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Abstract. Introduction. The development of plant-based feed additives is a relevant area of modern 
biotechnology aimed at improving the sustainability and efficiency of animal husbandry. Fast-growing plants 
with high biomass accumulation potential, such as Paulownia tomentosa, are of particular interest. 
Objective. The study aimed to obtain microclonal biomass of P. tomentosa under in vitro conditions and to 
evaluate its potential feed value based on biochemical and functional indicators. Methods. Microclonal 
propagation was carried out using standard protocols. The biomass was analyzed for crude protein, fiber, 
amino acid compo-sition, and microelement content. Antioxidant activity was determined using DPPH and 
ABTS assays. The potential feed value was assessed using model feed rations and calculated indicators of 
digestibility and me-tabolizable energy. Results. It was established that the microclonal biomass contained 
18.6 % crude protein, was characterized by a balanced amino acid profile, and exhibited antioxidant activity 
(IC₅₀ DPPH = 0.84 mg/mL). Standardized cultivation conditions ensured reproducibility of the parameters. 
Model-based evaluation showed that inclusion of 1–5 % biomass in the diet may contribute to an increase 
in metabolizable energy and dry matter digestibility. Conclusions. Microclonal biomass of P. tomentosa can 
be considered a promising source of plant raw material for feed additives. The obtained results are of a 
predictive nature and require fur-ther experimental validation under in vitro and in vivo conditions.
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Аннотация. Кіріспе. Өсімдік негізіндегі жем қоспаларын әзірлеу - мал шаруашылығының 
тұрақтылығы мен тиімділігін арттыруға бағытталған заманауи биотехнологияның өзекті саласы. 
Paulownia tomentosa сияқты биомасса жинақтау әлеуеті жоғары тез өсетін өсімдіктер ерекше 
қызығушылық тудырады. Зерттеудің мақсаты P. tomentosa-ның in vitro микроклоналды биомассасын 
алу және оның биохимиялық және функционалдық параметрлерге негізделген әлеуетті жемдік 
құндылығын бағалау болды. Әдістер. Микрокөбейту стандартты хаттамаларға сәйкес жүргізілді. 
Биомасса шикі ақуыз, талшық, аминқышқылдық құрамы және микроэлементтер бойынша талданды. 
Антиоксидантты белсенділік DPPH және ABTS талдауларын қолдану арқылы анықталды. Әлеуетті 
жемдік құндылық модельдік диеталарды қолдану және сіңімділік пен метаболизденетін энергия 
мәндерін есептеу арқылы бағаланды. Нәтижелер. Микроклоналды биомассаның құрамында 18,6 
% шикі ақуыз бар екені, теңгерімді аминқышқылдық профильге ие екені және антиоксиданттық 
белсенділік көрсететіні анықталды (DPPH IC₅₀ = 0,84 мг/мл). Стандартталған өсіру жағдайлары 
қайталанатын нәтижелерді қамтамасыз етті. Бағалаулар биомассаның 1–5 %-ын диетаға қосу 
метаболизденетін энергияны және құрғақ заттардың сіңімділігін арттыратынын көрсетті. 
Қорытынды. P. tomentosa микроклоналды биомассасы жем қоспалары үшін өсімдік материалының 
перспективалы көзі болып табылады. Алынған нәтижелер алдын ала болып табылады және in vitro 
және in vivo тәжірибелік тексеруді қажет етеді.
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Аннотация. Введение. Разработка кормовых добавок на растительной основе является 
актуальным направлением современной биотехнологии, направленным на повышение устойчивости и 
эффективности животноводства. Особый интерес представляют быстрорастущие растения с высоким 
потенциалом накопления биомассы, такие как Paulownia tomentosa. Цель исследования – получение 
микроклональной биомассы P. tomentosa в условиях in vitro и оценка ее потенциальной кормовой 
ценности на основе биохимических и функциональных показателей. Методы. Микроклональное 
размножение проводилось по стандартным протоколам. Биомасса анализировалась на содержание 
сырого белка, клетчатки, аминокислотного состава и микроэлементов. Антиоксидантную активность 
определяли методами DPPH и ABTS. Потенциальную кормовую ценность оценивали с использованием 
модельных рационов и расчетных показателей переваримости и обменной энергии. Результаты. 
Установлено, что микроклональная биомасса содержит 18,6 % сырого белка, характеризуется сбалан-
сированным аминокислотным профилем и проявляет антиоксидантную активность (IC₅₀ DPPH – 0,84 
мг/мл). Стандартизированные условия культивирования обеспечили воспроизводимость показателей. 
Расчетная оценка показала, что включение 1–5 % биомассы в рацион способствует повышению об-
менной энергии и переваримости сухого вещества. Выводы. Микроклональная биомасса P. tomentosa 
является перспективным источником растительного сырья для кормовых добавок. Полученные 
результаты носят расчетный характер и требуют дальнейшей экспериментальной проверки в условиях 
in vitro и in vivo.

Ключевые слова: Paulownia tomentosa, микроклональная биомасс, культура in vitro, 
биотехнология, кормовые добавки, кормовой потенциал, антиоксидантная активность, биохимический 
состав, устойчивое животноводство
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Introduction.
Modern animal husbandry is actively searching for highly efficient, environmentally friendly, and eco-

nomically viable feed resources that can ensure stable product quality and reduce dependence on traditional 
types of plant raw materials. Increasing climatic stresses, declining soil fertility, the spread of crop diseases, 
and rising feed production costs are driving the need to introduce alternative sources of plant biomass. In 
this regard, the use of fast-growing woody plants with significant potential for producing highly nutritious 
feed additives is of particular interest.

In recent years, the concept of sustainable livestock production has been increasingly associated with 
the transition toward circular bioeconomy models, where renewable biological resources are efficiently 
uti-lized to minimize waste and environmental impact. In this context, the integration of alternative plant 
biomass into feed systems represents not only a nutritional strategy but also an ecological solution aimed at 
reducing pressure on arable land and conventional feed crops.

Traditional protein sources such as soybean meal are associated with significant environmental costs, 
including deforestation, high water consumption, and greenhouse gas emissions. Therefore, the search for 
locally available, rapidly renewable, and compositionally stable plant biomass is becoming a strategic 
priority for many countries, including Kazakhstan, where climatic variability further complicates 
agricultural sustain-ability.
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Fast-growing tree species such as Paulownia tomentosa offer a unique opportunity to combine high 
biomass productivity with adaptability to marginal conditions. Moreover, their potential use in controlled bio-
technological systems allows decoupling biomass production from seasonal and environmental constraints. 
This creates a new paradigm in feed biotechnology, where plant material can be produced under fully con-
trolled conditions with predictable composition and functionality.

A comparative analysis of the productivity of traditional and non-traditional fodder crops was con-
ducted in Kazakhstan, highlighting the need to expand the fodder base by introducing alternative plant species 
[Kobernitsky et al., 2023]. An assessment of land use efficiency and suitability shows the need to introduce 
new fodder crops to increase the sustainability of agricultural systems [Zhumataeva et al., 2024]. In addition, 
the use of controlled microclonal biomass provides a standardized plant material with reduced biochemical 
variability compared with field-grown plants. Studies show that alternative feed components can reduce the 
cost of feed, boost animal immunity, and ensure stable production in the face of climate change [Halmemies 
et al., 2018; Abdelli et al., 2021; Alem, 2024; Moyo et al., 2011; Wang et al., 2022].

One promising species is Paulownia tomentosa, known for its unique biological properties: high 
growth rate, resistance to abiotic stresses, and ability to produce up to 30–40 t/ha of biomass in the first years 
of cultivation [Kan et al., 2016; Ruiz-Aquino et al., 2019; Balasundram et al., 2025]. The chemical compo-
sition of paulownia is characterised by a high content of crude protein (18-22%), easily digestible carbohy-
drates, essential amino acids, and a significant level of antioxidant compounds, including phenols, flavonoids, 
and terpene derivatives [Uğuz et al., 2019; Vergun et al., 2022; Dai et al., Dżugan et al., 2021; Balasundram 
et al., 2006; Haihao et.al., 2021]. These characteristics make it a potentially valuable raw material for the cre-
ation of functional feed additives.

Recent studies show that the leaves and young shoots of P. tomentosa can be used to improve metab-
olism, immune status, and live weight gain in animals, especially when included in compound feed [Hülya 
et al., 2021; El-Zaiat et al., 2022; Untea et al., 2023; Petcu et al., 2023]. There is also an improvement in 
digestibility and a reduction in stress reactions in animals when leaf mass is included in the diet [Abdelli et 
al., 2021; Moyo et al., 2011]. However, most studies focus on plants grown in open ground, which limits the 
standardisation of the composition and biological activity of the raw materials [Negrușier et al., 2025; Haihao 
et.al., 2021].

Biotechnological approaches, in particular microclonal propagation, enable the production of genet-
ically uniform material and control of the biochemical parameters of biomass. Numerous studies confirm 
the effectiveness of tissue culture methods for obtaining Paulownia tomentosa with high reproduction rates 
and stable morphophysiological characteristics [Hamza, 2019; Thiesen et.al., 2025; Litwińczuk et.al., 2023; 
Burger et.al., 1985; Rao et.al., 1996]. In vitro cultures have a number of advantages: year-round production, 
absence of phytopathogens, control over the composition of the nutrient medium and cultivation conditions, 
high reproducibility and stability of the data obtained [Ipekci et.al., 2001; Mohaddab et.al., 2022; Shah et.al., 
2023; Li et.al., 2023]. The addition of antioxidants to the nutrient medium proved critical for suppressing the 
undesirable phenolic exudation effect and ensuring optimal growth of plant microclones in vitro, which is 
important for standardising the biomass of feed raw materials [Rakhatkyzy, 2025]. The application of such 
technologies in feed production paves the way for the creation of biomass with predictable and specified prop-
erties [Pitino, 2021].

Despite the increasing research on P. tomentosa, a comprehensive evaluation of microclonal biomass 
for its potential as a feed ingredient remains limited. Key aspects, including antioxidant activity, stability of 
biochemical composition under controlled conditions, and predicted effects in model feed formulations, have 
not been fully studied [Mohaddab et.al., 2022; Li et.al., 2023; Pitino, 2021].

This study aimed to develop a biotechnological approach for obtaining microclonal biomass of P. to-
mentosa and to evaluate its potential feed value based on biochemical and functional characteristics. The nov-
elty of this work lies in the integrated assessment of microclonal biomass composition, antioxidant properties, 
and predicted nutritional indicators, providing a foundation for considering P. tomentosa as a potential source 
of standardized plant-based feed additives.

Materials and methods.
The initial plant material consisted of vegetative cuttings of Paulownia tomentosa obtained from 

healthy donor plants. Surface sterilization was carried out according to standard tissue culture protocols: 
explants were washed in a detergent solution, immersed in 70 % ethanol for 30 s, followed by treatment with 
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0.1 % sodium hypochlorite for 10–12 min, and rinsed three times with sterile distilled water.
Microclonal cultures were established on Murashige and Skoog (MS) nutrient medium supplemented 

with 6-benzylaminopurine (6-BAP) at concentrations of 0.5–1.0 mg/L to stimulate shoot multiplication. 
Cultures were maintained in a growth chamber at 24–26 °C under a 16/8 h light/dark photoperiod and light 
intensity of 40–50 μmol·m⁻²·s⁻¹. Subcultivation was performed every 28–30 days. Rooted microshoots with 
high multiplication rates were used for biomass production.

Biomass was harvested on the 30th day of cultivation. Plant material was washed with distilled water, 
dried on sterile filter paper, frozen at −20 °C, and subsequently lyophilized. The dried biomass was ground into 
a fine powder for further chemical analyses.

Proximate composition analysis included determination of crude protein by the Kjeldahl method using 
a nitrogen conversion factor of 6.25. Crude fiber was determined by sequential acid–alkaline hydrolysis, 
lipids were extracted using a Soxhlet apparatus with petroleum ether as solvent, and nitrogen-free extract 
(carbohydrates) was calculated by difference.

Amino acid composition was determined using high-performance liquid chromatography (HPLC) 
following acid hydrolysis (6N HCl, 110 °C, 24 h). Chromatographic separation was performed on a reversed-
phase C18 column (4.6 × 250 mm, 5 μm particle size). The mobile phase consisted of acetonitrile and sodium 
acetate buffer (pH 6.5) applied in gradient mode. Detection was performed using UV detection at 254 nm, and 
quantification was carried out using external amino acid standards.

Secondary metabolites and phenolic compounds were additionally characterized using ultra-high-
performance liquid chromatography coupled with quadrupole time-of-flight mass spectrometry (UHPLC–
QTOF). Analyses were performed on a UHPLC Elute+ system (Bruker, Germany) coupled to a Q-TOF 
Impact II VIP mass spectrometer. Chromatographic separation was achieved on a reversed-phase C18 column 
using a gradient elution of water and acetonitrile containing 0.1 % formic acid. Mass spectra were recorded 
in electrospray ionization (ESI) mode within the m/z range of 50–1200. Identification of compounds was 
performed by comparison with spectral databases and literature data.

In addition, selected metabolites were analyzed using gas chromatography coupled with mass 
spectrometric detection (GC–MS) on an Agilent 7890A gas chromatograph equipped with a 5975C mass 
selective detector. Separation was carried out on a capillary column with helium as carrier gas. Mass spectra 
were recorded in electron ionization mode at 70 eV, and compound identification was performed by comparison 
with spectral libraries. 

Macro- and microelement content was determined by atomic absorption spectrometry (AAS) using a 
flame atomization system (air–acetylene flame). Calibration was performed using certified standard solutions, 
and quality control included blank and reference samples.

Antioxidant activity was evaluated using DPPH and ABTS radical scavenging assays. For the DPPH 
assay, methanolic extracts were reacted with 0.1 mM DPPH solution, and absorbance was measured at 517 nm 
after 30 min of incubation. For the ABTS assay, the ABTS•+ radical cation was generated by oxidation with 
potassium persulfate, and absorbance was measured at 734 nm. Trolox was used as a reference antioxidant 
standard. IC₅₀ values were calculated from dose–response curves.

To evaluate potential feed application, lyophilized biomass was incorporated into model feed mixtures 
at levels of 1 %, 3 %, and 5 % (w/w). 

The basal diet used for model calculations was formulated to represent a typical cattle ration and 
consisted (on a dry matter basis) of: corn silage (40 %), alfalfa hay (25 %), barley grain (20 %), soybean 
meal (10%), and mineral-vitamin premix (5 %). The inclusion of P. tomentosa biomass was modeled by 
proportional substitution of the concentrate fraction (barley and soybean meal) while maintaining the overall 
protein and energy structure of the diet.

Predictive digestibility and enzymatic interaction indices were calculated using a static laboratory 
digestion model according to the method of Tilley and Terry [Tilley, 1963]. These indicators represent 
calculated estimates based on compositional data rather than direct biological measurements.

All analyses were conducted in triplicate. Statistical analysis was performed using GraphPad Prism 9.0. 
One-way ANOVA followed by Tukey’s post-hoc test was applied to calculated datasets to illustrate potential 
differences among model scenarios. Reported p-values are descriptive and do not represent experimental 
validation in animals. 
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Fig. 1. Monochrome diagram of the stages of obtaining microclonal biomass of Paulownia tomentosa: sterilisation — introduction into culture 
— multiplication — rooting — biomass collection — sample preparation — biochemical and antioxidant analysis — assessment of feed value

The workflow of obtaining microclonal biomass of Paulownia tomentosa is presented in Figure 1 and 
includes the following stages: sterilisation, introduction into culture, multiplication, rooting, biomass collec-
tion, sample preparation, biochemical and antioxidant analysis, and assessment of feed value.

All laboratory analyses were conducted in accredited university laboratories following internationally 
accepted analytical standards.

To ensure reproducibility and reliability of the obtained data, all analytical procedures were performed 
under strict quality control conditions. Calibration curves for chromatographic analyses demonstrated high 
linearity (R² > 0.995), and repeatability was confirmed by low relative standard deviation values (<5%) across 
replicates.

Additionally, blank samples and certified reference materials were included in each analytical batch 
to verify the accuracy of measurements. Instrumental stability was monitored throughout the experiments to 
minimize analytical drift. Such methodological rigor is essential when evaluating plant biomass intended for 
feed applications, as even minor deviations in composition may significantly affect nutritional interpretation.

Results.
The average morphometric parameters of microclones on the 30th day of cultivation are shown in 

Table 1.
Table 1 – Growth indicators for Paulownia tomentosa microclones (n = 30)

Indicator Mean ± SD Coefficient of variation, %

Shoot length, cm 4.8 ± 0.3 6.3

Number of shoots per explant, pcs. 5.2 ± 0.4 7.7

Raw biomass mass per vessel, g 1.42 ± 0.09 6.3

Dry biomass mass per vessel, g 0.21 ± 0.02 9.5

Percentage of rooting, % 93.4 ± 2.1 2.2
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Growth parameters of microclones. The morphometric characteristics of Paulownia tomentosa 
microclones on the 30th day of cultivation are presented in Table 1.

The mean shoot length at day 30 was 4.8 ± 0.3 cm. Considering that the initial length of microshoots at 
the time of culture establishment was 0.8 cm, the absolute increase in shoot length over the 30-day cultivation 
period was:

ΔL₃₀ = 4.8 − 0.8 = 4.0 cm            (1)

Accordingly, the average daily shoot elongation rate was: 4.0 cm / 30 days = 0.133 cm/day.
Thus, shoot growth during the experimental period was steady and biologically consistent for in vitro 

culture conditions.
The multiplication coefficient (MC), calculated as the ratio of the total number of newly formed shoots 

to the number of initial explants, averaged 5.2 ± 0.4.
Raw biomass mass per vessel was 1.42 ± 0.09 g, while dry biomass mass was 0.21 ± 0.02 g. Based on 

these values, the proportion of dry matter (DM) in biomass was:

DM (%) = (0.21 / 1.42) × 100 ≈ 14.8% (2)

The rooting percentage was high (93.4 ± 2.1%), indicating strong regenerative capacity under the 
applied culture conditions. 

All growth calculations were performed strictly within the 30-day experimental period without 
extrapolation beyond the observed timeframe.

Chemical composition of microclonal biomass. The proximate chemical composition of lyophilized P. 
tomentosa biomass (calculated as % of dry matter) is presented in Table 2.

Table 2 – Chemical composition of Paulownia tomentosa microclonal biomass (% of dry weight, n = 
5)

Component Mean ± SD, % of dry matter

Raw protein 18.6 ± 0.5
Raw fat 3.1 ± 0.2

Raw fibre 15.4 ± 0.6
Ash 6.8 ± 0.3

Nitrogen-free extract 56.1 ± 1.2
The observed balance between protein, fiber, and nitrogen-free extractives suggests that the biomass may 

serve as a multifunctional feed component, combining both structural and readily available energy fractions. 
The relatively high proportion of nitrogen-free extractives (56.1%) indicates a significant contribution of 
soluble carbohydrates, which are essential for microbial fermentation processes in ruminants.

At the same time, the fiber content (15.4 %) remains within the optimal range for maintaining rumen 
function without excessively limiting digestibility. This balance is particularly important when considering the 
inclusion of non-traditional plant biomass into compound feeds, as both insufficient and excessive fiber levels 
may negatively affect feed efficiency.

Furthermore, the consistency of chemical composition across replicates highlights the advantage of 
in vitro cultivation systems over conventional agricultural production, where nutrient composition is often 
influenced by environmental variability. Such stability is a key requirement for the development of standardized 
feed additives.

Energy value and protein-to-energy ratio. The metabolizable energy (ME) content of the lyophilized 
biomass of Paulownia tomentosa was calculated using the standard zootechnical equation:

ME (MJ/kg DM) = 0.155 × protein + 0.343 × fat + 0.130 × NFE, (3)

where nutrients are expressed as % of dry matter.
Substitution yielded: ME = 11.24 MJ/kg DM.
Since crude protein content was 18.6% of dry matter, this corresponds to: 186 g protein per kg DM:
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(4)

Substituting the obtained values (186 g protein per kg DM and 11.24 MJ/kg DM), the protein-to-en-
ergy ratio was calculated as 16.55 g/MJ, rounded to 16.5 g/MJ. The protein-to-energy ratio was therefore 
calculated as: 186 / 11.24 = 16.5 g protein per MJ of metabolizable energy.

The antioxidant activity of microclonal biomass was evaluated using the DPPH and ABTS methods at 
concentrations ranging from 0.1 to 2.0 mg/ml. The DPPH radical inhibition percentage at an extract concen-
tration of 1.0 mg/ml was 68.3 ± 2.7%, and for ABTS — 71.5 ± 2.4%. IC₅₀ values were calculated by fitting the 
dose-response curve: DPPH: IC₅₀ = 0.84 ± 0.07 mg/ml, ABTS: IC₅₀ = 0.91 ± 0.05 mg/ml.

The total content of phenolic compounds was 22.4 ± 1.3 mg GAE/g DW, and flavonoids — 9.8 ± 0.6 
mg rutin/g DW.

The calculation of the Pearson correlation coefficient between the content of phenolic compounds and 
the IC₅₀ (DPPH) values in a series of samples (n = 10) showed: r = −0.87, indicating an inverse relationship 
(higher phenol content is associated with lower IC₅₀ values). 

The mineral content (MJ/kg DM) is presented in Table 3.
Table 3 – Macro- and microelement content in biomass (MJ/kg DM, n = 5)

Element Mean ± SD, MJ/kg DM

Ca 1 210 ± 45
Mg 310 ± 12
Fe 94 ± 6
Zn 28 ± 2
Mn 19 ± 1
Cu 6.2 ± 0.4

Predictive nutritional evaluation in model feed formulations. A calculation-based assessment of the 
potential feed application of lyophilized biomass of Paulownia tomentosa was performed using model feed 
formulations designed for cattle nutrition.

The biomass was incorporated into the basal ration at levels of 0 % (control), 1 %, 3 %, and 5 % of 
dry matter. The incorporation was modeled by proportional substitution of the concentrate component while 
maintaining the comparable macronutrient structure of the diet.

The indicators presented in Table 4 represent calculated nutritional indices derived from: proximate 
chemical composition of the biomass; estimated metabolizable energy (MJ/kg DM); predicted dry matter 
digestibility index based on nutrient substitution; relative enzymatic interaction indices inferred from 
compositional shifts in protein and carbohydrate fractions.

The calculated metabolizable energy of the control formulation was 10.8 MJ/kg DM. Model inclusion 
of biomass resulted in estimated ME values of 11.0, 11.18, and 11.34 MJ/kg DM at 1 %, 3 %, and 5 % 
inclusion levels, respectively.

The predicted dry matter digestibility index increased from 70.2 % (control) to 76.4 % at 5 % modeled 
inclusion, corresponding to a calculated relative change of 8.8 %.

Similarly, the relative protease and amylase indices demonstrated dose-dependent increases under 
modeled substitution conditions. These indices reflect theoretical changes in nutrient availability based on 
biochemical composition and do not represent direct enzymatic measurements in rumen fluid or live animals.

All values presented are derived from compositional analysis and nutritional calculation models. No in 
vitro rumen fermentation experiments or in vivo feeding trials were performed; therefore, the results should 
be interpreted as a predictive assessment of nutritional potential.

Table 4 – Predicted nutritional parameters of model feed mixtures (% of dry matter)
Inclusion level of P. 
tomentosa biomass

Predicted digestibility of DM, 
%

Predicted protease 
index, relative units

Predicted amylase 
index, relative units

Predicted ME, MJ/
kg DM

0% (control) 70.2 ± 1.1 100 100 10.8
1% 72.8 ± 1.0 106 104 11
3% 75.1 ± 1.3 112 108 11.18
5% 76.4 ± 1.2 115 110 11.34
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A comparative analysis of the calculated values for different biomass inclusion levels was performed 
to assess predicted trends in nutritional indices. The modeled values showed clear dose-dependent changes for 
predicted dry matter digestibility, protease, and amylase indices. These trends were evaluated using variance 
analysis of the calculated datasets (F-values and p-values reported for descriptive purposes).

It should be noted that these statistics reflect variation among calculated/predicted values rather than 
measured experimental data, and serve to illustrate potential differences between model scenarios.

Discussion. 
The results obtained demonstrate that microclonal biomass of Paulownia tomentosa grown under 

standardized in vitro conditions exhibits stable morphometric, biochemical, and functional characteristics, 
confirming the effectiveness of the selected biotechnological approach.

The growth indicators of microclones, including a high rooting rate (93.4 %) and multiplication 
coefficient (5.2), are comparable to or exceed those reported for microclonal propagation of other deciduous 
plants. This highlights the high regenerative capacity of P. tomentosa and its suitability for controlled mass 
propagation. Unlike plants grown under field conditions, microclonal material formed biomass with low 
variability in indicators (coefficient of variation < 10 %), emphasizing the reproducibility of the method.

When compared to conventional plant-based feed ingredients, the biochemical profile of P. tomentosa 
microclonal biomass demonstrates several notable advantages. For instance, the crude protein content (18.6 
%) is comparable to that of alfalfa and higher than that of many cereal-based feeds, while maintaining a 
favorable balance with energy components.

Unlike soybean meal, which is characterized by high protein concentration but limited structural fiber, 
P. tomentosa biomass provides a more balanced nutrient composition. This may allow its use not only as a
protein supplement but also as a partial structural component in ruminant diets. Such multifunctionality is
particularly valuable in the formulation of cost-effective feed mixtures.

In addition, the presence of bioactive compounds such as phenolics and flavonoids distinguishes 
P. tomentosa from conventional feed crops. These compounds are increasingly recognized for their role in
modulating gut health, oxidative stress, and immune response in animals.

The biochemical composition of biomass—particularly crude protein (18.6 %), fiber (15.4 %), and 
nitrogen-free extractives (56.1 %)—suggests its potential nutritional value as a source of energy and structural 
nutrients. The protein–energy ratio, calculated from compositional data, provides a reference for comparing 
with other plant-based feed ingredients. The stability of amino acid and mineral content indicates the positive 
effect of standardized cultivation, which may not be achievable under field conditions, where elemental 
composition is strongly influenced by soil, climate, and agricultural practices.

The antioxidant properties of the biomass may have important physiological implications beyond 
simple radical scavenging capacity. In animal nutrition, oxidative stress is associated with reduced productivity, 
impaired immune function, and increased susceptibility to diseases. Therefore, feed components with inherent 
antioxidant activity may contribute to improved animal resilience under stress conditions, including heat stress 
and metabolic stress.

The relatively low IC₅₀ values observed in this study indicate that even small amounts of biomass could 
potentially exert measurable antioxidant effects. However, it should be emphasized that the bioavailability and 
metabolic fate of these compounds in animals remain to be investigated.

Antioxidant activity was evaluated using DPPH and ABTS assays. The IC₅₀ values (0.84 mg/mL for 
DPPH, 0.91 MJ/kg DM for ABTS) along with a high content of phenolic compounds (22.4 mg GAE/g) indicate 
a notable capacity to neutralize free radicals. The observed negative correlation between phenol content and 
IC₅₀ (r = –0.87) suggests that phenolic compounds are the main contributors to antioxidant potential. From a 
predictive standpoint, these bioactive compounds may enhance oxidative stability if included in feed, but in 
vivo effects have not been tested.

From an environmental perspective, plant-based feed additives rich in phenolic compounds and 
secondary metabolites may also influence rumen fermentation processes and methane production. Previous 
studies have shown that phytogenic compounds can partially inhibit methanogenic microorganisms in the 
rumen and redirect fermentation pathways toward more efficient energy utilization. In this context, the presence 
of phenolic compounds and antioxidant metabolites in P. tomentosa biomass may potentially contribute 
to improved rumen metabolic efficiency and reduced enteric methane emissions in ruminants. However, 
these potential environmental benefits remain hypothetical and require confirmation through in vitro rumen 
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fermentation experiments and in vivo animal trials.
Calculation-based evaluation of model feed formulations predicted positive trends in digestibility 

and metabolizable energy. Inclusion of 3–5 % biomass was associated with increased predicted dry matter 
digestibility (6.8–8.8 %) and higher protease and amylase indices (8–15 %). Predicted metabolizable energy 
increased from 10.80 to 11.34 MJ/kg DM. Descriptive statistical analysis of calculated values (ANOVA with 
Tukey post-hoc test) suggested potential differences among modeled inclusion levels. These statistics reflect 
variation among predicted datasets and should not be interpreted as confirmation from biological experiments.

From a practical perspective, the use of microclonal biomass raises important questions regarding 
scalability and economic feasibility. While in vitro production offers unmatched control over biomass quality, 
its cost-effectiveness at an industrial scale remains a critical factor.

However, advances in plant biotechnology, automation of tissue culture systems, and bioreactor-based 
cultivation may significantly reduce production costs in the future. In this context, microclonal biomass could 
initially be positioned as a high-value functional feed additive rather than a bulk feed component.

Such a strategy aligns with current trends in precision animal nutrition, where small amounts of 
biologically active ingredients are used to enhance overall feed efficiency and animal performance.

Compared to field-grown plants, microclonal biomass offers the advantage of formation in a controlled, 
sterile environment, resulting in consistent composition, reduced variability, and year-round production 
potential. Limitations of this study include the lack of in vivo evaluation of productive performance, the 
absence of gut microbiota analysis, and no assessment of economic feasibility for industrial feed applications. 
These areas require further experimental investigation.

Overall, the study demonstrates that microclonal biomass of P. tomentosa is a promising raw material 
with predictable biochemical and antioxidant properties. Biotechnological propagation provides advantages 
in reproducibility and composition control compared to traditional cultivation, while predictions of feed value 
remain preliminary and require experimental validation.

Another limitation of the present study is that feed evaluation was based on compositional analysis 
and predictive nutritional models. Direct validation through rumen fermentation experiments and controlled 
feeding trials will be required in future studies to confirm the biological effects of P. tomentosa biomass in 
animal nutrition.

The relevance of this approach is particularly high for regions with continental climates, such as 
Kazakhstan, where agricultural productivity is strongly influenced by seasonal variability, droughts, and soil 
degradation. The ability to produce plant biomass independently of environmental conditions represents a 
significant advantage for ensuring feed security.

In this regard, the integration of biotechnologically produced biomass into existing feed systems may 
contribute to the diversification of feed resources and the reduction of dependency on imported protein sources.

Conclusions.	
This study demonstrates that microclonal biomass of P. tomentosa produced under controlled in 

vitro conditions represents a reproducible and compositionally stable plant-derived resource with potential 
application in animal nutrition. The obtained biomass is characterized by a balanced biochemical profile, 
including relatively high crude protein content (18.6 %), moderate fiber levels, and a substantial fraction of 
nitrogen-free extractives, supporting its classification as a multifunctional feed ingredient.

A key contribution of this work is the integration of biotechnological propagation with comprehensive 
compositional and functional assessment, enabling the production of standardized plant biomass independent 
of environmental variability. This distinguishes the proposed approach from conventional field-based systems, 
where fluctuations in climate, soil conditions, and agricultural practices significantly affect feed quality.

The presence of phenolic compounds and the demonstrated antioxidant activity indicate that P. 
tomentosa biomass may provide not only nutritional value but also functional benefits, potentially contributing 
to oxidative stability and improved physiological resilience in animals. Such dual functionality aligns with 
current trends in the development of phytogenic feed additives.

Model-based evaluation of feed formulations suggests that inclusion of 1–5 % microclonal biomass 
may enhance metabolizable energy and improve predicted digestibility parameters. Although these findings 
indicate promising nutritional potential, they should be interpreted as preliminary and hypothesis-generating.

Importantly, this study establishes a methodological framework for the assessment of microclonally 
derived plant biomass as a novel category of feed resources. The approach combines controlled cultivation, 
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advanced analytical techniques, and nutritional modeling, thereby providing a basis for future translational 
research.

Further studies should focus on experimental validation through in vitro rumen fermentation systems, 
in vivo feeding trials, and techno-economic analysis to assess scalability and practical feasibility. In addition, 
investigation of the effects on animal productivity, gut microbiota, and methane emissions will be essential to 
fully evaluate the biological and environmental impact.

Overall, P. tomentosa microclonal biomass can be regarded as a promising candidate for the 
development of next-generation plant-based feed additives. Its biotechnological production ensures a high 
level of standardization, reproducibility, and biosafety, which are critical parameters for modern sustainable 
livestock systems.

This approach may contribute to the transition toward more sustainable, climate-resilient, and resource-
efficient livestock production systems.
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