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Abstract Cotton fiber maturity is an important fiber
physical and quality property that impacts down-
stream fiber processing. Fiber maturity refers to the
degree of secondary cell wall thickening. The refer-
ence method for fiber maturity measurement is to
quantify the secondary cell wall area relative to the
perimeter of the fiber via cross-sectional image
analysis, a tedious and slow process. A number of
approaches have been developed which attempt to
measure fiber maturity rapidly. The approach
employed in this work is based on the use of attenuated
total reflection Fourier transform infrared spec-
troscopy, and simple algorithms were developed from
the spectra to estimate fiber maturity directly. To
validate the efficacy of this approach against cross-
sectional image analysis, two distinct fiber sets were
examined that included a set of developing fibers and a
diverse set of developed fibers. Comparison of image
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analysis and infrared maturity results imply a consis-
tency and equivalency between the two maturity
measurements.
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Introduction

Cotton is one of the most important and widely grown
crops in the world, primarily for its naturally produced
textile fiber (Robertson and Roberts 2010). Fiber
maturity is often represented by the term circularity
(0), defined as the cross-sectional area of the sec-
ondary cell wall (SCW) relative to the area of a circle
having the same perimeter (Hequet et al. 2006;
Thibodeaux and Evans 1986; Xu and Pourdeyhimi
1994). Cotton fiber maturity is a major yield compo-
nent and also an essential fiber physical and quality
attribute, which is directly linked to fiber breakage and
entanglement (neps) during mechanical processing as
well as dye uptake in dyed yarn and fabric products
(Anthony et al. 1988; Gordon 2007).

Cotton micronaire (MIC), which is a combination
of fiber maturity and fineness (Lord 1956), is measured
using high volume instrument (HVI) on the basis of
measuring air-flow resistance through a plug of cotton
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fibers of a given weight (ASTM 2012a) and is used in
lieu of a specific measure of fiber maturity. Although
cotton fibers with high HVI MIC values are generally
considered as mature, fibers with low HVI MIC values
can be mature but very fine (Kim et al. 2014). Thus, a
MIC value alone is not sensitive to compare maturity
of cotton fibers with variant fineness values that are
often observed in different cotton varieties and
species.

Current-in-use cotton fiber maturity measurements
include direct methods that involve traditional cross-
sectional image analysis (IA) (Hequet et al. 2006;
Thibodeaux and Evans 1986; Xu and Pourdeyhimi
1994) and recently proposed Fourier transform infra-
red (FT-IR) spectroscopy (Liu et al. 2011). The IA
maturity readings have been utilized as fiber maturity
references for indirect measurement system develop-
ments, for example, advanced fiber information sys-
tem (AFIS) (Bradow et al. 1996; Kim et al. 2014,
Paudel et al. 2013), Fineness and Maturity Tester
(FMT) (Montalvo et al. 2007), polarized light micro-
scopy (Long et al. 2010), Cottonscope (Kim et al.
2014; Paudel et al. 2013; Rodgers et al. 2012, 2013), as
well as near infrared (NIR) and FT-IR spectroscopic
approaches (Abidi et al. 2011; Rodgers et al. 2010).
Complimentary to above techniques, recent maturity
measurement developments include the machine
vision systems by various approaches, such as using
transfer learning methods (Turner et al. 2017; Shahriar
et al. 2013), designing a laser diffraction instrument
(Adedoyin et al. 2010), and combining confocal
microscopy with image analysis (Turner et al. 2015).

Cross-sectional IA test was originally developed by
Thibodeaux and colleagues in the 1980s (Thibodeaux
and Evans 1986) and refined through the 1990s to
today (Boylston et al. 1993; Guo et al. 2014; Matic-
Leigh and Cauthen 1994; Thibodeaux and Rajase-
karan 1999; Xu and Huang 2004; Xu and Pourdeyhimi
1994). The cross-sectional IA procedure requires a
bundle of fibers to be selected and prepared, embedded
in a medium, cut into thin sections and mounted on a
microscope slide. Images of the cross-sections are
captured using a microscope equipped with a digital
camera and then analyzed with a software to estimate
the parameters including the fiber cell wall area (A,,,
cross-sectional area minus lumen area) and the
perimeter of the outside of the fiber (P,). Fiber
characteristics such as circularity (6 = 4nAW/(P2)2)
and maturity ratio (M = 0/0.577) can be calculated
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from the A,, and P, values (Hequet et al. 2006). The
divisor of 0.577 was determined by Pierce and Lord
for a standard level of maturity (Pierce and Lord
1939). In general, IA determination of fiber maturity is
destructive, labor intensive, time consuming and
impractical for a large number of fiber samples.

On the basis of attenuated total reflection (ATR)
FT-IR spectral differences between immature and
mature seed cotton fibers, Liu et al. (2011) proposed
simple algorithms to assess cotton fiber infrared
maturity (Mg) index. In this concept, the R; algorithm
utilized three IR bands at 1500, 1032, and 956 cm™ !,
then the R; value was converted into fiber Mz by
assigning the respective Mi values of 0.0 and 1.0 to
the most immature and mature fibers in the dataset,
and next the Mr values were compared with maturity
readings determined from IA test on independent
fibers including the 104 reference cotton set (Liu et al.
2011). This work yielded two equations that formed an
algorithm to rapidly and non-destructively provide an
estimation of M. Here, R; = (los¢ — 1500/
(11032 — I1500) representing the intensity ratio of the
intensity at the three IR bands, and Mg = (R;.

— Ry sn)/(Ry;» — Ry ,) representing the maturity
from FT-IR measurements. R; was the value for the
unknown sample, R, ;- and Ry g, were experimentally
determined to be 0.59 and 0.14. In practice, the
algorithm is reduced to be M = (R; — 0.14)/0.45.
Caution should be taken when analyzing the ATR FT-
IR spectra for Mg index in very early developing
fibers that exhibit glue-like stickiness, because the
dominant presence of physiological sugars (sucrose,
glucose, fructose, and galacturonic acid) in younger
than 17 days of post-anthesis (DPAs) fibers can
contribute significantly to the two bands (1032 and
956 cm™ ') used in algorithm calculations (Liu and
Kim 2015).

The use of ATR FT-IR method to evaluate the
cotton fiber Mg has the following advantages: (1) a
simple ATR FT-IR protocol allows direct measure-
ment of cotton fibers and avoids the need to perform
any preparation or pretreatment of cotton samples, (2)
it can be applied to small amounts of fibers (as little as
0.5 mg) that are sometimes common during cotton
breeding and genetic approaches, and (3) it requires
only a short time (less than 2 min) for sample loading,
spectral acquisition, and subsequent result reporting.
Additional value such as fiber infrared crystallinity
index (CIr) could be assessed by different algorithms
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from the same ATR FT-IR spectra (Liu et al.
2011, 2012; Kim et al. 2018). Although the ATR
FT-IR approach is a non-invasive method requiring
less fibers for measuring maturity as compared with
other conventional methods, this method has not
previously been validated with breeder samples and
has rarely been used in cotton genetic studies or
breeding programs for analyzing fiber maturity. This
test neither consumes high energy nor needs high
energy equipment.

The objective of this study was to further validate
the consistency and agreement between reference 1A
maturity (Mg) and ATR FT-IR maturity (Mir)
measurements on two diverse sets of cotton samples
from breeder. The first set was composed of develop-
ing fibers at 24, 28, 32, 36 and 40 DPA that vary in
fiber maturity from a standard upland cotton variety,
Texas Marker-1 (TM-1). The second set consisted of
fully developed upland cotton fibers with a broad
range of fiber maturity values that have been recently
constructed by a genetic approach (Kim et al. 2019).
The M;, and Mz values on the two sets were
compared to those on the 104 reference fibers that
have been used as standard cotton materials for cotton
fiber maturity measurement (Hequet et al. 2006; Liu
et al. 2011; Paudel et al. 2013).

Experimental
Cotton fibers

First fiber set: developing upland TM-1 (PI 607172)
cotton fibers. The Gossypium (G.) hirsutum TM-1 is
the upland cotton genetic and genomic standard
variety producing average fiber properties (Kohel
etal. 1970). They were grown in a field of USDA-ARS
in New Orleans, LA during the 2009 crop year. Cotton
flowers were tagged on the day of flowering (0 DPA).
Two biological replicates of cotton bolls from differ-
ent TM-1 plants were harvested at 24, 28, 32, 36 and
40 DPA. This fiber set represents normal fiber
development as SCW develops.

Second fiber set: developed upland SG-747 x im
(SI) and DP-90 x im (DI) fibers. Sure-Grow 747 (SG-
747, PVP 9800118) or Deltapine Acala 90 (DP-90, PI
564767) cotton plant was crossed as pollen donor
parent in a greenhouse in 2010 with an immature fiber
(im) mutant plant to construct a broad range of fiber

maturity. The SG-747 is a commercial variety pro-
ducing coarse fibers (Fang et al. 2013), and DP-90 is
an elite commercial cultivar generating fine fibers
(Campbell et al. 2013), while im mutant has low fiber
maturity due to its thin fiber wall (Kim et al.
2013, 2017). The F, plants were self-pollinated to
obtain F, seeds. The F, plants along with parents were
grown in the same field as the developing upland TM-
1 cotton fibers in 2011.The soil type was Aquent
dredged over alluvium in an elevated location to
provide adequate drainage. Standard conventional
field practices were applied during the growing
season.

All fiber samples were harvested by hand. Devel-
oping fibers were manually ginned (i.e., to separate
cotton fibers from their seeds), whereas fully devel-
oped SI and DI fiber samples were ginned by a
laboratory roller gin, prior to drying in a 40 °C
incubator. These fibers were stored in a dark storage
room with a constant temperature (23 = 1 °C) and
relative  humidity (50 = 10%) prior to the
measurements.

Fiber cellulose content determination

Fiber cellulose contents were determined by Upde-
graff method (Updegraff 1969). This method is
generally considered as a reference method for
determining SCW development in upland cotton fibers
(Meinert and Delmer 1977), but it is a destructive
chemical analysis requiring lengthy and laborious
processes. Briefly, 10.00 mg of cut fibers were placed
into 5 mL of reacti-vials. Non-cellulosic materials in
fibers were hydrolyzed with acetic-nitric reagent (a
mixture of 73% acetic acid, 9% nitric acid and 18%
water). The remaining cellulose was hydrolyzed with
67% sulfuric acid (v/v) and measured by a colorimet-
ric assay with anthrone, in which Avicel PH-101
(FMC, Rockland, ME) was used to establish a
calibration curve to be able to determine the concen-
tration of cellulose from spectrophotometric measure-
ment. The average cellulose content for each sample
was obtained from two biological and three technical
replications.
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Fiber maturity ratio determination via image
analysis of fiber cross-sections (Mya)

Fiber Mj, was determined through the established
protocol (Hequet et al. 2006). Individual samples were
blended and representative fiber samples were pre-
pared and sectioned. At least 300 fibers were analyzed
for each sample. A,, and P, values were used to
calculate circularity (0). The obtained 0 values were
converted to My, using the established equation of
M = 6/0.577 (Hequet et al. 2006). M is replaced by
M to indicate the fiber maturity measurement from
the IA test in this work.

Fiber maturity measurement via ATR FT-IR
spectroscopy (Mr)

Fiber Mg was estimated by executing simple algo-
rithmic analysis of ATR FT-IR spectra as described
previously (Liu and Kim 2015; Liu et al. 2011). To
collect the fiber spectra, an FTS 3000MX FTIR
spectrometer (Varian Instruments, Randolph, MA)
equipped with a ceramic source, KBr beam splitter,
deuterated triglycine sulfate (DTGS) detector, and an
ATR attachment was used. At least six spectra by re-
sampling different locations across each sample were
obtained over the range of 4000-600 cm ™' at 4 cm™'
resolution and 16 co-added scans. No baseline
correction was applied to these spectra that were
recorded in absorbance units, in order to keep
consistent with preceding ATR FT-IR studies of
cotton fibers (Liu and Kim 2015; Liu et al. 2011).

Fiber MIC measurement via HVI or Fibronaire
system

Average of fiber MIC values of developing TM-1
fibers were determined via Fibronaire procedure (on
3.24 g fibers) using Fibronaire system (Motion Con-
trol Inc., Dallas, TX), due to their limited quantities
(< 5.0 g). MIC attributes from developed fibers were
obtained by HVI (USTER Technologies Inc., Knox-
ville, TN) according to the common-in-use HVI
procedure that requires a minimum of 10.0 g fibers.
Developing fibers were teased to fluff fibers, whereas
developed fibers were measured without pre-treatment
for the MIC measurement. Both instruments were
properly calibrated according to established procedure
(ASTM 2012b).

Results and discussion

First fiber set: upland TM-1 cotton fibers
at different stages of development

Table 1 summarizes the mean values and standard
deviations (SDs) for the developing TM-1 fibers from
IA, ATR FT-IR and Fibronaire measurement as well
as cellulose content determination. In order to com-
pare the sensitivity of individual measurement, rela-
tive standard deviation (RSD), defined as the ratio of
SD/mean, was inserted in Table 1.

During the SCW biosynthesis stage (24-36 DPA),
cellulose content of the developing cotton fibers

Table 1 Mean and SD of cellulose content, My, Mg, and Fibronaire MIC for the developing TM-1 fibers at each DPA

TM-1 variety Cellulose content (%)*

MIA (unit)b

Mg (unit)® Fibronaire MIC (unit)®

24 DPA 58.19 £ 0.94 0.40 £ 0.15 0.42 £+ 0.04 <240
28 DPA 77.32 &£ 3.09 0.50 £ 0.20 0.60 £+ 0.03 3.12
32 DPA 79.57 £ 0.00 0.72 £ 0.26 0.74 £+ 0.07 3.58
36 DPA 91.21 £ 1.50 0.86 £ 0.30 0.73 £ 0.05 4.30
40 DPA 95.01 £ 2.59 1.02 £ 0.30 0.88 £ 0.07 4.74
RSD® 0.18 0.36 0.26 0.26

“Data were collected in September 2013 and the average from 2 replicates were used

Data were collected in December 2017 and the average from more than 300 single fibers were taken

“Data were collected in November 2015 and the average from 6 replicates were used

Data were collected in September 2013 and 3 replicates were taken. Fiberoniare MIC for the 24 DPA fiber was undetectable since it

was lower than 2.40

°RSD = SD/mean for each column
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increases dramatically from 58.19% at 24 DPA to
91.21% at 36 DPA (Table 1). The developing fiber at
40 DPA composes of a majority (95.01%) of cellulose,
which is common in the fully developed upland cotton
fibers (Abidi et al. 2010; Kim 2015; Meinert and
Delmer 1977).

In line with cellulose content elevating from 24 to
40 DPA fibers, the corresponding M value increases
from 0.40 to 1.02, Mg dimension raises from 0.42 to
0.88, and Fibronaire MIC varies from 2.40 to 4.74
(Table 1). The observation that Mg value does not
increase from 32 DPA to 36 DPA might be due to
small sample sizes. Typical microscopic images of
fiber cross-sections in Fig. 1 highlight the apparent
trend of SCW thickening for these developing fibers at
24, 28, 36 and 40 DPA.

Distinctions on these developing TM-1 fibers could
also be monitored by ATR FT-IR spectral intensity
differences in the 1600-800 cm ™' region (Fig. 2), in
which great spectral intensity changes occur. From 24
to 40 DPA, intensities of the bands at 1158, 1104, 1055

Fig. 1 Microscopic images
of fiber cross-sections for
the developing TM-1 fibers
at 24, 28, 36 and 40 DPA

and 1028 cm™! decrease, while those in the
1000-875 cm™" region increase. Spectral intensity
variations of those bands have been characterized well
in earlier studies (Abidi et al. 2014; Liu and Kim 2015)
and their assignments are summarized in Table 2. A
steady intensity increasing or decreasing of these
characteristic bands in Fig. 2 echoes well with SCW
thickening in Fig. 1.

With fiber developing, all indices (cellulose con-
tent, Mjs, Mg, and Fibronaire MIC) in Table 1
increase, but their RSDs differ and decrease in a
general order of My, (0.36), Mg (0.26), Fibronaire
MIC (0.26), and cellulose content (0.18). The lower
RSD of 0.18 could imply the least sensitivity and
efficiency of cellulose content values in reflecting fiber
maturity of developing fibers among four methods
examined in Table 1.

Table 3 summarizes the Pearson correlation (r, or
univariate correlation coefficient) between the mea-
surements among the set of developing fibers. Any
pair of the four indices had positive and strong

Fig. 2 Normalized ATR
FT-IR spectra of
developmental TM-1 fibers
at 24, 28, 36, and 40 DPA.
Each spectrum was
normalized by dividing the
intensity of individual band
in the 1800-600 cm™"
region with the average
intensity in this

1800-600 cm ™" region

Arbritrary unit(a.u.)

------ 24DPA; M, =0.40
28DPA; M, = 0.50
- - 36 DPA; M, =0.86

40 DPA; M, =1.02

1600 1500 1400

1300 1200 1100 1000 900 800
Wavenumber (cm-1)

@ Springer



5870

Cellulose (2019) 26:5865-5875

Table 2 Characteristic ATR-FTIR spectral band assignments.
(Abidi et al. 2014; Liu and Kim 2015)

Wavenumber (cm™ 1)

Band assignment

1425 CHj; scissoring
1365 C-H bending
1335 CH, wagging
1315 CH, wagging
1200 C-O stretching
1158 C-O-C stretching
1104 C-O stretching
1055 C-O stretching
1028 C-O stretching
985 C-O stretching
895 B-glycosidic linkage

Table 3 Univariate correlation coefficients, r, between the
pair of cellulose content, M;5, Mg, and Fibronaire MIC within
the developing upland TM-1 cotton fibers

Cellulose ~ Mia Mg Fibronaire
content MIC
Cellulose content 1.00
Mia 0.93 1.00
Mg 0.94 0.95 1.00
Fibronaire MIC 0.98 0.99 0.95 1.00

correlations with others (r > 0.90). This observation
indicates that each of the four indices could be applied
to monitor the maturation process in developing cotton
fibers, although cellulose content exhibits the lowest
sensitivity for these developing TM-1 fibers.

Figure 3 compares the fiber maturity values
between reference IA method and ATR FT-IR mea-
surement, and a strong linear relationship (r = 0.95%)
is observed between My, and Mir values with a slope
of 0.65, an intercept of 0.22, and a coefficient of
determination (R?) of 0.90.

Fiber maturity would be variable within a plant,
within a boll, and even across a single seed since fiber
cell wall developments are greatly affected by growth
conditions and micro environments (Bradow et al.
1996; Ayele et al. 2018). Therefore, IA procedure
requires vast sample sizes as well as accurate and high
resolution detection system. Average M, value is
generally obtained from a minimum of 300 fiber cross-
sections (Thibodeaux and Evans 1986; Boylston et al.
1993; Hequet et al. 2006).
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Fig. 3 Comparison of M, against Mg values in first fiber set
(red circle) and second fiber set (blue times). My, and Mg
readings (black dotted) on 104 reference fibers from the
reference (Liu et al. 2011) were inserted for verification.
Statistical significance was shown at the p-level value under
0.05 (*), 0.01 (**), and 0.001 (***). (Color figure online)

A single parameter, such as average maturity
indices in Table 1, might not be sufficient to describe
the maturity of a large quantity of fibers because of its
maturity variability. In this regard, Xu and his
colleagues (Guo et al. 2014) introduced the skewness
of a maturity distribution to be an essential parameter
for classifying the maturity distribution pattern in a
sample, aiming to improve the consistency of fiber
maturity detections and to effectively reduce the bias
on immature fibers. As highlighted in this manuscript,
average M value from six IR spectral measurements
is significantly correlated with mean M, value from at
least 300 cross-sections in a sample, implying that Mg
represents fiber maturity despite the variation within a
fiber sample. Meanwhile, M}, distribution in a sample
is acquired from 300 Mj, values of individual cross-
sections because of My, determination at single fiber
level, whereas M;r distribution is unavailable due to
IR spectral measurement at bundle fiber level.

Turner et al. (2015) reported the combination of
confocal microscopy and image analysis as an inde-
pendent measuring method to validate a large varia-
tion in maturity within a single fiber. The finding
implies that, to get accurate and desired maturity value
in a sample, the measurement devices must be high
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resolution and sample sizes must be vast. This need
makes high throughput one of the most important
features in developing next-generation maturity mea-
surement tools. The results reported here demonstrate
ATR FT-IR spectroscopy as one of rapid and high
throughput methods for fiber maturity measurements.
To meet the challenge for either of the instruments to
measure the same property but by different method-
ologies, and to copy with the problem that samples
presented to one instrument are not available to the
other, Turner et al. (2017) proposed a novel transfer
learning regression method that utilizes data from an
older instrument to train a new instrument for assess-
ing the same property. Results indicated the effective-
ness of the proposed regression model on both

synthetic and real world data sets, and also demon-
strated how this technique can be applied to train a
new instrument for determining cotton fiber maturity.

Second fiber set: the developed upland SG-
747 x im (SI) and DP-90 x im (DI) fibers
with various maturity values

Fiber maturity and cellulose content in crossed SI and
DI fibers are compared in Tables 4 and 5, respectively.
Fully developed SI fibers (Table 4) and DI fibers
(Table 5) consist of more than 90.00% cotton cellu-
lose. Unlike the pattern of cellulose content, Mis
increases from 0.54 to 0.99 for SI fibers and from 0.63
to 1.11 for DI fibers, Mg fluctuates from 0.51 to 0.82

Table 4 Mean and SD of cellulose content, M5, Mg, and HVI MIC for the developed SI fibers

SG 747 x im (SI) Cellulose content (%)* Mia (unit)® Mg (unit)® HVI MIC (unit)®
SI-16 97.96 + 4.26 0.67 £ 0.29 0.51 + 0.14 2.67 + 0.01
SI-30 96.81 + 1.74 0.54 £+ 0.28 0.54 £ 0.12 2.97 £ 0.06
SI-10 94.53 £+ 0.59 0.75 £ 0.29 0.74 £ 0.10 4.57 £ 0.18
SI1-09 93.03 £+ 2.50 0.86 + 0.29 0.80 £ 0.08 4.83 £+ 0.09
SI-39 95.98 £+ 1.53 0.91 £ 0.30 0.81 £ 0.08 5.00 + 0.03
SI-18 95.86 + 0.81 0.95 £+ 0.27 0.83 £+ 0.08 5.17 £ 0.06
SI-04 93.15 £ 2.32 0.99 + 0.23 0.84 + 0.08 5.27 + 0.07
S1-01 94.69 £+ 0.57 0.93 £ 0.30 0.82 £ 0.06 547 £ 0.02
RSD® 0.02 0.20 0.21 0.24

“Data were collected in November 2015 and 2 replicates were taken

®Data were collected in December 2014 and more than 300 single fibers were analyzed. Fibers with M;, range of > 1.0, 1.0-0.8,
0.8-0.7 and < 0.7 were considered to be very mature, mature, immature, and uncommon/very immature, respectively (Kim et al.

2014)

“Data were collected in April 2014 and 10 replicates were taken

9Data were collected in November 2014 and 5 replicates were taken

°RSD = SD/mean for each column

Table 5 Mean and SD of DP 90 x im (DI)  Cellulose content (%)*  Ma Mg HVI MIC (unit)®

cellulose content, Mya, Mg, (unit)® (unit)®

and HVI MIC for the

developed DI fibers DI-02 91.99 + 0.45 063+ 031 0524006 3.13+0.11
DI-14 94.21 + 0.18 0.654 032 058 +£0.09 343 +0.04
DI-37 9479 + 0.16 099 + 035 080 +0.12 377 +0.04
DI-11 94.80 + 0.87 0744+ 028 073 +£0.09 4.03+0.15
DI-29 94.96 + 1.46 1.04 + 031 0.82+0.06 470+ 0.13
DI-03 95.03 + 4.81 0934033 079 +£015 5.13 +0.11
DI-18 96.71 + 3.07 1.06 £ 029 085+ 0.06 5.33 +0.04
DI-34 95.89 + 1.03 1114025 085+008 573 +0.02
RSD® 0.01 0.24 0.19 0.22

#Refer to those in Table 4
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for SI fibers and from 0.52 to 0.85 for DI fibers, and
HVI MIC ranges from 2.67 to 5.47 for SI fibers and
from 3.13 to 5.73 for DI fibers. Fiber maturity is a
continuous variable and fibers with My, range of >
1.0, 1.0-0.8, 0.8-0.7, and < 0.7 were considered to
be very mature, mature, immature, and uncommon/
very immature, respectively (Kim et al. 2014).

As seen in Tables 4 and 5, RSDs are nearly
equivalent between SI and DI fibers for cellulose
content (0.01 vs. 0.02), M4 (0.20 vs. 0.24), Mz (0.19

vs. 0.21), and HVI MIC (0.22 vs. 0.24). In general,
RSDs are nearly unchanged among My, Mg, and HVI
MIC values, which are much larger than that of
cellulose content measurement. Traditional micro-
scopic images of fiber cross-sections in Fig. 4 show
the SCW thickening of these developed fibers from
three SI (SI-16, SI-09, SI-01) and three DI (DI-02, DI-
11, DI-34) upland cotton lines.

Figure 5 provides representative ATR FT-IR spec-
tra of the same three DI (DI-02, DI-11, DI-34) fibers as

Fig. 4 Microscopic images of fiber cross-sections for developed fibers from SI (SI-16, SI-09 SI-01) and three DI (DI-02, DI-11, DI-34)

upland cotton lines

Fig. 5 Representative of
normalized ATR FT-IR
spectra of DI fibers with
different M4 readings. Each
spectrum was normalized by
dividing the intensity of
individual band in the
1800-600 cm ™" region with
the average intensity in this
1800600 cm™" region

Arbritrary unit(a.u.)

...... DI 02; My, =0.63
DI11; M, =0.74

- DI34; M=1.11

1400
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Table 6 Univariate correlation coefficients, r, between the
pair of cellulose content, M;s, Mg, and HVI MIC within the
developed SG-747 x im (SI) and DP-90 x im (DI) fibers.”*

Cellulose content M;n My HVIMIC

Cellulose content 1.00

M 0.05 1.00
Mg —0.05 091 1.00
HVI MIC 0.08 0.84 0.92 1.00

in Fig. 4. Trend of spectral intensity changes in Fig. 5
is similar to that of SCW thickening in Fig. 4, and also
resembles those in Fig. 2 in the aspect of increasing
M, values.

Comparison of r in Table 6 indicates that cellulose
content did not exhibit any strong correlations with
fiber maturity values from IA and ATR FT-IR
measurement as well as HVI MIC measurement.
Besides cellulose content, any pair of three indices
(Mia, Mg and HVI MIC) had positive and strong
correlations with each other. In general, M;, had
higher correlation with Mg (r = 0.91) than with HVI
MIC (r = 0.84), whereas Mg had nearly equal corre-
lation with M, (r = 0.91) to that with HVI MIC
(r =0.92).

The relationship between M, and Mg values for
the second fiber set was inserted in Fig. 3 for
comparison. The slope (slope = 0.66) in Mg versus
M, regression for the developed SI and DI fibers is
identical to that for the developing fibers (slope =

0.65), the intercept for the developed fibers (inter-
cept = 0.17) resemble that for the developing fibers
(intercept = 0.22), and also the R? for these developed
fibers (R = 0.83) is similar to that for the developing
fibers (R? = 0.90).

In initial investigation for proposing the Mg
algorithm, Liu et al. (2011) used the 104 reference
fibers to compare two maturity readings between IA
and ATR FT-IR measurement. For verification, the
M and Mg values on the 104 reference fibers were
inserted in Fig. 3. A combination of three fiber sets
shows a significant correlation (p < 0.001,
r = 0.85%*%) between two maturity determinations,
and a general relationship between the two is included
in Fig. 3. Both the first and second fiber set are
unblended fibers as breeder’s samples, while the 104
reference fibers were well-blended fibers representing
two main cotton variety species (upland and pima) and
different growing locations (Hequet et al. 2006).

Considering the quite differences in the origin of
the fiber sets and also in the date of their IA and ATR
FT-IR measurements, the observation in Fig. 3 vali-
dates the consistency and equivalence in fiber maturity
determination between conventional IA protocol and
ATR FT-IR procedure. Notably, the Mg values from
the ATR FT-IR measurement are not equal to the exact
M 4 values from the IA test, but these M values could
be converted into M4 readings by the general equation
given in Fig. 3.

Examination of RSD values in Tables 1, 4 and 5
reveals a clear decrease for cellulose content index
from developing fibers (Table 1) to developed fibers
(Tables 4 and 5), however, this trend is not observed
for any of other three maturity measurements (i.e.,
Mia, Mg and Micronaire). Likely, cellulose content
index is more sensitive to reflect the cellulose content
in developing cotton fibers (Table 1) than in devel-
oped cotton fibers (Tables 4 and 5). Also, RSD of three
maturity measurements in Table 1 versus Tables 4
and 5 are similar regardless of developing or devel-
oped fibers, suggesting that the three maturity values
are sensitive and reliable. In addition, both M, and
Mir show strong correlations with cellulose content
among developing cotton fibers (Table 3) rather than
within developed cotton fibers (Table 6). Overall,
cellulose content in fibers does not agree with My, or
Mig or MIC values all the time. Undoubtedly, further
study is necessary to better understand not only
cellulose content determination, but also cellulose
molecular weight distribution and degree of polymer-
ization. For instance, the cellulose in the primary cell
walls (PCW) has lower degree of polymerization (DP)
and broader molecular weight distribution (MWD)
than that in the SCW (Hsieh 2007). Apparent differ-
ences in both MWD and DP were noted between two
fibers having similar HVI MIC (Timpa and Ramey
1994).

Conclusion

The result validates the potential effectiveness of
simple algorithmic analysis of ATR FT-IR spectra in
the determination of cotton fiber Mi index. The Mg
values on diverse fibers were related to the referenced
M4 index from the cross-sectional IA method. The
linear regressions plotting My, against Mg revealed a
similarity in the slope, the intercept, and the R* among
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the fiber sets examined. In other words, fiber maturity
determined from ATR FT-IR measurement are con-
sistent and in good agreement with that from cross-
section IA method. The results not only could provide
cotton scientists an alternative tool for measuring fiber
maturity, but also could serve as an independent tool
for verifying fiber maturity measurements from other
methods due to rapid and direct fiber measurement of
ATR FT-IR method. Essentially, accurate and consis-
tent fiber maturity measurement by one method is
more important than fiber sampling mode in a non-
destructive way by other methods.

At this stage of our systematic investigations, it
seems that the ATR FT-IR method can be used in such
scenarios when a small number of fibers (single boll
sample for example) are available or the developing
fibers (composed of high levels of physiological
sugars for example) are difficult to be analyzed by
conventional instrumental methods.
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