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Abstract

Background: Cotton fiber maturity is an important property that partially determines the processing and performance
of cotton. Due to difficulties of obtaining fiber maturity values accurately from every plant of a genetic population,
cotton geneticists often use micronaire (MIC) and/or lint percentage for classifying immature phenotypes from mature
fiber phenotypes although they are complex fiber traits. The recent development of an algorithm for determining
cotton fiber maturity (Mig) from Fourier transform infrared (FT-IR) spectra explores a novel way to measure fiber
maturity efficiently and accurately. However, the algorithm has not been tested with a genetic population consisting of
a large number of progeny plants.

Results: The merits and limits of the MIC- or lint percentage-based phenotyping method were demonstrated by
comparing the observed phenotypes with the predicted phenotypes based on their DNA marker genotypes in a
genetic population consisting of 708 F, plants with various fiber maturity. The observed MIC-based fiber phenotypes
matched to the predicted phenotypes better than the observed lint percentage-based fiber phenotypes. The lint
percentage was obtained from each of F, plants, whereas the MIC values were unable to be obtained from the entire
population since certain F, plants produced insufficient fiber mass for their measurements. To test the feasibility of
cotton fiber infrared maturity (Mg) as a viable phenotyping tool for genetic analyses, we measured FT-IR spectra from
the second population composed of 80 F, plants with various fiber maturities, determined Mg values using the
algorithms, and compared them with their genotypes in addition to other fiber phenotypes. The results showed that
Mg values were successfully obtained from each of the F, plants, and the observed Mz-based phenotypes fit well to
the predicted phenotypes based on their DNA marker genotypes as well as the observed phenotypes based on a
combination of MIC and lint percentage.

Conclusions: The Mg value obtained from FT-IR spectra of cotton fibers is able to accurately assess fiber maturity of all
plants of a population in a quantitative way. The technique provides an option for cotton geneticists to determine
fiber maturity rapidly and efficiently.
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Background

Cotton fiber maturity is an important physical property
that affects both yield and fiber quality (Peirce and Lord
1939). It is directly correlated to dye uptake of yarn and
fabric products as well as fiber breakage and entangle-
ment during mechanical processes (Kelly et al. 2015).
Cotton fiber maturity may be referred to as circularity
(0) that is defined as the ratio of the cross-sectional cell
wall area to the area of a circle having the same perim-
eter. In lieu of 6, maturity ratio (MR =0/ 0.577) is fre-
quently used by cotton breeders and the textile industry
(Gordon and Rodgers 2017). The maturity values can be
directly determined by image analysis microscopy (IAM)
by measuring average cell wall area and perimeters from
300~500 cross-sectioned fibers for each cotton sample
(Hequet et al. 2006; Thibodeaux and Evans 1986). The
IAM method has rarely been used for classifying cotton
materials in genetic studies due to its lengthy and labori-
ous process. MR values can also be indirectly measured
by Advanced Fiber Information System (Kelly et al.
2012) or Cottonscope® (Rodgers et al. 2011). For a quick
and automated assessment of fiber maturity, the cotton
community has depended on the High Volume Instrument
(HVI) that is a standardized instrument for measuring cot-
ton fiber properties including Micronaire (MIC) as recog-
nized by the International Cotton Advisory Committee
and other organizations (ASTM D5867-12el 2012). MIC
represents a combination of fiber maturity and fineness by
measuring air-flow resistance through a plug of cotton
fibers of a given weight which has been compressed to a
known volume (Frydrych and Thibodeaux 2010).

A cotton fiber mutant that produces immature fibers
was originally identified from an upland cotton variety
Acala 4-42 (Kohel et al. 1974) and later named as im-
mature fiber (im) mutant (Kohel and McMichael 1990).
By backcrossing the original im mutant several times
with the wild type (WT) Texas Marker-1 (TM-1), a pair
of near isogenic lines differing in fiber maturity was de-
veloped (Kohel and McMichael 1990). The MIC values
of im fibers are significantly lower than that of TM-1 fi-
bers. The MIC value difference was originally suggested
as a way to classify the im plant from the WT plant.
However, cotton geneticists faced difficulties obtaining
MIC values from every plant in a segregating F, popula-
tion from a cross between the im and WT cotton plants
due to insufficient fiber mass required by HVI or Fibro-
niare. In an attempt to find a way to identify the im phe-
notypes from the F, plants producing insufficient fiber
mass for the MIC measurements, cotton geneticists have
been primarily using lint percentage since Kohel and his
colleagues reported the 40% dry weight difference be-
tween the im and WT fibers (Kohel et al. 1974). Lint
percentage has been closely associated with yield im-
provements of commercial cultivars (Bridge et al. 1971;
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Meredith Jr and Bridge 1973; Meredith Jr 1984) and is
significantly and positively correlated with MIC readings
of cotton fibers in general (Meredith Jr 1984; Wan et al.
2007). Unlike the MIC value, the lint percentage was
successfully obtained from every F, plant of the
segregating populations (Kim et al. 2013a; Kohel and
McMichael 1990; Thyssen et al. 2016; Wang et al. 2013).
For identifying the im locus by mapping-by-sequencing
that required quantitative fiber trait data from 2837 F,
plants, a combination of the lint percentage observed
from all F, plants with the MIC data observed from a
portion of the population was used to distinguish im
phenotype from WT phenotype (Thyssen et al. 2016).

Plant biologists have been using Fourier transform in-
frared (FT-IR) spectroscopy to classify secondary cell
wall (SCW) cellulose from primary cell wall (PCW)
cellulose of model plants in a rapid and non-invasive
way (McCann et al. 1992). FT-IR spectroscopy has been
recently used to monitor cotton fiber wall composition
(Abidi et al. 2008), SCW cellulose development (Abidi et
al. 2010a; Islam et al. 2016; Kim et al. 2018), sugar com-
position (Abidi et al. 2010b) and crystallinity (Abidi et al.
2014; Abidi and Manike 2018; Liu et al. 2012) from a
few cotton species or several upland cotton cultivars.
Based on attenuated total reflection (ATR) FT-IR spec-
tral differences between immature and mature seed cot-
ton fibers, simple algorithms that utilized the intensity
ratios of three IR vibrations at 1 500, 1 032, and 956
cm™ ! (Liu et al. 2011) and another three IR vibrations at
800, 730, and 708 cm™ " (Liu et al. 2012) were proposed
to determine cotton fiber infrared maturity (Mz) and
crystallinity (CIR), respectively. The observed My values
of cotton fibers harvested from im mutant and WT par-
ents were able to distinguish the two phenotypes suc-
cessfully (Kim et al. 2017; Liu and Kim 2019), monitor
the development of cotton fiber grown in planta and in
tissue culture (Liu and Kim 2015), and validated with
the fiber maturity that was measured from developing
and developed fibers by a cross-sectional image analysis
(Liu et al. 2019). However, the technique has not been
tested with segregating populations for genetic analyses
despite the advantages including that (1) a simple and
direct ATR FT-IR measurement of cotton fibers avoids
the need to perform any preparation or pretreatment of
cotton samples, (2) the technique requires a small
amount of fibers (as little as 0.5 mg) as compared to the
minimum fiber mass (>10.0g) for HVI measurement,
and (3) a short time (less than 2 min) for sample loading,
spectral acquisition, and subsequent result reporting.

In the present research, we used two different sets of
cotton materials. The first set consisting of 708 F, plants
was used to find merits and limits of conventional fiber
maturity phenotyping methods including MIC and lint
percentage for genetic analyses. The second set consisting
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of 80 F, plants was used to compare the genotypes with
the phenotypes based on MIC, lint percentage, and M
values. The results showed that the My value obtained
from FT-IR spectra was significantly correlated with the
MIC and successfully classified the im phenotype from
WT phenotype. Unlike the MIC values that were unable
to be obtained from all 80 F, plants, the My values were
observed quantitatively from each of F, plants.

Results and discussion

The first set of cotton materials with various MIC values
For this study, we used 708 F, plants derived from a
cross between the WT cotton line MD52ne and the im
mutant. The MD52ne produces fluffy cotton bolls,
whereas the im mutant generates non-fluffy cotton bolls
(Fig. 1a). Comparisons of cross-sectioned fibers between
the MD52ne and im mutant showed visible differences
of the cell wall area (Fig. 1a, inset).

In our previous research (Thyssen et al. 2016), the
phenotype of each F, plant was obtained by calculating
the lint percentage and by measuring HVI MIC values
where possible, since the lint percentage were acquired
from all F, plants and the HVI was unable to measure
the MIC values from some F, plants that produced less
than 10.0g of fiber. Therefore, the genotypes of all F,
plants were compared with the phenotypes determined
by lint percentage, but not by MIC values. In this study,
we measured additional MIC value from the F, progeny
plants by using the Fibronaire Instrument which mea-
sures MIC values on 3.24 g of fiber mass. These 708 F,
progeny were designated as the first set of cotton mate-
rials and used to compare the strength and weakness of
the conventional MIC- and lint percentage-based pheno-
types of the F, population.
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Genotyping analysis of the first set of cotton materials for
classifying the immature fiber phenotype

Based on the single recessive im gene (Kim et al. 2013a;
Kohel and McMichael 1990; Thyssen et al. 2016), the
1:2:1 ratio of genotypes including WT homozygosity
(WT-homo), WT heterozygosity (WT-hetro), and im
homozygosity (im-homo) is expected among the 708 F,
progeny plants. To determine the three types of geno-
types, we extracted genomic DNAs from young leaves of
each F, plant, and analyzed them with the previously de-
veloped markers located at the coding sequence of the im
gene (CFBid0001) or in its flanking regions (DPL1071 and
SHIN-1511) (Kim et al. 2013a; Thyssen et al. 2016). Of the
708 F, plants, the WT-homo, WT-hetro, and im-homo
genotypes were observed in 218 (30.8%), 335 (47.3%), and
155 (21.9%) progeny plants, respectively (Fig. 1b). The ob-
served WT-homo genotype (30.8%) was numerically
greater than the expected one (25%), and the observed
WT-hetro genotype (47.3%) was less than the expected
one (50%). The observed im-homo genotype (21.9%) was
less than the expected one (25.0%). The calculated chi-
square (x % 0.524) and probability (P, 0.469) confirmed
that the observed genotype ratio fit the expected segrega-
tion ratio (1: 2: 1). Based on the observed genotype ratio
(30.8, 47.3%: 21.9%), the expected phenotype ratio be-
tween WT and im mutant should be 78.1% (blue): 21.9%
(red) (Fig. 1b).

MIC: accurate, but limited to perform quantitative genetic
analysis for entire F, plants

Despite the striking fiber phenotypic differences between
the im mutant and WT plants (Fig. 1a), it has been a
challenge to distinguish the field grown im mutant from
WT plants (Kim et al. 2013a; Kim et al. 2013b; Kohel
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Fig. 1 Construction of the first set of cotton materials composed of a broad range of MIC value. a F, population of the first set. Seven hundred
eight F, progeny plants were derived from a cross between wild-type (WT) upland cultivar MD52ne and immature fiber (im) mutant. MD52ne
produces a phenotype of a fluffy boll, a mature fiber, and a thick wall (inset), whereas the im mutant generates a phenotype of a non-fluffy boll,
an immature fiber, and a thin wall (inset). b Genotyping of the F, population. Genotypes including homozygosity for the wild type (WT-homo),
heterozygosity for the wild type (WT-hetro), and homozygosity for the im type (im-homo) were determined by DNA markers. The WT phenotype
(blue) was predicted from the F, plants containing WT-homo and WT-hetro genotypes, whereas the im phenotype (red) was expected from the
im-homo genotype
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and McMichael 1990). The non-fluffy cotton boll pheno-
type is not unique to the im mutant. In field conditions
with biotic and abiotic stress, a WT cotton cultivar may
also produce an im mutant-like phenotype, referring to
tight lock bolls. Previous reports showed that the ob-
served MIC values by the HVI measurement were able
to classify the im phenotype from the WT phenotype
(Kim et al. 2014; Kim et al. 2017; Kothari et al. 2007).
The MIC value from individual F, progeny plants can
be measured with HVI when each plant produces more
than 10.0 g of fibers, or Fibronaire if more than 3.24 g of
fibers but less than 10.0g. Among the 708 F, cotton
plants, MIC values were measured by either HVI or
Fibronaire from 547 WT phenotype plants (77.8%)
including WT-homo (217 plants) and WT-hetro (330
plants) genotypes as well as 52 im phenotype plants with
the im-homo genotype (Fig. 2a). Using both instruments,
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we were able to measure the MIC values from 599 F,
progeny plants (84.6%), but were unable to obtain MIC
values from 109 F, plants (15.4%) due to production of
less than 3.24 g of cotton fibers (Fig. 2a). We assigned
the 109 plants as unmeasurable (U.M.) samples for being
distinguished from the measurable (M) 599 samples.

A frequency distribution curve of the MIC values from
the measureable 599 F, progeny plants showed two dis-
tinct peaks (Fig. 2b). The greater peak was observed
from a normal range of MIC values (3.65 ~ 5.41) for WT
phenotype. In contrast, a low range of MIC values
(2.03~ 3.60) was noted for the mostly F, plants with the
im genotype. The MIC peak of the im curve occurred
around 2.30, and MIC values below 2.0 are not measur-
able due to the detection limits of the HVI.

We compared the MIC values with the three different
genotype data (Fig. 2c). Among the unmeasurable 109 F,
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Fig. 2 Phenotyping analysis based on MIC values. a Diagram representing ratios between WT and im phenotypes. MIC values were measured
from the 599 plants of the 708 F, progeny. b Frequency distribution curve based on MIC values. ¢ Scatter dot plot of comparing genotypes with
the MIC-based phenotypes. Genotypes representing homozygous wild type (WT-homo), heterozygous wild type (WT-hetro), and homozygous im
type (im-homo) were determined from DNAs markers. T, threshold value; N, sample number; M, measureable; U.M., unmeasurable
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progeny plants, 103 plants belonged to the im-homo
genotype. The other six WT plants (one WT-homo plant
and five WT-hetro plants) also produced insufficient fiber
mass (< 3.24 g) for MIC measurement (U.M. in Fig. 2c).
Average MIC values of 4.85 and 4.77 were observed for
the measurable WT plants (217 WT-homo and 330 WT-
hetro genotypes) with a range from 3.65 to 5.51 (Fig. 2c).
Average MIC value of the measurable 52 of the 103 im
plants was 2.64. Based on the minimum MIC value of the
WT phenotype, the MIC values ranging from 3.50 to 3.60
appeared to be a threshold for classifying the im pheno-
type from WT phenotypes despite the four outliers of the
im mutant (Fig. 2c). We suspect the outliers might be
recombinants as discussed in Thyssen et al. (2016). Using
the results of the Fig. 2b and c, we arbitrarily classified the
F, progeny into WT (MIC>3.60) and im phenotypes
(MIC< 3.60). Due to the lack of MIC values from the en-
tire F, population, we were unable to compare the ob-
served phenotype with the predicted phenotypes with the
calculated chi-square and probability.

Based on the observation that 109 F, plants of the total
708 F, progeny plants produced insufficient and unmeas-
urable amount of fiber samples (< 3.24 g) for MIC meas-
urement, we were aware that MIC value alone is not
sufficient to meet genetic analysis of the F, population
that requires quantitative phenotypic results from each F,
plant despite the usefulness of the MIC values in distin-
guishing the im phenotype from the WT phenotype.

Lint percentage: sufficient for quantitative analysis for the
entire population, but limited to clearly classify immature
phenotype from mature phenotype

To perform genetic analysis with quantitative phenotype
data from entire F, progeny plants, cotton breeders and
geneticists have been using lint percentage as an alterna-
tive way to determine fiber maturity (Kim et al. 2013a;
Thyssen et al. 2016; Wang et al. 2013). The lint percent-
age was calculated using the ratio of lint weight to cot-
tonseed weight, and it can be calculated quantitatively
from any cotton plants that produce cottonseeds. Des-
pite its advantages over the MIC values, the lint percent-
age does not directly represent fiber maturity as some
plants may have more fibers per seed or coarser fibers
than other plants. Thus, we first examined the relation-
ship of lint percentage with the MIC values of the
segregating F, plants (Fig. 3a). The lint percentage was
obtained from the entire F, population and compared
with the MIC values. The Pearson correlation coefficient
value (1, 0.794) and the R? value (0.630) showed the lint
percentage had a positive correlation to the MIC values
of the segregating F, progeny plants (Fig. 3a) as
previously shown by other reports (Bridge et al. 1971;
Meredith Jr 1984; Wan et al. 2007). The frequency dis-
tribution curve of the lint percentages showed two
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distinctive peaks that represented entire WT and im
phenotypes (Fig. 3b) unlike the partial representations
by the MIC values (Fig. 2b). Scatter dot plot analyses
(Fig. 3c) showed the substantial lint percentage differ-
ences of the WT phenotype with the im phenotype. Dif-
ferent lint percentage ranges were detected from both
WT (24.1%~41.2%) and im (3.9%~ 28.4%) phenotypes
after excluding the obvious outliers. Unlike the small
range of the overlapping MIC values (3.50~3.60) be-
tween WT and im phenotypes (Fig. 2¢), there was a large
range of the overlapping lint percentage (24%~ 29%) be-
tween the two phenotypes (Fig. 3c). Considering the
minimum lint percentage value of the WT phenotype that
matched to the MIC classification results, we arbitrarily
chose 24.0% as a lint percentage threshold for classifying
the im phenotype from WT phenotypes (Fig. 3c).

Despite a significant correlation of the lint percentage
with MIC value (Fig. 3a) and distinctive two peaks of the
frequency distribution curve (Fig. 3b), comparison of the
lint percentage with the genotyping results showed that
the lint percentage phenotypes of the 11 F, progeny plants
(1.4%) of the 708 plants were unmatched to the genotypes
(Fig. 3c). Therefore, the observed im phenotype ratio
(20.6%) determined by the lint percentage was lower than
the observed im genotype (21.9%), but much lower than
the expected phenotype (25.0%). Since we have already de-
termined the im genotype, we compared the known im
genotype with the observed im phenotype based on the
lint percentage. The calculated chi-square (x % 0.669) and
probability (B 0.413) suggested that the observed im
phenotype by the lint percentage fit the expected im
phenotype determined by the im genotype. However, the
observed segregation ratio of the im phenotype by the lint
percentage did not meet the expected 3:1 segregation ratio
according to the calculated chi-square (x 2 7239) and
probability (B 0.071). As a result, we concluded that lint
percentage in conjunction with MIC data can be used for
classifying im phenotype from the WT phenotype. How-
ever, the lint percentage alone is not sufficient to classify
fiber maturity for genetic analysis.

FT-IR spectral characteristics of cotton fibers with various

MIC values

To illustrate the difference of IR spectra of cotton fibers
having various fiber maturity values, we compared the IR
spectra of three typical F, progeny plants including the WT-
homo (MIC, 5.13), WT-hetro (MIC, 4.65), and im-homo
(MIC, 2.09) in the first set cotton materials. Figure 4 showed
that apparent ATR FT-IR spectral intensity increased or
decreased in the region from 1100 cm™ ' to 650 cm™ ', As
the MIC values increased from 2.09, 4.65 to 5.13, inten-
sities of the vibrations at 1 055cm™ " and 1028 cm™ ' due
to C-O stretching mode (Liu et al. 2019) decreased, while
those in the region between 850 cm™' and 700 cm™*
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increased. Spectral intensity variations of those vibrations
have been well characterized in earlier studies (Abidi et al.
2014; Liu and Kim 2015). The intensities of the vibration
region between 1100cm™ ' and 900 cm™ ' originate from

—— WT-homo (MIC, 5.13) the stretching modes of C—O and C-C vibrations. The vi-
n —— WT-hetro (MIC, 4.65) brations in the region between 800 cm™ ! and 700 cm™t
1028 —— im-homo (MIC, 2.09) are likely due to crystal Ip form of cotton cellulose (Liu

055

and Kim 2019). The depth of IR light penetration is ap-
proximately 1.8 um~ 3.3 um into a fiber bundle sample,
and the variations of the IR spectra were detected from
the three cotton fibers with different MIC values (Fig. 4).
Thus, the algorithm for determining cotton fiber infrared
maturity (Myr) utilized the intensity ratios of three IR vi-
brations at 1 500, 1 032, and 956 cm™* (Liu et al. 2011).
1100 1050 1000 900 850 800 750 700 650 Recently, the Mz values of two distinct fiber sets have

Wavenumber / cm'* been shown a consistency and equivalency of the fiber
maturity values that were directly measured by image ana-
lysis of cross-sectioned cotton fibers (Liu et al. 2019).

Arbritrary Unit

Fig. 4 Representative of normalized ATR FT-IR spectra of three F,
progeny cotton plants with MIC values of 5.13, 465, and 2.09. The
three F, plants were selected from the different genotype plants
(WT-homo, WT-hetro, and im-homo) shown in Fig. 1b. Each spectrum
shown in the graph was normalized by dividing the intensity of Selection of the second set cotton materials for
individual vibration with the average intensity. Two wavenumbers comparing IR maturity (M) with MIC and lint percentage
(1055cm™"and 1020cm™ ") showing differences in the intensities To test if the IR maturity value is Compatible to the con-
among the cotton fibers were marked with purple arrows ) .

ventional MIC or lint percentage value, we used the
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second set of cotton materials that were also previously
constructed by crossing the im parent plant with mul-
tiple WT wupland cotton cultivars including Texas
Marker-1 (Kohel et al. 1970), Sure-Grow 747 (Lege
1999), Deltapine Acala 90, UA-48 (Bourland 2013), and
MD52ne (Meredith Jr 2005) for studying the relation-
ships of fiber maturity with single fiber breaking force
and strength (Kim et al. 2019). This set of cotton mate-
rials was composed of 20, 40, and 20 individual F, pro-
geny plants from WT-homo, WT-hetro, and im homo
genotypes, respectively, for an idealized 3:1 ratio of the
F, segregation. We measured IR spectra, calculated My
values, and compared them with the MIC values for the
second set of cotton materials (Fig. 5a). We were able to
observe MIC values from 76 F, plants. Four F, plants
produced insufficient fiber mass (< 3.24 g) for Fibronaire
measurement. The MIC range of the 76 F, plants was
from 2.09 to 5.52. In contrast, the Mz value was ob-
tained from all 80 F, plants, and it ranged from 0.39 to
0.93. Based on the algorithm for determining IR matur-
ity (Liu et al. 2011) on the 76 F, plants, the My value
was positively (r=0.890) and significantly (P < 0.0001)
correlated with the MIC values. Similarly, comparison of
the CIg values with their corresponding MIC values
showed a positive (r=0.675) and significant association
with the MIC values (Fig. 5b) according to the algorithm
for estimating IR crystallinity (Liu et al. 2012). However,
the r and R? values between the Cljz and MIC values
were less than those between the Mz and MIC values
(Fig. 5a and b).

Comparisons of genotypes with three phenotypes
including MIC, lint percentage, and IR maturity

We compared the genotypes of the second set of cotton
materials with their phenotypes that were classified by
MIC, lint percentage, or My value. Figure 6a is a scatter
dot plot that compared the genotypes with the observed
MIC phenotypes from the 76 F, plants consisting of WT-
homo (20 plants), WT-hetro (40 plants), and im-homo
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genotypes (16 plants). The minimum MIC value from the
WT phenotypes was 3.74, and the maximum MIC value
of the im phenotype was 3.80. Using the observed MIC
values, we were able to identify threshold MIC values
(3.74~3.80) and classify the phenotypes of the 74 plants of
these 76 F, plants. The observed phenotypes of the 74
plants showed consistency with the expected phenotypes
based on their DNA marker genotypes (Fig. 6a). We were
unable to classify the phenotypes from the two plants
found at the threshold region (3.74~3.80) based on the
MIC values alone, the genotype data showed that they
consisted of a WT and an im mutant. The genotype data
also predicted the four plants that produced insufficient
fiber mass for the MIC measurements were all iz mutant
(Fig. 6a).

Unlike the MIC phenotypes in which the threshold
value was chosen in the narrow overlapping range be-
tween the two phenotypes, the lint percentage pheno-
types showed a broad overlapping range between the
minimum value of the WT phenotypes (27.4%) and the
maximum value of the im phenotype (30.4%) as shown
in Fig. 6b. There were 16 plants in the overlapping region.
The other 64 plants showed consistency between the ob-
served and predicted phenotypes. Due to the broad range
of the overlapping lint percentages (27.4%~ 30.4%) be-
tween the observed WT and im phenotypes, it was a chal-
lenge to determine the lint percentage threshold. This
difficulty exists despite the fact that the lint percentage
was obtained from all 80 plants of the second set. When
we chose 27.4% as a lint percentage threshold, the ob-
served phenotype ratio between the WT and im plants
was 65: 15. The calculated Chi square (1.667) and P value
(0.197) suggested that the observed segregation ratio de-
termined by the lint percentage with the MIC data still fit
to the expected ratio by the genotypes.

The My value of the 80 F, plants were compared with
their genotypes (Fig. 6¢). Interestingly, the WT and im
phenotypes were clearly distinguished by a threshold
My value of 0.74 without an obvious overlapping range
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when we excluded one obvious outlier. The observed
phenotype ratio (61: 19) between the WT and im plants
determined by the My value was very similar to the ex-
pected phenotype ratio (60: 20) based on the genotype
data. Statistical analysis with the calculated Chi square
(0.667) and P value (0.796) also suggested that the ob-
served segregation ratio by the M value was consistent
with the expected ratio by the genotypes.

With the second set cotton materials that were grown in
a different field and year, we found the threshold MIC
(3.74~3.80) and lint percentage (27.4%) were noticeably
greater than the threshold MIC (3.60) and lint percentage
(24.0%) of the first set cotton materials that were grown in
an ARS field located at Stoneville, MS. In addition, the
average MIC (4.98) and lint percentage (34.0%) of the WT-
homo genotype in the second set materials were also
greater than the average MIC (4.85) and lint percentage
(33.5%) of the WT-homo genotype in the first set mate-
rials. Similarly, the average MIC (2.98) and lint percentage
(23.6%) of the im-homo genotype in the second set mate-
rials were also greater than the average MIC (2.64) and lint
percentage (15.8%) of the im-homo genotype in the first
set materials. Since the MIC, lint percentage, and fiber ma-
turity are greatly affected by environmental conditions
(Bradow and Davidonis 2000; Kim et al. 2013b; Kohel and
McMichael 1990), we interpreted that the growth and
environmental conditions of the second set materials were
more favorable than those of the first set materials.

Classifications of the immature fiber phenotypes by a
combination of Mz value with others fiber traits

To overcome the limits of MIC or lint percentage for
classifying the im phenotype from the WT phenotype
accurately and quantitatively, cotton geneticists have
been using a combination of MIC and lint percentage
(Kim et al. 2013a; Thyssen et al. 2016). As predicted, the
combination of MIC and lint percentage values im-
proved the separation of the im phenotype from the WT
phenotype (Fig. 7a). The MIC values were obtained from
76 plants of the total 80 plants, and helped identify the
correct threshold lint percentage for classifying im from
WT phenotype. When the lint percentage alone was
used for phenotyping the second set materials, we chose
27.4% as a threshold, and the observed segregation ratio
was 65: 15 between WT and im phenotype. With both
MIC and lint percentage, the observed ratio (59: 21) be-
tween WT and im phenotype almost perfectly fit the ex-
pected ratio (60: 20) as shown in Fig. 7a.

We tested if and how a combination of the My value
with other fiber traits could improve the classification of
the two phenotypes from the second set of cotton mate-
rials. The combination of Mz and MIC clearly distin-
guished the im phenotype from the WT phenotype
(Fig. 7b). The observed phenotype ratio (59: 21) between
WT and im determined by Mz and MIC values was
similar to the expected ratio (60: 20). Figure 7c also
showed that the combination of M and lint percentage
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can be used to distinguish the im from WT phenotype
clearly. The observed phenotype ratio (59: 20) among
WT and im phenotypes determined by My and lint per-
centage values was closest to the expected ratio (60: 20)
despite one outlier. Another algorithm using different IR
spectral vibrations of cotton fibers enabled to determine
the IR crystallinity (Clir) in addition to the Mz value.
Using the combination of Mz and CIr also enabled to
distinguish the im from WT phenotype (Fig. 7d). The
observed phenotype ratio (61: 19) between WT and im
determined by Mz and Clig values was similar to the
expected ratio (60: 20) in spite of the difficulty with
identifying a few im plants located at the overlapping
area in Fig. 7d. Thus, the FT-IR spectroscopy method
alone may provide two fiber traits that can distinguish
the im and WT phenotypes without MIC or lint per-
centage measurement.

Conclusion

To determine the threshold phenotype accurately, cotton
geneticists often measure additional fiber traits for their
genetic analyses. Those multiple phenotypic analyses of
several thousand F, progeny plants for a fine mapping
analysis can be an expensive, laborious and time-
consuming process. In order to identify economical,
efficient, and expeditious methods for measuring fiber
maturity in a quantitative way for genetic analysis, we
determined threshold phenotypes between im and WT
phenotypes using a combination of multiple fiber traits
determined by HVI, lint percentage, and ATR FT-IR
spectra, and compared merits and weaknesses of the

methods. Our results showed that the IR maturity (M)
index can be used to determine the threshold value for
classifying the immature fiber phenotype from the wild
type phenotype. The My value can be also used with a
combination of MIC, lint percentage, and IR crystallinity
for further quantitative genetic analyses.

Methods

Cotton fiber materials and population construction

We used two sets of upland cotton populations
composed of various fiber MIC and maturity. Both pop-
ulations were previously constructed by crossing the
immature fiber (im) mutant with G. hirsutum normal
cultivars (wild type) described at Fig. la. The first set
was constructed by a cross between the im mutant and a
G. hirsutum improved fiber quality germplasm, MD52ne
(Meredith Jr 2005). The F; plants were self-pollinated to
obtain F, seeds and the F, population along with the
parents were grown in a field located at Stoneville,
Mississippi in 2014. The soil type in Stoneville, MS was
Bosket fine sandy loam. Standard conventional field
practices were applied during planting season. Leaf sam-
ples were collected from the individual F, plants as well
as parents for DNA isolation. The first set consisting of
the F, population of 708 plants was previously used for
mapping-by-sequencing to identify the im gene (Thyssen et
al. 2016). The second F, population was produced by cross-
ing the im mutant with four different WT upland cotton
cultivars, Texas Marker-1 (PI 607172; Kohel et al. 1970),
Sure-Grow 747 (PVP 9800118; Lege 1999), Deltapine Acala
90 (PI 564767), and UA-48 (PI 660508; Bourland 2013).
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The segregating F, plants along with parents were grown
side by side in the same field in New Orleans, Louisiana
from 2011 to 2015. The soil type of the cotton field was
Aquents dredged over alluvium in an elevated location to
provide adequate drainage. The second set consisting of
the F, population of the 80 plants had been used for
studying relationships of fiber maturity with single fiber
strength (Kim et al. 2019).

Fiber property measurements

Cotton bolls were manually harvested from the
individual F, plants as well as parents. Cotton fibers
were collected by ginning with a laboratory roller gin.
The ginned fibers were conditioned at 21+1°C and
65 + 2% relative humidity for 48 h before testing (ASTM
D1776 /| D1776M-16 2016). Phenotypes of the segregat-
ing F, population were evaluated for lint percentage,
fiber properties determined by HVI, Fibronaire, and
microscopic measurements. Lint percentage was mea-
sured by dividing lint weight with the cottonseed weight,
and multiplying by 100. HVI 1000 (Uster Technologies
Inc., Knoxville, TN) was used to measure fiber properties
from the individual F, plants producing more than
10g. Average HVI values were obtained from five
replicates. The Fibronaire instrument (Motion Control
Inc., Dallas, TX) was used to measure MIC values for
the F, progenies that produced insufficient lint mass
(3.3~10.0g) for HVI measurement. Both instruments
were properly calibrated according to the manufac-
turers’ instructions and standard procedure (ASTM
D5867-12el 2012).

ATR-FTIR spectral collection and data analysis

All spectra from the second set of cotton materials were
collected with an FTS 3000MX FTIR spectrometer
(Varian Instruments, Randolph, MA) equipped with a
ceramic source, KBr beam splitter, and deuterated trigly-
cine sulfate (DTGS) detector. The ATR sampling device
utilized a DuraSamplIR single-pass diamond-coated in-
ternal reflection accessory (Smiths Detection, Danbury,
CT), and a consistent contact pressure was applied by
way of a stainless-steel rod and an electronic load
display. At least six measurements at different locations
for individual samples were collected over the range of
4000-600cm™ " at 4cm™ ' and 16 coadded scans. All
spectra were given in absorbance units and no ATR cor-
rection was applied. Following the import to GRAMS
IQ application in Grams/AI (Version 9.1, Thermo Fisher
Scientific, Waltham, MA), the spectra were smoothed
with a Savitzky—Golay function (polynomial=2 and
points = 11). Then, the spectral set was loaded into Micro-
soft Excel 2007 to assess cotton Fiber maturity Mz from
IR measurement by using a previously proposed algorithm
analysis (Liu and Kim 2015; Liu et al. 2011).
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Genotyping of the F, plants by SSR and InDel markers
For genotyping of the F, plants, InDel and SNP (Thys-
sen et al. 2016) and SSR (Kim et al. 2013a) markers linked
to the im gene on chromosome 3 were used. The forward
primers were fluorescent-labeled at 5 end with 6-FAM
(6-carboxyfluorescein), or HEX (4, 7, 2', 4’, 5, 7-
hexachloro-carboxyfluorescein). Primers were purchased
from Sigma Genosys (Woodlands, TX). PCR amplification
was according to the method that was previously de-
scribed in Fang et al. (2010). Amplified PCR products
were separated and measured on an automated capillary
electrophoresis system ABI 3730 XL (Applied Biosystems
Inc. Foster City, CA). GeneScan-400 ROX (Applied Bio-
systems Inc. Foster City, CA) was used as an internal
DNA size standard.

Statistical analyses

Statistical analyses and construction of graphs were per-
formed using correlation, linear regression, frequency
distribution from Prism version 7 software (Graph-Pad
Software, Inc., San Diego, CA). The correlation coeffi-
cient value (r) was determined by Pearson’s method
(Pearson 1895). The P value cutoff for significance was
0.05. Samples in individual fiber sets were fitted to an
exponential function by the use of Microsoft Excel 2007.

Additional files

Additional file 1: Comparisons of the observed phenotypes with the
predicted phenotypes based on their DNA marker genotypes in a
genetic population with various fiber maturity. Seven hundred and eight
F> progeny plants were derived from a cross between wild-type (WT)
upland cultivar MD52ne and immature fiber (im) mutant. Genotypes
including homozygosity for the wild type (WT-homo), heterozygosity for the
wild type (WT-hetro), and homozygosity for the im type (im-homo) were
determined by DNA markers. The predicted WT phenotype (WT-homo and
WT-hetro genotypes) and the im phenotype (im-homo genotype) were
compared with the observed phenotypes based MIC values and lint
percentage. (XLSX 61 kb)

Additional file 2: Comparisons of the observed infrared maturity (Mg)
and crystallinity (Clg) with the predicted phenotypes based on their DNA
marker genotypes. ATR FT-IR spectra were measured from the second set
composed of 80 F, plants with various MIC values. Miz and Clig values
were determined by algorithms and compared with the predicted
phenotypes based on their DNA marker genotypes as well as the
observed MIC values and lint percentage. (XLSX 15 kb)
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