Ne 10 (148) UNIVERSUM: okms6pb, 2026 2.

XUMUAa U snonorua

BIOLOGY

BIOTECHNOLOGY AND BIONANOTECHNOLOGY

Cmambs nocmynunaa 8 pedakyuto: 23.06.2026
Cmambs npuHama K nybaukayuu: 29.06.2026
Cmambs onybaukoeana: 07.10.2026

YJIK 579.66:664.1.

Bioconversion of oil-and-fat industry by-products into non-traditional feed
ingredients using microorganisms: an analytical review of substrates, strains
and scientific findings

Aliyeva Gavhar Validjon qizi
Assistant

Tashkent Chemical-Technological Institute
U:zbekistan, Tashkent
E-mail: gavharaliyeval @gmail.com

BuoKoHBepCHs MOOOYHBIX MPOAYKTOB MaC/I0KMPOBO# MPOMBIIIIEHHOCTH B
HeTpaMLIOHHbIe KOPMOBbIe HHTPe/JUeHThI C UCT0/Ib30BaHUEM
MHKPOOPraHN3MoOB: aHA/IMTHYeCKHI 0030p Cy0CTpaToB, IITAMMOB M HayYHbBIX
pe3y/IbTaToB

Anueea I'aexap Baau0di#coH Kbi3bl

accucmeHm

TawkeHmMcKull XUMUKO-mMeXHO02UYeCcKUtl uHcmumym
Pecnybnuka Y36ekucmat, e. TawkeHm

Abstract

This analytical review systematizes current scientific evidence on the microbial conversion of
oil-and-fat industry by-products into safe and nutritionally improved non-traditional feed
ingredients. The review focuses mainly on cottonseed meal and cake, soybean meal, rapeseed meal,
sunflower meal, palm-kernel cake and lipid-rich processing residues generated during vegetable-oil
extraction and refining. Based on the comparative analysis of 28 legal, technical and peer-reviewed
sources, the paper examines how solid-state fermentation, mixed-culture fermentation and enzyme-
assisted bioprocessing change crude protein availability, reduce anti-nutritional factors, improve
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digestibility and increase the functional value of feed materials. Bacillus subtilis, Lactobacillus
plantarum, Saccharomyces cerevisiae, Candida utilis, Aspergillus niger and Aspergillus oryzae are
identified as the most frequently investigated microorganisms. Scientific works show that microbial
treatment can reduce free gossypol in cottonseed meal, degrade soybean antigenic proteins, lower
glucosinolates and phytic acid in rapeseed meal, and hydrolyse mannan-rich palm-kernel cake. At
the same time, the review emphasizes that fermentation cannot be considered a universal solution:
its efficiency depends on substrate composition, strain safety, moisture, temperature, duration, post-
drying conditions and feed-safety control. For Uzbekistan, where cottonseed and other oilseed by-
products are available as local resources, microbial bioconversion may support circular economy,
import substitution in feed protein and environmentally safer waste management, provided that it is
integrated with veterinary, sanitary and toxicological assessment.

AHHOTanusA

JlaHHBIN aHAMUTAYEeCKUH 0030p CHUCTeMaTH3WpyeT COBpEMeHHble HayuHble [aHHbBIE O
MHUKpPOOHO!M KOHBEPCHH MOOOYHBIX MPOJAYKTOB MACI0KUPOBOM MPOMBIIIIEHHOCTH B Oe30macHbIe U
MUTaTeNIbHO y/IyullleHHbIe HeTpaJWIMOHHbIe KOPMOBBle WHrpenueHTel. O630p cocpefoToueH
[7IaBHBIM 00pa3oM Ha XJIOIKOBOM JKMbIXe W IIPOTe, COEBOM IIPOTe, pariCOBOM IIPOTe,
TIOZICOJTHEYHOM IIPOTe, TMaJbMOBOM SIJPOBOM JKMbIXe M 0OOTaThIX JWMHUJAMU TeXHOIOTHYeCKUX
oCTaTKax, 00pa3yIoIMXCs MPU 3KCTPAKUMK W padyHAlMM pacTUTeNbHbIX Macen. Ha ocHoBe
CPaBHUTEJILHOTO aHa/ir3a 28 HOPMATHBHBIX, TEXHUUECKUX U PelieH3UPyeMbIX HCTOUHHKOB B paboTte
paccMOTpeHO, Kak TBepoda3Has ¢depMeHTalys, CMelllaHHasl Ky/abTypaibHasi (epMeHTaLus U
depmeHTaTHBHas OMO0OpabOTKAa W3MEHSIIOT  [JOCTYITHOCTh CBHIPOTO  TIPOTEMHA, CHIDKAOT
AHTUMUTaTebHble (AKTOPHI, TIOBBILIAIOT YCBOSEMOCTh U YBeIWYMBAIOT (DYHKI[MOHA/IBHYIO
L[eHHOCTh KOPMOBBIX MarepuasnoB. Bacillus subtilis, Lactobacillus plantarum, Saccharomyces
cerevisiae, Candida utilis, Aspergillus niger u Aspergillus oryzae omnpezesieHbl Kak Harboee 4acTo
uccaenyeMble MUKPOOpPraHr3Mbl. HayuHble paboThI TIOKa3bIBalOT, UTO MUKPOOHast 00paboTKa MoXKeT
CHIKATh CBOOOZHBIA TOCCHUIION B XJIOMIKOBOM IIPOTE, passjaraTb COeBble aHTUTeHHble OesKH,
TIOHIKATh T/IFOKO3MHO/AThl UM (UTHHOBYIO KHC/IOTY B pAliCOBOM MIPOTE W T'H/POJHU3HUPOBATh
borarelii MAaHMPAaHOM TaJbMOBBIN SI/IPOBBIN KMBIX. BMecTe ¢ TeM B 0030pe IMOJUepKHUBAeTCsl, UTO
(depMeHTallsl He MOXKeT paccMaTpuBaThCd KakK YHHBepcajgbHOe pelleHue: eé 3((eKTUBHOCTb
3aBUCAT OT cCOCTaBa cybOcrtpara, 0e30MacHOCTM IITaMMa, B/I@XHOCTH, TeMIIepaTyphbl,
MIPOJIO/DKUTE/IEHOCTH, YCIOBUM CYyIIKM Tocjae (epMeHTalid M KOHTPOJisi 6e301MacHOCTH KOPMOB.
Hnst ¥Y3bekncTaHa, TAe XJIOTKOBbIE W JpPyrve MaclauyHble MOO0YHbIe TIPOAYKTHI JOCTYITHBI Kak
MeCTHbIe pecypchbl, MUKpPOOHasi OMOKOHBEpCHSI MOKeT TIO[/iep)KaTh LUPKY/ISIPHYIO SKOHOMUKY,
UMIIOpPTO3aMelljeHre B 00/acTM KOPMOBOTO TIPOTEMHA U 3KOJOTMuUecKd Oosiee GesormacHoe
yrpaBjeHHWe OTXOJaMd TIpM YCAOBHUM €& WHTerpalud C BeTepUHApHOW, CAHWTApHON W
TOKCHUKO/IOTUYECKOM OLI€HKOM.

Keywords: oil-and-fat industry by-products, cottonseed meal, solid-state fermentation,
microbial protein, Bacillus subtilis, Saccharomyces cerevisiae, Aspergillus niger, gossypol, non-
traditional feed, circular economy, feed safety.
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KnroueBbie cioBa: 1moOOYHbIE TIPOAYKTHI MAaC/I0KMUPOBOUM TIPOMBIIIEHHOCTH, XJIOTTKOBBIN
mpoT, TBepAodasHas QepmeHTanus, MUKpPOOHBIA Oenok, Bacillus subtilis, Saccharomyces
cerevisiae, Aspergillus niger, roccumos, HeTpaAWIIMOHHble KOpMa, LIMPKY/siDHAas SKOHOMUKAQ,
6e301acHOCTb KOPMOB.

Introduction

The development of livestock, poultry and aquaculture requires a stable supply of safe and
digestible feed protein. At the same time, the oil-and-fat industry generates large quantities of
secondary raw materials: cakes and meals after mechanical pressing or solvent extraction,
soapstock, phosphatide concentrates, spent bleaching earth, acid oil and other residues. Not all of
these streams are suitable for feed use; however, protein-rich meals and cakes from cottonseed,
soybean, rapeseed, sunflower and palm-kernel processing can be valuable substrates for microbial
upgrading if safety is strictly controlled. The scientific relevance of this topic lies at the intersection
of feed technology, industrial biotechnology, waste minimization and circular economy.

In Uzbekistan, this direction is also connected with national regulatory priorities. The Law of
the Republic of Uzbekistan 'On Waste' defines prevention of harmful effects on human health and
the environment, reduction of waste generation and rational use of waste in economic activity as
key objectives [1]. The Strategy for Transition to a Green Economy for 2019 — 2030 calls for
rational use of natural resources and modernization of production systems [2]. In livestock
production, the strengthening of the animal-feed base is reflected in Presidential Resolution PP-121
of 8 February 2022 [3], while veterinary and feed-additive safety are regulated through veterinary
legislation and technical regulation [4, 5]. Therefore, research on the conversion of oilseed by-
products into feed is not only a technological issue, but also a practical response to environmental
policy, feed security and veterinary safety requirements.

Conventional use of oilseed meals is limited by anti-nutritional and toxic compounds.
Cottonseed meal contains free gossypol; soybean meal contains antigenic proteins such as glycinin
and beta-conglycinin, trypsin inhibitors and oligosaccharides; rapeseed meal contains
glucosinolates, phytic acid and fiber; palm-kernel cake is rich in mannan and other non-starch
polysaccharides. Microorganisms can partially solve these limitations by producing proteases,
phytases, carbohydrases, organic acids and antimicrobial metabolites. As a result, fermentation may
transform a low-value by-product into a more digestible feed ingredient with probiotic or postbiotic
properties [6-11].

Level of scientific investigation. Research in this area has developed in several directions.
The first direction is the fermentation of cottonseed meal, where studies by Xiong et al., Niu et al.,
Xu et al. and recent systematic reviews show that microbial treatment can reduce gossypol and
improve broiler performance [7, 12-14]. The second direction is the fermentation of soybean meal.
Mukherjee et al. summarized the role of fermentation in improving soybean-meal quality, while Yao
et al. experimentally showed that Bacillus subtilis N-11 can reduce glycinin and beta-conglycinin
and increase acid-soluble protein [8, 15]. The third direction is rapeseed meal bioprocessing, where
Zhu et al. reported reductions in glucosinolates, phytic acid and crude fiber after microbial
fermentation [9]. The fourth direction concerns palm-kernel cake and other fiber-rich oil by-
products, where Aspergillus niger, mannanase-assisted systems and mixed cultures have been
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studied to reduce mannan and improve nutrient digestibility [10, 16]. General reviews by Betchem
et al., Canoy et al., Heuze et al. and others show that solid-state fermentation is currently one of the
most promising approaches for upgrading agro-industrial residues into feed protein [6, 17, 18].

Aim and scope of the review. The aim of this review is to analyze and compare scientific
findings on the microbiological processing of oil-and-fat industry by-products for non-traditional
feed production. The review focuses on: (i) the main substrates generated by oilseed processing; (ii)
microorganisms used for bioconversion; (iii) mechanisms of nutritional improvement; (iv)
comparison of the results obtained by different researchers; and (v) technological and safety
requirements for implementation in Uzbekistan.

Materials and methods

This paper is an analytical review. The methodological basis was a critical comparison of 28
sources, including legal acts of Uzbekistan, technical regulation, peer-reviewed review articles and
experimental studies published mainly during 2012 — 2026. Sources were selected according to their
relevance to four criteria: oil-and-fat industry by-products as feed substrates; microbial or enzyme-
microbial processing; evidence of changes in nutritional quality or anti-nutritional factors; and
implications for feed safety. The review does not present new laboratory experiments; instead, it
summarizes and compares already published data.

The scientific literature was grouped by substrate type: cottonseed meal/cake, soybean meal,
rapeseed meal, palm-kernel cake, sunflower meal and lipid-rich residues. Within each group, the
microorganism, fermentation method, major biochemical effect and practical limitation were
identified. Particular attention was given to solid-state fermentation because most oilseed meals are
low-moisture substrates and can be processed without producing large volumes of wastewater
[6, 17].

Results and analytical review

Oil-and-fat industry by-products as substrates for feed bioconversion

Oilseed meals are attractive substrates because they contain residual protein, fiber, minerals
and biologically active compounds. Cottonseed meal is particularly relevant for cotton-growing
regions; however, free gossypol limits its safe inclusion in diets. Soybean meal is nutritionally
valuable but contains antigenic proteins and enzyme inhibitors. Rapeseed meal is cheaper than
soybean meal in many regions but is restricted by glucosinolates and phytic acid. Palm-kernel cake
is rich in fiber and mannan, which reduce digestibility. Sunflower meal has a favorable amino acid
profile for some animal species but high fiber content can limit its use in poultry and young
animals.

The central technological idea is not to treat these by-products as waste, but as secondary raw
materials. In this sense, microbial processing corresponds to circular-economy principles: value is
retained within the production chain, environmental load is reduced, and dependence on imported
protein ingredients can decrease [1, 2, 6].
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Microorganisms used for upgrading oilseed meals

Bacillus subtilis is one of the most widely used organisms because it produces extracellular
proteases, amylases and other hydrolytic enzymes. It can degrade macromolecular proteins and
reduce some anti-nutritional factors in soybean and cottonseed meals [8, 15]. Lactobacillus
plantarum and related lactic-acid bacteria acidify the substrate, inhibit undesirable microflora and
may improve palatability. Saccharomyces cerevisiae and Candida utilis contribute microbial
biomass, B vitamins and protein enrichment and have been used for cottonseed meal fermentation
[12, 19]. Aspergillus niger and Aspergillus oryzae are important fungal producers of cellulase,
xylanase, phytase and protease; they are especially useful for fiber-rich substrates such as palm-
kernel cake and soybean meal [10, 16, 20].

The choice of microorganism determines the final technological result. Bacterial fermentation
is often faster and safer for industrial standardization, while fungal fermentation can hydrolyse
complex fiber and phytate more effectively. Mixed-culture fermentation may combine these
advantages, but it also requires stricter control of microbial compatibility, contamination, toxin
formation and reproducibility [6, 17, 21].

Table 1.
Comparative analysis of scientific studies on microbial processing of oil-and-fat industry by-
products
Researchers /s | Substrate Microorganism / Main reported effect Practical signific- Ref.
ource method ance
Xiong et al. Cottonseed Candida utilis, Evaluated growth and toxic | Shows that detoxific- | [12]
meal solid-state ferment- | response of broilers fed fer- | ation and animal-
ation mented vs. unfermented cot- | response testing must
tonseed meal be combined
Niu et al. Cottonseed Bacillus subtilis Improved production per- Supports partial sub- | [13]
meal fermentation formance and reduced fat stitution of conven-
deposition in broiler chick- | tional protein feed
ens
Esen et al. Cottonseed Systematic review | Summarized evidence that Provides higher-level | [7]
meal of SSF studies fermented cottonseed meal | evidence for poultry
improves broiler growth feeding practice
while maintaining feed effi-
ciency
Yao et al. Soybean Bacillus subtilis Reduced glycinin and beta- | Demonstrates protein | [15]
meal N-11, anaerobic conglycinin and increased hydrolysis and ANF
SSF acid-soluble protein reduction
Mukherjee et Soybean Review of bacterial | Explained degradation of Foundation for fer- [8]
al. meal and fungal ferment- | anti-nutritional factors and mented soybean meal
ation improvement of nutritional | technology
quality
Zhu et al. Rapeseed Multi-strain fer- Reduced glucosinolates, Important for repla- [9]
meal mentation phytic acid and fiber; cing part of soybean
improved nutritional quality | meal
Shuai et al. Rapeseed Fermented rapeseed | Reported increase in small- | Connects chemical [22]
meal meal in poultry molecular proteins and improvement with
diets reduction of glucosinolates | growth performance
Mi et al. Palm-kernel | Aspergillus niger + | Reduced mannan and ADF; | Shows enzyme- [10]
cake mannanase increased crude protein and | microbial synergy for
digestibility in beef cattle fiber-rich residues
trial
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Researchers /s | Substrate Microorganism / Main reported effect Practical signific- Ref.
ource method ance
Liu et al. Palm-kernel | Enzyme-bacteria Reduced anti-nutritional Promising approach | [16]
cake pretreatment factors and enhanced nutri- | for high-fiber oil
tional value residues
Betchem et al. | Various agro- | Review of solid- Generalized improvements | Broad technological | [6]
industrial state fermentation | in crude protein, enzymes, framework for feed
residues digestibility and antioxidant | production
activity

Cottonseed meal: gossypol reduction and regional relevance

Cottonseed meal is the most important oilseed by-product for cotton-producing countries. Its
feed use is limited by free gossypol, a phenolic aldehyde that can impair growth, reproduction and
health when present above safe levels. Microbial fermentation can reduce free gossypol through
adsorption, enzymatic transformation and binding with microbial proteins. Xiong et al. studied
cottonseed meal fermented with Candida utilis and compared it with unfermented cottonseed meal
and soybean meal in broilers, thereby showing that nutritional evaluation must include both
chemical detoxification and animal safety response [12]. Niu et al. reported that fermented
cottonseed meal improved broiler performance and affected fat deposition, indicating that
fermentation changes not only toxicity but also metabolism [13].

Recent systematic evidence also supports the potential of fermented cottonseed meal. Esen et
al. concluded that solid-state fermented cottonseed meal can increase body-weight gain and feed
intake of broilers while maintaining feed efficiency [7]. Xu et al. noted that fermentation with
Bacillus subtilis and Saccharomyces cerevisiae is associated with reduced free gossypol and
improved nutritional value [14]. For Uzbekistan, this direction is especially important because
cottonseed cake and meal are local by-products of the vegetable-oil industry; however, their
usemust be accompanied by laboratory control of free gossypol, moisture, mycotoxins and
microbial contamination.

Soybean meal: degradation of antigenic proteins and improvement of digestibility

Soybean meal is a standard plant-protein feed but contains anti-nutritional factors that reduce
digestibility in young animals. Mukherjee et al. reviewed the role of fermentation in soybean meal
and concluded that microbial processing can reduce anti-nutritional compounds and improve
nutritional quality [8]. Yao et al. provided experimental evidence: after screening high-protease
Bacillus strains, they identified Bacillus subtilis N-11, which increased acid-soluble protein and
reduced glycinin and beta-conglycinin by 82.38 % and 88.32 %, respectively [15]. This result is
important because antigenic proteins are one of the main reasons for intestinal irritation in piglets,
calves and young poultry.

Fermented soybean meal research is useful as a technological model for other oilseed meals.
The main mechanism is proteolysis: microorganisms break large storage proteins into peptides and
amino acids. Simultaneously, microbial phytase and organic acids reduce phytate and improve
mineral availability. However, soybean meal is more expensive than many local by-products;
therefore, for Uzbekistan the main value of these studies is methodological: they show how strain
screening, enzyme activity and product standardization should be organized.
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Rapeseed meal: glucosinolate and phytic-acid reduction

Rapeseed meal is rich in protein but contains glucosinolates and phytic acid. Glucosinolate
breakdown products can affect thyroid function and feed intake, while phytate reduces phosphorus
availability. Zhu et al. studied the improvement of rapeseed meal by mixed microbial fermentation
and reported reductions in glucosinolates, phytic acid and crude fiber [9]. Shuai et al. further
showed that fermented rapeseed meal can increase the share of small-molecular proteins and reduce
glucosinolate content, connecting biochemical changes with animal growth and immune indicators
[22].

Compared with cottonseed meal, rapeseed meal fermentation is less focused on detoxifying
one dominant toxic compound and more focused on a complex improvement of protein, fiber and
mineral availability. This means that the best strains are often mixed cultures or fungi-bacteria
combinations rather than a single species. The technological challenge is to obtain stable
glucosinolate reduction without producing undesirable metabolites.

Palm-kernel cake and other fiber-rich residues

Palm-kernel cake is not a typical Uzbek raw material, but it is scientifically important because
it represents the fiber-rich group of oil-industry residues. Mi et al. showed that co-fermentation of
palm-kernel cake with Aspergillus niger and mannanase reduced mannan and acid detergent fiber,
increased crude protein and improved dry matter, crude protein and neutral detergent fiber
digestibility in beef cattle [10]. Liu et al. also demonstrated that enzyme-bacteria pretreatment can
reduce anti-nutritional factors in palm-kernel cake and improve its feeding value [16].

These studies show that fungal fermentation and enzyme assistance are especially useful
when the limiting factor is fiber rather than toxicity. This conclusion is relevant for sunflower meal
and other high-fiber oilseed meals. In such substrates, the main target should be cellulase, xylanase,
beta-mannanase and phytase activity, not only crude protein increase.

Mechanisms of microbial improvement

The reviewed studies indicate five main mechanisms. First, protease-producing
microorganisms hydrolyse large proteins into peptides, increasing acid-soluble protein and
digestibility [8, 15]. Second, phytase and organic acids reduce phytic acid and improve mineral
bioavailability [9, 20]. Third, fiber-degrading enzymes reduce cellulose, hemicellulose, beta-
mannan and acid detergent fiber, which is important for palm-kernel and sunflower meals [10, 16].
Fourth, selected microbes may detoxify or bind anti-nutritional compounds such as gossypol or
glucosinolates [7, 12-14, 22]. Fifth, microbial biomass itself enriches the substrate with protein,
nucleotides, vitamins and biologically active metabolites [6, 17].

The practical effect of these mechanisms is not identical for all animal species. Poultry and
piglets benefit most from protein hydrolysis and anti-nutritional factor reduction because their
digestive system is sensitive to antigenic proteins and toxins. Ruminants may benefit more from
fiber hydrolysis and rumen microbiota modulation. Aquaculture feed can benefit from replacement
of fishmeal or soybean meal with fermented plant protein, but amino-acid balance and palatability
must be carefully evaluated.
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Technological scheme for non-traditional feed production

A scientifically justified process for converting oilseed by-products into fermented feed may
include the following stages: raw-material receiving and testing; grinding and sieving; moisture
adjustment; sterilization or hygienic heat treatment when necessary; inoculation with selected
starter culture; solid-state fermentation under controlled temperature and aeration; drying at a
temperature that preserves nutrients but stops uncontrolled microbial growth; milling; quality
control; packaging and storage. For cottonseed meal, free gossypol must be included in the control
program. For fungal fermentation, aflatoxins and other mycotoxins must be monitored. For all
products, microbiological safety, moisture, crude protein, fiber, ash, amino acids and shelf-life
stability should be determined.

Table 2.
Technological comparison of microorganisms used for oilseed by-product fermentation
Microorganism Main enzymes / func- | Suitable substrates Advantages Risks / control poin
tions ts

Strain identification
and absence of toxin

Bacillus subtilis Soybean meal, cot-

tonseed meal

Fast protein
hydrolysis; industrially

Protease, amylase, pos-
sible phytase

detoxifying capacity

reduction studies

scalable genes
Lactobacillus Lactic acid, antimicro- | Mixed meals, moist | pH reduction; hygienic | Moisture control and
plantarum bial metabolites substrates stabilization drying stability
Saccharomyces Microbial biomass, vit- | Cottonseed meal, Protein enrichment; Overgrowth if dry-
cerevisiae amins, enzymes mixed substrates palatability improve- | ing is insufficient
ment
Candida utilis Microbial protein, Cottonseed meal Useful for gossypol Feed-grade strain

safety

Aspergillus niger

Cellulase, xylanase,
phytase, mannanase

Palm-kernel cake,
high-fiber meals

Strong fiber and
phytate degradation

Mycotoxin control
and strain certifica-
tion

Aspergillus oryzae

Protease, amylase,
phytase

Soybean and cereal-
oilseed mixes

Traditional safe fer-
mentation organism

Controlled culture
purity required

Discussion

The comparison of studies shows that microbial bioconversion is most effective when the
target limitation of the substrate is clearly identified. If the main problem is gossypol, as in
cottonseed meal, the selected culture must be tested primarily for detoxification and animal
tolerance. If the main problem is antigenic protein, as in soybean meal, protease activity and peptide
formation are the most important indicators. If the main limitation is glucosinolate or phytate, as in
rapeseed meal, mixed fermentation with phytase-producing strains becomes more relevant. If the
limiting factor is mannan and fiber, as in palm-kernel cake, Aspergillus-based or enzyme-assisted
systems are more effective.

The works of Xiong et al., Niu et al. and Xu et al. are important because they connect
chemical detoxification of cottonseed meal with broiler performance and safety [12-14]. Yao et al.
provide a more mechanistic model: the authors screened protease-producing Bacillus strains and
demonstrated specific reductions in soybean antigenic proteins [15]. Zhu et al. and Shuai et al. show
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that rapeseed meal fermentation requires simultaneous attention to glucosinolates, phytic acid, fiber
and protein fractions [9, 22]. Mi et al. demonstrate a modern tendency: microorganism plus enzyme
co-processing, which may be more predictable than relying on the microorganism alone [10].

The advantages of fermented feed ingredients are clear: better digestibility, lower anti-
nutritional factors, possible probiotic/postbiotic effects, higher local-resource utilization and lower
environmental pressure. Nevertheless, three limitations must be emphasized. First, crude protein
increase after fermentation may partly result from dry-matter loss; therefore, true amino-acid
improvement should be measured, not only nitrogen concentration. Second, microbial safety must
be verified for each strain and batch. Third, feeding trials are indispensable: chemical improvement
does not automatically mean improved animal performance.

For Uzbekistan, the most realistic starting point is cottonseed meal and cake. The country has
local cottonseed-processing capacity, and the feed sector needs affordable protein ingredients. A
pilot technology should therefore begin with starter cultures that have already shown gossypol-
reduction potential, such as Bacillus subtilis, Saccharomyces cerevisiae or Candida utilis. The
product should be standardized according to feed-safety regulations, including veterinary control,
residual toxin control and hygienic indicators [4, 5].

Conclusion

The reviewed evidence confirms that oil-and-fat industry by-products can be converted into
nutritionally improved non-traditional feed ingredients by selected microorganisms. Solid-state
fermentation is the most suitable technological form for oilseed meals because it requires limited
water, produces little effluent and fits the physical properties of cakes and meals. Bacillus subtilis is
most effective for protein hydrolysis and soybean-meal improvement; Saccharomyces cerevisiae,
Candida utilis and Bacillus-based systems are promising for cottonseed meal detoxification;
Aspergillus niger and enzyme-assisted systems are suitable for fiber-rich residues such as palm-
kernel cake; mixed cultures may be more effective for rapeseed meal because several anti-
nutritional factors must be reduced simultaneously.

The scientific comparison also shows that no single microorganism or fermentation regime is
universal. The substrate, target anti-nutritional factor, animal species and required safety level must
determine the process. For practical application in Uzbekistan, fermented cottonseed meal is the
most relevant direction. Future studies should include: selection of local safe strains; optimization
of moisture, inoculum dose, temperature and fermentation time; determination of free gossypol and
mycotoxins; amino-acid and digestibility testing; broiler, cattle or aquaculture feeding trials; and
economic assessment of replacing imported feed protein. If these conditions are met, microbial
conversion of oil-and-fat industry by-products may become an important element of sustainable
feed production and circular bioeconomy.
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