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Gossypol, a phenolic compound found in the cotton plant, is widely distributed in cottonseed by-
products. Although ruminant animals are believed to be more tolerant of gossypol toxicity than
monogastric animals due to rumen microbial fermentation, the actual mechanisms of detoxification
remain unclear. In contrast, the metabolic detoxification of gossypol by Helicoverpa armigera (Lepidop-
tera: Noctuidae) larvae has achieved great advances. The present review discusses the clinical signs of
gossypol in ruminant animals, as well as summarizing advances in the study of gossypol detoxification in
the rumen. It also examines the regulatory roles of several key enzymes in gossypol detoxification and
transformation known in H. armigera. With the rapid development of modern molecular biotechnology
and -omics technology strategies, evidence increasingly indicates that research into the biological
degradation of gossypol in H. armigera larvae and some microbes, in terms of these key enzymes, could
provide scientific insights that would underpin future work on microbial gossypol detoxification in the
rumen, with the ultimate aim of further alleviating gossypol toxicity in ruminant animals.

© 2021 Chinese Association of Animal Science and Veterinary Medicine. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cottonseed by-products are used extensively as a source of
energy and proteins in the diets of ruminant animals,
although they contain gossypol, a polyphenolic compound
found in cotton (Gossypium spp.) (Rogers et al., 2002; Santos
et al., 2002). Excessive intake of gossypol can cause anaemia
and impair animal reproductive functions, while consumption
of animal products with excessive gossypol residues may
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affect human health (Brimer and Sørensen 2009). Due to the
toxicity of excessive gossypol, many countries and regions
have stipulated the dietary allowance limit of gossypol. For
many years, three methods have been used in animal feed
processing to reduce toxicity of gossypol in cottonseed by-
products. These included mechanical processing, chemical
treatment, and microbial fermentation. All of these methods
play a role in gossypol detoxification, but microbial fermen-
tation is the most promising method for gossypol detoxifi-
cation compared with the adverse effects of other methods,
because it not only has high detoxification efficiency but can
also enhance the nutritive value of cottonseed powder (Weng
and Sun 2006a, 2006b).

Owing to the existence of rumenmicroorganisms, ruminants are
believed to be more tolerant of gossypol compared with mono-
gastric animals (Reiser and Fu 1962). Chen et al. (2015) and Zhang
et al. (2018) isolated Bacillus strains from the rumen with a high
activity of gossypol degradation. Additionally, gossypol-degrading
strains of bacteria and fungi isolated from cotton-planted soil,
ishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an
s/by-nc-nd/4.0/).
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such as Geotrichum candidum, Candida tropicalis, Torulopsis candida
and Aspergillus sp., applied in solid-state fermentation, have also
been found to exhibit different degrading potentials to the free form
of gossypol (FG) in cottonseed by-products (Zhang et al., 2007;
Khalaf and Meleigy 2008; Sun et al., 2008; Lim and Lee 2011; Yang
et al. 2011, 2012). However, these microbial detoxification studies
were primarily based on the disappearance of FG, but to date the
exact mechanism by which gossypol detoxification takes place in
these microorganisms is not clear. In contrast with the rumen and
other microorganisms, the mechanism of gossypol detoxification in
Helicoverpa armigera larvae (Lepidoptera: Noctuidae) has been well
studied and described. This is due to the extensive damage that
H. armigera causes to cotton plants, which has attracted much
attention in the cotton fibre industry (Krempl et al., 2016a). The
objective of the present review is to determine whether any scien-
tific insights can be gained by comparing what is known of gossypol
degradation in the rumen and by H. armigera larvae, to better un-
derstand potential mechanisms of gossypol detoxification in rumi-
nant animals.
2. Gossypol in cottonseed by-products and its toxicity to
ruminants

2.1. The presence of gossypol in cottonseed by-products

Gossypol is a yellow pigment compound, a polyphenolic
binaphthyl dialdehyde (Fig. 1), found in cotton stems, leaves and
flower buds, and it is especially rich in cottonseed. Gao et al. (2011)
noted that gossypol content was positively correlated with crude
fat content in different transgenic cottonseeds in China.

There are 2 forms of gossypol present in cottonseed by-
products: the free form is gossypol having active hydroxyl and
aldehyde groups. The bound form (BG) is gossypol bound to pro-
teins, amino acids or other substances (Alexander et al., 2008).
Phenolic and carbonyl groups of gossypol can covalently bind to
free epsilon-amino groups from lysine and arginine through the
browning orMaillard reaction (Bressani et al., 1964), and its dimeric
structure facilitates cross-linking of proteins (Abou-Donia, 1976).
Additionally, gossypol can chelate metal ions, presenting both pro-
oxidant and antioxidant characteristics (De and Wang 1993).

Generally, the FG content in cottonseed ranges from 0.02% to
6.64% (Price et al., 1993), varying between different cotton varieties
(Randel et al., 1992). In the seeds, almost all the gossypol is found in
the free form. Heat and moisture processing can convert the free
form into the less toxic, bound form (Alexander et al., 2008). Most
of the BG cannot be absorbed in the digestive tract and is thus
generally considered nontoxic to ruminants. However, some BG in
cottonseed products may be released in the digestive tract as toxic
Fig. 1. The structure of free gossypol (C30H30O8).
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FG, and the latter can then pass through the mucosa into the blood
circulation of host animals (Noftsger et al., 2000). Additionally, the
gossypol compound has 2 distinct stereoisomer forms, (�) and (þ)
gossypol; the (�) isomer presents greater toxicity to vertebrates
than the (þ) isomer because it is more slowly eliminated, with a
longer residue time in body tissue (Noftsger et al., 2000; Rogers
et al., 2002).

2.2. The toxicity of gossypol to ruminant animals

The main clinical signs of gossypol poisoning are weakness,
apathy, impaired body weight gain, respiratory distress, and even
deathwithin a short period in various ruminant animals (Risco et al.,
1992; Zelski et al., 1995; Alexander et al., 2008). A gossypoleiron
complex formed by the active groups of gossypol can inhibit the
absorption of iron, and iron deficiency may adversely affect eryth-
ropoiesis and cause anaemia in dairy cows after ingestion of
gossypol for an extended time (Mena et al., 2004; Câmara et al.,
2016). Gossypol can also enhance the activity of cytosolic Ca2þ

which can initiate cell membrane contraction, and stimulate the
eryptosis of erythrocytes (Zbidah et al., 2012).

Although dietary gossypol had been found to have no direct
harmful effect on postpartum oestrus nor on the artificial insemi-
nation of cows, long-term intake of high gossypol diets does
decrease the conception rate, and has been associated with
increased incidence of abortions in dairy cows (Santos et al., 2003),
as well as decreased quantity of viable ovarian follicles released in
ruminants (Câmara et al., 2015). The interference of gossypol in
male reproduction is considerably better understood than in the
female. Dietary intake of gossypol was reported to have a detri-
mental effect on the cauda epididymal sperm through its damage
to cellular membranes, and caused degeneration of seminiferous
tubules in the parenchyma of the testicles in bulls (Chenoweth
et al., 2000; Hassan et al., 2004; Yuan and Shi, 2005).

High gossypol diets also decreased milk production and milk
protein and increased the somatic cell score in lactating cows
(Higginbotham et al., 2004). Fortunately, gossypol residue in milk
was far below the maximum residue limits of FG specified by the
Food and Agriculture Organization and the US Food and Drug
Administration, which are set at 600 and 450 mg/kg, respectively
(Wang and Plhak 2004; Zhong 2007; Wang et al., 2012).

Toxicity often occurs to ruminants when the dietary intake
level of FG exceeds the detoxifying capacity of rumen microbes, or
when it is overfed to young ruminants with a functionally un-
derdeveloped rumen (Randel et al., 1992). The European Union
has stipulated that the use of FG should be less than 500 mg/kg in
adult ruminant diets and 100 mg/kg in calves or lambs (Knutsen
et al., 2017).

3. The detoxification of gossypol in the rumen: current
knowledge based on ruminant studies

The high tolerance of gossypol by ruminants has been attrib-
uted to its detoxification in the rumen, which involves its binding
to soluble proteins and degradation by rumen microbes (Fig. 2)
(Reiser and Fu 1962; Wang 1995). As most differences in meta-
bolism between ruminant and non-ruminant animals can be
traced to the activity of rumen microorganisms, most studies on
the detoxification mechanisms of gossypol in ruminant animals
have focused mainly on the determination and explanation of the
transformation of FG into BG. For instance, Smith (1957) specu-
lated that ruminants may detoxify gossypol in the rumen by
binding it to soluble proteins or by dilution and slowed absorption.
Later, Reiser and Fu (1962), in a series of experiments, concluded
convincingly that the mechanism of ruminant detoxification of



Fig. 2. Current knowledge of gossypol detoxification mechanism. (A) Rumen; (B) Helicoverpa armigera larvae; (C) Aspergillus niger. AA ¼ amino acids; BG ¼ bound gossypol;
FG ¼ free gossypol.
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gossypol was by binding to soluble proteins and that the bond was
permanent during protein digestion. A few reports directly
considered microbial detoxification of FG in cottonseed by-
products. For instance, it was reported that 95.2% of the gossypol
in cottonseed was degraded by rumen microbes during fermen-
tation in vitro for 24 h, but that the degradation rate of FG
decreased significantly after the addition of antibiotics. This
demonstrated the degradability of gossypol by rumen microbes
(Wang 1995). Chen et al. (2015) isolated a Bacillus strain from the
rumen with high activity of gossypol degradation, and the liquid
state fermentative gossypol degradation rate reached 94% after the
969
Bacillus strain was applied, leading to the disappearance of up to
80% of FG in the fermented cottonseed meal. Zhang et al. (2018)
isolated a bacterial strain from rumen fluid that used gossypol as
its sole carbon source, and the strain was then identified by 16S
rDNA sequencing to be 98% homologous to the sequence of Bacillus
subtilis strain GH38. According to the results of Zhang et al. (2018),
in optimum fermentation conditions, the FG and total gossypol
(TG) content in fermented cottonseed meal decreased 78% and
49%, respectively, relative to the control. The FG and TG content in
fermented cottonseed meal was significantly lower than in the
unfermentated cottonseed meal, demonstrating not only that FG
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could be converted into BG by being bound to proteins, lipids and
nucleic acids, but also that FG can be degraded by rumen micro-
organisms efficiently. In addition, an in vitro study showed that
gossypol was degraded rapidly by rumen microbes and this
degradation was not enantioselective. At 6 h, 67.4% and 85.7% of
(�)-gossypol were degraded for the 500 and 1000 mg/g ramic
gossypol added groups, respectively, which increased to 83.6% and
92.5% disappearance, respectively, at 12 h. From 12 to 48 h, the
degradation rates varied slightly. These results demonstrated the
strong degradation of gossypol by rumen microbes which partly
explains the high tolerance of gossypol among ruminants (Tang
et al., 2018). However, it is not clear exactly what the microbial
detoxification activities were for gossypol in this instance.

Przybylski et al. (2009) found that when the content of gossypol
reached 12.5, 25, 50 or 100 mg/mL, there was decreased growth of
B. cereusATCC 11778, S. aureus ATCC 25923, S. aureusNCTC 4163 and
M. luteus ATCC 9341, respectively, and it was suggested that het-
erocyclic derivatives of gossypol in particular, should be considered
as candidates for new and effective antibacterial agents based on
gossypol substrate. Although this study demonstrated the antimi-
crobial activity of gossypol, this minimal inhibitory concentration
was higher than the maximum gossypol concentration allowed in
the diet of adult ruminants, and the result showed that gossypol
only has an inhibitory effect on the tested microbes, not necessarily
on all microbes. Additionally, Schneider et al. (2002) found that TG
concentration did not change during in vitro fermentation, thereby
confirming the results of Reiser and Fu (1962). They speculated that
FGmust be complexed by rumen components during fermentation,
reducing their ability to reach the bloodstream, and that the com-
plexes must be broken down during their derivatization with D-
alaninol. The rumen environment is much more complex than an
in vitro fermentation system, and many rumen microorganisms
cannot be cultured in vitro. Although there is no evidence of
mechanisms by which rumen microbes participate in gossypol
detoxification, many researchers have isolated gossypol degrada-
tion microbes from the rumen, which use gossypol as their only
carbon source (Chen et al., 2015; Zhang et al., 2018). Thus, further
study of the potential detoxification mechanisms of gossypol by
rumen microbes is necessary.

4. Several enzymes associated with gossypol detoxification

Generally, the metabolic detoxification of a toxin goes through
three stages as follows (Krempl et al., 2016a). First, the activity and
hydrophilicity of toxic molecules are enhanced by introducing or
releasing of functional groups with the direct action of cytochrome
P450 monooxygenases or carboxylesterases (Janocha et al., 2015).
Second, the water-solubility of toxins are promoted by the action
of glutathione S-transferases (GSTs), UDP-glycosyltransferases
(Robertson et al., 1999; Chrysostomou et al., 2015), which could
prevent toxins from penetrating the cell membrane. Third, en-
zymes, such as ATP-binding cassette transporters, enable the
excretion of toxins by facilitating the transfer activity of toxins
across the membranes (Rowland et al., 2013).

4.1. Advances in understanding of gossypol detoxification
mechanisms by microbes

Yang et al. (2011) noted that gossypol was detoxified by Asper-
gillus niger through its protease or other protein products (Fig. 2).
Using 2-dimensional electrophoresis, they identified 51 differen-
tially expressed proteins secreted by A. niger between 2 carbon
sources, that could be involved in gossypol degradation. Of these,
there were 13 small molecular proteins whose weights (less than
18.4 kDa) were considered to play key roles in the biodegradation of
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gossypol. According to further analysis by MALDI-TOF MS, proteins
identified as kinesin family protein, citrate synthase and glyceral-
dehyde-3-phosphate dehydrogenases were higher expressed in the
carbon source of gossypol, and these proteins were considered to
be involved in energy metabolism.

Gossypol is a polyphenolic hydroxyl binaphthalene compound,
so the metabolic pathway of naphthalene is an essential process of
the biodegradation of gossypol. The degradation process of naph-
thalene needs a greater consumption of energy because of its ar-
omatic ring, which would explain the higher expression of these
energy-related protein enzymes in gossypol, and these results of
Yang et al. (2011) demonstrated the essential role of energy
metabolism in gossypol degradation. Additionally, the functions of
15 other unnamed proteins were identified by extrapolating, e.g.
laccase is the one of the most prominent oxidases of polyphenols,
and may be involved in the biodegradation of gossypol. Further
study of the function of these hypothetical protein enzymes is
required to better understand the biodegradation mechanisms of
gossypol in the rumen.

In addition to the research noted above, some other microor-
ganisms isolated from rumen (i.e. Bacillus subtilis) (Chen et al. 2015;
Zhang et al., 2018) and cotton planted soil (i.e. Candida utilis,
Baclicus Lincheniformis, Lactobacillus plantarum) (Hou et al., 2016)
have been shown to be capable of gossypol degradation based on
gossypol disappearance. However, the corresponding mechanisms
by which this occurs, are still unclear.

4.2. Scientific insights into gossypol detoxification mechanisms of
H. armigera larvae

The generalist moth H. armigera is an important pest species of
cotton and causes considerable damage to plant tissue in many
parts of the world. With the rapid development of modern mo-
lecular biotechnology and -omics technology strategies, gossypol
detoxification by H. armigera and Heliothis virescens larvae has been
well studied. Researchers have found some key enzymes which
may be involved in the metabolism and transformation of FG as
shown Fig. 2 (Mao et al. 2007, 2011; Celorio-Mancera et al., 2011;
Krempl et al., 2016a), thus indicating some potential scientific in-
sights into microbial gossypol detoxification in ruminant animals.

A study was conducted where a gossypol-containing diet was
fed to H. armigera and H. virescens larvae, with the purpose to
study the metabolic transformation mechanisms of gossypol
(Krempl et al., 2016a). Using a microarray method, several mono-
and diglycosylated gossypol isomers were found in the faeces of
both larvae and confirmed that UGT41B3 and UGT40D1 as UDP-
glycosyltransferases, were capable of glycosylating gossypol. In
addition, other researchers found that an increase of gossypol
intake upregulated the gene expression level of some UDP-
glycosyltransferases, cytochrome P450s, carboxylesterases and a
few GSTs in the gut of H. armigera larvae (Celorio-Mancera et al.,
2011). H. armigera larvae fed on transgenic dsCYP6AE14 plants
showed reduced growth on a gossypol-containing diet and a
suppressed CYP6AE14 expression (Mao et al. 2007, 2011). Krempl
et al. (2016b) in a subsequent in vitro study, demonstrated that
CYP6AE14 could play an important role in the reduction of the
general stress response of H. armigera larvae toward plant toxins
by sequestrating gossypol within the gut wall.

Glycosylation of toxins is an important detoxification process,
in which a lipophilic aglycone is converted into a more hydrophilic
and readily excretable compound. The basic mechanism is a sec-
ond order nucleophilic substitution catalyzed by UDP-
glycosyltransferases (Radominska-Pandya et al., 2010). As one
molecule of gossypol possesses 6 hydroxyl groups, there are
several positions possible for the binding of the hexosemoiety, and
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a total of 9 isomeric diglycosides is theoretically possible. In
addition to the direct effects of glycosylation on gossypol, such as
reduced reactivity and enhanced excretion, another important
effect may be a sterical hindrance of the reactive aldehyde groups,
thus preventing the formation of Schiff bases with proteins. Cy-
tochrome P450s belong to a kind of mixed-function oxidase sys-
tem. One function of this enzyme is to catalyze the synthesis of
active substances in the body, such as hormones and enzymes
(Kramlinger et al., 2015); another function is to catalyze the
metabolism of exogenous substances, such as plant toxins
(Mizutani 2012). Additionally, it is also the most important drug-
metabolizing enzyme in animals (Kulcs�ar et al., 2017). In order to
metabolize gossypol to gossic acid, several oxidation steps are
required (Abou-Donia, 1976), for which the cytochrome P450s are
candidates. GSTs play an important role in detoxification through
binding and sequestering a variety of toxic compounds and pep-
tides, and also exhibit antioxidant activities, thanks to their
selenium-independent glutathione peroxidase activities (Hamed
et al., 2014). They are involved in the detoxification of xenobiotic
compounds bearing sufficient active electrophilic centres by the
addition of nucleophilic sulphhydryl groups (thiols) of the reduced
glutathione (Jakoby 1978). Carboxylesterase belongs to the serine
hydrolase family, which can effectively catalyze the hydrolysis of
endogenous and exogenous substances with ester bonds, amide
bonds and thiol bonds. Given that gossypol is a fat soluble sub-
stance (Zhang et al., 2015), we speculate that carboxylesterase may
participate in the release of gossypol from lipids and indirectly
promote the detoxification of gossypol.

The results obtained in the above studies have implied that
these key enzymes play an important role in gossypol detoxifi-
cation, although the exact action mode remains unclear. Unlike
the larvae, most rumen microorganisms are obligate anaerobes,
but with the rapid development of gene sequencing technology, a
sequence-based screening approach was successfully applied to
identify genes from a rumen sample, which confirmed the exis-
tence of these key enzymes in the rumen. A total of 373 contigs
encoding glycosyltransferase were identified from a buffalo
rumen metagenome (Patel et al., 2014). Li et al. (2015) reported
the gene expression level of glutathione in the ruminal wall by a
ruminal transcriptomic analysis method. In addition, some car-
boxylesterase genes have been cloned and characterized from
metagenomic libraries of cow rumina, based on solid-attached
bacteria and liquid-associated bacteria in the rumen, and the
protein-coding sequences of these carboxylesterases were re-
ported to be more closely related to Butyrivibrio fibrisolvens,
Ruminococcus sp., Bacteroides sp. and Prevotella sp. in the rumen
(Liu et al., 2009; Islam et al., 2010; Priv�e et al., 2015). The above
studies confirmed the existence of these key enzymes in rumen
microbes. However, no direct confirmation exists to date that
pure or mixed cultures of the rumen microbes which are capable
of gossypol detoxification exhibit activity of these enzymes, and
it is also not clear how these enzymes in rumen microbes are
involved in the metabolic transformation of gossypol.

5. Recommendations for future work

Previous studies of gossypol detoxification in H. armigera larvae
have achieved great advances in terms of elucidating the roles of
UDP-glycosyltransferases, cytochrome P450s, GSTs and carbox-
ylesterases. However, most of the work on these detoxification
enzyme classes is based on transcriptional data, suggesting upre-
gulation/induction in the organism after toxin ingestion. Upregu-
lation may suggest that these enzymes are somehow involved in
gossypol detoxification. Genes discovered through this transcrip-
tional approachmay be additional agents in gossypol detoxification
971
and candidates for coping with gossypol-induced stress. With the
rapid development of modern molecular biotechnology and -omics
technology strategies, evidence has accumulated that the advances
in understanding the mechanism of gossypol detoxification in
H. armigera larvae could provide scientific insights that allow
further study of the mechanism of gossypol detoxification in
ruminant animals. The rumen is a complex fermentation system,
and all rumenmicrobes play an important role in nutrient digestion
and toxin removal. On the one hand, gossypol may be degraded by
enzymes secreted by microbes directly; on the other hand, rumen
microorganisms may catalyze the reaction of gossypol with other
metabolites, thereby achieving detoxification. In future studies, it is
essential to further investigate the specific detoxification mode of
rumen microbes and the role of these enzymes in gossypol
detoxification. Before starting such a study, numerous studies using
pure cultures of the relevant rumen microorganism should first be
conducted, and then combined with modern -omics technology to
clarify the specific roles of these key enzymes which have been
related to gossypol detoxification and transformation. Systematic
elucidation of the microbial gossypol detoxification mechanism
will have scientific and practical significance for the extensive
utilization of cottonseed by-products in ruminant animals, and also
in monogastric animals, and could contribute to reducing the
treatment costs, and improving the nutritional value of cottonseed
feed in the future.
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Câmara ACL, Vale AMD, Mattoso CRS, Melo MM, Soto-Blanco B. Effects of gossypol
from cottonseed cake on the blood profile in sheep. Trop Anim Health Prod
2016;48(5):1e6.

http://refhub.elsevier.com/S2405-6545(21)00129-3/sref1
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref1
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref1
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref2
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref2
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref2
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref2
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref3
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref3
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref3
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref3
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref4
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref4
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref4
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref4
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref5
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref5
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref5
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref5
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref6
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref6
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref6
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref6
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref6


W.-K. Wang, H.-J. Yang, Y.-L. Wang et al. Animal Nutrition 7 (2021) 967e972
Celorio-Mancera MP, Ahn SJ, Vogel H, Heckel DG. Transcriptional responses un-
derlying the hormetic and detrimental effects of the plant secondary metabo-
lite gossypol on the generalist herbivore Helicoverpa armigera. BMC Genom
2011;12(1):575e90.

Chen L, Zh Y, Ch X, Ch M, Meng X, Cai H. Gossypol degradation strain coming from
ruminant rumens and application thereof. CN 104328063 A; 2015.

Chenoweth PJ, CC Jr, Risco CA, Larsen RE. Characterization of gossypol-induced
sperm abnormalities in bulls. Theriogenology 2000;53(5):1193e203.

Chrysostomou C, Quandt EM, Marshall NM, Stone E, Georgiou G. An alternate
pathway of arsenate resistance in E. coli mediated by the glutathione S-trans-
ferase GstB. ACS Chem Biol 2015;10(3):875e82.

De PA,Wang YY. Genetic toxicity studies of gossypol. Mutat Res 1993;297(3):293e312.
Gao XM, Wang AP, Zhang JM, Wang JQ, Zhao QY, Tian KX. Study of nutritional

composition and gossypol content of different transgenic cottonseed in China.
Acta Agriculturae Boreali Sinica 2011;26(z):126e30.

Hamed RR, Ali OS, Guneidy RA, Zaki ER. Inhibition of glutathione s-transferases by
some malvaceae flowers. Int J Adv Res 2014;2(12):174e87.

Hassan ME, Smith GW, Ott RS, Faulkner DB, Firkins LD, Ehrhart EJ, et al. Reversibility
of the reproductive toxicity of gossypol in peripubertal bulls. Theriogenology
2004;61(6):1171e9.

Higginbotham GE, Santos JEP, Depeters EJ. Effects of pelleting whole cottonseed on
plasma gossypol, rumen metabolites, and performance of lactating dairy cows.
Prof Anim Sci 2004;20(5):413e21.

Hou M, Bao HF, Wang N, Zhan FQ, Y R, Long XQ, et al. Study on the screening of
biodegradable gossypol strain and its detoxification conditions. Xinjiang Agric
Sci 2016;53(6):114e1121 [in Chinese].

Islam SMA, Kim MK, Math RK, Srinivasa RRN, Kim EJ, Kim JH, et al. Cloning and
characterization of a novel carboxylesterase gene from cow rumen meta-
genomic library. J Life Sci 2010;20(9):1306e13.

Jakoby WB. The glutathione S-transferases: a group of multifunctional detoxifica-
tion proteins. Adv Enzymol Relat Area Mol Biol 1978;46:383e414.

Janocha S, Schmitz D, Bernhardt R. Terpene hydroxylation with microbial cyto-
chrome P450 monooxygenases. Adv Biochem Eng Biotechnol 2015;148:
215e50.

Khalaf MA, Meleigy SA. Reduction of free gossypol levels in cottonseed meal by
microbial treatment. Int J Agric Biol 2008;10(2):185e90.

Knutsen HK, Barregård L, Bignami M, Brüschweiler B, Ceccatelli S, Dinovi M, et al.
Presence of free gossypol in whole cottonseed. EFSA J 2017;15(7):4850e65.

Kramlinger VM, Alvarado RM, Kanamori T, Guengerich FP. Cytochrome P450 3A
enzymes catalyze the O6-demethylation of thebaine, a key step in endogenous
mammalian morphine biosynthesis. J Biol Chem 2015;290(33):20200e10.

Krempl C, Sporer T, Reichelt M, Ahn SJ, Heidel-Fischer H, Vogel H, et al. Potential
detoxification of gossypol by UDP-glycosyltransferases in the two Heliothine
moth species Helicoverpa armigera, and Heliothis virescens. Insect Biochem Mol.
Biol 2016a;71:49e57.

Krempl C, Heidel-Fischer HM, Jim�enez-Alem�an GH, Reichelt M, Menezes RC,
Boland W, et al. Gossypol toxicity and detoxification in Helicoverpa armigera and
Heliothis virescens. Insect Biochem Mol. Biol 2016b;78:69e77.

Kulcs�ar A, M�atis G, Moln�ar A, Petrilla J, W�agner L, F�ebel H, et al. Nutritional mod-
ulation of intestinal drug-metabolizing cytochrome p450 by butyrate of
different origin in chicken. Res Vet Sci 2017;113:25e32.

Lim SJ, Lee KJ. A microbial fermentation of soybean and cottonseed meal increases
antioxidant activity and gossypol detoxification in diets for Nile tilapia, Oreo-
chromis niloticus. J World Aquacult Soc 2011;42(4):494e503.

Liu K, Wang J, Bu D, Zhao S, Mcsweeney C, Yu P, et al. Isolation and biochemical
characterization of two lipases from a metagenomic library of China holstein
cow rumen. Biochem Bioph Res Co 2009;385(4):605e11.

Li Y, Carrillo JA, Ding Y, He Y, Zhao C, Zan L, et al. Ruminal transcriptomic analysis of
grass-fed and grain-fed angus beef cattle. PloS One 2015;10(6):e0116437.

Mao YB, Cai WJ, Wang JW, Hong GJ, Tao XY, Wang LJ, et al. Silencing a cotton
bollworm p450 monooxygenase gene by plant-mediated RNAi impairs larval
tolerance of gossypol. Nat Biotechnol 2007;25(11):1307e13.

Mao YB, Tao XY, Xue XY, Wang LJ, Chen XY. Cotton plants expressing CYP6AE14
double-stranded RNA show enhanced resistance to bollworms. Transgenic Res
2011;20(3):665e73.

Mena H, Santos JEP, Huber JT, Tarazon M, Calhoun MC. The effects of varying
gossypol intake from whole cottonseed and cottonseed meal on lactation and
blood parameters in lactating dairy cows. J Dairy Sci 2004;87(8):2506e18.

Mizutani M. Impacts of diversification of cytochrome p450 on plant metabolism.
Biol Pharm Bull 2012;35(6):824e32.

Noftsger SM, Hopkins BA, Diaz DE, Brownie C, Whitlow LW. Effect of whole and
expanded-expelled cottonseed on milk yield and blood gossypol. J Dairy Sci
2000;83(11):2539e47.

Patel DD, Patel AK, Parmar NR, Shah TM, Patel JB, Pandya PR, et al. Microbial and
carbohydrate active enzyme profile of buffalo rumen metagenome and their
alteration in response to variation in the diet. Gene 2014;545(1):88e94.

Price WD, Lovell RA, McChesney DG, Mcchesney DG. Naturally occurring toxins in feed-
stuffs: center for veterinary medicine perspective. J Anim Sci 1993;71(9):2556e62.
972
Priv�e F, Newbold CJ, Kaderbhai NN, Girdwood SG, Golyshina OV, Golyshin PN, et al.
Isolation and characterization of novel lipases/esterases from a bovine rumen
metagenome. Appl Microbiol Biotechnol 2015;99(13):5475e85.

Przybylski P, Pyta K, Stefa�nska J, Ratajczak-Sitarz M, Katrusiak A, Huczy�nski A, et al.
Synthesis, crystal structures and antibacterial activity studies of aza-derivatives
of phytoalexin from cotton plant e gossypol. Eur J Med Chem 2009;44(11):
4393e403.

Radominska-Pandya A, Bratton SM, Redinbo MR, Miley MJ. The crystal structure of
human udp-glucuronosyltransferase 2b7 c-terminal end is the first mammalian
UGT target to be revealed: the significance for human ugts from both the 1a and
2b families. Drug Metab Rev 2010;42(1):133e44.

Randel RD, CC Jr, Wyse SJ. Effects of gossypol and cottonseed products on repro-
duction of mammals. J Anim Sci 1992;70(5):1628e38.

Reiser R, Fu HC. The mechanism of gossypol detoxification by ruminant animals.
J Nutr 1962;76:215e8.

Risco CA, Holmberg CA, Kutches A. Effect of graded concentrations of gossypol on
calf performance: toxicological and pathological considerations. J Dairy Sci
1992;75(10):2787e98.

Robertson HM, Martos R, Sears CR, Todres EZ, Walden KK, Nardi JB. Diversity of
odourant-binding proteins revealed by an expressed sequence tag project on
male Manduca sexta moth antennae. Insect Mol Biol 1999;8:501e18.

Rogers GM, Poore MH, Paschal JC. Feeding cotton products to cattle. Veterinary Vet
Clin N Am-Food A 2002;18(2):267e94.

Rowland A, Miners JO, Mackenzie PI. The UDP-glucuronosyltransferases: their role
in drug metabolism and detoxification. Int J Biochem Cell Biol 2013;45(6):
1121e32.

Santos JEP, Villase�nor M, Depeters EJ, Robinson PH, Jr BCB. Type of cottonseed and
level of gossypol in diets of lactating dairy cows: effects on lactation perfor-
mance and plasma gossypol. J Dairy Sci 2002;85(6):1491e501.

Santos J, Villasenor M, Robinson PH, DePeters EJ, Holmberg CA. Type of cottonseed
and level of gossypol in diets of lactating dairy cows: plasma gossypol, health,
and reproductive performance. J Dairy Sci 2003;86(3):892e905.

Schneider IC, Ames ML, Rasmussen MA, Reilly PJ. Fermentation of cottonseed and
other feedstuffs in cattle rumen fluid. J Agric Food Chem 2002;50(8):2267e73.

Smith HA. The pathology of gossypol poisoning. Am J Pathol 1957;33(2):353e65.
Sun ZT, Liu C, Du JH. Optimisation of fermentation medium for the detoxification of

free gossypol in cottonseed powder by Geotrichum candidum G07 in solid-state
fermentation with response surface methodology. Ann Microbiol 2008;58(4):
683e90.

Tang CH, Liu J, Zhao QY, Zhang JM. Pharmacokinetic comparison of gossypol isomers
in cattle: transfer from diet to plasma and degradation by rumen microbes.
Journal of Zhejiang University-SCIENCE B (Biomedicine & Biotechnology)
2018;19(6):471e80.

Wang AP, Zhang JM, Meng YL, Deng LQ, Lv YF, Li C, et al. Effects of different sources
and levels of dietary gossypol on gossypol residues in plasma and milk of
lactating cows. J Dairy Sci 2012;95(9):5127e32.

Wang X, Plhak LC. Monoclonal antibodies for the analysis of gossypol in cottonseed
products. J Agric Food Chem 2004;52(4):709e12.

Wang YB. Research of gossypol detoxification by rumen microbes. China Agricul-
tural University; 1995.

Weng XY, Sun JY. Biodegradation of free gossypol by a new strain of candida tro-
picalis, under solid state fermentation: effects of fermentation parameters.
Process Biochem 2006a;41(7):1663e8.

Weng XY, Sun JY. Kinetics of biodegradation of free gossypol by candida tropicalis,
in solid-state fermentation. Biochem Eng J 2006b;32(3):226e32.

Yang X, Guo JL, Sun JY. Biodegradation of free-gossypol by a new fungus isolated
from cotton planted soil. Afr J Microbiol Res 2011;5(19):3066e72.

Yang X, Sun JY, Guo JL, Wen XY. Identification and proteomic analysis of a novel
gossypol-degrading fungal strain. J Sci Food Agric 2012;92(4):943e51.

Yuan YY, Shi QX. Inhibition of hamster sperm acrosomal enzyme by gossypol is
closely associated with the decrease in fertilization capacity. Contraception
2005;62(2):229e36.

Zbidah M, Lupescu A, Shaik N, Lang F. Gossypol-induced suicidal erythrocyte death.
Toxicology 2012;302(2e3):101e5.

Zelski RZ, Rothwell JT, Moore RE, Kennedy DJ. Gossypol toxicity in preruminant
calves. Aust Vet J 1995;72(10):394e8.

Zhang J, Ge P, Li D, Guo Y, Zhu KY, Ma E, et al. Two homologous carboxylesterase
genes from locusta migratoria with different tissue expression patterns and
roles in insecticide detoxification. J Insect Physiol 2015;77:1e8.

Zhang Y, Zhang Z, Dai L, Liu Y, Cheng M, Chen L. Isolation and characterization of a
novel gossypol-degrading bacteriabacillus subtilis strain rumen bacillus sub-
tilis. Asian-Australas J Anim Sci 2018;31(1):63e70.

Zhang WJ, Xu ZR, Zhao SH, Sun JY, Yang X. Development of a microbial fermentation
process for detoxification of gossypol in cottonseed meal. Anim Feed Sci
Technol 2007;135(1e2):176e86.

Zhong RZ. Performance and composition of milk fat of Holstein cows fed whole
cottonseed during early lactation. MS Thesis. Hebei Agricultural University;
2007.

http://refhub.elsevier.com/S2405-6545(21)00129-3/sref7
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref7
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref7
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref7
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref7
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref8
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref8
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref9
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref9
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref9
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref10
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref10
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref10
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref10
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref11
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref11
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref12
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref12
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref12
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref12
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref13
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref13
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref13
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref14
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref14
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref14
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref14
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref15
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref15
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref15
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref15
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref16
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref16
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref16
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref16
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref17
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref17
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref17
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref17
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref18
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref18
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref18
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref19
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref19
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref19
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref19
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref20
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref20
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref20
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref21
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref21
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref21
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref22
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref22
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref22
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref22
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref23
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref23
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref23
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref23
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref23
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref24
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref24
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref24
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref24
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref24
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref24
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref25
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref25
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref25
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref25
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref25
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref25
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref25
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref25
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref25
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref26
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref26
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref26
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref26
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref27
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref27
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref27
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref27
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref28
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref28
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref29
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref29
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref29
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref29
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref30
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref30
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref30
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref30
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref31
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref31
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref31
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref31
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref32
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref32
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref32
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref33
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref33
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref33
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref33
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref34
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref34
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref34
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref34
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref35
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref35
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref35
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref36
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref36
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref36
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref36
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref36
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref37
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref37
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref37
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref37
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref37
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref37
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref37
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref37
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref38
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref38
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref38
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref38
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref38
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref39
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref39
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref39
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref40
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref40
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref40
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref41
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref41
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref41
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref41
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref42
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref42
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref42
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref42
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref43
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref43
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref43
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref44
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref44
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref44
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref44
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref45
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref45
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref45
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref45
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref45
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref46
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref46
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref46
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref46
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref47
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref47
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref47
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref48
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref48
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref49
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref49
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref49
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref49
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref49
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref50
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref50
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref50
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref50
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref50
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref50
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref51
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref51
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref51
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref51
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref52
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref52
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref52
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref53
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref53
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref54
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref54
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref54
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref54
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref55
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref55
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref55
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref56
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref56
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref56
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref57
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref57
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref57
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref58
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref58
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref58
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref58
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref59
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref59
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref59
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref59
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref60
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref60
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref60
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref61
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref61
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref61
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref61
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref62
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref62
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref62
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref62
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref63
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref63
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref63
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref63
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref63
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref64
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref64
http://refhub.elsevier.com/S2405-6545(21)00129-3/sref64

	Gossypol detoxification in the rumen and Helicoverpa armigera larvae: A review
	1. Introduction
	2. Gossypol in cottonseed by-products and its toxicity to ruminants
	2.1. The presence of gossypol in cottonseed by-products
	2.2. The toxicity of gossypol to ruminant animals

	3. The detoxification of gossypol in the rumen: current knowledge based on ruminant studies
	4. Several enzymes associated with gossypol detoxification
	4.1. Advances in understanding of gossypol detoxification mechanisms by microbes
	4.2. Scientific insights into gossypol detoxification mechanisms of H. armigera larvae

	5. Recommendations for future work
	Author contributions
	Conflict of interest
	Acknowledgments
	References


