Eurasian Journal of Applied Biotechnology. No.3, 2026
DOI: 10.11134/btp.3.2026.10

VIIK 581.143.6

MOLECULAR GENETIC CHARACTERIZATION AND OPTIMIZATION OF EX VITRO ADAPTATION
AND ACCLIMATIZATION OF ENDANGERED BERBERIS ILIENSIS M. POP. MICROSHOOTS

Nurtaza A.'? , Yessimseitova A. > , Dyussembekova D. 2 | Abileva G.!
Nurumov D.? and Kakimzhanova A. "»*

, Bayanbay S. » , Narmakhan K.! -,

'National Center for Biotechnology, 13/5, Korgalzhyn Road, Astana 010000, Kazakhstan,

’LLP«Greenlaby, Astana 010000, Kazakhstan,

3Charyn State National Nature Park, Kydyrbaev street, 4, Chundzha village, Uyghur district, Almaty Region, 041800, Ka-
zakhstan.

*Correspondence: kakimzhanova@biocenter.kz

ABSTRACT

The conservation of rare and endangered plant species requires the development of effective approaches for obtaining vi-
able planting material suitable for ex situ preservation and subsequent reintroduction. Berberis iliensis M. Pop. is a rare en-
demic species with limited natural regeneration, which necessitates the application of biotechnological methods. The aim of
this study was to obtain viable planting material of Berberis iliensis using in vitro culture followed by adaptation and ex vi-
tro acclimatization. Prior to micropropagation, the source material was characterized molecularly using the nuclear ITS re-
gion and the chloroplast rbcL gene. Nine DNA preparations were sequenced at both loci; BLAST analysis against GenBank
returned 98.36-99.84 % nucleotide identity for ITS and 98.44-99.83 % for rbcL, assigning the material unambiguously to the
genus Berberis. Species-level assignment could not be derived from these loci, because no reference sequences of B. iliensis
are currently deposited in GenBank and both markers are known to lack discriminatory power within Berberis; species iden-
tity was therefore established morphologically from voucher material, and the molecular data served to exclude misidentifi-
cation with unrelated taxa and cross-contamination between preparations. Neighbour-joining analysis of the ITS alignment
placed all nine samples in a single clade with B. integerrima (85 % bootstrap support), three of them being identical to the ref-
erence sequence KC575602.1. Rooted microshoots obtained by micropropagation according to a previously published proto-
col were used in the experiments. The effect of substrate composition on plant adaptation was evaluated. The highest growth
and development parameters were obtained on a soil:sand substrate, where shoot height reached 6.53+0.14 cm, the number
of leaves was 6.30+0.23, root number was 4.93+0.14, and root length was 5.11+0.20 cm, with all differences being statisti-
cally significant compared to the control. During acclimatization, the influence of mineral nutrition was assessed. The most
pronounced positive effect was observed with calcium nitrate treatment, resulting in maximum plant height (16.84+0.42 cm),
number of leaves (20.45+0.61), and crown diameter (15.83+0.62 cm). The results demonstrate that the successful transition of
in vitro-derived plants to ex vitro conditions depends on substrate properties and mineral nutrition, which affect plant growth
and survival. The proposed approach enables the production of viable planting material and can be applied for conservation
and restoration of Berberis iliensis populations.

Keywords: Berberis iliensis; rare and endangered species; in vifro culture; ex vitro acclimatization; planting material; mi-
cropropagation; adaptation; substrate composition; mineral nutrition.

INTRODUCTION

Plants of the genus Berberis L. (Berberidaceae) are
widely distributed in temperate and subtropical regions and
comprise approximately 500 species, many of which are of
high economic and pharmacological value. Members of the
genus are used in medicine, the food industry, and ornamen-
tal landscaping due to their high content of biologically ac-
tive compounds, including alkaloids, flavonoids, and phenolic
compounds, which determine their antioxidant, anti-inflam-
matory, and antimicrobial properties [1], [2].

Berberis iliensis M. Pop. holds a special place among the
species of this genus—it is an endemic species of Kazakhstan’s
flora, found in the floodplain ecosystems of the Ili and Charyn
rivers. The species is listed in the Red Book of the Republic
of Kazakhstan [3] and included in the [TUCN Red List [4], re-
flecting its vulnerable status and the need to develop conser-
vation measures. Furthermore, a significant reduction in tugai
ecosystems—exceeding 90%—further exacerbates the decline
in the size of this species’ wild populations [5].

In recent decades, there has been a significant decline in
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the range and population size of this species, caused by hu-
man-induced factors, including changes in the hydrologi-
cal regime, the degradation of tugai ecosystems, and habi-
tat fragmentation [6]. Similar processes are characteristic of
rare floodplain ecosystems in the region, where falling wa-
ter levels and changes in soil and vegetation cover lead to a
decline in population health and the transformation of plant
communities [7].

Despite its limited range, B. iliensis is characterized by a
high level of genetic diversity and a complex population struc-
ture. ISSR analysis revealed a high level of polymorphism
and significant intrapopulation variability, while the presence
of hybrid forms with closely related species was established,
which complicates the population structure and underscores
the need to conserve the species’ genetic resources [8], [9]. At
the same time, reproductive processes in natural conditions
are unstable: seed quality and germination rates vary signifi-
cantly depending on environmental conditions, which limits
the effectiveness of natural population regeneration [6].

The species’ rich phytochemical composition further en-
hances its significance. Dozens of secondary metabolites, in-
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cluding phenolic acids, flavonoids, and alkaloids, have been
identified in various parts of B. iliensis, which account for the
plant’s high biological activity [10]. It has been established
that the leaves and fruits exhibit significant antioxidant ac-
tivity, with ICso values reaching 0.008 mg/mL, indicating the
species’ high potential as a source of pharmacologically valu-
able compounds. At the same time, the leaves represent a re-
newable source of biologically active substances, making it
possible to use them without destroying the plants [2].

The conservation of such valuable, rare, and endemic plant
species is one of the key objectives of modern science and
conservation efforts, carried out at both the national and inter-
national levels using in situ and ex situ strategies. This issue
is of particular importance for species with limited ranges and
high levels of human impact, including Berberis iliensis [11].

Despite the high genetic diversity and significant pharma-
cological value of species in the genus Berberis, the natural
reproduction of these plants is limited by a number of factors
[12]. These include low and inconsistent seed germination
rates, the presence of embryonic dormancy, irregular fruit-
ing, and a high dependence of reproductive processes on en-
vironmental conditions. Additionally, it has been established
that the laboratory germination rate of barberry seeds can vary
significantly—from high values to extremely low rates in cer-
tain species and forms—which is associated with the struc-
tural characteristics of the seed coat and limited water per-
meability [5].

Vegetative propagation is also not a universal solution, as
it requires a significant amount of source plant material and
may increase the anthropogenic pressure on natural popula-
tions [13]. In addition, seed propagation is associated with
high genetic variability in the offspring, which makes it diffi-
cult to preserve valuable genotypes and to use the plants for
breeding and pharmacological purposes [14]. Taken together,
these factors create systemic constraints on the reproduction
of Berberis species and necessitate the search for alternative
approaches to their conservation.

Currently, one of the most promising approaches involves
the use of biotechnological methods, particularly in vitro cul-
ture, which enables the production of aseptic plants, the pres-
ervation of genetic diversity, and the establishment of collec-
tions that serve as a basis for cryopreservation and subsequent
reintroduction. Micropropagation protocols have been devel-
oped for several species of the genus Berberis, ensuring high
regenerative capacity, increased propagation rates, and suc-
cessful acclimatization of plants under controlled conditions.
It has been demonstrated that the use of optimized culture
media and growth regulators allows for achieving significant
propagation rates and obtaining high-quality plants [5]. Fur-
thermore, some studies have noted an increase in the content
of bioactive compounds in plants grown in vitro compared to
wild populations [13].

However, despite the progress made, the processes of in
vitro culture and subsequent micropropagation remain com-
plex and multifaceted. Existing micropropagation protocols
are highly species-specific and cannot be directly applied even
to closely related species [14]. Although in vitro propagation
systems have been developed for certain species within the
genus, micropropagation methods for Berberis iliensis remain
insufficiently optimized and require further refinement to ac-

count for its biological characteristics [15]. Moreover, a cru-
cial step in determining the practical effectiveness of micro-
propagation is the successful adaptation of plants to ex vitro
conditions and the production of viable planting material. It is
known that plants obtained in vitro culture are characterized
by altered morphological and physiological traits, including
poorly developed cuticles, non-functional stomata, and an un-
derdeveloped root system, which leads to high mortality rates
when transferred to natural conditions [16].

It has also been established that such plants exhibit ab-
normalities at the anatomical, physiological, and biochemical
levels, including low photosynthetic activity, increased tran-
spiration, and inadequate water balance regulation, which ac-
counts for their low resistance to abiotic and biotic stresses
when transferred to an uncontrolled environment. In this re-
gard, a key step is gradual acclimatization aimed at restor-
ing the morphophysiological structure of plants, forming a
functional photosynthetic system, and developing mecha-
nisms of resistance to external factors [17]. It has been estab-
lished that optimizing acclimatization conditions—including
controlling humidity and light levels and transitioning from
a heterotrophic to an autotrophic mode of nutrition—signifi-
cantly improves plant survival and ensures the production of
high-quality planting stock suitable for subsequent introduc-
tion and restoration of natural populations [16].

Thus, the conservation of Berberis iliensis requires a com-
prehensive approach that includes the use of biotechnological
propagation methods and the subsequent production of via-
ble planting stock. An important stage is not only the produc-
tion of plants in vitro but also their successful transition to ex
vitro conditions, since it is precisely the stages of adaptation
and acclimatization that largely determine the effectiveness
of the plants’ subsequent use for the introduction and resto-
ration of natural populations. In this regard, the optimization
of the adaptation processes of rooted microshoots and their
acclimatization under protected ground conditions becomes
particularly relevant.

The aim of this study is to characterize the source mate-
rial of Berberis iliensis molecularly using the ITS and rbcL
markers, to evaluate the adaptability of rooted microshoots
obtained through micropropagation, and to analyze the effects
of various substrates and nutrient conditions on their acclima-
tization processes under greenhouse conditions.

MATERIALS AND METHODS

The source material consisted of one-year-old shoots of
Berberis iliensis (Fig. 1), which were collected in the Charyn
State National Nature Park (Almaty Region).

Molecular-genetic characterization of Berberis iliensis

The following methods were used for molecular genetic
characterization: DNA extraction and purification, polymerase
chain reaction, and determination of nucleotide sequences of
the nuclear and chloroplast genomes using DNA primers.
Three shrubs were studied for molecular genetic characteri-
zation. DNA was isolated in triplicate from each shrub, yield-
ing nine DNA preparations (designated BI-1-BI-9), each of
which was amplified and sequenced at both the ITS and the
rbeL locus.

The CTAB method was used to extract plant DNA. Leaf
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Figure. 1. Plant material from Berberis iliensis used in the study

tissue was used for DNA isolation [18]. The optical density of
the DNA solution was measured at a wavelength of 260 nm
using a Nanodrop 1000, which allowed us to determine the
concentration and purity of the nucleic acids. The ratio of the
D260 value to the Daso value provided an indication of the nu-
cleic acid’s purity. Pure DNA preparations had D260/D280
ratios of 1.8 and 2.0, respectively. The isolated mitochondrial
DNA from plant samples is stored at -80°C, and working solu-
tions at a concentration of 30 ng/uL are stored at -20°C. Addi-
tionally, leaf material is stored in bags at -20°C.

For molecular genetic identification, the universal primers
ITS1 (forward primer 5’AGAAGTCGTAACAAGGTTTC-
CGTAGG3’) and ITS4 (reverse primer 5’TCCTCCGCT-
TATTGATATGC3’) with an annealing temperature of 55°C
(fragment size 700 bp) were used [19]. To amplify the chlo-
roplast genome, the rbcL primers (forward primer 5’ ATGT-
CACCACAAACAGAGACTAAAGC3’) and rbcL (reverse
primer 5’GTAAAATCAAGTCCACCACG?3’), with a frag-
ment size of 599 bp and an annealing temperature of 55°C,
were used [20]. The primers were synthesized in the organic
synthesis laboratory at the National Center for Biotechnology.

PCR was performed in a 30 pL reaction mixture contain-
ing: 1x PCR buffer; 1.5 mM MgClz; 0.2 mM of each dNTP;
0.5 uM of each forward and reverse ITS or rbcL primer; Tag
DNA polymerase (0.04 U/uL); 30 ng DNA. Amplification was
performed under the following conditions: initial denaturation
at 95°C for 4 min; 95°C for 40 seconds, 55°C for 40 seconds,
72°C for 1 minute; 35 cycles. Final extension for 4 minutes at
72°C on an Eppendorf MasterCycler Pro (Germany).

The amplification products obtained using primers target-
ing the nuclear and chloroplast genomes were separated on a
1.5% agarose gel in the presence of ethidium bromide using
a horizontal electrophoresis chamber in 1x TAE buffer. Elec-
trophoresis was performed at 100 volts for 40 minutes. A 700
bp DNA Ladder (Fermentas) was used as a molecular weight
marker. Electrophoresis results were photographed under UV
light using a GelDoc XR (BioRad, USA).

The PCR product was purified using Sap and Exol en-
zymes (Thermo Scientific). These reagents are used for enzy-
matic purification of the amplified product: the first incubation
hydrolyzes excess primer and dephosphorylates the nucleo-
tides; the second, high-temperature incubation inactivates the
enzymes, which minimizes loss of the PCR product and al-
lows for subsequent sequencing without additional column
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purification. The reaction was performed in 20 pL of reac-
tion mixture containing 1xSap buffer, 10 uL of PCR product,
3 units of Exol exonuclease, 1 unit of Sap alkaline phospha-
tase at 37°C for 30 minutes, followed by enzyme inactivation
at 75°C for 15 minutes.

DNA sequencing was performed using the ABI PRISM®
BigDye™ Terminator v. 3.1 kit, followed by analysis of the
reaction products on an Applied Biosystems 3730 DNA Ana-
lyzer. Following sequencing, the nucleotide sequences of the
analyzed samples were assembled and edited using the Se-
gMan software [21].

The consensus sequences were compared with the Gen-
Bank nucleotide collection (NCBI) using the BLASTn algo-
rithm. For each query the three highest-scoring hits were re-
corded together with their accession numbers and percentage
nucleotide identity. Because the database currently contains
no ITS or rbcL reference sequences deposited under the name
Berberis iliensis, the BLAST output was interpreted at the ge-
nus level, while species identity was assigned morphologi-
cally from the collected voucher material in accordance with
the Red Data Book of the Republic of Kazakhstan [3].

For phylogenetic analysis, the nine ITS consensus se-
quences were aligned with 18 ITS reference sequences of
eight Berberis species retrieved from GenBank (B. inte-
gerrima, B. amurensis, B. vulgaris, B. dielsiana, B. feddeana,
B. canadensis, B. subsessiliflora and B. aristata) using the
FAMSA algorithm; the alignment was trimmed to a common
region of 607 bp. Evolutionary distances were calculated un-
der the Kimura 2-parameter model with pairwise deletion of
ambiguous positions, and the tree was inferred by the neigh-
bour-joining method with 1000 bootstrap replicates. The tree
was midpoint-rooted, as no ITS sequence suitable as an out-
group was available; bootstrap values below 50 % are not
shown. No phylogenetic analysis was performed for rbcL ow-
ing to the absence of informative variation at this locus. It
should also be noted that GenBank contains no ITS or rbcL
sequences for Berberis sphaerocarpa Kar. et Kir., the conge-
ner known to hybridize with B. iliensis in the Ili and Charyn
valleys [9]; this species could therefore not be included in
the analysis.

Adaptation of Berberis iliensis microshoots

Microplants of Berberis iliensis were obtained in accor-
dance with the method described by Karimova et al. [22]. For
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adaptation of the clones to soil, the rooted microshoots were
first hardened off for 24 hours on a nutrient medium in open
culture vessels. This procedure improved plant survival rates
under non-sterile soil conditions. The plant roots were rinsed
to remove agar residues using a weak solution of potassium
permanganate. Four types of substrate were tested for mi-
croshoot adaptation: 1 — peat; 2 — soil; 3 — peat:sand (1:1);
4 — soil:sand (1:1). Each substrate variant was tested using
20 microshoots (n = 20 per treatment). Plants were grown
in a controlled environment chamber under SMD5050 LED
grow lights. To assess the effectiveness of the conditions, the
following parameters were studied: shoot height, number of
leaves, number of roots, and length of the longest root. Pheno-
logical observations were conducted on the first day of plant-
ing and on the 40th day. During the observation period, wa-
tering was performed with water as needed.

Acclimatization of Berberis iliensis plantlets

To acclimate the plants to open-field conditions, the seed-
lings were transferred to a plastic-covered greenhouse. To pro-
mote plant growth and development, the effects of various
fertilizers were studied. Thus, seven irrigation fertilizer treat-
ments were tested: Treatment 1 — control (water); Treatment
2 — calcium nitrate; Treatment 3 — potassium nitrate; Treat-
ment 4 — magnesium nitrate; Treatment 5 — ammophos; Treat-
ment 6 — Yara Mila Complex; Treatment 7 — ammonium ni-
trate. Each fertilizer treatment was applied to 30 plantlets (n
= 30 per treatment).

The fertilizers used in the study provided the plants with
the essential macronutrients and micronutrients required for
growth and development. Calcium nitrate contained nitrogen
and calcium (N 15.5%, NHa 1.1%, NOs 14.4%, CaO 26.5%),
which promotes active growth of vegetative mass and the
formation of cell walls. Potassium nitrate contained nitrogen
and potassium (N 13.7%, NOs 13.7%, K20 46.3%) and en-
sured the regulation of water metabolism and plant resilience.
Magnesium nitrate served as a source of nitrogen and mag-
nesium (N 11%, NOs 11%, Mg 9%, MgO 15%), which are
essential for chlorophyll synthesis and photosynthetic activ-
ity. Ammophos (monoammonium phosphate) contained ni-
trogen and phosphorus (N 10-12%, P-Os 50-52%) and pro-
moted root system development and energy metabolism. The
YaraMila complex fertilizer included a balanced set of macro-
and micronutrients (N 12%, P-Os 11%, K>O 18%, MgO 2.7%,
SOs 20%, as well as micronutrients B 0.015%, Mn 0.02%, Zn
0.02%), providing comprehensive plant nutrition. Ammonium
nitrate was characterized by a high content of available nitro-
gen (N 34.4%) in nitrate and ammonium forms, which pro-
motes intensive plant growth. All fertilizers were applied as

aqueous solutions at a concentration of 1 g/L (except ammo-
phos, applied at 0.5 g/L due to its lower solubility). Fertilizer
application was carried out by watering at the root zone at a
rate of 50 mL per plant every 10 days for 50 days (5 appli-
cations total). To assess fertilizer effectiveness, the following
parameters were studied: shoot height, number of leaves, and
crown diameter. Phenological observations were conducted
on the first day after transferring the plants to the greenhouse
and on the 50th day. The temperature in the greenhouse was
maintained at 22-28°C using a heating and ventilation sys-
tem. Watering, spraying, and loosening the soil were carried
out as needed.

Statistical analysis

The experimental results were analyzed using one-way
analysis of variance (ANOVA), and significant differences
were identified using Tukey’s post hoc test. The data were an-
alyzed using the SPSS 23.0 statistical software package (IBM
Inc., New York, USA). Data are presented as means =+ stan-
dard error.

RESULTS

MOLECULAR-GENETIC CHARACTERIZA-
TION OF BERBERIS ILIENSIS

For molecular genetic analysis, DNA was isolated in trip-
licate from each of the three shrubs studied (nine preparations,
BI-1-BI-9). DNA concentration ranged from 140.3 to 356.3
ng/uL, with most values falling within the range of 178.2—
274.1 ng/pL, indicating a sufficient yield of nucleic acid for
subsequent molecular analyses without the need for additional
concentration. The OD260/0D280 ratios ranged from 1.8 to
1.9 for all samples, which meets generally accepted criteria
for DNA purity and indicates the absence of significant impu-
rities of proteins and secondary metabolites characteristic of
the genus Berberis, including phenolic compounds and alka-
loids capable of inhibiting enzymatic reactions.

DNA amplification using a universal ITS primer yielded
fragments approximately 700 bp in length (Fig. 2a). When
using the rbcL primer, amplicons of approximately 600 bp
were formed (Fig. 2b), which fully corresponds to the ex-
pected sizes for these marker regions and confirms the cor-
rect choice of primers. Electrophoretic analysis of the PCR
products revealed the presence of clear and intense bands in
the absence of pronounced nonspecific amplicons and primer
dimers, indicating high reaction specificity and optimal am-
plification conditions.

Sequencing yielded nucleotide sequences for all nine DNA
preparations at both loci. Following assembly and editing in

Figure 2. Electrophoregram of amplicons from Berberis iliensis. M — molecular weight marker (Fermentas, 50—
700 bp); 1-9 — samples of Berberis iliensis
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Figure 3. A fragment of the rbcL primer nucleotide sequence in the SeqMan program

SeqMan, the ITS consensus sequences were 636—679 bp long
and the rbcL sequences 563-593 bp, with ambiguous posi-
tions accounting for 0.16—0.88 % and 0.17-1.21 % of the se-
quence length, respectively (Fig. 3). All consensus sequences
were subsequently queried against the GenBank nucleotide
collection using the BLASTn algorithm (Table 1).

All eighteen sequences returned Berberis as the top-scor-
ing genus, and no hits to other genera occurred among the
highest-scoring alignments. Nucleotide identity to the closest
reference sequence ranged from 98.36 % to 99.84 % (mean
99.13 %) for ITS and from 98.44 % to 99.83 % (mean 99.42
%) for rbcL. The generic assignment of the source material is
therefore unambiguous.

Species-level assignment, by contrast, could not be de-
rived from the BLAST output, for two independent reasons.
First, GenBank contains no ITS or rbcL sequences depos-
ited under the name Berberis iliensis, so no conspecific ref-
erence exists against which the samples could be matched;
each query was consequently matched to whichever congener
is represented in the database — most frequently B. feddeana
(MH711425.1, MH711787.1) and B. dielsiana (MH711421.1)
for ITS, and B. aristata (NC_043829.1, MK714340.1) for

rbeL. Second, the identity values themselves demonstrate the
absence of species-level resolution at these loci: for ITS the
three highest-scoring hits in most samples were three different
species sharing an identical percentage identity, while indi-
vidual rbcL sequences reached 99.8 % identity to B. aristata,
a Himalayan species geographically and morphologically re-
mote from the material studied. Both observations are con-
sistent with published evidence that neither rbcL nor ITS dis-
criminates species within Berberis, a genus characterized by
reticulate evolution and interspecific hybridization [24].

Notably, sample BI-5 matched Berberis integerrima
Bunge (KC575602.1) with 99.84 % identity — the highest
value obtained in the present study. This result is taxonomi-
cally consistent rather than contradictory: B. iliensis Popov is
placed in synonymy under B. integerrima Bunge in the cur-
rent global taxonomic backbone [25], whereas the Kazakh-
stani floristic tradition and the Red Data Book of the Republic
of Kazakhstan [3] maintain it as an independent endemic spe-
cies. Hybridization between B. iliensis and the sympatric B.
sphaerocarpa in the Ili and Charyn valleys has likewise been
documented by ISSR analysis [9], which further limits the
applicability of single-locus barcoding within this complex.

Table 1. BLAST identification of the ITS and rbcL sequences of the Berberis iliensis source material against the GenBank

nucleotide collection

Closest . Closest .
Sample I:S’ GenBank Identity, rl;)cL, GenBank Ide;tlty,
P match (ITS) P match (rbcL) °

MH711425.1 NC_043829.1

Bl-1 679 B. feddeana 98.82 >89 B. aristata 99.83

BI-2
MH711787.1 99.39 590 NC_04.3829.1 99.49
658 B. feddeana B. aristata

MH711425.1 NC_043829.1

BI-3 671 B. feddeana 98.63 590 B. aristata 99.83
MH711425.1 NC_043829.1

Bl-4 676 B. feddeana 99.10 363 B. aristata 99.27

BI-5 636 K(.:575602’1 B. 99.84 580 NC—04.3829'1 98.44
integerrima B. aristata
MH711787.1 NC_043829.1

BI-6 649 B. feddeana 99.07 392 B. aristata 99.32
MH711787.1 NC _043829.1

BI-7 670 B. feddeana 99.40 >89 B. aristata 99.14
MH711425.1 NC_043829.1

BI-8 662 B. feddeana 99.54 >75 B. aristata 99.82
MH711425.1 NC_043829.1

BI-9 676 B. feddeana 98.36 393 B. aristata 99.66
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Figure 4. Neighbour-joining tree based on ITS sequences of the Berberis iliensis source mate-

rial (BI-1-BI-9, in bold) and reference sequences of Berberis species from GenBank. Kimura

2-parameter distances, 1000 bootstrap replicates; bootstrap values below 50 % are not shown.
The tree is midpoint-rooted. Scale bar: 0.005 substitutions per site.

Taken together, the molecular data confirm that the source
material belongs to the genus Berberis, exclude misidentifi-
cation with unrelated taxa and cross-contamination between
DNA preparations, and provide a verifiable genetic record of
the accessions entered into in vitro culture.

The closest match is the highest-scoring BLASTn hit. For
most ITS queries the second- and third-ranked hits showed
identical percentage identity to different Berberis species
(B. dielsiana MH711421.1, MH711231.1); for rbcL the sec-
ond- and third-ranked hits were B. aristata MK714340.1,
B. amurensis var. latifolia KM057377.1 and B. diaphana
MH457122.1 at the same identity value. Full BLAST output
is available from the authors on request.

To visualize the relationships of the studied material to
congeneric taxa, a neighbour-joining tree was constructed
from the ITS alignment (607 bp) comprising the nine B. il-
iensis sequences and 18 reference sequences of eight Berberis
species (Fig. 4). All nine samples were placed in a single clade
supported by 85 % bootstrap, which contained no reference
sequence other than B. integerrima KC575602.1. This acces-
sion was not resolved as sister to the studied material but was
nested among the samples: the Kimura 2-parameter distance
between KC575602.1 and samples BI-1, BI-2 and BI-5 was
zero, that is, the sequences were identical over the aligned re-
gion, whereas distances among the B. iliensis samples them-
selves reached 0.0083. Genetic distances from the studied ma-
terial to other Berberis species ranged from 0.0033 to 0.0285.

The topology therefore does not separate the studied ma-
terial from B. integerrima at the species level, since intraspe-

cific and interspecific distances overlap completely. At the
same time, B. aristata — the species that showed 98—100 %
identity in the rbcL comparison — was resolved as a well-sup-
ported clade (93 % bootstrap) clearly separated from the stud-
ied samples, confirming that the rbcL. matches reflect the con-
servatism of that locus rather than genuine affinity. The second
B. integerrima accession (KC575601.1) fell outside the 85 %
clade, indicating that this species is not monophyletic in the
ITS data either. The phylogenetic analysis thus reproduces the
pattern established by the BLAST comparison: the material
is placed within Berberis and shows closest affinity to B. in-
tegerrima, while species-level delimitation is not achievable
at the ITS locus.

The use of two marker systems — nuclear (ITS) and chlo-
roplast (rbcL) — provides mutually independent lines of ev-
idence, since the two loci are differently inherited and differ
in their level of evolutionary conservatism. The ITS region is
the more variable of the two and is widely used to distinguish
closely related species, whereas rbcL is conservative and in-
formative mainly at the genus level and above [19, 20]. In the
present study both markers gave concordant results at the ge-
nus level, which increases the reliability of the assignment;
neither, however, resolved the material to species, in agree-
ment with earlier findings for Berberis [24].

No polymorphism was detected among the nine analyzed
DNA preparations at either locus. This is expected given the
small number of individuals sampled (three shrubs) and the
conservative nature of the loci employed, and it does not per-
mit any inference regarding the level of intraspecific genetic
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Table 2. Results of the adaptation of Berberis iliensis microshoots

Day 40 Accretion
Treatment Shoot Number of | Number of Root Shoot Number of | Number of Root
height, cm | leaves, pcs | roots, pcs | length, cm | height, cm | leaves, pcs | roots, pcs | length, cm
1 —peat 3.20+0.12 | 2.934£0.13 | 2.874£0.14 | 1.54+0.07 1.24 -0.27 0.63 0.92
2 —soil 4.27+£0.15*% | 3.53+0.15 | 3.00+£0.11 | 1.88+0.06* 2.34 0.93 0.77 1.34
3- Iﬁfliz)sand 4.96+0.17% | 4.87£0.14* | 4.13+0.13* | 2.40+0.08* |  2.75 1.87 2.10 1.89
4- i‘l)fllz)sa“d 6.53£0.14*% | 6.3040.23* | 4.93+0.14% | 5.11£0.20% |  4.52 3.30 3.13 4.68

*_The mean difference is statistically significant at the 0.05 level.

variability in the population. Resolving intraspecific structure
in B. iliensis requires markers of higher variability, such as
the RAPD and ISSR systems previously applied to this spe-
cies [8, 9].

ADAPTATION OF BERBERIS ILIENSIS MICRO-
SHOOTS

The results of the adaptation of Berberis iliensis micro-
shoots showed a marked dependence of morphometric param-
eters on substrate composition (Table 2). After 40 days of cul-
tivation, the lowest growth values were recorded when using
peat: shoot height was 3.20 + 0.12 cm, number of leaves was
2.93 £ 0.13, number of roots was 2.87 + 0.14, and root length
was 1.54 £ 0.07 cm. At the same time, growth in individual
parameters was limited, and a decrease (-0.27) was even ob-
served in the number of leaves, indicating the insufficient ef-
fectiveness of this substrate during the adaptation stage.

The use of soil contributed to improved growth pa-
rameters: shoot height reached 4.27+£0.15 cm, root
length—1.88+0.06 cm, with an increase in growth observed
across all parameters. However, the most pronounced positive
effect was observed when mixed substrates were used. In the
peat:sand variant, shoot height was 4.96 + 0.17 cm, the num-
ber of leaves was 4.87 £+ 0.14, the number of roots was 4.13
+ (.13, and root length was 2.40 + 0.08 cm, accompanied by
significant growth in all indicators (height +2.75 cm, leaves
+1.87, roots +2.10, root length +1.89 cm).

The maximum values for all parameters studied were ob-
tained when using a soil-sand substrate. Shoot height reached
6.53 £ 0.14 cm, the number of leaves was 6.30 = 0.23, the

number of roots was 4.93 + 0.14, root length was 5.11 + 0.20
cm, and growth was the highest among all variants (respec-
tively, +4.52 cm, +3.30 pcs., +3.13 pcs., and +4.68 cm). All
differences compared to the control were statistically signif-
1cant.

The results indicate that adding sand to the substrate sig-
nificantly improves the adaptation efficiency of Berberis ilien-
sis microshoots (Fig. 5). This is likely due to improved aera-
tion and water-air conditions, which are particularly important
for root system development. Pure peat, on the other hand, is
characterized by excessive water-holding capacity and insuffi-
cient air permeability, which can limit plant growth and devel-
opment. Soil provides a more balanced nutrient supply; how-
ever its combination with sand creates optimal conditions for
both above-ground growth and active root formation.

Thus, a soil-sand substrate is the most effective for the ac-
climatization of Berberis iliensis microshoots, ensuring max-
imum growth of both the upper and lower parts of the plant.

ACCLIMATIZATION OF BERBERIS ILIENSIS
PLANTLETS

The results of acclimatizing Berberis iliensis plants under
greenhouse conditions showed a significant effect of mineral
nutrition on the morphometric indicators of growth and de-
velopment (Table 3). After 50 days of cultivation, the con-
trol plants (watered with water) exhibited the lowest values:
height was 10.34 = 0.09 cm, number of leaves was 12.90 +
0.46, and crown diameter was 8.41 = 0.12 cm. Growth in
the control group was also limited (respectively, +4.20 cm,
+6.55 leaves, and +4.84 cm), indicating an insufficient sup-

Fig. 5 — Adaptation of Berberis iliensis microshoots
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Table 3. Results of the acclimatization of Berberis iliensis plantlets

Day 50 Accretion
Treatment Shoot height, Number of Shoot height, Number of Shoot height, Number of
cm leaves, pcs cm leaves, pcs cm leaves, pcs
I~ control 10.340.09 12.90+0.46 8.41+0.12 420 6.55 4.84
(water)
2ocaleium | cop 0 a0% | 20.45£0.61% | 15.8340.62% 10.96 15.10 12.23
nitrate
3opotassium |y 4si0 1% | 12.6560.40% | 11.73+0.09% 7.75 6.50 8.12
nitrate
4—
magnesium | 11.73£0.09% | 10.75+0.34* 9.9140.08* 5.73 3.95 6.11
nitrate
5—ammophos | 12.84+0.22*% | 12.75+0.24* | 11.56+0.19* 6.69 6.30 7.94
6-YaraMila | 1) 100 17% | 11.554022% | 10.7040.20% 6.19 4.45 7.13
Complex
7 _
ammonium | 10.57+024%* | 14.00£047% | 12.34+0.27* 4.56 6.45 8.67
nitrate

*. The mean difference is statistically significant at the 0.05 level.

ply of nutrients.

Calcium nitrate had the most pronounced stimulating ef-
fect on plant growth. In this treatment, the maximum values
of all studied parameters were recorded: plant height reached
16.84 £ 0.42 cm, the number of leaves was 20.45 + 0.61,
and crown diameter was 15.83 + 0.62 cm. Growth was also
the highest among all variants (+10.96 cm in height, +15.10
leaves, +12.23 ¢m in crown diameter), with the differences
compared to the control being statistically significant. The
data obtained indicate the key role of calcium in the forma-
tion of aboveground biomass and active cell division, espe-
cially during the acclimatization stage.

The application of potassium nitrate also contributed to
a significant increase in growth parameters: plant height was
13.45 £ 0.11 cm, and crown diameter was 11.73 £ 0.09 cm,
with growth increments of +7.75 cm and +8.12 cm, respec-
tively. However, the effect on leaf development was less pro-
nounced (12.65 £+ 0.40 leaves; increase of 6.50 leaves), which
may indicate that potassium primarily affects water balance
and tissue turgor rather than the intensity of organogenesis.

The magnesium nitrate treatment showed moderate growth
parameters (11.73 + 0.09 cm in height, 10.75 + 0.34 leaves,

9.91 + 0.08 cm in crown diameter), with relatively low growth
increments (+5.73 cm, +3.95 leaves, and +6.11 cm, respec-
tively). This may be due to the fact that magnesium, being
a central element of the chlorophyll molecule, has a greater
influence on photosynthetic activity; however, under condi-
tions of a limited acclimatization period, its effect is less pro-
nounced compared to nitrogen and calcium nutrition.

The application of ammophos yielded intermediate results:
plant height was 12.84 + 0.22 cm, the number of leaves was
12.75 £ 0.24, and crown diameter was 11.56 £ 0.19 cm, with
growth ranging from +6.30 to +7.94. This indicates a positive
effect of phosphorus on plant development; however, its effect
was less pronounced compared to nitrate forms of nitrogen.

The Yara Mila complex fertilizer ensured balanced but
moderate plant growth (12.17 = 0.17 cm in height, 11.55 +
0.22 leaves, 10.70 £ 0.20 cm crown diameter), accompanied
by an increase of +6.19-7.13. Despite the presence of macro-
and micronutrients, this variant was inferior to calcium nitrate,
likely due to the lower availability of certain elements during
the initial acclimatization period.

The application of ammonium nitrate resulted in a rela-
tively modest increase in plant height (10.57 + 0.24 cm; in-

Fig. 6. Acclimatization of Berberis iliensis in a greenhouse
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a — Source material (shoot segments with apical and lateral buds); b — Stage of establishment of

in vitro culture and initial development of explants on nutrient medium; ¢ — Stage of microshoot

multiplication; d — In vitro rooting of microshoots; d — Stage of plant adaptation to ex vitro con-
ditions; e — Acclimatized plants that have formed viable planting material.

Fig. 7. Stages of micropropagation, adaptation and acclimatization of Berberis iliensis

crease of +4.56), but was accompanied by a higher number
of leaves (14.00 + 0.47) and a significant increase in crown
diameter (12.34 + 0.27 cm; increase of +8.67). This may in-
dicate a redistribution of growth toward the formation of leaf
mass when using the ammonium form of nitrogen.

Overall, the acclimatization results show that the greatest
effectiveness is achieved when using calcium nitrate, which
ensures maximum plant growth across all parameters stud-
ied (Fig. 6). Other forms of fertilizer also have a positive ef-
fect, but their impact is more limited or specific in nature. The
data obtained confirm the importance of selecting the appro-
priate form of mineral nutrition during the plant acclimatiza-
tion stage, as this period is characterized by active formation
of aboveground biomass and adaptation to ex vitro conditions.

The entire workflow of Berberis iliensis conservation bio-
technology — from molecular characterization of source ma-
terial through in vitro micropropagation [22], adaptation, and
greenhouse acclimatization to the production of viable plant-
ing stock, is illustrated in Fig. 7.

DISCUSSION

Molecular characterization of the source material using
the ITS and rbcL markers assigned the studied plants unam-
biguously to the genus Berberis: all eighteen sequences re-
turned Berberis references as the highest-scoring hits, with
98.36-99.84 % (ITS) and 98.44-99.83 % (rbcL) nucleotide
identity. Species-level identification, however, proved unat-
tainable at these loci, for reasons independent of the quality of
the sequence data obtained. On the one hand, GenBank holds
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no ITS or rbcL entries deposited under the name B. iliensis,
so no conspecific reference exists against which the samples
could be matched, and the algorithm necessarily returns the
most similar congener that happens to be represented in the
database. On the other hand, the discriminatory power of the
standard barcode loci is inherently low in this genus: Roy et
al. [24] demonstrated that neither ITS, rbcL, matK nor trnH-
psbA, singly or in combination, could separate species of In-
dian Berberis, and attributed this to probable reticulate evolu-
tion. The present data reproduce that pattern directly — several
samples were equally similar to three different congeners, and
one rbcL sequence matched the Himalayan B. aristata at 99.8
% identity.

The highest identity value recorded in this study, 99.84 %
between sample BI-5 and B. integerrima (KC575602.1), mer-
its separate comment. Rather than contradicting the identifica-
tion of the material, it is consistent with it: B. iliensis Popov
is placed in synonymy under B. integerrima Bunge in the cur-
rent global taxonomic backbone [25], while the Kazakhstani
floristic tradition and the Red Data Book of the Republic of
Kazakhstan [3] maintain it as a distinct endemic species. The
occurrence of hybrids between B. iliensis and the sympatric
B. sphaerocarpa in the Ili and Charyn valleys, established by
ISSR analysis [9], adds a further layer of complexity that sin-
gle-locus barcoding cannot resolve.

The phylogenetic analysis corroborated this interpretation.
The nine samples and B. integerrima KC575602.1 formed a
single clade with 85 % bootstrap support, within which the
reference accession was nested rather than sister, and three
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of the samples proved identical to it across the 607 bp ITS
alignment. Since distances among the studied samples (up
to 0.0083) exceeded their distance to the reference (0.0000—
0.0066), intraspecific and interspecific variation overlap com-
pletely and no species-level boundary can be drawn from
these data. The contrast with B. aristata is instructive: at the
rbcL locus this species matched the studied samples at 98—100
% identity, yet in the ITS analysis it formed a well-supported
clade (93 %) far removed from them, which demonstrates that
the rbcL similarity is an artefact of locus conservatism rather
than evidence of relationship. A further constraint is that Gen-
Bank holds no sequences of B. sphaerocarpa, so the congener
documented to hybridize with B. iliensis [9] could not be in-
cluded in the comparison.

For the purposes of the present work these limitations
do not compromise the conclusions. Species identity of
the source material was established morphologically from
voucher material collected in the Charyn State National Na-
ture Park, while the role of the molecular data is to document
the genetic identity of the accessions entered into in vitro cul-
ture, to exclude misidentification with unrelated taxa, and to
exclude cross-contamination between DNA preparations —
the standard quality-control function of molecular verification
in conservation micropropagation programmes. At the same
time, the results highlight a practical gap: the absence of ref-
erence sequences for B. iliensis in public databases. Closing
this gap will require verified reference sequences of B. ilien-
sis to be deposited in public repositories, which remains a task
for future work. Reliable molecular delimitation of B. ilien-
sis relative to B. integerrima and B. sphaerocarpa will, how-
ever, require multilocus or genome-scale approaches rather
than the standard barcode loci.

The results of the adaptation experiment demonstrated a
clear dependence of microshoot survival and growth on sub-
strate composition. The soil:sand mixture (1:1) proved most
effective, yielding the highest values for all measured param-
eters. This can be explained by the improved water-air re-
gime of the mixed substrate: the addition of sand reduces ex-
cessive moisture retention characteristic of pure soil, while
maintaining sufficient nutrient supply. Plants derived from in
vitro culture are known to possess poorly developed cuticles
and non-functional stomata, which compromises their ability
to regulate water exchange after transfer to non-sterile condi-
tions [16]. Under these circumstances, substrate aeration be-
comes critical for root function and plant survival. The su-
periority of mixed substrates over single-component media
has been documented for other woody species and is con-
sistent with the results obtained here [17]. Pure peat showed
the weakest performance, likely due to its high water-hold-
ing capacity and low pH, which may be suboptimal for Ber-
beris root development.

The acclimatization experiment revealed a significant ef-
fect of mineral nutrition on plant growth under greenhouse
conditions. Calcium nitrate produced the most pronounced
stimulating effect across all measured parameters — shoot
height, leaf number, and crown diameter. This is consistent
with the known role of calcium in cell wall formation and cell
division, as well as the importance of nitrate nitrogen for veg-
etative growth during the early post-transfer period [23]. The
superior response to calcium nitrate compared to other nitro-

gen sources suggests that Ca?* availability may be a limiting
factor during acclimatization, when active cell division and
tissue expansion are occurring. Potassium nitrate and ammo-
phos also improved growth relative to the control, reflecting
the importance of balanced macronutrient supply. The weak-
est response was observed for ammonium nitrate, which may
be attributed to the potentially inhibitory effect of the ammo-
nium form of nitrogen on root development in young trans-
plants.

Overall, the results confirm that the success of ex vitro es-
tablishment of micropropagated Berberis iliensis depends on
two key factors at successive stages: substrate physical prop-
erties at the adaptation stage, and mineral nutrition compo-
sition at the acclimatization stage. The approach developed
in this study — molecular characterization of source mate-
rial followed by optimized substrate and fertilizer selection —
provides a practical basis for the production of viable plant-
ing stock suitable for reintroduction and restoration of natural
populations of this endangered endemic species.

CONCLUSIONS

This study investigated three interconnected aspects of
Berberis iliensis conservation: molecular genetic character-
ization of the source material, adaptation of rooted micro-
shoots to ex vitro conditions, and acclimatization of plantlets
under greenhouse conditions.

The source material was characterized molecularly using
two independent marker systems — the nuclear ITS region
and the chloroplast rbcL gene. Both markers yielded ampl-
icons of the expected size (approximately 700 bp and 600
bp, respectively), and BLAST analysis of the nine sequenced
DNA preparations returned 98.36-99.84 % (ITS) and 98.44—
99.83 % (rbcL) nucleotide identity to Berberis reference se-
quences, confirming the generic assignment of the material
and excluding misidentification with unrelated taxa. Spe-
cies-level assignment could not be obtained from these loci,
since no reference sequences of B. iliensis are currently de-
posited in GenBank and the standard barcode markers are
known to lack resolution within Berberis; species identity
was therefore established morphologically from voucher ma-
terial. Neighbour-joining analysis of the ITS alignment placed
all nine samples in a single clade with B. integerrima (85 %
bootstrap support), three of them being identical to the refer-
ence sequence, whereas B. aristata — the closest rbcL match —
formed a well-supported clade separate from the studied ma-
terial. No polymorphism was detected among the analyzed
samples, which reflects the limited number of individuals
sampled and the conservative nature of the loci used.

It has been established that the effectiveness of plant ad-
aptation depends significantly on the composition of the sub-
strate. The best results were obtained using a soil-sand mix-
ture, which provides optimal conditions for water regime and
aeration. In this variant, the highest indicators of plant growth
and development were recorded, including shoot height (6.53
+ 0.14 cm), number of leaves (6.30 & 0.23), number of roots
(4.93 £ 0.14) and root length (5.11 + 0.20 cm), which signifi-
cantly exceeded the control.

During the acclimatization stage, it was found that min-
eral nutrition has a significant effect on the further develop-
ment of plants. The most pronounced stimulating effect was
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observed with the use of calcium nitrate, which yielded the
highest growth parameters: plant height—16.84+0.42 cm, num-
ber of leaves—20.454+0.61, crown diameter—15.834+0.62 cm,
which indicates the high effectiveness of this element in en-
suring physiological stability and active plant growth under
greenhouse conditions.

Thus, the proposed set of measures, which includes mo-
lecular characterization of the source material and optimized
conditions for adaptation and acclimatization, ensures the pro-
duction of high-quality planting stock of Berberis iliensis. The
implementation of this approach has significant practical im-
portance and can be used to conserve the gene pool of rare
species, introduce them and restore natural populations.
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