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Superoxide (O2
-) and hydrogen peroxide (H2O2) play important 

roles in the covalent crosslinking between protein and carbohydrate 
cell wall components and in lignin biosynthesis.2,3 The conversion 
of O2

- to H2O2 is catalyzed by superoxide dismutases (SODs). 
The first type of SOD shown to localize to cell walls was a Cu/
Zn-type SOD (CSD) from spinach mesophyll cells.4 Additional 
extracellular (EC) CSDs have been identified from pine and aspen.5,6 
Immunolocalization studies showed that EC CSDs localized to the 
secondary cell wall (SCW) and intercellular spaces of pine, and to 
lignified SCWs of phloem fibers and xylem vessels of aspen.5,7

Due to the predominant localization of EC CSDs to SCWs, the 
principal function of these enzymes has been proposed to be cell 
wall lignification;4-6 however, the unexpected dwarf phenotypes of 
transgenic hybrid aspen in which EC CSD expression was reduced 
by antisense techniques raises the question of whether EC CSDs are 
merely involved in SCW biosynthesis.7 Reduced cell division and 
expansion of the severely dwarfed plants suggests that EC CSDs may 
be involved in primary cell wall (PCW) biosynthesis for expansion. 
Thus, the physiological functions of EC CSDs are unclear at present.

To elucidate the physiological function of EC CSDs in plant 
wall biosynthesis, we used cotton fibers as a model system. Cotton 
(Gossypium hirsutum, L.) fibers are unicellular trichomes arising from 
the epidermis of developing cotton ovules. Fibers elongate up to 3~6 
cm for 2–3 weeks after anthesis. For approximately the first 2 weeks, 
fiber cells are delimited by only a PCW. SCW biosynthesis initiates 
approximately 14 to 16 days post anthesis (DPA) and continues until 
approximately 45 DPA or longer.8 As a result, unlike most multi-
cellular organisms in which different cell types may be at different 
developmental or cell division stages, cotton fiber PCW and SCW 
biosynthesis can be monitored independently by selecting fibers of 
the appropriate age.8

Hydrogen peroxide has been proposed to be involved in the 
induction of SCW cellulose biosynthesis and dimerization of 
cellulose synthase subunits during cotton fiber development.9,10 In 
developing cotton fibers, we have identified three groups of CSDs 
and determined the subcellular localization of their products by 
both immunological and epitope tagging techniques.11 Among the 
three types of CSDs, only GhCSD3, tagged with green fluorescent 
protein (GFP) or c-myc, translocated to cell walls despite the absence 
of a signal peptide. GhCSD1 localized to the cytosol, and GhCSD2 
localized to plastids. Unlike GhCSD1 and GhCSD2 that were 

Extracellular Cu/Zn superoxide dismutases (CSDs) that cata-
lyze the conversion of superoxide to hydrogen peroxide have been 
suggested to be involved in lignification of secondary walls in 
spinach, pine and aspen. In cotton fibers, hydrogen peroxide was 
proposed to be involved in the induction of secondary cell wall 
biosynthesis. Recently, we identified extracellular CSDs from devel-
oping cotton fibers using both immunological and epitope tagging 
techniques. Since cotton fibers are not lignified, we suggested that 
extracellular CSDs may be involved in plant cell wall growth and 
development processes other than lignification. In this addendum, 
we have further characterized the extracellular CSD in cotton fiber. 
Immunoblots, enzyme activity assays, and transcript levels show 
that an extracellular CSD is present in elongating primary walls as 
well as thickening secondary walls of cotton fibers. Our working 
model proposes that extracellular hydrogen peroxide levels, regu-
lated by redox status-related enzymes including extracellular CSDs 
and peroxidases, may affect the processes of wall loosening and wall 
tightening.

Reactive oxygen species (ROS) are now attributed as major 
signaling molecules in aerobic organisms, including plants. In order 
for plants to use these potentially toxic molecules as signals requires 
that a relatively large network of genes must have evolved to control 
the production and scavenging of ROS.1 In Arabidopsis, for example, 
this ‘reactive oxygen network’ is composed of more than 150 genes 
whose products are localized in nearly every subcellular compart-
ment. Although many of the enzymes involved in ROS production 
and detoxification that are localized in chloroplasts, mitochondria, 
peroxisomes, and the cytosol have been thoroughly studied, similar 
functions in the apoplast/cell wall have not been well characterized.
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predominantly expressed in elongating tissues such as hypocotyls, 
young roots, and elongating fibers, GhCSD3 was highly expressed 
in older tissues like fully expanded leaves.11 Since cotton fiber SCWs 
are not lignified, we proposed that EC GhCSD3 may be involved in 
plant cell wall growth and development processes other than ligni-
fication.

In this addendum, we present data supporting the notion that 
EC GhCSD3 is involved in both PCW and SCW biosynthesis 
in developing cotton fibers. We have further characterized EC 
GhCSD3 accumulation throughout fiber development. Enzyme 
activity measurements (Fig. 1A) and an immunoblot (Fig. 1B) were 
conducted with extracellular proteins extracted from fiber-bearing 
cotton seeds. SOD activity was detected throughout development, 
declining from 0–10 DPA and peaking again at ~25 DPA (Fig. 
1A). Immunoblot analysis confirmed that a CSD was present in 
these extracellular protein extracts (Fig. 1B). The enzyme activity 
measurements and immunoblot are composite analyses of EC SODs 
from seed and fiber, so as to avoid contaminating the preparations 
with cytoplasmic or organellar forms of the enzyme. In contrast, 
transcript abundance can be independently assessed in fiber cells. 
GhCSD3 transcripts were analyzed by quantitative, reverse transcrip-
tion PCR (Q-RT-PCR) using RNAs from detached fibers (Fig. 1C). 
Although GhCSD3 transcript abundance increased at the transition 
to SCW, GhCSD3 is clearly expressed throughout fiber development. 
Furthermore, GhCSD3 tagged with GFP translocated to PCWs of 
Arabidopsis roots.11 As a result, we suggest here that EC GhCSD3 is 
associated with biosynthesis of the PCW as well as the SCW.

The presence of GhCSD3 activity throughout fiber develop-
ment suggests that H2O2 is produced during both PCW and SCW 
biosynthesis. High levels of H2O2 and metal ions (30–90 ppm of 
iron, 1–10 ppm of Zn and Cu) in elongating fiber cell walls are 
favorable for the production of hydroxyl radical through the Fenton 
reaction that can loosen the cell walls for elongation.12-14 Levels of 
H2O2 produced by GhCSD3 could be controlled by wall-associated 
ROS scavenging enzymes that use hydrogen peroxide as a substrate. 
Alternatively, due to the unrestricted movement of H2O2 within 
cells, enzymes in other cellular compartments may detoxify this 
ROS. It is noteworthy that a recent study identifies a cytosolic ascor-
bate peroxidase as an enzyme that accumulates to high levels during 
fiber elongation.15 Similarly, comparative gene expression profiling 
between two cotton species that differ in their production of long, 
spinnable fibers revealed significant differences in the expression of 
genes related to ROS regulation.16

In summary, the presence of EC GhCSD3 in elongating PCW 
and thickening SCW in cotton fibers suggests that H2O2 is involved 
in the biogenesis of both PCW and SCW. Our working model 
proposes that the level of extracellular H2O2, regulated by redox 
status-related enzymes including EC GhCSD3 and other enzymes, 
may affect the processes of wall loosening and wall tightening.
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Figure 1. (A) SOD specific activity assay of EC proteins isolated from DOA-
40 DPA seeds. Extracellular proteins were extracted from trichome-bearing 
cotton seeds using 1 M NaCl and assayed for SOD activity according to the 
method of Flohè and Ötting.17 PCW, primary cell wall stage; SCW, second-
ary cell wall stage. (B) Immunoblot analysis of GhCSD extracted from cotton 
seeds from 4–40 DPA using a plant CSD antibody. EC protein was separated 
on a 15% SDS-polyacrylamide gel and blotted to nitrocellulose. Primary anti-
body was anti-plant CSD (1:6000 dilution) (EnVirtue Biotechnologies Inc., 
Winchester, VA). Secondary antibody was horseradish peroxidase-conjugat-
ed donkey anti-rabbit IgG (1:2000 dilution) with detection by SuperSignal 
West Pico Chemiluminescent Substrate (Pierce, Rockford, IL). (C) Relative 
transcript abundance of GhCSD genes in fiber. Relative transcript abun-
dance of GhCSD genes in 8-24 DPA fibers measured by Q-RT-PCR. Specific 
primers for GhCSD3 (5’-CCATGCTGGAGATT TGGGTA-3’/ 5’-TCAGCAAC 
CCATCAGGGC-3’) and cotton 18S rRNA (5’-CGTCCCTGCCCTTTGTACA-
3’/5’-AACCTTCACCGGACCATTCA-3’) as a normalizer were designed 
using Primer Express software (version 2.0, Applied Biosystems, Foster City, 
CA). The specificity of primer annealing was examined by monitoring prod-
uct dissociation. The fold difference is relative to the lowest transcript level 
present in 12 DPA fibers for GhCSD3.
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