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Fourier  transform  infrared  (FTIR)  spectra  of cotton  fibers  harvested  at different  stages  of  development
were  acquired  using  Universal  Attenuated  Total  Reflectance  FTIR  (UATR-FTIR).  The main  goal  of  the  study
was  to  monitor  cell  wall  changes  occurring  during  different  phases  of  cotton  fiber  development.  Two
cultivars  of Gossypium  hirsutum  L. were planted  in a  greenhouse  (Texas  Marker-1  and  TX55).  On  the day
of  flowering,  individual  flowers  were  tagged  and  bolls  were  harvested.  From  fibers  harvested  on  numerous
eywords:
ellulose
TIR
otton
iber development
aturity

ell wall

days  between  10 and  56  dpa,  the  FTIR  spectra  were  acquired  using  UATR  (ZnSe-Diamond  crystal)  with
no  special  sample  preparation.  The  changes  in  the FTIR  spectra  were  used  to document  the  timing  of  the
transition  between  primary  and  secondary  cell  wall  synthesis.  Changes  in  cellulose  during  cotton  fiber
growth  and  development  were  identified  through  changes  in  numerous  vibrations  within  the  spectra.
The  intensity  of  the  vibration  bands  at  667  and  897  cm−1 correlated  with  percentage  of cellulose  analyzed
chemically.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

Fourier transform infrared microspectroscopy (FTIR) has
merged as a versatile and important analytical technique to study
lant growth and development (Dokken, Davis, & Marinkovic,
005). This is attributed mainly to the recent technological
dvances in FTIR instrumentation. Indeed, the development of
ttenuated total reflectance (ATR) has made this technique very
asy to use and reduced the sampling time. The ATR crystal is usu-
lly made of ZnSe, Ge, or diamond. Using UATR-FTIR, samples such
s a bundle of cotton fibers can be analyzed in few seconds. The
se of ATR allows the analysis of samples in their original states
nd environments. This technique has replaced the traditional KBr
ellet technique.

FTIR has been used in many previous investigations of plant
ell wall composition and organization. McCann et al. reported
hat FTIR spectroscopy provides a powerful and rapid assay for
ell wall components and putative cross-links by identifying poly-
ers and functional groups nondestructively in muro (McCann,

ammouri, Wilson, Belton, & Roberts, 1992). FTIR microspec-

roscopy of dry and dehydrated walls of single epidermal cells
howed that IR bands associated with pectin or cellulose were

∗ Corresponding author at: PO Box 45019, Lubbock, TX 79409,
SA. Tel.: +1 806 742 5333; fax: +1 806 742 5343.

E-mail address: n.abidi@ttu.edu (N. Abidi).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.01.074
stronger with polarization perpendicular or parallel to the direction
of the cell elongation, respectively (Chen, Wilson, & McCann, 1997).
Others acquired polarized one and two-dimensional infrared spec-
tra from the epidermis of onion under hydrated and mechanically
stressed conditions, demonstrating that cellulose and pectin exhib-
ited little orientation until imposed mechanical stress induced their
reorientation (Wilson et al., 2000).

In flax stems, FTIR microspectroscopy showed that xylem dif-
ferentiation was accompanied by re-esterification of pectin and
increased lignification, whereas cellulose predominated in the fiber
cell walls (Stewart, Mcdougall, & Baty, 1995). A study of the cot-
ton seed coat using the same technique also showed differences
in individual cell walls within tissues. Among 5 layers in the seed
coat (described as epidermal, outer pigmented, colorless, palisade,
and inner pigmented) FTIR analysis showed: cutin, wax, cellulose,
and pectin in the epidermal layer; pectin, hemicellulose, and aro-
matic molecules including polyphenols in the palisade layer; and
predominantly lignin in the outer and inner pigmented layers (Yan
et al., 2009).

FTIR spectroscopy has been used in conjunction with principal
component analysis (PCA) and linear discriminant analysis (LDA)
to detect and classify a broad range of cell-wall mutants from a
large mutagenized Arabidopsis population (Chen et al., 1998). Simi-

larly, transmission spectra generated with FTIR microspectroscopy
were statistically analyzed to identify and classify Arabidopsis cell
wall mutants generated through drug treatments (Mouille, Robin,
Lecomte, Pagant, & Hofte, 2003).

dx.doi.org/10.1016/j.carbpol.2013.01.074
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2013.01.074&domain=pdf
mailto:n.abidi@ttu.edu
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The cell walls analyzed in the current research were from
eveloping cotton fiber, an elongated seed epidermal cell with a
hickened secondary cell wall (SCW) composed of nearly pure cel-
ulose (Haigler, Betancur, Stiff, & Tuttle, 2012). The day of flowering
s defined as anthesis and the term days post anthesis (dpa) is
sed to describe the temporal progression of fiber development
Haigler et al., 2012). There is a continuous change in the composi-
ion of the cell wall throughout cotton fiber development (Meinert

 Delmer, 1977). The composition of cotton fiber cell wall extracts
as been extensively analyzed (Gokani, Kumar, & Thaker, 1998;
uwyler, Franz, & Meier, 1979; Maltby, Carpita, Montezinos, Kulow,

 Delmer, 1979; Meinert & Delmer, 1977; Timpa & Triplett, 1993;
okumoto, Wakabayashi, Kamisaka, & Hoson, 2002), but limited
esearch has been conducted on intact fibers before processing. The
sefulness of UATR-FITR for analyzing dynamic changes in cotton
ber cell walls has been demonstrated before (Abidi et al., 2008;
bidi, Cabrales, & Hequet, 2010; Abidi, Hequet, & Cabrales, 2010).
pecifically, the authors reported that the evolution of the inte-
rated intensities of specific vibrations observed at 1733, 1534, and
627 cm−1 over fiber developmental time could be used to monitor
he progress of cellulose deposition in cotton fibers. In this paper,
e report on the use of the UATR-FTIR to study the changes occur-

ing during different phases of fibers development from 10 dpa
ntil 56 dpa in two cotton cultivars.

. Experimental

.1. Materials

Two cotton cultivars of Gossypium hirsutum L. were selected for
his study. Texas Marker-1 (TM-1) is the standard reference for
merican Upland cotton (Kohel, Richmond, & Lewis, 1970). TX55
ultivar was analyzed in previous research (Abidi et al., 2008; Abidi,
abrales, et al. 2010; Abidi, Hequet, et al. 2010). Two  independent
eplications (10 plants each) were planted in a greenhouse with
1–13 h days and a diurnal temperature cycle about 31 ◦C/24 ◦C.
lants were grown in 20 liters (5 gallons) pots of Sungrow SB
00 potting mix  that had been amended with Peters 15-9-12 slow
elease fertilizer prior to potting. Plants were watered as needed.
n the day of flowering (0 dpa), individual flowers were tagged, and
4 developing bolls per cultivar and per replication were harvested
t 10, 14, 17, 18, 19, 20, 21, 22, 23, 24, 27, 30, 36, 46, and 56 dpa.
he pericarp was immediately removed (excised with scalpel) and
solated ovules were transferred into cryogenic vials and stored in

 Cryobiological Storage System filled with liquid nitrogen prior to
nalysis.

.2. Methods

.2.1. Sample dehydration
Cotton ovules were thawed and the fibers were separated from

he seeds and rinsed with distilled water several times to remove
ugars and other water-soluble compounds. Cotton fibers obtained
rom several bolls were mixed by hand. The fibers were dried at
0 ◦C for 2 days and conditioned in a laboratory maintained at
1 ± 1 ◦C and 65 ± 2% relative humidity for at least 2 days prior to
TIR analysis.

.2.2. FTIR measurements
The FTIR spectra of cotton fiber samples were recorded under

nvironmentally controlled conditions as specified above using an
TIR instrument (Spotlight 400) equipped with an UATR acces-

ory (PerkinElmer, USA). The UATR-FTIR was also equipped with a
nSe-Diamond crystal composite (1 bounce) that allows collection
f FTIR spectra directly on a sample without any special prepara-
ion. The “pressure arm” of the instrument was used to apply a
lymers 100 (2014) 9– 16

constant pressure (monitored by software) to the cotton samples
positioned on top of the ZnSe-Diamond crystal to ensure a good
contact between the sample and the incident IR beam, thereby
minimizing loss of the IR beam. A total of 5400 FTIR spectra were
acquired: 2 cultivars × 15 dpa × (30 spectra × 3 technical replica-
tions) × 2 independent greenhouse growth replications. All FTIR
spectra were collected at a spectrum resolution of 4 cm−1, with
32 co-added scans over the range from 4000 cm−1 to 650 cm−1. A
background scan of the clean ZnSe-Diamond crystal was acquired
before scanning the samples.

2.2.3. FTIR spectra analysis
The Perkin-Elmer software was used to perform spectra nor-

malization, baseline corrections, and peak integration (Spectrum
V. 6.2.0, 2007). Principal component analysis (PCA) with leverage
correction and mean-center cross validation boxes checked was
performed using Unscrambler V.9.6 Camo Software AS (CAMO Soft-
ware AS, Norway).

2.2.4. Cellulose content determination
Cellulose content of developing cotton fibers was determined

using the anthrone method (Viles & Silverman, 1949). Anthrone, a
tricyclic hydrocarbon (C14H10O), is generally used for colorimetric
determination of carbohydrates, including cellulose. Sample prepa-
ration for the cellulose content determination was performed as
followed: for fibers from 10 to 21 dpa, fibers were first chopped at
12,000–17,000 rpm in a homogenizer (Pro200 Homogenizer with
7 mm generator, PRO Scientific, CT). The solution was centrifuged
and the supernatant water was discarded. The samples were then
rinsed with DI water and twice with acetone, and finally dried at
105 ◦C for 1 day. For fibers from 22 to 56 dpa, samples were chopped
in a Wiley Mill to pass through a 20 mesh screen and then dried at
105 ◦C for 1 day. Between 0.01 to 0.05 g dried fiber was  digested in
acetic nitric reagent (Updegraff, 1969) to remove most of the non-
cellulosic components, followed by hydrolysis with 67% H2SO4 (1 h,
RT) to release glucose. Anthrone (0.20%) in concentrated sulfuric
acid was  added, and the absorbance (625 nm)  was proportional to
the cellulose content of the sample. Microcrystalline cellulose (Avi-
cel PH102; FMC  Biopolymer, USA) was used as a standard for the
calibration.

3. Results and discussion

Typical FTIR spectra of fibers from TM-1 cultivar harvested at
different stages of development showed different vibrations (with
assignments in Table 1) that changed in location and/or inten-
sity with fiber development (Fig. 1). As widely used before (Abidi,
Cabrales, et al. 2010; Abidi, Hequet, et al. 2010; Chen et al., 1998;
Mouille et al., 2003), PCA analysis helped to reduce the dimension-
ality of the original spectral data from thousands of variables (3350
wavenumbers) to fewer dimensions. The variability in each spec-
trum relative to the mean of the population was  represented as a
smaller set of values (axes), termed principal components (PCs).
The main sources of variability in the data were concentrated into
the first 2 PCs (PC1 and PC2), and the scores for PC1 vs PC2 were
plotted against each other to show relationships between spec-
tra over fiber developmental time. For TM-1 fiber (Fig. 2a), PC1
accounts for 90% of the variance and clearly separates the FTIR spec-
tra into three groups: group 1 derived from 10 to 21 dpa fiber, group
2 derived from 22 to 30 dpa fiber, and group 3 derived from 36 to
56 dpa fiber. For TX55 fiber (Fig. 2b), PC1 accounts for 86% of the
variance and clearly separates the FTIR spectra into three groups:

group 1 derived from 10 to 18 dpa fiber, group 2 derived from 19 to
30 dpa fiber, and group 3 derived from 36 to 56 dpa fiber. Based on
the typical progression of cotton fiber development (reviewed in
Haigler et al., 2012) and other results in this paper, these groups
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Fig. 1. UATR-FTIR spectra of fibers from TM-1 harvested at different developmen-
tal stages. The IR region between 1800 and 2800 cm−1 has been omitted from the
spectra because it does not contain any significant bands.

Fig. 2. (a) Principal component analysis of FTIR spectra of fibers from TM-1 sepa-
rates the spectra in three groups: group 1 representing 10–21 dpa fiber; group 2
representing 22–30 dpa fiber; and group 3 representing 36–56 dpa fiber. (b) Princi-
pal component analysis of FTIR spectra of fibers from TX55 separates the spectra in
three groups: group 1 representing 10–18 dpa fiber; group 2 representing 19–30 dpa
fiber; and group 3 representing 36–56 dpa fiber.

Table 1
IR assignments of the main vibrations in the FTIR spectra.

IR region (cm−1) Vibrations
(cm−1)

Assignments

3700–3000 3336 Intra-molecular hydrogen bonding
C(3)OH· · ·O(5)
C(6)O·  · ·(O)H

3286 Inter-molecular hydrogen bonding
C(3)OH· · ·C(6)O

3000–2800 2918, 2850 CH2 asymmetrical and
symmetrical stretching

1800–1500 1738 C O stretching
1639 O H bending of adsorbed water
1620 C O (amide I)
1543 NH2 deformation

1500–1200 1443 O H in-plane deformation
1429 CH2 scissoring
1372 C H bending
1315 CH2 rocking
1245 C O stretching or NH2

deformation
1204 C O stretching

1200–650 1161 Anti-symmetrical bridge C O C
stretching

1100 Anti-symmetric in-plane
stretching band

1056 C O stretch
1018 C O stretch
1003, 986 C O and ring stretching modes
897 �-Linkage of cellulose

710 CH2 rocking
667 OH out-of-plane bending

are generally associated with: group 1, fiber elongation via pri-
mary wall synthesis; group 2, synthesis of the winding cell wall
layer (analogous to the S1 layer in wood fiber) followed by sec-
ondary wall cellulose synthesis; and group 3 ending of secondary
wall thickening and fiber maturation. Possibly, TX55 is undergoing
the transition to secondary wall cellulose synthesis along with the
end of fiber elongation a few days earlier than TM-1.

3.1. IR region 3700–3000 cm−1

The broad band in this region is due to the OH-stretching
vibrations arising from hydrogen bonding in cellulose. One of
two main vibrations, at 3336 cm−1, became visible starting at
20 dpa, and it is assigned to intra-molecular hydrogen bonding
of cellulose (between C(3)OH· · ·O(5) and C(6)O·  · ·O(2)H) (Oh, Yoo,
Shin, & Seo, 2005; Oh et al., 2005; Schwanninger, Rodrigues,
Pereira, & Hinterstoisser, 2004). The other main vibration, at
3286 cm−1, was evident in all spectra starting at 10 dpa, and
it is assigned to inter-molecular hydrogen bonding of cellulose
(between C(3)OH· · ·C(6)O) (Oh, Yoo, et al. 2005; Oh et al., 2005;
Schwanninger et al., 2004).

The evolution of the integrated intensity of the vibrations
observed at 3336 cm−1 and 3286 cm−1 (I3336+3286) was calcu-
lated between 3700 and 3000 cm−1 and reported as function
of dpa for both TM-1 and TX55 fibers (Fig. 3). The analysis
of variance shows statistically significant effects of the fiber
developmental stages (F(14,30) = 23.254, p = 0.000001), the culti-
var (F(1,30) = 18.355, p = 0.0002), and the dpa*cultivar interaction
(F(14,30) = 2.634, p = 0.0127). The major difference in I3336+3286
between cultivars occurs from 18 to 27 dpa. Overall, three regions
of I3336+3286 values occur: region I between 10 and 19 dpa; region

II between 20 and 30 dpa (a time of rapid change); and region
III between 36 and 56 dpa. Region I corresponds to the period of
primary cell wall synthesis to support fiber elongation, which typi-
cally continues linearly until about 20 dpa in G. hirsutum (Tokumoto
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Fig. 3. Integrated intensity of the vibrations located at 3336 cm−1 (reflecting cel-
lulose intra-molecular hydrogen bonding between C(3)OH· · ·O(5) and between
C(6)O·  · ·O(2)H) and 3286 cm−1 (reflecting cellulose inter-molecular hydrogen bond-
ing between C(3)OH· · ·· · ·C(6)O) as a function of days post anthesis. Three regions
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n  the data were present: Region I, 10–19 dpa, representing the primary cell wall
nd fiber elongation phase; Region II, 20–30 dpa, representing fiber wall thickening,
argely due to cellulose synthesis; and Region III, 30–56 dpa, fiber maturation.

t al., 2002). Region II corresponds to the transition phase and
CW development. During this time, the fiber wall thickens, first by
inding layer synthesis then through nearly pure cellulose synthe-

is (Haigler et al., 2012). Region III corresponds to the period of fiber
aturation after SCW cellulose synthesis is completed, typically

bout 32 dpa (Meinert & Delmer, 1977; see also Table 2).

.2. IR region 3000–2800 cm−1
This region contains two vibrations at 2918 and 2850 cm−1,
hich are assigned to CH2 asymmetrical and symmetrical stretch-

ng, respectively (Abidi, Cabrales, et al. 2010; Abidi, Hequet, et al.
010; Nelson & Mares, 1965). These vibrations are sharp at

able 2
chematic of the changes in the FTIR bands’ intensities and cellulose content as a function
y  a color code: red, high; yellow, a period of rapid change; green, intermediate; blue, low
nly  without respect to levels.
lymers 100 (2014) 9– 16

10–22 dpa and 10–18 dpa for TM-1 and TX55, respectively. After
washing out soluble sugars, the fiber residue contains proteins, pec-
tic molecules, and wax  (Nelson & Mares, 1965). The intensities of
the 2918 and 2850 cm−1 vibrations decrease in the FTIR spectra of
fibers harvested after 23 dpa or 19 dpa from TM-1 and TX55, respec-
tively. This is attributed to the fact that loss of particular primary
wall components, including pectin, occurs at the transition stage
(Singh et al., 2009) followed by the dominance of secondary wall
cellulose (Abidi et al., 2008) so that noncellulosic materials are no
longer detected (Nelson & Mares, 1965).

3.3. IR region 1800–1500 cm−1

This region contains four main vibrations at 1738, 1639, 1620,
and 1543 cm−1. The vibration at 1738 cm−1 is attributed to C O
stretching, probably within esterified uronic acid (Alonso-Simon
et al., 2011; McCann et al., 1992). The vibration at 1639 cm−1 is
assigned to O H bending of adsorbed water (Abidi et al. 2008;
Abidi, Cabrales, & Hequet, 2010; Abidi, Hequet, & Cabrales, 2010;
Schwanninger et al., 2004). The vibration at 1620 cm−1 is assigned
to C O (amide I), which could originate from protein or pectic
acid ester (Nelson & Mares, 1965). The vibration at 1543 cm−1 is
assigned to amide II (proteins, amino acids) (Kong & Yu, 2007).

The integrated intensity of the 1738 cm−1 vibration was  cal-
culated between 1800 and 1700 cm−1 and reported as function
of dpa (Fig. 4). The analysis of variance shows statistically sig-
nificant effects of the developmental stages (F(14,30) = 75.4336,
p = 0.000001) and cultivar (F(1,30) = 26.4853, p = 0.000015), but
no dpa*cultivar interaction. The results are consistent with an
initially high concentration of esterified uronic acids at 10 dpa con-
tinuously decreasing through 24 dpa, after which the 1738 cm−1

vibration became undetectable. Consistently, chemical analysis of
total uronic acids in the cotton fiber cell wall showed a decrease

from 22% to 2% (wt/wt) from 10 to 22 dpa (Meinert & Delmer,
1977). More specifically, the results are consistent with the de-
esterification of pectin as a restrictor of cotton fiber elongation
(Haigler et al., 2012).

 of the fiber age (days post anthesis). Levels of the vibration intensity are indicated
; and gray, no change relative to the prior day. The peach color demarcates groups
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Fig. 6. Integrated intensity of the 1543 cm−1 vibration (NH2 deformation, proteins
and/or amino acids) as a function of days post anthesis. The pattern of signal intensity
ig. 4. Integrated intensity of the 1738 cm−1 vibration (C O stretching, esterified

ronic acid) as a function of days post anthesis indicating a high concentration of
sterified uronic acids at 10 dpa followed by a continuous decrease until 24 dpa.

The IR region between 1700 and 1560 cm−1 shows two peaks
t 1639 and 1620 cm−1, and the integrated intensity (I1639+1620)
as graphed as a function of dpa (Fig. 5). The analysis of vari-

nce shows statistically significant effects of the developmental
tages (F(14,30) = 50.546, p = 0.000001), cultivar (F(1,30) = 14.065,

 = 0.0008), and the dpa*cultivar interaction (F(14,30) = 2.629,
 = 0.0129). The I1639+1620 intensity also decreased sharply until
4 dpa.

The integrated intensity of the 1543 cm−1 (I1543) vibra-
ion was calculated from 1560 and 1485 cm−1 (Fig. 6). The
nalysis of variance shows statistically significant effects of
he developmental stages (F(14,30) = 46.7376, p = 0.000001), the
pa*cultivar interaction (F(14,30) = 2.7672, p = 0.0094), and the
ultivar (F(1,30) = 6.0683, p = 0.0197). Overall, I1543 decreased con-
inuously until 22 dpa and became undetectable in fibers harvested
t 36 dpa and afterwards.

.4. IR region 1500–1200 cm−1
This region contains six vibrations of interest. The 1443 cm−1

ibration could be assigned to O H in-plane deformation and it
as sharp in 10–21 dpa fibers but only appeared as a small shoul-

ig. 5. Integrated intensity of the vibrations located at 1639 cm−1 (O H bending of
dsorbed water) and 1620 cm−1 (C O, pectins) as a function of days post anthesis
howing a continuous decrease until 24 dpa.
was  consistent with a high percentage of proteins and/or amino acids at 10 dpa,
followed by a continuous decrease until 30 dpa. The signal became undetectable
after 36 dpa.

der in the FTIR spectra of 21–56 dpa fibers. If this band relates to
CH2 scissoring (Nelson & Mares, 1965), it may  shift from 1443 cm−1

to 1429 cm−1 between 21 and 56 dpa. Alternatively, the vibration
1429 cm−1 has been designated as a “crystalline” absorption band,
with its ratio with the 897 cm−1 vibration defined as an empirical
“crystallinity index” of cellulose (Krassig, 1993).

The 1372 cm−1 vibration is assigned to C H bending, and it may
be most suitable for indicating cellulose crystallinity in ratio with
the 2900 cm−1 vibration (Nelson & O’Connor, 1964). In developing
cotton fibers, the 1372 cm−1 vibration exists as a small shoulder
at early dpa then becomes a sharp peak starting at 22 dpa. Sim-
ilarly, the 1315 cm−1 vibration, which is assigned to CH2 rocking
(Schwanninger et al., 2004), existed only as a small shoulder in the
FTIR spectra from 10 to 22 dpa but became stronger afterwards.
The 1204 cm−1 vibration, which is assigned to the C O stretch-
ing mode of the pyranose ring (Ilharco, Garcia, daSilva, & Ferreira,
1997; Pastorova, Botto, Arisz, & Boon, 1994), behaved similarly.
Conversely, the 1245 cm−1 vibration is assigned to C O stretch-
ing or NH2 deformation (pectic substances, amino acids) (Nelson &
Mares, 1965), and it was strong between 10 and 22 dpa, becoming
only a small shoulder in the FTIR spectra of older fibers. Overall the
results for vibrations between 1500 and 100 cm−1 were consistent
with the increasing dominance of secondary wall cellulose after
22 dpa.

3.5. IR region 1200–650 cm−1

The 1145 cm−1 vibration is attributed to C O C stretching
and could originate from non-cellulosic molecules, such as ara-
binogalactan or pectin (Kacurakova, Capek, Sasinkova, Wellner,
& Ebringerova, 2000). The 1161 cm−1 vibration is attributed to
anti-symmetrical bridge C O C stretching (Liang & Marchessault,
1959; Salmen & Bergstrom, 2009), particularly within cellulose
(Alonso-Simon et al., 2011; Carpita et al., 2001; Kacurakova et al.,
2000; Wilson et al., 2000). The integrated intensity of this vibra-
tion was calculated between 1185 and 1137 cm−1, and a sharp 77%
increase in its intensity occurs between 19 and 27 dpa (Fig. 7).
The analysis of variance showed statistically significant effects
of the developmental stages (F(14,30) = 60.06, p = 0.000001), culti-
var (F(1,30) = 37.33, p = 0.000001), and the dpa*cultivar interaction

(F(14,30) = 3.90, p = 0.0008).

The 1100 cm−1 vibration is assigned to anti-symmetric in-plane
stretching (Ilharco et al., 1997), and it shifted to 1106 cm−1 at
23 dpa. The 1056 cm−1 vibration is attributed to C O stretching
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Fig. 7. Integrated intensity of the 1161 cm−1 vibration (antisymmetric bridge
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O C stretching, cellulose) as a function of days post anthesis indicating that
 large increase in the peak intensity occurs between 19 and 27 dpa.

ode (Abidi et al., 2008; Abidi, Cabrales, & Hequet, 2010; Abidi,
equet, & Cabrales, 2010), and it existed only as a small shoulder

n the FTIR spectra of fibers harvested at 10–17 dpa. The 1018 cm−1

ibration, attributed to C O stretch, existed as a broad peak from
0 to 17 dpa then shifted to 1031 cm−1 in the FTIR spectra of fibers
arvested after 18 dpa. The vibrations at 1003 and 986 cm−1, which
re attributed to C-O and ring stretching modes, appeared at 36 dpa.

The 897 cm−1 vibration is assigned to the �-linkage of cellu-
ose (Alonso-Simon et al., 2011), and its integrated intensity (I897)

as calculated between 916 and 845 cm−1 (Fig. 8). The analysis
f variance showed statistically significant effects of the devel-
pmental stages (F(14,30) = 108.555, p = 0.000001), the cultivar
F(1,30) = 47.928, p = 0.000001), and the dpa*cultivar interaction
F(14,30) = 2.961, p = 0.0062). Between 10 and 17 dpa, the 897 cm−1

eak is only a small shoulder, then I897 increases from 18 to

6 dpa. This pattern reflects cell wall thickening via enriched cel-

ulose synthesis during this time, which is directly shown by the
arallel increase in the percentage of cellulose (from <20% to

ig. 8. Integrated intensity of the 897 cm−1vibration (�-linkage, cellulose) as a func-
ion  of days post anthesis showing that the increase of I897 begins at 18 dpa and levels
ff at 36 dpa.
Fig. 9. Cellulose content in fibers from TM-1 and TX55 as a function of days post
anthesis. Between 10 and 17 dpa, the cellulose content is less than 20%. The large
increase in cellulose content occurs between 18 and 36 dpa.

> 83%) in the same time interval (Fig. 9). For cellulose content, the
analysis of variance shows statistically significant effects of the
developmental stages (F(14,30) = 32.018, p = 0.000001) and culti-
var (F(1,30) = 25.029, p = 0.00002), but the dpa*cultivar interaction
is not significant (F(14,30) = 1.304, p = 0.2600). There was  a strong
linear relationship (R2 = 0.95) between cellulose content and I897
(Fig. 10), which demonstrates that cotton fiber cellulose content
can be estimated indirectly from its FTIR spectrum.

The 710 cm−1 vibration is assigned to CH2 rocking in crys-
talline cellulose I� (Akerholm, Hinterstoisser, & Salmen, 2004).
The integrated intensity (I710) was  calculated between 735 and
684 cm−1, and it began to increase at 18 dpa (Fig. 11). Consis-
tently, the degree of cellulose crystallinity increased from 30 to 58%,
between 21 and 60 dpa, with the most increase occurring between
21 to 34 dpa (Hu & Hsieh, 1996). The analysis of variance of the I710
values shows statistically significant effects of the developmental
stages (F(14,30) = 32.018, p = 0.000001) and the dpa*cultivar inter-
action (F(14,30) = 2.262, p = 0.0298), but no effect of the cultivar

(F(1,30) = 0.251, p = 0.6197). The increase of I710 starting at 18 dpa
indicates that cotton fibers, as they develop, become enriched in
cellulose I�. The primary wall of cotton fiber contains cellulose

Fig. 10. Relationship between the cellulose content and the integrated intensity of
the 897 cm−1 vibration. The strong linear relationship shows that I897 is useful for
indirect estimation of the cellulose content in cotton fibers.
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ig. 11. Integrated intensity of the 710 cm−1 vibration (CH2 rocking) as a function
f  days post anthesis. I710 increases starting at 18 dpa.

icrofibrils with less lateral order than in the secondary wall
Chanzy, Imada, & Vuong, 1978), which is now thought to reflect

 less organized form of the cellulose I� allomorph within small
ellulose fibrils (Wada, Heux, & Sugiyama, 2004). The secondary
all of mature cotton fiber is predominantly cellulose I� (Atalla

 VanderHart, 1984), implying that the organization of cellulose
ncreases in the secondary wall.

The 667 cm−1 vibration is assigned to OH out-of-plane bending
Ilharco et al., 1997). The integrated intensity of this vibration (I667)
as calculated between 684 cm−1 and 650 cm−1 and reported as

unction of dpa (Fig. 12). For TX55 fibers, no major change in I667
ccurred between 10 and 14 dpa, but between 17 and 36 dpa a 5-
old increase occurred. For TM-1 fibers, the increase in I667 occurred
ver a shorter period (19 to 30 dpa). The analysis of variance of

667 shows statistically significant effects of the developmental
tages (F(14,30) = 59.656, p = 0.000001), cultivar (F(1,30) = 37.143,

 = 0.000001), and the dpa*cultivar interaction (F(14,30) = 2.762,
 = 0.0096). As already demonstrated for I897 (Fig. 10), there was

 strong linear relationship (R2 = 0.94) between cellulose content
nd I667 (Fig. 13), which demonstrates that cotton fiber cellulose

ontent can be estimated indirectly from two FTIR bands (897 and
67 cm−1).

ig. 12. Integrated intensity of the 667 cm−1 vibration (OH out-of-plane bending
ode) as a function of days post anthesis. The strong increase in I667 occurs at 17 dpa

or  TX55 fibers and at 19 dpa for TM-1 fibers.
Fig. 13. Relationship between the cellulose content and the integrated intensity of
the  667 cm−1 vibration. The strong linear relationship shows that I667 is useful for
indirect estimation of the cellulose content in cotton fibers.

4. Conclusions

Particular vibrations in the FTIR spectrum are useful for char-
acterizing changes in cellulose within developing cotton fibers (at
10 to 56 dpa) in two  cultivars (Texas Marker-1 and TX55) grown in
the greenhouse. Using Universal Attenuated Total Reflectance FTIR
in the mid-IR, spectra were acquired directly on a bundle of fibers
that had been rinsed in water, dried at 40 ◦C for 2 days, and finally
conditioned to 21 ± 1 ◦C and 65 ± 1% RH for at least 2 days prior to
analysis. Table 2 summarizes the data as the changes in the inten-
sity of various FTIR bands and cellulose content during cotton fiber
development. A color code of red, green, and blue was used to indi-
cate high, moderate, and low levels of each parameter, respectively.
The colors yellow and gray indicate rapid and no changes relative
to the prior day, respectively. The clustering of the three groups
from the PCA analysis of FTIR spectra are indicated in peach color
without respect to levels. Our results showed that the integrated
intensities of the vibrations observed at 3286, 1738, 1639, 1543,
1161, 897, 710, and 667 cm−1 are useful indicators of the deposi-
tion of secondary wall cellulose. There was an excellent correlation
between the integrated intensities of the vibrations observed at 897
and 667 cm−1 and the cellulose content, which provides a relatively
easy means of estimating cotton fiber cellulose content indirectly.
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