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ABSTRACT

The transition of small-scale farmers from traditional production methods to Contract
Farming (CF) enhances the potential for increased profits. By offering higher profits to
producers, contract farming encourages greater product diversity and provides the
opportunity to grow more valuable products. The primary objective of this study was to
identify what kind of contract farming model producers are likely to adopt for their
continued production. The Analytical Hierarchy Process (AHP) was used as a
methodology in the study. In the region, 70% of the producers utilized female animals for
fattening purposes. It was found that 73.2% of producers lacked knowledge about
contract farming. Livestock operators in production contracts prioritized price
guarantees (26.4%), followed by cash prices (24.8%), livestock supply (21.2%), input
support (12.5%), advance payments (10.3%), and organized production (4.8%). If
contract farming is to be implemented in the region, policymakers should prioritize price
guarantees in the model, ensuring that these guarantees are not set below the market

price.

Keywords: Analytical Hierarchy Process, Contract production, Livestock breeding,

Sustainable production.

INTRODUCTION

Achieving the Sustainable Development
Goals (SDGs) is essential for ensuring
economic growth in developing countries,
preventing persistent poverty, and securing
food supply chains (Ton et al., 2018;
Vamuloh et al, 2020). W.ithin the
agricultural sector, particularly in countries
such as Turkey, addressing these goals holds
significant importance. To ensure access to
safe and reliable food for a growing global
population, governments have increasingly
encouraged large-scale enterprises to invest
in small-scale farms that operate under
traditional agricultural methods (Ray et al.,
2021). In this context, Contract Farming
(CF) has emerged as a key strategy for
enhancing sustainability in agriculture.

Many studies emphasize that CF serves as a
critical mechanism  for  supporting
agricultural development in developing
economies (Da Silva and Ranking, 2013;
Eaton and Shepherd, 2001; Minot and
Ronchi, 2015; Otsuka et al., 2016;
Schipmann and Qaim, 2010).

FAO defines contract farming as
agricultural production conducted under an
agreement between buyers and producers
that sets the conditions for the production
and marketing of farm products (Jing et al.,
2023). A similar definition describes CF as a
commercial arrangement between firms and
groups of producers (Ton et al., 2018). CF
facilitates market access for small-scale
farmers while improving access to essential
inputs and financial credit (Da Silva and
Ranking, 2013; Eaton and Shepherd, 2013).
Transitioning from traditional farming to CF
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enables smallholder farmers to enhance
earnings, diversify their product range, and
cultivate higher-value crops. This transition
allows them to operate at more competitive
price points in global markets, fostering
opportunities to compete with large-scale
agribusinesses (Glover and Kusterer, 2016;
Runsten, 1992; Sharma, 2014).

Private firms, as well as partnerships
between corporations, governments, and
Non-Governmental Organizations (NGOSs),
frequently implement CF arrangements.
Additionally, modern market systems
necessitate greater coordination along the
value chain, with CF standing out as a viable
institutional framework to meet this demand
(Reardon and Berdegue, 2003). Studies in
developing nations have explored contract
farming participation rates (Giinden and
Miran, 2008), as well as its impact on
production and income levels. While much
of the literature focuses on high-value crops
such as horticulture, flowers, palm oil, and
coffee (Blouin and Macchiavello, 2019;
Cahyadi and Waibel, 2016; Gatto et al.,
2017; Macchiavello and Morjarria, 2015;
Michelson, 2013; Wang et al., 2014), CF has
also proven beneficial for smallholder
farmers, often increasing incomes by 25-
50% compared to conventional farming
(Ton et al.,, 2018). When examining the
literature, particularly studies focused on the
livestock sector, CF has emerged as a model
that provides financial security to producers
in the livestock sector, enhancing income
stability and reducing market uncertainties.
The literature highlights that contract
farming facilitates producers' access to
technology, improves animal health and
welfare, and enhances product quality
(Hernandez et al., 2007; Key and Runsten,
1999). For instance, a study conducted in
India found that contract dairy farming
reduces production costs and strengthens
farmers'  bargaining  power, thereby
increasing their income (Birthal et al.,
2005). Similarly, research conducted in the
Philippines demonstrated that contract pig
farming improves access to veterinary
services, thereby reducing animal disease
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prevalence (Swinnen and Maertens, 2007).
However, for this model to be effectively
implemented, small-scale farmers must fully
comprehend the contract terms, and price
mechanisms  must be  transparently
established (Warning and Key, 2002). These
findings underscore the crucial role of CF in
improving efficiency and sustainability in
the livestock sector.

Despite its advantages, smallholder
farmers may struggle to meet CF
requirements due to stringent quality
standards, leading corporations to favor
larger-scale  enterprises. Even  when
smallholders are encouraged to engage in
CF, they remain highly vulnerable to
unfavorable market conditions (Sudha,
2013). Several studies have examined the
barriers preventing small-scale farmers from
adopting CF, identifying key determinants
such as perceived risks, access to credit and
markets, expected benefits, and land tenure
rights (Baker et al., 2017; Lee et al., 2016).
Although smallholders contribute 28-31% of
global crop production and 30-34% of the
total food supply, their participation in CF
remains minimal, often below 5% (Amanor,
2012; Azumah et al., 2017; IFAD, 2013;
Nguyen et al., 2015; Ton et al., 2018).

The literature also examines the
environmental, economic, and social
implications of CF, highlighting challenges
that hinder its effectiveness for small
farmers. In Vietnam, for example, research
indicates that while contract livestock
farmers experience economic benefits,
increased farming activities have also led to
heightened environmental pollution
(Takahashi et al., 2020). Studies analyzing
CF's impact on crop diversity suggest that
CF is more effective in competitive markets
or production processes requiring technical
expertise, such as poultry farming (Ragasa et
al., 2018; Simmons et al, 2005).
Additionally, research investigating CF's
spillover effects on labor markets suggests
that the adoption of labor-intensive
technologies in contract crop production
increases labor demand within contract
farming households (Bellemare, 2018).
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In Turkey, research on CF has primarily
focused on its historical development at both
global and domestic levels, the challenges
small farmers face, and macro-level obstacles
to CF expansion (Aydin, 2007; Pakdemirli,
2020). Regional studies have identified
implementation challenges, including the
fragmented nature of small farms, their lack of
bargaining power, and limited awareness of
how CF systems function (Konak et al., 2000).
The literature also underscores that CF in the
livestock sector facilitates better management
of production and marketing processes,
reducing  uncertainties  in  agricultural
production (Oztiirk, 2020). Furthermore, this
system incentivizes producers to maintain
high-quality standards by enabling buyers to
specify demand and quality requirements
(Celik, 2019). Consequently, CF is recognized
as a crucial mechanism for sustainable
livestock production and food security.
However, studies addressing the economic
dimensions of CF in Turkey remain relatively
scarce. Given the prominence of livestock
farming in Turkey’s agricultural sector,
particularly in the eastern province of
Erzurum, there is a pressing need to transition
to a more efficient production model.

Recent sharp increases in input prices and
fluctuations in meat prices have adversely
affected small enterprises in Turkey. If this
economic instability persists, maintaining
consumer access to meat and supporting
small-scale businesses to sustain production
will become increasingly critical. This study
aims to identify the contract farming model
that livestock businesses in Erzurum would be
most likely to adopt. The study’s originality
stems from its focus on the first application of
contract farming in Turkey’s livestock sector,
allowing for the design of a contract model
aligned with farmers' expectations and offering
policy  recommendations to  relevant
institutions and organizations.

Establishing a successful CF model in the
livestock sector could provide preliminary
insights for contract farming models in other
agricultural branches. Given the current
debate surrounding red meat imports,
meeting the growing population's demand
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for red meat through domestic production is
paramount. Importing red meat or live
animals would not only fail to resolve
Turkey’s livestock sector challenges but
could also further destabilize the industry,
potentially forcing small family-run farms
out of business. Therefore, the primary
objective of this study was to examine how
livestock producers in Erzurum can sustain
production through a CF model.

MATERIALS AND METHODS

The primary data source for this study
consisted of responses collected from a 2023
survey conducted with 138 livestock
producers across various districts of
Erzurum. Secondary data were obtained
from the relevant online resources, FAO
publications, TURKSTAT reports, and other
national and international studies.

Method for Selecting the Study
Population

To ensure a representative sample, districts
were selected based on regional similarities
within  Erzurum Province. The selection
process incorporated the perspectives of
officials from the Provincial Directorates of
the Ministry of Agriculture and Forestry. The
study included the following districts: Narman
and Oltu from the northern region, Cat from
the southern region, Horasan, Képrikdy, and
Pasinler from the eastern region, Askale from
the western region, and Yakutiye, Palandoken,
and Aziziye from the central region (Figure 1).

Method for Determining Sample Size

This study aimed to identify the factors
influencing contract farming adoption by
conducting face-to-face interviews with
livestock producers engaged in animal
husbandry in Erzurum, in 2023. To achieve
this objective, the sample size was
determined using the proportional sampling
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Location of the Study Area within Erzurum Province, Turkey
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Figure 1. Description of the study areas.

method. A 90% confidence interval and a
5% margin of error were applied to ensure
statistical reliability. The formula used to
determine the sample size is provided below
(Newbold, 1995; Miran, 2010).

_ Np(— p)
(N-Do; + p(-p)

1)
The variance is calculated as follows.
r
O_p2 — ( )2
Za/2 (2)
2 0.05,,
o, =(—
1.64" =0.000923

Where, n: Sample size; N: Number of
enterprises engaged in animal husbandry
(53676); p: The proportion of farmers who
prefer contract fattening, (set as 0.15), and
o?: Variance (0.000923).

There was a total of 53,676 livestock
producers in Erzurum Province. With a
confidence interval of 90% and an error of
5%, the sample volume was found to be 138.

Methodology for Questionnaire Design

Ensuring a conducive environment is
essential for obtaining unbiased and reliable
information from farmers regarding their
agricultural activities. Farmers often exhibit
skepticism toward inquiries from public
officials and private sector representatives,
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which may lead to reluctance in providing
accurate responses (Aksoy, 2008; Erkus,
1977). To mitigate this issue, previous
studies on the subject were carefully
reviewed and incorporated into the
development of the questionnaire forms.

Analytical Hierarchy Process (AHP)
Method

The Analytical Hierarchy Process (AHP)
was developed by Thomas L. Saaty in the
1970s as a structured decision-making
framework for solving complex problems
involving multiple criteria. This model is
based on a hierarchical structure, wherein

objectives, criteria, sub-criteria (if
applicable), and alternatives are
systematically  organized and  their

interrelationships analyzed (Ballica, 2020;
IFAD, 2013). The AHP methodology
enables the quantification of decision-
making factors by assigning percentage
weights to various influencing criteria,
provided that a well-defined decision
hierarchy exists (Yaralioglu, 2001). Due to
its versatility and applicability, the AHP
method has been widely utilized in diverse
decision-making scenarios (Vaidya, 2006).
The AHP is widely utilized for addressing
multi-criteria decision-making problems by
structuring decisions hierarchically,
incorporating a goal, criteria, and
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alternatives. However, certain simplified
implementations focus solely on pairwise
comparisons of alternatives, excluding
explicit ~ criteria.  These  adaptations,
facilitated by AHP’s inherent flexibility, are
particularly useful in specific decision-
making contexts and are referred to as
“single-level AHP” or “criterion-free AHP”
(Vaidya and Kumar, 2006). In alignment
with the objectives of this study, a criterion-
free single-level AHP approach was
adopted. The AHP model applied in this
study is illustrated in Figure 2.

To address the decision-making problem
within this study using the Analytical
Hierarchy Process (AHP), the necessary
steps are outlined and defined below. Each
stage is accompanied by the relevant
formulation and explanation:

Stage 1: Define the Decision-Making
Problem

Stage 2: Comparison Matrix between
Factors is created

Stage 3: Percentage importance
distributions of factors are determined

Stage 4: Consistency in
comparisons is measured

Stage 5: For each factor, the percentage
importance distributions at m decision points
are found

Stage 6: Find the distribution of results at
decision points.

AHP provides decision-makers with an
objective and structured framework for
analyzing various alternatives. This method
is particularly useful when evaluating
multiple alternatives that must be ranked
based on pairwise comparisons. In this
study, six alternatives were identified as key
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factors influencing producer participation in
the contract farming model. Since AHP is
the most suitable method for making
pairwise comparisons and determining the
relative importance of these alternatives, it
was employed as the primary decision-
making approach in this research.

RESULTS AND DISCUSSION
Descriptive Analysis Results

In agricultural enterprises, labor is one of
the  fundamental  production  factors,
predominantly provided by family members.
Face-to-face interviews with producers
revealed that reliance on family labor is an
economic necessity for managing routine
daily tasks that require minimal time,
particularly in livestock operations. As farm
size increases, the use of external labor tends
to rise alongside family labor. The average
family size was calculated to be 5.44
individuals (Table 1).

A similar study on dairy farms in Erzurum
reported an average family size of 5.81, with
86% of participants having social security
coverage (Kiligtek and Aksoy, 2022).
Furthermore, 60% of the surveyed breeders
indicated that livestock breeding was
profitable; however, only 18% had received
prior training related to their work.

Another study investigating the impact of
contract farming on food security highlights
that household resilience to food insecurity
is significantly influenced by variables such
as education level, asset ownership (total
livestock), access to public services (e.g.,

Obijective
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| | |

Alternative 1 Alternative 2

Alternative 3

Alternative 4 |Alternative 5 |Alternative 6

Figure 2. A simple AHP model.
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Table 1. Main characteristics of the operator.

Operator characteristics Min. Max. Mean
Number of family members 0 20 5.44
Marital status (Single= 0, Married= 1) 0 1 0.95
Registration in the animal registration system 0 1 0.93
Membership in any cooperative 0 1 0.56
Agricultural credit utilization 0 1 0.66
Non-agricultural work 0 1 0.32
Any Social Security 0 1 0.91
Number of the family labor force 0 8 2.21
Foreign labour force 0 1 0.28
Do you think fattening is a profitable business? 0 1 0.60
Do you plan to continue fattening? 0 1 0.88
Have you received training on cattle fattening? 0 1 0.18
Source: Research findings.
Table 2. Basic features related to livestock enterprises.
Features related to the business Min. Max. Mean
Average annual expenditure on livestock (TL) 1.000 6.200.000 800.395
Annual non-agricultural income of the enterprise (TL) 0 2.500.000 105.109
Annual income of your enterprise from crop production (TL) 0 5.000.000 274.891
Total amount of agricultural land (da) 0 5.000 212
Annual amount of support received for crop production (TL) 0 550.000 20.503
Annual amount of support received for animal production 0 200.000 9.321
(TL)
Is there a manure scraper in the enterprise? (No= 0, Yes= 1) 0 1 0.11
Is there an automatic drinker in the enterprise? (No= 0, Yes= 0 1 0.76
1)
Is there a scratcher in the enterprise? (No= 0, Yes=1) 0 1 0.12
Is there a quarantine area in the enterprise? (No=0, Yes=1) 0 1 0.21
Are safety measures related to diseases implemented in the 0 1 0.73
enterprise? (No=0, Yes=1)
Is there ventilation in the enterprise? (No= 0, Yes= 1) 0 1 0.95
Is technical support received for the enterprise? (No= 0, Yes= 0 1 0.64
1)
Do you have a feed depot? (No= 0, Yes=1) 0 1 0.89
Is factory feed used? (No= 0, Yes=1) 0 1 0.96
Barn type (Closed= 0, Semi-open= 1) 0 1 0.01
Stop type (Free stop= 0, Bound= 1) 0 1 0.86

Source: Research findings.

microfinance services), social support, and
both income and food availability (total
calorie intake and farm income) (Gelata et
al., 2024).

Similarly, studies have emphasized the
significance of farmer and farm
characteristics  in  contract  farming
participation (Kuhfuss and Subervie, 2018;
Mack et al., 2020). Key factors such as
gender, age, education, farming experience,
and land size have been identified as critical
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determinants in contract farming adoption.
Moreover, the research underscores the
importance of demographic variables
including gender, education level, family
size, and marital status, in shaping farmers'
decisions to engage in contract production
(Calvet et al., 2019; Kuhfuss and Subervie,
2018; Mack et al., 2020).

The annual average livestock expenses of
the enterprises analyzed in this study were
determined to be 800,394.9 TL, while the
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average plant production income was
recorded as 274,891 TL (Table 2).

An examination of the infrastructure of the
surveyed businesses revealed that 11% had
manure scrapers, 76% had automatic
irrigation systems, 21% had quarantine
areas, and 89% had feed storage facilities.
Similar studies have indicated that, due to
the climatic conditions of the region, nearly
all barns operate within closed and
connected systems. Assessing the economic
and environmental impacts of these
structures is crucial for ensuring their long-
term sustainability (Gibon et al., 1999;
Lebacq et al., 2013; Lovarelli et al., 2020).

In alignment with the European Union's
"Farm to Fork" strategy, ensuring the
technological compliance of such barn
structures with economic efficiency and
environmental sustainability standards is of
paramount importance (European
Commission, 2017) (Table 2).

A range of studies examining factors that
influence the success of contract farming
(CF) highlights that geographical conditions,
farm type, household asset accumulation,
social capital availability, and firm
characteristics serve as critical determinants
(Barret et al., 2012; Lambrecht and Ragasa,
2018; Bellemare and Bloem, 2018). The
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capacity to engage in contract farming
models.

The total number of cattle in the livestock
farming enterprises analyzed in this study
was categorized into three strata. Among the
enterprises, 34.8% fell within the first
stratum (1-30 cattle), 45.6% in the second
stratum (31-70 cattle), and 19.6% in the
third stratum (71 and above).

Contract farming is a model that has been
implemented in both developed and
developing countries for many years.
Evaluating and refining this model is
essential to enhance its effectiveness and
expansion, both globally and in Turkey
(Agir and Akbay, 2017). Within this study,
it was determined that 73.2% of livestock
breeders in the research area lacked
knowledge about contract farming (Table 3).
Additionally, only 9.4% of the operators had
prior experience with contract fattening. In
contrast, a study conducted among cattle
breeders in Adana Province found that
39.35% of the participants were engaged in
contract fattening (Agir, 2018).

These findings highlight a significant lack
of awareness regarding contract farming in
the research area. Notably, 47.1% of the
producers expressed a willingness to
participate in contract production, indicating

Table 3. General opinions of enterprise owners about contract production (%).

Business owners' level of knowledge about contract production

Strata 1 Strata 2 Strata 3 Mean
No. 77.1 76.2 59.3 73.2
Yes 22.9 23.8 40.7 26.8
Total 100.0 100.0 100.0 100.0
Previous contracted production status of enterprise owners
No. 93.8 95.2 74.1 90.6
Yes 6.3 4.8 25.9 9.4
Total 100.0 100.0 100.0 100.0
Willingness of enterprise owners to make contract production
No. 66.7 49.2 37.0 52.9
Yes 33.3 50.8 63.0 47.1
Total 100.0 100,0 100,0 100.0

Source: Research findings.

findings emphasize the significance of
assessing  farm  characteristics  when
determining  farmers'  willingness and
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potential for further adoption with targeted
awareness and support programs.
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Econometric Model Results

Table 4 presents the descriptive statistics
of the alternatives considered in contract
farming, as analyzed using the AHP method.

Table 4. Descriptive Statistics of AHP alternative.

decision-making process. A similar study on
farmer cooperatives highlights that none of
the surveyed farmers preferred to contract
with buyers, with this lack of coordination
making compliance with food safety
standards challenging (Jia and Huang,

Alternative Average  Geometric average Harmonic mean Standard deviation
Price guarantee 0.264 0.21927 0.16254 0.140
Advance Price 0.248 0.21999 0.18579 0.112
Advance payment 0.103 0.08885 0.07354 0.057
Input support 0.125 0.10298 0.08010 0.078
Organized production 0.048 0.02848 0.02291 0.076
Livestock supply 0.212 0.16226 0.11351 0.139

Source: Research findings.

In the context of contract farming, 26.4% of
livestock  enterprises  prioritized  price
guarantees, 24.8% valued advance pricing,
21.2% emphasized livestock supply, 12.5%
focused on input support, 10.3% preferred
advance payments, and 4.8% considered
organized production as a key factor.

These findings indicate that price
guarantees (26.4%) and advance pricing
(24.8%) are the most critical factors
influencing decision-making. The higher
average values of these two alternatives
compared to others suggest that enterprises
prioritize these considerations in their
decision-making  processes.  Livestock
supply (21.2%) ranks third, while input
support  (12.5%), advance payments
(10.3%), and organized production (4.8%)
hold lower importance.

Furthermore, the standard deviation values
highlight the variability in the importance of
each criterion. Price guarantees (0.140) and
livestock supply (0.139) exhibit the highest
variability, whereas cash payment (0.057)
shows the least variability. This suggests
that while some alternatives are consistently
prioritized, others vary significantly across
enterprises.

This analysis provides valuable insights
into the factors that enterprises prioritize

under CF conditions. The findings
emphasize the significance of price
guarantees and advance pricing in the
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2011). Likewise, a study conducted in the
United States underscores how CF has
enabled production control in the poultry,
egg, and swine industries, leading to
substantial improvements (Martinez, 2002).
Additionally, CF accounts for 75% of
poultry production in Brazil, 90% of cotton
and milk production in Vietnam, and 50% of
tea production globally (da Silva and
Ranking, 2013; MacDonald, 2011).

Table 5 shows the results of pairwise
comparisons of alternatives considered in
contract manufacturing. The difference
between each alternative pair was
statistically evaluated using the Friedman
test. Test statistic, standard error and
significance values are given. It is observed
that there was a significant difference
between most alternative pairs. These pairs
with a significance value below 0.05 show a
statistically significant difference. For
example, the difference between the pairs
"Organized Production - Price Guarantee"
(Test Statistic= 3.290, Significance= 0.000)
and "Organized Production-Cash Price"
(Test Statistic= 3.210, Significance= 0.000)
is quite significant. However, it was
observed that there was no significant
difference between some alternative pairs.
For example, there was no significant
difference in the pair "Cash Price - Price
Guarantee™ (Significance= 0.723). This may
indicate that these two alternatives were
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perceived by the participants at similar
levels of importance.

According to the Friedman test results
given below the table, the test statistic was
309.951 and the significance value
(Asymptotic Sig.) was 0.000. This result
shows that there was a significant difference
between the alternatives in general. The
highest test statistic is seen in the
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elements highlight the role of contract
farming in mitigating risks and providing
stability for agricultural enterprises. Over
the past 15 years, research has
predominantly focused on the benefits of
CF, particularly for family-run farms.
Empirical studies suggest that farmers
engaged in CF differ significantly from their
small-scale counterparts. Several positive

Table 5. Pairwise comparison results of alternatives.

Alternative 1-Alternative 2 Test statistic Std. error Significance
Organized Production-Advance Payment 1.420%** 0.225 0.000
Organized Production-Input Support 1.736*** 0.225 0.000
Organized Production-Breeding Animal Supply ~ -2.518*** 0.225 0.000
Organized Production-Advance Price 3.210*** 0.225 0.000
Organized Production-Price Guarantee 3.290*** 0.225 0.000
Advance Payment-Input Support -0.315 0.225 0.162
Advance Payment-Livestock Supply -1.098*** 0.225 0.000
Advance Payment-Advance Price 1.790*** 0.225 0.000
Advance Payment-Price Guarantee 1.870*** 0.225 0.000
Input Support-Livestock Supply -0.783 0.225 0.001
Input Support-Advance Price 1.475%** 0.225 0.000
Input Support-Price Guarantee 1.554*** 0.225 0.000
Livestock Supply-Advance Price 0.692*** 0.225 0.002
Livestock Supply-Price Guarantee 0.772%** 0.225 0.001
Advance Price-Price Guarantee 0.080 0.225 0.723

Friedman's Test Statistic= 309,951, Asymptotic Sig. (2-sided test)= 0.000

Note: *** 1%, ** 5%, * 10% indicate significance level.

"Organized Production - Price Guarantee"
and "Organized Production - Cash Price"
pairs. This means that the difference
between these pairs was the most significant.
The lowest test statistic was calculated for
the "Advance Price - Price Guarantee" pair,
indicating that there was almost no
difference between these alternatives.

These results reveal that there are
significant  differences  between  the
alternatives in contracted production. In
particular, alternatives such as price
guarantee and cash price stand out and there
are  significant  differences  between
organized production and some alternatives.
This shows that businesses attach more
importance to certain alternatives and that
some alternatives have similar values.

Organized production processes and price
guarantees emerge as the most critical
factors for farmers in adopting CF. These
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outcomes have been documented, including
increased production efficiency (Mishra et
al., 2018), enhanced food security (Jagri
Binpori et al., 2021), higher earnings (Ruml
and Qaim, 2021), poverty alleviation
(Cahyadi and Waibel, 2016), income growth
(Dubbert et al., 2023), improved output
quality (Adabe et al., 2019), higher profit
margins (Madani et al., 2018), and increased
yields (Prasetyo et al., 2022).

Additionally, CF ensures consistent
product quality, reduces production costs,
secures access to high-quality inputs at
competitive  prices, and  streamlines
procurement processes. These advantages
collectively enhance the appeal of contract
farming and contribute to its increasing
adoption among agricultural producers
(Gelata et al., 2024).

The table 5 resulting from this analysis
summarizes the functioning of the contract
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production model in the livestock sector and
the relationships between the parties. The
table structures the interactions between
farmers, companies and contracts in terms of
alternative, objectives, commitments and
possible outputs.

Farmers' alternatives include items such as
organized production, advance payment,
input support, cash price, price guarantee
and livestock support. These alternatives
help farmers stabilize the production
process. The companies' commitments
include regular procurement, support, and
quality assurance. These commitments help
companies to create a sustainable supply
chain. The objective of the contracts is
linked to financial  security, risk
minimization and low cost, which creates a
basis for mutual benefit for both the farmers
and companies.

Possible outputs of this model include
increased yields, profitability, food security
and sustainability. In summary, the contract
production model provides financial security

CONCLUSIONS

The findings of this study show that
animal husbandry, an important sub-sector
of agriculture in developing countries such
as Turkey, is managed by small family
businesses that are highly sensitive to
economic fluctuations. These businesses
face limited access to financial services and
high production costs. Contract Farming
(CF) offers the most effective solution to
protect these businesses, increase their
productivity, —and  enable  profitable
production. The study revealed that 73.2%
of cattle breeders in Erzurum did not have
knowledge about CF. Among those who do,
26.4% prioritized price guarantees, 24.8%
valued advance pricing, 21.2% preferred
livestock procurement, 12.5% emphasized
input support, 10.3% considered advance
payment, and 4.8% evaluated organized
production within the contract model.
However, the "Contract Livestock Project"
of the Ministry of Agriculture and Forestry

/
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Figure 3. Estimated contract production model design as a result of the analysis.

for both farmers and companies, supports
sustainable production conditions in the
sector, and offers the potential to increase
food security (Figure 3).
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was not successful, as it did not sufficiently
align with these priorities. In this context,
farmers' readiness for contract production
was assessed, the alternatives they
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prioritized  within  the contract were
identified, and a sample contract model was
developed.

In regions where animal husbandry is the
primary economic activity, implementing a
specialized contract farming model could
provide significant benefits. To effectively
implement this model, policymakers should
prioritize price guarantees above market
rates to ensure income stability and should
also ensure that payments are made within
five business days. Adapting contract terms
to local priorities in different regions will
further increase the adoption and impact of
the model.

Additionally, considering the ongoing
decline in the cattle numbers, expanding this
research to other representative provinces
could help policymakers develop more
durable livestock support strategies.

The limited number of empirical studies
conducted on this subject in Turkey presents
a wide range of opportunities for future
research. Future studies could focus on
developing a comprehensive model for CF
in each province, tailored to regional
products or general agricultural production.
Furthermore, supporting the effects of CF on
the production process with empirical
evidence, rather than limiting studies to
model design, would contribute to the
creation of a more effective and sustainable
structure in practice. In this regard, future
research could evaluate the adaptation of the
CF model across different product groups
and farmer segments, as well as examine the
financial and production performances of
farmers. Such studies could provide critical
data to establish CF as a permanent structure
in the Turkish agricultural  sector.
Additionally, further research in this area
would significantly contribute to both
national and international literature on
contract farming.
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Black, Q12, and Titicaca Quinoa Protein Isolate: Nutritional
and Physicochemical Properties

Seyed Saeed Sekhavatizadeh!”, and Saeid Hosseinzadeh?

ABSTRACT

Quinoa is a pseudocereal plant that has been cultivated in Iran recently. The purpose of
this research was to evaluate its properties for use in food. Quinoa Protein Isolates (QPIs)
were obtained from Iranian Quinoa Seed cultivar (QS) varieties (Black-QS, Q12-QS, and
Titicaca-QS). The Black-QPl and Titicaca (T)-QPI had a higher protein content:
87.30+1.96 and 87.80+1.61% wi/w, respectively. The results showed foaming capacity
(40.54%0), stability (65.26% in 60 min), and oil absorption (3.02 mL g't) were significantly
(P< 0.05) higher in Black-QPI. Textural parameters revealed that viscosity and shear
stress were higher in Q12-QS than others. The amino acid profile showed that T-QS had a
well-balanced profile with the highest content of tryptophan (8.23%). Consequently, the
suitable nutritional and functional properties of Titicaca protein make it an appropriate

candidate for use as a safe food additive.

Keywords: Chenopodium quinoa Willd., Titicaca properties.

INTRODUCTION

Quinoa (Chenopodium quinoa Willd.) is a
gluten-free  dicotyledonous pseudo-grain,
and is consumed by people living in the
Andean Region for a very long time. There
has been a growing concern about plant-
based diets, applied as an alternative protein
source. Recently, plant proteins are
introduced as proper alternatives to animal-
based ones, due to their lower side effects as
compared to those associated with the
consumption of animal-based proteins
(Alrosan et al., 2022). Moreover, gluten-free
pseudocereals (Amaranth, Buckwheat, and
Quinoa) exist in human diets to have
outstanding nutritional value. In addition,
the potential health benefits of pseudocereals
have been recently pointed out as important
sources for the development of functional
food research. The amino-acid composition

and bioavailability of crops’ proteins are
important factors to examine the quality of
these protein sources (Martinez-Villaluenga
et al., 2020). The biological value of
quinoa’s dietary value (73%) is nearly
comparable to beef (74%). The daily

consumption of quinoa is suggested to
patients suffering from  Cardiovascular
Diseases (CVDs), high blood cholesterol and
glucose, plasma antioxidant activity, and
systemic inflammation (Shahbaz et al.,
2023).

Due to its high protein content, quinoa is
considered a good source of methionine (3.6
%), histidine (2.9%), and lysine (5.4%),
which currently attract worldwide attention.
Protein isolate is the most refined, which
constructed 90 g 100 g* of the total protein
of quinoa (Gupta et al., 2021). Although the
proteins of these important pseudo-grains
are rich in essential amino acids, their poor

! Department of Food Science and Technology, Fars Agricultural and Natural Resources Research and
Education Center, AREEO, Shiraz, Islamic Republic of Iran.
2 Department of Food Hygiene and Public Health, School of Veterinary Medicine, Shiraz University,

Shiraz, Islamic Republic of Iran.

* Corresponding author; e-mail: s.sekhavati@areeo.ac.ir
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functional properties including solubility,
foaming water binding, and emulsifying
have been approved (Mir et al., 2021). An
11S  globulin  called chenopod is
predominantly present in the mature quinoa
seed. Chenopod consists of approximately
37% total protein and 2S albumin, which are
stabilized by disulfide bonds. In addition,
quinoa seeds contain a low concentration of
Prolamins (0.57% of the total protein),
which makes them suitable for celiac
patients (Dakhili et al., 2019). The use of

protein isolation has increased due to
different  factors, including bioactive
components, good functionality, higher

levels of proteins in the food industry, and
lower content of anti-nutritional factors. The
alkaline pH (8-11) is one of the most
effective ways to obtain protein, while for
the isoelectric precipitation of solubilizing
proteins an acidic pH (4-6) is applied
(Abugoch et al., 2008; Vega-Galvez et al.,
2010).

Research on the nutritional properties of
guinoa grown in lIran is limited. For
instance, the amounts of available
carbohydrates, fat, protein, ash, and dry
matter were reported as follows: 73.14+1.59,
6.09 +0.30, 16.30+1.52, 4.43+0.47, and
90.30+0.89%, respectively. Analysis of the
amino acid profile of quinoa revealed the
highest levels of lysine (3.08%) and
glutamic acid (1.230%). Linoleic acid
content is 63.5% in fat (Sekhavatizadeh et
al., 2021).

Quinoa Protein Isolate (QPI) is an
impressive and promising source of nutrient

that makes it a suitable nutritional
supplement  for functional foods. The
physicochemical properties of quinoa

proteins isolated from other countries have
been already determined, but proteins from
Iranian quinoa varieties have not been
described. Hence, systematic information
about the functional, chemical, and physical
properties of proteins is necessary to
categorize their feasible application without
compromising nutritional and health-related
issues. While a few studies have already
investigated the quinoa proteins, there is an
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urgent need to further characterize the
grains, flours, and protein isolates from
Black quinoa grains (Ghumman et al.,
2021).

This study provides a comprehensive
comparative analysis of three distinct quinoa
varieties—Titicaca (T-QPI), Q12 (Q12-
QPI), and Black (Black-QPI), which have
not been thoroughly investigated in terms of
their proximate composition and functional
properties in prior literature. Our research
provides a systematic evaluation of the
chemical, nutritional, and functional
characteristics of protein isolates derived
from these specific genotypes, thereby
contributing to the understanding of how
genetic variability influences quality, and
functionality of plant-based proteins.

MATERIALS AND METHODS
Materials

Methanol, sodium hydroxide, sulfuric
acid, KH;PO., NaOH, hydrochloric acid,
hexane, chloroform, standards including
sodium acetate, boric acid, borate buffer,
methyl red, methanol (HPLC grade)
hydrochloric acid, and the additional
standard reagents were purchased from
Merck  (Darmstadt, Germany). O-
phthalaldehyde, 2-Mercaptoethanol,
norovalin, and pepsin were obtained from
Sigma Chemical Co (St. Louis, MO, USA).

Collection and Further Identification of
Seeds

The three dried genera of quinoa (saponin-
free) consisting of Black-QS, T-QS, and
Q12-QS were harvested from growing plants
at Zarghan Station, Zarghan City, Fars
Province (southern Iran) (Figures 1-A, -B,
and -C). Further identification of the plant
was completed by the Fars Research Center
for Agriculture and Natural Resources
(FRCANR), Herbarium in Shiraz, Iran. A
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representative sample was finally deposited
in the FRCANR herbarium, Shiraz, Iran.

Flour Preparation

The procedure for washing the seeds
involved washing them four or five times
with cold water, or until no foam remained
to eliminate the saponins, which were then
dried in the oven at 45+1.0°C for 24 hours.
Moulinex Miller (Model depose 00022,
France) was applied to flour the seeds,
which was filtered through a 60-mesh sieve
(US standard sieve), packed in polyethylene
bags followed by storing at 5°C (James,
2009).

Preparation of Quinoa Protein Isolated

(QPI)

For his purpose, chloroform: methanol
(2:1), 1:10 wi/v shaking for 2 hours was used
to eliminate lipids from the quinoa flour.
The procedure was repeated in triplicate.
Briefly, 50 g of fat-free quinoa flour was
dissolved in 1,000 mL of Milli-Q water
(1:20 wiv). The pH was then adjusted to 11
using 0.1N NaOH. The maximum degree of
solubilization was obtained by holding the
sample in a fixed position after stirring the
suspension for 24 hours. The mixture was
centrifuged at 6,000xg for 30 minutes at
20°C in a refrigerated high-speed centrifuge
(Sigma 3-16pk, Sigma, Osterode, Germany).
Furthermore, the pH of the supernatant was
adjusted to 4.5 using 0.IN HCI. The

(A)

(B)
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suspension was centrifuged at 10,000xg for
45 minutes at 4°C, followed by washing
three times with deionized water. The
precipitate was then lyophilized, and stored
at -20°C for further use (Elsohaimy et al.,
2015)

Proximate Analysis of Quinoa Seeds
and QPI

The crude ash, total solids, crude protein,
and crude fat content of QPI and seeds were
determined by using the methods of
Sekhavatizadeh et al. (2021). The Kjeldahl
method with a conversion factor of 5.85 was
used to determine the crude protein content
of the seeds and QPIs. Crude fat was
determined by extracting a known sample
aliguot with hexane wusing a Soxhlet
apparatus. The difference in the values was
used to calculate the total carbohydrates,
which were presented as a percentage
(Marmouzi et al., 2015). The ash content of
each sample was determined at 550+15°C.
Energetic values and total carbohydrates
were evaluated based on the following
equations:

Energy (kcal 100 gl =9x
(mfat)+4x (mcarbohydrates+mproteins) (1)

Total carbohydrates (g 100 g?)=
100—(mash+MproteinstMiar), (Sekhavatizadeh et
al., 2021) 2

All unites are wiw.

" ©
Figure 1. Quinoa Seeds (QS) included in this study: (A) T-QS, (B) Black-QS, (C) Q12-QS.
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Amino Acid Analysis of Quinoa Seed

The amino acid analysis was performed after
hydrolysis of seed samples with 6 mol L HCI
and 0.5 g L™ of B-mercaptoethanol in vacuum-
sealed tubes based on Sekhavatizadeh et al.
(2021 and 2023) methods. For lysine analysis,
HPLC system an auto-sampler system (Perkin
Elmer, Australia) was used. The following
reagents were used: 0.01 M sodium acetate in
water (mobile phase A) and methanol (mobile
phase B). The content of amino acid was
recorded in mg 100 g* d* m. For tryptophan
determination, samples were decolourised with
half-saturated n-butanol solution and digested
in 75 mmol L' KOH containing 0.5 g L' B-
mercaptoethanol at 110°C for 24 hours, in
screw-capped test tubes. After centrifugation
at 6,000xg for 30 minutes, the resulting
supernatants were used for colorimetric
tryptophan determination. The concentration
of amino acids was expressed as g 100 g*
protein (Gonzalez et al., 2012).

Foaming Capacity and Stability

The foam properties of protein isolates were
determined as was described by Panozzo et al.
(2014). For this purpose, foams were obtained
by whipping 5 mL of QPIs for 3 min at 20°C
in a 50 mL cylinder by a high speed mixer
(ultra-turrax (IKA, T25, Staufen, Germany)
operating at 9500 rpm. The volume of the
foam and of the drained liquid was assessed
just after whipping and during holding up to
30 minutes at 20°C. Percentage Foam
Capacity (FC) (foam ability) and Stability (FS)
were calculated as follows:

FC%= (Vf-V0)/V0x100 (3)

FS%= V{30/Vx100 (@)

Where, Vf is the foam Volume, VO is the
initial Volume of the QPIs and Vf30 is the
foam Volume after 30 minutes observation.

Viscosity

The viscosity of QPI samples (10%, w/v)
was assessed, using a rheometer (MCR 302,

322

Anton Paar, Austria) (MCR 302, Anton
Paar, Austria). The sample was left before
the measurement of viscosity for 12 hours.
The sample volume of QPI in concentric
cylinder geometry was 5 mL at a
temperature of 23°C and a shear rate from
10 to 100 s (Shaviklo et al., 2012).

Oil and Water Absorption of QPIs

One gram of QPI samples was thoroughly
mixed with distilled water (10 mL) for 30
seconds with a homogenizer (UltraTurrax
IKA, T25, Werke, Germany). To settle the
protein suspension, it was left at 25+1°C for
0.5 hour. It was centrifuged at 7,000xg for
0.5 hour and kept in a 10 mL measuring
cylinder. To work out the oil absorption of
the protein, the same procedure was
employed (Elsohaimy et al., 2015).

Statistical Analysis

To analyze the data, one-way Analysis Of
Variance (ANOVA) was used with a
confidence level of 0.05 (SPSS version
21.0). Duncan's multiple ranges at a
significance level of 0.05 were used to
compare the mean values. All experiments
were carried out in triplicate.

RESULTS
Proximate Value of QPI and QS

The proximate value of QPIs and quinoa
seed flour is shown in Table 1. The three
quinoa flours had a significant difference in
protein, carbohydrate, ash, and energy (P<
0.05). However, no significant differences in
dry matter and fat content were observed
(P> 0.05). The protein content of Black-QS
flour (16.02+0.33 g 100 g?') and T-QS
(16.40+0.22 g 100 g*) did not reveal any
significant differences, while, a lower
protein content (14.93+0.21 g 100 g?) of
Q12-QS was shown. Q12-QS flour was
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higher in carbohydrates than T-QS and
Black-QS. The energy values in this study
were (401.21+0.81 to 410.7+0.3 kcal 100 g*
dw), higher than the average value of quinoa
(331-381 kcal 100 g*) (Nowak et al., 2016).

The highest ash content (2.97+0.12 g 100
g!) was detected in Black-QPI, whereas the
lowest value (2.13+0.6 g 100 g?) was
observed in T-QPI. The highest level of pH
in the Black-QPI was (5.61+0.04). The fat
content of T-QPI was (0.63+0.01 g 100 g?),
which was 40% higher than that of Black-
QPI. The highest carbohydrate content was
reported in Q12-QPI (21.42+0.96 g 100 g%),
which was 44% higher than Black-QPI. The

acids of T-QS, which were found as a
limited amino acid in conventional grains,
for example in wheat.

Foaming Capacity and Stability

The potential of QPI as a whipping agent
depends on its foaming ability and stability.

Foams improve the texture, consistency,
and appearance of food. The Black-QPI
showed a higher foaming capacity
(65.26%+11.76) than T-QPI and Q12-QPI
(Table 3). However, no significant
difference was found between Black-QPI

highest level of energy was (405.0+5.4 kcal and T-QPI in foam stability.

100 g1), which was allocated to the T-QPI.
Viscosity of QPIs
Amino Acid Analysis

The oscillatory rheology of QPIs is shown
in Figure 3. As expected, all QPIl samples
were characterized as Newtonian liquids. As
a result, the association between shear rate
and resultant stress is linear, as with
Newtonian fluid. There were no significant
differences among the QPI samples. In
(0.77-1.07%), and glycine (0.25-0.46%) the addition, the shear rate versus viscosity
predominant amino acids in all varieties. T- relationships of QPIs are shown in Figure 3-
QS was higher in amino acids than the B.
others. Lysine (0.3%) and threonine (0.14%)
were the most important essential amino

The composition of amino acids and
chromatograms of Black-QS, Q12-QS, and
T-QS are shown in Table 2 and Figure 2,
respectively. The concentration of amino
acids in quinoa varieties varied: with
tryptophan (6.55-8.23%), glutamic acid

Table 1. Proximate value (MeantSD, n= 3) of three Quinoa Seeds (QSs) and Quinoa Protein Isolated (QPI) of
three genera (Black, Q12, and Titicaca).?

Parameters Black-QS Q12-QS T-QS Black-QPI Q12-QPI T-QPI

pH 6.74x004a  6.45:005h  6.04#0.0lc  561#004C  4.48+0.03A 4.84+0.03B
-1

aDSr}’eg;a“er ©1000%  g510+147a 9578+1.96a 95.20+1.24a  98.20+0.15A  98.35:022A  98.22+0.09A

Protein (g 100 gldw) 16.02+#0.33a 14.93+021b  16.40#0.22a  81.72+1.83A  7542+0.87B  82.18+151A

Fat (g 100 g2 dw) 3.62+0.16a  3.73+0.06a  3.90+0.20a 0.45+0.5B 0.56+0.03A 0.63+0.01A

Ash (g 100 g dw) 5.43+0.15a  4.36+022b  3.67+0.2¢ 2.97+0.12A 2.60+0.1B 2.13+0.6C

:

lggrg_‘im)r aes (9 74934014c 76.98+0.19a 76.03+0.34b  14.86+174B  2142+0.96A  15.06+143B

¥ -1

d'\f\gergy (keal 100 0% 459 640.7¢ 401'23;—'0'81 41074032 404.4+6.6B  404.1+35A 405.0+5.4C

@ Values are expressed as mean+SD. Means in the same row with different lowercase letters (A—-C) among
quina protein isolate (QPI) (Black, Q12 and Titicaca) averages differ significantly (P< 0.05). Means in the same
row with different lowercase letters (a—c) among quinoa seeds (Black, Q12, and Titicaca) averages differ
significantly (P< 0.05). dw: Dry weight, Quinoa Protein Isolate (QPI); Quinoa Seed (QS); Titicaca (T).

f Total carbohydrate (g 100 gh= 100—(mfat+Mash+Mproteins); t Energy=  4x
(Y%Protein+%Carbohydrates)+9x(%Fat).
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Figure 2. The high-performance liquid chromatograms of three Quinoa Seed (QS) amino acids; (A)
Black-QS; (B) Q12-QS; (C) Titicaca Quinoa Seed (T-QS); Except tryptophan; D, E and F are tryptophan
chromatograms of Black-QS, Q12-QS and T-QS genera respectively.

Water and Oil Absorption of QPI

In the present study, QPIs showed water and
oil absorption (1.0+0.06 to 2.02+0.02 mL g*?)
and (2.0£0.02-3.02+0.03 mL g?), respectively
(Table 4). The water absorption capacity of T-
QPl (2.02+0.02 mL g?) was the highest
among the others. Water absorption is a
characteristic of protein in viscous foods like
soups, baked goods, and dough. Therefore, T-
QPI may be useful in these food formulations.
The oil absorption capacity of Black-QPI
(3.02+0.03 mL g*) was the highest among the
others.
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DISCUSSION

Proximate Analysis of Quinoa Seeds
and QPI

All types of quinoas had adequate amount
of protein in this research. There was a
correlation between high protein content and
potential binding capacity. For instance, an
increase in the water absorption of the
semolina showed after increasing the protein
content of the product (Sissons et al., 2021).
The observed protein content of (14.93+0.21
to 16.40+0.22) for quinoa corresponded to
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Table 2. Amino acid profile in three quinoa generations (Black-QS, Q12-QS, T-QS).2

Amino acid (g 100 g1) Black-QS Q12-QS Titicaca-QS
Aspartic acid 0.44 0.45 0.57
Glutamic acid 0.77 0.86 1.07
Serine 0.14 0.17 0.25
Tyrosine <0.06 <0.06 <0.06
Arginine <0.06 0.16 0.18
Methionine <0.06 <0.06 0.07
Tryptophan 6.55 7.99 8.23
Valine 0.17 0.20 0.29
Isoleucine 0.03 0.09 0.17
Lysin <0.06 <0.06 0.30
Phenylalanin <0.06 <0.06 0.08
Leucin 0.18 0.22 0.31
Histidin <0.06 <0.06 <0.06
Glycin 0.25 0.37 0.46
Teronin 0.06 0.09 0.14
Alanin 0.14 0.17 0.3

& Quinoa Seed (QS); Titicaca (T).

Table 3. Foaming capacity and stability (Mean+SD, n= 3) of Quinoa Protein Isolated (QPI) of the three genera (Black, Q12, and
Titicaca).2

Protein .
g(;?;:ara conc.% E;JZT;{;Q(%) Foaming stability % at time interval (min)
(wiv)
0.5 5 10 40 60
Black-QPI 0.1 50.01+1.77¢ 75.38+3.86% 70.77+2.723¢  50.77+5.44bPE 38.4612.68°F 33.851+2.69¢¢
0.5 60.03+2.32¢ 78.22+0.44%CPE  77,02+3.823AB  57,63+4.1208C 42.23+3.03¢EF 37.20+1.33¢F¢
1 72.53+2.088 80.60+0.92%BCD  77.49+0.91°A8  57.51+1.06°F 46.26+2.179C0E  42.49+0.99¢°PF
3 76.93+3.364 84.50+1.64248 78.49+1.87°48  65.68+0.36°* 53.00+2.349% 49.02+0.47¢AB
Average  65.26+11.76°  79.77+3.902 76.04+3.892  55.91+7.732 45.00+6.04°¢ 40.54+6.122
Q12-QPI 0.1 43.09+3.09F 67.92+1.62%F 48.43+4.95PF  39.38+2.75H 33.89+1.209¢ 28.67+2.85%
0.5 49.24+2 34F 70.38+2.97%F 53.17+4.50°PF  43,74+3.66CH 38.99+2.47¢dF 34.43+3.759FC
1 53.09+3.49P¢  76.87+1.56%PF 49.41+3.73%F  41,98+1.72°FC 39.13+1.25¢F 36.17+1.919F¢
3 55.3940.43P 83.3345.01%BCP  58.33+1.39°0 54,17+2.415CPE 50 00+2.41ICP 41.67+3.679C0
Average  50.20+5.35° 74.28+6.30° 51.99+4.84°  44.77+5.76° 39.8145.25P 35.58+5.99°
T-QPI 0.1 50.00+0.35F 78.46+1.66%PE  73.85+1.42Bb¢  55.38+2,74%8C0  44.62+1.4790¢F 38.46+4.13°EF
0.5 53.08+1.7EP 81.11+4.16%BCP  76.76+4.247% 57,95+] 8PBC 49.23+3.33¢8¢ 42.05+1.04908
1 56.17+2.74° 83.60+1.788C  78.11+1.62/% 58.86+2.85%F 52.12+3.27% 46.53+1.88°EC
3 74.62+0.698 88.68+4.43%A 82.49+2.63  65.99+2.39%A 58.77+1.64% 52.57+1.85%A
Average  58.47+10.10° 82.96+4.83? 77.80+£3.992  59.55+4.622 51.18+5.8? 44.91+5.902

@ Data (mean * standard deviation) are from three replications. Quinoa protein isolate (QPI); Titicaca (T); Means in the same
column with different uppercase letters (A-H) and rows with different lowercase letters (a-e) among (Q12-QPI, Black-QPI, and T-
QPI) differ significantly (P < 0.05); Means in the same column and rows with different bold underline lowercase letters (a—b) among
(Q12-QPI, Black-QPI, and T-QPI) averages differ significantly (P< 0.05).

that of Gomez et al. (2021) results that
reported a protein content range of 15.59-
18.73% with The observed protein content
of quinoa (14.93+0.21 to 16.40+0.22% wi/w)
is consistent with the findings of Gémez et
al., who reported a protein content range of
15.59-18.73% wi/w.

According to the FAO/WHO/UNU (2007)
standards for protein quality, quinoa protein
can provide substantial excesses of several

essential amino acids relative to the
recommended levels for adult nutrition.
Specifically, it supplies approximately 180%
of the histidine requirement, 274% of
isoleucine, 338% of lysine, 212% of
methionine  plus cysteine, 320% of
phenylalanine plus tyrosine, 331% of

threonine, 228% of tryptophan, and 323% of
valine. Moreover, quinoa contains unusually
high concentrations of sulfur-containing
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Figure 3. (A) The apparent viscosity, and (B) Shear stress versus shear rate curves of QPIs samples
(Black-QPI, Q12-QPI, T-QPI). Quinoa Protein Isolate (QPI), Titicaca (T).

Table 4. Oil, and water absorption parameters (Mean+SD, n= 3) of Quinoa Protein Isolated (QPI) of the
three genera (Black, Q12, and Titicaca).?

Parameters Black-QPI Q12-QPI T-QPI

Waterand WA (mL g?) 1.9+0.01b 1.0+0.06¢ 2.02+0.02a

oil OA (mL g}) 3.02+0.03a 2.04£0.02c 2.42+0.03b
absorption

aWA: Water Absorption; OA: Oil Absorption; Quinoa protein isolate (QPI), Titicaca (T).

amino acids—methionine and cysteine— to or better than those of commonly
compared to most other plant sources. The consumed cereals. Additionally, quinoa is
overall profile of essential amino acids in recognized as an exceptional source of leaf
guinoa surpasses that of the conventional protein concentrate, indicating its potential
cereal grains (Vega-Galvez et al., 2010). use as a protein substitute in both human
Histidine, isoleucine, lysine, sulfur amino food and animal feed, as well as in
acids, aromatic amino acids, threonine, pharmaceutical applications (Vega-Gélvez et
tryptophan, and valine content met the daily al., 2010).

requirements for these amino acids for all The carbohydrate content of quinoa
age groups (Craine et al., 2020). Similarly, (74.93£0.14 to  76.03£0.34%)  was
Dini et al. (1992) found that decorticated comparable to the results of Saavedra and
quinoa exhibited nutritional properties equal Carmen Valdez-Arana (2021) who observed
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a carbohydrate content of 70.81+0.11%

(Saavedra and Carmen Valdez-Arana,
2021).
Starch is the primary carbohydrate

component in quinoa, accounting for 52 to
69% of its total composition. The total
dietary fiber content of quinoa is comparable
to that found in other cereal grains, ranging
from 7 to 9.7%, with soluble fiber making
up 1.3 to 6.1%. Quinoa also contains
approximately 3% sugars, primarily in the
form of maltose, D-galactose, and D-ribose,
along with smaller amounts of fructose and
glucose (James, 2009).

Due to its functional properties, quinoa
serves as an effective thickening agent for
sauces, soups, and flours. Its resistance to
retrogradation further expands its culinary
applications, enabling the creation of creamy
smooth textures that mimic those of fats
(Vega-Galvez et al., 2010; James, 2009).

The amylose content of quinoa starch
ranges from 3 to 22%, which is lower than
that of wheat and corn, higher than certain
barley varieties, and comparable to common
rice types. Compared to starches from wheat
and barley, quinoa starch demonstrates
greater maximum viscosity, enhanced water
absorption capacity, and superior swelling
power. Moreover, it exhibits notable
stability during freezing and retrogradation
processes (Tang et al., 2002).

After all, the T-QS meal contained more
energy than the others. The differences
might be due to the interaction of various
factors, including cultivars, analytical
methods, and environmental conditions
(Nowak et al., 2016). The variations found
among genera were supported by others
(Alvarez-Jubete et al., 2009; Nascimento et
al., 2014; Palombini et al., 2013). These
remarkable variations in the content of QPIS
nutrients were noticed among different
genera. The possible explanations for these
variations are associated with the interaction
of numerous factors including crop genetics,
analytical methods, and multiple
environmental circumstances (Razzeto et al.,
2019).
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Cereals are a fundamental component of
the human diet, providing approximately
half of the dietary energy and protein intake
for many populations. When we compare the
nutritional  composition of commonly
consumed cereals with that of quinoa, it
exhibits higher levels of protein, fat, and ash
content compared to traditional cereals
(Filho et al., 2017).

The percentage of protein, in the current
work, has been considerably improved when
it was compared to the data reported by
Abugoch et al. (2008) (77.2 and 83.5% in
Q9 and Q11 QPIs, respectively) while, this
was lower than the report of Ruiz et al.
(2016) (90~93%) in sweet variety of Atlas
quinoa. Such differences in the of the
proteins’ percentage were related to the
varieties of quinoa (mentioned before),
extraction, and post-extraction processes.
For example, Wang et al. (2021) reported
that QPI (Qingli 2 cultivar) and samples
treated with microwave heating, steaming,
boiling, and baking showed protein’s
contents of 89.8, 87.9, 89.1, 88.6, and
88.1%, respectively (Abugoch et al., 2008;
Ruiz et al., 2016; Wang et al., 2021).
Quinoa protein isolate represents a
promising nutritional ingredient with strong
potential for use as a food supplement or
functional food component. Beyond its high
nutritional value—including a complete
amino acid profile—it exhibits functional
properties that make it well-suited for
incorporation into cereal-based and other
food products. These functional attributes,
which are linked to the protein’s
physicochemical characteristics, play a key
role in food processing and product
development. As a nutrient-dense source of
protein,  fibre,  healthy fats, and
carbohydrates, quinoa can contribute
meaningfully to balanced diets when
consumed alongside a variety of other foods
(Elsohaimy et al., 2015). Quinoa protein has
gained attention as a high-quality plant-
based protein due to its balanced amino acid
profile, particularly its high lysine content. It
exhibits good functional properties such as
solubility, emulsification, and gelation,
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which can be enhanced through processing
techniques like fermentation and enzymatic
hydrolysis. These proteins also possess
antioxidant activity, contributing to food
stability and health benefits. With the
support of emerging green technologies,
guinoa protein shows strong potential as a
sustainable alternative to dairy proteins in
food formulations (Alrosan et al., 2022).

Amino Acid Analysis of Quinoa Seed

A wonderful amino acid profile was
discovered in the quinoa seed, with
acceptable amounts of Essential Amino
Acids (EAAs) which are playing a crucial
role in the growth and maintenance of
metabolic  activities and a desirable
bioavailability. The QPIs are predominantly
rich in histidine, methionine, and lysine that
are generally observed in limited amounts in
other common grains (Dakhili et al., 2019).

In amino acid measurement, different
findings are shown by Gémez et al. (2021).
Different genotypes and years of growth of
the plant can potentially influence these
variables both in the calibration and the
external validation set. This was ultimately
important  for  developing calibration
equations for future predictions (Escuredo et
al., 2014).

High amounts of all the essential amino
acids, except methionine (0.33-0.41%), were
recorded in the amino acid profiles of two
pigeon pea varieties and two chickpea
selections. In this work, the methionine
value was lower than pigeon pea and
chickpea. Lysine content was also higher
(7.45-7.90%) in pigeon pea and chickpea
varieties compared with QPIs (< 0.06-0.3%).
The values of tryptophan were higher in
QPIS (6.55-8.23%) than the mentioned
legumes (0.46-0.96) (Anitha et al., 2020).

Quinoa stands out as a highly nutritious
plant-based protein source, with amino acid
content closely aligned with FAO
recommendations. It provides all essential
amino acids, particularly rich in lysine and
sulfur-containing amino acids, making its
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protein quality superior to many cereal

grains. Research indicates that the
bioavailability of quinoa proteins improves
significantly  after ~ cooking, varying

depending on the variety consumed. Quinoa
has high protein content and notable levels
of tryptophan, often a limiting amino acid in
other plants, which plays a key role in
serotonin production. Additionally, quinoa
contains non-protein tryptophan forms that
are more readily absorbed, potentially
enhancing brain function through improved
neurotransmitter synthesis (Navruz-Varli et
al., 2016).

Foaming Capacity and Stability

The foaming properties of Quinoa Protein
Isolates (QPIs) was evaluated as critical
functional characteristics, particularly for
their potential application in food systems
requiring aeration, such as baked goods.
Foaming ability generally increased with
rising QPI concentration, ranging from
50.01+1.77 to 76.93+3.36% for Black-QPI,
43.09+3.09 to 55.39+0.43% for Q12-QPI,
and a constant value of 50.00+0.35% for T-
QPL. Among all samples, Black-QPI
exhibited the highest average foaming
ability (65.26+11.76%). Similarly, foaming
stability  improved  with  increasing
concentration but declined over time. At 0.5
minutes of storage, foaming stability ranged
from 75.38+3.86 to 84.50+1.64% for Black-
QPI, 67.92+1.62 to 83.33+£5.01% for Q12-
QPI, and 78.46+1.66 to 88.68+4.43% for T-
QPI, with T-QPI showing the highest
average (82.96+4.83%). These results
highlight the strong capacity of quinoa
proteins to form stable foams, indicating
their promising applicability in food
formulations. Compared to egg albumin — a
well-known excellent foaming agent with
reported foaming ability values of 156-—
200% and foaming capacity of 33-54%
(Lomakina and Mikova, 2006). Quinoa
protein  demonstrated relatively lower
foaming ability, but comparable foam
stability (35-44%). The foam stability of
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QPI was found to be significantly higher
than that of soybean protein, and slightly
lower than that of egg white protein
(Abugoch et al., 2008). This behavior may
be attributed to protein unfolding at low pH,
which exposes hydrophobic regions and
enhances interfacial activity.

Additionally, molecular configuration and
solubility play crucial roles in determining
foaming performance, with more flexible
proteins  typically  exhibiting  superior
foaming properties (Jan et al., 2018). Since
foaming capacity and stability are influenced
by factors such as interfacial film properties,
moisture retention, and surface
hydrophobicity, higher net charge can
enhance solubility by reducing hydrophobic
interactions and facilitating rapid spreading
at the air-water interface (Ghumman et al.,
2021). The observed differences among QPI
variants may also be related to variations in
protein content and structural characteristics.

For instance, Q12-QPl had the lowest
protein  content (Table 1), which
corresponded with its inferior foaming
properties. Moreover, Steffolani et al.
(2016) emphasized that different quinoa
genotypes  exhibit  variable  foaming

behaviors, underscoring the importance of
genetic and compositional factors in
determining functionality. Overall, these
results suggest that certain QPI varieties,
particularly T-QPl and Black-QPI, hold
significant potential for use in aerated food
products like cakes and meringues
(Ogungbenle et al., 2009).

Viscosity

Proteins are highly functional molecules in
food systems that facilitate processing and

affect the final product performance.
Functional properties denote the
physicochemical properties that govern

protein behavior in foods with regards to
their distinct amino acid sequences,
molecular weight and other factors.
Viscosity plays an important role that affects
protein stability in food processing and
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product application. Highly concentrated
proteins are considered highly viscous; thus,
its viscosity is considered as the most
important  factors to control in food
processing (Yolandani et al., 2023). The
viscosity of plant protein dispersions is
affected by factors such as pH, temperature,
protein concentration, and ionic strength,
making it essential to optimize these
parameters for the desired consistency. One
advantage of plant proteins is their ability to
provide thickening and structural stability,
enhancing product quality without the use of
animal-derived ingredients. Their
application in food formulations allows for
the development of sustainable, nutritious,
and texturally desirable  plant-based
alternatives to traditional dairy and meat
products (Roy et al., 2025).

Oil and Water Absorption of QPIs

The water and oil absorption of food
materials is an important functional property
that improves the sustainability of texture
and flavour. In similar research, water and
oil absorption capacities of quinoa seed were
147% and 46%, respectively (Abugoch et
al., 2008). Previous studies on the water and
oil absorption capacity of QPIs by Ashraf et
al. (2012) and Elsohaimy et al. (2015)
showed that these mentioned factors had
3.94+0.06 and 1.88+0.02 mL g* protein,
respectively. Recently, Reséndiz et al.
(2019) studied the oil absorption capacity of
QPIs and discovered that QPIs had a 2.66
mL g* value, which supported the results of
the present work (Ashraf et al., 2012;
Elsohaimy et al., 2015; Reséndiz et al.,
2019).

Oil intake is of utmost importance as oil
acts as a flavor reservoir, it enhances the
mouth feel of food. This indicates that
Black-QPI may have stronger flavor
retention than the other types. The oil and
water absorption capacities were different
among the genera. This can be explained by
the difference between the varieties of
quinoa and the areas where the quinoa
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germinated (El Sohaimy et al., 2018). The
oil absorption capacity depends on the
amount of exposed hydrophobic amino acid
residues in the protein and the hydrophobic
amino acid content. The water absorption
rate of quinoa protein depended on the
method of drying the protein and the pH
level. Furthermore, this can be attributed to
the particle size and larger specific surface
area of QPIl. We specifically highlight
significant differences in protein content,
carbohydrate ~ composition, and  key
functional properties such as foaming
capacity, water and oil absorption, and
rheological behavior. Additionally, we
provide detailed proximate composition data
for both native seeds and isolated proteins,
which can serve as a valuable reference for
future studies aimed at optimizing food
formulation and developing novel plant-
based protein products. Overall, this study
increases the scientific value of quinoa by
providing a framework for selecting
varieties based on specific nutritional and
functional criteria for food applications.

CONCLUSIONS

In conclusion, significant differences in
the chemical composition, structure, and
rheological properties of Quinoa Protein
Isolates (QPIs) from three varieties were
identified. These were Titicaca (T-QPI),
Q12 (Q12-QPI), and Black (Black-QPI),
likely due to inherent seed composition
differences. Q12-QPl showed the best
rheological performance and suitability for
texture-demanding food applications, while
Black-QPI excelled in protein content,
foaming, and oil absorption, making it ideal
for emulsification and aeration. T-QPI
demonstrated superior water absorption,
beneficial for moisture retention, and
showed similar protein content to Black-
QPI, indicating comparable nutritional
value. Titicaca quinoa seeds also exhibited
the most balanced essential amino acid
profile, emphasizing their potential as a
high-quality plant protein. These results
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highlight the importance of variety selection
in optimizing quinoa proteins for specific
food functions. Future research is needed to
enhance processing methods that maintain
protein quality across genotypes.
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Enhancing the Shelf Life and Sensory Properties of Rainbow
Trout Fillets through Sodium Alginate Coating Containing

Eryngium campestre Extract at 4°C

Mohammad Abedi®, Hossein Tajik!, and Tooraj Mehdizadeh'*

ABSTRACT

Fresh fish is a highly perishable food item and spoils easily. In this research, after
investigating the antioxidant properties of the Eryngium Campestre extract (Ece), its effect
along with the sodium alginate coating was evaluated on the shelf-life of rainbow trout
under refrigerated conditions (4°C) for 12 days. To assess the antioxidant properties of
the extract, tests such as DPPH, total phenolics, reducing power, and ABTS were
performed. Subsequently, samples treated with an Ece containing alginate coating applied
via spray method were analyzed for chemical parameters (TBA, TVN, and pH),
microbiological parameters (total psychrotrophic and mesophilic bacteria), and sensory
evaluations at four day intervals up to 12 days. The results indicated that Ece possessed
significant antioxidant properties. Furthermore, treatments that included the extract
combined with the sodium alginate coating significantly reduced pH, TVN, and TBA
levels compared to the control sample (P< 0.05). Microbial tests indicated that all treated
samples inhibited bacterial growth, with a reduction of approximately 3 log CFU g
compared to the control group. In the sensory evaluation, treatments containing Ece and
sodium alginate yielded more favorable results than those of the control group.
Accordingly, coating the samples with sodium alginate and Ece improved the microbial,
chemical, and sensory properties and shelf life of rainbow trout in refrigerator conditions

by about four days.

Keywords: DPPH, Fresh fish, Microbiological parameters, Sensory properties, TBA, TVN.

INTRODUCTION

Fish is a vital source of protein and
omega-3 fatty acids (w-3 PUFAS), which are
important for a healthy diet. Since the body
cannot produce omega-3s, they must be
obtained from food. These fatty acids offer

numerous health  benefits, including
improved heart health and reduced
inflammation (Zarandi et al., 2022).

Rainbow trout (Oncorhynchus mykiss) is one
of the most extensively farmed freshwater
fish species worldwide and is preferred by
consumers for its high nutritional value. The
chemical composition of trout fillets can
differ based on various factors such as age,

gender, season, water temperature, and
dietary conditions (Foromandi and Khani,
2023). Typically, trout fillets contain
approximately 73% water, 20% protein, 5%
fat, and 1.5% minerals. This nutritional
composition, along with significant levels of
essential amino acids and polyunsaturated
fatty acids, categorizes rainbow trout as
highly perishable food (Popelka et al.,
2014).

The shelf life and overall quality of fish
can be affected by enzymatic and microbial
processes, along with the oxidation of fats
(Mazandrani et al., 2016). Additionally,
there are safety concerns related to lipid
oxidation and microbial growth (Shakour et
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al., 2021). Various strategies have been
investigated to preserve fish products and
extend their shelf life, including the
incorporation of plant extracts as natural
additives (Charoenphun et al., 2023).

Plant extracts have antibacterial and
antioxidant properties (Rathod et al., 2021).
To reduce the negative effects of chemical
preservatives and meet consumer demand
for natural products, plant extracts and
edible coatings are used to extend the shelf
life and prevent spoilage of fresh fish
(Fadiloglu and Emir Coban, 2018). These
properties are essential as they can control
the growth of spoilage microorganisms and
shield the fish from oxidative damage.
Nevertheless, their application is often
restricted due to costs and potential toxicity.

Edible coatings derived from alginate, a
biodegradable hydrocolloid, have been
implemented to preserve fish fillets.
Alginate coatings provide a physical barrier
while also improving the overall quality and
acceptability of the fish by preserving
moisture and minimizing lipid oxidation
(Urbonaviciute et al., 2023).

Eryngium campestre L., part of the
Apiaceae family, is a perennial plant that
grows in Asia, Europe, and Africa. This
plant is widely used in traditional medicine
to treat various conditions, including coughs,
urinary infections, increased urination,
kidney dysfunction, and the removal of
kidney and bladder stones (Azizkhani and
Sodanlo, 2021). E. campestre is abundant in
phenolic compounds, which contribute to its
antioxidant and antimicrobial properties
(Kartal et al., 2006). This study examines
the impact of E. campestre extract in edible
and biodegradable coatings, made from
sodium alginate, on the quality and shelf life
of rainbow trout fillets stored at 4°C. The
incorporation of E. campestre extract is
intended to enhance the preservative
properties of these coatings, thereby
maintaining the fish's sensory characteristics
and nutritional value during extended
storage. The research aimed to support
sustainable practices in the seafood industry
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by promoting natural preservation methods
over synthetic chemicals.

MATERIALS AND METHODS

Preparation of Ethanolic Extract of E.
campestre

The maceration method was used to
prepare the ethanolic extract from the E.
campestre. This plant was picked from the
forest areas of Amol City. The leafy part and
stem were dried in the shade and ground into
a powder, passed through a sieve with a 60
um mesh size. Then, 200 g of powder were
mixed with 1 L of pure ethanol and placed in
a shaker incubator at 150 rpm for 24 hours at
42°C. To remove most of the solvent, the
mixture was placed in a rotary evaporator
(Heidolph, Laborota 400  efficient,
Germany) at 50°C and 100 rpm under
vacuum conditions. To determine the
concentration, it was placed in an oven at
45°C and, finally, lyophilized at -50°C for
24 hours. Then, it was refrigerated in a
closed container (Alizadeh Amoli et al.,
2019).

GC-MS Analysis of E. campestre
Extract

GC-MS analysis was performed using an
Agilent 7890A GC device equipped with an
HP-5MS column and a 5975 mass
spectrometer (Agilent Technologies, USA)
(Mishra and Patnaik, 2020).

Antioxidant Activity Analyses

The following four methods were used to
evaluate and check the antioxidant power of
the plant extract.
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DPPH Test
Picrylhydrazyl)

(1,1-Diphenyl-2-

The study tested the antioxidant activity of
an extract by diluting it to 0.25 mg mL™ and
adding it to a DPPH solution. Absorbance
was measured at 517 nm  with
spectrophotometer  (Pharmacia  Biotech,
Sweden) after 30 minutes in the dark. The
free radical inhibition was calculated using
the formula: ACx100 /(AC-AS), where AC
is the Absorbance of the Control, and AS is
the Absorbance of the Sample. BHT was
used as a positive control at 1 mg mL™*
(Ebrahimi and Larypoor, 2022).

Determination of the Total Phenolic
Content

The total phenolic content of the plant was
measured using the Folin-Ciocalteu method.
Extract dilutions were mixed with Folin's
reagent, gallic acid, and sodium carbonate,
then, kept in the dark for specified times.
Absorbance was measured at 760 nm, and
the total phenolic content was expressed as
mg of gallic acid per gram of material
(Gharedaghi et al., 2020)

Determination of the Reducing Power

Extracts were mixed with sodium
phosphate, potassium ferricyanide, and
incubated at 50°C for 20 minutes. After
adding trichloroacetic acid and centrifuging,
distilled water and iron chloride were added
to the supernatant. Absorbance was
measured at 700 nm to assess the results
(Merghache et al., 2014).

ABTS Radical Cation Method

The antioxidant capacity was assessed
using a modified ABTS method. ABTSe+
radical was generated by mixing ABTS and
potassium persulfate, and incubated for 16
hours. The solution was diluted to achieve
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an absorbance of 0.7 at 734 nm. Extracts or
BHT were added to the ABTSe+ solution
and, after 6 minutes, absorbance was
measured.  Inhibition  percentage  was
calculated using the fowing formula:

(Ablank‘Asample)/Ablankx100

The results were expressed as antioxidant
capacity equivalent to ascorbic acid
(Kikowska and Thiem, 2021).

Preparation of Fish Samples

Rainbow trout, weighing approximately
600+£50 g, was procured from a fish sales
center in Urmia City. The fish was properly
examined, and its internal organs were
removed. The body of the fish was
thoroughly rinsed with water to eliminate
any residual blood. The dimensions of the
fish fillet were measured at approximately
15 cm in length, 10 cm in width, and 3 cm in
height, and its weight was approximately
100 g. Subsequently, the fish was taken to
the Food Hygiene Laboratory at the Faculty
of Veterinary Medicine, Urmia University,
to ensure sample integrity and minimize the
risk of microbial contamination.

Preparation of Treatments

The sodium alginate solution was prepared
by dissolving 1.5 g of sodium alginate in
100 mL of warm distilled water, and the
extract of E. campestre was added to this
solution. The resulting mixture was
thoroughly combined to achieve a uniform
consistency, transferred to a spray bottle,
and shaken well before use. Fish fillets were
then coated with sodium alginate solution
using a spraying method. Subsequently, the
fillets were treated with 2% calcium chloride
solution and air-dried at room temperature.
Then, the fish fillets were prepared for
coating in 3 groups and 1 control sample as
follows:

1.Without coating and extract

2.With alginate spray coating and without

extract



L

Abedi et al.

3.With alginate 1.5% spray coating
containing 0.5% E. campestre extract

4.With alginate 1.5% spray coating
containing 1% E. campestre extract.

The control sample and coated fillets were
stored in resealable plastic bags in a
refrigerator at 4°C.  Microbiological,
chemical, and sensory evaluations were
performed on days 1, 4, 8, and 12 to assess
the quality and stability.

Chemical Analyses of Treated Fish
Fillets

pH Values

For this purpose, 5 g of each fish fillet
sample was placed in 10 mL of distilled
water and homogenized for 30 seconds at a
speed of 13,500 rpm. Subsequently, the pH
of the homogenized sample was measured
using a calibrated pH meter. The pH meter
had been calibrated prior to measurement
using standard buffer solutions with pH
values of 4 and 7 to ensure accuracy and
reliability in the results (Ojagh et al., 2010).

Total Volatile Base Nitrogen (TVB-N)

To determine TVB-N, 10 g of fish fillet
was homogenized with distilled water, then,
mixed with magnesium oxide or NaOH and
heated in a Kjeldahl flask. The distillation
vapors were collected in a boric acid
solution, and after reaching 50 mL, the
solution was titrated with sulfuric acid. The
TVB-N value was calculated based on the
amount of sulfuric acid consumed,
expressed as mg of TVB-N per 100 g of fish
fillets (Ghasemi et al., 2023).

Thiobarbituric Acid Reactive Substance

To measure malonaldehyde content
(TBARS), 10 g of fish fillet was
homogenized with 5% TCA (Trichloroacetic

338

Acid) and BHT, filtered, and the filtrate
adjusted to 50 mL. TBA reagent was added
to the filtrate, heated at 100°C for 1 hours,
and absorbance was measured at 532 nm.
The TBARS value, indicating
malonaldehyde, was calculated and
expressed as mg k! of fish meat (Ghasemi et
al., 2023).

Microbiological Analyses
Total Mesophilic Bacterial Count

After diluting the samples from each
dilution tube, 100 microliters of each sample
were inoculated onto plates containing PCA
culture medium and spread uniformly using
a Pasteur pipette. Subsequently, the plates
were incubated upside down at 37°C for 48
hours. Then, the colonies were counted and
reported as CFU g! (Mufioz-Tebar et al.,
2023).

Total Psychrotrophic Count

After diluting the samples from each
dilution tube, 100 pL of each sample was
inoculated onto plates containing PCA
culture medium and spread uniformly across
the medium using a Pasteur pipette. The
plates were then incubated in an inverted
position at 10°C for 7 days. Following
incubation, the colonies were counted and
reported as CFU g*! (Mufioz-Tebar et al.,
2023).

Sensory Evaluation

A trained panel of 10 assessors evaluated
the organoleptic properties of the treated fish
fillets in two stages. In the first stage, they
assessed the taste of cooked fillets, in the
second stage, they evaluated refrigerated
fillets for texture, aroma, and color on days
1, 4, 8, and 12. Fresh fillets at 4°C were used
as the reference for maximum scores, and a
5-point hedonic scale was used for
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evaluation (Bazargani-Gilani and Pajohi-
Alamoti, 2020).

Statistical Analysis

After obtaining the data from the tested
factors, SPSS version 26 software was used
for statistical analysis, including one-way
ANOVA for data analysis. Excell version
2022 was used to draw the graphs. Duncan's
test was used to classify the samples
according to the statistical difference
between them and to measure their average.
Normality tests (e.g., Shapiro-Wilk and
Kolmogorov-Smirnov) were conducted prior
to performing ANOVA to ensure the
suitability of the parametric test. The results
were considered significant at a P-value of <
0.05.

RESULTS AND DISCUSSION
GC-MS Results of E. campestre Extract

According to Table 1, The GC-MS
analysis of Eryngium campestre extract
identified 32 compounds, with limonene, 0-
3-carene, B-sesquiphellandrene, and
cyclobuta having the highest peak areas.
This study's findings align with Fernandes
(2013), who identified compounds like
germacrene D and a-cadinol, although there
are differences. Variations in chemical
profiles are attributed to differences in plant
samples, extraction methods, and
environmental conditions, underscoring the
chemical diversity of Eryngium campestre
and its potential applications in the
pharmaceutical and food industries.
(Fernandes, 2013).

DPPH Antioxidant Test Results

In Figure 1, The DPPH assay results show
that, as the concentration of E. campestre
extract increases, the inhibition of free
radicals also increases, indicating a strong
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concentration-dependent antioxidant effect.
This trend was evident across all
concentrations, with the extract
demonstrating high antioxidant activity in
every dilution. These findings align with the
work of Charoenphun et al. (2023) and
Gharedaghi et al. (2020), who observed
similar antioxidant effects in plant extracts.
Furthermore, Kremer et al. (2021) reported
comparable results in E. amethystinum and
E. alpinum, confirming the potential of E.
campestre as a natural antioxidant for
applications in food preservation and
oxidative stress reduction.

Total Phenolic Content

Based on the data from Table 2 and Figure
2, the total phenolic content in the E.
campestre extract was determined using a
calibration curve for gallic acid. The study
revealed a strong correlation between the
high phenolic content and antioxidant
activity of the extract. This finding is
consistent with Al-Askar et al. (2023), who
also highlighted significant polyphenolic
compounds in E. campestre extracts, which
are directly linked to antioxidant and
antimicrobial properties. These phenolic
compounds play a crucial role in scavenging
free radicals, supporting their potential in
food preservation (Al-Askar et al., 2023)

The Reduction Power Results

According to Figure 3, the reduction and
absorption power at 700 nm for
spectrophotometric  measurements  were
observed with 2 mg of E. campestre extract
(absorbance value of 1.8) and Butylated
Hydroxytoluene (BHT) (absorbance value of
3). These results suggest that E. campestre
extract exhibits significant antioxidant
potential, comparable to BHT. The strong
reducing power observed in this extract,
particularly in its ability to reduce ferric
ions, is vital for antioxidant applications.
This finding is consistent with Merghache et
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supporting the potential of E.

No. Compounds RT persentage
1 Heptanal 11.23 0.15
2 a-Pinene 11.47 1.87
3 n-Heptanol 12.31 0.42
4 Verbenene 13.57 0.84
5 Myrcene 14.54 1.95
6 n-Octanal 14.89 1.53
7 6-3-Carene 15.56 6.79
8 p-Cymene 16.55 0.37
9 Limonene 16.69 26.71
10 Benzene acetaldehyde 17.15 0.16
11 n-Octanol 18.47 0.54
12 p-Mentha-2,4(8)-diene 19.65 0.27
13 Linalool 20.08 0.42
14 cis-p-Mentha-2,8-dien-1-ol 21.91 0.18
15 Z-4-Decenal 24.13 0.13
16 trans-Carveol 25.92 0.53
17 Citronellol 27.12 0.38
18 Thymol 29.97 0.23
19 Carvacrol 30.36 0.35
20 B-Elemene 33.74 0.21
21 a-cis-Bergamotene 35.84 0.72
22 a-Acoradiene 37.17 0.46
23 E-B-lonone 38.02 1.23
24 Z-a-Bisabolene 38.65 257
25 B-Bisabolene 38.94 1.84
26 Myristicin 39.45 0.17
27 B-Sesquiphellandrene 39.61 15.25
28 Widdrol 41.13 0.83
29 trans-Longipinocarveol 45.87 5.28
30 Cyclobuta 46.16 24.19
31 n-Octadecane 50.87 0.28
32 n-Hexadecenoic acid 59.65 2.69
Total identified 99.54
al. (2014), who noted similar reducing comparable.  Increasing  the  extract
power in E. tricuspidatum essential oil, concentration enhanced its free radical

scavenging ability, as confirmed by the

campestre as a natural antioxidant and a
promising  alternative  to  synthetic
antioxidants in food preservation
(Merghache et al., 2014).

ABTS Radical Inhibitory Test Results

In Table 3, E. campestre extract showed
inhibitory activity at all concentrations, with
its performance lower than BHT, except at
the highest concentration where it was
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ABTS test. While its antioxidant activity
was somewhat lower than BHT, the
improved efficacy with higher
concentrations suggests its potential for food
preservation, supporting its use as a natural
antioxidant to extend shelf life and improve
food quality, consistent with previous
studies (Kikowska and Thiem, 2021).
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Figure 1. DPPH radical scavenging rate of different concentrations of E. campestre ethanol extract
compared to BHT. a-b: Different letters in each concentration indicate a significant difference (P< 0.05).
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Figure 2. Gallic acid standard curve.

Table 2. Comparison of total phenol content of the ethanolic extract of E. campestre and the correlation
between total phenol and antioxidant activity values.

Antioxidant assay by
DPPH method

R

0.950

. mg gallic acid g
(P) Sig. extract

0.005™ 19549 80 Total phenol in the

Alcoholic Extract

** Correlation is significant at the 0.01 level.
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Figure 3. The rejuvenating potency of E. campestre extracts compared to BHT.

Table 3. Inhibition percentage and antioxidant capacity equivalent to ascorbic acid of different
concentrations of alcoholic extract and BHT.?

Concentration (mg Antioxidant capacity eq.

mL1) ascorbic acid (mg mL™?) Inhibition %
0.125 Extract 0.00 +£0.0013 9.61+ 6.51%A
' BHT 0.01+ 0.001PA 64.85 + 11.01°
0.25 Extract 0.006+ 0.00%4 46.37 + 12.59%8
' BHT 0.12 + 0.01°8 91.51+ 1.67"8
05 Extract 0.013+ 0.02%8 84.21 + 0.68%
' BHT 0.18 + 0.01°¢ 92.46 + 4.30°C
1 Extract 0.09+ 0.01%¢ 85.26 + 8.01%¢
BHT 0.18+0.01¢ 94.64 + 4.21°
2 Extract 0.14 +0.01%° 92.29 + 2.21%°
BHT 0.18 + 0.01%¢ 96.86 + 1.21%F

@ In each column, non-identical lowercase letters indicate a significant difference at the P< 0.05
level; between the extract and BHT at the same concentration. Non-identical uppercase letters also
indicate a significant difference between different concentrations of the same compound at the P<
0.05 level.

amount of ash, fat, protein, and moisture
was presented in Table 4, the obtained
results are consistent with the findings of
Torabi Delshad et al. (2012).

Chemical Composition of Fish Fillet

According to the analysis carried out on
the rainbow trout sample, the approximate

Table 4. Chemical composition of rainbow trout.

Composition Percentage
Moisture 71.5+0.23
Protein 22.16+0.33
Fat 3+0.63
Ash 1.6+0.23
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Figure 4. Comparison of pH changes in rainbow trout fillet samples during the storage at 4°C. Each
day, non-identical lowercase letters indicate a significant difference at the P< 0.05 level. (C: Control, A:
Alginate coating, AE 0.5%: Alginate containing 0.5% extract, AE 1%: Alginate containing 1% extract).

pH Measurement Results

During refrigerated storage, all rainbow
trout samples showed an increase in pH,
with the control sample exhibiting a much
higher increase, especially on days 8 and 12.
As shown in Figure 4, coated fillet samples
with the extract maintained a stable pH
within the permissible range (6-7), showing
no significant increase from day 4 onwards.
This aligns with Alizadeh et al. (2020), who
found that treated samples displayed better
pH stability, highlighting the antimicrobial
and preservative efficacy of plant-derived
bioactive compounds in delaying spoilage
and maintaining food quality (Alizadeh
Amoli et al., 2019).

TVB-N Results

According to Figure 5, our study revealed
an upward trend in TVB-N levels in all
samples during storage. However, the
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bioactive coating effectively kept these
levels below the permissible limit (25 mg
100 g?) throughout the storage period. In
contrast, the control sample exceeded this
limit after 4 days, and the alginate-coated
sample did so after 12 days. These results
align with previous studies (Ojagh et al.,
2010), which found that chitosan-based
coating combined with plant compounds
significantly reduced TVB-N levels in fish
samples and maintained them below the
acceptable limit for 16 days. Similarly, Oz
(2018) demonstrated that garllic
supplementation inhibited microbial growth,
and lowering TVB-N levels during frozen
storag. Ozogul et al. (2017) reported that
nanoemulsions with essential oils like
rosemary and thyme effectively reduced
spoilage, while Oz et al. (2017) highlighted
the role of black cumin oil in slowing TVB-
N increases in fish fillets at 2°C. These
findings are inconsistent with ours, and
underscore the potential of bioactive
coatings in preserving fish quality.
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Figure 5. Changes of TVB-N in rainbow trout fillet during the storage period at 4°C. (C: Control, A:
Alginate coating, AE 0.5%: Alginate containing 0.5% extract, AE 1%: Alginate containing 1% extract).

Table 5. Changes in the index of thiobarbituric acid (mg MDA kg™) in rainbow trout fillets during
storage at 4 °C).

Storage days
Treatments 1 a 8 7
C 0.42 +0.0172 2.02+0.11B2 2.72 £ 0.04¢ 3.12 £ 0.02P2
A 0.40 + 0.00%2 1.7 +0.068° 2.42 +0.01¢ 2.62 +0.020P
AE 0.5% 0.41 +£0.0172 0.89 + 0.045¢ 1.62 +0.02¢¢ 2.40 + 0.06P¢
AE 1% 0.32 +0.0172 0.78 + 0.068¢ 1.48 +0.01¢ 2.22 +0.06"¢

(C: Control, A: Alginate coating, AE 0.5%: Alginate containing 0.5% extract, AE 1%: Alginate
containing 1% extract). Small letters in each column and non-identical capital letters in each row indicate
a significant difference in the level (p<0.05).

TBARS Value Results progressive nature of lipid oxidation. This
body of evidence underscores the efficacy of
the coatings in providing a robust protective
barrier against lipid peroxidation, effectively
retarding the formation of malonaldehyde, a
critical marker of lipid degradation and
concomitant quality decline in the fish
products. This refined permissible range
accentuates the subtle yet significant protective
influence of our coatings. Alginate and extract
coatings slowed TBA increases more
effectively than the control or alginate alone
samples, demonstrating a statistically
significant impact on oxidation. Similarly,
Gharehdaghi et al. (2020) noted alginate
coatings delayed lipid oxidation by acting as
oxygen barriers, with enriched coatings further

In agreement with Mehdizadeh et al. (2019),
our data indicated that all treatments, except
the control group, maintained TBA levels
within the revised permissible range of 1-2 mg
MDA kg! throughout the 12-day storage
period, as delineated O in Table 5. A more
granular analysis revealed a markedly
attenuated rate of TBA increase in the coated
samples, particularly evident from day 4
onwards. During this interval, coated samples
consistently exhibited demonstrably lower
TBA values than the control, a trend that
persisted until day 8. Subsequently, a gradual
elevation in TBA levels was observed from
day 12 onwards, primarily attributed to the
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reducing oxidation and microbial growth in
fish.

Microbiological Results
Total Mesophilic Bacterial Count

Table 6 shows the data related to the total
microbial load of fish samples stored in the
refrigerator during 12 days. According to it,
the microbial load increased with increasing
storage time in all samples. In this study, the
total microbial load in the control sample on
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threshold was surpassed on day 8. Consistent
with the cited study, extract-treated samples in
our research exhibited lower microbial loads,
remaining below the 7 log CFU g* limit,
highlighting the effective  antimicrobial
properties of the extracts.

Total Psychrotrophic Bacterial Count

According to Table 7, the total count of
psychrotrophic bacteria in rainbow trout
fillets exceeded the established 7 log CFU g
limit by day 4 in the control group, whereas

Table 6.Total mesophilic bacterial counts (log CFU g') of rainbow trout fillets during storage

at4°C.z2
Storage days
Treatments 1 4 8 12
C 4,42 +0.12° 6.02 +0.11°8 7.8 £0.042 9.12 +0.028
A 3.40 £ 0.10° 5.7 + 0.06° 7.42+0.1128 7.95 +0.02°
AE 0.5% 2.41+0.11° 3.89 +0.04°¢ 5.62 + 0.02° 7.40 + 0.06°
AE 1% 2.32 +0.16¢ 3.78 +0.19¢ 5.48 + 0.26° 7.22 + 0.06°

2 Different letters in each day indicate significant differences (P< 0.05). C: Control, A: Alginate
coating, AE 0.5%: Alginate containing 0.5% extract, AE 1%: Alginate containing 1% extract.

Table7. Total psychrotrophic bacterial counts (log CFU g*) of rainbow trout fillets during storage
at4°c.?

Storage days

Treatments

1 4 8 12
Cc 5.32+0.252 7.02+0.112 7.72+0.042 9.12+0.022
A 4.40 +£0.10° 5.40 +0.16° 7.32+£0.11° 7.52+0.12°
AE 0.5% 248 +0.01° 4.88 +0.14° 6.85 +0.02° 7.40 £ 0.05°
AE 1% 2.32+0.01° 4.58 +0.19° 6.38 + 0.26¢ 7.22 +0.06¢

day 8, and other treatments on day 12,

a Different letters in each day indicate significant differences (P< 0.05). C: Control, A: Alginate
coating, AE 0.5%: Alginate containing 0.5% extract, AE 1%: Alginate containing 1% extract.

the alginate-coated and

extract-coated

exceeded the permissible limit (7 log CFU g*).
The highest total microbial load was for the
control sample, which exceeded the limit on
all days of study days 1 and 4. The results are
consistent with the research of Bazargani-
Gilani (2018). The initial TVC in both studies
was approximately 4 log CFU g*. In the
control group of the cited study, TVC reached
7.46 log CFU g? by day 6, exceeding the
permissible limit, whereas in our study, this
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samples reached this limit on days 8 and 12,
respectively. These results are consistent
with the findings of Raeisi et al. (2020), who
also observed a significant antimicrobial
effect of plant extracts in extending the shelf
life of fish during cold storage. On day 12,
the psychrotrophic bacterial load reached 7.3
log CFU g7, aligning with our findings and
indicating a progressive increase in
microbial load as storage time increased. In
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contrast, Sallam (2007) reported a similar
trend, with the control group exceeding the 7
log CFU g limit by day 12. However, our
study underscores the effectiveness of the E.
campestre  extract,  which  inhibited
psychrotrophic bacterial growth earlier, by
day 4, highlighting its potential in preserving
fish quality during refrigerated storage. The
antimicrobial effects of E. campestre extract

mesophilic and psychrotrophic bacteria,

delaying  microbial  spoilage  during
refrigeration. This finding aligns with
Ebrahimi and Larypoor (2022), who

observed similar effects of plant extracts on
refrigerated fish. Extract-treated samples
showed lower microbial load than the
controls, with levels remaining below
permissible limits, highlighting its potential

were  significant,  especially  against in delaying spoilage.
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Figure 6. The results of the three parameters (color, smell, texture) of evaluating the sensory properties
of different treatments during storage in the refrigerator (temperature 4+1°C). Different letters in each day
indicate significant differences (P< 0.05). *Note: The control and alginate treatments were removed on the
8th day as they did not receive any scores, while the extract and alginate treatments continued to be
evaluated and remained in the scoring table until the 12th day.
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Figure 7. The sensory evaluation of taste of different treatments after cooking at first day of storage. (C:
Control, A: Alginate coating, AE 0.5%: Alginate containing 0.5% extract, AE 1%: Alginate containing 1%

extract).
Sensory Evaluation Results

Figure 6 presents the sensory evaluation of
texture, color, and smell. The results of all
three parameters were measured and
presented for each treatment. The results
demonstrating that fish fillets treated with E.
campestre extract maintained a superior
overall quality compared to the untreated
samples throughout storage. As these were
the only sensory attributes assessed in this
study, all relevant findings were included.
The observed delay in sensory deterioration
aligns with the findings of Foromandi and
Khani (2023), who reported that chitosan
coatings enriched with garlic extract and
coriander essential oil enhance the quality of
fish fillets. This highlights the dual
advantage of the E. campestre extract in
preserving both antioxidant and sensory
properties, underscoring its potential as a
valuable option for the food industry

According to Figure 7, no significant
difference was observed in the scoring of the
taste parameter after cooking the samples.
The results of this section are consistent with
the findings of Alizadeh Amoli et al. (2019)
who did not observe any significant
differences between the treatments after
cooking.
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CONCLUSIONS

This research showed that adding E.
campestre extract to alginate coating
enhanced antimicrobial and antioxidant
properties, and effectively preserved the
sensory qualities of the fish fillets. This
coating improved smell, texture, color and
delayed spoilage, leading to the shelf life
extension of rainbow trout by approximately
four days, reaching 8 days compared to the
control. However, further studies are needed
to better understand the efficacy and
mechanisms of E. campestre’s antimicrobial

and antioxidant effects for  food
preservation.
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ABSTRACT

The plant hormone Abscisic Acid (ABA) plays a crucial role in plant responses to
drought and other abiotic stresses, facilitating adaptation mechanisms under water-deficit
conditions. This study aimed to investigate the response of field pea (Pisum sativum)
varieties to drought stress by evaluating ABA concentrations, stomatal conductance, and
the expression of PSAO genes during the third leaf pair stage. Drought stress was
simulated by withholding irrigation to impose moderate and severe levels of water deficit.
A statistically significant increase in ABA concentration was observed in all tested pea
varieties under stress conditions. Under moderate drought, stomatal responses varied
among genotypes; however, severe drought triggered accelerated stomatal closure across
all varieties. The cultivar Dukat exhibited the highest stomatal sensitivity, which
corresponded with a tenfold increase in ABA concentration, suggesting a strong reliance
on chemical (ABA-mediated) drought signalling. In contrast, Javor cultivar showed only a
modest (2.5-fold) increase in ABA, despite reduced stomatal conductance, indicating a
likely reliance on hydraulic signals for drought response. Gene expression analysis
revealed that PsAO2 and PsAO3 genes were upregulated under drought, while PsAO1
expression remained relatively unchanged compared to the control plants. Notably,
PsSAO3 expression was consistently elevated under both moderate and severe drought,
suggesting that this gene may play a central role in conferring drought tolerance in field
pea. These findings highlight the importance of ABA biosynthesis and signalling,
particularly via PSAQ3, in the adaptation of pea plants to water-deficit conditions.

Keywords: ABA biosynthesis, Adaptation mechanisms, Drought tolerance, Pisum sativum.

INTRODUCTION

Pea (Pisum sativum L.) is the second most
important food legume worldwide that,
together with other legumes, provides one-
third of the entire amount of protein for
human and animal consumption. Field pea
serves as a significant source of fodder and
forage for livestock, as well as a key
component in the production of edible and
industrial oils (Petrovi¢ et al., 2016). Like
other pulses, field pea exhibits moderate

sensitivity to various abiotic stressors,
particularly drought (Petrovi¢ et al., 2021).
Drought is defined as the prolonged absence
of sufficient moisture, which is essential for
normal plant growth and completion of its
life cycle (Latif, 2014). It is a major abiotic
factor that adversely affects crop plant
growth and development, primarily reducing
vegetative growth, shoot and root length,
and leaf area (Petrovi¢ et al., 2021). Water
deficit reduces plant growth through the
inhibition of various physiological and
biochemical processes, such as reduction of
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the rate of photosynthesis, respiration,
translocation, ion uptake, carbohydrates,
nutrient metabolism, and hormones (Latif,
2014).

One of the initial responses of plants to
water deficit is stomatal closure, a process
regulated by the plant hormone Abscisic
Acid (ABA), which plays a crucial role in
the plant's response to drought stress by
mediating cellular signalling that regulates
water movement from the root to the leaf
(Alves and Setter, 2004). Under drought
conditions, accumulation of ABA helps
plants adapt to drought and other abiotic
stress factors (Tuteja, 2007; Sah et al.,
2016). The constant presence of ABA in low
concentrations is necessary for the normal
growth and differentiation of plant cells.
Increased ABA concentration is necessary
for stomatal closure, seed dormancy, and
aging (Sah et al., 2016; Wu et al., 2022).
ABA is very intensively studied worldwide
because it has been established that it
represents a universal "stress hormone"
whose accumulation, especially in roots,
helps plants adapt to abiotic stress factors,
such as drought, high and low temperatures,
salt or ion stress (Nakashima and
Yamaguchi-Shinozaki, 2013; Liu et al.,
2017). It is one of the most important
signalling molecules in plants, which plays
multiple roles in  regulating many
developmental processes and adaptive stress
processes (Santner et al., 2009; Cutler et al.,
2010; Wu et al., 2022).

In different plant tissues and organs, the
intensity of  biosynthesis and ABA
concentrations can vary dramatically during
different stages of development, depending
on the changing environmental conditions
(Xiong and Zhu, 2003). ABA biosynthesis
primarily occurs in chloroplasts and other
plastids. The concentration of free ABA in
the cytosol is regulated through processes
such as degradation, conjugation, and
transport. For example, cytosolic ABA
increases during drought as a result of
synthesis in the leaf, redistribution within
the mesophilic cells, transport from the
shoots, and recirculation from other leaves.
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The concentration of ABA decreases after
water rehydration due to degradation and
reduction in the rate of synthesis, but also
due to translocation from leaves to other
organs (Zdunek and Lips, 2001).

The primary objective of studying plant
responses to abiotic stresses, such as
drought, salinity, and cold, is to develop
crops with enhanced tolerance to these stress
factors. Plants usually respond to water
deficit in the soil or in the growth substrate
by closing the stoma and reducing leaf
growth in order to reduce its transpiration
surface (Wilkinson and Davies, 2008;
Goodger et al., 2005). These stress
responses can be initiated by the so-called
chemical (Davies and Zhang, 1991) or
hydraulic signals (Gowing et al., 1990).
ABA has the main role in sending chemical
signals related to drought stress.

A lot of research has been done to clarify
molecular  mechanisms  behind  plant
adaptation to abiotic stresses. Now, most of
the genes involved in ABA biosynthesis
have been identified. Water deficit
stimulates changes in the expression profiles
of different gene classes, most of which are
associated with ABA signalling pathways
(Zdunek-Zastocka et al., 2004; Zdunek-
Zastocka, 2008). Metabolic pathways
leading to free active ABA have been
described (Wu et al., 2022). Aldehyde
Oxidase (AO; EC 1.2.3.1) plays a crucial
role in the final step of ABA biosynthesis,
and it is also involved in the biosynthesis of
other important phyto-hormones, including
Indole-3-Acetic Acid (IAA). The enzyme is
localized in the cytosol and catalyses the
oxidation of Indole-3-Acetaldehyde (IAAIld)
to IAA and Abscisic Aldehyde (ABAId) to
ABA (Seo et al., 2004; Wu et al., 2022). AO
is a molybdoenzyme, meaning it contains a
Molybdenum cofactor (Moco) at its catalytic
site, which is essential for its enzymatic
function. Three AO isoforms were isolated
from the leaves and roots of peas: PSAO1,
PsAO2, and PsAO3 (Zdunek-Zastocka et
al., 2004; Zdunek-Zastocka, 2008). The
activity of PAO1 was dominant in the leaves
of seedlings and young leaves of mature
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plants, while PAO3 showed the highest band
intensity in old leaves and roots. PsAO2
MRNA was not affected by salinity or
ammonium treatment. PSAO3 could oxidize
abscisic aldehyde, a precursor of ABA,
indicating the possible involvement of this
isoform in ABA synthesis in pea plants
(Zdunek-Zastocka, 2008).

Due to the limited information available
on the physiological responses of Serbian
field pea (Pisum sativum L.) varieties to
drought, this study aimed to evaluate the
effects of water deficit on selected
physiological and biochemical parameters.
Specifically, it investigated differences in
abscisic acid (ABA) concentration, stomatal
conductance, and the expression of
Ascorbate Oxidase (AO) isoforms among
selected cultivars at both the early seedling
stage and the stage of the third pair of
leaves. In addition, the study sought to
identify the most active AO isoform under
drought conditions in field pea plants.

MATERIALS AND METHODS
Plant Material

This study was conducted on seven
Genera of Pisum genotypes: Junior, Dukat,
Partner, Trezor, Javor, Pionir, and Mraz
selected based on morphological
characteristics and whether they are spring
or winter genotypes, taken from the
collection of the Institute of Field and
Vegetable Crops, Novi Sad, Serbia (five
spring and two winter cultivars). Seeds were
sterilized with 0.1% sodium hypochlorite
(w/v) for 1 min and then thoroughly rinsed
with distilled water (Asmat et al., 2019).

Drought Stress Experiment

The drought stress experiment was
conducted under controlled conditions
(phytotron chamber), with a photoperiod of
14-hour, brightness (PAR) 300 pmol m,
temperature 25/18°C and 70% relative
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humidity of air. The plants were grown in 1
L pots filled with commercial substrate
(Potground H, Klasmann-Deilmann,
Germany) and irrigated to maintain an
optimal soil water content of 36% until the
development of the third pair of leaves.
Drought stress was then induced by
withholding  irrigation,  reducing the
substrate water content to 18% for moderate
drought (treatment T1) and to 9% for severe
drought (treatment T2). Control plants were
maintained under optimal soil water
conditions, with irrigation adjusted to
achieve a substrate water content of 36%.
The amount of water in the substrate was
measured by the Theta Probe (ThetaProbe,
type ML2X, Delta-T Devices Ltd.,
England).

Measurement of the Stomatal
Conductance

Stomatal conductance (gs) was measured
on the abaxial surface of the third leaf pair
using a SC-1 Leaf Porometer (Decagon
Devices Inc., USA). Five plants per
treatment were used for measurements.
Measurements were made for each variety in
the control, as well as in two different
drought treatments (T1 and T2). Values are
expressed in mmol m2s™,

ABA Concentration Measurement

Before extraction, frozen plant leaves
were ground to a fine powder in pre-chilled
steel cylinders, with liquid nitrogen, by a
mixer mill (A-11 basic, IKA). ABA
extraction was done from 0.5 g of plant
tissue mixed with 1.5 mL of water and 2%
PVP (polyvinylpyrrolidone) without further
purification (Asch, 2000). Cross-reaction of
the antibody with other compounds in the
extract was avoided by briefly boiling plant
tissue in water before extraction, then, in a
Thermomixer comfort (Eppendorf) at 4°C,
in a dark room, during the night. Before the
analysis, the cross-reaction test confirmed
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that the isolated ABA extract did not contain
other substances that react with the antibody
without being antigenic, i.e. abscisic acid.
ABA content in the leaves of the
investigated plants was measured by the
ELISA method using MAC 252 monoclonal
antibody for ABA according to Asch (2000).
Plate contents (Nunc: F96 Maxisorp
immuno plate) were read at 405 nm by an
ELISA reader (Sunrise, Tecan).

Gene Expression Analysis

RNA was extracted from 100 mg of frozen
plant tissue, using RNeasy Plant Mini Kit
(Qiagen, Germany), according to the
manufacturer's manual. The quality and
guantity of the extracted RNA were checked
with  an  UV/VIS  spectrophotometer
(Evolution 100, Thermo Scientific, USA),
by measuring the absorbance at 260 (A260)
and 280 nm (A280). The A260/A280 ratio is
a widely used method to assess the purity of
RNA samples, specifically to check for
protein contamination. It is based on UV
absorbance measurements and provides
useful information about the quality of the
RNA. The ratio for the isolated RNA ranged
between 1.8 and 2.0, indicating high purity.
The use of Ambion 171 DNA-free DNase
Treatment and Removal Reagents before
cDNA synthesis is an essential step to
ensure the removal of genomic DNA from
the RNA sample. cDNA synthesis was

Table 1. Sequences of oligonucleotide primers.

carried out with 100 ng of total RNA in a
final reaction volume of 20 W, using the
RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific, USA) following
the manufacturer's protocol. The synthesized
cDNA, using it as a template in a PCR
reaction is a key step for amplifying specific
genes of interest.

The amplification was carried out on
Mastercycler gradient (Eppendorf,
Germany), using a premix of 2x PCR
Master  Mix, (Fermentas, Lithuania)
containing 4 mM MgCl;, 0.4 mM dNTP,
0.05 units uL?* Tag DNA Polymerase
(recombinant in a funnel volume of 25 pL.
The temperature program was as follows:
denaturation at 95°C for 5 minutes, followed
by 30 cycles of 95°C for 30 seconds,
53-57°C for 30 seconds, and 72°C for 1
minute, and final extension at 72°C for 10
minutes.

After performing PCR, amplification
products were analyzed by electrophoresis
on a 1% agarose gel with ethidium bromide
(0.5 ug mL?). The expected fragment sizes
were estimated by comparison with the
FastRuler™ Low Range DNA Ladder
(Fermentas, Lithuania). Gels were visualized
under UV light using a trans-illuminator,
and images were captured with the BioDoc
Analyze documentation system (Biometra,
Germany).

Vo Annealing

Gene Sequence (5'-3") temperature (°C) Reference

F. CCAGGTCCAGACATAGTAAG
18SIRNK - b GTACAAAGGGCAGGGACGTA 55

F: GACAGTTCTGCAAGAAAAACCAGTGG
PSAOL k. CAGCACCAGCTATAGATTTCATGCTC 57 Zd““e';'ozo"’;toc"a'
pp02  F: GTCAAGGCCCTGAGTTTGCACA -

R: GGAGTTGGTTTTAGATGCATCTCTTG

F: CAGCTGGATGGAGTAAGAGATG
PSAO3 55

R: GTGCTGTAACTATGTTATGTGG
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Statistical Analysis

Percentage data were arcsine-transformed
before statistical analysis. Analysis Of
Variance (ANOVA) was performed for all
investigated parameters using SigmaPlot
10.0 (Systat Software Inc., San Jose, CA,
USA). We followed the statistical
methodology described in Marchin et al.
(2020). Significant differences among the
mean values were compared by Student’s t-
test (P< 0.05). Figures were drawn using
Sigmaplot. Genotypes and treatments were
compared by means of the two-factor
analysis of variance with significance levels
of *P< 0.05, **P< 0.01, and ***P< 0.001.

RESULTS
Stomatal Conductance (gs)

Stomatal conductance was measured for
each variety on the third pair of leaves under

Table 2. Mean values of the stomatal
conductivity by varieties in the control and
drought treatment group.

Variety  Treatment gs (mmol m2s?)
Control 124.13+2.04
Mraz T1 60.86™"+1.10
T2 25.08"7+0.57
Control 143.61+2.57
Junior T1 76.087+0.94
T2 16.08™"+0.87
Control 166.57+6.74
Javor T1 64.70""+1.22
T2 30.66""+0.74
Control 194.00+14.96
Dukat T1 64.06™"+3.94
T2 37.96""+1.31
Control 147.1745.46
Pionir T1 50.04™"+0.74
T2 22.62"7+0.86
Control 131.80+4.98
Partner T1 66.48™+1.26
T2 36.64+1.61
Control 189.33+10.07
Trezor T1 80.64""+1.44
T2 28.54+1.34

*** - P<0.001, ** - P<0.01.
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control  conditions and two drought
treatments (T1 and T2) (Table 2). Notable
differences were observed between T1 and
T2, with all varieties exhibiting significantly
reduced stomatal conductance under severe
drought conditions (T2).

The conductivity of the stoma was the
lowest in cultivar Pionir at the moderate
drought (T1) (50.04 mmol m?2 s?), while
cultivar Trezor had the highest conductivity
(80.64 mmol m?s?). In T2, cultivar Dukat
showed the highest stomatal conductance
(37.96 mmol m2 s?), while Junior had the
lowest (16.08 mmol m2s?).

Regression analysis was conducted in
order to interpret treatment effects correctly.
A sigmoidal fourth-order regression pattern
was made to draw the curve of the
dependence of the stomatal conductance in
relation to the volume of water content in
the substrate (Figure 1). The regression
model explains a significant portion of the
variance in stomatal conductance under T1,
with statistical significance (P< 0.001).

Dukat showed the highest tolerance in this
treatment with faster closing of stomata and
decreased conductance by 66.9% compared
to conductance under optimal conditions.
Similar results were found in the cultivar
Pionir (reduction in conductivity by 63.3%).
Under T1 treatment, the stomas of cultivar
Junior had a significantly  higher
conductivity of stoma than other varieties
(52.9% compared to control), so, they were
more open. However, with a further decline
of water in the substrate and stronger stress
(T2), the stoma of this cultivar closed faster
and the lowest conductance was measured
(11.2% compared to the control). The
slowest decrease in conductance was
observed in Partner.

ABA Accumulation in Leaves of Field
Peas

Measurements of ABA accumulation
(Table 3) were made in plant leaves under
control and in plants exposed to drought
stress (moderate and severe).
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In all cultivars, a statistically significant
increase in ABA content, compared to the
control, was observed at both drought
treatments (Table 3). Compared to control,
under the conditions of moderate and severe
stress, the lowest increase in ABA
concentration was found in cultivar Javor
(moderate 95.62%, severe 147.26%), and the
highest was in cultivar Dukat (moderate
637.2%, severe 917.0%). The lowest
increase in ABA at T2 compared to T1 was
observed in cultivar Mraz (13.08%) and the
highest in Pionir (55.3 %).

Cultivars Dukat exhibited the highest
accumulation of ABA stress hormone under
both drought treatments, with the differences
being statistically significant compared to
other  cultivars.  Conversely,  Javor
consistently showed the lowest ABA content
across both treatments. Furthermore, the
highest increase in ABA concentration was
observed  under  drought conditions
compared to the optimal water regime,
indicating a strong drought-responsive
hormonal adjustment.

The dependence of ABA content in leaves
and water content in the soil is shown in
Figure 2. A statistically significant increase
in the ABA concentration in leaves in
reducing soil water content is evident at both
drought treatments in all varieties (P<
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Table 3. ABA concentrations in plant leaves
(ng g fresh weight) under the influence of
drought treatment.

Variety Treatment ABA (ng gt FW)
Control 187.00 £ 11.23
Mraz T1 486.20™" £ 9.81
T2 549.80™" + 15.23
Control 171.00 +13.72
Junior T1 389.00™" + 26.63
T2 458.40"" + 15.24
Control 146.00 + 8.84
Javor T1 285.60™" + 11.71
T2 361.00" + 10.16
Control 88.00 + 7.44
Dukat T1 648.80" + 19.80
T2 895.00™" + 27.21
Control 164.00 + 7.66
Pionir T1 454.00:: +15.29
T2 705.207" + 46.19
Control 161.00 £ 9.44
Partner T1 456.00:: + 20.04
T2 657.807" + 26.89
Control 146.00 £ 10.78
Trezor T1 356.40"™" + 8.12
T2 506.00" + 24.00
*** . P< 0.001.

0.001). Variety Dukat showed the highest
accumulation of ABA, while accumulation
of ABA was the lowest in Javor (Table 3).
The results of stomata cell conductivity
and changes in the conduction of stomata are

200 1
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Figure 1. Changes in stomatal conductivity (gs) depending on the content of water in the substrate.
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Figure 2. Changes in the concentration of ABA in leaves depending on the water content of the soil.

also shown in correlation with ABA content
in leaves (Figure 3).

The results showed different sensitivity of
the stomata of the tested cultivars to the
changes in ABA concentration. In this case,
the accumulation of ABA in leaves greatly
affected Dukat's stomata and less than
cultivar Javor's.

Dukat showed the highest accumulation
of ABA in leaves, while the lowest
accumulation was measured in Javor. Dukat
also showed the highest sensitivity of
stomata in drought treatments because the

stomatal conductivity decreased, compared
to the conductivity under optimal conditions.
Accordingly, Dukat was the most resistant
cultivar.

Influence of Drought on Expression of
Genes Involved in the Synthesis of ABA

The expression levels of three genes,
namely, PsAO1, PsAO2, and PsAO3 were
analyzed in two field pea genotypes: Dukat,
which  showed the highest ABA
accumulation, and Javor, which showed the
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Figure 3. The ratio of ABA concentration in leaves and conductivity of stoma (Expressed in relation to

the control= 1).
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lowest, relative to the control. Gene
expression was assessed in leaf tissue
collected from plants grown under the
control conditions and those subjected to
severe drought stress. The Arabidopsis
thaliana 18S rRNA gene was used as the
internal reference for normalization.

Changes in the expression levels of the
transcript of three genes for AO in the leaves
of selected pea cultivars are presented in
Figure 4. Compared to the control, the ABA
content increased by 917% under drought
conditions in Dukat and by 147% in the
Javor (Table 3). For both cultivars, the
increased expression of the PsAO2 and
PsAO3 genes was observed under drought,
but it was more expressed in Dukat than in
Javor. The expression of the PSAO1 gene in
both cultivars was similar to the expression
in the control group. It can be assumed that
PsAO1 and PsAQO3 play a greater role than
PsAQO?2 in the synthesis of ABA in leaves of
the selected pea cultivars under drought
stress.

Control T2

18SrRNK .-

PsA01 — —
Dukat

PsAO2 - .-

PsA03 — .

18SrRNK .

PsAO1 - =
Javor

PsA02 . '

PsAO3 — e

Figure 4. Effect of drought on the
expression of the PSAO1, PSAO2 and PsAO3
genes in plant leaves of the selected field pea
varieties.

358

DISCUSSION

Different environmental and internal
signals including drought, salt stress, light,
temperature, CO; concentration, relative
humidity, phyto-hormones, and micro-
organisms affect and regulate the function of
the stomata on the plant leaves (Bawa et al.,
2020; Driesen et al., 2020). The stomatal
response is a crucial aspect of plant defence
against abiotic stress. As one of the first
reactions in response to stress, it emphasizes
the essential role of stomatal regulation in
maintaining water balance and minimizing
water loss, particularly in drought and high-
temperature conditions. Research continues
to deepen our understanding of how ABA
and other regulatory pathways control
stomatal function and help plants survive in
challenging  environmental  conditions.
(Matkowski and Daszkowska-Golec, 2023;
Ferguson, 2019; Kollist et al., 2019).
Stomatal conductance (gs) is a key
physiological parameter that estimates the
rate of gas exchange and transpiration
through the stomata, particularly under
abiotic stress conditions such as drought or
high temperatures. Early stomatal closure in
response to mild drought can be positively
correlated with drought tolerance in pea
genotypes. However, the timing and extent
of stomatal response must be finely tuned—
too early or too severe closure can hurt
productivity (Agurla et al., 2018).

The rate of gas exchange and transpiration
through the leaf stomata is estimated by
stomatal conductance (gs). Generally,
stomatal conductance is higher when
stomata are open wider, and lower when
stomata are closed or narrower. Our study of
the stomatal cell conductance in seven field
pea cultivars under drought stress showed
differences between cultivars, and also
between treatments. All cultivars had
significantly lower stomatal conductance
(P< 0.0001) in conditions of severe drought.
In order to explain the obtained results,
regression analysis was conducted. The
curve of the dependence of the stomatal
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conductance in relation to the volume of
water content in the substrate showed that
the greatest differences in the reactions of
the stoma of the investigated cultivars were
expressed under moderate drought (T1).
However, with further decline of water in
the substrate, the stoma of all cultivars
closed faster. R-squared values ranged from
0.96 to 0.99. This means that 85% of the
variance in stomatal conductance can be
explained by the independent variables in
the model, suggesting a strong relationship
between the predictors and stomatal
conductance. Under drought, the fastest
partial closure of the stomata in the cultivar
Dukat may represent a significant adaptive
response that allows this cultivar to maintain
the highest stomatal conductance compared
with other cultivars under severe drought
conditions (T2). This enables the
assimilation process to be continued, which
results in the highest drought resistance
index of both the aerial part and the roots
(Petrovi¢, 2021). The stomatal response
observed in Dukat is an intriguing aspect of
its drought tolerance strategy. However, to
assess whether this trait is generalizable
across other species, it is important to
consider the genetic and physiological
diversity within legumes. Similar results of
changes in stoma conductivity were
determined by Maksimovi¢ et al. (2010), by
measuring stomatal conductance on the
leaves of pea plants under the influence of
salinity, as well as Sassi et al. (2010), who
investigated the effect of osmotic stress on
bean plants. Many legumes, such as
common beans (Polania et al., 2022) and
chickpeas (Pang et al., 2016), also exhibit
adaptive stomatal responses to drought,
suggesting that this trait may be a common
mechanism for drought resilience in the
family. However, the effectiveness of these
responses can vary based on environmental
conditions and specific genetic backgrounds.
Therefore, while similar patterns may be
observable in other legumes, it is crucial to
conduct comparative studies to understand
the nuances of stomatal behavior and its
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adaptive significance in different cultivars
and species.

Many signals induce stomatal closure,
among these, ABA is the best-known signal
that regulates water status and stomatal
movement. The amount of ABA in the plant
tissue is regulated in several metabolic steps,
both in biosynthesis and inactivation steps
(Brookbank et al., 2021). Under drought
conditions, plants produce and accumulate
increased amounts of ABA in the guard
cells, and this induces stomatal closure to
conserve water (Bharath et al., 2021).
Measurement of ABA concentration in the
leaves of the tested field pea cultivars
exposed to drought in this work also
confirmed these claims. In all cultivars, a
statistically significant increase in ABA
content, compared to the control, was
observed, at both drought treatments. Dukat
showed the highest accumulation of ABA
stress hormone in both treatments compared
to other cultivars, and this difference is
statistically significant. In both treatments,
the lowest content of ABA, compared to
other cultivars, was found in Javor. In
addition, the maximum increase in the
concentration of ABA was determined under
drought compared to the optimal water
regime conditions. There is a clear
relationship between ABA response and
drought tolerance. In pea genotypes, more
efficient ABA perception and signalling are
often key traits in drought-tolerant lines.
Breeding programs increasingly use these
traits as selection criteria for improving
drought resilience.

The results of stomatal conductance
measurements, together with changes in
ABA content in the leaves, revealed
differential sensitivity of stomatal cells
among the tested cultivars in response to
ABA accumulation. In particular, ABA
accumulation had a pronounced effect on
stomatal closure in Dukat, while the stomata
of Javor exhibited lower responsiveness to
changes in ABA levels. Dukat displayed the
highest stomatal sensitivity under drought
stress, as indicated by a significant reduction
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in stomatal conductance compared to well-
watered conditions.

Taken together, these findings suggest that
Dukat  possesses  enhanced  drought
resistance, likely mediated through more
efficient ABA-regulated stomatal control.
This response is clearly influenced by
chemical signalling, particularly through the
accumulation of ABA. In contrast, Javor
exhibited only a minimal increase in ABA
concentration under drought stress, while
still showing a reduction in stomatal
conductance. This suggests that, in Javor,
stomatal regulation may be primarily
governed by hydraulic signals rather than
chemical cues. Hydraulic signalling involves
changes in leaf water status, often resulting
from reduced root water uptake and
decreased turgor pressure in leaf cells
(Goodger et al., 2005). These changes can
inhibit leaf growth and promote stomatal
closure. According to the concept of
chemical drought signalling (Gowing et al.,
1990), the root system acts as a critical
"sensor" of soil conditions—detecting not
only reductions in water availability but also
changes in the soil’s mechanical
composition. Roots perceive environmental
stress and initiate a complex chemical
communication network with the shoot. This
involves ABA, ethylene, cytokinins, sugars,
and ions, each playing roles in: modulating
stomatal behaviour, reprogramming growth
and metabolism and activating systemic
stress responses. The results of Davies and
Zhang (1991) showed that ABA begins to
accumulate at the root in the first stages of
water deficiency. As a result of the changed
pH values of xylem juice and under water
deficit, the synthesized compounds, as
chemical stress signals, are transported by
the xylem to shoots, where they cause the
closure of the stoma and reduce the growth
of leaf cells (Bahrun et al., 2002; Davies et
al., 2005; Schachtman and Goodger, 2008;
Wilkinson and Davies, 2008). ABA-driven
closure is a more direct, specific response,
where the plant actively synthesizes a
hormone (ABA) to signal closure under
stress conditions. Hydraulic signals are more
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of a passive, mechanical response to
physical changes in water status, where the
plant detects internal water loss and reacts
accordingly by closing the stomata. In
summary, while both mechanisms lead to
stomatal closure in response to water stress,
ABA-driven closure involves a hormonal
signalling pathway that triggers biochemical
changes in the guard cells, while hydraulic
signals result from physical changes in the
plant's water status, which lead to stomatal
closure as a protective mechanism against
excessive water loss (Wilkinson and Davies,
2008).

It should also be noted that ABA
biosynthesis is related to carotenoid
biosynthesis. Reduced ABA concentration in
the leaves may therefore be the result of the
metabolic pathway in drought conditions
being oriented in the direction of the
synthesis of carotenoids as antioxidant
agents necessary for metabolism. Other
authors suggest a potential trade-off between
ABA production and antioxidant capacity.
Specifically, during stress conditions (e.g.,
drought or high salinity), an upregulation of
key genes involved in ABA biosynthesis is
noted —NCED3, for example—which
diverts carotenoid precursors like 9-cis-
violaxanthin and 9'-cis-neoxanthin toward
ABA synthesis. Interestingly, this increase
in ABA Dbiosynthesis coincided with a
reduction in xanthophyll cycle activity and
lower expression of VDE (Violaxanthin De-
Epoxidase) and ZEP (zeaxanthin epoxidase),
which are critical for non-photochemical
guenching  (NPQ)—a  major  photo
protective, antioxidant mechanism. These
changes were also accompanied by
measurable decreases in total carotenoid
content and antioxidant enzyme activities
(like SOD and APX), suggesting that, as
more carotenoids are diverted into ABA
synthesis, they are less available for direct
ROS quenching or photo protection. This
supports the hypothesis that, under stress,
plants may prioritize hormonal signalling
(ABA) over maintaining  maximum
antioxidant capacity, possibly as a short-
term adaptation to optimize water-use
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efficiency and  stomatal  regulation
(Cazzonelli, 2011; Ruiz-Sola et al., 2014;
Van Norman et al., 2014; McAdam et al.,
2016, Mercado-Reyes et al., 2024).

The cellular and molecular mechanisms
underlying ABA-induced stomatal closure
have been extensively studied and are now
relatively well understood. Most of the
genes involved in ABA biosynthesis have
now been identified. Water deficit stimulates
changes in the expression profiles of
different gene classes, most of which are
associated with ABA signalling pathways
(Zdunek-Zastocka et al., 2004; Zdunek-
Zastocka, 2008). According to Yao et al.
(2023), understanding the function of
the AAO gene family is of great significance
for insight into plants’ response to abiotic
stresses. Analysis of the expression of
PsAO1, PsAO2, and PsAO3 was performed
in selected field pea genotypes, in which the
highest and lowest ABA accumulation
occurred in the leaves of pea plants exposed
to severe drought treatment, compared to the
control. It can be assumed that the genes
PsAO2 and PsAO3 play a more important
role in the synthesis of ABA in the leaves of
plants that were in an older vegetative phase
of development than PsAO1, while in the
seedlings, the PsAO2 gene had less
importance in the synthesis of ABA,
compared to other genes. This is especially
expressed in Dukat where, under the
influence of severe drought, an 90-fold
increased concentration of ABA was
measured in the leaves of the plants
compared to the control. Accumulation of
ABA in this cultivar also contributes to
faster closing of stomata, which reduces
transpiration, as well as activation of
antioxidant mechanisms (Petrovi¢ et al.,
2023). An increase in ABA concentration
was also measured in Javor, but slightly less
than in Dukat, so, the stomata of this cultivar
closed slower and the activation of
antioxidant mechanisms was reduced.

The results of this study are consistent with
the results of Zdunek-Zastocka (2010) and
Zdunek-Zastocka and Sobczak (2013), who
showed that the most important gene, whose
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expression increases in pea plants exposed
to drought, was PsAQ3. The expression
pattern of PSAO1 parallels that of other
ABA-related genes, such as NCED3 and
ABI5, indicating coordination with major
components of the ABA pathway. This
suggests a potential functional association or
regulatory coordination between PSAO2 and
PsAO3 and core ABA signalling elements
(Barrero, 2006).

CONSLUSIONS

The findings of this study underscore the
link between drought tolerance and specific
physiological and molecular adaptations in
the selected field pea (Pisum sativum)
genotypes. The genotypes exhibited distinct
responses to drought stress, with notable
differences in both physiological and
molecular mechanisms depending on the
severity of drought. Under moderate
drought, stomatal behaviour varied among
genotypes, whereas all genotypes responded
to severe drought with accelerated stomatal
closure, a classical water-conserving defence
mechanism. A clear correlation was
observed between leaf ABA concentration
and stomatal conductance. In Dukat,
stomatal conductance was strongly affected
by a tenfold increase in ABA content,
suggesting a dominant role of ABA-
mediated “chemical signalling” in this
cultivar’s drought response. In contrast,
Javor showed minimal stomatal sensitivity
despite a 2.5 -fold increase in ABA,
indicating a response more reliant on
“hydraulic signals”, likely driven by changes
in leaf water status and turgor pressure. At
the molecular level, all three analyzed genes
(PsAO1, PsAO;, and PsAQs), which are
involved in the biosynthesis of the key
ABA-producing enzyme aldehyde oxidase,
were expressed under drought conditions.
Notably, PsAOs; expression consistently
increased under drought, suggesting it plays
a central role in ABA biosynthesis during
stress and may be a critical component of
the drought response pathway in pea. These
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findings highlight the complexity of drought
adaptation mechanisms in pea and point to
PsAO; as a potential target for future
research and breeding programs. However,
further studies are needed to elucidate the

localization and regulation of ABA
transporters, as well as the detailed
dynamics of ABA biosynthesis and

catabolism under drought conditions.
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