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Abstract
Chemical composition is critical information for product quality and exploration of new use.

Hence defatted cottonseed meals from both glanded (with gossypol) and glandless (without

gossypol) cotton seeds were separated into water soluble and insoluble fractions, or water

soluble, alkali soluble as well as total protein isolates. The contents of gossypol, total protein

and amino acids, fiber and carbohydrates, and selected macro and trace elements in these

products were determined and compared with each other and with those of soy meal prod-

ucts. Data reported in this work improved our understanding on the chemical composition of

different cottonseed meal products that is helpful for more economical utilization of these

products. These data would also provide a basic reference for product standards and quali-

ty control when the production of the cottonseed meal products comes to pilot and industrial

scales.

Introduction
Cotton (Gossypium hirsutum L.) is produced in more than 30 countries [1] and provides a
major fiber source for the textile industry. Much of the cotton land in the US is located in the
southern and southeastern region which includes Georgia, Alabama, Arkansas, North Caro-
lina, Mississippi, and Texas [2, 3]. Harvesting and ginning a cotton crop generates two market-
able products: lint and seed. Although accounting for about 60% of biomass of cotton bolls,
cottonseed products provide only a secondary revenue stream of the cotton crop (15–25% of
the value of the crop), and mainly from the oil fraction [4, 5]. The residual fraction after oil
crushing, called defatted cottonseed meal, is mainly used as fertilizers or animal feed [2, 5–9].
Thus, enhanced utilization of meal products as industrial and biobased raw materials would in-
crease the profitability of cotton growers and processors. The potential value-added products
include but are not limited to wood adhesives [10], bioplastics and films [11], superabsorbent
hydrogel [12] antioxidant meal hydrolysates [13], as well as bio-oil and biochar [14]. These
functional products differentially utilize the chemical components (e.g., proteins, peptides, and
carbohydrates) in meal although expensive purified fractions are not always necessary.
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For better and economic utilization of the different functional fractions in cottonseed meal,
we have separated meal into a water soluble fraction (WSF) and a water insoluble fraction
(WIF) [15]. Further work demonstrated that WIF could serve as bio-based wood adhesives [16,
17]. The protein fraction in meal can be extracted by weak base as a whole cottonseed protein
isolate (PI), or sequentially extracted into a water soluble protein fraction (PIw) and an alkali
soluble protein fraction (PIa) [18, 19]. Fluorescence study has shown that PIw is more hydro-
philic than PIa [20]. This observation suggests PIw and PIa may not always behave the same
when they are used to prepare a functional product. For example, Nordqvist et al. [21] reported
that the wood adhesive per aqueous ethanol (60–70%) soluble gliadin fraction of wheat gluten
penetrates to a larger extent and more deeply into the wood material than the adhesive per
aqueous ethanol insoluble glutenin fraction of wheat gluten.

As chemical composition is critical information for product quality and for exploration of
new uses, in this work, we determined the contents of gossypol, amino acids, fiber and carbo-
hydrates, and selected macro and trace elements in these cottonseed meal fractions. For com-
parison, these parameters in defatted soy meal and its protein isolate were also determined, as
soy meal is widely studied as a bio-based raw material [22–24]. Information derived from this
work will be helpful in promoting enhanced utilization of these defatted oilseed meal fractions
as renewable and environment-friendly industrial resources.

Materials and Methods

Rawmaterials
Meals from both glanded (with gossypol, Gd)) and glandless (without gossypol, Gl) cotton-
seeds were used. Gossypol [1,1,6,6,7,7-hexahydroxy-5,5-diisopropyl-3,3-dimethyl-
(2,2-binaphthalene)-8,8-dicarbaldehyde, or 2,20-bis-(formyl-1,6,7-trihydroxy-5-isopropyl-
3-methylnaphthalene)] is a yellow polyphenolic binaphthyl dialdehyde stored in the pigment
glands of cotton and a few related species [5, 25]. Three glanded samples came from three ex-
pander-solvent processers. Two glandless meal samples were donated by Cotton, Inc. (Cary,
NC, USA) and received as partially defatted products. It was re-extracted with hexane at 50°C
for 2 h in a rotary evaporator, which was sufficient to reduce the oil content to less than 1%.

Soy meal was obtained from Kentwood Co-op (Kentwood, LA, USA). The working soy
meal was obtained by grinding the meal in a cyclone sample mill (Model 3010–014, UDY Cor-
poration, Fort Collins, CO, USA) to pass a 0.5-mm steel screen [26].

Preparation of water washed meals and protein fractions
The sequential fractionation procedure reported in He et al. [15] was used to separate the
whole meal into water soluble and insoluble fractions of both cottonseed and soybean meals.
Total protein isolates (PI) of cottonseed and soy meals were prepared by one-step alkali extrac-
tion and acid precipitation. PIw and PIa fractions of Gd cottonseed protein were sequentially
extracted by water and 0.015 M NaOH, and then precipitated at pH 4.0 and 7.0, respectively
[18]. Both fractions were freeze dried and kept in a dessicator at room temperature (22°C)
until use.

Gossypol in cottonseed samples
The gossypol enantiomers in Gd meal and products were detected by a slightly modified proce-
dure based on AOCS Recommended Practice Ba 8a-99 using about 100 mg sample for each
analysis [4, 27]. High pressure liquid chromatography was used to detect (+)- and (-)-gossypol
after the compounds were extracted and transformed into Schiff’s base derivatives with R-
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(–)-2-amino-1-propanol. The gossypol complex was detected at 254 nm. A standard curve was
constructed for each isomer with serial dilutions of racemic gossypol-acetic acid (1:1) in com-
plexing reagent. Total gossypol was calculated from the sum of the individual (+)- and (–)-gos-
sypol isomers. Percent (+) gossypol represents the amount of the (+) isomer divided by the
sum of the (+) and (–) isomers, expressed as a percentage.

Determination of total N, crude protein, and amino acids
The concentrations of total N in each sample were determined using a LECO Truspec dry com-
bustion Carbon/Nitrogen Analyzer. Crude protein content in the samples were calculated by
multiplying the total N by a factor of 6.25 [7]. Ion chromatography coupled with amperometric
detection was used to measure 17 proteinous amino acids(AAs) and four nonproteinous
amino compounds (2 amino acids and 2 amino sugars, for convenience hereinafter also abbre-
viated as AAs) in the cottonseed [7, 28]. A proteinous AA (tryptophan) was not measured by
this method [29, 30]. Each sample (20 mg) was mixed with 2 mL of 4 Mmethanesulfonic acid
(MSA) amended with 2 g L-1 tryptamine and autoclaved for 16 h at 121°C (208 kPa). The acid
extracts were titrated to pH 4 to 5 with NaOH and centrifuged to remove precipitates. The ali-
quots were diluted properly with purified water. Concentrations of amino acids in these diluted
solutions were analyzed by a Dionex DX-500 (Dionex Corp. Sunnyvale, CA) ion chromato-
graph equipped with an Amino-Pac PA 10 column (2 mm i.d.). Triple pulsed amperometrric
detection was performed using a Dionex ED-40 electrochemical detector. As the concentration
(mg mL-1) of individual AA was used for the standard curve, a conversion factor {i. e. [molecu-
lar weight-18(water)]/ molecular weight}was used to calculate each AA's content in protein
peptides from the measured free AA content [31].

Determination of dietary fibers and carbohydrates
Acid detergent fiber (ADF), neutral detergent fiber (NDF) and acid detergent lignin (ADL)
were determined using the filter bag methods with an Ankom Fiber Analyzer (Ankom Tech-
nology, Macedon, NY) [7].

Seven carbohydrates (fucose, arabinose, rhamnose, galactose, glucose, xylose, and mannose)
were extracted and analyzed per literature [32–34]. Briefly, 800 μL of 6M H2SO4 was added to
100 mg of a sample. After mixing, the solution was allowed to sit for 30 minutes at room tem-
perature then diluted to 1M H2SO4. This solution was autoclaved for 30 min at 121°C, then
centrifuged and the supernatant removed following quantitative rinsing of the remaining resi-
due using distilled water. This residue was saved and sequentially processed for strong-acid ex-
tractable carbohydrates as described below. The supernatant containing the mild-extractable
carbohydrates was pH adjusted with NaOH to 5.5–6.5, diluted, and an aliquot was injected
into the Dionex DX-500 anion chromatograph equipped with a CarboPac PA-10 column (2
mm diameter x 250 mm length). All carbohydrates were detected with triple-pulsed ampero-
metry. The stronger acid extraction, which isolated hydrolyzed glucose, was performed on the
dried residue from the weaker acid extraction using 300 μL of 18M H2SO4 which was then di-
luted to 1.5 M after sitting for 30 min, followed by autoclaving, pH adjustment and dilution
similar to the amino acid analysis.

Elemental analysis
The element contents of the samples were analyzed following digestion (Jones and Case, 1990)
in which 0.50 g of ground cottonseed sample was digested in 10.0 mL of concentrated trace
metal grade HNO3 for one hour in the HotBlock Environmental Express block digester. The
sample was then heated to 115°C for 2 h and 15 min. The concentrations of 12 elements (i. e.
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Al, B, Ca, Cu, Fe, K, Mg, Mn, Na, P, S, and Zn) in these digests were determined by a Spectro
CirOs ICP spectrometer (Mahwah, NJ, USA) [35].

Statistical analysis
The data analysis package in Microsoft Excel 2007 was used for statistical analysis. The De-
scriptive Statistics Tool Data was used to calculate averages and standard errors. "Single-factor"
analysis of variance (ANOVA) was used to evaluate the significance of the difference in amino
acid composition between different meal fractions. The Correlation Analysis Tool was used to
analyze correlation coefficients between the two sets of total protein data.

Results and Discussion

Distribution of gossypol enantiomers in glanded cottonseed meal
products
The total content of gossypol was 6.82, 8.20, and 15.36 g kg-1 in the three meal samples with an
average of 10.12 g kg-1 and standard error of 2.64 g kg-1 (Table 1). The high variation of the gos-
sypol content apparently led to great standard errors in the separated fractions (e. g. PI and
PIw). Previously, Berardi et al. [36] reported the gossypol content ranged from 2.5 to 13.5 g kg-1

in high and low gossypol cottonseed flours. Even though the content of total gossypol differed
greatly among the meal samples, the ratio of the two enantiomers was basically unchanged with
60% as (+) enanmiomer in all three samples, similar to that of the whole cottonseed [4]

As shown in Table 1, when meal was separated into the water soluble and insoluble frac-
tions, gossypol seemed equally distributed in the two fractions. However, gossypol content was
higher in PIw than in PIa when the two protein fractions were sequentially extracted from the
meal. Gossypol content of PI was similar to that of PIa, as the majority of PI was the PIa frac-
tion [18]. Free gossypol in meal can become "bound" by reacting with the free ε-amino groups
of lysine [37]. Hence the higher gossypol content in PIw is consistent with the higher lysine
content in PIw than in PIa (Fig 1).

Crude protein content and amino acid profiles
Estimated from total N contents, the contents of crude protein in glanded and glandless cotton-
seed meals and soy meal were 50.7, 59.4 and 49.6% of the dry matter, respectively (Table 2).
Water washing enriched the protein content in the washed meals (i. e. the insoluble fraction
WIF) by 12 to 25%, accompanied by a decrease in the protein content of WSF. The protein
contents of both the PI and PIa of both cottonseed meals neared 100%, while soy protein isolate
(SPI) contained about 92% protein. The protein content of PIw was 81%. These data were con-
sistent with our previous reports [15, 18]. The protein contents calculated from the sum of AAs

Table 1. Content of gossypol enantiomers in glanded cottonseedmeal products.

(+) Enantiomer (-) Enantiomer Total Ratio of (+/-) Enantiomer

g kg-1 of sample

Meal 6.11 ± 1.61 4.01 ± 1.04 10.12 ± 2.64 1.51 ± 0.02

WIF 3.75 ± 0.05 2.45 ± 0.02 6.21± 0.04 1.53 ± 0.03

WSF 3.51 ± 0.01 2.54 ± 0.02 6.05 ± 0.02 1.38 ± 0.01

PI 3.16 ± 2.27 2.11 ± 1.45 5.27 ± 3.74 1.43 ± 0.04

PIw 5.27 ± 2.51 3.63 ± 1.61 8.91 ± 4.12 1.43 ± 0.06

PIa 3.38 ± 0.36 2.22 ± 0.25 5.60 ± 0.61 1.52 ± 0.01

Data are presented in average with standard error (n = 2 or 3).

doi:10.1371/journal.pone.0129933.t001
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were all higher than the corresponding values calculated from total N. Yet both modes of pro-
tein content calculation provided for similar trends among the samples. As a matter of fact, As
a matter of fact, the two sets of protein content data were highly correlated with the linear
refression:% of AA-based content = 0.835� % of total N-based content +25.4 (r = 0.976,
P< 0.001).

The AA profiles of these samples are presented in Figs 1 and 2. Among the 10 essential AAs,
the content of arginine was the highest, ranging from 15% to 34% of total protein (Fig 1).
Many other essential AAs were around 5% of total protein with methionine and cystine having
the lowest the lowest contents (1–2%). Glutamate (glutamine and glutamic acid) was the t

Fig 1. Contents of amino acids in glanded (Gd) cottonseedmeal and their water soluble (WSF) and
insoluble (WIF) fractions, total protein isolate (PI) and water (PIw)- and alkali (PIa)-extracted protein
isolates.Data are presented in average with standard error (n = 2 or 3).

doi:10.1371/journal.pone.0129933.g001
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most abundant (around 10% of total protein) of the seven nonessential proteinous AAs (Fig 2).
The contents of the other six nonessential AAs ranged from 3% to 6% of total protein. None of
the four nonproteinous AAs and sugars accounted for more than 1% of the total protein.
Whereas there is no previous report on the contents of the four nonproteinous AAs in cotton-
seed and soy products, the relative abundances of most proteinous AAs in Figs 1 and 2 were
similar to previous reports for whole cottonseed and defatted meal [38–40], except for arginine,
which has been reported as the second highest after glutamate. One possible explanation for
this discrepancy is the over-estimation of the arginine content in this work, as we had previous-
ly observed that the arginine peak, being the first eluted from the anion chromatographic col-
umn, could overlap with the void peak of residual seed oil in a cottonseed sample [7]. On the
other hand, arginine was the most abundant amino acid in separated cottonseed protein pep-
tides [41]. Among the five SDS-PAGE isolates of cottonseed protein bodies, two isolates (mo-
lecular weight 37.2–32.2 kD, and 21.9–18.0 kD) had higher arginine contents than all other
amino acids, 26.5% and 24.4% of total protein for arginine vs. 17.6% and 17.7% for glutamate,
respectively [41]. Thus, further research is needed to find out the true cause(s) of the highest ar-
ginine content in these samples.

Although there were some differences in the AA contents between the meal and their prod-
ucts, it is difficult to derive a general trend. For simplification, we grouped the total contents of
10 essential AAs, and 11 non essential proteinous and nonproteinous AAs (Table 3). Although
the essential AA content did not always differ significantly (P> 0.05) among the fractions, it
was generally greater in water soluble WSF fractions, and lower in the less soluble WIF, PIa
and PI fractions, compared to the whole defatted meal. This observation may have some practi-
cal implications. As the WSF and PI of cottonseed meal are used as wood adhesives, the useful-
ness of the water soluble fractions toned deserves further exploration. At a minimum, these
data imply the water soluble fractions of cottonseed meal are comparable to the whole meals
regarding protein nutrient. In other words, these soluble fractions of cottonseed and soy meal
can still be used as dairy cow protein supplement as the original CSM [6].

We also regrouped these AAs as having either polar or nonpolar side chains (Table 3). The
WSF and PIw contained more polar side chains than WIF and PIa, respectively. This observa-
tion explained our previous finding that PIa was less hydrophilic than PIw as revealed by fluo-
rescence excitation-emission matrix spectroscopy [20]. Hettiarachchy et al. [42] reported that
hydrophobicity plays an important role in wood adhesives. Thus, the better water resistance of

Table 2. Content (% of dry matter) of crude protein in cottonseed and soy meal and their products.

Glanded cottonseed Glandless cottonseed Soy

TN-based AA-based TN-based AA-based TN-based AA-based

Meal 50.7 ± 5.2 69.3 ± 8.0 59.4 ± 0.2 67.4 ± 3.1 49.6 ± 0.1 65.8 ± 1.7

WIF 74.5 ± 0.7 89.7 ± 2.3 72.3 ± 1.4 84.2 ± 2.3 66.2 ± 1.5 80.1 ± 2.9

WSF 39.8 ± 0.2 59.1 ± 1.9 47.7 ± 0.2 66.9 ± 1.7 ND a ND

PI 97.4 ± 2.5 108.5 ± 0.8 104.0 ± 0.1 ND 92.0 ± 0.2 106.6 ± 1.6

PIw 80.6 ± 0.3 97.8 ± 1.1 -b - - -

PIa 104.0 ± 0.3 105.4 ± 2.7 - - - -

Data are presented in average with standard error (n = 2 or 3) per total nitrogen (TN) and amino acid (AA) contents.
a Not determined.
b No PIw and PIa were prepared from glandless cottonseed and soy.

doi:10.1371/journal.pone.0129933.t002
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the WIF-based adhesives thanWSF [15] could be at least partially attributed to the more non
polar (i. e. hydrophobic) AAs in the WIF.

Contents of fiber and carbohydrates
Fiber components were present in both types of cottonseed meals in the order of
NDF>ADF>ADL (Table 4). The order was the same as for the fiber components in the whole
cottonseed [7, 38] even though the contents in the seed samples were about 3–5 times higher
than in the meal samples. No fiber components were detected in WSF fractions, indicating
their insolubility. Fiber components in the WIF fraction could be further subclassified as cellu-
lose (ADF-ADL) or hemicellulose (NDF-ADF) fractions [43]. Thus, the WIF fractions of the

Fig 2. Contents of amino acids (AAs) in glandless (Gl) cottonseed and soymeal, and their water
soluble (WSF) and insoluble (WIF) fractions, and total protein isolate (PI). Data are presented in average
with standard error (n = 2 or 3).

doi:10.1371/journal.pone.0129933.g002
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two types of cottonseed meals contained 7.6% and 5.7% of dry matter as cellulose and about
0% and 3.6% as hemicelluloses, respectively.

In addition to cellulose and hemicelluloses, seven other carbohydrates were measured in the
meal and selected products (Fig 3). The contents of the carbohydrates in glanded cottonseed
meal were in the order of galactose (4.43%)� arabinose (4.40%)� glucose (4.39%)> xylose
(1.93%)> rhamnose (0.74%)�mannose (0.61%)> fucose (0.07%), providing a total content
of 16.6% of dry matter. The relative contents of these carbohydrates in the glandless meal were
similar, with the total content of 14.4%. The relative contents of soy meal differed from the two
cottonseed meals, with the order of glucose (8.06%)� galactose (7.77%)> arabinose (2.51%)>
mannose (1.61%)> rhamnose (1.07%)� xylose (0.89)> fucose (0.23%) and a total content of
22.2% of dry matter.

The seven carbohydrates partitioned into WIF and WSF fractions differently. Galactose and
glucose were mainly in the WSF fractions, excepting a high content of galactose in soy WIF.
Generally, there was more arabinose, rhomonose, and xylose in the WIF fractions than in the
WSF fractions of the three meals. The protein isolates also contained some of these carbohy-
drates. The distribution pattern of these carbohydrates in the Gd PIw and PIa protein fractions
were similar to that of GdWSF andWIF meal fractions although the carbohydrate contents in
protein fractions were much lower. These carbohydrates were present perhaps as part of glyco-
proteins or impurity. In summary, the seven carbohydrates accounted for 16.6% and 14.4% of
dry matter in the Gd and Gl meals, respectively. The total contents were 26.3% and 9.8% in the
soluble and insoluble fractions of GD meal, and 18.2% and 10.2% of the same two fractions of
Gl meal, respectively. The total contents in Gd protein isolate, water- and alkali-extracted frac-
tions were 1.9%, 3.4%, and 0.6% of dry matter, respectively.

Selected element contents
The contents of 12 selected elements are shown in Figs 4 and 5. Similar to the whole cottonseed
[2, 35], the contents of macro elements P, Ca, K, Mg, Na, and S were generally higher than the

Table 3. Contents (percent of protein) of essential amino acids (EAAs), non-essential and non protei-
nous amino acids (NAAs), amino acids with polar side chains (AAsP), and amino acids with nonpolar
side chains (AAsN) in glanded (Gd) and glandless (Gl) cottonseed and soymeals and their water in-
soluble (WIF) and soluble (WSF) fractions, total protein isolate (PI) and water(PIw)- and alkali (PIa)-ex-
tracted protein isolates.

EAAs NAAs AAsP AAsN

Gd Meal 65.8 a 34.2 a 62.7 a 35.2 a

Gd WIF 63.5 ab 36.5 ab 59.6 b 38.6 b

Gd WSF 66.5 a 33.5 a 72.5 ac 25.2 c

Gd PI 58.8 c 41.2 c 58.8 bd 39.7 bd

Gd PIw 61.0 ab 39.0 ab 69.5 c 29.1 c

Gd PIa 58.2 c 41.8 c 56.7 d 42.2 d

Gl Meal 62.9 a 37.1 a 65.2 a 33.4 a

Gl WIF 61.9 a 38.1 a 62.7 a 36.0 b

Gl WSF 63.3 a 36.7 a 71.0 b 27.1 c

Soy Meal 60.9 a 39.1 a 60.9 a 37.4 a

Soy WIF 59.0 b 41.0 b 59.0 a 38.9 b

Soy PI 58.9 b 41.9 b 58.8 a 39.0 ab

Data are presented in average (n = 2 or 3). Different letter after values in a column of the same type of

meals indicate significantly difference at P � 0.05.

doi:10.1371/journal.pone.0129933.t003
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Table 4. Contents (percent of dry matter) of acid detergent fiber (ADF), acid detergent lignin (ADL), and neutral detergent fiber (NDF) in glanded
(Gd) and glandless (Gl) cottonseedmeals and their water insoluble (WIF) and soluble (WSF) fractions.

ADF NDF ADL

Gd meal 5.47 ± 1.48 11.58 ± 2.53 0.95± 0.81

Gd WIF 8.25 ± 0.92 8.24 ± 1.08 0.67 ± 0.17

Gd WSF < DL a < DL < DL

Gl meal 4.51 ± 0.37 7.88 ± 0.99 0.65 ± 0.60

Gl WIF 6.63 ± 0.58 10.21 ± 0.83 0.86 ± 0.74

Gl WSF < DL < DL < DL

Data are presented in average with standard error (n = 2 or 3).
a Less than detected limit.

doi:10.1371/journal.pone.0129933.t004

Fig 3. Selected carbohydrates in glanded (Gd) and glandless (Gl) cottonseed and soy meal, and their
water soluble (WSF) and insoluble (WIF) fractions, total protein isolate (PI) and water (PIw)- and alkali
(PIa)-extracted protein isolates. Data are presented in average with standard error (n = 2 or 3).

doi:10.1371/journal.pone.0129933.g003
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six trace elements (Fe, Zn, Cu, Mn, Al, and B). Contents of either the macro- or micro-elements
differed little between the two types of cottonseed meal. However, the contents of most ele-
ments in soy meal were lower than the corresponding elements in cottonseed meal. Compared
to the meal samples, the contents of P, Ca, Mg, Fe, Zn, Mn, and Al increased in water insoluble
fractions, but decreased in water soluble fractions, indicating the enrichments of these elements
by water washing, likely due to the relative insolubility of polyvalent cations. In contrast, K and
S had lower contents in the water insoluble fractions and higher contents in the water soluble
fractions. In protein isolates and the water- or alkali-extracted fractions, only the contents of P
and S were remarkably greater than their contents in meal samples. Sulfur is part of protein
amino acids methionine and cysteine. Element P could be phytate (inositol phosphate) associ-
ated with seed proteins [44].

Fig 4. Contents of P, Ca, K, Mg, Na, and S in glanded (Gd) and glandless (Gl) cottonseed and soy meal,
and their water soluble (WSF) and insoluble (WIF) fractions, total protein isolate (PI) and water (PIw)-
and alkali (PIa)-extracted protein isolates. Data are presented in average with standard error (n = 2 or 3).

doi:10.1371/journal.pone.0129933.g004
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