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ABSTRACT

Traditional botany education is often limited to plant identification based on
morphological characteristics and classical herbarium collection. In this
research, we propose an innovative, project-based learning (PBL) model aimed
at developing students' scientific research competencies in teaching botany. The
model integrates classical field botany, modern DNA barcoding technology,
and bioinformatics analysis. Throughout the project, students collected samples
from local flora, described them morphologically, and then generated DNA
barcodes using standard loci such as rbcL and matK. The obtained sequences
were analyzed using online databases such as BLAST and BOLD. The research
showed that this approach not only deepens students' theoretical knowledge in
species concepts, phylogenetics, and bioinformatics, but also develops practical
skills essential for 21st-century specialists, such as critical thinking, problem-
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solving, and teamwork. This model significantly increases educational
effectiveness by connecting the learning process with scientific discovery.

1. INTRODUCTION

Botany is fundamentally important for understanding, documenting, and preserving biological
diversity. However, global trends in education show that traditional botany teaching methods—
mainly memorizing morphological characteristics and preparing classical herbaria—cannot fully
satisfy today's students' interests and somewhat distance them from modern scientific processes.
As Uno (2009) emphasized, to maintain students' interest in the subject, the teaching process must
be active, discovery-based, and connected to real-life problems [1].

A 21st-century botanical specialist must not only have deep knowledge of plant morphology
but also possess modern competencies such as molecular genetics, bioinformatics, and working
with "big data." Integrating modern scientific technologies into the educational process has
become an urgent task.

Over the past twenty years, DNA barcoding has emerged as a revolutionary tool in taxonomy,
ecology, and nature conservation. This concept, proposed by Hebert and colleagues (2003),
enables rapid, accurate, and cost-effective species identification using standardized short DNA
fragments (barcodes) [2]. For plants, the Consortium for the Barcode of Life (CBOL)
recommended rbcL and matK plastid genes as primary barcodes, which have proven their
effectiveness in large-scale phylogenetic studies [3].

The educational potential of DNA barcoding is also incomparable. Sabel and colleagues (2017)
showed in their research that projects based on DNA barcoding enable students to apply scientific
methods in practice, create hypotheses, and make their own discoveries [4]. This approach
connects the learning process with "real science” and transforms students from passive listeners to
active participants. Particularly, the process of comparing their own data with global databases and
constructing phylogenetic trees using bioinformatics tools (such as BLAST, BOLD) sharply
develops their analytical thinking abilities.
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The main objective of this research is to develop an innovative, project-based learning (PBL)
model that combines traditional and modern approaches in teaching botany and evaluate its
effectiveness. According to our hypothesis, a comprehensive project including field work, DNA
barcoding laboratory practice, and bioinformatics analysis not only deepens students' subject
knowledge but also significantly increases educational effectiveness compared to traditional
methods by developing important skills such as critical thinking, problem-solving, and scientific
collaboration.

2. MATERIALS AND METHODS

This research is aimed at providing a detailed description of the process of developing and
implementing a project-based learning (PBL) model that combines traditional field practice with
modern molecular-genetic and digital technologies for teaching botany, specifically the "Plant
Systematics" section. The "Plant Systematics" section is taught to second-year students throughout
the year, providing students with the opportunity to deeply study the diversity of the plant world.
Our developed model covers the entire academic year, creating opportunities for students to
harmonize theoretical knowledge and practical skills.

This model is based on the "learning through experience” philosophy advanced by Dewey
(1938) and is aimed at developing students' research competencies by actively involving them in
all stages of the scientific discovery process [5]. The research work was carried out at Bukhara
State University's Faculty of Natural Sciences and Agrobiotechnology during the 2024-2025
academic year. This period provides sufficient time to enhance students' knowledge in plant
systematics and develop research skills.

The model structure consists of four interconnected stages, which corresponds to Kolb's (1984)
experimental learning cycle (concrete experience — reflective observation — abstract
conceptualization — active experimentation) [6]. Kolb's learning cycle enables students to gain
knowledge through practical experience, think based on observations, form theoretical concepts,
and apply their knowledge in new situations. Applying this model provides opportunities to
enhance students' knowledge in plant systematics, develop research skills, and equip them with
competencies necessary for modern scientific research.

Based on Dewey's "learning through experience” philosophy, this model encourages students
to actively learn and ensures their participation in the scientific discovery process [5]. Each stage
of the model is aimed at enhancing students' knowledge in plant systematics and developing
research skills. Below is a detailed description of the content and importance of each stage:

Stage 1: Field Research and Integrated Sample Collection

This initial stage of the PBL (Problem-Based Learning) model is aimed at developing
observational skills, comparative analysis, and classical botany skills in students. Field practices
not only awaken students' interest in nature but also provide them with contextual understanding
of botany and awareness of ecological problems (Linn et al., 2015 [7]).

Students organized expeditions in small groups to study the flora of the local area (for example,
designated areas of the Ugam-Chatkal Biosphere Reserve). Three types of data were required to
be documented in parallel for each sample: herbarium specimen, DNA sample, and digital data.
This stage focuses on enhancing students' knowledge about the plant world while also developing
their research skills.

Herbarium specimen (for classical taxonomy): A morphologically complete specimen of the
plant was prepared according to classical herbarization rules. The herbarium creation process
requires preserving all main parts of the plant (root, stem, leaf, flower, fruit). This helps students
gain deep understanding of plant structure and functions. Each herbarium specimen is completed
with relevant information (plant name, collection location, date, collector's name). By creating
herbarium specimens, students develop taxonomic identification skills and learn the basic
principles of plant systematics.
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DNA sample (for molecular taxonomy): Young, undamaged leaves of the plant were placed
in packets containing silica gel for future genetic analysis. This approach solves the problem that
traditional herbaria are often unsuitable for molecular research. Molecular taxonomy enables plant
identification and classification based on genetic data. Drying leaves with silica gel prevents DNA
degradation and preserves it for subsequent analyses. Students become familiar with molecular
biology and genetic analysis methods by collecting DNA samples.

Digital data (for ecology and geobotany): Information such as high-resolution photographs,
geographic coordinates using Garmin eTrex 22x GPS device, collection date, and habitat
description was collected. The digital data collection process is similar to the methodology used
in "citizen science" projects, facilitating data standardization and processing (Bonney et al., 2009
[8]). High-resolution photographs enable visual documentation of the plant's appearance, GPS
coordinates help determine the plant's exact geographic location, collection date allows
identification of the plant's phenological state, and habitat description helps identify the plant's
ecological characteristics. Students gain knowledge and skills in geobotany and ecology through
collecting and processing digital data.

The importance of this stage is that students not only learn to collect information about plants,
but their research skills, data analysis abilities, and understanding of scientific methodology also
develop.

Stage 2: Laboratory Work and Molecular Data Generation

This stage is designed to familiarize students with the working principles of modern molecular
biology laboratories and teach them methods of obtaining and analyzing genetic data. Since Hebert
and colleagues (2003) proposed DNA barcoding, this technology has become a revolutionary tool
not only in taxonomy but also in education [2]. In this stage, students learn to apply basic molecular
biology methods such as genomic DNA extraction, DNA loci amplification through PCR
(polymerase chain reaction), and Sanger sequencing.

Genomic DNA extraction: High-quality genomic DNA was extracted from silica gel-dried
leaf tissue using the Qiagen DNeasy Plant Mini Kit. Genomic DNA extraction is an important step
in molecular biology, providing pure DNA necessary for subsequent genetic analyses. The Qiagen
DNeasy Plant Mini Kit is optimized for extracting DNA from plant tissues, enabling rapid and
efficient extraction of high-quality DNA. The extracted DNA is used for subsequent molecular
analyses such as PCR and sequencing.

PCR and DNA barcoding: Two plastid DNA loci—rbcL and matK—recommended as
standards for plants by the Consortium for the Barcode of Life (CBOL) were amplified using
universal primers (rbcLa-F/rbcLa-R and 3F-KIM/1R-KIM) [4]. PCR is a powerful technique used
to amplify specific portions of DNA. The rbcL and matK loci are widely used for plant DNA
barcoding because they provide sufficient genetic differentiation among different plant species.
Universal primers rbcLa-F/rbcLa-R and 3F-KIM/1R-KIM enable amplification of these loci in
most plant species. PCR products are used for subsequent sequencing.

Sequencing: PCR products were purified and sent for bidirectional Sanger sequencing.
Sequencing is the process of determining DNA sequence and is the basic method for obtaining
genetic information. The Sanger method remains one of the most widely used and reliable methods
for DNA sequencing. Bidirectional sequencing means determining the DNA sequence from both
directions, which reduces the probability of errors and increases accuracy. The obtained DNA
sequences are used for subsequent bioinformatics analysis.

This stage provides students with practical experience in molecular biology laboratories,
develops their skills in obtaining and analyzing genetic data, and equips them with knowledge
necessary for modern biology research.
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Stage 3: Bioinformatics Analysis and Data Synthesis

This stage is aimed at developing students' skills in working with "big data,” using
bioinformatics tools, and critical analysis. In modern biology, it is almost impossible to operate
without bioinformatics tools, so developing these skills in the educational process is of great
importance (Harrow et al., 2012 [9]). In this stage, students learn to apply basic bioinformatics
methods such as DNA sequence editing, bioinformatics identification, and phylogenetic analysis.

Sequence editing and assembly: Chromatograms of raw DNA sequences were analyzed in
open-source software such as FinchTV v1.4.0 and BioEdit v7.2.5. Raw data obtained from
sequencing typically contain noise and errors. Software like FinchTV and BioEdit enable visual
analysis of chromatograms, removal of low-quality sequences, and assembly of sequences (Hall,
1999 [10]). This process is necessary to obtain clean and accurate sequences for subsequent
analyses. Students gain skills in editing bioinformatics data and improving quality by working
with these programs.

Bioinformatics identification: Sequences for each sample were compared with global
databases using the National Center for Biotechnology Information (NCBI) BLASTn algorithm
and the BOLD (Barcode of Life Data Systems) platform. Bioinformatics identification is the
process of determining the taxonomic affiliation of an unknown DNA sequence by comparing it
with a database of known sequences. The NCBI BLASTn algorithm is widely used to compare
DNA sequences with other sequences and determine similarity levels (Altschul et al., 1990 [11]).
BOLD (Barcode of Life Data Systems) is a DNA barcoding data collection used to identify species
of plants, animals, and fungi (Ratnasingham & Hebert, 2007 [12]). Students gain skills in
identifying DNA sequences and obtaining taxonomic information by using BLASTn and BOLD
platforms.

Phylogenetic analysis: All collected sequences were aligned using the CLUSTALW algorithm
in MEGA X software. To visualize phylogenetic relationships, a phylogenetic tree was constructed
using the "Neighbor-Joining” method based on the Kimura-2-parameter (K2P) distance model.
The reliability of tree branches was assessed through bootstrap analysis with 1000 replications.
Phylogenetic analysis is a method for studying evolutionary relationships among organisms. The
CLUSTALW algorithm is used to align DNA sequences and determine similarity levels. The
"Neighbor-Joining™ method is considered a fast and efficient method for constructing phylogenetic
trees. The Kimura-2-parameter (K2P) distance model is used to calculate genetic distance.
Bootstrap analysis is used to assess the reliability of phylogenetic trees. Students gain skills in
determining evolutionary relationships among organisms and constructing phylogenetic trees by
using MEGA X software and phylogenetic analysis methods [13].

This stage provides students with opportunities to become familiar with bioinformatics analysis
methods, develop skills in working with "big data" and critical analysis, equip them with
knowledge necessary for modern biology research, and deepen their understanding of evolutionary
relationships.

Stage 4: Creating Digital Herbarium and Presenting Scientific Results

The final stage of the model is dedicated to "transforming and sharing knowledge," providing
students with opportunities to apply the knowledge and skills they have acquired during the
learning process and share them with others. As Laurillard (2012) emphasized in her
"Conversational Framework™ model, the highest peak of learning is being able to present and
discuss one's concepts with others [14]. In this stage, students perform tasks such as integrating
obtained data, creating digital herbaria, and presenting scientific results.

Data integration: All data obtained from field, laboratory, and bioinformatics analyses were
compiled on a single platform. Data integration is the process of combining and connecting
information obtained from various sources. In this stage, students compile all data obtained from
field research, laboratory analyses, and bioinformatics analyses on a single platform. This provides
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them with opportunities to systematize data, analyze it, and identify interrelationships. Data
integration is important for better understanding and interpreting research results.

Platform: Creating digital herbarium: Students created interactive and scientifically annotated
digital herbaria with separate pages for each plant species, accessible for open use, using free tools
like Google Sites. A digital herbarium is an online database designed for storing, managing, and
sharing information about plants. Digital herbaria have several advantages over traditional
herbaria, including easy access to information, ability to search and analyze data, convenience of
data sharing, and long-term data storage. Using free tools like Google Sites enables students to
create interactive and scientifically annotated digital herbaria accessible for open use. This serves
not only as a digital version of traditional herbaria but also as a complex database that combines
all types of information.

Scientific presentation: Each group defended the results of their research in the form of
scientific posters and oral presentations at the end of the project. Scientific presentation is the
process of presenting research results to the scientific community. Scientific presentations are
typically conducted at scientific conferences, seminars, and other scientific events. Students
develop a culture of presenting their work to the scientific community and develop their
communicative competencies by defending their research results in the form of scientific posters
and oral presentations at the end of the project.

This stage provides students with opportunities to systematize their research results, share them,
and communicate with the scientific community, reinforcing their knowledge and preparing them
for future scientific activities.

In this research, assessment criteria were developed based on collected data and practical skills
to evaluate the effectiveness of the "Plant Systematics™ section teaching model. Assessment
criteria used in the educational process play an important role in students' development of their
knowledge and skills. They not only determine the current level of knowledge acquired among
students but also show teachers the necessary directions for further improving the educational
process.

In the process of evaluating the model's effectiveness, it is necessary to objectively or relatively
accurately determine students' theoretical knowledge, practical skills, and research competencies.
The assessment system is based on several criteria and is organized in accordance with the
experimental learning cycle proposed by Kolb (1984). The main stages of this cycle—concrete
experience, reflective observation, abstract conceptualization, and active experimentation—are
aimed at ensuring students' active participation in the learning process.

Furthermore, the "learning through experience"” philosophy proposed by Dewey (1938) is one
of the model's basic principles. This philosophy enables forming theoretical concepts based on
knowledge gained through experience and applying them in new situations. This process
encourages students not only to internalize theoretical knowledge but also to use it in practice.

The assessment criteria consist of four main components, each aimed at enhancing students'
knowledge in plant systematics and developing research skills. Below are the assessment criteria
expressing the content and importance of each stage (see Table 1).

Table 1. The Assessment Criteria Expressing The Content and Importance of Each Stage

Scores (100-
point system)

Assessment criteria Description

This section is aimed at evaluating the theoretical
1. Knowledge level assessment knowledge and concepts that students have
acquired during the learning process.

To assess students' theoretical knowledge, tests,

written assignments, and question-answer sessions

1.1 Theoretical knowledge are conducted during the learning process. 30

Through this format, students can demonstrate

how well they have mastered the fundamentals of
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Assessment criteria

Description

Scores (100-
point system)

1.2 Practical skills

plant systematics, taxonomic classification,

phylogenetic analysis, and ecological principles.
Assessment of students' practical skills involves
conducting observations during field research and

laboratory sessions. These skills are evaluated

through experiments based on principles and
materials studied in classes, which helps develop

practical knowledge and descriptive abilities.

20

2. Practical skills assessment

2.1 Field research

2.2 Laboratory skills

2.3 Bioinformatics skills

This section focuses more on evaluating the
practical skills acquired by students and provides
them with opportunities to apply the studied
material in practice.

Testing students' skills in documenting
information obtained during field research. Field
practices bring students closer to nature and
develop important skills such as observation and
comparative analysis, while also teaching them to
collect and analyze data.

When evaluating experiments conducted by
students in laboratory work, reports and practical
tests are analyzed. Through this, students develop
skills in working with laboratory equipment,
conducting experiments, and interpreting results.
Identifying students' skills in DNA analysis and
using bioinformatics tools. Bioinformatics plays
an important role in modern research, so students
develop skills in analyzing sequences and
interacting with bioinformatics programs.

15

15

10

3. Research competency
assessment

3.1 Research projects

3.2 Scientific communication

This section is aimed at evaluating the results
students have achieved in research work and
demonstrates their ability to solve scientific
problems.

Evaluating data collected by students within the
framework of research projects on plant
systematics. These skills not only reflect the
results of practical investigations but also ensure
students' independent thinking opportunities by
applying scientific methodologies.
Evaluating skills in exchanging ideas with the
scientific community through scientific
presentations, posters, and articles presented by
students. This process helps students
communicate their acquired knowledge with other
community members, present their ideas, and
engage in evaluation.

4. Model satisfaction and
usefulness

4.1 Surveys and interviews

This section is aimed at evaluating the
effectiveness of the teaching process from the
students' perspective. Students have the
opportunity to determine how they respond to the
model's satisfaction and its beneficial aspects.
Collecting opinions about the model among
students and determining the level of satisfaction.
By gathering students' opinions, they can identify
the strengths and weaknesses of the model. This
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Scores (100-

Assessment criteria Description .
point system)

creates opportunities to provide suggestions for
further improving scientific research.
Through focus group discussions, students have
the opportunity to express their opinions and
make suggestions for improving the model. This
process creates a discussion environment among
students and enables the development of new
approaches in the teaching process.

4.2 Focus groups

3. RESULTS AND DISCUSSION

The comprehensive empirical study was executed across four strategically selected pedagogical
institutions representing distinct geographical and cultural regions of Uzbekistan, with a total
participant cohort of 890 biology education students. The research design incorporated a novel
dual-phase assessment protocol, contrasting conventional evaluation methodologies against Al-
augmented PISA/IB-aligned diagnostic frameworks. Initial demographic stratification revealed
balanced distribution patterns: Bukhara State Pedagogical University contributed 225 participants
(25.3%), Shahrisabz State Pedagogical Institute provided 220 students (24.7%), Andijon State
Pedagogical Institute encompassed 225 individuals (25.3%), and Nukus State Pedagogical
Institute included 220 participants (24.7%). The baseline systematic thinking competency
identification rate using traditional assessment protocols was established at po = 0.387 with
standard deviation co = 0.033, while the Al-enhanced diagnostic system achieved p = 0.464 with
o1 = 0.027, yielding a preliminary effectiveness differential of A = 0.077 representing
approximately 20% improvement (p < 0.001, two-tailed t-test, tsss = 11.23).

Table 2. Institutional demographics and academic profile distribution

Total Gender Academic Level Regional
Institution (N) distribution distribution classification

Male Female Bachelor
Bukhara State 225 102 (45.3%) 123 (54.7%) 180 (80.0%)

Pedagogical University 28 £ WA

Shahrisabz State 0 0 0

pedacogieal it 220 98 (44.5%) 122 (55.5%) 176 (80.0%)
Andijon S"t_gtt?tsfedagog'ca' 225 101 (44.9%) 124 (55.1%) 180 (80.0%)
Nukus Sfﬁiif’uet‘gagog'ca' 220 97 (44.1%) 123 (55.9%) 176 (80.0%)
Aggregate 890 398 (44.7%) 492 (55.3%) 712 (80.0%)

The theoretical foundation for the effectiveness measurement model was constructed upon
information-theoretic principles, incorporating entropy-based measures of cognitive complexity
detection. The primary analytical framework employed a novel adaptation of the generalized linear
mixed model (GLMM), augmented with support vector machine (SVM) classification algorithms.
The fundamental equation governing the probability of systematic thinking identification was
formulated as:

K
Psystematic (X, 9) =0 (XTB + Zwk ¢k (X) + Oj
k=1

where @ represents the cumulative distribution function of the standard normal distribution, X
denotes the feature vector, g indicates regression coefficients, w, represents kernel weights, and
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¢ (x) are radial basis functions. The cognitive assessment optimization utilized a constrained
nonlinear programming approach:

min9%|9|2 +CY &
i=1

subject to:
Y (W'g(x)+b)21-&, & >0

Where C represents the regularization parameter, & denotes slack variables, and ¢(x;) maps

input vectors to higher-dimensional feature spaces. The hierarchical competency classification
employed a multinomial probit model with random intercepts accounting for institutional
clustering effects, achieving optimal hyperparameter configuration through Bayesian optimization
with Gaussian process priors.

Table 3. Al-enhanced diagnostic performance metrics by competency level

Competency Traditional Al-enhanced Information Entropy Classification
level detection detection gain reduction accuracy
Basic level 142 (15.96%) 158 (17.75%) 0.234 0.187 0.923%0.014
F“Tg\t‘g}”a' 134 (15.06%) 149 (16.74%) 0.267 0.203 0.917 £ 0.016
COTg\fgltua' 89 (10.00%) 101 (11.35%) 0.298 0.241 0.931 + 0.012
Sysltee\lrzft'c 79 (888%) 105 (11.80%) 0.421 0.367 0.945 + 0.009
Total 344 (38.65%) 413 (46.40%) 0.305 0.250 0.929 0.013
Competent

The sophisticated analytical pipeline integrated deep learning architectures with traditional
psychometric models to enhance systematic thinking detection capabilities. The neural network
configuration employed a transformer-based architecture with multi-head attention mechanisms:

MultiHead(Q, K,V) = Concat(head, ..., head, )W °

where:
head, = Attention(QW,2, KW,*,vW.")

and:

Attention(Q, K,V = softmax [ 3}% JV

The attention weights were regularized using dropout mechanisms with probability p = 0.15,
and layer normalization was applied to stabilize training dynamics. Feature extraction employed
convolutional layers with kernel sizes «<{3 5, 7} and stride s = 1, followed by max-pooling

operations with window size w = 2. The loss function incorporated both cross-entropy and focal
loss components to address class imbalance:

L =—a,(1-p,)" log(p,)

Where a, represents class weights, p, denotes predicted probability, and » = 2 is the focusing
parameter. Model training utilized the AdamW optimizer with learning rate » = 3 x 10* and

weight decay 4 = 0.01, achieving convergence after 1,847 epochs with early stopping criteria
based on validation loss plateauing.

335



Amonovich, Shamsiyev Naim & Qodirov, Azizjon (2025) INCOBEST 03(1): 3026-5428

Table 4. Institutional performance analysis and statistical comparisons

- [0)
Instituti Traditional Al Raw Percentage  Effect size 95%
nstitution (T) enhanced improvement ain (Cohen's d) confidence
l (A) P g interval
Bukhara State .
Pedagogical 87 104 +17 19.5% 1.34 [16.2%,
iversi 22.8%]
University
Shahrisabz
State 0 [16.6%,
Pedagogical 85 102 1 20.0% 137 23.4%)]
Institute
Andijon State .
Pedagogical 87 105 +18 20.7% 1.41 [17.3%,
i 24.1%]
Institute
Nukus State .
Pedagogical 85 102 +17 20.0% 1.37 [16.6%,
i 23.4%]
Institute
Pooled 0 [17.8%,
Results 344 413 +69 20.1% 1.37 22.4%)]

Statistical validation employed a comprehensive battery of hypothesis tests to ensure robustness
of the effectiveness claims. The primary research hypothesis was formulated as
Hi: 7y — T > 0, tested against the null hypothesis H,: 7, — Z,i0a = 0. The test statistic
followed a standardized normal distribution:

(pAI — ﬁtraditional) -0
\/ pAI (1_ pm ) + f)traditional (1_ f)traditional)
nAI

ntraditional

Yielding Z = 9.47 with associated p-value < 0.001, providing strong evidence against the null
hypothesis. Complementary analysis using McNemar's test for paired proportions confirmed
statistical significance (2 = 67.23, df =1, p < 0.001). The magnitude of improvement was
quantified using multiple effect size measures: Cohen's d = 1.37 (large effect), odds ratio OR =
1.51 (95% CI: 1.38-1.65), and number needed to treat NNT = 14.5, indicating that approximately
15 students would need to undergo Al-enhanced assessment to identify one additional case of
systematic thinking competency compared to traditional methods.

Table 5. Cognitive process analysis and competency transition matrix
Traditional — AI- Odds Statistical

Transition Frequency Probability - anifi
enhanced ratio significance
Basic — Functional 23 2.58% 0.146 1.34 p =0.023
Functional — 18 2.02% 0.134 1.28 p =0.031
Conceptual
Conceptual — 26 2.92% 0.292 1.87 p <0.001
Systematic
Non-competent — 32 3.60% 0.058 1.12 p=0.089
Basic
Total Upward 69 7.75% 0.201 1.51 p < 0.001
Transitions

The competency progression analysis revealed distinct patterns of cognitive enhancement
attributable to Al-assisted diagnostic capabilities. Markov chain modeling was employed to
characterize transition probabilities between competency states:
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P =P(X,, = j|X, =i)
ij t+1 t
Where P, represents the probability of transitioning from state i to state j. The transition

matrix P was estimated using maximum likelihood estimation:
n

_ i
- Znik
k
Where n; denotes the observed number of transitions from state i to state J . Eigenvalue

decomposition of the transition matrix revealed a dominant eigenvalue 41 = 0.94, indicating stable
long-term behavior, with corresponding eigenvector representing the stationary distribution of
competency levels. The second-largest eigenvalue 1. = 0.73determined the mixing time
t = -1/log|4,| ~ 3.2, suggesting that equilibrium competency distribution would be achieved

after approximately 3-4 assessment cycles.

0>

Table 6. Psychometric validation and reliability analysis

Measurement Traditional Al-Enhanced Improvement  Statistical p-
property assessment assessment factor test value
Internal consistency Fss0,880 = <
(Cronbach's a) 0.847 0.923 1.09 2.84 0.001
N ICC= <
Test-retest reliability 0.792 0.908 1.15 0.891 0.001
Inter-rater agreement _ <
() 0.734 0.915 1.25 Z=8.47 0.001
Construct validity - <
(CFI) 0.889 0.947 1.07 Ayr=23.7 0.001
Discriminant validity 0.623 0.834 1.34 H'Bl\él:sl' < valid

The final effectiveness calculation employed a sophisticated meta-analytic framework
incorporating both fixed-effects and random-effects modeling approaches. The overall treatment
effect was estimated using the DerSimonian-Laird method:

k

S0

O = i:t

2w

i=1

Where w; =1/(s’ +7°) represents the inverse-variance weights adjusted for between-study
heterogeneity, and 7> is the estimated between-study variance component. The heterogeneity

assessment using Cochran's Q statistic yielded Q = 2.84 (df =3 p = 0417), indicating

homogeneous effects across institutions. The 12 statistic, quantifying the proportion of total
variation due to heterogeneity, was calculated as:

12 = max[O,%]xlOO% =0%

Confirming negligible between-institution variability. The pooled effectiveness estimate was
computed as:

4 4
2A-2T
Effectiveness = === x100% = 413-344 x100% = E><100% =20.06% ~ 20%
344
2T
i=1
The 95% confidence interval for this estimate, calculated using the profile likelihood method,
was [17.8%, 22.4%)], confirming statistical significance and practical meaningfulness. Bootstrap
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resampling (B = 10,000 iterations) provided bias-corrected confidence intervals of [17.9%,
22.3%], validating the robustness of the 20% effectiveness improvement achieved through Al-
enhanced PISA/IB assessment methodology in systematic thinking competency identification
across the four participating pedagogical universities in Uzbekistan.

4. CONCLUSIONS

In this research, methodological foundations of a project-based learning (PBL) model that
combines traditional field practices with modern molecular-genetic and digital technologies for
teaching botany, particularly the topic of "Plant Systematics,” were developed and implemented
in practice.

Our main conclusions are as follows:

Conceptual superiority of the integrated approach: Conducting classical botanical methods
(morphological description, herbarium preparation) together with molecular barcoding gives
students a deep understanding of the multifaceted nature of taxonomic evidence. In their
experience, they see how morphological features and genetic data can complement (or sometimes
contradict) each other. This, in turn, ensures the transition of botany from a memorization-based
subject to a critical thinking-based discipline.

Development of 21st century skills: This PBL model effectively develops in students not only
subject-specific knowledge (botany, genetics) but also skills that can be transferred to other fields.
These include project planning, teamwork, analysis of "big data” (bioinformatics), use of digital
tools (online platforms), and scientific presentation of results (communication). These skills
increase graduates' competitiveness not only in scientific fields but in any direction.

Practical example of education digitalization: The interactive digital herbarium created by
students serves not only as the final product of the learning project but also performs several
important functions: it can serve as an educational resource for future generations of students, an
initial database of local flora for researchers, and a “citizen science™ platform for the general
public. This ensures that the value created in the educational process extends beyond the
classroom.

Recommendations for future research and practice:

Expanding the model: This PBL model can be successfully applied not only to plant systematics
but also to other biological sciences such as zoology (animal barcoding), mycology (fungi), and
ecology (studying biodiversity through soil eDNA).

Deepening technological integration: In the future, the model can be further improved by
directly entering field data into a central database using mobile applications, applying artificial
intelligence-based image recognition systems for preliminary morphological identification, and
partially introducing NGS (Next-Generation Sequencing) technologies into the educational
process.

Establishing interdisciplinary cooperation: Even more complex and multifaceted results can be
achieved by implementing this project in collaboration with students from Geography and
Geoinformatics (for GIS analysis), Information Technology (for database management and web
programming), and even Journalism (for creating popular science content) fields.

In conclusion, this PBL model that synthesizes traditional and modern approaches
demonstrated that it is a powerful and adaptable tool for making botany education more interesting,
practice-oriented, and aligned with contemporary requirements. We hope that our methodology
will serve as a roadmap for other educational institutions in introducing similar innovative
elements into their curricula.
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