levels of
GhRac1 in TM1, N1, and Li1 ovules normalized with respect to the transcript level of UCP.
Although it appeared that GhRac1 transcripts accumulated more in TM1 than N1 and Li1, the
ANOVA analysis determined that the mean GhRac1 transcript level was not significantly
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different in TM1, N1, or Li1 ovules (p=0.2337, n=3). The results obtained from the TukeyKramer post-test confirmed the ANOVA results (p>0.05).
The transcript levels of GhRac2 in TM1, N1, and Li1 ovules normalized with respect
to the transcript level of 18S rRNA are shown in Figure 2-14A.

Figure 2-14. GhRac2 transcript level comparison among Gossypium hirsutum TM1, N1, and Li1 ovules on the
day of anthesis. The relative transcript abundance of GhRac2 measured by Q-RT-PCR with gene specific primers
for GhRac2. Conditions for Q-RT-PCR are identical to those shown in Figure 2-9. A) GhRac2 transcript levels
normalized with respect to the transcript level of 18S rRNA. B) GhRac2 transcript levels normalized with respect to
the transcript level of UCP. The asterisks (*) indicate significant differences, NS indicates no significant difference,
and n indicates the sample size.

GhRac2 transcripts accumulated at similar levels in TM1, N1, and Li1 ovules on the day of
anthesis. A one-way ANOVA analysis determined that the mean GhRac2 transcript level was
not significantly different in TM1, N1, and Li1 ovules (p=0.6592, n=3). The Tukey-Kramer
multiple comparison post-test confirmed the ANOVA analysis (p>0.05). When the transcript
levels of GhRac2 were normalized with respect to the transcript levels of UCP, a different profile
resulted (Figure 2-14B). GhRac2 transcripts accumulated the most in TM1 ovules and the least
in Li1 ovules. The ANOVA analysis determined that the mean GhRac2 transcript accumulation
was significantly different in a wild type line versus two fiber-impaired mutants (p=0.0189,
n=3).

The results obtained from the Tukey-Kramer post-test determined that the GhRac2
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transcript expression level was significantly different in TM1 ovules versus Li1 ovules (p<0.05),
but GhRac2 transcript expression levels in TM1 versus N1 ovules and N1 ovules versus Li1
ovules was not significantly different (p>0.05).
GhRac2 transcript levels in TM1, N1, and Li1 day of anthesis ovules were different
depending on which normalizer gene was used. Relative gene expression comparisons work best
when gene expression of the endogenous control, in this case 18S rRNA or UCP, is more
abundant than expression of the gene of interest (the cotton Rop/Rac G-proteins) and expression
of the normalizer remains constant among the samples [Bustin, 2000]. We performed a cursory
investigation of the cycle threshold (CT) values for 18S rRNA and UCP. The cycle threshold
value is the cycle number at which the fluorescence generated within a reaction crosses a userdefined threshold [Bustin, 2000]. UCP and 18S rRNA are more abundant in the transcriptome
than the cotton Rop/Rac G-proteins, but the CT values quantified for UCP were more constant
among the TM1, N1, and Li1 ovule samples than the CT values for 18S, suggesting that UCP
may be a more dependable normalizer than 18S rRNA. In addition, the UCP CT values were
more similar to GhRac2 CT values than the 18S rRNA CT values. Bustin (2000) and Iskandar et
al. (2004) report that the high abundance of 18S rRNA may require template dilutions to bring
18S rRNA measurement in the cDNA samples within the dynamic range of Q-RT-PCR.
Template dilutions require more work and impose a level of potential error, adding to inaccuracy
in the PCR analysis [Bustin, 2000]. The conclusion that 18S rRNA transcripts may not be
suitable normalizers for Q-RT-PCR of plant transcripts is consistent with the report of Burton et
al. (2004), but varies from the findings of Kim et al. (2003) and Iskandar et al. (2004).
Collectively, these Q-RT-PCR results provide clues about the potential function of
GhRac2. GhRac2 is a subfamily II Rop/Rac G-protein (Figure 2-6). The GTP permanently
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bound form of OsRac1, a subfamily II Rop/Rac G-protein from Oryza sativa (rice), induces
H2O2 production and cell death in transgenic rice, and the DN form of OsRac1 inhibits H2O2
production and cell death in transgenic rice [Kawasaki et al., 1999]. AtRop9 and AtRop10,
subfamily II Rop/Rac G-proteins from Arabidopsis thaliana, act as general negative regulators of
the hormone abscisic acid in higher plants [Zheng et al., 2002]. In loss-of-function experiments,
double null mutants of AtRop9/AtRop10 specifically enhanced various abscisic acid responses,
including increased seed dormancy, inhibition of seed germination and root elongation, and
stimulation of stomatal closure [Zheng et al., 2002]. The Q-RT-PCR analysis of GhRac2 in TM1,
N1, and Li1 day of anthesis ovules does not suggest GhRac2 involvement in hormone responses
or stress responses, but Li et al. (1998) reported that Arabidopsis subfamily II Rop/Rac Gproteins were expressed in pollen tubes. The function of AtRop9, AtRop10, and AtRop11 in
pollen tubes is still undetermined.

Several other Arabidopsis Rop/Rac G-protein members

control the exaggerated growth in root hair development and pollen tubes; their common
mechanism of regulating growth is actin cytoskeleton organization [Kost et al., 1999; Li et al.,
1999; Molendijk et al., 2001; Fu et al., 2001; Fu et al., 2002; Jones et al., 20002]. The actin
cytoskeleton plays an important role in cell morphogenesis in plants. The actin cytoskeleton is
involved in the transportation of organelles and vesicles carrying membranes and cell wall
components to sites of cell growth in root hairs, pollen tubes, and cotton fibers [Li et al., 2005].
Cotton fibers elongate by a combination of tip growth and diffuse growth [Seagull, 1990], and
actin filaments may control the orientation of cortical microtubules during diffuse growth [Li et
al., 2005]. In cotton and other higher plants, the regulation of actin cytoskeleton assembly
remains unclear. Li et al. (2005) reported that actin is preferentially expressed in cotton fiber,
developmentally regulated, and critical for fiber cell elongation. Our Q-RT-PCR results showing
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maximum expression during fiber elongation suggest that GhRac2 is involved in fiber expansion,
a process that is regulated by actin cytoskeletal assembly.

This hypothesis is further

substantiated by the observation that accumulation of GhRac2 transcripts in TM1 was
significantly higher than GhRac2 expression in a mutant impaired in fiber elongation (Li1).
The transcript levels of GhRac3 in TM1, N1, and Li1 ovules normalized with 18S
rRNA are shown in Figure 2-15A.

Figure 2-15. GhRac3 transcript level comparison among Gossypium hirsutum TM1, N1, and Li1 ovules on the
day of anthesis. The relative transcript abundance of GhRac3 was measured by Q-RT-PCR with gene specific
primers for GhRac3. Conditions for Q-RT-PCR were identical to those shown in Figure 2-9. A) GhRac3 transcript
levels normalized with respect to the transcript level of 18S rRNA. B) GhRac3 transcript levels normalized with
respect to the transcript level of UCP. The asterisks (*) indicate significant differences, NS indicates no significant
difference, and n indicates the sample size.

GhRac3 transcript levels were nearly identical in all three lines. The one-way ANOVA analysis
results determined that the mean GhRac3 transcript level in TM1, N1, and Li1 ovules on the day
of anthesis was not significantly different (p=0.7909, n=3).

The Tukey-Kramer multiple

comparison post-test confirmed the ANOVA analysis results (p>0.05). Figure 2-15B illustrates
the GhRac3 transcripts levels in TM1, N1, and Li1 ovules normalized with respect to the
transcript levels of UCP. GhRac3 transcripts accumulated the most in TM1 ovules and the least
in Li1 ovules. In addition, transcript levels accumulated more in N1 ovules than Li1 ovules. The
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ANOVA analysis results determined that the mean GhRac3 transcript accumulation in TM1, N1,
and Li1 ovules on the day of anthesis was significantly different (p=0.0382, n=3). The results
obtained from the Tukey-Kramer post-test determined that GhRac3 transcript levels were
significantly different in TM1 and Li1 ovules (p<0.05), but there was no significant difference in
GhRac3 transcript levels in N1 and Li1 ovules or in TM1 and N1 ovules on the day of anthesis
(p>0.05).
Comparing the level of GhRac3 transcript accumulation in TM1, N1, and Li1 ovules
on the day of anthesis provided clues about the potential function of GhRac3. GhRac3 is similar
to the Arabidopsis subfamily I Rop/Rac G-protein, AtRop8 (Figure 2-6). Although Li and
colleagues (1998) demonstrated that AtRop8 was preferentially expressed in pollen tubes, the
function of AtRop8 is still undetermined. The Q-RT-PCR results showing elevated expression of
GhRac3 immediately prior to the transition to secondary wall synthesis is intriguing. Higher
levels of GhRac3 expression in day of anthesis wild type ovules compared to a mutant impaired
in fiber elongation (Li1) suggests that GhRac3 may also be important for early stages of fiber
elongation. Little is known about the regulation of this stage in fiber development.
Transcript levels of GhRac9 in TM1, N1, and Li1 normalized with respect to 18S
rRNA transcripts are shown in Figure 2-16A.
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Figure 2-16. GhRac9 transcript level comparison among Gossypium hirsutum TM1, N1, and Li1 ovules on the
day of anthesis. The relative transcript abundance of GhRac9 measured by Q-RT-PCR with gene specific primers
for GhRac9. Conditions for Q-RT-PCR are identical to those shown in Figure 2-9. A) GhRac9 transcript levels
normalized with respect to the transcript level of 18S rRNA. B) GhRac9 transcript levels normalized with respect to
the transcript level of UCP. The asterisks (*) indicate significant differences, NS indicates no significant difference,
and n indicates the sample size.

GhRac9 transcripts accumulated more in Li1 ovules than either TM1 or N1 ovules, and GhRac9
transcript levels were similar in TM1 and N1 ovules. The one-way ANOVA analysis determined
that the mean GhRac9 transcript level in TM1, N1, and Li1 day of anthesis ovules was not
significantly different (p=0.7236, n=3). The results of the Tukey-Kramer multiple comparison
post-test confirmed the ANOVA analysis (p>0.05). GhRac9 transcript levels in TM1, N1, and
Li1 ovules were also normalized with respect to the transcript level of UCP (Figure 2-16B).
GhRac9 transcripts accumulated 4.5 times more in TM1 ovules than in Li1 ovules and 1.6 times
more in TM1 ovules than N1 ovules. The one-way ANOVA analysis results determined that the
mean GhRac9 transcript accumulation in TM1, N1, and Li1 ovules on the day of anthesis was
significantly different (p=0.0183, n=3).

The Tukey-Kramer post-test results reported that

GhRac9 transcript levels were significantly different in TM1 ovules versus Li1 ovules (p<0.05),
but transcription expression was not significantly different between TM1 and N1 ovules or
between N1 and Li1 ovules (p>0.05).
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Similar to GhRac2 and GhRac3, GhRac9 transcripts were not significantly different in
TM1, N1, and Li1 ovules when the Rop/Rac genes were normalized with 18S rRNA transcripts.
When the transcript levels of GhRac2, GhRac3, and GhRac9 were standardized with respect to
UCP, expression was significantly different in a wild type (TM1) compared to mutant impaired
in fiber elongation (Li1).

Expression of GhRac2, GhRac3, and GhRac9 in the two fiber-

impaired mutants was not significantly different. GhRac2, GhRac3, and GhRac9 transcript
levels expressed in a wild type versus a mutant impaired in fiber initiation (N1) was also not
significantly different.
GhRac13 transcript levels in TM1, N1, and Li1 ovules normalized with respect to 18S
rRNA transcripts are shown in Figure 2-17A.

Figure 2-17. GhRac13 transcript level comparison among Gossypium hirsutum TM1, N1, and Li1 ovules on
the day of anthesis. The relative transcript abundance of GhRac13 was measured by Q-RT-PCR with gene specific
primers for GhRac13. Conditions for Q-RT-PCR are identical to those shown in Figure 2-9. A) GhRac13 transcript
levels normalized with respect to the transcript level of 18S rRNA. B) GhRac13 transcript levels normalized with
respect to the transcript level of UCP. NS indicates no significant difference, and n indicates the sample size.

The one-way ANOVA analysis determined the mean GhRac13 transcript level in TM1, N1, and
Li1 ovules indicated was not significantly different (p=0.4502, n=3).

The Tukey-Kramer

multiple comparison post-test results confirmed the ANOVA analysis results (p>0.05).
GhRac13 transcripts were also normalized with respect to UCP transcript levels (Figure 2-17B).
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When normalized with UCP, GhRac13 transcripts accumulated to highest levels in TM1 ovules
and to lowest levels in Li1 ovules. Transcripts accumulated 3.5 times more in TM1 ovules than
in Li1 ovules. Transcripts accumulated two times more in TM1 ovules than N1 ovules and in N1
ovules than Li1. GhRac13 transcript levels were analyzed statistically with a one-way ANOVA.
Although the mean GhRac13 transcription level appeared significant between TM1 and Li1
ovules (Figure 2-17B), the mean GhRac13 transcript accumulation in TM1, N1, and Li1 ovules
on the day of anthesis was not significantly different (p=0.1840, n=3). The results of the TukeyKramer post-test confirmed the ANOVA results (p>0.05).
Transcript levels of GhRac1 (Figure 2-13) and GhRac13 (Figure 2-17) in TM1, N1,
and Li1 ovules harvested on the day of anthesis were not significantly different regardless of
which gene was used as a normalizer. The CT values of GhRac1 and GhRac13 were much
higher than the CT values of GhRac2, GhRac3, and GhRac9, indicating that GhRac1 and
GhRac13 were less abundant mRNAs in the transcriptome compared to GhRac2, GhRac3, and
GhRac9.
Temporal gene expression pattern of cotton Rop/Rac GTPases in TM1 and N1
ovules during fiber initiation and elongation. We compared the relative transcript expression
pattern in GhRac1, GhRac2, GhRac3, GhRac9, and GhRac13 during fiber initiation and
elongation in ovules harvested from a wild type line (TM1) and a near isogenic fiberless mutant
(N1) impaired in fiber initiation using Q-RT-PCR. Li1 was not included in the analysis, because
insufficient tissue was harvested for total RNA extraction from plants grown during the summer
of 2004. For these experiments, fiber tissue was not separated from developing TM1 and N1
ovules. From the results presented in Figures 2-13 to 2-17, UCP was used as the transcript
normalizer.

Based on CT value alone,

UCP and 18S rRNA were more abundant in the
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transcriptome than the cotton Rop/Rac G-proteins, but the CT values quantified for UCP were
more constant among the TM1, N1, and Li1 ovule samples than the CT values for 18S,
suggesting that UCP may be a more dependable normalizer than 18S rRNA. Our conclusion that
18S rRNA transcripts may not be suitable a normalizer for Q-RT-PCR of cotton ovule transcripts
is consistent with the findings of Burton et al. (2004) in their Q-RT-PCR analysis of the cellulose
synthase gene family in barley.
The expression pattern of GhRac2 in TM1 0-10 DPA ovules during fiber initiation and
elongation is shown in Figure 2-18A.

Figure 2-18. GhRac2 transcript level comparison among Gossypium hirsutum TM1 and N1 ovules from 0 to
10 DPA. The relative transcript abundance of GhRac2 measured by Q-RT-PCR with gene specific primers for
GhRac2. Transcripts are normalized with respect to the transcript level of UCP. Conditions for Q-RT-PCR are
identical to those shown in Figure 2-9. A) GhRac2 transcript levels in TM1 ovules. B) GhRac2 transcript levels in
N1 ovules. NS indicates no significant difference, n indicates the sample size.

There appeared to be a slight dip in transcript levels at the middle range of fiber DPA; the results
obtained from a one-way ANOVA analysis determined that the mean GhRac2 transcript levels
were not significantly different from 0-10 DPA in TM1 ovules (p=0.6121, n=6). The results of
the Tukey-Kramer post-test affirmed the ANOVA analysis (p>0.05).

The gene expression

pattern of GhRac2 in N1 0-10 DPA ovules during initiation and elongation was shown in Figure
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2-18B. The results obtained from the ANOVA analysis determined that the mean GhRac2
transcript levels were not significantly different from 0-10 DPA in the N1 ovules (p=0.4769,
n=6). The Tukey-Kramer multiple comparison post-test confirmed the ANOVA results with two
exceptions. Mean GhRac2 transcript levels in N1 0-10 DPA ovules were only significantly
different when comparing transcript levels at 6 versus 10 DPA (p<0.05) and 8 versus 10 DPA
(p<0.05). Overall, these results determined that GhRac2 transcripts remained at a constant level
in ovules throughout fiber initiation and elongation even in a mutant that did not produce fiber.
GhRac3 transcripts in TM1 0 to 10 DPA ovules during initiation and elongation are
shown in Figure 2-19A.

Figure 2-19. GhRac3 transcript level comparison among Gossypium hirsutum TM1 and N1 ovules from 0 to
10 DPA. The relative transcript abundance of GhRac3 measured by Q-RT-PCR with gene specific primers for
GhRac3. Transcripts are normalized with respect to the transcript level of UCP. Conditions for Q-RT-PCR are
identical to those shown in Figure 2-9. A) GhRac3 transcript levels in TM1 ovules. B) GhRac3 transcript levels in
N1 ovules. NS indicates no significant difference, n indicates the sample size.

Although the figure suggests that GhRac3 transcript levels were highest at 0 DPA (1X) and
decrease as the ovules age, the ANOVA analysis determined that the mean GhRac3 transcript
levels were not significantly different from 0-10 DPA in TM1 ovules (p=0.4088, n=6). The
Tukey-Kramer post-test results confirmed the ANOVA analysis results (p>0.05). The temporal
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gene expression pattern of GhRac3 in N1 0-10 DPA ovules during initiation and elongation is
shown in Figure 2-19B. Results obtained from the ANOVA reported that the mean GhRac3
transcript levels were not significantly different in N1 0-10 DPA (p=0.0616, n=6). The TukeyKramer post-test results affirmed the ANOVA results (p>0.05). These results determined that
GhRac3 transcripts remained at a constant level throughout fiber development, and GhRac3
expression was not significantly different in a wild type versus the initiation-impaired N1
mutant.
Delmer et al. (1995) determined the transcription GhRac9 expression pattern using
northern blot analysis. Delmer and colleagues (1995) reported that GhRac9 transcript expression
was very low during fiber elongation and postulated that GhRac9 may not be a very abundant
mRNA in the transcriptome [Delmer et al., 1995]. The Q-RT-PCR analysis of the temporal gene
expression pattern of GhRac9 in TM1 and N1 0-10 DPA ovules during fiber initiation and
elongation is illustrated in Figure 2-20A.

Figure 2-20. GhRac9 transcript level comparison among Gossypium hirsutum TM1 and N1 ovules from 0 to
10 DPA. The relative transcript abundance of GhRac9 measured by Q-RT-PCR with gene specific primers for
GhRac9. Transcripts are normalized with respect to the transcript level of UCP. Conditions for Q-RT-PCR are
identical to those shown in Figure 2-9. A) GhRac9 transcript levels in TM1 ovules. B) GhRac9 transcript levels in
N1 ovules. The asterisks (*) indicate significant differences, NS indicates no significant difference, and n indicates
the sample size.
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GhRac9 transcript levels were highest at 0 DPA and declined as the ovules increased with age.
The results obtained from the ANOVA analysis determined that the mean GhRac9 transcript
levels were significantly different from 0 to 10 DPA in TM1 ovules (p=0.0251, n=6), but the
Tukey-Kramer post-test results obtained determined that the only significant difference in mean
GhRac9 transcript levels was the comparison between 0 DPA versus 10 DPA (p<0.05). The
temporal gene expression of GhRac9 in N1 0 to 10 DPA ovules is shown in Figure 2-20B.
GhRac9 transcript levels were highest at 6 DPA and lowest at 10 DPA. The results obtained
from a one-way ANOVA analysis determined that the mean GhRac9 transcript accumulation
was not significantly different from 0 to 10 DPA in N1 ovules (p=0.0999, n=6). The TukeyKramer multiple comparison analysis confirmed the ANOVA results (p>0.05).
Our analysis of the temporal gene expression pattern of GhRac9 using Q-RT-PCR
contrasted with the previous results indicating that GhRac9 may not be a very abundant mRNA
in the fiber transcriptome. Our Q-RT-PCR analysis suggested that GhRac9 was an abundant
mRNA in elongating Gossypium hirsutum fibers. The difference may be explained by the
increased sensitivity of real-time reverse transcription PCR as an analytical method for
measuring RNA abundance versus northern blot analysis [Gachon et al., 2004].
Attempts to determine the temporal expression patterns of GhRac1 and GhRac13 in
TM1 and N1 0 to 10 DPA ovules were unsuccessful. The CT value for these reactions was ≥ 40.
A CT value of 40 means very little amplification has occurred [ABI User Bulletin No. 2]. It is
quite possible that GhRac1 and GhRac13 are not abundant mRNAs in Gossypium hirsutum
ovules. It may be possible to obtain temporal expression profiles of less abundant genes with a
more sensitive SYBR® green assay. Recently, Bio-Rad announced a new SYBR® green Q-RTPCR mix purportedly more sensitive than the SYBR® Green mix from Applied Biosystems.
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Tests were conducted to determine if the Bio-Rad SYBR® green mix could detect low
abundance mRNAs, such as GhRac1 and GhRac13. Again, the temporal patterns of GhRac1 and
GhRac13 in TM1 and N1 ovule tissue from 0 to 10 DPA could not be determined. The SYBR®
Green mix from both commercial sources resulted in CT values ≥ 40 for both GhRac1 and
GhRac13.
Conclusions. Two full-length Rop/Rac G-protein cDNAs, GhRac2 and GhRac3, were
cloned and sequenced from Gossypium hirsutum. GhRac2 and GhRac3 were PCR amplified
from cDNA prepared from 4 DPA TM1 ovules, representing the early phases of cotton fiber
development. GhRac2 shows the greatest sequence similarity to subfamily II and GhRac3 shares
the greatest sequence similarity to subfamily I of the Rop/Rac G-protein family from Arabidopsis
thaliana. At present, the functions of GhRac2 and GhRac3 remain an enigma. The role of
Rop/Rac genes in regulating growth in Arabidopsis thaliana pollen tubes [Lin and Yang, 1997;
Li et al., 1998; Zheng and Yang, 2000a; Fu and Yang, 2001; Fu et al., 2001; Fu et al., 2002;
Chen et al., 2003] and root hairs [Fu and Yang, 2001; Molendijk et al., 2001; Jones et al., 2002],
two cells with exaggerated polar growth, suggested that elucidating the function of cotton
Rop/Rac G-proteins might provide important clues about the regulation of cotton fiber
development. By monitoring changes in GhRac2 and GhRac3 transcript levels in wild type
ovules, a mutant impaired in fiber elongation, and a mutant impaired in fiber initiation, we aimed
to provide supporting evidence for the roles of these genes in fiber development. Based on our
analysis of gene expression using real-time reverse transcription PCR, GhRac2 and GhRac3 may
be involved in fiber elongation. Cotton fibers elongate by a combination of tip growth and
diffuse growth [Seagull, 1990]. During diffuse growth, actin filaments are required for the
reorganization of microtubules and may control their orientation [Li et al., 2005]. Actin is
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preferentially expressed in cotton fiber, is developmentally regulated, and is critical for fiber cell
elongation [Li et al., 2005]. Regulation of the actin cytoskeleton organization is unclear in
cotton and other higher plants. The Q-RT-PCR results suggests that GhRac2 and GhRac3 may
not be important for fiber initiation, because GhRac2 and GhRac3 transcripts are not
significantly different between a wild type and a mutant impaired in fiber initiation. The Q-RTPCR results suggest that GhRac2 and GhRac3 may be transcriptionally regulated during fiber
elongation. GhRac2 and GhRac3 transcript levels are significantly lower in ovules from a
mutant impaired in fiber elongation when compared to wild type. Maximal GhRac2 expression
occurs during stages of fiber development when the rate of elongation is highest with transcript
levels significantly decreasing as fibers enter into the secondary cell wall biosynthesis stage.
GhRac3 transcript levels double from 10 to 12 DPA and remain fairly constant as fibers enter the
cellulose biosynthesis stage of fiber development.

This result suggests that GhRac3 may

participate in signaling events responsible for the transition from elongation to secondary wall
thickening. Since the timing of the transition period is a critical determinant for fiber quality
parameters, additional inquiry into the function of GhRac3 may have significance for improving
cotton fiber quality, a long term objective of the cotton fiber bioscience team.
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Appendix 1
Buffers, media, and reagents
Agarose (0.8%)2
In a baked 500 mL glass container, add 1.6 g Ultra Pure™ Agarose (Invitrogen) to 200 mL H2O.
Swirl gently. Microwave on high power ~ 2 minutes to dissolve agarose. Cool to 65°C before
use. Store at room temperature.
Boric Acid Stock Solution (0.5 M)
Dissolve 7.73 g boric acid (MW= 61.83) into 225 mL H2O. Adjust the final volume to 250 mL
with H2O. Add 0.1% (v/v) of DEPC. Shake well. Let stand under a chemical fume hood,
overnight. Autoclave for 20 minutes, 121°C, 20 psi. Store at room temperature.
Diethylpyrocarbonate (DEPC)-treated Water
Add 0.1% (v/v) of DEPC to 1 L of H2O. Shake well. Let stand under a chemical fume hood,
overnight. Autoclave for 20 minutes, 121°C, 20 psi. Store at room temperature.
DNA Gel Loading Buffer (6X)
0.25% bromophenol blue (w/v)
0.25% xylene cyanol (w/v)
15% Ficoll type 400 (w/v)
Adjust volume to 10 mL with H2O. Store at room temperature.
Ethanol Solution (70%)
In a baked 500 mL glass container, add 175 mL of absolute ethyl alcohol (200 proof) to 325 mL
DEPC-treated H2O. Label for RNA use only. Store at -20°C.
Ethidium Bromide Solution (10 mg/mL)
Prepare under chemical fume hood. Dissolve 100 mg ethidium bromide in 10 mL H2O. Vortex.
Wrap in foil. Store at 4°C.
Ethylenediaminetetraacetic Acid (EDTA) Solution, pH 8.0 (0.2 M)3
Dissolve 3.7 g EDTA disodium salt dihydrate (MW= 372.26) in 30 mL DEPC-treated H2O. Add
10 M NaOH until pH reaches 8.0. Adjust final volume to 50 mL with the addition of DEPCtreated H2O. Filter sterilize with a 0.22 µM Nalgene filter unit (Nalge Nunc International,
Rochester, NY). Store at room temperature in a baked glass container labeled for RNA use only.

2

Prepare agarose (0.8%) for RNA gel electrophoresis with DEPC-treated H20.
EDTA does not go into solution until the pH of the solution is adjusted to ~ 8.0 with the addition of NaOH
[Sambrook et al., 1989].

3
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Appendix 1 (continued)
Ethylene Glycol Bis-N,N,N′,N′-Tetraacetic Acid (EGTA) Solution, pH 8.0 (0.2 M)4
Dissolve 19.02 g EGTA (MW= 380.4) in 200 mL DEPC-treated H2O. Adjust pH to 8.0 with the
addition of 10 M NaOH. Adjust final volume to 250 mL with the addition of DEPC-treated
H2O. Filter sterilize with a 0.22 µM Nalgene filter unit. Store at room temperature in a baked
glass container labeled for RNA use only.
Glycerol Solution (80%)
Pour 80 mL glycerol into 20 mL H2O. Vortex. Autoclave for 20 minutes, 121°C, 20 psi. Store at
room temperature.
Kanamycin Stock Solution (50 ug/mL)
Dissolve 0.25g kanamycin in 5 mL autoclaved H2O (final volume). Vortex. Filter sterilize with a
0.22 µM Nalgene filter unit. Store as 1 mL aliquots at -20°C.
Luria-Bertani (LB) Liquid Media
Dissolve 10 g bacto-tryptone, 5 g bacto-yeast extract, and 10 g NaCl into 900 mL distilled H2O.
Adjust pH to 7.0 with the addition of 5 M NaOH . Adjust final volume to 1 L with the addition
of H2O. Divide into 4 glass containers (250 mL each). Autoclave for 20 minutes, 121°C, 20 psi.
Store at room temperature.
LB plates
Dissolve 2.5 g bacto-tryptone, 1.25 g bacto-yeast extract, 2.5 g NaCl, and into 200 mL distilled
H2O. Adjust pH to 7.0 with the addition of 5 M NaOH. Adjust final volume to 250 L with the
addition of H2O. Add 3.3 g bacto-agar and dissolve. Autoclave for 20 minutes, 121°C, 20 psi.
Place in a 65°C water bath for 30 minutes before adding 150 µL of kanamycin stock solution (50
µg/mL). Pour ~30 mL per plate. Allow to harden at room temperature. Store plates at 4°C.
Lithium Chloride Solution (8 M)
Dissolve 17.0 g LiCl (MW= 42.4) into 30 mL H2O. Adjust final volume to 50 mL with the
addition of H2O. Add 0.1% (v/v) DEPC. Shake well. Let stand under a chemical fume hood,
overnight. Autoclave for 20 minutes, 121°C, 20 psi. Store at room temperature.
3% Polyvinylpolypyrrolidone (PVPP): Chloroform Solution
Prepare under a chemical fume hood. In a 500 mL baked glass container, dissolve 9 g of PVPP
(high molecular weight) in 300 mL chloroform. Do not autoclave. Store at room temperature
under a chemical fume hood. Shake well before use.

4

EGTA does not go into solution until the pH of the solution is adjusted to ~ 8.0 with the addition of NaOH
[Sambrook et al., 1989].

84

Appendix 1 (continued)
React 3 Buffer (10X)
500 mM Tris-HCl, pH 8.0 (final concentration)
100 mM MgCl2 (final concentration)
1 M NaCl (final concentration)
This buffer is purchased from Invitrogen.
RNA Dye (2X)
Prepare under a chemical fume hood.
0.25% bromophenol blue (w/v)
0.25% xylene cyanol (w/v)
1 mM EDTA, pH 8.0 (final concentration)
50% glycerol
1 mg/ml ethidium bromide solution (final concentration)
Adjust final volume to 10 mL with DEPC-treated H2O. Divide into 2.0 mL aliquots. Store at
-80°C.
Sodium Acetate Solution (3 M)
Dissolve 12.3 g sodium acetate (MW= 82.03) into 30 mL H2O. Add glacial acetic acid until the
pH is 5.2. Adjust the final volume to 50 mL with the addition of H2O. Add 0.1% (v/v) of DEPC.
Shake well. Let stand under a chemical fume hood, overnight. Autoclave for 20 minutes, 121°C,
20 psi. Store at room temperature.
Sodium Chloride (NaCl) Solution (5 M)
Dissolve 143 g NaCl (MW= 58.44) in 450 mL H2O. Adjust final volume to 500 mL with H2O.
Add 0.1% (v/v) of DEPC. Shake well. Let stand under a chemical fume hood, overnight.
Autoclave for 20 minutes, 121°C, 20 psi. Store at room temperature.
Sodium Dodecyl Sulfate (SDS) Solution (10%)
Dissolve 10 g SDS (MW= 288.38) into 90 mL DEPC-treated H2O. Heat solution to 65°C to
assist in dissolution. Adjust final volume to 100 mL with DEPC-treated H2O. Filter sterilize
with a 0.22 µM Nalgene filter unit. Store at room temperature.
Sodium Hydroxide (NaOH) Solution (5 M)
Prepare under a chemical fume hood. In a baked glass container, dissolve 20 g of NaOH (MW=
40.0) into 80 mL H2O. Adjust final volume to 100 mL with the addition of H2O.
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Appendix 1 (continued)
SOC Liquid Media
Dissolve 20 g bacto-tryptone and 5 g bacto-yeast extract in 900 mL H2O. Add 2 mL of 5 M
NaCl (10 mM final concentration), 2.5 mL of 1 M KCl (2.5 mM final concentration), 10 mL of
1 M MgCl2 (10 mM final concentration), and 10 mL of 1 M MgSO4 (10 mM final
concentration). Adjust pH to 7.0 with 5 M NaOH. Adjust volume to 980 mL with the addition
of H2O. Autoclave for 20 minutes, 121°C, 20 psi. Cool to 60°C and add 20 mL of sterile 1 M
glucose (20 mM final concentration). This media is supplied in the TOPO® XL PCR Cloning Kit
(Invitrogen).
Total RNA Extraction Buffer
In a baked 500 mL glass container, dissolve 30 g of ρ-aminosalicylic acid (6% final
concentration) and 5 g polyvinylpyrrolidone (MW= 40,000, 1% final concentration) into 50 mL
of 1 M Tris-HCl (pH 8.0) solution (100 mM final concentration), 125 mL of 0.2M EGTA (pH
8.0) solution (50 mM final concentration), 10 mL of 5 M NaCl solution (100 mM final
concentration 100), and 50 mL 10% SDS solution (1% final concentration). Adjust final volume
to 500 mL with the addition of DEPC-treated H2O. Do not autoclave. Wrap container in foil.
Store at room temperature under a chemical fume hood. Just before use, aliquot 15 mL total
RNA extraction buffer/total RNA tissue sample in a baked glass container. Add 1% ßmercaptoethanol and an equal volume of 3% PVPP: chloroform solution.
Total RNA Re-suspension Buffer
In a baked 500 mL glass container, add 25 mL of 0.5 M boric acid solution (final concentration
25 mM), 25 mL of 1 M Tris-HCL (pH 8.0) solution (final concentration 50 mM), 3.13 mL of 0.2
M EDTA (pH 8.0) solution (final concentration 1.25 mM), and 10 mL of 5 M NaCl solution
(final concentration 0.1 M). Adjust volume to 500 mL with DEPC-treated H2O. Do not
autoclave. Store under chemical fume hood at room temperature.
Tris-Borate-EDTA (TBE) Buffer (1X)5
In a baked 1 L glass container, dissolve 1 packet of Ultra Pure TBE Gel Running Mate (89 mM
Tris, 89 mM boric acid, and 2 mM EDTA, pH 8.3 (Invitrogen) into 900 mL H2O. Adjust final
volume to 1 L with the addition of H2O. Store at room temperature.
Tris-HCl Stock Solution, pH 8.0 (1.0 M)
Dissolve 60.6 g Trizma base (MW= 121.14) into 400 mL DEPC-treated H2O. Add concentrated
HCl (~12 M) until pH is 8.0. Adjust final volume to 500 mL. Autoclave for 20 minutes, 121°C,
20 psi. Store at room temperature.

5

TBE buffer (1X) for RNA gel electrophoresis was prepared with DEPC-treated H2O.

86

Appendix 1 (continued)
Preparation of plasticware, glassware, electrophoresis equipment, and pH
meter for RNA work
Soak all plasticware in distilled H2O and treat all with 0.1% (v/v) of DEPC. Let stand under a
chemical fume hood, overnight. Autoclave for 20 minutes, 121°, 20 psi. Cool to room
temperature before use. Treat all glassware with a small volume of RNaseZap (Ambion), rinse
twice with DEPC-treated water, and bake (12 hours at 212°C) to remove contaminating RNases.
Cool to room temperature before use. Treat all electrophoresis equipment with a small amount
of RNaseZap, rinse twice with DEPC-treated water, and dry before use. Treat pH meter
electrode with a small volume of Electro Zap (Ambion) and rinse electrode with DEPC-treated
water.
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Appendix 2
3′-Rapid Amplification of cDNA Ends PCR Primers
Name

Sequence

Purpose

G1

5′-ATGAGYRCYKCVARRTTYATMAARTGY-3′ Degenerate forward primer
designed to amplify the proteinTranslation codes: Y= C+T, R= A+G, K= G+T, V= coding region and 3′ UTR from
A+C+G, M= A+C
a Gossypium hirsutum Rop/Rac
G-protein from any subfamily.

G2

5′-ATGGCTTCAAGCGCTTCAAGATTTATC-3′

Forward primer designed to
amplify the protein-coding
region and 3′ UTR from a
Gossypium hirsutum subfamily
II Rop/Rac G-protein.

Nic1

5′-ATGAGCGCCTCGAGATTCATAAAGTGC-3′

Forward primer designed to
amplify the protein-coding
region and 3′ UTR from a
Gossypium hirsutum subfamily
I Rop/Rac G-protein.
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Appendix 3
Real-time Reverse Transcription PCR Primers
Name

Sequence

Purpose

GhRac2-F

5′-GAGGAACTTCGTGCCTGCTAA-3′

Forward primer used with
GhRac2-R to amplify a 71
base pair fragment of the
GhRac2 gene.

GhRac2-R

5′-GCAAGAGGAACACAAGCATTTG-3′

Reverse primer used with
GhRac2-F.

GhRac3-F

5′-AGATTGCGGCTCCTGCATAC-3′

Forward primer used with
GhRac3-R to amplify a 71
base pair fragment of the
GhRac3 gene.

GhRac3-R

5′-TGCATCAAACACTGCCTTCAC-3′

Reverse primer used with
GhRac3-F.

NicRac9-F

5′-ACGTCGAGGTTTATCAAGTGTGTC-3′

Forward primer used with
NicRac9-R to amplify a 73
base pair fragment of the
GhRac9 gene.

NicRac9-R

5′-TTGCTAGTATACGAAATAAGCATGCA-3′ Reverse primer used with
NicRac9-F.

GhRac1-F

5′-GAAATGGATTCCAGAATTGAGACA-3′

Forward primer used with
GhRac1-R to amplify a 73
base pair fragment of the
GhRac1 gene.

GhRac1-R

5′-TGTTGGGACTAAGCTTGATCTT-3′

Reverse primer used with
GhRac1-F.

GhRac13-F

5′-GTGAAGGCTGTTTTCGATGCT-3′

Forward primer used with
GhRac13-R to amplify a 73
base pair fragment of the
GhRac13 gene.
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Appendix 3 (continued)
GhRac13-R

5′-CCAAAGAGAAAGCCTTGCAAAA-3′

Reverse primer used with
GhRac13-F.

GhGLP1-F

5′-CCGTACCGCAGGCAACAC-3′

Forward primer used with
GhGLP1-R to amplify a
70 base pair fragment of
the Gossypium hirsutum
germin-like protein gene.

GhGLP1-R

5′-CGGGAATTGAGTCGAAAAGG-3′

Reverse primer used with
GhGLP1-F.

UCP-F

5′-CGGAAAGAGGTGAAGATGTCAAC-3′

Forward primer used with
UCP-R to amplify a 74
base pair fragment of the
ubiquitin-conjugating
enzyme protein gene.

UCP-R

5′-GGATCTTGCTGCAACCTCTTAAA-3′

Reverse primer used with
UCP-F.

18S rRNA-F

5′-CGTCCCTGCCCTTTGTACA-3′

Forward primer used with
18S rRNA-R to amplify a
61 base pair fragment of
the 18S ribosomal subunit
gene.

18S rRNA-R

5′-AACACTTCACCGGACCATTCA-3′

Reverse primer used with
18S rRNA-F.

α-tubulin 4-F

5′-GATCTCGCTGCCCTGGAA-3′

Forward primer used with
α-tubulin 4-R to amplify a
51 base pair fragment of
the cotton α-tubulin 4
gene.

α-tubulin 4-R

5′-ACCAGACTCAGCGCCAACTT-3′

Reverse primer used with
α-tubulin 4-F.
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