
Founder:
National University of Life and Environmental Sciences of Ukraine

Year of foundation: 2010

Recommended for printing and distribution
via the Internet by the Academic Council

of National University of Life and Environmental Sciences of Ukraine
(Minutes No. 5 of November 27, 2025)

Decision of the National Council of Television and Radio Broadcasting of Ukraine 
No. 1721, Minutes No. 30, dated 11.12.2023

Media identifier – R30-02314.

The journal is included in the list  
of Professional Scientific Publications of Ukraine

Category “B”. Branch of sciences: Agricultural. Specialty: 0721 – Food processing,  
0811 – Crop and livestock production, 0831 – Fisheries.

(order of the Ministry of Education and Science of Ukraine
of December 11, 2025, No. 1618)

The journal is presented international scientometric databases, repositories
and scientific systems: Google Scholar, Vernadsky National Library of Ukraine,  

BASE, AGRIS, Ulrichsweb, Dimensions, University of Oslo Library, University of Hull 
Library, SOLO – Search Oxford Libraries Online, European University Institute, Leipzig 

University Library, Cambridge University Library, UCSB Library, OUCI  
(Open Ukrainian Citation Index),  

WorldCat, EuroPub, Professional publications of Ukraine, CORE, EBSCO,  
Litmaps, Cosmos Impact Factor

Editors office address:
National University of Life and Environmental Sciences of Ukraine

03041, 15 Heroiv Oborony Str., Kyiv, Ukraine
E-mail: as@animalscience.com.ua
https://animalscience.com.ua/en

ANIMAL SCIENCE AND FOOD TECHNOLOGY



Засновник:
Національний університет біоресурсів і природокористування України

Рік заснування: 2010

Рекомендовано до друку та поширення
через мережу Інтернет Вченою радою

Національного університету біоресурсів і природокористування України
(протокол № 5 від 27 листопада 2025 р.)

Рішення Національної Ради України з питань телебачення і радіомовлення 
№ 1721, протокол № 30 від 11.12.2023 р.

Ідентифікатор медіа – R30-02314.

Журнал входить до переліку  
наукових фахових видань України

Категорія «Б». Галузь знань: Сільськогосподарські науки, 
спеціальності – 181 «Харчові технології»,  

 204 «Технологія виробництва і переробки продукції тваринництва»,  
207 «Водні біоресурси та аквакультура»

(Наказ Міністерства освіти і науки України від 11 грудня 2025 р. № 1618)

Журнал представлено у міжнародних наукометричних базах даних,
репозитаріях та пошукових системах: Google Scholar, Національна бібліотека 
України імені В. І. Вернадського, BASE, AGRIS, Ulrichsweb, Dimensions, University 

of Oslo Library, University of Hull Library, SOLO – Search Oxford Libraries Online, 
European University Institute,  

Leipzig University Library, Cambridge University Library, UCSB Library,  
OUCI (Open Ukrainian Citation Index), WorldCat, EuroPub, Фахові видання України, 

CORE, EBSCO, Litmaps, Cosmos Impact Factor

Адреса редакції:
Національний університет біоресурсів і природокористування України

03041, вул. Героїв Оборони, 15, м. Київ, Україна
E-mail: as@animalscience.com.ua
https://animalscience.com.ua/uk

ТВАРИННИЦТВО ТА ТЕХНОЛОГІЇ ХАРЧОВИХ ПРОДУКТІВ



Editorial Board

Editor-in-Chief:

Nataliia Slobodianiuk PhD in Agricultural Sciences, Associate Professor, National University 
of Life and Environmental Sciences of Ukraine, Ukraine

Deputy Editor-in-Chief:

Mykhailo Mushtruk PhD in Technical Sciences, Associate Professor, National University of 
Life and Environmental Sciences of Ukraine, Ukraine

Executive Secretary:

Dmytro Nosevych PhD in Agricultural Sciences, Associate Professor, National University 
of Life and Environmental Sciences of Ukraine, Ukraine

Main Members of the Editorial Board:

Larysa Bal-Prylypko Doctor of Technical Sciences, Professor, National University of Life 
and Environmental Sciences of Ukraine, Ukraine

Volodymyr Vasyliv PhD in Technical Sciences, Associate Professor, National University 
of Life and Environmental Sciences of Ukraine, Ukraine

Andrii Getya Doctor of Agricultural Sciences, Professor, National University of 
Life and Environmental Sciences of Ukraine, Ukraine

Roman Kulibaba Doctor of Agricultural Sciences, Senior Research Fellow, National 
University of Life and Environmental Sciences of Ukraine, Ukraine

Vitalii Bekh Doctor of Agricultural Sciences, Professor, National University of 
Life and Environmental Sciences of Ukraine, Ukraine

Anna Kotovska PhD in Biological Sciences, Senior Research Fellow, National University 
of Life and Environmental Sciences of Ukraine, Ukraine

Nataliia Rudyk-Leuska PhD in Biological Sciences, Associate Professor, National University 
of Life and Environmental Sciences of Ukraine, Ukraine

Olena Babenko PhD in Agricultural Sciences, Associate Professor, Bila Tserkva 
National Agrarian University, Ukraine

Ruslan Kononenko PhD in Veterinary Sciences, Associate Professor, National 
University of Life and Environmental Sciences of Ukraine, Ukraine

Iryna Kononenko PhD in Agricultural Sciences, Associate Professor, National 
University of Life and Environmental Sciences of Ukraine, Ukraine

Alina Makarenko PhD, Associate Professor, National University of Life and 
Environmental Sciences of Ukraine, Ukraine



International Members of the Editorial Board

Miroslava Kacainova Professor, Engineer (Biotechnology), Slovak Agricultural University 
in Nitra, University of Rzeszów, Slovakia

Giovanni Celia PhD in Veterinary Sciences, Research Assistant, Council for 
Agricultural Research and Economics Research Center for 
Agriculture and the Environment, Italy

Michaiela
Cornea-Sipchigan

PhD in Food Sciences, University of Agricultural Sciences and 
Veterinary Medicine Cluj-Napoca, Romania

Rodica Margaoan PhD in Food Sciences, Research Fellow, University of Agricultural 
Sciences and Veterinary Medicine Cluj-Napoca, Romania

Maria Klopcic PhD in Animal Sciences, Associate Professor, University of Ljubljana, 
Slovenia

Lukash Zita PhD in Animal Sciences, Associate Professor, Czech University of 
Life Sciences Prague, Czech Republic

Jan Brindza PhD, Associate Professor, Slovak Agricultural University in Nitra, 
Slovakia

Galia Zamaratskaia PhD in Food Sciences, Associate Professor, Swedish University of 
Agricultural Sciences, Sweden

Mohammadabadi 
Mohammadreza

PhD in Comparative Genetics, Professor, Shahid Bahonar University 
of Kerman, Iran

Glamuzina Branko Doctor of Aquaculture Sciences, Professor, University of Dubrovnik, 
Croatia

Oleksandr Malinovskiy PhD in Aquaculture Sciences, Research Fellow, University of South 
Bohemia in České Budějovice, Czech Republic

Olumide Olowe PhD Student in Animal Science, Pukyong National University, 
Busan, South Korea



Редакційна колегія

Головний редактор:

Наталія Слободянюк Кандидат сільськогосподарських наук, доцент, Національний 
університет біоресурсів і природокористування України, Україна

Заступник головного редактора:

Михайло Муштрук Кандидат технічних наук, доцент, Національний університет 
біоресурсів і природокористування України, Україна

Відповідальний секретар:

Дмитро Носевич Кандидат сільськогосподарських наук, доцент, Національний 
університет біоресурсів і природокористування України, Україна

Національні члени редколегії:

Лариса Баль-Прилипко Доктор технічних наук, професор, Національний університет 
біоресурсів і природокористування України, Україна

Володимир Василів Кандидат технічних наук, доцент, Національний університет 
біоресурсів і природокористування України, Україна

Андрій Гетя Доктор сільськогосподарських наук, професор, Національний 
університет біоресурсів і природокористування України, Україна

Роман Кулібаба Доктор сільськогосподарських наук, старший науковий 
співробітник, Національний університет біоресурсів і 
природокористування України, Україна

Віталій Бех Доктор сільськогосподарських наук, професор, Національний 
університет біоресурсів і природокористування України, Україна

Ганна Котовська Кандидат біологічних наук, старший науковий співробітник, 
Національний університет біоресурсів і природокористування 
України, Україна

Наталія Рудик-Леуська Кандидат біологічних наук, доцент, Національний університет 
біоресурсів і природокористування України, Україна

Олена Бабенко Кандидат сільськогосподарських наук, доцент, Білоцерківський 
національний аграрний університет, Україна

Руслан Кононенко Кандидат ветеринарних наук, доцент, Національний університет 
біоресурсів і природокористування України, Україна

Ірина Кононенко Кандидат сільськогосподарських наук, доцент, Національний 
університет біоресурсів і природокористування України, 
Україна

Аліна Макаренко Доктор філософії, доцент, Національний університет біоресурсів і 
природокористування України, Київ, Україна



Міжнародні члени редколегії:

Мирослава Качаньова Професор, інженер (біотехнології) Словацький сільсько-
господарcький університет в Нітрі, Жешувський університет, 
Словакія

Джованні Сілія Кандидат ветеринарних наук, науковий співробітник, Рада 
сільськогосподарських досліджень та економіки Науково-
дослідний центр сільського господарства та навколишнього 
середовища, Італія

Міхайела
Корнеа-Сіпчіган

Кандидат наук у галузі харчових технологій, Університет 
сільськогосподарських наук та ветеринарної медицини  
Клуж-Напока, Румунія

Родіка Маргаоан Кандидат наук у галузі харчових технологій, науковий 
співробітник, Університет сільськогосподарських наук та 
ветеринарної медицини Клуж-Напока, Румунія

Марія Клопчіч Кандидат наук у галузі тваринництва, доцент, Люблянський 
університет, Словенія

Лукаш Зіта Кандидат наук у галузі тваринництва, доцент, Чеський 
університет природничих наук, Чехія

Ян Бріндза Кандидат наук, доцент, Словацький сільськогосподарcький 
університет в Нітрі, Словакія

Галя Замарацкая Кандидат наук у галузі харчових технологій, доцент, Шведський 
університет сільськогосподарських наук, Швеція

Мохаммадабаді
Мохаммадреза

Кандидат наук у галузі порівняльної генетики, професор, 
Керманський університет Шахіда Бахонар, Іран

Бранко Гламузіна Доктор наук у галузі аквакультури, професор, Дубровницький 
університет, Хорватія

Олександр
Маліновський

Кандидат наук у галузі аквакультури, науковий співробітник, 
Південночеський університет у Ческі-Будейовиці, Чехія

Олуміде Олове Докторант з тваринництва, Національний університет Пукйонг, 
Пусан, Південна Корея



CONTENTS

S. Ruban, V. Danshyn, O. Borshch, M. Zbroi, O. Fedota

Latent phenotype potential: Modelling response to selection 

for dairy cattle productivity traits considering genetic correlations............................................... 9

O. Honcharova, V. Bekh, I. Kononenko, O. Okhrimenko

Optimising growth and physiological performance of carp 

in polyculture within an integrated multitrophic aquaculture system...........................................28

N. Hidayah, K.G. Wiryawan, S. Suharti

Rumen methane production, microbial population, and blood metabolites 

in sheep fed jengkol (Archidendron jiringa) peel as a substitute for native grass............................47

O. Oliynichuk, L. Khomichak, O. Koval

Specific features of fermentation of higher gravity wort 

from starch-containing raw materials with a mixed culture of microorganisms............................59

T. Yudina, A. Serenko, O. Vitriak, L. Tkachenko, A. Altanova

Study of technological parameters of the fermentation process 

in the technology of low-lactose yoghurts based on buttermilk.....................................................70

A. Мakarynska, O. Kananykhina, T. Turpurova, I. Bozhko

Improving the quality of soybeans by alkaline microwave treatment............................................89



ЗМІСТ

С. Рубан, В. Даншин, О. Борщ, М. Зброй, О. Федота

Можливості латентного фенотипу: моделювання відповіді на відбір 

за ознаками продуктивності молочної худоби з урахуванням генетичних кореляцій............ 9

О. Гончарова, В. Бех, І. Кононенко, О. Охріменко

Оптимізація розвитку та фізіологічного статусу коропа в полікультурі 

за умов впровадження елементів мультитрофічної аквакультури...........................................28

Н. Хідаях, К.Г. Віряван, С. Сухарті

Вироблення метану в рубці, мікробна популяція та метаболіти крові овець 

за годівлі шкіркою дженголу (Archidendron jiringa) як замінником природної трави.............47

О. Олійнічук, Л. Хомічак, О. Коваль

Особливості зброджування сусла підвищеної концентрації 

з крохмалевмісної сировини змішаною культурою мікроорганізмів......................................59

Т. Юдіна, А. Серенко, О. Вітряк,  Л. Ткаченко,  А. Альтанова

Дослідження технологічних параметрів процесу ферментації 

у технології низьколактозних йогуртів на основі сколотин......................................................70

А. Макаринська, O. Кананихіна, T. Турпурова, І. Божко

Підвищення якості сої шляхом лужної СВЧ-обробки................................................................89



UDC 636.2.034.082.2:575.113
DOI: 10.31548/animal.4.2025.9

Latent phenotype potential: Modelling response to selection for dairy cattle 
productivity traits considering genetic correlations

Sergiy Ruban*

Doctor of Agricultural Sciences, Professor
National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony Str., Kyiv, Ukraine
https://orcid.org/0000-0002-8114-3665
Viktor Danshyn
PhD in Agricultural Sciences
National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony Str., Kyiv, Ukraine
https://orcid.org/0000-0001-9012-6835
Oleksandr Borshch
Doctor of Agricultural Sciences, Professor
Bila Tserkva National Agrarian University
09100, 8/1 Soborna Sq., Bila Tserkva, Ukraine
https://orcid.org/0000-0002-8450-2109
Mykola Zbroi
Postgraduate Student
National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony Str., Kyiv, Ukraine
https://orcid.org/0009-0006-6078-7513
Olena Fedota
Doctor of Biological Sciences, Professor
LLC “AMS”
61037, 247 Heroiv of Kharkiv Ave., Kharkiv, Ukraine
https://orcid.org/0000-0001-9659-383X

ANIMAL 
SCIENCE 
AND FOOD 
TECHNOLOGY

Journal homepage: https://animalscience.com.ua/en
Animal Science and Food Technology, 16(4), 9-27
Received 01.07.2025 Revised 30.10.2025 Accepted 27.11.2025

Copyright © The Author(s). This is an open access article distributed under the terms of the 
Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)

Suggested Citation:
Ruban, S., Danshyn, V., Borshch, O., Zbroi, M., & Fedota, O. (2025). Latent phenotype potential: 
Modelling response to selection for dairy cattle productivity traits considering genetic correlations. 
Animal Science and Food Technology, 16(4), 9-27. doi: 10.31548/animal.4.2025.9.

*Corresponding author

https://orcid.org/0000-0002-8114-3665
https://orcid.org/0000-0001-9012-6835
https://orcid.org/0000-0002-8450-2109
https://orcid.org/0009-0006-6078-7513
https://orcid.org/0000-0001-9659-383X


Animal Science and Food Technology. 2025. Vol. 16, No. 4

10 Latent phenotype potential: Modelling response to selection for dairy cattle...

Introduction
An important aspect of breeding work in dairy 
cattle farming is modelling the response to 
the selection of a set of economically impor-
tant traits, taking into account the genetic 
links (correlations) between them. P.  Van-
Raden (2020) pointed out that the global trend 
in dairy cattle selection programmes is to in-
crease the number of control traits, due to 
their impact on production profitability. For a 
comprehensive assessment, indices are used to 
determine the selection rank of individual ani-
mals within a breed. According to official data 
from the United States Department of Agricul-
ture (USDA), several methods are used to evalu-
ate dairy cattle, the main one being NM$ – Life-
time Net Merit (VanRaden et al., 2021). This is 

the official evaluation for Holstein animals, and 
the NM$ value is considered a measure of the 
expected additional net profit in US dollars that 
the sire’s daughters can earn during their life-
time. P. VanRaden et al. (2021) note that the to-
tal NM$ value is based on the Predicted Trans-
mitting Ability (PTA), which is equal to half of 
the breeding value for 17 traits with the corre-
sponding economic weight of each. Most traits 
are negatively correlated, but at the same time, 
predicted PTA values remain one of the main 
tools for genetic evaluation. PTA allows com-
paring sires for a specific trait that can be ob-
served in 50% of offspring. The remaining 50% 
of “success” will depend on the successful se-
lection of pairs, sires and brood stock, according  

Abstract. The aim of the study was to analyse the dynamics of changes in economically important 
traits of dairy cattle: milk fat and protein content, daughter pregnancy rate, productive longevity, 
residual feed intake, live weight, somatic cell score, when modelling selection for dairy productivity 
traits such as milk yield, milk fat and protein content. The research material consisted of data from 
a reference herd of Holstein cows at the “Terezyne” dairy farm (Kyiv region, Ukraine). The total 
number of cows observed was 14,712 across seven lactations. MRS software was used for modelling. 
When selecting for milk yield at selection differentials of 100 kg, 300 kg and 500 kg, the genetic 
response of the next generation for milk yield was 31.59 kg, 94.77 kg and 157.97 kg, respectively. 
At the same time, there was an increase in such traits as productive longevity, from 0.59 months 
to 2.94 months, live weight – from 0.36 to 1.79 kg, and the score for somatic cell content in milk – 
from 0.03 to 0.13. Genetic changes in milk fat and protein content, signs of daughter fertility and 
residual feed intake had reverse values. Significant phenotypic correlations were obtained between 
the milk yield of first-calf heifers and milk fat content (-0.2985), milk fat content (+0.9631), milk 
protein content (-0.2642), milk protein (+0.9924), open days period (+0.0989), productive longevity 
(+0.0989) and live weight (+0.2199). There were mixed levels of correlation in the daughters of sires 
between milk yield and milk protein content from -0.1229 to +0.1708, and between milk yield and 
open days from -0.0726 to +0.1836. Modelling of possible changes in genetic correlations in the 
range from -0.10 to -0.95 between milk yield and daughter pregnancy rate (DPR) was performed. 
The rates of correlated response when selecting for milk yield, depending on the values of genetic 
correlation between these traits, affected the reduction in the level of pregnancy in cows from -0.51 
to almost -5.0 points. The impact on the strength and direction of the established relationships can 
contribute to the stabilisation or deterioration of reproductive traits when selecting for milk yield. 
The proposed modelling method makes it possible to predict changes in the main traits used for 
selection, depending on the genetic correlations between them

Keywords: genetic parameters; phenotypic correlations; dairy productivity; reproduction
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to the ranks of such evaluation, which also af-
fects the level of genetic correlations between 
traits in the next generation.

The Holstein Association USA uses its 
own productivity index, TPI (Type-Production 
Index), whose formula has a slightly different 
weighting of traits compared to the PTA index, 
and the overall performance is aimed at obtain-
ing a profitable cattle herd. It should be noted 
that similar or even identical results of a com-
prehensive assessment can be obtained with 
different values for individual traits included 
in the index, which are characterised by differ-
ent directions of genetic relationships between 
these traits. However, changes in some traits in 
the index do not always lead to positive changes 
in others, which requires constant verification 
of this effect over several generations based 
on phenotypic or genetic correlations. Accord-
ing to A. Caballero (2020) and S. Xu (2022), the 
genetic correlation between two quantitative 
traits is defined as the relationship between the 
breeding values of animals for these traits, and 
their significance lies in the ability to predict 
genetic changes when selecting for one of them.

M.  Satoh  (2024) used three methods for 
predicting response to truncated selection 
based on BLUP (Best Linear Unbiased Predic-
tion), where only a certain percentage of fit in-
dividuals are selected from the population for 
reproduction and the rest are culled: (1) based 
on the mean value of the estimated breeding 
values (EBV) in the candidate population for se-
lection (Δg1); (2) based on the variance of EBV 
in the candidate population for selection (Δg2); 
(3)  based on the diagonal elements of the in-
verse matrix on the left side of the mixed model 
equation (Δg3). The author concluded that it is 
desirable to use Δg1 or Δg2 to predict the re-
sponse to truncated selection based on BLUP 
BV. However, in populations where selection is 
ongoing, the accuracy of predicting the selec-
tion response is likely to depend on distribution 
bias and the Balmer effect for Δg2, when gen-
eralised descriptions of a specific situation are 

applicable to many others. L. Brito et al. (2021) 
noted that for the development of milk produc-
tion, it is necessary to improve current breeding 
indices and breeding goals, paying more atten-
tion to traits related to animal welfare, health, 
longevity, environmental performance (e.g., 
methane emissions and feed efficiency) and 
overall resilience. This should be done by iden-
tifying selection criteria (traits) that accurately 
reflect the biological mechanisms underlying 
the relevant phenotypes, are heritable, and can 
be measured quickly and cost-effectively in 
large numbers of animals.

N.  Lopez-Villalobos  et al.  (2024) assessed 
the value of continuous genetic improvement 
using a model covering all dairy producers in an 
industry where dairy prices were determined by 
supply and demand curves for a specific prod-
uct. Over 10  years of genetic improvement, 
the present value of the benefits was estimat-
ed at USD  123,000  per farm. The correspond-
ing benefit, when assuming that markets had 
fixed commodity prices, was USD  183,000  per 
farm. The model showed that systematic genet-
ic gains have a limited duration, during which 
additional benefits gradually decline and even-
tually disappear. T.  Niehoff  et al.  (2024) pro-
posed a new selection criterion that describes 
the genetic level of selected grandprogenitors 
produced by the offspring of a given cross. The 
authors compared this criterion with other 
published criteria in a stochastic simulation of 
the current breeding programme over 21 gen-
erations to validate the concept. The proposed 
result showed better results than all other test-
ed criteria. Thus, the new selection option of-
fers a tool for accelerating genetic progress for 
modern genomic breeding programmes. It pre-
serves more genetic variation than previously 
published criteria. Taking into account future 
gametic Mendelian sampling variations in the 
selection process also appears promising for 
maintaining greater genetic variation. 

The aim of this study was to establish the na-
ture of correlated genetic changes in a complex  
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of economically valuable traits in Holstein cat-
tle under conditions of targeted selection for 
increased milk productivity of the herd.

Literature Review
B. Cuyabano et al. (2024) suggested considering 
genetic correlations not only as one of the ge-
netic parameters used in assessing the breed-
ing value of animals based on a set of traits, but 
also as a certain “latent phenotype”, based on 
the fact that the values of genetic correlations 
may vary in the offspring of different sires. If 
genetic correlations are specific values inher-
ent in each individual, then they can be consid-
ered as a phenotype of a hidden regulatory trait 
that controls the relationship between selec-
tion traits. For such antagonistic traits in dairy 
cattle as productivity  – fertility, somatic cell 
count, live weight – residual feed intake, it can 
be assumed that animals at the extreme ends 
of the rank distribution are likely to represent 
different breeding values for a particular hid-
den regulatory trait and, especially, when gen-
erations change. B. Olasege et al. (2024), using 
the “correlation scanning” method, identified 
regions of the Australian Holstein cattle ge-
nome that determine antagonistic genetic cor-
relations between traits. Several such regions 
were identified, most of which were related to 
muscle development, body weight, and milk 
quality traits. Future studies may identify such 
“antagonistic regions” as potential genomic 
areas to alter unfavourable correlations and 
improve milk quality, milk production, fertility 
traits, and milk urea levels.

Between 1930 and 2015, dairy cattle se-
lection criteria focused on increasing milk 
production, which led to a decline in health 
and fertility and triggered metabolic diseases 
(Egger-Danner et al., 2015). As noted by O. Fe-
dota et al.  (2020), growing concern for animal 
welfare, consumer demands for food quality and 
product composition, and reduced exposure to 
veterinary drugs have prompted changes in 
breeding strategies. The health and production 

efficiency of different breeds and species of an-
imals are becoming increasingly important due 
to growing competition for high-quality plant 
sources of energy and protein. Agro-economic 
and climatic characteristics of milk production 
and genetic heterogeneity of breeds influence 
the target function of the selection index, 
which will be constantly aimed at total profit 
and minimisation of losses. Thus, according to 
V. Danshin et al. (2017), these estimates make 
it possible to determine the approximate ex-
pected effect of breeding stock. At the same 
time, it is important to take into account the 
productive and adaptive qualities of animals in 
different natural and climatic zones, especially 
when using interbreeding (Nogoev et al., 2025). 
The assessment of genetic correlations re-
quires the use of highly accurate methods, such 
as REML (Residual Maximum Likelihood)  – a 
method of limited maximum likelihood. The 
method involves the use of model fitting tech-
niques in which all observations are expressed 
additively through fixed and random effects  
(Misztal et al., 2024).

A negative effect of genomic selection may 
be unfavourable genetic correlations between 
the performance traits for which selection is 
carried out and the so-called secondary traits, 
which include adaptation traits. This phenom-
enon was noted by I.  Misztal & D.  Louren-
co  (2024), who pointed out that such adapta-
tion traits in dairy cattle include heat stress 
resistance, which should also be included in 
selection indices. An important advantage of 
genomic selection is the possibility of genetic 
improvement of traits that are difficult or cost-
ly to measure. Such traits can be measured in 
small numbers of animals in reference popula-
tions designated specifically for this purpose. 
One such trait is feed efficiency, i.e. the ability 
of cows to produce the same amount of milk 
with less feed (Brito et al., 2020). Recently, this 
trait has received a lot of attention, which, ac-
cording to M. Madilindi et al. (2022), is due to its 
economic and environmental significance. 
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As a modern mainstream, it is worth not-
ing software solutions based on artificial intel-
ligence (AI) that are used in dairy farming for 
various purposes (De Vries et al., 2023; Neethi-
rajan,  2023). H.  Monteiro  et al.  (2024) proved 
that the composition of the rumen microbiome 
describes a significant part of the variability in 
residual feed intake by dairy cows. According 
to the scientists’ conclusion, the application 
of AI and the development of sensor technol-
ogies have radically changed traditional sec-
tors of the economy, including dairy farming 
(Akash et al., 2022). Precision livestock farming 
using AI and sensor technologies offers inno-
vative solutions in the field of milk production. 
According to G. Koutouzidou et al. (2022), such 
approaches have enabled real-time monitoring 
and management decisions to improve animal 
welfare and increase their productivity. Meas-
uring individual animal characteristics, which, 
according to B. Martins et al.  (2020), is impor-
tant for assessing their health and productivi-
ty, remains a challenging task that takes time 
when using conventional routine methods. 
That is why artificial intelligence and sensor 
technologies automate individual accounting 
based on cow behaviour during feeding, in-
cluding time spent at the feeder, feeding fre-
quency and amount of feed consumed (Lee & 
Seo, 2021). According to A. De Vries et al. (2023), 
the main areas of application for artificial in-
telligence technologies in dairy farming are: 
(1) building expert systems to improve feeding, 
culling, mastitis control, and individual selec-
tion of breeding bulls; (2) literature reviews on 
management areas; (3) disease diagnosis; (4) 
detection of cows in oestrus and prediction of 
the probability of successful insemination; (5) 
prediction of future milk productivity of cows; 

(6) assessment of individual feed consumption 
by cows based on data on productivity, behav-
iour and metabolic characteristics; (7) volun-
tary milking systems or milking robots. Thus, 
modelling and predicting probable changes in 
dairy cattle populations can be based on genet-
ic correlations between traits. 

Materials and Methods
The research was based on individual records 
of a reference herd of Holstein cows at the 
“Terezyne” dairy farm in the Kyiv region for 
the period from January 2020 to May 2025. The 
study did not involve any experimental inter-
ventions in animals; all data were obtained 
from the farm’s routine accounting system 
and collected in accordance with ICAR  (2014) 
requirements. The herd consists of 1,350 cows 
descended from sires of the Chief 1427381.62, 
Elevation 1491007.65, Starbuck 352790.79, 
Bell 1667366.74, Montfretch 91779b72, Hano-
ver Red 1629391.72, Marshall 2290977.95, and 
J. Besne 5694028588.94 lines. The average an-
nual productivity of cows is within 10,000  kg. 
The dry matter ration for the dairy cows con-
sists of 9.55 kg of maize silage, 1.97 kg of lucerne 
haylage, 3.08 kg of soya bean meal, 3.05 kg of 
maize grain, 1.87 kg of sunflower meal, and 1.8 
kg of wheat and barley grain, as well as mineral 
and vitamin supplements. The total weight of 
the ration was 45.8  kg at 23  kg of dry matter, 
with a protein content of 18%, a Neutral De-
tergent Fibre (NDF) level of 28%, and an Acid 
Detergent Fibre (ADF) level of 16.2%. Milking of 
cows (n = 500) was carried out on VMS DeLaval 
robotic milking systems, and the second part 
(n = 850) – in a 2 × 16 Parallel milking parlour. 
Table 1 shows descriptive statistics of the stud-
ied traits of cows.

Trait N M ± m σ2 σ Cv, %

First lactation (5,105 head)
Milk yield, kg 5,105 7,133.43 ± 24.63 3,097,643.56 1,760.01 24.7

Milk fat content, % 5,105 4.01 ± 0.01 0.10 0.31 7.8

Table 1. Descriptive statistics of the studied traits of cows for standard lactation, 305 days
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Trait N M ± m σ2 σ Cv, %
First lactation (5,105 head)

Milk fat amount, kg 5,105 287.90±1.14 6,621.95 81.38 28.3
Milk protein content, % 5,026 3.33±0.02 0.01 0.12 3.6
Milk protein amount, kg 5,026 239.71±0.87 3,767.58 61.38 25.6

Second lactation (4,032 head)
Milk yield, kg 4,032 7,818.71±33.64 4,561,996.43 2,135.88 27.3

Milk fat content, % 4,032 4.07±0.01 0.10 0.31 7.6
Milk fat amount, kg 4,032 320.29±1.56 9,792.74 98.96 30.9

Milk protein content, % 3,991 3.35±0.01 0.02 0.14 4.1
Milk protein amount, kg 3,991 263.90±1.19 5,643.08 75.12 28.5

Third lactation (2,628 head)
Milk yield, kg 2,628 7,461.29±47.33 5,886,521.69 2,426.22 32.5

Milk fat content, % 2,628 4.05±0.01 0.10 0.31 7.8
Milk fat amount, kg 2,628 304.86±2.15 12,188.14 110.40 36.2

Milk protein content, % 2,612 3.35±0.01 0.02 0.14 4.2
Milk protein amount, kg 2,612 251.09±1.66 7,178.99 84.73 33.7

Fourth lactation (1,542 head)
Milk yield, kg 1,542 7,180.17±63.97 6,310,879.79 2,512.15 35.0

Milk fat content, % 1,542 4.05±0.01 0.10 0.32 8.0
Milk fat amount, kg 1,542 293.29±2.89 12,882.52 113.50 38.7

Milk protein content, % 1,531 3.35±0.01 0.02 0.14 4.3
Milk protein amount, kg 1,531 241.72±2.24 7,689.99 87.69 36.3

Fifth lactation (805 head)
Milk yield, kg 805 6,775.39 ± 90.14 6,541,314.99 2,557.60 37.7

Milk fat content, % 805 4.04 ± 0.01 0.10 0.32 7.9
Milk fat amount, kg 805 276.48 ± 4.05 13,223.79 114.99 41.6

Milk protein content, % 799 3.34 ± 0.01 0.02 0.16 4.7
Milk protein amount, kg 799 227.38 ± 3.15 7,930.42 89.05 39.2

Sixth lactation (408 head)
Milk yield, kg 408 6,478.12 ± 123.83 6,256,262.35 2,501.25 38.6

Milk fat content, % 408 4.01 ± 0.02 0.10 0.32 7.9
Milk fat amount, kg 408 262.76 ± 5.53 12,482.83 111.73 42.5

Milk protein content, % 404 3.33 ± 0.01 0.03 0.17 5.1
Milk protein amount, kg 404 216.99 ± 4.32 7,555.89 86.92 40.1

Seventh lactation (192 head)
Milk yield, kg 192 6,137.05 ± 175.72 5,928,770.24 2,434.91 39.7

Milk fat content, % 192 3.97 ± 0.02 0.10 0.32 8.1
Milk fat amount, kg 192 245.96 ± 7.74 11,495.00 107.21 43.6

Milk protein content, % 191 3.30 ± 0.01 0.03 0.16 4.9
Milk protein amount, kg 191 203.74 ± 6.08 7,071.25 84.09 41.3

Open days period 2,201 233.22 ± 4.04 35,905.42 189.49 81.2
Live weight at first 

calving, kg 3,692 578.33 ± 0.74 1,998.61 44.71 7.7

Productive longevity, 
months 5,604 83.20 ± 4.21 99,165.23 314.91 3.8

Table 1. Continued

Note: N – number of observations; M ± m – mean value of the trait and its standard error; σ2 – variance of the 
trait; σ – standard deviation of the trait; Cv – coefficient of variation of the trait
Source: developed by the authors
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The general algorithm for calculating the 
traits included in the test set is presented be-
low. Daughter Pregnancy Rate (DPR) was calcu-
lated in points using formula (1):

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = 21
(SP− RWP) + 11

×  100  ,             (1)

where 21 – the length of the cows’ sexual cy-
cle; SP – the service period; RWP – the required 
waiting period (at least 60 days); 11 – the cor-
rection factor.

The Somatic Cell Score (SCS) in milk was 
calculated in scores using formula (2):

SCS = log2 (NSC/100,000) + 3,           (2)

where NSC – the number of somatic cells per 
1 ml of milk.

The somatic cell count indicators were as-
sessed in scores: 100,000  cells/ml  – 3  points; 
400,000 cells/ml – 5 points; 200,000 cells/ml –  
4  points; 500,000  cells/ml  – 5.3  points; 
300,000  cells/ml  – 4.6  points. Residual Feed 
Intake (RFI) was defined as the difference  

between actual and expected feed intake 
in terms of dry matter  – Dry Matter Intake 
(DMI). The expected daily dry matter intake 
of a dairy cow was calculated based on its live 
body weight using a linear regression equation: 
DMIe  = -38.09  +  0.106  ×  (live weight). Residual 
feed intake was equal to: RFI = DMIa – DMIe, 
where DMIa is the actual dry matter intake.

Animals with lower and, especially, nega-
tive residual feed intake are considered more 
economically efficient. According to I. Berro et 
al.  (2019), the effectiveness of breeding pro-
grammes, including genomic ones, depends on 
the quality of recording and the volume of phe-
notypic data, the number and type of markers, 
and the size and composition of the Training 
Population (TR), in which a sufficient amount 
of such data has been accumulated. In addition, 
the structure and diversity of the population 
play a key role in compiling optimal sets for 
specific testing populations (TE). Phenotyp-
ic and genetic correlations between the traits 
studied that are characteristic of the Holstein 
breed were considered as TR (Tables 2, 3). 

Table 2. Phenotypic correlations between investigated traits in the Holstein breed

Table 3. Genetic correlations between the traits studied in the Holstein breed

Trait 1 2 3 4 5 6 7 8

1. Milk yield 1.0

2. Milk fat +0.619 1.0

3. Milk protein +0.901 +0.723 1.0

4. Fertility rate -0.342 -0.245 -0.307 1.0

5. Productive 
longevity +0.175 +0.144 +0.179 +0.544 1.0

6. Residual 
feed intake +0.040 +0.030 +0.030 +0.010 0.0 1.0

7. Live weight -0.066 -0.045 -0.055 -0.009 -0.041 0.0 1.0

8. Somatic Cell 
Score -0.159 -0.167 -0.148 -0.019 -0.163 0.0 +0.005 1.0

Source: P. VanRaden et al. (2021)

Trait 1 2 3 4 5 6 7 8

1. Milk yield 1.0

2. Milk fat +0.399 1.0
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Multivariate Response to Selection (R) was 
calculated using the formula by B.  Walsh & 
M. Lynch (2018) (3):

R = GP-1s,                             (3)

where G – the matrix of additive genetic vari-
ances and covariances between traits; P – the 

matrix of phenotypic variances and covari-
ances between traits; s – the vector of selec-
tion differentials. 

The calculations were performed using 
proprietary software  – MRS (Multivariate Re-
sponse to Selection), where, when modelling 
selection based on two traits, the system of 
equations has the form (4): 

Trait 1 2 3 4 5 6 7 8

3. Milk protein +0.835 +0.591 1.0

4. Fertility rate -0.094 -0.075 -0.078 1.0

5. Productive 
longevity +0.113 +0.090 +0.128 +0.102 1.0

6. Residual feed 
intake +0.010 -0.070 +0.080 +0.020 -0.010 1.0

7. Live weight -0.131 -0.115 -0.100 -0.024 -0.221 +0.143 1.0

8. Somatic Cell 
Score +0.179 +0.080 +0.168 -0.313 -0.456 -0.124 -0.192 1.0

Table 3. Continued

Source: P. VanRaden et al. (2021)

MRS =  
 R1  

= GP-1s = 
 G11 G12    P11 P12  -1  S1  

 R2   G12 G22    P12 P22   S2  
 

where R1 and R2  – responses to the selection 
of the first and second traits; G11 and G12 – ge-
netic variances of the first and second traits; 
G12  – genetic covariance between traits; P11 
and P12 – phenotypic variances of the first and 

second traits; P12 – the phenotypic covariance 
between traits; S1 and S2 – the selection differ-
entials of the first and second traits. Covariance 
P12

 = ρz(P11P22)½, where ρz – the phenotypic cor-
relation between two traits. Then:

,  (4)

.                                  (5)

,                (6)

P-1s =
1 P22 -P12 S1 

P11P22 – P212 -P12 P11 S2 

 = 
1 S1P22 – S2P12 

P11P22(1 – ρ2z) - S1P12 + S2P11

R1 = 
h21 S1 – S2 P12 + G12(- S1P12 + S2P11) 

(1 – ρ2z) P22  P11P22(1 – ρ2z) 

Thus, the response to selection of the first 
trait is obtained from the above derivation.  

The final form of this response is given in 
equation (6):
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where h2
1  – the heritability coefficient of the 

first trait.
The correlated response of trait Y to selec-

tion for trait X was calculated using the formula 
by A. Caballero (2020) (7):

RYX
 = iX·rGxy·hY·hX·σX,,                    (7)

where iX – the intensity of selection for trait X; 
rGxy – the genetic correlation between traits X 
and Y; hY – the heritability coefficient of trait Y; 
hDPR – the heritability coefficient of trait X; σX – 
the standard phenotypic deviation of trait X.

Results and Discussion
Tables 4-6 show the results of modelling ge-
netic changes in the studied traits when se-
lecting for milk productivity indicators such 
as milk yield, milk fat and protein content, 

depending on the values of the correspond-
ing selection differentials. When selecting for 
milk yield with corresponding selection dif-
ferential values of 100 kg, 300 kg and 500 kg, 
the genetic response of the next generation 
for milk yield will be 31.59  kg, 94.77  kg and 
157.97 kg, respectively. At the same time, the 
amount of milk fat will increase by 0.98  kg, 
2.94  kg and 4.91  kg, and the amount of milk 
protein – by 0.29  kg, 0.88  kg and 1.46  kg. At 
the same time, there is an increase in indi-
cators such as productive longevity  – from 
0.59 months to 2.94 months, live weight – from 
0.36 to 1.79 kg, and the somatic cell score con-
tent in milk – from 0.03 to 0.13. At the same 
time, genetically determined changes in the 
fat and protein content of milk, signs of the 
fertility level of daughters and residual feed 
consumption had negative values (Table  4). 

Traits 
Selection differential for milk yield, kg

100 300 500

Milk yield, kg 31.59 94.77 157.95

Milk fat amount, kg 0.98 2.94 4.91

Milk protein amount, kg 0.29 0.88 1.46

Milk fat content, % -0.005 -0.007 -0.009

Milk protein content, % -0.003 -0.004 -0.006

Daughter pregnancy rate, scores -0.19 -0.58 -0.97

Productive longevity, months 0.59 1.76 2.94

Residual feed intake, kg -0.03 -0.08 -0.14

Live weight, kg 0.36 1.08 1.79

Somatic cell score content in milk 0.03 0.09 0.13

Similar patterns were observed when select-
ing by milk fat amount (Table 5), where milk 
fat amount at selection differentials of 10 kg, 
30  kg and 50  kg was +2.46  kg, +7.37  kg and 
+12.29  kg, respectively. Genetic changes in 
all traits show a positive trend towards an in-
crease with a decrease in the level of daughter 

Table 4. Genetic changes in investigated traits under selection for milk yield

Source: developed by the authors

fertility (-0.02 – -0.11) and residual feed intake 
(-0.01 kg – -0.07 kg).

The level of milk protein has become one 
of the main indicators in determining the price 
of milk in many countries around the world, 
which prompts to model the consequences of 
selection based on this trait (Table 6).
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Source: developed by the authors

Source: developed by the authors

Table 5. Genetically determined changes in the studied traits when selecting by milk fat amount

Table 6. Genetically determined changes in the studied traits when selecting for milk protein amount

Traits
Selection differential for milk fat amount, kg

10 30 50
Milk yield, kg 3.24 9.71 16.18

Milk fat amount, kg 2.46 7.37 12.29
Milk protein amount, kg 0.32 0.97 1.62

Milk fat content, % 0.004 0.005 0.007
Milk protein content, % 0.002 0.003 0.005

Daughter pregnancy rate, scores -0.02 -0.06 -0.11
Productive longevity, months 0.13 0.40 0.67

Residual feed intake, kg -0.01 -0.04 -0.07
Live weight, kg 0.21 0.64 1.06

Somatic cell score content in milk 0.003 0.009 0.015

When selecting for milk protein amount 
with selection differentials of 10 kg, 30 kg and 
50 kg, genetic changes in milk protein amount 
were +3.12 kg, +9.35 kg and +15.58 kg, respec-
tively. The level of fertility of daughters de-
creased by 0.14, 0.41 and 0.68 points. Residual 
feed consumption decreased by 0.04 kg, 0.11 kg 
and 0.19 kg. An increase in the absolute values 
of fat and protein content in milk was noted. 
Productive longevity increased by 0.21 months, 
0.61 months and 1.02 months, and live weight 
increased by 0.47  kg, 1.40  kg and 2.33  kg. At 
the same time, the somatic cell concentra-
tion score increased by 0.003, 0.009 and 0.015 
points. Thus, selection based on milk produc-
tivity traits contributes to an increase in pro-
ductive longevity and live weight of cows while  

Traits
Selection differential for milk fat amount, kg

10 30 50
Milk yield, kg 1.46 4.38 7.29

Milk fat amount, kg 0.49 1.46 2.44
Milk protein amount, kg 3.12 9.35 15.58

Milk fat content, % 0.002 0.003 0.004
Milk protein content, % 0.003 0.005 0.008

Daughter pregnancy rate, scores -0.14 -0.41 -0.68
Productive longevity, months 0.21 0.61 1.02

Residual feed intake, kg -0.04 -0.11 -0.19
Live weight, kg 0.47 1.40 2.33

Somatic cell score content in milk 0.003 0.009 0.015

reducing residual feed intake. At the same time, 
there is a deterioration in indicators such as the 
level of pregnancy in daughters and the con-
centration of somatic cells in milk.

The results obtained regarding the rate 
of genetic change are consistent with current 
trends in dairy cattle breeding. According to 
P.  VanRaden  (2020), genomic selection has 
been used in dairy cattle breeding since 2009, 
which has led to a significant reduction in gen-
eration intervals. Across four genetic improve-
ment pathways, the average generation interval 
has decreased from 6-6.5 years to 2.5-3 years, 
i.e. by a factor of 2. According to G. Wiggans & 
J.  Carrillo  (2022), the largest reduction in the 
generation interval occurred in the category 
of bull sires – from 8 to 2-3 years, which led to  
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accelerated genetic progress in the main selec-
tion pathways. Genetic progress in milk fat con-
tent in Holstein bulls in the United States in-
creased sixfold between 2009 and 2023, and the 
overall level of genetic progress nearly doubled. 
This explains the need for constant monitoring 
of correlated changes in fitness traits during in-
tensive selection for productivity.

Assuming the existence of the “latent phe-
notype” phenomenon, modelling of possible 

changes in genetic correlations during selection 
for milk yield and correlated response for DPR 
was performed. Changes in the values of genet-
ic correlation between these traits in the range 
from -0.10 to -0.95 (Fig. 1) cause a decrease in 
the correlated response of the fertility level of 
cows from -0.51 to almost -5.0 points. Thus, the 
strength and direction of these relationships can 
influence the improvement or deterioration of 
reproductive traits when selecting for milk yield.

Figure 1. Correlated response of DPR change to selection  
for milk yield when genetic correlation values change

Source: developed by the authors

Note: * – p < 0.05; ** – p < 0.01; *** – p < 0.001
Source: developed by the authors

Table 7. Phenotypic correlations between milk productivity traits, service period,  
productive longevity and live weight at first calving at the “Terezyne” farm (7,128 heads)
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Table 7 shows phenotypic correlations be-
tween milk productivity traits, service period, 

productive longevity and live weight at first 
calving at the “Terezyne” farm.

Traits 1 2 3 4 5 6 7 8
1. Milk yield 1.00

2. Milk fat content -0.2985 
***

3. Milk fat amount +0.9631 
***

+0.5363 
***

4. Milk protein 
content -0.2642 *** +0.6039 

***
+0.3860 

***
5. Milk protein 

amount +0.9924 *** +0.3557 
***

+0.9740 
***

+0.3749 
***

6. Service period +0.0166 * +0.2953 
*** -0.0714 ***-0.1918 *** -0.0050

7. Productive 
longevity +0.0989 *** -0.1230 

***
+0.0559 

*** -0.0546 *** +0.0901 
***

+0.8466 
***

8. Live weight +0.2199 *** +0.1447 
***

+0.2233 
***

+0.2019 
***

+0.2095 
***

+0.0485 
***

+0.0875 
***
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At the “Terezyne” farm, reliability corre-
lates positively with the amount of milk fat 
and protein, the length of the service period, 
productive longevity and live weight, and neg-
atively with the fat and protein content of milk. 
The fat content in milk is positively correlated 
with all traits except productive longevity. The 
protein content in milk is negatively correlated 
with the service period and productive longevi-
ty. The amount of milk fat is positively correlat-
ed with the service period and live weight and 

negatively correlated with productive longevi-
ty, while the amount of milk protein is nega-
tively correlated with the service period and 
positively correlated with productive longevity 
and live weight. The service period is charac-
terised by a high positive correlation with pro-
ductive longevity. Within the framework of the 
assumption of “latent phenotype” possibilities, 
an assessment of phenotypic correlations be-
tween the studied traits in cows depending on 
their paternal origin was carried out (Table 8).

Traits 

Sires

CA 106627797 
D. Kickball Et

CA
7746123  

S. Stady Et

CA
9969495  

V. Sophomore Et

NL
493726366  
O. Gigant

NL
520913639  

N. Saltie
Number of animals 69 105 34 22 29

Milk fat content -0.0258 +0.0238 +0.0279 +0.2603*** +0.0730***
Milk fat amount +0.9993*** +0.9948*** +0.9981*** +0.9535*** +0.9625***

Milk protein 
content -0.0973** +0.0345 +0.1708*** +0.0872*** -0.1229***

Milk protein 
amount +0.9986*** +0.9971*** +0.9992*** +0.9962*** +0.9948***

Open days period -0.0726 +0.1836*** +0.0512 +0.0529 +0.1332***
Productive 
longevity +0.2441*** +0.1974*** +0.2014*** +0.0339 +0.0709***

Live weight -0.1850* -0.0014 -0.3563*** +0.2389*** +0.2378***

Note: * – p < 0.05; ** – p < 0.01; *** – p < 0.001
Source: developed by the authors

Table 8. Phenotypic correlations between milk productivity traits, open days period,  
productive longevity and live weight at first calving of different sires

There are significant differences between 
the daughters of bulls of different origins in 
terms of phenotypic correlations between the 
above traits. In the offspring of the breeding bull 
CA  106627797 D.  Kickball Et, the correlation 
between milk yield and milk protein content 
was -0.0973**, and in the offspring of the bull 
CA 9969495 V. Sophomore Et, it was +0.1708***, 
and in the offspring of the bull NL 520913639 
N. Saltie, it was -0.1229***. Similar results were 
obtained for other traits. In the offspring of the 
breeding bull CA 9969495 V. Sophomore Et, the 
correlation between milk yield and live weight 
of cows was -0.3563***, and in the offspring of 
the breeding bull NL 520913639 N. Saltie, it was 

+0.2378***. The results obtained indicate the 
possibility of a “latent phenotyp”, i.e. cows of 
different origins are characterised not only by 
different values of selection traits, but also by 
the values and direction of the relationships 
between them. 

The reduction in residual feed intake ob-
tained when selecting for productivity is of 
great practical importance. Iranian scientists 
S. Nadri et al.  (2023) concluded that including 
feed efficiency in the breeding goals for dairy 
cattle is desirable in terms of increasing sus-
tainability and profitability. A study of selection 
indices that include feed efficiency showed that 
this allows for the greatest economic effect. 
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At the same time, it is possible to use indica-
tors such as certain characteristics of the cows’ 
body structure, namely fatness, milk type, etc. 
A number of studies have shown that feed ef-
ficiency in dairy cows is related to their behav-
iour and the response of certain genotypes to 
environmental conditions (Fedota et al., 2022). 
In a study by B.  Nascimento  et al.  (2024), be-
havioural indicators such as chewing duration, 
lying duration and motor activity of cows were 
studied. Heritability was 0.19 for chewing and 
activity and 0.37 for lying duration. According 
to the authors, cows that spend more time ly-
ing down and are less active in movement are 
characterised by higher feed efficiency. This 
confirms the advisability of including feed effi-
ciency indicators in breeding programmes.

It should be noted that modelling the re-
sponse to selection is quite often used in mod-
ern breeding studies. J. Weller et al. (2022) used 
modelling to assess the effects of selecting 
Israeli dairy cattle based on reproduction and 
milk production indicators. In another study, 
J.  Weller  et al.  (2023) used modelling to study 
the possibility of selecting cows based on via-
bility, which was defined as the inverse of the 
probability of death. The viability of 523,954 
cows was established for the period from 2000 
to 2026, which was 89.6%, and according to this 
model, pregnancy reduced viability by 15%. 
The viability index increased with each calving, 
but was associated with an increase in the du-
ration of lactation. The heritability coefficient 
of viability was 0.0082, and the phenotypic 
and genetic trends in viability over 14  years 
were -0.042% and -0.22% per year, respectively. 
A. Bouquet et al. (2022) presented a new meth-
odology for predicting the response of selection 
for feed efficiency in dairy cattle. This approach 
combines genetic and mechanistic modelling to 
describe the biological mechanisms underlying 
these traits. A dairy cattle breeding scheme was 
modelled, taking into account an unrestricted 
feeding environment and two different selec-
tion goals, focused either on milk production 

or feed efficiency. The selection response was 
predicted in an unrestricted environment as 
well as for a promising low-cost system. The 
predictions obtained using traditional and 
mechanistic methods were consistent for milk 
production, body weight and feed efficiency in 
an unrestricted environment.

The current study revealed a decrease in 
reproduction rate, or daughter pregnancy rate, 
when selecting for milk productivity traits, 
indicating genetic antagonism between these 
traits. The genetic basis of antagonism is ev-
idenced by the results of studies by L.  Ma  et 
al.  (2019). The authors conducted a genom-
ic comparison of two lines of Holstein cows, 
where one line was selected for milk produc-
tivity for 40 years since 1964, and the other 
line was a control line without selection. The 
results showed that selection for milk produc-
tivity resulted in a deterioration in reproduc-
tion and fertility rates. Thanks to this work, 
198 genes associated with milk productivity 
and reproduction rates in cows were identified.

Thus, the analysis of predictive traits that 
may differ within certain genetic groups and 
the improvement of tools for their assessment 
are promising. Existing contradictions in the 
objectives and selection criteria between traits 
call into question the relatively rapid improve-
ment in those traits that are related to health, 
reproduction, feed efficiency, or that reduce 
methanogenesis in ruminants. Modelling pro-
cesses based on mathematical patterns that de-
scribe the relationships between such traits and 
the use of accurate and predictive data makes 
it possible to optimise selection and breeding 
programmes by identifying economically im-
portant traits for each group of animals. 

 
Conclusions

The proposed algorithm for modelling the cor-
related response to selection makes it possible 
to predict the dynamics of genetic changes for 
a complex of traits when selecting for individ-
ual traits. When selecting for milk yield with 
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Анотація. Метою досліджень був аналіз динаміки змін економічно важливих ознак 
молочної худоби: вмісту жиру та білка в молоці, рівня тільності дочок, продуктивного 
довголіття, залишкового споживання корму, живої маси, балу за вмістом соматичних 
клітин, при моделюванні відбору за такими ознаками молочної продуктивності, як надій, 
кількість молочного жиру та білка. Матеріалом для досліджень були дані референтного 
стада голштинських корів молочної ферми «Терезине» (Київська область, Україна). Загальна 
кількість спостережень корів склала 14 712 в розрізі семи лактацій. Для моделювання 
використане програмне забезпечення «MRS». При відборі за надоєм на рівні селекційних 
диференціалів 100 кг, 300 кг та 500 кг генетична відповідь наступного покоління по надою 
склала 31,59 кг, 94,77 кг та 157,97 кг відповідно. Одночасно спостерігалось збільшення таких 
ознак, як продуктивне довголіття, з 0,59 міс. до 2,94 міс., жива маса – з 0,36 до 1,79 кг, та бал 
за вміст соматичних клітин в молоці – з 0,03 до 0,13. Генетичні зміни вмісту жиру та білка 
в молоці, ознаки рівня тільності дочок та залишкового споживання корму мали зворотні 
значення. Отримано значущі показники фенотипових кореляцій між надоєм первісток 
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та вмістом жиру в молоці (-0,2985), кількістю молочного жиру (+0,9631), білка в молоці 
(-0,2642), молочного білка (+0,9924), періоду відкритих днів (+0,0989), продуктивним 
довголіттям (+0,0989) та живою масою (+0,2199). Відмічено різноспрямований рівень 
зв’язків у дочок плідників між надоєм та вмістом білка в молоці від -0,1229 до +0,1708, 
надоєм та періодом відкритих днів – від -0,0726 до +0,1836. Проведено моделювання 
можливих змін генетичних кореляцій в діапазоні від -0,10 до -0,95 між надоєм та рівнем 
тільності (DPR). Темпи корельованої відповіді при відборі за надоєм залежно від значень 
генетичної кореляції між цими ознаками вплинули на зменшення рівня тільності 
корів з -0,51 до майже -5,0 балів. Вплив на силу та спрямованість встановлених зв’язків 
може сприяти стабілізації або погіршенню ознак відтворення при відборі за надоєм. 
Запропонований метод моделювання дає змогу прогнозувати зміни основних ознак, за 
якими проводиться відбір, в залежності від генетичних кореляцій між ними

Ключові слова: генетичні параметри; фенотипічні кореляції; молочна продуктивність; 
розмноження
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Introduction
Aquaculture contributed to the development 
of high-quality, strategic programmes aimed at 
ensuring food security in various countries. The 
priority was to maintain a balance between the 
ecosystem and each country’s globalised food 
system. In intensive aquaculture systems, inex-
pensive aquafeed and high-quality water were 
regarded as critical requirements; therefore, the 
issue of rationalising resource use became both 
relevant and practical. In addition, high-quality 
fish feed was considered essential for aquafarm-
ers, as feeding represented a continuous pro-
cess in aquaculture technology, and the quality 
of the feed directly influenced the quality of 
aquaculture products. At the global level, mod-
ern concepts and strategic programmes focused 
on the sustainable development of aquacul-
ture. Simultaneously, the dominant approach 
emphasised the efficient use of resources with 
minimal negative impact on the ecosystem 

(FAO, 2024). Numerous studies confirmed that 
the application of chemicals, hormones, and 
antibiotics remained one of the most urgent 
problems in fish farming and aquaculture pro-
duction. Such technological interventions con-
tributed to water pollution and the disruption 
of ecosystems, as reported by O.  Honcharo-
va & V.  Bekh  (2023), V.  Sakharnatsky  (2024).

Research within this area revealed and 
confirmed the positive effects of phytoprepa-
rations, essential oils, and probiotics on the 
general physiological state of the organisms 
(Silva et al., 2024; Tașcı et al., 2025). Scientific 
works increasingly substantiated the relevance 
of developing plant-based feed additives. It 
was noted that the environmental friendli-
ness of such natural components had become 
a research focus and was regarded as being of 
great importance for the sustainable develop-
ment of aquaculture (Gusmão,  2024; Wang  et 

system significantly enhanced growth performance and reduced dependence on conventional 
feeds. The cultivation of all components within a single IMTA framework ensured optimal control 
over both qualitative and quantitative parameters throughout the production cycle. The results 
demonstrated improved viability in juvenile cyprinids and enhancement of blood composition in 
experimental Groups A and B. However, Group B exhibited the most pronounced improvements in 
both qualitative and quantitative parameters, characterised by increased homeostatic regulation 
and enhanced haematopoiesis. Improvements in haematological profiles, body weight, and muscle 
tissue composition were closely correlated with elevated protein and carbohydrate metabolism 
and accelerated ontogenetic development. Fish in the experimental groups displayed superior 
indicators of mass accumulation and metabolic processes (WG, FCR, HSI, VSI). A strong positive 
correlation was recorded in experimental Groups A and B: body weight ↔ protein in the muscle tissue  
(R2 = 0.8-0.9); cholesterol in the blood ↔ fat in the muscle tissue (R2 = 0.8-0.7). In experimental 
Group A: a higher red blood cell count (RBC) and mean corpuscular haemoglobin (MСН) were 
recorded in the blood of carp Cyprinus carpio (Linnaeus, 1758) (p  ≤  0.05). In the blood of carp 
Cyprinus carpio (Linnaeus, 1758) from Group B: RBC, MСН, total protein and creatinine content 
(p ≤ 0.05) and haemoglobin (Hb) (p ≤ 0.01) exceeded those of the control group. In the blood of 
silver carp hybrid Hypophthalmichthys molitrix / Hypophthalmichthys nobilis of Group B: RBC, Hb, 
total protein and creatinine content (p ≤ 0.05) also exceeded the control group. The most favourable 
biochemical composition of muscle tissue was recorded in fish from experimental Groups A and B

Keywords: feeding; cultivation; cyprinids; physiological and biochemical processes; 
multitrophicity; recirculation systems
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al., 2024). The literature contained positive evi-
dence regarding the use of adaptogens, hepato-
protectors, growth stimulants in aquaculture, 
etc. (Fraijo-Valenzuela  et al.,  2024). The rapid 
development of technologies implied the need 
for innovative solutions to correspond with the 
physiology of aquatic organisms. Therefore, 
the optimisation of technological schemes for 
rearing aquatic species and producing aqua-
culture products remained an open question. 
At the same time, relatively few combined sys-
tems existed in aquaculture. Consequently, the 
multitrophic aquaculture model was consid-
ered a promising approach for addressing the 
identified challenges. An increasing number 
of studies from different countries confirmed 
the rationale and trend towards the use of re-
circulating and integrated aquaculture systems 
(Land-based aquaculture report,  2023; Gup-
ta  et al.,  2024). Most authors emphasised the 
environmentally safe direction of multitroph-
ic aquaculture models, which acquires practi-
cal significance and formed prerequisites for 
the sustainable development of the industry 
(Alam  et al.,  2024; Meitei  et. al.,  2025). Thus, 
the multitrophic aquaculture system offered 
several advantages; however, it required com-
prehensive and in-depth research in the future. 
The purpose of the study was to conduct a mul-
ticomponent analysis and comparative exper-
iment assessing the impact of several ecolog-
ically oriented technological solutions on fish 
physiological functionality.

Literature Review
Considering the trends and current state of 
the aquaculture industry, the dominant issue 
in most scientific works was the search for and 
development of alternative protein sources for 
aquatic organisms with an emphasis on their 
rationality and environmental friendliness 
(Belluco  et al.,  2013; Honcharova  et al.,  2020; 
FAO,  2024). Studies by various researchers re-
flected the possibility of optimising the overall 
diet of fish through alternative protein sources 

(Henry et al., 2015; Bekh et al., 2020). The focus 
of such research was directed towards achieving 
less expensive production and reduced en-
vironmental impact. At the same time, it was 
experimentally established that the use of nat-
ural additives was aimed at replacing fishmeal. 
In the scientific works of A.  Fraijo-Valenzue-
la et al. (2024) a synergistic effect was observed 
between the growth of aquaculture produc-
tion and consumer demand for such products. 
At the same time, attention was drawn to the 
importance of comprehensive investigation of 
each component, taking into account both its 
beneficial and potentially adverse effects. For 
instance, in aquaculture feeds, the inclusion 
of crickets was recommended for study while 
considering the biological characteristics of 
aquatic organisms, since their bodies could 
absorb individual components of such protein 
supplements differently.

According to O.  Deren & M.  Fedoren-
ko  (2023), the introduction of non-traditional 
feed components for Ukrainian aquaculture 
was considered relevant. Under conditions in-
volving the use of the black soldier fly (Hermetia 
illucens) in aquaculture, improvements in fish-
ery parameters, feed conversion, and the over-
all quality and safety of the resulting products 
were reported. The positive outcomes of using 
Tenebrio molitor were justified by its antioxi-
dant and immunological properties (Shafique et 
al., 2021). Similarly, the incorporation of naked 
oats as a feed component has demonstrat-
ed beneficial effects on growth performance 
and haematological parameters in carp, with 
optimal results achieved at 30% inclusion 
rates (Syrovatka,  2021). In scientific works by 
H.  Wang  et al.  (2011), M.  Henry  et al.  (2015) 
the prospects for utilising biological waste as 
protein alternatives for aquaculture were pre-
sented. Furthermore, increases in the devel-
opmental parameters of hydrobionts during 
ontogenesis were experimentally confirmed. It 
was emphasised that modular combined aqua-
culture systems had lower competition for land 
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resources compared with the production of oth-
er feed components and additives.

According to R.  Chaklader  et al.  (2019) 
and F. Melenchón et al.  (2021), the inclusion 
of mealworm, black soldier fly, and poultry 
by-product protein in aquaculture diets con-
tributed to enhanced functional-active pa-
rameters and histomorphology in fish. At the 
same time, A.  Józefiak & R.  Engberg  (2017) 
and S.  Nogales-Mérida  et al.  (2019) focused 
on comprehensive analyses, particularly of 
chitins and antimicrobial peptides, which not 
only improved growth but also strengthened 
the defence mechanisms, immunity, and an-
timicrobial properties of fish receiving such 
protein alternatives. A.  Gopalakannan & 
V.  Arul  (2006) reported that the application 
of crustacean chitin in low quantities when 
feeding fish stimulated immune responses 
and enhanced resistance to pathogens. Af-
ter analysing available sources and scientific 
developments, it was noted that the use of 
natural components and protein alternatives 
was highly promising. It was also considered 
advisable to pay attention to technological 
conditions, as optimisation and adaptation to 
modern standards ensured the sustainable de-
velopment of aquaculture.

Furthermore, the hydrochemical regime, 
particularly within recirculating aquaculture 
systems (RAS), was recognised as a critical fac-
tor (Hrynevych et al., 2019). According to E. Can 
& Ş.  Seyhaneyildiz Can  (2023), the improve-
ment of technological schemes in aquaculture, 
for example, through elements of aquaponics 
and multitrophic aquaculture, was developing 
dynamically and showed a tendency towards 
global implementation. Thus, modern direc-
tions of optimisation measures in aquaculture 
were oriented towards the rational use of re-
sources, the maximum environmental sustain-
ability of production, and the high quality of 
aquaculture products, with particular emphasis 
on the multitrophic aquaculture model. How-
ever, this issue remained open and required 

further justification and comprehensive evalu-
ation of the effectiveness of such models.

Materials and Methods
The experimental study was carried out at the 
Scientific Research Laboratory and the “Physi-
ological and Biochemical Research” Laboratory 
of Kherson State Agrarian and Economic Uni-
versity  (KSAEU) and in the conditions of pro-
duction of Kherson fish enterprise (Ukraine) 
in 2025. Experiments lasted 120  days. Scien-
tific and research activities were conducted in 
accordance with generally accepted require-
ments and standards for the organisation of 
experiments in fish farming. Compliance with 
the Directive  2010/63/EU  (2010) was ensured. 
All manipulations involving carp and silver 
carp hybrids in both experimental and control 
groups were performed in accordance with the 
European Convention (1986). All scientific and 
practical research was based on theoretical 
(analysis, synthesis, comparison and model-
ling) experimental, laboratory methods, taking 
into account the specialisation of the fisheries 
industry. The functional status of the fish or-
ganism was evaluated according to the qualita-
tive and quantitative parameters of biological 
material in the laboratory of the Department 
of Aquatic Bioresources and Aquaculture of the 
KSAEU on the Humalyzer  3000 analyser (Ger-
many) using unified Human GmbH kits.

The study focused on Cyprinus carpio (Lin-
naeus,  1758) and silver carp hybrid Hypoph-
thalmichthys molitrix / Hypophthalmichthys 
nobilis. Fish were reared under recirculating 
aquaculture system conditions, which in-
cluded standard water filtration, temperature 
regulation, and oxygenation systems. The ex-
perimental setup incorporated a modular inte-
grated multitrophic aquaculture system, that 
included the cultivation of natural feed com-
ponents (Fig. 1). The modular system was con-
structed on a mobile platform equipped with 
an environmental monitoring unit and mi-
crocrystalline solar panels for supplementary  
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energy. Each module was functionally organised 
to enable resource recycling, improve energy  

efficiency, and promote synergistic interactions 
among aquatic and agricultural components.

Figure 1. Schematic representation of the modular multitrophic aquaculture system
Note: I  – RAS tanks and ponds, combined with elements of biological filtration; II  – cultivation units for 
agricultural raw materials used in feed production; III  – cultivation chambers for Hermetia illucens (black 
soldier fly), Artemia and Spirulina; IV – technological management units for equipment and process control;  
V – mini-laboratories for rapid hydrochemical and process diagnostics
Source: authors’ development

Cyprinus carpio (Linnaeus,  1758) and Hy-
pophthalmichthys molitrix / Hypophthalmichthys 
nobilis were used in the experiment. The initial 
average body weight of fish was 1.5-1.6  mg, 
and each tank contained 260 individuals. The 
volume of the rearing tanks was gradually in-
creased as the fish developed through ontogen-
esis from 150 dm3 and 250 dm3 to 500 dm3. It 
was taken into account that during days 10-15 
of rearing, the carp’s body undergoes an active 
transformation of metabolic processes. The ini-
tial daily ration was set at 2% of body weight and 
was increased to 5% from day 10. The stocking 
density corresponded to carp culture standards 
and averaged 25-30  kg/m3 (FAO  et al.,  2025).

Feed factor. The diet of carp fish was op-
timised in accordance to generally accepted 
recommendations (Yevtushenko & Khyzh-
niak,  2019; Yevtushenko  et al.,  2022; The In-
ternational Aquaculture Feed Formulation 

Database,  n.d.). At the beginning of early on-
togenesis, cyprinids were fed with finely dis-
persed flour (0.1-0.2  mm) in accordance with 
the recommendations of the standard diet in 
fish farming. Feeding was provided at a rate of 
2% of body weight; after 14 days, the feeding 
rate was increased to 4.8-5%. The main orient-
ed periods of transition to another diet were 
identified: initial with an active phase for 10-
15 days, transitional and growth. In the exper-
imental groups, the fish received a general diet 
and supplements in accordance with the study 
scheme. The composition of the base diet, %, 
was as follows: fish meal  (13), meat and bone 
meal  (5), grass meal  (3), wheat  (9.5), sunflow-
er meal  (40), peas (10), feed yeast  (18.5), pre-
mix (1). Natural feed components were obtained 
from in-house production within the autono-
mous sectors of the modular multitrophic aq-
uaculture system. The technological scheme 
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of cultivation provided appropriate equipment 
and optimal conditions for each sector (Fig. 1). 

The design of the experimental groups is pre-
sented in Figures 2 and 3.

Figure 2. Scheme for introducing natural components to the fish diet
Source: authors’ development

Figure 3. Technological aspects of the preparation of feed ingredients  
for addition during feeding to the experimental group

Source: authors’ development

The day before the experiment, the optimal 
ratio of natural components was experimen-
tally established and subsequently used in the 
present study:

d Hermetia illucens were cultured using 
cereal bran and fruit/vegetable residues. Cere-
al bran was selected as the optimal substrate 
based on prior trials. Rearing conditions (tem-
perature, humidity, light) were maintained in 
accordance with standard rec ommendations. 
Composition (%): moisture  – 68.4; protein  – 
43.8; dry matter – 31.6; fat – 25.9; ash – 6.5.

d Spirulina biomass was cultivated in a 
closed-loop bioreactor using an energy-saving 
technology developed by the authors. The har-
vested Spirulina biomass was green and mild-
ly saline. Composition (%): moisture – 10; dry 
matter – 90; protein – 62; carbohydrates – 14.7; 
fat – 4; fibre – 3; ash – 6.3.

d Artemia nauplii were reared under stan-
dard hydrochemical conditions (temperature:  

25-28°C; salinity: 30-80‰. Nauplii measured 
0.3-0.6  mm in length and weighed approx-
imately 0.01-0.06  mg per individual). Com-
position (%): moisture – 12; dry matter – 88; 
protein  – 53; carbohydrates  – 10; fat  – 13.2; 
ash – 4.0. Artemia were used primarily during 
the early feeding stages of carp larvae. The 
feeding substrate for Artemia consisted of Spir-
ulina and Chlorella cultures obtained from the 
multitrophic aquaculture system. To obtain 
nauplii, cysts were hydrated at a density of ap-
proximately 3 g L-1. After hatching, aeration was 
discontinued and the nauplii were allowed to 
settle for 5 minutes before being filtered. Stock-
ing density was maintained at 10-12 nauplii 
mL-1 in the rearing tanks.

Study of blood composition. Blood sam-
ples were collected from the caudal vein using 
Pasteur needle and heparinised syringes. Mor-
pho-functional and biochemical parameters 
were determined for cyprinid blood: red blood 

Commercial feed only 
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cell count (RBC), haematocrit (Ht), haemo-
globin (Hb), mean corpuscular volume (MCV), 
mean corpuscular haemoglobin concentration 
(MCHC) and mean corpuscular haemoglobin 
(MCH). Biochemical indices in plasma: total 
protein, albumin, cholesterol, creatinine and 
glucose, were quantified photometrically us-
ing a Humalyzer  3000 biochemical analyser 
(Germany, 2010) with commercial kits (Human 
GmbH, Germany).

Study of ontogenesis. Growth perfor-
mance was assessed through regular biometric 
monitoring of a representative subsample of 
40 fish per group (measurements were taken 
on: 1 – day 0; 2 – day 30; 3 – day 60; 4 – day 90; 
5 – day 120). For each specimen, total length 
and body weight were recorded, and the fol-
lowing indices were calculated: weight gain 
(WG), specific growth rate (SGR), Fulton’s 
condition factor (FC), feed conversion ratio 
(FCR), and survival rate. Furthermore, the liv-
er and viscera of 12 randomly selected fish per 
group were excised and weighed to compute 
the hepatosomatic index (HSI) and visceroso-
matic index (VSI). After dissection, fillets were 
skinned, homogenised, and analysed to deter-
mine muscle composition.

WG, g = Final body weight (g) – 
Initial body weight (g).                (1)

Fulton’s Condition Factor = [body weight (g)/
total length (cm)3] × 100.              (2)

SGR, % = 
=  ��log(final body weight,g)−log(intial body weight,g)

number of feeding days �� × 
× 100  (3)

FCR = total feed consumed per tank biomass 
cyprinids (g) / weight gain (g).           (4)

Survival, % = (number of fish initial / number
of fish final) × 100.                    (5)

The liver and viscera of Cyprinus car-
pio (Linnaeus,  1758) and Hypophthalmichthys  

molitrix / Hypophthalmichthys nobilis from each 
group (12 specimens per tank) were separat-
ed and their weights were measured. HSI and 
VSI (%) were calculated:

HSI, % = [(liver weight (g)/
body weight (g)] × 100.                 (6)

VSI, % = [(viscera weight (g)/
body weight (g)] × 100.                (7)

Study of the chemical composition of carp 
muscle tissue. Biological samples were trans-
ported using a ThermoMix unit (USA). Fillets 
were skinned, homogenised, and prepared for 
the determination of chemical composition. 
The analysis of muscle tissue was performed 
in triplicate. Moisture content was deter-
mined by drying samples at 105°C to constant 
weight. Crude protein was quantified using the 
Kjeldahl method, while ash content was meas-
ured by standard incineration. The fat content 
in muscle tissue was determined using the 
classical gravimetric extraction method with 
organic solvents.

Study of hydrochemical parameters. 
During the entire period of the experiment, the 
hydrochemical regime corresponded to gener-
ally accepted standards for carp with appropri-
ate age characteristics of cyprinids. Water qual-
ity was monitored throughout the experimental 
period using a Palintest 7500 photometer (UK) 
and corresponding reagent kits, following aq-
uaculture guidelines (Yevtushenko & Khyzh-
niak, 2019). Dissolved oxygen, pH, and temper-
ature were measured daily, while ammonium 
(NH4

+), nitrite (NO2
-), and nitrate (NO3

-) con-
centrations were analysed three times per week. 
The rearing environment was maintained with-
in optimal ranges: temperature (22.1-24.2°C), 
dissolved oxygen (5.8-6.1  mg/L), pH  (7.2-7.4), 
NO3

- (1.0-1.2 mg/L), and NO2
- (0.08-0.012 mg/L). 

Measurements were performed using both rapid 
on-site tests and laboratory analyses to ensure 
the reliability of data.



Animal Science and Food Technology. 2025. Vol. 16, No. 4

35Honcharova et al.

Statistical analysis. All data were ex-
pressed as mean  ±  standard deviation (SD). 
Statistical comparisons were conducted using  
one-way analysis of variance (ANOVA). Dif-
ferences between treatments were considered 
statistically significant at p ≤ 0.05 with compar-
isons made relative to the control group.

Results and Discussion
The study of the growth and development of 
cyprinids in ontogenesis demonstrated that 
under the conditions of using elements of 
multitrophic aquaculture in two experimental 
groups (A and B), the parameters were higher 
than the control values (Fig. 4).
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In experimental Group  B, compared with 
the control group, significantly higher values 
of metabolic activity were observed than in 
the other groups. This was reflected in several 
key parameters, including Fulton’s condition 
factor, average body weight, weight gain, and 
feed conversion ratio. At the end of the exper-
imental period, the average body weight of 
carp in Group B exceeded that of the control 
group by 3.4%, WG by 6.9%, and FCR by 14.6% 
(p ≤ 0.05). In experimental Group  A, the aver-
age body weight of carp surpassed the control 
group by 1.21%, WG by 2.9%, and FCR by 9.2%. 

Figure 4. Study of the growth rate of Cyprinus carpio (a) and Hypophthalmichthys molitrix / 
Hypophthalmichthys nobilis (b) in ontogenesis under the influence of technological factors (x ± SD)
Note: 1 – day 0; 2 – day 30; 3 – day 60; 4 – day 90; 5 – day 120
Source: authors’ development
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Overall, carp and silver carp in experimental 
Group B demonstrated more active weight ac-
cumulation and a more efficient utilisation of  
physiological potential compared with Group A 
and the control group (Fig. 5).

At the end of the experiment, the growth 
and development rate indicators in silver carp 
demonstrated higher values in experimental 
Group B compared with both the control and 
experimental Group A. Specifically, the aver-
age body weight exceeded that of the control 
by 7.0% (p ≤ 0.001) and that of Group A by 3.3% 
(p  <  0.01). Weight gain was higher by 6.8% 
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(p ≤ 0.05) and 5.2%, while the feed conversion 
ratio improved by 7.6% (p ≤ 0.001) and 4.9%, 
respectively. Parameters such as the spe-
cific growth rate, viscerosomatic index, and 

hepatosomatic index in carp and silver carp 
were also higher in both experimental groups  
compared with the control group, correlating 
positively with mass accumulation indicators. 

Figure 5. Study of the growth rate of Cyprinus carpio (a)  
and Hypophthalmichthys molitrix / Hypophthalmichthys nobilis (b)

Source: authors’ development

Given that the activity and efficiency of 
physiological and biochemical processes in 
fish are synergistically dependent on the pa-
rameters of homeostatic balance, the mor-
pho-functional composition of blood in ex-
perimental fish was analysed (Fig. 6). The total 
erythrocyte count and haemoglobin content 
were higher in both experimental groups than 
in the control, remaining within the phys-
iological range for cyprinids. The obtained 
results suggest that redox reactions and oxy-
gen-synthesising processes in the organism of 

experimental fish occurred more actively. In 
carp blood, the erythrocyte content in experi-
mental Group A exceeded the control value by 
30.4% (p ≤ 0.05), while in Group B the differ-
ence reached 34.8% (p ≤ 0.05). The haemoglo-
bin concentration and MCH followed a similar 
trend, indicating enhanced oxygen transport 
efficiency and metabolic activity in the ex-
perimental groups. In carp from this group, 
haemoglobin levels exceeded those of the con-
trol by 6.7% (p ≤ 0.01), while MCH values were 
higher by 22.9% (p ≤ 0.05) (Fig. 6).
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a b

Figure 6. Study of the growth rate of Cyprinus carpio (a)  
and Hypophthalmichthys molitrix / Hypophthalmichthys nobilis (b) in ontogenesis  

under the influence of technological factors (x ± SD)
Source: authors’ development
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In experimental Group B, the erythrocyte 
and haemoglobin contents in the blood of sil-
ver carp exceeded those in the control group 
by 25.3% (p ≤ 0.05) and 12.9% (p ≤ 0.05), respec-
tively. In experimental Group A, the average 
erythrocyte count and haemoglobin content 

were also higher than in the control group; 
however, the differences were not statistically 
significant. The concentrations of total protein 
and creatinine, which are indicative of protein 
synthesis, amino acid catabolism, and energy 
metabolism, were higher in all experimental 
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groups compared with the control. The total 
protein content in the serum of carp and sil-
ver carp from experimental Group A exceeded 
that of the control by 17.1% and 4.5%, respec-
tively. In experimental Group B, these param-
eters in silver carp and carp were higher than 
in the control by 15.4% (p  ≤  0.05) and 32.3% 
(p ≤ 0.05), respectively. Correlation analysis of 
parameters with the highest R2 values indi-
cated a synergistic effect of the technological 

factor (natural feed components) on the phys-
iological status of carp and silver carp in both 
experimental groups. However, the values re-
corded in Group B were higher while remain-
ing within the physiological norm for cyprinids 
(Tables 1, 2) A high level of correlation was es-
tablished with the specified parameters, which 
was within the limits of R2  =  0.6-0.9 (A) and 
R2 = 0.8-0.9 (B) (Table 1) and R2 = 0.8-0.9 (A) and 
R2 = 0.7-0.9 (B) (Table 2).

Parameters
Experiment А Experiment В

Cyprinus carpio

creatinine
R2 = 0.7771 R2 = 0.8499

y = 11.588ln(x) + 38.17 y = 8.5236ln(x) + 33.635

total protein
R2 = 0.7954 R2 = 0.8974

y = 8.6543ln(x) – 2.5546 y = 9.2401ln(x) – 4.9808

red blood cell count (RBC)
R2 = 0.5797 R2 = 0.863

y = 9.0266ln(x) + 13.935 y = 13.333ln(x) + 8.307

haemoglobin (Hb)
R2 = 0.8661 R2 = 0.9112

y = 54.353ln(x) – 213.49 y = 68.903ln(x) – 281.65
Hypophthalmichthys molitrix / Hypophthalmichthys nobilis

creatinine
R2 = 0.8151 R2 = 0.9468

y = 9.9406ln(x) + 37.235 y = 5.72ln(x) + 33.25

total protein
R2 = 0.7127 R2 = 0.9169

y = 15.566ln(x) – 29.031 y = 13.652ln(x) – 22.257

red blood cell count (RBC)
R2 = 0.8934 R2 = 0.8787

y = 6.5648ln(x) + 19.968 y = 10.044ln(x) + 15.077

haemoglobin (Hb)
R2 = 0.9396 R2 = 0.7785

y = 57.569ln(x) – 230.12 y = 8.4743ln(x) – 9.7891

Table 1. Coefficient of determination of mass accumulation  
and blood parameters of carp in polyculture

Source: developed by the authors

Parameters
Experiment А Experiment В

Cyprinus carpio

Body weight ↔ protein in muscle 
tissue

y = 82.287ln(x) + 201.74 y = 31.112ln(x) + 60.316
R2 = 0.7697 R2 = 0.9376

Moisture ↔ fat in muscle tissue
y = 34.912ln(x) + 145.98 y = 11.483ln(x) + 44.467

R2 = 0.7517 R2 = 0.7026

Cholesterol in the blood ↔ fat in 
muscle tissue

y = 4.2002ln(x) + 15.481 y = 3.2918ln(x) + 10.727
R2 = 0.7855 R2 = 0.6591

Hypophthalmichthys molitrix / Hypophthalmichthys nobilis

Body weight ↔ protein in muscle 
tissue

y = 54.587ln(x) + 131.24 y = 28.289ln(x) + 54.84
R2 = 0.8991 R2 = 0.8748

Table 2. Coefficient of determination of parameters of chemical composition of muscle tissue  
and indicators of mass accumulation and blood of carp in polyculture
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After analysing the leading parameters of 
protein and carbohydrate metabolism, was not-
ed the positive effect of the technological fac-
tor with elements of multitrophic aquaculture 
on the blood composition of cyprinids. At the 

same time, in the blood of carp and silver carp, 
the creatinine concentration in experimental 
Group B significantly exceeded the value in the 
control by 30% p ≤ 0.05 and by 32% p ≤ 0.05, re-
spectively (Tables 3, 4).

Source: developed by the authors

Parameters
Experiment А Experiment В

Cyprinus carpio

Moisture ↔ fat in muscle tissue
y = 11.028ln(x) + 44.954 y = 21.7ln(x) + 91.032

R2 = 0.9532 R2 = 0.8625
Cholesterol in the blood ↔ fat in 

muscle tissue
y = 1.6325ln(x) + 3.9733 y = 2.6439ln(x) + 7.9951

R2 = 0.9762 R2 = 0.9029

Note: *0.05 (p ≤ 0.05); **0.01 (p ≤ 0.01); ***0.01 (p ≤ 0.001); MCV – mean corpuscular volume; MCH – mean 
corpuscular haemoglobin; MCHC – mean corpuscular haemoglobin concentration
Source: developed by the authors

Table 2. Continued

Parameters
Groups

Control Experiment А Experiment В
Red blood cell count, T/L 2.967 ± 0.680 3.870 ± 0.583* 4.001 ± 0.5195*

Haemoglobin content, g/L 82.333 ± 1.962 82.073 ± 2.848 87.833 ± 2.295**

MCV, mkm3 124.649 ± 36.541 104.453 ± 30.058 102.903 ± 19.819
MCH, pg 28.912 ± 6.278 21.715 ± 4.159* 22.294 ± 3.1900*

MCHC, % 23.839 ± 3.810 21.493 ± 4.117 22.048 ± 3.675
Glucose, μmol/L 97.983 ± 12.001 102.117 ± 13.206 110.708 ± 12.4708

Total protein, g/L 23.667 ± 1.838 27.733 ± 5.495 31.317 ± 5.9975*

Creatinine, μmol/L 0.347 ± 0.033 0.355 ± 0.054 0.451 ± 0.0890*

Cholesterol, mg/dL 114.983 ± 5.115 112.400 ± 4.767 113.967 ± 2.658

Table 3. Functional status of the Cyprinus carpio organism under the influence  
of the feed factor under the conditions a modular multitrophic aquaculture system, (x ± SD)

Table 4. Functional status of the organism Hypophthalmichthys molitrix /  
Hypophthalmichthys nobilis under the influence of the feed factor  

under the conditions a modular multitrophic aquaculture system, (x ± SD)

Parameters
Groups

Control Experiment А Experiment В
Red blood cell count, T/L 3.190 ± 0.655 3.613 ± 0.763 3.998 ± 0.3907*

Haemoglobin content, g/L 86.117 ± 4.144 88.980 ± 2.428 97.233 ± 10.7306*

MCV, mkm3 122.231 ± 33.935 114.652 ± 24.598 105.798 ± 21.2466
MCH, pg 27.841 ± 4.984 25.680 ± 6.050 24.347 ± 1.7034
MCHC, % 23.547 ± 4.512 22.771 ± 4.588 23.692 ± 4.3003

Glucose, μmol/L 102.745 ± 7.820 111.750 ± 11.401 115.398 ± 12.7321
Total protein, g/L 37.033 ± 4.371 38.717 ± 8.007 42.750 ± 4.0412*

Creatinine, μmol/L 0.363 ± 0.038 0.409 ± 0.061 0.478 ± 0.0856*

Cholesterol, mg/dL 91.300 ± 4.839 90.883 ± 3.311 88.533 ± 3.168

Note: *0.05 (p ≤ 0.05); **0.01 (p ≤ 0.01); ***0.01 (p ≤ 0.001)
Source: developed by the authors
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In carp that received natural feed com-
ponents within the multitrophic aquaculture 
system in experimental Group A and Group B, 
the concentrations of glucose, creatinine, and 
cholesterol in the blood differed from those ob-
served in the control group. At the same time, 
the correlation between the biochemical com-
position of the muscle tissue and that of the 
blood exhibited a high R2 value (Tables  1, 2). 
From a physiological and biochemical perspec-
tive, these findings were consistent with the 
activation of compensatory mechanisms within 
the cyprinid organism.

Modern scientific and applied research in-
creasingly demonstrated the relevance of com-
bined systems in aquaculture, with particular 
emphasis on their environmental friendliness 
(Dyudyaeva, 2021). Experimental findings pub-
lished by various researchers highlighted the 
growing recognition of the multitrophic ap-
proach in aquaculture (Can & Seyhaneyildiz 
Can, 2023). The importance of reducing nutrient 
emissions into the environment and rationally 
utilising the potential of such systems was em-
phasised. However, investigations in this area, 
particularly those concerning marine bioreme-
diation, remained largely at the pilot stage. Anal-
ysis of the available publications indicated that 
the majority of multitrophic systems were de-
veloped under conditions of predominantly ma-
rine aquaculture, whereas land-based systems of 
this type exhibited greater efficiency compared 
with open-water systems (Batır  et al.,  2025).

A combined approach in aquaculture met 
the modern requirements of the industry. One 
of its notable advantages was the potential to 
reduce the use of fishmeal and fish oil in aqua-
culture diets (Cao  et al.,  2018; Harmantepe & 
Yılmaz, 2025). Previous research confirmed the 
positive effects of incorporating Spirulina and 
Chlorella (for example, replacing up to 25% of 
fishmeal) in Cyprinus carpio diets, resulting in 
enhanced growth, nutrient conversion, and di-
gestive enzyme activity. General physiological 

parameters of the blood, as well as the immuni-
ty and resistance of juveniles, improved accord-
ingly. The studies of H. Sabetmand et al. (2024) 
also demonstrated an increase in growth rate 
and immune response (p  <  0.05), alongside a 
reduction in the feed conversion ratio, when 
Spirulina  sp. and citric acid were used in carp 
diets. The influence of natural components on 
these parameters was similarly confirmed ex-
perimentally in the present study.

According to A.  van Huis  (2020), increas-
ing attention in aquaculture was directed to-
wards the use of the black soldier fly (Hermetia 
illucens) as a component capable of converting 
organic waste into nutritionally valuable feed 
ingredients, thereby enhancing the organism’s 
metabolic activity. In the present experiment, 
the total protein level in the blood of cyprinids 
in the experimental groups increased simulta-
neously with protein accumulation in muscle 
tissues. This could be attributed to elevated 
protein synthesis and stimulated amino acid 
metabolism in fish receiving natural feed sup-
plements. Meanwhile, cholesterol levels in the 
blood of the experimental fish were lower than 
those in the control and other experimental 
groups, which was also reflected in the reduced 
lipid content of the muscle tissue. A positive 
correlation was therefore established between 
body weight and blood composition parame-
ters of cyprinids. Similar results were reported 
by P. Bryant & A. Matty (1980) and V. Serra et 
al. (2024), who demonstrated improved health, 
welfare, growth performance, and fillet quality 
in fish. These findings were further supported 
by research demonstrating enhanced product 
quality and sustainable protein utilisation in 
aquaculture diets (D’Souza et al., 2006; Hua et 
al.,  2019). S.  Maiolo  et al.  (2020) highlighted 
the practical significance of using natural pro-
tein-enriched components as alternative ener-
gy sources within environmentally sustainable 
production systems. Such approaches facili-
tated the development of aquaculture while 
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simultaneously reducing environmental pres-
sure, thereby contributing to the sustainable 
development of the industry. The findings of 
R. Chaklader et al. (2019) further substantiated 
that metabolic processes in aquatic organisms 
could be modified through dietary optimisa-
tion. The rational use of resources in aquacul-
ture, alongside consideration for ecosystem 
balance and biodiversity, was confirmed by 
both scientific and applied studies in this field 
(Samarathunga et al., 2023; Parsa Khanghah & 
Can,  2024). In addition to optimising techno-
logical processes in aquaculture, particular at-
tention was devoted to feeding strategies and 
multitrophic production models.

Recent studies revealed positive effects of 
herbal preparations, beneficial bacteria, and 
probiotics on the general physiological condi-
tion of aquatic organisms. Positive findings in 
aquaculture and biotechnology literature em-
phasised the synergistic potential of such nat-
ural components. Furthermore, the implemen-
tation of integrated aquaculture management 
systems substantially increased production ef-
ficiency compared with traditional approaches 
and farming models.

Conclusions
The application of the proposed modular sys-
tem incorporating elements of multitrophic aq-
uaculture contributed to the production of aq-
uaculture outputs that were as close as possible 
to environmentally friendly and safe standards. 
This effect was attributed to the use of natural 
components cultivated autonomously within a 
single modular system, which allowed full con-
trol of cultivation conditions and quality param-
eters throughout the entire production cycle. 
The integration of components with different 
trophic levels within the system provided a syn-
ergistic effect that promoted the rational use of 
resources. The inclusion of carp-based compo-
nents as supplementary feed in experimental 
Group B resulted in higher developmental rates 

during ontogenesis. Overall, improvements in 
physiological and biochemical processes were 
observed in comparison with other experi-
mental groups. The multitrophic system model 
demonstrated a high potential for stimulating 
crustacean development. Compared with the 
control group, the actual performance indi-
cators in experimental Group A and Group B 
were higher, with Group B showing the most 
pronounced improvement. Increases relative to 
the control were recorded as follows: average 
body weight (1.21-7%), weight gain (2.9-6.9%),  
and feed conversion ratio (4.9-14.6%). In par-
allel, the blood composition of fish in the ex-
perimental groups improved, particularly in 
haematopoietic and protein-synthesising func-
tions. The total number of erythrocytes and 
haemoglobin content increased by 13-36% and 
3-13%, respectively, compared with the control. 
Total protein content increased by 5-32%. Cor-
relation analysis confirmed strong relationships 
among the studied parameters (R2  =  0.7-0.9). 
Future research should focus on a more detailed 
analysis of the biochemical composition of fish 
muscle tissue under the influence of technolog-
ical factors, along with a comprehensive histo-
morphological evaluation.
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Анотація. Метою дослідження було визначення впливу та аналіз ефективності 
використання технологічних факторів для формування їх синергічного ефекту при 
годівлі та вирощуванні молоді коропових риб. Дослідження базувалося на теоретичних 
та експериментальних лабораторних методах у рибництві. Результати дослідження 
продемонстрували, що альтернативні джерела білка (Spirulina platensis, Artemia та Hermetia 
illucens), включені до інтегрованої мультитрофічної системи аквакультури (MTA), значно 
покращують темпи росту та зменшують залежність від традиційних кормів. Культивування 
всіх компонентів в єдиній системі MTA забезпечувало максимальний контроль над якісними 
та кількісними характеристиками протягом усього циклу. Результати продемонстрували 
підвищення життєздатності організму молоді коропових риб, покращення складу їхньої 
крові в дослідних групах А та В. Однак, група В продемонструвала вищі якісні та кількісні 
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параметри, що характеризувалося активацією гомеостатичної регуляції та процесів 
кровотворення. Покращення гематологічного профілю, маси тіла та складу м'язової 
тканини тісно корелювало з параметрами активації білкового та вуглеводного обміну та 
прискоренням онтогенезу. Риби в дослідних групах відрізнялися кращими параметрами, 
що визначають накопичення маси, метаболічні процеси (WG, FCR, HSI, VSI). Позитивна 
висока кореляція була зафіксована в дослідних групах А та В: маса тіла ↔ білок у м'язовій 
тканині (R2  =  0,8-0,9); холестерин у крові ↔ жир у м'язовій тканині (R2  =  0,8-0,7). В 
дослідній групі А: у крові коропа Cyprinus carpio (Linnaeus, 1758) зафіксовано вищий вміст 
еритроцитів та загального білка (p ≤ 0,05). У крові коропа Cyprinus carpio (Linnaeus, 1758) 
групи В: вміст еритроцитів, MСН, загального білка, креатиніну (p ≤ 0,05) та гемоглобіну (Hb) 
(p ≤ 0,01) перевищував контрольну групу. У крові товстолобика Hypophthalmichthys molitrix 
/ Hypophthalmichthys nobilis групи В: вміст еритроцитів, Hb, загального білка та креатиніну 
(p ≤ 0,05) перевищував контрольну групу. Найкращий біохімічний склад м’язової тканини 
зафіксовано у риб з дослідних груп А та В

Ключові слова: годівля; вирощування; коропові; фізіолого-біохімічні процеси; 
мультитрофність; рециркуляційні системи
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Abstract. Agro-industrial and agricultural by-products can be converted into high-quality feed by 
ruminants. Jengkol (Archidendron jiringa) peel is an agricultural by-product characterised by a high 
crude fibre content. The aim of this study was to evaluate whether jengkol peel could be used as a 
substitute for native grass as a fibre source for ruminants. The variables investigated were rumen 
methane prediction, microbial population, and blood metabolites in sheep. The experiment used 
15 male sheep with body weights ranging from 15 to 27 kg in a randomised complete block design 
with three treatments (0.0%, 15.0%, and 22.5% jengkol peel substitution) and five replications. 
Substituting native grass with up to 22.5% jengkol peel did not adversely affect (p > 0.05) the total 
bacterial population, nor did it alter (p  >  0.05) methane prediction, but it reduced (p  <  0.05) the 
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Introduction
The utilisation of agricultural by-products, in-
cluding crop residues, agro-industrial by-prod-
ucts, and other fibrous materials as livestock 
feed, represents a sustainable strategy to ad-
dress the limited availability of conventional 
feed resources. These by-products, which are 
typically indigestible by non-ruminants, of-
ten retain considerable nutritional value and 
can be effectively digested by ruminants due 
to their unique rumen microbial fermentation 
system (Kazemi, 2025). According to E. Unger-
feld et al. (2023), the rumen harbours a complex 
community of bacteria and protozoa, which 
digest and ferment the different chemical frac-
tions in agricultural by-products into volatile 
fatty acids as an energy source. N.  Hidayah  et 
al. (2019) reported that one such underutilised 
by-product is jengkol (Archidendron jiringa) 
peel, which contains high levels of crude fi-
bre (3.07-35.28%) and total digestible nutri-
ents (TDN) (15.17-19.26% and 63.87-65.82%), 
demonstrating its potential as ruminant feed.

The Archidendron jiringa (Jack) I.C. Nielsen 
plant, commonly known as jengkol, is a spe-
cies in the Archidendron genus of the Fabaceae 
family. This plant contains biologically active 
secondary metabolites that can be used to treat 
cancer, kill bacteria and fungi, and act as antiox-
idants (Noviany et al., 2022). The plant typically 
reaches a height of 25 metres with smooth, grey 
bark, and usually grows in communal gardens 
and forests. The coiled pods that hang from the 
tree’s branches contain three to nine beans per 
pod. Phytochemical screening has revealed the 
presence of alkaloids, steroids, triterpenoids, 

glycosides, saponins, flavonoids, and tannins 
in jengkol (Noviany et al., 2021). According to 
A. Singh et al. (2024), saponins improve rumen 
fermentation by enhancing microbial protein 
synthesis and nutrient digestibility. K.  Lore-
gian  et al.  (2023) stated that tannins bind to 
dietary proteins, reducing protein degradation 
in the rumen and improving protein utilisation. 

The availability of native grasses, which 
serve as a primary fibre source for ruminants, 
is often inconsistent, particularly during dry 
seasons. This has led to an increasing need for 
alternative fibre sources that are locally avail-
able, cost-effective, and nutritionally suitable. 
A.  Onyango  et al.  (2019) stated that utilising 
local supplementary feedstuffs can help com-
pensate for nutritional deficiencies during dry 
seasons. Jengkol peel, commonly discarded as 
waste, holds potential as a substitute for tradi-
tional fibre sources in ruminant diets. Previous 
in vitro evaluations have shown that incorpo-
rating jengkol peel can enhance total volatile 
fatty acid (VFA) production and increase NH₃ 
concentration, both of which are important for 
energy supply and microbial protein synthesis, 
ultimately supporting livestock productivity. 
However, scientific data on the effects of jeng-
kol peel substitution on rumen fermentation, 
methane prediction, microbial populations, 
and blood metabolites in in vivo studies remain 
limited. This study aimed to evaluate the po-
tential of jengkol peel as a substitute for native 
grass in sheep diets by examining its effects on 
methane prediction, rumen microbial popula-
tions, and blood metabolites. The findings were 

protozoal population by 13.95% compared with the control, likely due to the saponin content of the 
peel. Moreover, substitution up to 22.5% did not negatively influence (p > 0.05) key blood metabolites 
such as glucose, cholesterol, triglycerides, and high-density lipoproteins (HDL). It was concluded that 
jengkol peel can be substituted for native grass at levels up to 22.5% without detrimental effects on 
blood health or rumen bacterial populations, while reducing protozoal numbers 

Keywords: in vivo study; jengkol by-product; native grass; rumen ecosystem; ruminants
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expected to contribute to a scientific basis for 
the sustainable use of jengkol peel as an alter-
native fibre source in ruminant nutrition.

Materials and Methods
This study was conducted at the Animal Sci-
ence Faculty, IPB University, Bogor farm from 
September to November  2019. The experiment 
included 15  male sheep weighing 15-27  kg. 
These sheep were allocated into three treat-
ment groups (n  =  5 per group) based on their 
live weight (LW) and arranged in a randomised 
complete block design. The sheep were housed 
in individual pens with a temperature of  
25-27°C and humidity of 70-72%. Pen lamps 
were operated on a 12-hour light/dark cycle. 
The treatments were as follows: T1 = 40% con-
centrate (C) + 60% native grass (NG), T2 = 40% 
C + 45% NG + 15% jengkol peel (JP), and T3 = 40% 
C + 37.5% NG + 22.5% JP. The concentrate con-
tained 10-11% crude protein and 56-60% total 
digestible nutrients, and was composed of rice 

bran, tapioca industry by-product, molasses, 
copra meal, NaCl, CaCO₃, urea, and premix (Ta-
bles 1, 2). The nutrient content of the concen-
trate was determined according to AOAC (2000) 
methods. The jengkol peel powder was prepared 
by sun-drying fresh jengkol peel for 3-4 days un-
til its weight stabilised, after which it was ground 
into powder. Jengkol peel was collected from 
market waste. Based on dry matter (DM), this 
peel powder contained ash (3.32%), crude pro-
tein (8.16%), ether extract (0.72%), crude fibre 
(34.18%), nitrogen-free extract (53.64%), total 
digestible nutrients (52.19%), saponin (35.13%), 
and tannin (1.43%). Each sheep received 3.5-
4.0% of its body weight as daily feed ration, 
provided twice daily: concentrate at 08:00 and 
13:00, and chopped native grass (5-8  cm) at 
10:00 and 15:00. Clean water was provided ad 
libitum. The in vivo experiment lasted 45 days in 
total, comprising 10 days for adaptation, 35 days 
for the treatment period, and 14  days for total 
collection at the end of the treatment period.

Treatments T1 T2 T3
Native grass 60 45 37.5
Jengkol peel 0 15 22.5
Rice brand 5 6 9

Cassava by-product 8 9 9
Molasses 8 8 8

Copra meal 15 13 10
NaCl 1 1 1

CaCO3 1.5 1.5 1.5
Urea 1 1 1

Premix 0.5 0.5 0.5
Total (%) 100 100 100

Table 1. Feed formulation (% dry matter)

Table 2. Nutrition content native grass substitution with jengkol (A. jiringa) peel (% DM)

Note: T1 = 40% concentrate (C) + 60% native grass (NG); T2 = 40% C + 45% NG + 15% jengkol peel (JP); T3 = 40% 
C + 37.5% NG + 22.5% JP
Source: compiled by the authors

Ingredient (%) T1 T2 T3
Ash 10.54 8.41 7.63

Ether extract 3.08 1.84 2.19
Crude protein 11.12 10.74 11.11

Crude fibre 22.93 24.32 23.58
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Before morning feeding on the final days of 
the entire collection period, rumen fluid was col-
lected from each sheep using a vacuum pump for 
volatile fatty acid and rumen microbial analysis. 
The molar proportion of VFA was determined 
using gas chromatography (GC 8A, Shimadzu 
Corp., Kyoto, Japan; capillary column contain-
ing 10% SP-1200, 1% H₃PO₄ on 80/100 Chro-
mosorb WAW, with nitrogen as the carrier gas) 
according to the method described by A. Moss et 
al.  (2000). Methane production was estimat-
ed using the following formula based on molar 
proportions of VFA: CH₄ = 0.45 acetate – 0.275 
propionate + 0.40 butyrate. The protozoa pop-
ulation was quantified under a 40 × microscope 
using a Fuchs-Rosenthal counting chamber 
(4  mm × 4  mm × 0.2  mm) from a rumen liquid 
sample (0.5 mL) mixed with 2 mL methyl green 
formaldehyde saline solution. The total bacterial 
population was enumerated using the method 
described by K. Ogimoto & S.  Imai  (1981) with 
BHI media and the roller tube technique.

Blood samples were collected the day 
before rumen fluid sampling from the jugu-
lar vein using a Venoject needle and sterile 
tubes containing ethylenediaminetetraacetic 
acid (EDTA) as an anticoagulant (3.00  mL, BD 
Vacutainer, Plymouth, Devon, UK) before morn-
ing feeding. Blood metabolite analysis included  

glucose (mg/dL), cholesterol (mg/dL), triglyc-
erides (mg/dL), and high-density lipoprotein 
(HDL) (mg/dL) levels, determined using pho-
tometry techniques with a blood haematolo-
gy analyser (Photometer Microlab  300, Vital 
Scientific, USA). Data were statistically ana-
lysed using analysis of variance (ANOVA), and 
Duncan’s multiple range test was employed 
to examine differences between treatment 
means. Statistical analysis was conducted us-
ing IBM SPSS Statistics version 26. The study 
was approved by the Ethics Committee of the 
Institute of Research and Community Ser-
vice, IPB University, Bogor (approval number:  
155-2019  IPB). All experimental procedures 
were conducted in accordance with the princi-
ples outlined by FASS (2010).

Results and Discussion
The substitution of native grass with jengkol 
peel at levels up to 22.5% did not adversely af-
fect the total bacterial population or predicted 
methane production, yet it significantly reduced 
(p < 0.05) the protozoal population by 13.95% 
compared with the control (Table 3). This indi-
cates that the inclusion of jengkol peel did not 
impair overall rumen microbial fermentation 
activity, which is essential for maintaining nor-
mal rumen function and nutrient digestibility.

Ingredient (%) T1 T2 T3
Nitrogen-free extract 52.32 54.70 55.49

Total digestible nutrient 60.24 56.81 59.07

Note: T1 = 40% concentrate (C) + 60% native grass (NG); T2 = 40% C + 45% NG + 15% jengkol peel (JP); T3 = 40% 
C + 37.5% NG + 22.5% JP
Source: compiled by the authors

Note: T1 = 40% concentrate (C) + 60% native grass (NG); T2= 40% C + 45% NG + 15% jengkol peel (JP); T3 = 40% 
C + 37.5% NG + 22.5% JP
Source: compiled by the authors

Table 2. Continued

Treatments Methane production (%) Protozoa  
(log cell/mL)

Total bacteria  
(log cell/mL)

T1 6.06±0.24 5.95b±0.06 7.79±1.68
T2 6.20±0.16 5.21a±0.14 8.48±1.16
T3 6.24±0.23 5.12a±0.16 6.85±1.18

Table 3. Correlation coefficients between ECM and other studied characteristics (n = 595)
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Notably, the observed 13.95% reduction in 
protozoal numbers is consistent with the known 
defaunating action of saponins. N.  Hidayah  et 
al.  (2019) reported that jengkol peel contains 
26.52% saponin, a level considerably higher 
than that found in the leaves (13.79%). Sapo-
nins form complexes with sterols in protozoal 
cell membranes, thereby increasing membrane 
permeability, disrupting cellular homeostasis, 
damaging cell walls, and ultimately causing ly-
sis (Wallace et al., 2002). M. Chen et al.  (2019) 
demonstrated that the steroidal saponin 1688-1  
interacts with cholesterol-containing lipid 
membranes composed of mixed liquid-ordered 
(Lo) and liquid-disordered (Ld) phases, induc-
ing membrane defects and the formation of 
small aggregates on the membrane surface. 
A.  Kholif  (2023) further noted that, in the ru-
men, saponins act as membrane-permeabilis-
ing, immunostimulating, hypocholesterolae-
mic, and defaunating agents that modulate 
ruminal fermentation. It is also well document-
ed that saponins can provoke cell rupture, se-
lectively eliminate ruminal protozoa, and inter-
act with cholesterol in cell membranes, thereby 
improving nitrogen-use efficiency and poten-
tially enhancing overall ruminant performance.

Protozoa are known to contribute to enteric 
methane production in the rumen owing to their 
symbiotic relationship with methanogenic ar-
chaea. Nevertheless, the observed reduction in 
protozoal numbers did not lead to a correspond-
ing decrease in predicted methane emissions. 
This suggests that, at the inclusion levels tested, 
jengkol peel did not contain sufficient concen-
trations of active compounds to suppress meth-
anogenesis directly, that compensatory micro-
bial pathways maintained methane output, or 
that saponins are more effective against proto-
zoa than against methanogenic archaea. Con-
sistent with this, an in vitro study by A. Patra et 
al.  (2012) showed that supplementation with 
Quillaja (QSP) or Yucca (YSP) saponins at 0-0.6 
g/L did not alter the archaeal community. Sim-
ilarly, A.  Patra & Z.  Yu  (2014) reported that  

saponins (0.6  g/L), either alone or combined 
with nitrate (5 mM) and sulphate (5 mM), failed 
to reduce populations of total bacteria, Rumino-
coccus albus, or methanogenic archaea. A me-
ta-analysis by M.  Ridla  et al.  (2021) indicated 
that saponins generally reduce methane emis-
sions, but their effects on methanogen popula-
tions are inconsistent across studies. Combina-
tions of saponins with other compounds, such 
as nitrate, have been shown to produce sub-
stantially greater reductions in both methane 
production and methanogen abundance than 
saponins alone (Wu et al., 2019).

The absence of methane mitigation in 
the present study may also be attributable to 
the low tannin concentration in jengkol peel 
(1.43%  DM), which was insufficient to inhibit 
methanogenic archaea or redirect metabolic 
pathways away from methanogenesis. Meth-
anogenic archaea (commonly termed meth-
anogens) are a unique group of anaerobic 
microorganisms that produce methane as a 
by-product of their energy metabolism (Wag-
ner et al., 2025). A. Jayanegara et al. (2018) re-
ported that tannins can directly reduce meth-
ane production by inhibiting methanogenic 
archaea. A. Scalbert (1991) showed that tannin 
monomers such as pyrogallol, gallic acid, and 
tannic acid are toxic to methanogens. How-
ever, G.  Wischer  et al.  (2013), evaluating ten 
tannin sources (chestnut, mimosa, myrabolan, 
quebracho, sumach, tara, valonea, oak, cocoa, 
and grape seed), found that only extracts with 
very high total tannin content (chestnut ≥ 76%, 
sumach ≥  62%, valonea ≥  67%) significantly 
lowered methane production, whereas others 
did not. Similarly, A.  Cieslak  et al.  (2016) ob-
served that Sanguisorba officinalis tannin ex-
tract (451 mg g⁻¹ total tannins) reduced meth-
ane only at the highest inclusion level (100 mg 
per feed portion of 60% meadow hay and 40% 
barley meal). These findings demonstrate that 
the efficacy of tannins in suppressing methane 
varies considerably with concentration, source, 
chemical structure, and molecular weight.
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Other rumen fermentation characteristics 
reported by N. Hidayah et al. (2020) showed that 
the treatments had no effect on ruminal pH 
(6.06 vs. 6.24) or NH₃ concentration (14.99 vs. 
18.35 mM) but reduced total VFA concentration 
(103.23 vs. 68.90 mM) compared with the con-
trol. The lower total VFA is likely explained by 
the higher acid-detergent fibre (ADF) content of 
jengkol peel (40.84-43.78% DM) relative to na-
tive grass (30.12-41.08% DM). X. Xie et al. (2018) 
reported that diets containing corn stover with 
higher ADF (37.2%  DM) produced lower total 
VFA (62.0, 61.2, and 57.0 mM at 3, 6, and 24 h 
post-feeding, respectively) than diets based on 
corn silage and alfalfa with lower ADF (19.6% 
DM; total VFA 89.7, 93.8, and 63.4  mM) in Hu 
sheep. Similarly, B. Ma et al. (2022) found that in-
creasing dietary ADF from 16.65% to 29.17% DM 
significantly decreased total VFA from 146.61 
to 130.43 mM in Chinese black Tibetan sheep. 
Despite the reduction in total VFA, substitution  

of jengkol peel up to 22.5% did not impair sheep 
performance (Hidayah et al., 2020); dry matter 
intake actually increased (746.74 vs. 610.42  g/
head/day), whereas average daily gain (36.67 
vs. 48.00  g/head/day), feed efficiency (5.06 
vs. 7.62%), and final body weight (21.20 vs. 
21.04 kg) remained comparable with the control.

Moreover, substitution up to 22.5% did not 
adversely affect the levels of key blood metab-
olites, including glucose, cholesterol, triglyc-
erides, and HDL (Table  4). This indicates that 
jengkol peel can be used as a partial native 
grass replacement without disrupting the an-
imals’ metabolic health. The stability of glu-
cose levels suggests that energy metabolism 
remained unaffected, whilst consistent choles-
terol and triglyceride levels reflect maintained 
lipid metabolism. The unchanged HDL levels 
further support the notion that the dietary in-
tervention did not elevate lipid transport and 
cardiovascular risk.

Treatments Glucose (mg/dL) Cholesterol (mg/dL) Triglyceride (mg/dL) HDL (mg/dL)
T1 66.49 ± 4.02 38.12 ± 5.08 42.70 ± 12.53 43.29 ± 5.24
T2 58.38 ± 2.71 36.65 ± 7.04 40.64 ± 14.58 40.18 ± 6.26
T3 59.21 ± 9.50 30.18 ± 1.45 32.38 ± 16.41 38.99 ± 6.22

Note: T1 = 40% concentrate (C) + 60% native grass (NG); T2 = 40% C + 45% NG + 15% jengkol peel (JP); T3 = 40% 

C + 37.5% NG + 22.5% JP

Source: developed by the authors

Table 4. Blood metabolite with jengkol peel substitution

These data are consistent with those re-
ported by N. Hidayah et al. (2020), where jeng-
kol peel substitution up to 22.5% did not disturb 
sheep performance. Although this treatment 
increased dry matter intake, average daily gain, 
feed efficiency, and final body weight remained 
comparable to the control treatment. This indi-
cated that jengkol peel inclusion did not cause 
feed refusal by sheep and consequently did 
not decrease performance. The maintenance 
of normal blood metabolite profiles, similar to 
observations by M. Koshchavka et al. (2020) in 
cattle under comfortable conditions, suggests 
that sheep can tolerate the tannin content in 

jengkol peel without compromising palatabil-
ity. S.  Soares  et al.  (2020) stated that tannin 
compounds are widely associated with the or-
ganoleptic properties of astringency and bitter-
ness. C. Ginane et al.  (2011) further explained 
that lingual receptors in ruminants, such as 
sheep, cattle, and goats, detect all five basic 
tastes (sweet, bitter, salty, sour, and umami), 
with bitter taste appearing to have a negative 
hedonic value. Studies by J. Carulla et al. (2005) 
and R.  Eckard  et al.  (2010) reported that add-
ing tannin ≥  50  g/kg dry matter of feed de-
creased dry matter intake and weight gains in 
sheep and cows. In the present research, sheep  
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tolerance to this treatment was likely due to the 
low tannin level in jengkol peel (1.43%). S. Ibra-
him & A. Hassen (2022) reported that a higher 
tannin level than in the present treatment – 2% 
DM unencapsulated Mimosa tannin (contain-
ing 67.76% total tannin) added to total mixed 
ration – did not decrease dry matter intake 
of South African mutton Merino ram lambs. 
A. Pineiro-Vazquez et al. (2015) stated that the 
antinutritional effect of tannins is strongly 
correlated with their level of inclusion. Sheep 
can neutralise tannin astringency by secret-
ing salivary proteins rich in proline (Frutos et 
al., 2004). C. Ginane et al. (2011) also reported 
that cows possess fewer genes coding for bitter 
receptors than other mammals, rendering them 
less tolerant of this taste.

The blood metabolite results in this study 
are similar to findings reported by A.  Oni  et 
al.  (2017), where supplementing cassava peels 
with cassava leaves and cowpea haulms at differ-
ent ratios (700:100:175  (T1); 500:200:275  (T2); 
300:300:375 (T3); and 100:400:475 (T4) g/kg DM)  
did not alter blood metabolites of West African 
dwarf goats. This study suggests that cassava 
peel can be a viable feed component without ad-
verse effects on blood health. In another study, 
S. Shilwant et al. (2023) investigated the impact 
of a saponin- and polyphenolic-rich composite 
plant extract (CPE) (seed, root, bark, and peel 
from different plants) at 20 g/kg diet on blood 
profiles in lactating Beetal goats. The results 
showed that CPE supplementation did not sig-
nificantly affect plasma concentrations of glu-
cose, triglycerides, cholesterol, total protein, al-
bumin, or the albumin-to-globulin ratio. In this 
regard, it can be stated that the substitution of 
native grass with jengkol peel up to 22.5% did 
not negatively affect blood health or the rumen 
microbial community of sheep. Sheep perfor-
mance also remained within safe and satisfacto-
ry parameters. This indicates that jengkol peel 
up to 22.5% has the potential to be used as a 
fibre source to substitute native grass in sheep 
diets. Future research should examine the same 

treatment in other ruminants and assess meat 
quality variables. Furthermore, continued re-
search into jengkol peel as an extract product 
is warranted, as this material contains bioactive 
compounds that could potentially be used as 
a ruminant feed additive to decrease methane 
emissions and increase ruminant productivity.

Conclusions
The results obtained from this study demon-
strate the effects of substituting native grass 
with jengkol (Archidendron jiringa) peel as a fi-
bre source for ruminants. The findings showed 
that the substitution of native grass with jeng-
kol peel up to 22.5% did not adversely affect 
(p > 0.05) the total bacterial population, whilst 
significantly decreasing (p < 0.05) the protozoa 
population by 13.95% compared with the con-
trol, although it did not alter (p > 0.05) meth-
ane prediction. The reduction in protozoa may 
be attributed to the saponin content in jengkol 
peel. Moreover, substitution up to 22.5% did 
not adversely affect (p > 0.05) the levels of key 
blood metabolites, including glucose, choles-
terol, triglycerides, and high-density lipopro-
tein. These findings indicate that jengkol peel 
substitution up to 22.5% maintained blood me-
tabolite concentrations and total bacterial pop-
ulations whilst selectively reducing protozoal 
numbers by 13.95%, without affecting methane 
production. The selective antiprotozoal effect 
observed, combined with the maintained ru-
men bacterial populations and normal blood 
metabolite profiles, suggests that jengkol peel 
represents a viable alternative fibre source that 
does not compromise animal health or rumen 
function. It is concluded that jengkol peel can 
be used at levels up to 22.5% as a substitute for 
native grass in sheep diets without negatively 
affecting blood health or rumen bacterial com-
munities. Future research should examine the 
same treatment in other ruminant species and 
assess meat quality parameters. Furthermore, 
continued investigation into jengkol peel as an 
extract product is warranted, as this material 
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contains bioactive compounds that could po-
tentially be utilised as a ruminant feed additive 
to mitigate methane emissions and enhance ru-
minant productivity.
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Вироблення метану в рубці, мікробна популяція  
та метаболіти крові овець за годівлі шкіркою дженголу  
(Archidendron jiringa) як замінником природної трави
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Анотація. Агропромислові та сільськогосподарські побічні продукти можуть бути 
перетворені жуйними тваринами на високоякісний корм. Шкірка дженголу (Archidendron 
jiringa) є сільськогосподарським побічним продуктом із високим вмістом сирої клітковини. 
Метою цього дослідження було оцінити, чи може шкірка дженголу використовуватися як 
замінник природної трави як джерело клітковини для жуйних тварин. Досліджуваними 
змінними були прогноз утворення метану в рубці, мікробна популяція та метаболіти 
крові овець. В експерименті використовували 15 баранів масою тіла від 15 до 27 кг у 
рандомізованому блочному дизайні з трьома варіантами годівлі (0,0 %, 15,0 % і 22,5 % 
заміни шкіркою дженголу) та п’ятьма повтореннями. Заміна природної трави шкіркою 
дженголу до рівня 22,5  % не впливала негативно (p  >  0,05) на загальну бактеріальну 
популяцію та не змінювала (p > 0,05) прогноз утворення метану, але зменшувала (p < 0,05) 
чисельність найпростіших на 13,95 % порівняно з контролем, ймовірно, завдяки наявності 
сапонінів у шкірці. Крім того, заміна до 22,5 % не мала негативного впливу (p > 0,05) на 
ключові метаболіти крові, такі як глюкоза, холестерин, тригліцериди та ліпопротеїни 
високої щільності (HDL). Було зроблено висновок, що шкірка дженголу може замінювати 
природну траву до рівня 22,5 % без негативного впливу на стан крові чи бактеріальні 
популяції рубця, одночасно зменшуючи чисельність найпростіших

Ключові слова: дослідження in vivo; побічний продукт дженколу; природні трави; рубцева 
екосистема; жуйні тварини
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Abstract. The modern technological process of starch hydrolysis to fermentable sugars in the ethanol 
production from starch-containing raw materials is based on the use of amylolytic commercial 
enzyme preparations and the application of a low-temperature liquefaction stage for greater process 
efficiency, which significantly affects the final product’s cost. Under such conditions, the search for 
alternative ways to reduce the costs of these technological process’ components and, accordingly, 
the cost of the manufactured product is relevant. The purpose of the study was to investigate the 
use of a commercial mixture of microorganisms, namely alcohol yeast Saccharomyces cerevisiae and 
mould fungus Rhyzopus, as components of the commercial product Angel Leaven for a single-stage 
process of starch hydrolysis and fermentation of higher gravity wort based on starch-containing raw 
materials. The methods and processes for preparing raw materials generally accepted in ethyl alcohol 
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Introduction
Contemporary biotechnological methods for 
producing ethanol from starch-containing raw 
materials are based on the use of exo- and en-
doamylases for the starch hydrolysis to ferment-
able sugars. The use of enzyme preparations in 
practice helped to develop and introduce into 
production low-temperature methods of wa-
ter-heat treatment of starch-containing raw 
materials, which allows saving heat resources, 
although even under such conditions, the costs 
of cooking make up to 10% of the costs of en-
ergy and fuel resources of production, according 
to G. Shmatkova & N. Hubenko (2013). However, 
according to V. Prybylskyi et al.  (2024), the use 
of enzyme preparations (EP) for liquefaction and 
saccharification of starch entails certain finan-
cial costs, which can amount to up to 3% of the 
cost of produced ethanol. An alternative to the 
use of commercial enzyme preparations is the 
organisation of a single-stage technological pro-
cess of hydrolysis and fermentation of starch un-
der conditions of joint cultivation of amylolytic 
enzyme producers and Saccharomycetes yeast.

One variant for co-cultivation is to use a mi-
crobial complex, the predominant components  

of which are mould fungi such as Aspergillus and 
Rhyzopus. Such complexes are a traditional fer-
menting product in countries of Asia, produced 
based on raw materials rich in starch (wheat, 
soybeans, rice) inoculated with strains culti-
vated under controlled temperature and hu-
midity. As mentioned by J. Zhang et al. (2023), 
they are mainly formed into spherical or square 
granules after drying and used as a starter for 
fermentation after grinding. The most common 
component of the mould starter of koji, particu-
larly in Japan, is the fungus Aspergillus oryzae. 
A. oryzae is considered particularly suitable for 
fermentation given its ability to overexpress 
hydrolytic enzymes and degrade complex mole-
cules such as polysaccharides and proteins (All-
wood et al., 2021; Daba et al., 2021). It was also 
confirmed by N. Watarai et al. (2019) that of all 
the studies on microbial pairs for symbiotic cul-
tivation, the most effective pair was Aspergillus 
oryzae and Saccharomyces cerevisiae. 

The basic principles for improving of starch 
fermentation efficiency by direct conversion 
through the symbiotic cultivation of amylolyt-
ic and fermenting organisms were elucidated  

production were used in the studies. The technological mode of single-stage starch hydrolysis and 
sugar fermentation in higher gravity wort by an association of mould fungus and alcohol yeast 
has been experimentally substantiated. It has been established that saccharification and starch 
fermentation by a mixed culture occurs in one stage and almost simultaneously at the temperature of 
30-32°C, which creates prerequisites for energy saving and technological process simplification. The 
energy saving effect is enhanced by fermentation of higher gravity wort, obtained without the stage 
of low-temperature liquefaction, but with the stage of exposure with a proteolytic enzyme for 1 hour 
at the temperature of 50°C. This technological method is effective for a medium with a concentration 
of up to 306.6 g/dm3 of dry matter, which allows getting a wort with an ethanol content of up to 
14.2% v/v. Increasing the concentration of the medium to 350 g/dm3 of dry matter does not allow 
getting the calculated ethanol content in mature wort in a single-stage process and requires further 
research to optimise the fermentation conditions. A set of technological solutions for optimising of 
starch hydrolysis and fermentation process with a mixed culture creates conditions for increasing the 
efficiency of raw materials and improving the energy efficiency of production process 

Keywords: amylolytic enzymes; starch hydrolysis; mature mash; Saccharomyces cerevisiae; 
association of microorganisms
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by the co-culture of Aspergillus niger and Sac-
charomyces cerevisiae by I.  Han & M.  Stein-
berg  (1987), which were further developed 
by many scientists, in particular A.  Drosos  et 
al.  (2021). In South Korea, nuruk starter is 
widely used in the production of traditional 
rice wine. The microbes in the nuruk depend 
on the grain source and the fermentation envi-
ronment, but the main of them essential for the 
fermentation are Saccharomyces cerevisiae, As-
pergillus spp., Lactobacillus spp., Rhizopus spp., 
and Penicillium spp. The α-amylase, β-amylase, 
glucoamylase enzymes produced by Aspergillus 
spp. and Rhizopus spp. are responsible for the 
saccharification of starch, as noted in research 
by B.  Wong  et al.  (2023). Rhizopus and Mucor 
fungi can be used as an alternative to Asper-
gillus in the production of fermented products, 
as stated in research by M. Kim & J. Seo (2021) 
and S. Heo et al. (2023).

The purpose of this study was to investigate 
the technological regimes of the single-stage 
process of saccharification and fermentation 
of starch in increased concentration wort with 
components of microorganisms’ mixed culture 
in the commercial product Angel Leaven in 
comparison with the parameters of processes 
operating in the alcohol industry.

Materials and Methods
The experimental work was carried out from 
March to July 2025 in the Department of Tech-
nologies of Fermentation Products of Institute 
of Food Resources of National Academy of Agrar-
ian Sciences of Ukraine. Physical and chemical 
analyses, including determination of alcohol 
content in wort and content of unfermented 
sugars, were carried out using the equipment 
of the institute’s laboratory certified according 
to DSTU EN ISO/IEC 17025:2019 (2021). Grain 
waste from corn processing obtained from the 
State Enterprise Zarubinsky Distillery, Ter-
nopil region, Ukraine, was used as a raw ma-
terial for fermentation. The raw material was 
characterised by the following parameters: dry 

matter content – 85.6 ± 0.24%, starch content – 
59.5  ±  0.10%, moisture content  – 14.4  ±  0.1%. 
The commercial product Angel Leaven (Angel 
Yeast Co., Ltd, China), containing Saccharo-
myces cerevisiae alcohol yeast, Rhizopus mould 
fungi enriched with an additional enzyme com-
plex, was used as a producer for single-stage 
starch hydrolysis and simultaneous fermenta-
tion into ethyl alcohol. The product dosage is 
4-4.8 g/dm3 in dry form. Before application, the 
product was activated by mixing with water in a 
ratio of 1:10 and exposure for 30 minutes at the 
temperature of 28-30°C.

The following enzyme preparations were 
used: thermostable α-amylase (Tegamyl BLHL, 
Tegaferm Holding GmbH, Austria), glucoam-
ylase (TEGAMYL AG90L, Tegaferm Holding 
GmbH, Austria), protease (Tegalase AP75L, 
Tegaferm Holding GmbH, Austria). The dosage 
of α-amylase was based on the amylolytic activ-
ity of EP at the rate of 2 units of activity per 1 g 
of starch, the dosage of glucoamylase was based 
on the amylolytic activity of EP at the rate of 8 
units of activity per 1 g of starch, protease was 
added according to the manufacturer’s recom-
mendation. The preparation Baktrilon (LLC 
TMA Tristan, Ukraine) was used as an antisep-
tic, in the dosage recommended by the manu-
facturer, for effective adherence of microbio-
logical purity for use in alcohol production.

Grain waste from corn processing was 
ground in a laboratory mill to obtain a grinding 
of 99-100% of which passes through a sieve with 
the apertures of diameter 1  mm. The grinding 
was mixed with water in a ratio necessary to 
obtain a dry matter content in the medium at 
the level of 263.5-350 g/dm3, which corresponds 
to the content of fermentable sugars and the 
estimated ethanol content in mature wort at 
the level of 183.2-243.3  g/dm3 and 12  ±  0.2-
16.0 ± 0.2% v/v, respectively. The grinding weight 
was calculated according to the expected etha-
nol content in the mature wort, considering the 
starch content in the raw material, the regulated 
alcohol yield from a tonne of the raw material’s  
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conditional starch, and the amount of wort re-
quired for the fermentation test. The grinding 
mixed with water was acidified to pH  5.0-5.1 
to achieve the optimal value for the complex of 
amylo- and proteolytic enzymes action.

With the classic low-temperature lique-
faction (variants 1-12, 3-12, 1-14, 1-16), rec-
ommended in production, mashing was carried 
out at a temperature of 88-90°C, after adding 
heat-stable α-amylase EP for three hours. Then 
the mixture was cooled to a temperature of  
32-35°C, glucoamylase and protease EP, anti-
septic were added, and inoculated with rehy-
drated Angel Leaven. The vessels with wort were 
kept for 96 hours at a temperature of 30 ± 1°C. 

In variant 3-12, no additional enzyme prepara-
tions were added. For a single-stage process of 
hydrolysis and fermentation of the formed sug-
ars, a protease solution was added to the pre-
pared wort to destroy protein-starch complexes 
and exposed in a thermostat at a temperature 
of 50 ± 1°C for 1 hour (variants 2-12, 2-14, 2-16). 
After exposing, the mixture was cooled to a 
temperature of 32-35°C, an antiseptic was add-
ed and inoculated with rehydrated Angel Leav-
en. In variant 3-14, exposing with protease was 
not performed. The duration of the single-stage 
process at a temperature of 30  ±  1°C was 96 
hours. Differences in wort preparation by every 
variant are presented in Table 1.

Stage of the process of preparing the 
wort for fermentation

Medium concentration, g/dm3

263.5 g/dm3 350.0 g/dm3

Variant

1-12 2-12 3-12 1-14 2-14 3-14 1-16 2-16

Liquefaction with adding  
heat-stable α-amylase (88-90°С, 3 hours) + + +

Adding glucoamylase  
to fermentation (30 ± 1°C) + + +

Adding protease to fermentation 
(30 ± 1°C) + + +

Exposing with protease (50 ± 1°С, 1 hour) + + +

Table 1. Research variants according to the processes of wort preparation and concentration

Source: developed by the authors

The moisture content of the starch-con-
taining raw materials was determined by 
the gravimetric method in accordance with 
DSTU  4864:2007  (2009), the dry matter con-
tent  – by the calculation method, the starch 
content – by the fermentation test method in 
accordance with GSTU 46.045.2003 (2003). The 
fermentation activity of the microorganism as-
sociation was determined by the gravimetric 
method, determining the amount of carbon di-
oxide that formed during the time the wort was 
in the thermostat. The samples were weighted 
after 24, 48, 72, 96 hours. The alcohol content in 
mature wort was determined by the areometric 

method according to DSTU  7457:2013  (2014), 
the content of unfermented sugars – by the pho-
toelectrocolorimetric method with anthrone 
reagent according to DSTU  4854:2007  (2009). 
The content of unfermented starch and dextrins 
was determined by the calculation method. In a 
series of studies, the samples were cultivated 
in 0.5  dm3 biological flasks equipped with air 
locks; each variant was cultivated in three rep-
licates. The paper presents the average values 
of the research results. Comparison of means 
was performed using one method in SAS soft-
ware. Statistical significance was determined at 
the level of p < 0.05.
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Results and Discussion
An effective method for monitoring the en-
zymatic activity of microorganisms was the 
intensity of carbon dioxide emission during 
wort fermentation. The results for this indi-
cator for all research variants were shown in 
Figure  1. It was found that with dry matter 
content in wort at the level of 263.5  g/dm3 
(variants 1-12 – 3-12) intensity of CO2 emis-
sion in the first day of fermentation was high 
and changed insignificantly depending on the 
variation of wort preparation, amounting to 
57.87-64.77% of the total amount of carbon  
dioxide released, i.e., the consumption of sug-

ars during this period was about 60% of the in-
put. As can be seen from Figure 1, CO2 emission 
for these variants stopped after 72 hours from 
the start of fermentation, which allows con-
firming the completion of the sugar conver-
sion process. Removal of the low-temperature 
liquefaction stage in case preprocessing by 
protease did not reduce the intensity of carbon 
dioxide emission during the fermentation pro-
cess. Removing the stage of adding glucoamyl-
ase and proteolytic enzyme preparations after 
the liquefaction stage (variant 3-12) did not 
affect the intensity of carbon dioxide emission 
during the fermentation period.

Figure 1. Intensity of carbon dioxide emission during the fermentation of wort based on starch-
containing raw materials under various pre-processing conditions

Note: dry matter content in the wort – 263.5 g/dm3 (variants 1-12 – 3-12), 306.6 g/dm3 (variants 1-14 – 3-14) and 
350 g/dm3 (variants 1-16 and 2-16)
Source: developed by the authors
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In case of increasing the dry matter content 
to obtain the ethanol content in the mature wort 
at the level of 14.0-14.2% v/v, 3 variants for raw 
material pre-processing before fermentation 
were carried out: classic liquefaction, extraction 
of the liquefaction stage with the introduction 
of additional preprocessing with protease, and 
extraction of all preprocessing stages. Accord-
ing to the research results, it was found that the 
extraction of all pre-processing stages (variant 

3-14) entails some decrease in the intensity of 
carbon dioxide formation both in the first day 
of fermentation and in the process as a whole. 
The duration of the fermentation process in a 
case an increase of the medium concentration 
rose for the Angel Leaven product both with 
classic liquefaction and under conditions of 
its use without high-temperature processing. 
Probably, further prolongation of the fermen-
tation period in variant 3-14 can lead to an 
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increase in the alcohol content in the mature 
wort to the estimated one; however, excessive 
fermentation duration increases the risks of the 
medium contamination and, accordingly, dete-
rioration of the final product quality. Fermen-
tation of higher gravity wort with a dry matter 
content of 350 g/dm3 showed that the removal 
of the liquefaction phase from the technologi-
cal process negatively affects the total amount 
of released carbon dioxide, reducing it by 3.2% 
compared to variant 1-16. However, in the first 
day, the amount of CO2 was higher in variant 
2-16, which can be explained by the lower rate 
of starch breakdown to fermentable sugars and, 
accordingly, a reduced negative impact on the 
yeast cell functionality.

Research by J.  Li  et al.  (2021), using Rhiz-
opus nigricans as an enzyme producer for the 
saccharification stage of starch-containing raw 

materials followed by fermentation with Sac-
charomyces cerevisiae showed that the highest 
alcohol-forming capacity and conversion rate 
were with 16-23% of raw materials concentra-
tion. Based on the results of the intensity of 
CO2 emission during the fermentation process, 
it can be argued that the starch conversion into 
fermentable sugars by a mixture of microorgan-
isms in the product Angel Leaven at a concen-
tration of 263.5 g/dm3 in a single-stage process 
of liquefaction and fermentation of wort from 
starch-containing raw materials was effective 
and, under certain conditions, did not lose effi-
ciency when the concentration of dry substances 
rises to 306.6 g/dm3. For a more accurate under-
standing of the progress in the single-stage pro-
cess in mature wort, the content of ethanol and 
residual fermentable sugars was determined; 
the research results are shown in Table 2.

Indicators

Estimated ethanol content in mature wort, % v/v

12.0-12.2 14.0-14.2 16.0-16.2

Variants

1-12 2-12 3-12 1-14 2-14 3-14 1-16 2-16

Ethanol 
content in 

mature wort, 
% v/v 

12.18 ± 0.04 12.17 ± 0.03 12.18 ± 0.03 14.17 ± 0.03 14.17 ± 0.03 13.77 ± 0.10 16.18 ± 0.03 15.78 ± 0.03

Content of total 
unfermented 

carbohydrates, 
g/100 cm3 

0.304 ± 0.030 0.293 ± 0.007 0.341 ± 0.003 0.262 ± 0.007 0.534 ± 0.007 0.872 ± 0.005 0.345 ± 0.005 0.875 ± 0.004

Content of 
water-soluble 
unfermented 

carbohydrates, 
g/100 cm3 

0.285 ± 0.035 0.202 ± 0.004 0.302 ± 0.003 0.243 ± 0.003 0.525 ± 0.005 0.817 ± 0.003 0.283 ± 0.003 0.820 ± 0.005

Content of 
unfermented 
starch, g/100 

cm3 

0.017 ± 0.004 0.082 ± 0.005 0.035 ± 0.002 0.017 ± 0.004 0.008 ± 0.003 0.049 ± 0.003 0.056 ± 0.003 0.014 ± 0.001

Content of 
alcohol-soluble 

unfermented 
carbohydrates, 

g/100 cm3 

0.057 ± 0.006 0.071 ± 0.003 0.112 ± 0.003 0.021 ± 0.004 0.040 ± 0.002 0.042 ± 0.002 0.068 ± 0.002 0.137 ± 0.006

Content of 
dextrins, g/100 

cm3 
0.205 ± 0.027 0.118 ± 0.004 0.171 ± 0.004 0.200 ± 0.005 0.437 ± 0.004 0.698 ± 0.002 0.193 ± 0.002 0.614 ± 0.004

Yield of ethanol 
from a ton of 
conditional 
starch, dm3

664.8 664.3 664.8 664.9 664.9 646.2 665.0 648.6

Table 2. Physical and chemical characteristics of mature wort

Source: developed by the authors
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According to the data of Table 2, it was es-
tablished that with a dry matter content in the 
wort from starch-containing raw materials at 
the level of 263.5 g/dm3, the commercial prod-
uct Angel Leaven allowed obtaining an alco-
hol yield from the mash at the level of 664.3-
664.8 dm3 from a tonne of conventional starch, 
regardless of the raw material preprocessing 
method used in the study. Accordingly, process-
ing of raw materials at such medium concen-
tration allows the costs reducing of using addi-
tional enzyme preparations and heat treatment 
of the wort without deteriorating of the process 
quality. The content of undissolved starch fluc-
tuated slightly depending on the preprocessing 
variant from 0.017 to 0.082 g/100 cm3, howev-
er, remaining within the indicator typical for 
high-quality liquefaction process. The content 
of total unfermented carbohydrates, which 
characterises the overall efficiency of raw ma-
terial fermentation, for variants 1-12  – 3-12 
was within 0.293-0.341 g/100  cm3, which was 
1.6-1.9% of the starch content introduced into 
fermentation. Accordingly, this indicator did 
not go beyond the standards established for 
Ukrainian production. The low content of alco-
hol-soluble carbohydrates in mature mash – no 
more than 0.112 g/100 cm3 – characterised the 
high efficiency of fermentation of the medium 
by yeast cells. The low content of dextrins – no 
more than 0.205 g/100 cm3 – is an indicator that 
the amount of enzymes with glucoamylase ac-
tivity is sufficient for effective saccharification 
of the wort. The findings correlate with the data 
from C. Zhao et al. (2023) on the effect of Rhiz-
opus in the composition of the microorganism 
mixture on the amount of reducing sugars and 
the alcohol content in the final product.

Increasing the dry matter content in the 
wort to 306.6 g/dm3 when using Angel Leaven 
in the process with standard raw material pre-
processing allowed achieving the estimated 
alcohol content in the wort, which helped to 
obtain a regulated yield from a tonne of con-
ditional starch of raw materials. Removing the 

stage of separate liquefaction and adding am-
ylolytic enzymes with the replacement of pro-
cessing with protease did not have a negative 
effect upon the course of fermentation and the 
alcohol content in the mature wort. However, 
the content of the spectrum of unfermented 
sugars was higher than the control variant 1-14, 
which, together with achieving the normative 
alcohol yield, may indicate that the gradual re-
lease of sugars during the destruction of starch 
by the fungal component enzymes reduced the 
stress effect of excess nutrients on yeast cells 
and, probably, reduced the amount of osmopro-
tectors formed by yeast (Saito & Posas,  2012; 
Auesukaree,  2017). However, according to 
P. Puligundla et al. (2011), long-term exposure 
to both higher gravity wort and increasing eth-
anol stress prevented yeast from efficiently me-
tabolising residual sugars.

The variant in which protease was not 
added and liquefaction was not applied was 
characterised by a decrease in the ethanol 
content in the mature wort to 3% compared 
to the variant with classical processing. Ac-
cordingly, the ethanol yield from a tonne of 
conditional starch decreased by 18.7 dm3, and, 
therefore, the use of Angel Leaven on an in-
dustrial scale for wort with a concentration of  
306.6 g/dm3 and higher without pre-processing 
is impractical. When the concentration of the 
wort increased to 350 g/dm3, 2 processing var-
iants were compared: classical (variant 1-16) 
and the exposure with protease (variant 2-16). 
It was found that with such a concentration of 
dry substances in the medium, the extraction 
of the stage of the temperature treatment from 
the process negatively affected the course of 
fermentation, reducing the alcohol content in 
the mature wort by 2.5% compared to the clas-
sical technology, respectively, the ethanol yield 
from a tonne of conditional starch also did not 
meet the normative one.

A detailed analysis of the spectrum of un-
fermented sugars in the mature wort showed 
that the liquefaction process in both variants 
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occurs within the normal range, as evidenced 
by the low content of undissolved starch. How-
ever, the total content of unfermented sug-
ars in variant 2-16 was significantly higher, 
0.835 g/100 cm3 versus 0.345 g/100 cm3 in the 
variant with classic liquefaction. In addition, 
the content of alcohol-soluble carbohydrates 
in both variants was low, so it means that the 
yeast cells were able to consume the sugars 
available to them to the maximum. High con-
tent of dextrins in variants 2-16 can indicate 
the lack of glycoamylase enzymes. It is obvious 
that some enzymes present in the commercial 
product, and those created by Rhyzopus, were 
not sufficient for dextrins to be converted into 
sugars available to yeast with a required speed. 
Probably, a high starting concentration of the 
medium, an increase in the amount of acids as 
a fermentation byproducts and an increase in 
the amount of ethanol in wort negatively af-
fected the growth and cultivation of Rhizopus 
as enzyme producents, which, accordingly, de-
layed the overall process of converting sugars 
into the final product. These data need to be 
confirmed, since studies by E. Uyar et al. (2010) 
in this area were focused on the accumulation 
of trehalose under the influence of individual 
stress factors and did not consider the specifics 
of the use of the producent in the fermentation 
process of starch-containing raw materials. 

One of the options of the problem solu-
tion may be to increase the fermentation time, 
which would allow the glucoamylase enzymes 
to complete the transformation process. How-
ever, such process duration is not advisable 
when using the technology in the production 
process. Moreover, one of the variants for ad-
justing the fermentation efficiency may be to 
increase the amount of Angel Leaven inoculum, 
since it is known that increasing the amount of 
Rhyzopus inoculum can have a positive effect 
on the amount of alcohol in the mature wort, 
as mentioned by A.  Büyükkileci  et al.  (2006). 
Considering the above-mentioned results of 
research using the commercial product Angel 

Leaven as a producent of a mixed culture of 
microorganisms during wort fermentation at a 
concentration that ensures the alcohol content 
in the mature wort not exceeding 14% vol., the 
effectiveness of replacing the stage of low-tem-
perature wort liquefaction by an exposure with 
a proteolytic enzyme for 1 hour at a tempera-
ture of 50°C was confirmed.

Conclusions
Studies have shown that the efficiency of 
single-stage fermentation of wort based on 
starch-containing raw materials with a mixed 
culture of alcohol yeast Saccharomyces cerevi-
siae and mould fungus Rhyzopus, enriched with 
additional amylolytic enzymes contained in the 
Angel Leaven product complex, depends on the 
concentration of the medium. With an increase 
in the initial concentration of the medium, the 
duration of the process of converting starch into 
the final product can be extended to 96 hours. 
On the condition that the calculated alcohol 
content in the mature wort is obtained up to 
14.2% vol., the Angel Leaven product can effec-
tively ferment the wort without the low-temper-
ature liquefaction stage; however, it requires a 
stage of exposing with a proteolytic enzyme for 
1 hour at a temperature of 50°C. The content of 
total unfermented sugars is higher in compari-
son with the current technology (0.534 ± 0.007 
versus 0.262  ±  0.007  g/100  cm3, respectively) 
but does not exceed the regulated values. The 
content of alcohol-soluble carbohydrates is low 
regardless of the characteristics of the process – 
no more than 0.137  ±  0.006  g/100  cm3, which 
indicates the efficiency of the process of assim-
ilation of the obtained fermentable sugars by 
yeast cells. Increasing the concentration of the 
medium to 350 g/dm3 of dry matter does not al-
low obtaining the calculated alcohol content in 
the mature wort in a single-stage process and 
requires further research on optimising fermen-
tation conditions, in particular, the efficiency 
of increasing the amount of the initial mass of 
producent. The obtained results provide a basis 
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for developing a regime of single-stage starch 
hydrolysis and fermentation of the obtained 
sugars in larger-scale, in particular plant, con-
ditions. The implementation of the proposed 
technological regime will help not only to reduce 
the costs of commercial enzyme preparations,  
but also to reduce the energy intensity of the 
liquefaction process.
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Анотація. Сучасний технологічний процес гідролізу крохмалю до зброджуваних цукрів у 
виробництві етанолу з крохмалевмісної сировини базується на використанні комерційних 
ферментних препаратів амілолітичної дії та застосуванні стадії низькотемпературного 
розрідження для більшої ефективності процесу, що суттєво впливає на собівартість готового 
продукту. За таких умов пошук альтернативних шляхів зменшення витрат на дані компоненти 
технологічного процесу і, відповідно, собівартості виробленої продукції є актуальним. 
Метою роботи було дослідження використання комерційної суміші мікроорганізмів, а саме 
спиртових дріжджів Saccharomyces cerevisiae та плісеневого грибу Rhyzopus як складових 
комерційного продукту «Angel Leaven» для одностадійного процесу гідролізу крохмалю 
та зброджування сусла підвищеної концентрації на основі крохмалевмісної сировини на 
етанол. В дослідженнях використовували методи та процеси підготовки сировини, що є 
загальноприйнятими у виробництві спирту етилового. Експериментально обґрунтовано 
технологічний режим одностадійного гідролізу крохмалю та зброджування цукрів в суслі 
підвищеної концентрації асоціацією плісеневого гриба та спиртових дріжджів. Встановлено, 
що оцукрювання та зброджування крохмалю змішаною культурою відбувається в одну 
стадію і практично одночасно за температури 30-32  °С, що створює передумови для 
енергозбереження та спрощення перебігу технологічного процесу. Ефект енергозбереження 
посилюється за рахунок зброджування сусла підвищеної концентрації, отриманого без 
стадії низькотемпературного розрідження, однак зі стадією витримки з протеолітичним 
ферментом впродовж 1 години за температури 50  °С. Даний технологічний прийом був 
ефективним для середовища з концентрацією до 306,6 г/дм3 сухих речовин, що дозволило 
отримати бражку зі вмістом спирту до 14,2  % об. Підвищення концентрації середовища 
до 350  г/дм3 сухих речовин не дозволяє отримати розрахунковий вміст спирту в зрілій 
бражці за одностадійного процесу і потребує подальших досліджень щодо оптимізації 
умов зброджування. Сукупність технологічних рішень оптимізації процесу гідролізу і 
зброджування крохмалю змішаною культурою створює умови для підвищення ефективності 
використання сировини та зростання енергоефективності виробничого процесу

Ключові слова: амілолітичні ферменти; гідроліз крохмалю; зріла бражка; Saccharomyces 
cerevisiae; асоціація мікроорганізмів
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Introduction
Modern scientific programmes and develop-
ment priorities in the food industry within 
the European Union are focused on creating 
innovative products with proven nutritional 
value and health benefits. In this context, con-
siderable attention was paid to establishing 
requirements for the correct use of nutritional 
and medical-biological claims, as well as devel-
oping technologies that combine traditional 
ingredients with low-cost technological solu-
tions. This approach enables the production of 
affordable, balanced, and nutritious products 
aimed at supporting the health of broad pop-
ulation groups (Faienza  et al.,  2024). Special 
importance is placed on research in the field of 
specialised food products designed for individ-
uals with increased sensitivity to specific nu-
trients. These include consumers with chronic 

diseases, fermentopathies, and food allergies 
who require dietary adjustments through the 
replacement or exclusion of certain compo-
nents. According to M.  Essa  et al.  (2023), the 
development of such technologies not only im-
proves the quality of life of these groups, but 
also corresponds to global trends in functional 
and therapeutic-prophylactic nutrition.

As noted by Yu.  Honchar & V.  Gnit-
sevych  (2024), the number of individuals in 
the population with health problems related 
to lactase deficiency, i.e., the inability to digest 
lactose contained in dairy products, increases 
annually. One of the most effective methods for 
treating lactase deficiency is diet therapy, which 
includes either the complete exclusion of dairy 
products from the diet or the consumption of 
fermented dairy products such as sour cream, 

Abstract. Expanding the range of low-lactose dairy products, including yoghurts, is a relevant 
direction and task for the food industry in the context of the growing number of people suffering 
from lactase deficiency. Research into the technological aspects of the fermentation process was an 
important step in the development of such products. The main objective of this work was to analyse 
the technological conditions of the fermentation process in the production of low-lactose yoghurts 
using whey. The studies used milk mixtures based on buttermilk, normalised for dry matter content 
and hydrolysed lactose, and starter cultures containing the lactic acid bacteria Streptococcus 
thermophilus and Lactobacillus delbrueckii ssp. bulgaricus. The effect of fermentation temperature, 
starter culture dose and fermentation duration on the organoleptic and physicochemical properties 
of the finished product was investigated. It was established that the rational parameters for 
obtaining sour milk curd and reducing the lactose content are: fermentation temperature 40-45°C, 
fermentation agent dose 2.6-2.8 mg/100 g, and fermentation duration 180-240 minutes. The results 
showed that during fermentation, the lactose content in the finished product decreased by 45%, 
which allowed it to be classified as a low-lactose dairy product. At the same time, an increase in the 
concentration of vitamins, in particular B vitamins, indicated an increase in the nutritional value 
of the product. The resulting low-lactose yoghurt based on buttermilk had a thick consistency, a 
pleasant sour milk taste and sweetness due to the accumulation of monosaccharides – glucose and 
galactose – as a result of lactose hydrolysis. The technological parameters of the fermentation 
process determined in this work can be used in the production of low-lactose yoghurts for people 
with lactase deficiency and will contribute to the expansion of the range of low-lactose dairy 
products produced in Ukraine

Keywords: secondary milk raw materials; lactase deficiency; starter culture; fermentolysis; 
fermented products; fermented milk drinks; nutritional value
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cottage cheese, kefir, ryazhanka, and yoghurts, 
where lactose is partially converted into lactic 
acid. In milk, the lactose content is 4.5-5.2%; 
in cottage cheese, it is 1.8-2.0%; in sour cream, 
2.7-3.2%; in kefir, about 4.0%; and in ryazhanka 
and drinking yoghurts, about 3.5%. Thus, fer-
mentation of dairy raw material using starter 
cultures based on lactic acid bacteria strains 
can reduce only 25-30% of the initial lactose 
content (Ryzhkova et al., 2024). The final lactose 
level in such products remains quite high, which 
makes their regular use in the diets of people 
suffering from lactase deficiency impossible.

However, milk and dairy products are an 
important source of complete proteins, vita-
mins, and mineral substances, especially calci-
um. Their exclusion from the diet can lead to a 
deficiency of essential nutrients and, as a con-
sequence, to a decrease in work capacity and 
the body’s resistance to diseases and negative 
environmental factors. This is why one of the 
promising directions for solving this problem is 
the development of technologies for producing 
dairy products, particularly yoghurts, that are 
lactose-free or have a reduced lactose content. 
Research by T. Yudina & A. Serenko (2021) es-
tablished that the assortment of lactose-free 
and low-lactose dairy products of Ukrainian or-
igin is quite limited. It is proven that yoghurts 
are highly popular among consumers. Howev-
er, the volume of low-lactose and lactose-free 
yoghurts on the country’s dairy market consti-
tutes only 36.4%, which is almost 2 times less 
compared to imported products.

Thus, the development of scientifically 
substantiated technologies for yoghurts with 
a regulated carbohydrate composition for indi-
viduals with lactase deficiency, in the context 
of state policy regarding resource conservation 
and the increase of high-quality Ukrainian-pro-
duced goods, is a topical and timely task. The 
aim of this study was to establish the optimal 
technological parameters of the fermentation 
process for the production of low-lactose yo-
ghurts based on buttermilk.

Literature Review

The fermentation process is one of the most 
important stages in yoghurt production. It is at 
this stage that the sour milk clot is formed, and 
the structural and mechanical properties and 
characteristic organoleptic indicators of yo-
ghurt are formed. A key factor in the fermenta-
tion process is the use of starter cultures, which 
carry out biochemical reactions that lead to 
the formation of curds and the desired organo-
leptic properties (Savaiano & Hutkins,  2021). 
According to DSTU 4343:2004 (2005), in order 
for a fermented milk product to be labelled 
“yoghurt”, the enzyme preparation used in its 
production must contain cultures of the lactic 
acid bacteria Streptococcus thermophilus and 
Lactobacillus delbrueckii bulgaricus. The strains 
Str. thermophilus and L. bulgaricus are used as 
starting material for the creation of symbiot-
ic starters for yoghurt. The main condition for 
the selection of these strains is their symbiotic 
relationship. Milk fermented under the action 
of a single strain of Str. thermophilus or L. bul-
garicus has a different consistency than milk 
fermented by a combination of these micro-
organisms (Ibrahim et al., 2021). When strains 
are used together, the finished product has a 
thicker consistency with a pronounced taste 
and aroma. During milk fermentation, Bul-
garian bacillus strains produce acetaldehyde, 
which gives the products a characteristic taste 
and aroma, as well as antibiotic substances that 
suppress negative intestinal microbiota. When 
Str. thermophilus and L. bulgaricus strains are 
used together, both microorganisms have high-
er acid resistance. Thus, in the process of fer-
menting milk raw materials when Str. thermo-
philus is used separately, the maximum acidity 
for it is 110...120°C, while in combination with 
L. bulgaricus, it can withstand an acidity of 180-
190°T, which plays a significant role in the pro-
duction of fermented milk products (Asiimwe et 
al., 2021; Hussein et al., 2021).

According to E. Yamamoto et al. (2021), in 
the production of fermented dairy products, 
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including yoghurts, for people suffering from 
lactase deficiency, the characteristic of micro-
organisms in terms of their β-galactosidase ac-
tivity is of particular importance. Most strains 
of microorganisms included in starter cultures 
have selective enzymatic activity towards lac-
tose. During the life cycle of these microorgan-
isms, a small amount of lactose (0.4-0.8%) is 
broken down. Thanks to the use of lactic acid 
bacteria, up to 30% of the initial lactose content 
is fermented (Minorova et al., 2022). When fer-
mentation using starter cultures is used in the 
production of yoghurt, in addition to lactic acid 
fermentation, biochemical processes occur, re-
sulting in the accumulation of lactose break-
down products – volatile and organic acids, al-
cohols, diacetyl, which determine the taste and 
aroma characteristic of fermented milk prod-
ucts (Li et al., 2023). Among lactic acid bacteria, 
thermophilic lactic acid streptococci show the 
highest activity in lactose fermentation. The 
β-galactosidase enzyme of thermophilic strep-
tococcus actively hydrolyses lactose, demon-
strating high activity and stability. In addition, 
according to I.  Romanchuk  (2020), cations in 
milk raw materials help stimulate the fermen-
tation process. Research data on the properties 
of lactic acid bacteria show that during fer-
mentation, they produce folic acid, niacin, vi-
tamins B12, B6, and enzymes that are essential 
for the human body (Chen et al., 2023). Lactic 
acid bacteria, by fermenting milk raw materi-
als, increase the absorption of proteins and fats 
and promote the formation of short-chain fatty 
acids, which are an important source of energy 
for the body. The fermentation process also im-
proves the bioavailability of calcium and other 
minerals, which has a positive effect on bone 
health (Helikh et al., 2022).

Thus, analysis of recent studies indicates 
significant potential for the use of fermenta-
tion in improving food quality. Fermented dairy 
products have a higher content of vitamins, 
probiotics and other substances, making them 
beneficial to human health. However, despite 

numerous studies in this area, there is a need 
for further research into fermentation process-
es to determine the conditions that will allow 
products with maximum beneficial properties 
to be obtained. The situation on the dairy mar-
ket is complicated by the fact that, as a result 
of hostilities in Ukraine, some milk processing 
enterprises have ceased operations, leading to 
a decline in milk production and an increase in 
prices for Ukrainian dairy products (Yudina & 
Serenko, 2021). One of the main problems re-
mains the attraction and effective use of the 
food potential of secondary milk raw materi-
als (skimmed milk, milk whey, and buttermilk) 
formed during the traditional processing of 
milk into cream, sour milk cheese, and butter 
(Singh et al., 2021).

The theoretical and practical aspects of 
the production of food products for special di-
etary purposes, in particular lactose-free and 
low-lactose dairy products, have been the sub-
ject of research by many scientists in different 
countries. Scientists G. Polishchuk et al. (2020), 
H. Deynychenko et al.  (2022), V. Gnitsevych & 
Yu. Honchar (2022) have identified priority ar-
eas for the use of secondary milk raw materials 
in technologies for food products for special 
dietary purposes. Research by M.  Corgneau  et 
al.  (2017) confirms the need to expand the 
range of these products for the special nutri-
tion of people suffering from lactose intoler-
ance. Despite the large number of scientific 
studies, work in this area continues and focuses 
on the development of new technologies and 
the expansion of the range of dairy products 
with reduced lactose content, thanks to the use 
of new raw materials that are a natural source 
of essential nutrients and have a wide range of 
technological properties.

Materials and Methods
Experimental studies were conducted in the 
laboratories of the Department of Restaurant 
and Craft Technologies of the State University 
of Trade and Economics; the Department of 
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Milk and Children’s Products of the Institute 
of Food Resources of the National Academy of 
Agrarian Sciences of Ukraine during 2023-2024. 
The subject of the research was buttermilk ob-
tained during butter production by whipping 
cream (Table 1); milk mixtures based on butter-
milk, normalised with milk protein concentrate 

in terms of dry matter content and hydrolysed 
lactose (Tables 2, 3); YC-X11 direct-added yo-
ghurt starter culture (manufacturer Christian 
Hansen, Denmark), containing strains of lactic 
acid bacteria Streptococcus thermophilus and 
Lactobacillus delbrueckii ssp. bulgaricus (Ta-
ble 4), low-lactose yoghurt based on buttermilk.

Acidity Mass fraction  
of ash, %

Mass fraction  
of dry matter, %

Mass fraction  
of fat, %

Mass fraction  
of lactose, %titrated, оТ active, рН

16.0 ± 0.3 6.67 ± 0.01 0.64 ± 0.02 8.22 ± 0.03 0.40 ± 0.05 4.5 ± 0.04

Source: developed by the authors based on Y. Song et al. (2023)

Table 1. Physicochemical indicators of buttermilk

Source: developed by the authors based on T. Yudina & A. Serenko (2022)

Table 2. Model compositions of milk mixtures normalised by dry matter content
Raw material Mixture 1 Mixture 2

Buttermilk, % 93.5 92.0
Dry milk protein concentrate, % 6.5 8.0

Total 100 100

Source: developed by the authors based on T. Yudina & A. Serenko (2022)

Table 3. Physical and chemical indicators of milk mixtures based  
on buttermilk, normalised for dry matter content and hydrolysed lactose

Sample
Acidity Mass fraction 

of ash, %
Mass fraction of 

dry matter, %
Mass fraction 

of fat, %
Mass fraction 
of lactose, %titrated, оТ active, рН

Buttermilk 
(Control) 16.0 ± 0.3 6.67 ± 0.01 0.64 ± 0.02 8.22 ± 0.03 0.40 ± 0.05 4.5 ± 0.04

Mixture 1 30.0 ± 0.3 6.53 ± 0.01 0.4 ± 0.01 14.1 ± 0.02 0.48 ± 0.04 1.34 ± 0.04

Mixture 2 32.0 ± 0.4 6.52 ± 0.01 0.44 ± 0.02 15.3 ± 0.03 0.50 ± 0.02 1.21 ± 0.04

Source: developed by the authors based on T. Yudina & A. Serenko (2022)

Indicator Meaning/characteristic

Appearance Lyophilised cultures in granules
Optimal operating temperature 35-45°C

Fermentation duration 4-5 hours
Recommended dosage 3 mg/100 g

Table 4. Characteristics of the YC-X11 fermentation preparation

For the hydrolysis of lactose in raw milk, 
neutral lactase was used – an enzyme prepa-
ration of yeast-derived β-galactosidase GO-
DO-YNL2, manufactured in Japan, the char-
acteristics of which are given in Table  5. A 

detailed methodology for the hydrolysis of 
lactose in milk mixtures based on buttermilk, 
which was used as the raw material in the cur-
rent study, is provided in the work of T. Yudina 
& A. Serenko (2022).
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Fermentation of milk mixtures based on 
buttermilk with dry matter content of 14.1% 
and 15.3% was carried out in a thermostat at a 
temperature of 40 ± 2°C. The dosage of the start-
er culture varied between 2.2 and 3.0 mg/100 g, 
and the fermentation time was 30 to 300 min-
utes with samples taken every 30 minutes. The 
effectiveness of the starter culture was evaluat-
ed according to physical and chemical indica-
tors in accordance with DSTU 4343:2004 (2005), 
taking into account that the standard titrated 
acidity for yoghurts should be within the range 
of 80-140°T. The study of the effect of temper-
ature on the activity of the starter culture was 
carried out with temperature variations within 
the range of 15...55°C, a starter culture dose of 
2.6...2.8 mg, and a process duration of 210 min. 
Samples were taken every 30 minutes. For each 
variant of the experiment, five parallel samples 
of milk mixture with a volume of 200 ml each 
were prepared.

The carbohydrate composition of the mix-
tures and low-lactose fermented milk product 
was determined using a high-performance liq-
uid chromatograph LC-6A with a refractomet-
ric detector (RI detector), column HC-75-Ca++ 
(250 × 4.7 mm) (manufactured by Shimadzu, Ja-
pan). The method was based on the removal of 
fat and protein by filtration, the determination 
of carbohydrates in the filtrate of the samples 
obtained relative to standard samples with a 
known concentration of added carbohydrates. 
The efficiency of lactose hydrolysis was deter-
mined using formula (1):

𝐸𝐸𝐸𝐸 = �𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖−𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐
𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐

� ∗ 100%  ,                   (1)

where Е – lactose hydrolysis efficiency, %; Сi – 
initial lactose content in mixtures before hy-
drolysis g/100  g; Сc  – lactose content in milk 
raw material hydrolysate, g/100 g.

The following physicochemical param-
eters were determined in the test samples: 
titrated acidity  – by titrimetric method ac-
cording to DSTU ISO 6091:2007  (2009); active 
acidity  – by potentiometric method accord-
ing to DSTU  8550:2015  (2017); mass fraction 
of fat  – by gravimetric method according to 
DSTU  ISO  11870:2007  (2009); mass fraction 
of protein – by the Kjeldahl method according 
to DSTU ISO 8968-1:2005 (2007), vitamin con-
tent – by high-performance liquid chromatogra-
phy according to DSTU EN 14164:2019 (2019). 
The physicochemical parameters were deter-
mined in three parallel samples for each sample.

The rheological parameters of the finished 
product were determined using a RHEOTEST 
II (Ukraine) rotational viscometer with a cyl-
inder-cylinder (S/S3) measuring system by re-
cording the deformation (flow) kinetics curves. 
The measurements were carried out in mode 
“a”, which was set experimentally taking into 
account the structural and mechanical proper-
ties of the test samples. The measuring cylinder 
(rotor) S2 was selected so that the gradient lay-
er spread throughout the entire thickness of the 
product layer located in the annular gap of the 
viscometer measuring device. A new portion of 
the product was taken for each experiment. The 

Indicator Meaning/characteristic
Activity 50,000 ONPGU/g

Appearance Yellowish liquid
Solubility Completely soluble in liquid

Specific gravity 1.17
Optimal active acidity 5.5…6.5 pH

Optimal operating temperature 20…45°C
Thermal stability at temperature up to 55°C

Recommended dosage 0.1%

Table 5. Characteristics of the GODO-YNL2 lactase enzyme preparation

Source: developed by the authors based on T. Yudina & A. Serenko (2022)
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shear stress τ (Pa) was measured for 12 values 
of the shear rate gradient γ in the range from 
0.33 to 145.8 s-1 in the forward and reverse di-
rections. For this purpose, the value of α was 
recorded at the maximum angle of deflection of 
the pointer on the instrument scale.

The organoleptic indicators of the devel-
oped products were determined by a tasting 
commission based on a developed sensory eval-
uation scale for low-lactose fermented milk 
drinks based on buttermilk. The tasting com-
mission consisted of scientists in the field of 
food technology, as well as practitioners from 
food industry enterprises and catering estab-
lishments. The organoleptic evaluation was 
carried out with the participation of 12 quali-
fied tasters. The evaluation was carried out in 
a specially equipped tasting room at a temper-
ature of 20 ± 2°C, with samples served in iden-
tical 50 ml containers. The work of the tasting 
commission was organised in accordance with 
the ethical standards of the WMA  (2013). All 
participants were familiarised with the aim of 
the study and gave their informed consent to 
participate. The sensory evaluation of yoghurt 
was carried out on a 5-point scale, taking into 
account the main characteristics to be evaluat-
ed (appearance, colour, taste, smell, consisten-
cy) in accordance with DSTU 4343:2004 (2005). 

The results of the experimental studies were 
statistically processed using the least squares 
method to determine the error of the obtained 

data. All experiments were repeated five times. 
Statistical processing of the experimental data 
was performed using Statistica 10.0 software 
(StatSoft Inc., USA). For each indicator, the 
arithmetic mean (M), standard deviation (SD) 
and standard error of the mean (SEM) were cal-
culated. The reliability of the difference between 
the groups was assessed using one-way analy-
sis of variance (ANOVA). The difference was 
considered statistically significant at p  <  0.05.

Results
The main stage in the production of low-lactose 
yoghurts is the fermentation of the hydrolysed 
milk base, which results in the formation of the 
properties of the sour milk curd, safety indi-
cators and the quality of the finished product. 
Based on an analysis of the market for fermen-
tation preparations and the work of scientists, 
the YC-X11 direct-addition yoghurt fermenta-
tion preparation (manufactured by Christian 
Hansen, Denmark) was selected for the produc-
tion of low-lactose fermented milk drinks. The 
fermentation parameters recommended by the 
manufacturer for the use of the direct-addition 
starter culture YC-X11 are specified for whole 
milk as the raw material for yoghurt production. 
Thus, in order to justify the conditions for the 
action of the YC-X11 starter culture in another 
dairy system, the effect of its dosage on the qual-
ity indicators of low-lactose yoghurt based on 
buttermilk was investigated (Figs. 2, 3; Table 6).
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Figure 1. Effect of the dose of starter culture on the duration  
of fermentation of milk mixture with a dry matter content of 14.1%

Source: developed by the authors
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The research results indicate that the for-
mation of a fermented milk curd with specified 
organoleptic properties and regulated titrat-
able acidity within the range of 80-140°T was 
achieved under the following rational parame-
ters: for a milk mixture with a total solids con-
tent of 14.1%, the starter culture dosage was 
2.6-2.8  mg/100  g, with a process duration of 
210-240 minutes; for a milk mixture with a total 
solids content of 15.3%, the starter culture dos-
age was 2.6-2.8 mg/100 g, with a process dura-
tion of 180-210 minutes. The use of lower start-
er culture dosages resulted in a reduction in 
the intensity of curd formation and an increase 
in fermentation time, leading to unnecessary 
energy expenditure, which is undesirable.  

Applying a starter culture dosage of 3 mg/100 g 
did not significantly affect the quality indica-
tors of the developed product but did contrib-
ute to an increase in production costs.

The strains of lactic acid bacteria in 
the YC-X11 fermentation preparation are 
chemoorganotrophic microorganisms (Ro-
manchuk, 2020). This means that they obtain 
energy by oxidising organic substances, i.e. 
lactic acid bacteria oxidise lactose, converting 
it into glucose and galactose. Glucose and ga-
lactose serve as substrates for the synthesis of 
lactic acid. Temperature affects the activity of 
lactic acid bacteria and their metabolic rate. 
At higher temperatures, the enzymes involved 
in the metabolism of lactic acid bacteria work 

Figure 2. Effect of the dose of starter culture on the duration of fermentation  
of milk mixture with a dry matter content of 15.3%

Source: developed by the authors
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Indicators
Milk mixtures based on buttermilk, normalised with milk protein concentrate

Mixture 1 Mixture 2
Dose of FP, mg 2.2 2.4 2.6 2.8 3.0 2.2 2.4 2.6 2.8 3.0

Titrated acidity, оТ 80.0 82.0 83.0 84.0 80.0 81.0 83.0 85.0

Consistency

Heterogeneous, 
with disturbed 

curd; slight 
serum secretion

Homogeneous, tender, 
with undisturbed curd, 

moderately dense

Heterogeneous, 
with disturbed 

curd; slight 
serum secretion

Homogeneous, 
tender, with 

undisturbed curd, 
moderately dense

Colour Milky white with a yellowish tint

Smell Pure, characteristic of fermented milk drinks; extraneous aromas  
and odours are absent

Taste Characteristic of fermented milk products, with a pleasant malty flavour;  
without extraneous tastes

Table 6. Quality indicators of milk mixtures with hydrolysed lactose after fermentation

Note: FP – fermentation preparation
Source: developed by the authors



Animal Science and Food Technology. 2025. Vol. 16, No. 4

78 Study of technological parameters of the fermentation process...

faster, producing more lactic acid per unit of 
time and, as a result, accelerating the process 
of sour milk curd formation. Considering the 
above, in the next series of experiments, the 

effect of fermentation temperature on the ac-
tivity of the starter culture in milk mixtures 
normalised for dry matter content was inves-
tigated (Figs. 4, 5). 

The results showed that the fermentation 
agent was most effective at temperatures be-
tween 40 and 45°C. At lower temperatures, the 
fermentation process and curd formation were 
slower, which can be explained by the low activ-
ity of Lactobacillus bulgaricus and Streptococcus 
thermophilus lactic acid bacteria at these tem-
peratures. When the temperature rose above 
45°C, the effectiveness of the starter culture 
decreased due to the inactivation of lactic acid 
bacteria at high temperatures. Thus, the most 
rational parameters for the fermentation pro-
cess of milk mixtures with a high dry matter 
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Figure 3. Effect of temperature on the activity of the starter culture  
in a milk mixture with a dry matter content of 14.1%

Source: developed by the authors

Figure 4. Effect of temperature on the activity of the starter culture  
in a milk mixture with a dry matter content of 15.3%

Source: developed by the authors
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content, which ensure the formation of a sour 
milk curd with the specified organoleptic prop-
erties, standardised titrated acidity within the 
range of 80-140°C and reduce energy consump-
tion, are fermentation temperature – 40-45°C, 
a starter culture dose of 2.6-2.8 mg/100 g, and 
a process duration of 180-210 minutes for milk 
mixtures with a dry matter content of 14.1% 
and 210-240 minutes for milk mixtures with a 
dry matter content of 15.3%.

Consistency  – one of the most impor-
tant indicators of the consumer properties of 
low-lactose fermented milk drinks, including 
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yoghurts. It is formed during the technolog-
ical process and depends on many factors, 
including the properties of the milk base, the 
dose of enzyme and starter cultures, and pro-
duction parameters. Figures 6 and 7 show the 

results of a study of the effect of the dose of 
the starter culture and the duration of fer-
mentation of milk mixtures with different dry 
matter contents on the rheological properties 
of low-lactose yoghurt.

Figure 5. Dynamics of effective viscosity change during fermentation  
of milk mixture with dry matter content of 14.1%

Source: developed by the authors

Figure 6. Dynamics of effective viscosity change during fermentation  
of milk mixture with dry matter content of 15.3%

Source: developed by the authors
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The results of the studies show that as the 
fermentation time increases, the viscosity of 
the test samples increases. This is because the 
components of the milk mixture, such as pro-
teins and lactose, are involved in the formation 
of sour milk curds. The lactic acid bacteria con-
tained in the fermentation preparation convert 
lactose into glucose and galactose, which serve 
as substrates for biochemical reactions that re-
sult in the formation of lactic acid. Lactic acid 
causes protein coagulation, followed by the 
formation of lactic acid curds. Thus, when add-
ing 2.6-2.8 mg/100 g of starter culture and fer-
menting for 180-210 minutes the viscosity of 
the finished product was 523-559  mPa*s, and 

for a milk mixture with a dry matter content of 
15.3%, it was 560-564 mPa*s, respectively. The 
resulting low-lactose yoghurt is characterised 
by a stable structure and semi-liquid consist-
ency. During the further fermentation process 
for 210-240 minutes, insignificant changes in 
viscosity were observed in the test samples, 
while the consistency of the yoghurt remained 
homogeneous, semi-liquid, without whey sep-
aration. In order to determine the compliance 
of the products obtained after fermentation 
with the requirements for low-lactose prod-
ucts set by the European Food Safety Author-
ity (2010), their carbohydrate composition was 
determined (Fig. 8).

The results of the studies show that in the 
obtained milk mixtures with a dry matter con-
tent of 14.1% and 15.3%, the lactose content 
after fermentation is less than 1%, which com-
plies with the recommendations for its content 
in low-lactose dairy products. For further re-
search and development of low-lactose yoghurt 
technology, a milk mixture with a dry matter 
content of 15.3% was selected as the milk base, 
as it has a lower residual lactose content, and 
the higher dry matter content in the specified 
milk base makes it possible to obtain a finished 
low-lactose fermented milk drink with a stable 
structure and consistency.

During the fermentation of the milk base 
in the production of low-lactose yoghurt, bio-
chemical processes occur that affect changes in 
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Figure 7. Carbohydrate composition of fermented milk mixtures with hydrolysed lactose
Source: developed by the authors

the chemical composition of the finished prod-
uct. In particular, under the action of lactic acid 
bacteria, lactose is converted into glucose and 
galactose, which, in turn, serve as a substrate for 
the formation of lactic acid, which participates 
in the formation of a fermented milk curd (Bol-
gova et al., 2021). In addition to lactic acid, the 
lactic acid bacteria that make up the yoghurt 
starter culture are a source of vitamins, particu-
larly B vitamins. Analysis of the research results 
(Table 7) shows that the carbohydrate composi-
tion changes during the fermentation of the milk 
base in yoghurt production. Thus, the lactose 
content in yoghurt after fermentation decreased 
by 45%, which indicates the high β-galactosidase 
activity of the lactic acid bacteria included in the 
starter culture (Wolf et al., 2015).
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Since low-lactose yoghurt based on but-
termilk falls into the category of special health 
foods and is recommended for people with 
lactase deficiency, the lactose content in the final 
product is particularly important. The data ob-
tained show that a lactose content of 0.73% per 
100 g of product meets the requirements of the 
European Food Safety Authority  (2010). There 
is also an increase in the vitamin content in the 
finished yoghurt, which indicates the ability of 
lactic acid bacteria to produce, in addition to 
lactic acid, other biologically active substances 
that increase the nutritional value of the product.

The combination of biochemical transfor-
mations in the yoghurt production process af-
fects not only the change in chemical composi-
tion, but also the formation of the organoleptic 
properties of the finished product. During fer-
mentation, in addition to the conversion of 
lactose to lactic acid, side processes also occur 
with the formation of organic acids, aldehydes, 
alcohols, and peptides, which determine the 
characteristic sour milk taste and aroma of yo-
ghurt. The quality characteristics of the devel-
oped low-lactose yoghurt based on buttermilk 
are shown in Table 8.

Indicator Before fermentation After fermentation
Carbohydrate content, g/100 g:

Lactose 1.33 0.73
Glucose 1.69 1.47

Galactose 1.44 2.23
Vitamin content, mg/100 g:

В1 0.128 0.131
В2 0.111 0.122
В3 0.937 1.0
В5 0.372 0.386

Table 7. Effect of fermentation on the chemical composition  
of low-lactose yoghurt based on buttermilk

Source: developed by the authors

Indicators Characteristics
Titrated acidity, °T 83.0

Active acidity, pH units 4.78
Consistency Homogeneous, delicate, with intact curds, moderately dense

Colour Milky white, homogeneous, with a yellowish tint
Smell Pure sour milk, mild; no foreign odours
Taste Pronounced sour milk, mild, balanced, with a characteristic sweet taste

Table 8. Quality indicators of low-lactose yoghurt based on buttermilk

Source: developed by the authors

The developed low-lactose yoghurt 
is characterised by high organoleptic in-
dicators that meet the requirements of 
DSTU 4343:2004 (2005). Thanks to the accumu-
lation of glucose and galactose, whose sweet-
ness indices are 5-6 times higher than that of 
lactose, low-lactose yoghurt based on butter-
milk has a pleasant sweet taste, which makes it 

possible not to use sugar in its recipe and rec-
ommend the product for low-calorie diets.

Discussion
The results of the study of the fermentation pro-
cess in low-lactose yoghurt technology based 
on buttermilk confirm the importance of de-
termining technological parameters to achieve 
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the desired organoleptic and physicochemical 
properties of the product. Analysis of the results 
obtained shows significant correspondence 
with other scientific works devoted to the study 
of the fermentation process of food products. 
Thus, the research by S. Sarıtaş et al. (2024) con-
firms that a temperature range of 38-45°C is op-
timal for the activity of most lactic acid bacteria 
and ensures the production of fermented milk 
products of the required quality. The rational 
fermentation parameters established in the cur-
rent study ensure the formation of a stable sour 
milk clot with standardised titrated acidity (80-
140°T) and active acidity (pH 4.78), which cor-
relates with the optimal conditions described 
in the study by A. Asiimwe et al.  (2021), where 
a temperature of 40-42°C contributed to bet-
ter rheological stability of yoghurts with added 
probiotics. Compared to the study by E.  Halb-
mayr-Jech et al. (2020), where the concentration 
of β-galactosidase from Lactobacillus paracasei 
(0.3%) reduced the lactose content in 100 g of 
yoghurt to 2.5 g, the approach used in the cur-
rent study, combining enzymatic hydrolysis of 
lactose with the action of the YC-X11 starter 
culture based on lactic acid bacteria, demon-
strates a lower final lactose content (0.73%), 
which makes the product more attractive for 
people with lactase deficiency.

In the work of F.  Tonolo  et al.  (2020), it 
was determined that the fermentation of dairy 
products at a temperature of 40-45°C ensures 
high efficiency of lactic acid bacteria and pro-
motes the formation of a stable sour milk clot. 
At the same time, according to the results of 
scientific research, the most effective temper-
ature range for reducing lactose is 42-44°C. 
Research by Y.  Gao  et al.  (2025) shows that 
temperatures above 45°C can cause the inacti-
vation of lactic acid bacteria, which leads to a 
decrease in fermentation efficiency. The results 
obtained in the study prove that fermentation 
of the milk base at temperatures above 45°C 
has a negative effect on the activity of starter 
cultures, confirming the importance of precise 

temperature control to achieve stable results. 
Thus, the results of the current study confirm 
the conclusions of previous studies, according 
to which the optimal temperature range for re-
ducing lactose content is 42-44°C. The select-
ed fermentation parameters were found to be 
comparable to scientifically substantiated data.

It is worth noting the study by K. Kondro-
tiene et al. (2024), which examined the effect of 
fermentation duration on the quality of dairy 
products. Their study indicated that prolonging 
fermentation for more than 240 minutes leads 
to a decrease in the activity of lactic acid bac-
teria, which negatively affects the organoleptic 
properties of the product. This coincides with 
the observations of the authors of the current 
work: a process duration of more than 210 min-
utes affects the reduction in the activity of lac-
tic acid bacteria, which indicates the need to 
control this parameter to achieve high product 
quality. An increase in the concentration of B 
vitamins and the accumulation of short-chain 
fatty acids in the finished yoghurt indicates 
the biosynthetic activity of lactic acid bacteria 
during fermentation. This is consistent with 
the findings of D. Savaiano & R. Hutkins (2021), 
where fermentation with Bifidobacterium long-
um under similar parameters increased the con-
tent of B vitamins and organic acids, improving 
the bioavailability of minerals, in particular 
calcium. Research by H. Abbas et al. (2024) also 
demonstrates that bifidobacteria in the fermen-
tation of yoghurt not only enrich the product 
with biologically active substances, but also 
increase its antioxidant activity. The data ob-
tained also correlates with the conclusions of 
B. Namshir et al. (2025), where the fermentation 
of goat’s milk with similar strains of lactic acid 
bacteria led to an increase in the content of B vi-
tamins by 5-15%, increasing the biological val-
ue of the product. Scientists W. Li et al.  (2020) 
also note that the addition of probiotics to yo-
ghurt promotes vitamin synthesis and improves 
its stability during storage. Research by L. Li et 
al. (2023) proves that the fermentation of dairy 
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products not only reduces the lactose content 
but also improves the nutritional value of the 
product by increasing the concentration of vi-
tamins, in particular B vitamins. This was con-
firmed by the results of the current study, which 
note an increase in the content of vitamins, in 
particular B vitamins, during the fermentation 
of the milk base of buttermilk yoghurt.

Scientists E.  Yamamoto  et al.  (2021) have 
confirmed that the fermentation of lactose in 
the production of yoghurt contributes to the ac-
cumulation of glucose and galactose, which de-
termines the natural sweetness of the product. 
According to their data, this process makes it 
possible to significantly reduce the need to add 
sugar to achieve the desired taste. The results 
of the studies also confirm that the process of 
lactose hydrolysis and monosaccharide accu-
mulation gives yoghurt a natural sweet taste, 
which makes it less caloric due to the absence 
of sugar in the recipe. In conclusion, the con-
sistency of the results obtained in the current 
study with the data from previous studies con-
firms their scientific validity and emphasises 
the importance of controlling the fermentation 
process as a determining factor in the forma-
tion of the nutritional value of dairy products.

Conclusions
Based on comprehensive analytical and exper-
imental studies, the role of fermentation in the 
production of low-lactose yoghurts has been 
determined. The patterns of influence of tech-
nological factors on the fermentation process 
and the formation of sour milk curd in low-lac-
tose yoghurt have been established. It has been 
determined that the rational parameters of the 
fermentation process of milk mixtures with a 
dry matter content of 15.3%, which ensure the 
formation of a sour milk curd with the speci-
fied organoleptic properties and a standardised  
titrated acidity within the range of 80-140°T, 
are a fermentation temperature of 40-45°C, a 
dose of YC-X11 direct-added yoghurt starter 
culture of 2.6-2.8 mg/100 g, and a fermentation 

time of 210 minutes. The effect of fermentation 
on the nutritional value of the finished product 
was investigated. It was proven that during the 
fermentation of the milk base, the lactose con-
tent decreased by 45% and did not exceed 1% in 
the finished yoghurt, which meets the require-
ments of the European Food Safety Authority 
for its content in low-lactose dairy products. 
At the same time, the recorded increase in the 
concentration of vitamins, in particular group 
B, indicates an increase in the nutritional val-
ue of low-lactose yoghurt. The accumulation of 
monosaccharides, such as glucose and galac-
tose, in the process of lactose hydrolysis during 
fermentation determines the natural sweetness 
of the finished product, which makes it possible 
to avoid adding sugar to its recipe.

The resulting low-lactose yoghurt based on 
buttermilk was characterised by favourable con-
sumer properties – a thick consistency, pleasant 
sour milk taste and natural sweetness, which 
meet the requirements of DSTU  4343:20024. 
The technological parameters of the fermen-
tation process determined in the work can be 
used in the production of yoghurts for people 
with lactase deficiency, which will contribute to 
the expansion of the range of low-lactose dairy 
products of Ukrainian production based on sec-
ondary milk raw materials. Further research in-
volves the development of a recipe and techno-
logical scheme for the production of low-lactose 
yoghurt based on buttermilk, as well as research 
into changes in the quality and safety indicators 
of the finished product during storage, which 
will allow determining its shelf life while ensur-
ing the preservation of its beneficial properties.
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Анотація. Розширення асортименту низьколактозних молочних продуктів, зокрема 
йогуртів, є актуальним напрямом та завданням для харчової промисловості в контексті 
зростаючої кількості осіб, що страждають на лактазну недостатність. Дослідження 
технологічних аспектів процесу ферментації є важливим етапом у технології 
розроблення таких продуктів. Основною метою даної роботи був аналіз технологічних 
умов ферментаційного процесу при виробництві низьколактозних йогуртів із 
застосуванням сколотин. У дослідженнях використовувались молочні суміші на основі 
сколотин, нормалізовані за вмістом сухих речовин та гідролізованою лактозою, 
заквашувальні препарати, що містять молочнокислі бактерії Streptococcus thermophilus 
та Lactobacillus delbrueckii ssp. bulgaricus. Досліджено вплив температури сквашування, 
дози заквашувального препарату та тривалості процесу ферментації на органолептичні 
та фізико-хімічні показники готового продукту. Встановлено, що раціональними 
параметрами отримання кисломолочного згустку та зниження вмісту лактози є: 
температура сквашування 40…45 °C, доза заквашувального препарату – 2,6…2,8 мг/100 г 
та тривалість процесу ферментації – від 180 до 240 хвилин. Отримані результати показали, 



Animal Science and Food Technology. 2025. Vol. 16, No. 4

88 Study of technological parameters of the fermentation process...

що у процесі ферментації вміст лактози в готовому продукті зменшився на 45 %, що дало 
змогу віднести його до категорії низьколактозних молочних виробів. Водночас зафіксоване 
зростання концентрації вітамінів, зокрема групи B, свідчить про підвищення харчової 
цінності продукту. Отриманий низьколактозний йогурт на основі сколотин мав щільний 
згусток, приємний кисломолочний смак та солодкість завдяки накопиченню моноцукрів – 
глюкози та галактози, в результаті гідролізу лактози. Визначені в роботі технологічні 
параметри процесу ферментації можуть бути використані у виробництві низьколактозних 
йогуртів для осіб із лактазною недостатністю та сприятимуть розширенню асортименту 
низьколактозних молочних продуктів українського виробництва

Ключові слова: вторинна молочна сировина; лактазна недостатність; заквашувальний 
препарат; ферментоліз; ферментовані продукти; кисломолочні напої; харчова цінність
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Introduction
Soybean represents one of the most valuable 
sources of plant protein in global agriculture 
and the food industry. However, its widespread 
application is constrained by the presence of 
antinutritional factors, amongst which trypsin 
inhibitors and haemagglutinins occupy a lead-
ing position, reducing protein digestibility and 
the biological value of soy products. Soyabeans 
account for approximately 25% of global oil-
seed production and serve as a key component 
in the food industry and livestock farming 
(Turpurova & Kurbatov,  2024). The high pro-
tein content (35-40%) and balanced amino acid 
composition render soyabean an indispensable 
ingredient in the manufacture of food prod-
ucts, compound feeds, and protein concen-
trates (Kostyna & Bronnikova,  2024). Never-
theless, according to G. Padalkar et al.  (2023), 
the full utilisation of soyabean protein is lim-
ited by the presence of antinutritional factors, 

the most significant of which are trypsin inhib-
itors and haemagglutinins. Trypsin inhibitors 
account for 5-7% of the total protein content 
of raw soybeans and are of two main types: 
Kunitz inhibitor and Bowman-Birk inhibitor. 
These compounds block the activity of prote-
olytic enzymes in the digestive tract, reducing 
protein digestibility and amino acid bioavaila-
bility. Long-term consumption of raw soybeans 
causes pancreatic hypertrophy, reduced growth 
in animals, and impaired nutrient absorption 
(Liu, 2024). Therefore, inactivation of anti-nu-
tritional factors is a critically important step in 
preparing soybean raw materials for use.

As stated by B. Iegorov et al. (2023), tradi-
tional heat treatment methods, in particular 
autoclaving and extrusion, although they pro-
vide sufficient inactivation of trypsin inhibi-
tors, have significant disadvantages, including 
high energy consumption, process duration, 

were studied: whole beans, coarse grinding (2-3 mm) and fine grinding (0.5 mm). It was found 
that the coarsely ground fraction demonstrated the optimal ratio between moisture retention 
capacity and alkaline solution permeability. Microwave treatment was carried out at a power 
of 600 W for 30-150 seconds with a step of 30 seconds. To assess the qualitative parameters, 
an infrared spectrometer was used to determine the activity of trypsin inhibitors and protein 
solubility in potassium hydroxide. The results showed that the combined microwave-alkali 
treatment provided more effective inactivation of trypsin inhibitors compared to pure microwave 
treatment. At a treatment time of 150 seconds, the activity of trypsin inhibitors decreased from 
29.8 mg/g in the control sample to 7.1 mg/g in the microwave treatment and to 4.7 mg/g in the 
combined microwave-alkaline treatment, which is a decrease of 76.2% and 84.2%, respectively. 
At the same time, the protein solubility remained at a high level – 87.4% for microwave and 
88.2% for microwave-alkaline treatment. It has been established that a preliminary increase in 
pH to 8 contributes to the partial destruction of the buffer properties of protein components and 
increases the efficiency of subsequent heat treatment. The optimal processing parameters were 
determined as raw material moistening up to 15%, use of coarsely ground fraction, preliminary 
alkaline treatment to pH 8, and microwave heating for 120-150 seconds at a power of 600 W. The 
proposed method allows to significantly increase the nutritional value of soy raw materials while 
maintaining high protein solubility, which makes it promising for implementation in the food 
industry and feed production

Keywords: trypsin inhibitors; antinutritional factors; protein denaturation and solubility; alkaline 
and heat treatment
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and the risk of denaturation of a significant 
number of protein molecules with loss of their 
functional properties. In this regard, it is urgent 
to search for alternative processing methods 
that would combine high efficiency of inacti-
vation of antinutrients with preservation of 
the nutritional value of proteins. Among mod-
ern approaches, the use of microwave heating 
is of particular interest. This method provides 
rapid and volumetric heating of the raw mate-
rial due to dielectric heating, which occurs as a 
result of the interaction of an electromagnetic 
field with polar water molecules. Unlike con-
vection heating, where heat is transferred from 
the surface to the centre, microwave heating 
provides a more uniform temperature distribu-
tion throughout the product, which contributes 
to more effective inactivation of anti-nutri-
tional factors with lower energy consumption 
(Xiang et al., 2020).

An additional promising direction is the 
combination of thermal and chemical treat-
ment by regulating the acid-base balance of the 
medium. According to Z. Luo et al. (2025), alka-
line treatment promotes protein denaturation 
and the breaking of disulphide bonds in the 
structure of trypsin inhibitors, which increases 
their sensitivity to thermal inactivation. At the 
same time, an alkaline environment can im-
prove the solubility of proteins and their func-
tional properties, which is an important factor 
for further technological use. Despite the exist-
ence of separate studies on the effectiveness of 
microwave processing and alkaline modifica-
tion of soy protein, a comprehensive approach 
that would combine both methods, taking into 
account the optimisation of processing param-
eters (fractional composition of raw materials, 
moisture, pH level, duration and power of mi-
crowave heating), remains insufficiently stud-
ied (Sui et al., 2021; Das et al., 2024). Therefore, 
the purpose of this study was to determine the 
optimal parameters of combined microwave-al-
kali treatment of soybeans for maximum inac-
tivation of trypsin inhibitors while maintaining 

high protein solubility and nutritional value of 
the product. To achieve the goal, it was nec-
essary to solve the following tasks: (1) to in-
vestigate the effect of moisture and fractional 
composition of soybeans on the degree of inac-
tivation of trypsin inhibitors during microwave 
treatment; (2) to establish the buffer capacity 
of soybeans and calculate the required amount 
of baking soda to achieve the optimal pH level 
for preliminary alkaline treatment; (3) to assess 
the effect of microwave treatment duration on 
the activity of trypsin inhibitors and protein 
solubility in samples moistened with distilled 
water and treated with an alkaline solution.

Literature Review
The problem of inactivation of anti-nutritional 
factors in legumes has been studied for several 
decades, and a significant amount of scientific 
data has been accumulated on the effectiveness 
of various processing methods. Traditional ap-
proaches are based on thermal denaturation of 
protein inhibitors; however, the intensity and 
duration of treatment significantly affect not 
only the inactivation of antinutrients, but also 
the preservation of the nutritional properties 
of the final product. The structure of soybean 
trypsin inhibitors is characterised by the pres-
ence of disulphide bonds, which ensure the sta-
bility of their three-dimensional conformation. 
The Kunitz inhibitor contains two disulphide 
bridges, while the Bowman-Birk inhibitor con-
tains seven such bonds, which makes the latter 
more heat-resistant (Park et al.,  2023). Inacti-
vation of these compounds under the influence 
of high temperature occurs through the de-
struction of disulphide bonds and denaturation 
of the protein structure, which leads to the loss 
of their inhibitory activity.

Studies by J.  Gu  et al.  (2022) showed that 
complete inactivation of trypsin inhibitors 
in raw soybeans requires prolonged boiling: 
14  minutes provides 80% inactivation, and 
30  minutes provides about 90% inactivation. 
However, such prolonged thermal exposures 

https://pubmed.ncbi.nlm.nih.gov/?term=%22Xiang%20S%22%5BAuthor%5D
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can negatively affect protein quality, reducing 
its solubility and bioavailability of amino ac-
ids. Therefore, it is urgent to find methods that 
would ensure effective inactivation at lower 
temperature-time parameters. Microwave heat-
ing demonstrates significant advantages over 
convection methods due to the dielectric heat-
ing mechanism. Studies by I. Munro et al. (2003) 
confirmed that microwave treatment effectively 
reduces trypsin inhibitor activity and improves 
protein digestibility: microwaving soy milk at 
100°C for 8  minutes increased protein digest-
ibility by 7% compared to traditional heating, 
which requires 30 minutes to achieve the same 
effect. A critical factor in the effectiveness of 
microwave processing is the moisture content 
of the raw material. Studies of lipoxygenase 
inactivation in soybeans have shown that at a 
moisture content of 26.9-56.8%, complete in-
activation of the enzyme is achieved after 210 
seconds of microwave heating (Cao et al., 2023). 
Moisture acts as a dielectric medium, ensuring 
uniform distribution of microwave field energy 
throughout the product volume and contribut-
ing to more efficient heating of the internal lay-
ers. At the same time, excessive moisture reduc-
tion during microwave processing can lead to 
uneven heating and local overheating. Studies 
by Z. Luo et al. (2025) have shown that micro-
wave heating is more effective in changing the 
oil distribution in soybean seeds compared to 
autoclaving, but the degree of protein denatur-
ation remains lower. This highlights the need 
to optimise raw material moisture to achieve a 
balance between the efficiency of inactivation 
of antinutritional factors and the preservation 
of protein quality.

The particle size of the soybean raw ma-
terial significantly affects the speed and uni-
formity of heating. Whole beans are char-
acterised by a slow heating rate due to low 
thermal conductivity and the presence of a 
water-impermeable shell. Grinding increases 
the surface area and improves heat access to 
the endosperm, but excessively fine fractions 

can quickly lose moisture during microwave 
heating, reducing processing efficiency. Stud-
ies show that pre-soaking soybeans before 
microwave processing provides a higher level 
of trypsin inhibitor inactivation compared to 
dry raw materials (Munro et al., 2003). This is 
explained by the increase in humidity, which 
promotes uniform heating, and partial swelling 
of protein structures, which makes them more 
accessible for thermal denaturation. However, 
the duration of the soaking process and subse-
quent drying may be technologically impracti-
cal in industrial conditions.

Adjusting the pH of the medium is a power-
ful tool for modifying the functional properties 
of soy protein. Alkaline treatment leads to the 
destruction of the spatial configuration of pro-
tein molecules due to the electrostatic repulsion 
of negatively charged groups and the destruc-
tion of hydrogen bonds. Studies of pH-shifting 
technology have shown that processing soy 
protein isolate at pH  12 followed by neutrali-
sation to pH 7 significantly improves solubility, 
surface hydrophobicity, and emulsifying prop-
erties (Tang & Ma, 2009). It is important to note 
that alkaline treatment (pH 12 → 7) has a more 
pronounced effect on the structure and func-
tional properties of the protein compared to 
acid treatment (pH 2 → 7), since the change in 
protein structure in an alkaline environment is 
more intense, according to L. Zheng et al. (2022). 
This is confirmed by an increase in the content 
of free thiol groups by 13-19% and an increase 
in surface hydrophobicity by 59-61% after heat-
ing at pH 12 (Chen et al., 2013).

Combined alkaline and heat treatment 
demonstrates a synergistic effect. Raising the 
pH to 9 followed by heating provides a greater 
increase in protein solubility compared to the 
separate application of alkaline or heat treat-
ment (Wu et al., 2009). This occurs due to the 
partial destruction of the buffering properties 
of protein components and the facilitation of 
thermal denaturation of trypsin inhibitors. The 
Institute of Feed and Agriculture of Podillia of 
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the National Academy of Agricultural Sciences 
of Ukraine has developed a method for elimi-
nating anti-nutritional factors in soybeans by 
treating crushed grain in a 2.5% calcium hy-
droxide solution (Vysochanska & Petrychen-
ko, 2010). The technology involves soaking soy-
bean flour in water (ratio 1:4) with the addition 
of 25 g/kg of alkali to achieve pH 7. The use of 
this method allows to reduce the content of an-
tinutrients and improve the digestibility of pro-
teins, but requires a long processing time and 
subsequent washing of the raw materials.

A generalisation of the literature data 
shows that the most promising is an integrat-
ed approach that combines the advantages of 
various processing methods. The combination 
of microwave heating with pre-moistening and 
pH adjustment can provide a synergistic effect 
in inactivating anti-nutritional factors at low-
er energy costs and shorter processing times. 
However, most studies focus on the separate 
study of the effect of microwave treatment or 
alkaline modification, while the comprehensive 
optimisation of processing parameters (frac-
tional composition, moisture, pH level, micro-
wave heating modes) remains poorly studied. 
In addition, it is important to determine the 
optimal balance between the degree of inacti-
vation of trypsin inhibitors and the preserva-
tion of the functional properties of the protein, 
in particular its solubility, which is a critical 
indicator for the technological use of soy raw 
materials. Thus, the relevance of this study lies 
in the development of a scientifically sound 
approach to combined microwave-alkaline pro-
cessing of soybeans with the determination of 
optimal parameters that ensure maximum in-
activation of trypsin inhibitors while maintain-
ing high protein solubility and nutritional value 
of the product.

Materials and Methods
Characteristics of raw materials and reagents. 
For experimental research, soybeans of the ‘Si-
galiya’ variety from the 2024 harvest in Chernihiv  

region (Ukraine) were used. The research was 
conducted in the spring of 2025. The raw mate-
rials were stored in paper bags at a temperature 
of 18-20°C and a relative humidity of 30-40%.  
The initial moisture content of the beans was 
9%, which corresponds to standard storage con-
ditions for oilseeds (DSTU  4964:2008,  2010). 
The crude protein content in the control sam-
ples was 33.7%, and crude fat was 21.5%. Bak-
ing soda (sodium bicarbonate, NaHCO₃) with a 
mass fraction of the basic substance of at least 
99.9% was used as an alkaline reagent. The 
choice of soda as an alkaline agent was due to 
its wide application in the food industry, safety 
of use, and the ability to effectively regulate the 
pH level without introducing toxic components 
or heavy metals. Distilled water with a specific 
electrical conductivity of no more than 5 μS/cm 
was used to prepare the solutions.

Determination of the buffering capacity of 
soybeans. The buffer capacity of soybeans was 
determined titrimetrically using a standardised 
0.1 M baking soda solution. A 5.00 g portion of 
crushed soybeans (0.5 mm fraction) was placed 
in a 100 ml beaker and 50 ml of distilled water 
was added. The suspension was left for 20 min-
utes at room temperature (22 ± 2°C) for swelling 
of protein structures and hydration of colloidal 
components, stirring periodically with a glass 
rod. After swelling, 0.1 M baking soda solution 
was gradually added to the suspension in small 
portions of 0.1-0.2  ml using an automatic pi-
pette, mixing thoroughly after each addition 
for 30  seconds. One minute after adding the 
next portion of alkali, the pH of the suspension 
was measured using universal indicator litmus 
strips with a pH determination range of 5-9 (de-
termination accuracy ±0.2 pH units) manufac-
tured by Lachema (Czech Republic). The initial 
pH of the aqueous suspension of soybeans was 
6.3 ± 0.1. The volume of soda solution required 
to increase the pH by one unit was recorded to 
construct a titration curve and calculate the 
buffer capacity. The experiment was repeated 
five times to ensure statistical reliability of the 
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results. The buffer capacity (β) was calculated 
using the formula (1):

β = ΔС
ΔрН

 ,                               (1)

where ΔC  – change in the concentration of 
added alkali (mol/l); ΔpH – change in the pH 
of the suspension.

Preparation of samples of different fractions. 
To determine the optimal particle size of soybean 
raw materials, three types of samples were pre-
pared: (1) whole beans – soybeans without grind-
ing, previously cleaned of damaged and defective 
seeds by manual sorting; (2) coarse grinding 
(2-3 mm) – beans were ground in a laboratory 
mill OlisLab 2100 (a modernised version of the 
LZM-1  mill, LLC “Olis”, Ukraine), the resulting 
fraction was sieved through a set of sieves with a 
mesh size of 2.0 and 3.0 mm to standardise par-
ticle size; (3) fine grinding (0.5 mm) – beans were 
ground using a laboratory mill Retsch ZM-300 
(Makrolab LTD,  Ukraine) at a rotation speed of 
14,000 rpm, using a 0.5 mm ring sieve.

Humidification of raw materials. A con-
trol group of samples weighing 100 g each was 
moistened with distilled water until a humid-
ity of 15% was reached. The volume of water 
required for moistening was calculated using 
the formula (2):

V = 𝑚𝑚𝑚𝑚×(𝑊𝑊𝑊𝑊₂−𝑊𝑊𝑊𝑊₁)
100−𝑊𝑊𝑊𝑊₂

 ,                         (2)

where m – sample mass (g); W₁ – initial humid-
ity (%); W₂ – final moisture content (%). For a 
100 g sample with an initial moisture content of 
9%, the required volume of distilled water was 
7.06 ml. Water was added to the samples even-
ly using a micro-spray sprayer with constant 
stirring to ensure uniform moisture distribu-
tion. After humidification, the samples were 
placed in sealed polyethylene bags and kept for 
60 minutes at room temperature to evenly re-
distribute moisture throughout the volume of 
the raw material. The actual moisture content 
of the samples after exposure was controlled by 

the gravimetric method by drying at a tempera-
ture of 105 ± 2°C to constant weight.

Alkaline treatment. The experimental 
group of samples was treated with a solution 
of baking soda to achieve a pH of 8. Based on 
the data from the determination of the buffer 
capacity, it was established that to achieve this 
pH level, it is necessary to add 1.0% of soda by 
weight of the raw material (1.0 g per 100 g of 
soybeans). The soda was dissolved in the cal-
culated volume of distilled water (7.06 ml). The 
resulting alkaline solution was used to moisten 
soybean samples similarly to the control group 
using a spray gun. After moistening, the sam-
ples were kept in sealed bags for 60  minutes 
to evenly distribute the alkali and establish an 
equilibrium pH value. pH control was performed 
on aqueous extracts (sample: water ratio = 1:10) 
60 minutes after treatment. The actual pH val-
ue of the extracts was 7.9 ± 0.1, confirming that 
the target alkalinity level was achieved.

Microwave processing. Microwave treat-
ment was performed in a household micro-
wave oven Grunhelm 20MX711-B  (Ukraine) 
with a nominal power of 800  W. To ensure 
the same processing conditions for all sam-
ples, the 600  W mode (75% power) was used, 
which provides more controlled heating condi-
tions and reduces the risk of local overheating. 
Samples weighing 100 g were placed in plastic 
containers and distributed in a uniform lay-
er 8-10  mm thick to ensure uniform heating. 
The containers were placed in the centre of the 
rotating plate of a microwave oven. The dura-
tion of treatment varied from 30 to 150  sec-
onds in 30-second increments, which allowed 
for assessing the kinetics of trypsin inhibitor 
inactivation and changes in protein solubility 
depending on the exposure time. After micro-
wave treatment, the samples were cooled to 
room temperature in air for 30 minutes, after 
which the mass loss due to moisture evapora-
tion was determined. The treated samples were 
ground to a fraction of 0.5  mm and stored in 
sealed plastic containers at a temperature of 
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4 ± 2°C until analytical studies were performed, 
but not more than 24 hours.

Methods of analysis. To assess the quality 
indicators of soybean samples, a Bruker TAN-
GO infrared spectrometer (Germany) with Evo-
nik calibration was used, which provides rapid 
and non-destructive determination of quality 
indicators. The device operates in the near-in-
frared spectrum (850-1,050 nm) and uses che-
mometric models to calculate component con-
centrations based on spectral characteristics. 
Determination of trypsin inhibitor activity 
and protein solubility in potassium hydrox-
ide (KOH) was performed by the spectrometric 
method using a calibration model developed 
for soy products. The results were expressed 
in milligrams of trypsin inhibitors per gram of 
dry matter (mg/g) and as a percentage of total 
protein, respectively. The relative error of de-
termination was no more than 1%. Five paral-
lel samples were prepared for each treatment 

option, which ensured high statistical reliabil-
ity of the results. Statistical processing of the 
obtained results was carried out according to 
V. Matviychuk et al.  (2021) using variance and 
correlation analysis (p = 0.05).

Results and Discussion
The dependence of the pH change on the 
amount of added alkali was established by titrat-
ing an aqueous suspension of crushed soybeans 
with a solution of baking soda (Fig. 1). The initial 
pH value of the suspension was 6.3 ± 0.1, which is 
consistent with the data of X. Xiong et al. (2015) 
on the weakly acidic reaction of aqueous soy-
bean extracts. Adding 0.2% soda by weight of the 
raw material increased the pH to 6.8, at 0.5% – 
to 7.4, and at 1.0% – to 8.0. Further increase in 
the soda concentration to 1.5% and 2.0% did not 
cause significant changes in the pH (8.1 and 8.2, 
respectively), which indicates that a buffer pla-
teau has been reached.
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Figure 1. Change in pH depending on the amount of sodium bicarbonate
Source: compiled by the authors

The established buffer curve demonstrat-
ed the typical behaviour of protein systems 
with high buffer capacity in the pH range of 
6-8. This was due to the presence of monoami-
nodicarboxylic amino acids in the composition 
of soy proteins, in particular glutamic and as-
partic acids. The buffer capacity of soybeans 
in the pH range of 6.3-8.0 was 0.18 ± 0.02 mol/
(l × pH unit), which is a relatively high indicator 
and confirms the ability of soy protein to resist  

pH changes. For practical use, the optimal 
concentration of soda was chosen to be 1.0% 
of the mass of the raw material, which ensured 
the achievement of pH 8.0 – a level sufficient 
for partial destruction of the buffer properties 
of the protein without excessive alkalinity, 
which can lead to undesirable chemical mod-
ifications of amino acids. A similar approach 
was used in pH-shifting technology, where 
pH 8-9 was considered optimal for improving 
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the functional properties of soy protein (Wu et 
al.,  2009). Comparative analysis of samples 
with an initial moisture content of 9% and 
moistened to a level of 15% revealed the crit-
ical role of moisture content in the efficiency 
of microwave heating. At a microwave power 
of 600 W, the temperature in the centre of the 

moistened samples after 30  seconds of treat-
ment was 62 ± 3°C, after 60 seconds – 83 ± 4°C, 
seconds – 98 ± 5°C, seconds – 112 ± 6°C, and at 
150  seconds it reached 125 ± 7°C (Fig.  2). The 
coefficient of temperature variation at dif-
ferent points of the sample did not exceed 
8%, which indicates a fairly uniform heating.

Figure 2. Temperature change in the centre of humidified samples depending  
on the duration of treatment

Source: compiled by the authors
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In contrast to the moistened samples, 
dry beans (9% moisture) exhibited significant 
heating non-uniformity with temperature var-
iations ranging from 70°C to 150°C within a 
single sample. The coefficient of variation of 
temperature was 25-35%, indicating that heat-
ing was localised mainly in the outer layers of 
the sample. Visual inspection revealed partial 
burning of the surface layer in the form of dark 
brown spots, while the internal parts remained 
insufficiently heated. This is consistent with the 
data by H. Cao et al. (2023) on the critical role 
of moisture as a dielectric mediator in micro-
wave heating. Water molecules, having a high 
dipole moment, effectively absorb the energy 
of the electromagnetic field and convert it into 
heat. At low humidity, heating occurs less in-
tensively, and local areas with higher moisture 
content overheat, which leads to uneven pro-
cessing. Increasing humidity to 15% provides a 
more uniform distribution of dielectric heating 
throughout the product volume.

The study of the effect of particle size on 
the efficiency of combined processing revealed 

significant differences between the three frac-
tions studied. Whole soybeans were charac-
terised by uniform heating and good moisture 
retention during microwave processing. The 
weight loss after 150  seconds of heating was 
only 3.2 ± 0.4%, indicating effective water re-
tention in the bean structure. However, the 
activity of trypsin inhibitors after alkaline 
treatment followed by microwave heating for 
150 seconds decreased only to 18.3 ± 1.2 mg/g 
compared to 29.8  mg/g in the control (a de-
crease of 38.6%). The low efficiency of alkaline 
treatment of whole beans is explained by the 
presence of a waterproof shell, which limits 
the penetration of the alkaline solution to the 
endosperm, where the bulk of proteins and 
trypsin inhibitors are concentrated. The struc-
ture of the soybean shell includes a cuticle 
with a waxy layer and an epidermis with pal-
isade cells, which form a barrier to the diffu-
sion of aqueous solutions (Ma et al., 2004). For 
effective alkaline treatment of whole beans, 
a long pre-soaking (8-12  hours) is required, 
which is technologically impractical.
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The fine fraction (0.5  mm) exhibited the 
opposite problem – excessively rapid moisture 
loss during microwave heating. The mass loss 
after 150 seconds was 11.8 ± 1.5%, with inten-
sive evaporation occurring after 60 seconds of 
treatment. Visual inspection showed the for-
mation of a dry crust on the surface of the sam-
ple, which was accompanied by a sharp increase 
in temperature to 140-160°C in some areas. The 
activity of trypsin inhibitors during this treat-
ment was almost unchanged. The reason for 
the low efficiency is the early evaporation of 
moisture, which occurs before the temperature 
sufficient to denature the protein inhibitors 
is reached. Studies by J.  Gu  et al.  (2022) show 
that effective inactivation of trypsin inhibitors 
requires a temperature of 90-100°C and a suffi-
cient duration of exposure. During rapid drying 
of the fine fraction, the temperature rises to 
140-160°C, but due to the lack of moisture, heat 
transfer to the internal particles deteriorates, 
which reduces the efficiency of denaturation.

The coarse grinding fraction (2-3  mm) was 
found to be optimal, providing a balance between 
moisture retention capacity and accessibility  

to alkaline solution. Mass loss after 150  sec-
onds of microwave treatment was 5.8  ±  0.6%, 
indicating moderate moisture evaporation with 
sufficient moisture retention for effective heat 
transfer. It was this fraction that provided the 
best results in inactivation of trypsin inhibi-
tors during combined treatment. Grinding to 
a size of 2-3  mm destroys the bean shell and 
increases the surface area of ​​the endosperm, 
which facilitates the penetration of the alkaline 
solution and provides better contact with the 
protein components. At the same time, parti-
cles of this size retain sufficient structural in-
tegrity to retain moisture during microwave 
heating. This is consistent with the data by 
H. Vagadia et al. (2017) on the positive effect of 
pre-grinding on the efficiency of thermal pro-
cessing of legumes. The results of determining 
the activity of trypsin inhibitors in samples af-
ter different treatment options are presented in 
Figure 3. The control sample without treatment 
was characterised by a trypsin inhibitor activity 
of 29.8 ± 1.2  mg/g, which is a typical value for 
raw soybeans and is consistent with the data of 
M. Friedman & D. Brandon (2001).
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Figure 3. Effect of duration of treatment duration and type on the activity of trypsin inhibitors
Source: compiled by the authors

In microwave-only processes, a gradual 
decrease in the activity of trypsin inhibitors 
was observed with increasing heating dura-
tion (Fig.  3). The transition between a short 
interval of 30  seconds provided a decrease in 
activity to 25.6  mg/g (by 14.1% compared to 

the control), i.e. to the level of reaching a tem-
perature of 62°C – the level of the beginning 
of denaturation of the most heat-sensitive 
protein fractions. The most intense decrease 
in activity occurs between 30-60  seconds 
(from 25.6 to 15.5  mg/g), when the sample  
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temperature is 83°C and denaturation of the 
Kunitz inhibitor occurs, which is less heat-sta-
ble compared to the Bowman-Birk inhibitor, 
according to A. Park et al.  (2023). Subsequent-
ly, with an increase in the treatment duration 
to 90-120 seconds, the rate of decrease in the 
activity of trypsin inhibitors decreased (change 
from 15.5 to 10.2 mg/g), which indicates a high-
er thermal stability of the Bowman-Birk inhib-
itor with seven disulphide bonds and requires a 
longer thermal exposure for complete denatur-
ation (Kumar et al., 2006). During treatment for 
150 seconds (125°C), the activity decreased to 
only 7.1 mg/g, corresponding to a 76.2% reduc-
tion compared to the control.

Optimal microwave-alkaline treatment 
demonstrated significantly higher efficiency 
of inactivation of trypsin inhibitors at all stud-
ied time ranges. Already after treatment for 
30 seconds, the activity decreased to 23.9 mg/g, 
which was 6.6% less compared to pure micro-
wave treatment for the same duration. The 
most pronounced effect was observed in the 
case of treatment for 120-150  seconds, when 
the combined treatment provided a reduction 
in activity to 7.2 and 4.7  mg/g, respectively, 
which was 29.4% and 33.8% more effective 
compared to microwave treatment alone. At 
150 seconds duration, the combined treatment 
reduced the activity of trypsin inhibitors by 
84.2% to a level of 4.7 mg/g, which corresponds 
to the limit level considered safe for use in feed 
purposes (<5  mg/g), according to P.  Mittal  et 
al.  (2021). This confirms the synergistic effect 
of the combination of alkaline and heat treat-
ment. Increasing the pH to level 8 leads to par-
tial ionisation of carboxyl and amino groups 
of protein molecules, which leads to electro-
static repulsion and spatial change of the ter-
tiary structure of the protein, as mentioned 
by C.  Tang & C.  Ma  (2009) and M.  Zhong  et 
al.  (2024). This makes disulphide bonds more 
accessible for hydrolysis under the influence of 
high temperature and accelerates the rate of 
denaturation of trypsin inhibitors. Correlation 

analysis showed a high negative correlation 
between the duration of treatment and the ac-
tivity of trypsin inhibitors both during micro-
wave treatment (r = -0.986, p < 0.001) and dur-
ing combined treatment (r = -0.992, p < 0.001), 
which confirms the pattern of inactivation of 
antinutritional factors with increasing thermal 
exposure time.

The experiments conducted confirm the lit-
erature data on the effectiveness of microwave 
treatment for inactivating trypsin inhibitors. 
Experimental results obtained by I.  Munro  et 
al.  (2003) confirmed that microwave heating 
of soy milk at 100°C for 8 minutes reduced the 
activity of trypsin inhibitors by 70-75%, which 
is comparable to the observations of the pres-
ent research with a processing time of 150 sec-
onds. At the same time, the use of combined 
alkaline-thermal treatment provides the same 
or greater effect in a shorter duration, which is 
of practical importance in optimising the en-
ergy efficiency of the technological process. It 
is worth noting that even with the longest pro-
cessing time (150  seconds), protein solubility 
remained at a fairly high level – 87.4% for mi-
crowave and 88.2% for microwave + alkali. This 
indicates a relatively mild nature of the thermal 
effect, which ensures effective inactivation of 
trypsin inhibitors without excessive denatura-
tion of protein structures, which is important 
for preserving the technological properties of 
soy raw materials.

Analysis of the kinetics of inactivation of 
trypsin inhibitors indicated the most intense 
decrease in their activity in the range of 30-90 
seconds of treatment when the temperature 
of the samples increased from 60°C to 100°C. 
This corresponds to the denaturation temper-
ature of the main soy proteins: β-conglycinin 
(75-80°C) and glycinin (85-95°C). In this tem-
perature range, protein globules unfold and ag-
gregation processes develop, which is accompa-
nied by the destruction of active sites of trypsin 
inhibitors. With a treatment duration of more 
than 120 seconds, the rate of inactivation slows 
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down, which may be due to several factors. 
First, by this point, inactivation of the most 
thermolabile fraction of inhibitors has already 
occurred, and the predominantly thermostable 
Bowman-Birk inhibitor remains. Secondly, at 
temperatures above 110°C, intensive evapora-
tion of moisture begins, which reduces the ef-
ficiency of heat transfer and can lead to local 
overheating instead of uniform heating. From 
a practical point of view, the most optimal time 
for combined microwave-alkaline treatment 
can be considered to be the interval of 120-
150 seconds, when the activity of trypsin inhib-
itors is 4.7-7.2 mg/g while maintaining protein 
solubility at 87.8-88.2%. This indicator is close 
to the results of soybean meal processed by 
traditional methods (autoclaving, extrusion), 
where the residual activity of trypsin inhibitors 
is usually 3-5 mg/g. 

Modern soybean processing technologies 
include autoclaving (121°C, 15-20  minutes), 
extrusion (130-150°C, 30-60  seconds), and 
toaster roasting (110-120°C, 20-30  minutes). 
Autoclaving provides complete inactivation of 
trypsin inhibitors, but requires a long process-
ing time and significant energy consumption. 
Extrusion is more energy efficient, but requires 
special equipment and can lead to excessive 
protein denaturation with a loss of solubility of 
up to 70-75%. The proposed method of com-
bined microwave-alkali treatment has several 
advantages. First, the treatment time is only 
120-150 seconds, which is significantly short-
er than autoclaving (15-20 minutes) or frying  
(20-30  minutes). Secondly, the energy con-
sumption is quite low: at a power of 600  W 
and a duration of 150  seconds, the energy 
consumption is about 0.025 kWh per 100 g of 
raw material, which is a competitive indicator. 
Thirdly, the preservation of high protein solu-
bility (88.2%) makes the processed raw mate-
rial suitable for a wide range of technological 
applications. An additional advantage is the 
possibility of continuous processing in indus-
trial conditions. Conveyor-type microwave 

plants allow for a continuous process with pre-
cise control of processing parameters, which 
is more difficult for batch autoclave plants. 
Alkaline pre-wetting can be integrated into 
the process line as a preparation stage before 
microwave heating, which does not require ad-
ditional equipment and does not significantly 
complicate the process.

Based on the research performed, the fol-
lowing technological recommendations can 
be formulated for combined microwave-alkali 
processing of soybean raw materials. Raw ma-
terial preparation: use soybeans with an initial 
moisture content of 8-10%, cleaned of impuri-
ties and damaged seeds. Grind to a coarse frac-
tion with a particle size of 2-3 mm, which pro-
vides an optimal balance between accessibility 
to alkaline solution and the ability to retain 
moisture during microwave heating. Alkaline 
treatment: moisten the crushed raw materials 
with a solution of baking soda (1% of the mass 
of the raw materials) until a moisture content 
of 15% and a pH of 8.0 ± 0.2 are reached. Allow 
to stand for 60 minutes to evenly distribute the 
alkali throughout the volume of the raw ma-
terials. Monitor the pH of the aqueous extract 
(ratio 1:10) with indicator strips or a pH meter. 
Microwave treatment: microwave heating at 
600 W for 120-150 seconds. Place the raw mate-
rials in an even layer up to 10 mm thick to en-
sure uniform heating. Monitor the temperature 
of the samples, which should be 110-125°C at 
the end of the treatment. Quality control: de-
termine the residual activity of trypsin inhibi-
tors (target value <7 mg/g) and the solubility of 
protein in KOH (not lower than 85%). If neces-
sary, adjust the processing time depending on 
the characteristics of the individual batch of 
raw materials.

Conclusions
The use of combined microwave-alkali treat-
ment of soybeans is an effective treatment 
method for the effective inactivation of trypsin 
inhibitors while maintaining high protein  
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solubility. It has been established that the 
coarsely ground fraction (2-3  mm) provides 
the best balance between moisture retention 
capacity and accessibility to the alkaline solu-
tion, while whole beans are characterised by 
insufficient penetration of alkali through the 
waterproof shell, and the fine fraction (0.5 mm) 
has excessively rapid moisture loss during mi-
crowave heating. It has been established that 
achieving pH 8 is ensured by adding 1.0% bak-
ing soda to the mass of raw materials, which 
contributes to the partial violation of the buffer 
properties of protein components and increas-
es the efficiency of subsequent heat treatment. 
The critical role of raw material moisture for 
the efficiency of microwave processing has been 
confirmed. Humidification of soybean raw ma-
terials to a level of 15% ensured uniform heating 
with a temperature variation coefficient of no 
more than 8%, while processing dry beans with 
a humidity of 9% was characterised by high un-
even heating (variation coefficient of 25-35%) 
with local overheating of the surface layer and 
insufficient heating of the internal parts.

It was found that combined microwave-al-
kaline treatment provides more effective inac-
tivation of trypsin inhibitors compared to pure 
microwave treatment at all studied time inter-
vals. At a processing time of 150 seconds and a 
power of 600  W, the activity of trypsin inhib-
itors decreased from 29.8  mg/g in the control 
sample to 7.1  mg/g with microwave process-
ing (a 76.2% reduction) and to 4.7  mg/g with 
combined microwave-alkaline processing (a 
84.2% reduction), which is 33.8% more effec-
tive compared to pure microwave processing. 
It has been proven that combined processing 
provides effective inactivation of anti-nutri-
tional factors while maintaining high protein 
solubility. Under optimal processing conditions 
(120-150 seconds), protein solubility remained 
at 87.8-88.2%, which is sufficient to preserve 
the technological properties of soy raw mate-
rials and its suitability for use in food products 
and feed. The synergistic effect of combining 

alkaline and heat treatment is explained by the 
partial opening of protein structures in an alka-
line environment, which makes the disulphide 
bonds of trypsin inhibitors more accessible for 
thermal cleavage, while the violation of the 
buffer properties of protein components reduc-
es the intensity of denaturation under the in-
fluence of temperature. A favourable combined 
processing regime has been formed: mois-
tening the material to 15%, using a coarsely 
ground fraction (2-3 mm), preliminary alkaline 
treatment to pH 8.0 ± 0.2 by adding 1% baking 
soda, microwave heating at a power of 600  W 
for 120-150  seconds until a temperature of  
110-125°C is reached.

The study has certain limitations that must 
be taken into account when interpreting the 
results. The experiments were conducted on 
laboratory equipment with a limited number 
of samples (100 g). Scaling up to industrial vol-
umes may require correction of processing pa-
rameters due to the peculiarities of heat trans-
fer in large volumes of raw materials. Industrial 
microwave units have a different chamber 
shape and electromagnetic field distribution 
system, which may affect the uniformity of 
heating. Another limitation is that only one pH 
level (8.0) was investigated during operation. 
A systematic study of the pH behaviour over a 
wider range (7.5-9.5) could allow for the estab-
lishment of an optimum and the assessment of 
the sensitivity of the process to changes in this 
parameter. It is also promising to investigate 
alternative alkaline agents, such as calcium or 
potassium hydroxide, which may provide addi-
tional technological or nutritional benefits.
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Анотація. Метою статті було дослідити вплив комбінованої мікрохвильової та лужної 
обробки на поживність сої та ступінь інактивації інгібіторів трипсину. Експериментальні 
дослідження проводилися на соєвих бобах українського походження з початковою 
вологістю 9 %. Визначено буферну ємність сої та встановлено, що для досягнення pH 8 
необхідно додавання 1 % харчової соди від маси сировини. Досліджено три фракції сої: 
цілі боби, крупний помел (2-3 мм) та дрібний помел (0,5 мм). Встановлено, що фракція 
крупного помелу демонструє оптимальне співвідношення між вологоутримувальною 
здатністю та проникністю лужного розчину. Мікрохвильову обробку проводили при 
потужності 600 Вт протягом 30-150 секунд з кроком 30 секунд. Для оцінки якісних 
показників застосовували інфрачервоний спектрометр із визначенням активності 
інгібіторів трипсину та розчинності білка у гідроксиді калію. Результати показали, що 
комбінована СВЧ-лужна обробка забезпечує більш ефективну інактивацію інгібіторів 
трипсину порівняно з чистою СВЧ-обробкою. При тривалості обробки 150 секунд активність 
інгібіторів трипсину знижувалася з 29,8 мг/г у контрольному зразку до 7,1 мг/г при  
СВЧ-обробці та до 4,7 мг/г при комбінованій СВЧ-лужній обробці, що становить зниження 
на 76,2 % та 84,2 % відповідно. При цьому розчинність білка залишалася на високому рівні – 
87,4 % для СВЧ та 88,2 % для СВЧ-лужної обробки. Встановлено, що попереднє підвищення 
pH до 8 сприяє частковому руйнуванню буферних властивостей білкових компонентів 
та підвищує ефективність подальшої термічної обробки. Оптимальними параметрами 
обробки визначено зволоження сировини до 15 %, використання фракції крупного помелу, 
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попередню лужну обробку до pH 8 та СВЧ-нагрівання протягом 120-150 секунд при 
потужності 600 Вт. Запропонований метод дозволяє значно підвищити поживну цінність 
соєвої сировини зі збереженням високої розчинності білка, що робить його перспективним 
для впровадження у харчовій промисловості та кормовиробництві

Ключові слова: інгібітори трипсину; антипоживні фактори; денатурація та розчинність 
білка; лужна та термічна обробка
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