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PREFACE

Agricultural production systems are increasingly challenged by climate change, water
scarcity, environmental pressures, and the growing demand for food and feed. Drought and
other abiotic stresses significantly affect crop growth, productivity, and quality, highlighting the
need for innovative approaches to improve crop resilience and ensure sustainable field crop
production. Addressing these challenges requires an integrated perspective that connects plant
science, crop improvement, sustainable forage production, and postharvest technologies.

The book Innovations in Sustainable Field Crop Systems: Stress Adaptation, Alternative
Forages, and Postharvest Technologies brings together scientific perspectives on these
interconnected topics. It explores plant responses to drought stress, post-drought recovery, and
changes in phenylpropanoid metabolism, providing insights into the physiological and
biochemical mechanisms underlying stress adaptation. Understanding these processes is
essential for improving crop resilience under increasingly variable environmental conditions.

Advances in phenotyping, omics technologies, and genome-assisted breeding offer new
opportunities to identify and improve traits associated with abiotic stress tolerance. These
approaches, particularly in crops such as common bean, can contribute to the development of
cultivars better adapted to environmental challenges. In addition, drought-tolerant alternative
forage plants offer promising opportunities to diversify forage resources, enhance production
stability, and improve the efficient use of limited water resources.

Sustainable crop production also depends on effective postharvest management. Smart
and innovative storage technologies play an important role in preserving the quality of
agricultural products, reducing losses, and improving resource efficiency throughout the
production chain. Together, these approaches demonstrate the importance of integrating
advances in plant physiology, crop breeding, forage production, and storage technologies to
strengthen agricultural sustainability.

This book is intended for researchers, academics, graduate students, and agricultural
professionals working in field crop science and related disciplines. By bringing together
complementary research areas, it aims to encourage interdisciplinary collaboration, stimulate
further scientific inquiry, and contribute to the development of resilient and sustainable
agricultural systems.

We sincerely thank all contributing authors and everyone involved in the preparation of
this book. We hope that this book will serve as a valuable scientific resource and inspire further
advances in sustainable field crop systems.

Assoc. Prof. Dr. Hazim Serkan TENIKECIER
TEKIiRDAG NAMIK KEMAL UNIVERSITY
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CHAPTER 1

DROUGHT STRESS AND POST-DROUGHT
RECOVERY IN PLANTS

UGUR TAN!, HATICE KUBRA GOREN!

Introduction

Drought constrains plant performance by disturbing the
balance between water acquisition, water loss, carbon assimilation,
and growth. Its biological effects depend on how quickly soil dries,
how long water remains limiting, and the developmental stage at
which stress occurs. Plants exposed to the same rainfall deficit can
therefore experience different levels of dehydration. Understanding
drought requires attention to the soil-plant-atmosphere continuum
and to the regulatory processes that preserve viable tissues while
restricting water consumption (Gupta, Rico-Medina, & Cafo-
Delgado, 2020; Tardieu, Simonneau, & Muller, 2018).

The return of water initiates another biologically important
phase. Rehydration may restore turgor rapidly, whereas
photosynthesis, root activity, and biomass accumulation can remain
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impaired. Conversely, some processes are activated specifically after
rewatering. Drought resistance and recovery capacity must
consequently be considered together when evaluating resilience.
This section examines the physiological, biochemical, and molecular
foundations of drought responses and subsequent recovery, with
emphasis on the mechanisms that connect immediate rehydration to
sustained growth and productivity. It also discusses stress memory,
differences among experimental systems, and practical approaches
for measuring recovery (Ruehr, Grote, Mayr, & Arneth, 2019; Wang
& Xu, 2026).

Drought Resistance, Recovery, and Resilience

Drought resistance encompasses several strategies. Escape
allows plants to complete sensitive stages before water becomes
severely limiting. Avoidance preserves tissue hydration through
reduced transpiration, altered leaf development, or access to
additional soil water. Tolerance enables cells and organs to remain
functional at low water potential through protective and metabolic
adjustments. These strategies overlap, and their value changes with
the drought scenario. A conservative genotype may perform well
during prolonged water shortage but sacrifice carbon gain when
short dry periods are followed by substantial rainfall (Gupta, Rico-
Medina, & Cafio-Delgado, 2020; Tardieu, Simonneau, & Muller,
2018).

Recovery describes the restoration of a specified function
after stress relief. Resilience concerns the ability to maintain or
regain performance across disturbance and recovery. Neither can be
represented adequately by survival alone. A surviving plant may
have lost considerable leaf area, reproductive potential, or hydraulic
capacity. Experimental evidence in Arabidopsis shows that
improved survival under severe water limitation does not necessarily
predict superior growth under moderate drought. Consequently,
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breeding objectives and research endpoints must distinguish
survival, physiological recovery, growth recovery, and final
production (Skirycz, et al., 2011).

Recovery also requires a defined reference. Returning to the
prestress photosynthetic rate may be insufficient if continuously
watered plants have increased their rate during development.
Likewise, restoration of current growth does not erase biomass that
was never produced during drought. An age-matched control permits
assessment of the remaining performance gap, whereas the prestress
baseline establishes the size of the disturbance. Reporting both helps
distinguish reversibility from lasting drought legacies (Anderegg, et
al., 2015; Claeys & Inz¢é, 2013).

Water Status, Hydraulics, and Stomatal Regulation

As soil dries, water becomes more difficult to extract, and
hydraulic resistance increases along the transport pathway. The same
volumetric water content can correspond to different soil water
potentials in different substrates. Soil moisture percentages therefore
require substrate-specific interpretation. Tissue water potential,
relative water content, and osmotic potential provide complementary
information: water potential describes the energetic state of water,
relative water content describes hydration relative to a turgid
reference, and osmotic potential reflects the contribution of
dissolved solutes (Verslues, et al., 2006).

The rhizosphere can become a major hydraulic bottleneck
before extensive xylem damage develops. Declining conductivity
near roots steepens local water-potential gradients, particularly
where extraction is rapid. Root shrinkage and changes in the physical
properties of the root—soil interface may further restrict flow.
Stomatal closure limits transpiration and can prevent excessively
negative water potentials close to the root surface. Thus, stomatal
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behavior cannot always be explained by stem xylem vulnerability
alone (Carminati, et al., 2020).

Abscisic acid (ABA) coordinates important drought
responses. In the core signalling pathway, ABA-bound
PYR/PYL/RCAR receptors inhibit clade A protein phosphatases,
allowing SnRK2 kinases to activate downstream targets. Guard-cell
ion transport and stress-responsive transcription contribute to water
conservation. ABA-dependent responses interact with additional
regulatory pathways rather than forming an isolated switch.
AREB/ABF transcription factors and DREB2A illustrate the
integration of ABA-dependent and ABA-independent control of
osmotic-stress responses (Cutler, Rodriguez, Finkelstein, & Abrams,
2010; Yoshida, Mogami, & Yamaguchi-Shinozaki, 2014).

Under severe dehydration, air entry into xylem conduits
reduces hydraulic transport. Hydraulic failure can set a limit on
subsequent recovery, especially in woody plants. However, stomatal
closure, loss of turgor, xylem embolism, and cellular death are
distinct events. Their sequence and thresholds vary among species
and organs. A plant that rehydrates externally may still have
insufficient transport capacity to support its former canopy, making
organ-specific hydraulic assessment essential when severe drought
is investigated (Brodribb & Cochard, 2009; Choat, et al., 2018).

Photosynthesis and Carbon Balance During Drought

Drought reduces photosynthesis through several interacting
limitations. Stomatal closure restricts CO: entry, while reduced
mesophyll conductance decreases movement from intercellular air
spaces to chloroplasts. With increasing stress, limitations associated
with photochemistry, ATP supply, and carbon-fixation metabolism
may become more important. A reduction in net assimilation
therefore does not, by itself, establish damage to Rubisco or
photosystem II. Interpretation requires consideration of CO:
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diffusion and the severity and duration of tissue dehydration
(Chaves, Flexas, & Pinheiro, 2009; Flexas, Bota, Galmés, Medrano,
& Ribas-Carbo, 20006).

In a comparative study of Mediterranean species, stomatal
and mesophyll limitations increased during water stress, while
biochemical limitations became substantial at more severe stress.
Mesophyll conductance was also important during photosynthetic
recovery. This evidence demonstrates why reopened stomata do not
necessarily indicate restored carbon assimilation. Gas exchange
should ideally be combined with fluorescence and, where feasible,
methods that estimate mesophyll conductance. The relative
importance of individual limitations remains dependent on species
and experimental conditions (Galmés, Medrano, & Flexas, 2007).

Reduced assimilation changes whole-plant carbon balance
because respiration and maintenance requirements continue. Soluble
sugars can accumulate in some tissues through starch mobilization,
reduced growth demand, or redistribution even while total carbon
acquisition declines. Their accumulation should therefore not
automatically be interpreted as greater photosynthetic production.
During drought, carbon serves competing requirements, including
maintenance, osmotic adjustment, defense, and storage. Recovery
subsequently depends on both restored assimilation and the
availability and allocation of reserves (Flexas, Bota, Galmés,
Medrano, & Ribas-Carbo, 2006).

Osmotic Adjustment and Redox Protection

Osmotic adjustment involves regulated solute accumulation
that lowers osmotic potential and helps sustain turgor at reduced
water potential. Compatible solutes include proline and selected
carbohydrates, although their contribution varies with species and
tissue. Proline also participates in metabolic and redox regulation.
High proline concentration is consequently an informative response
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marker but not a universal measure of drought tolerance. Its
interpretation improves when concentration is considered alongside
tissue hydration, growth, and the activities of synthesis and
degradation pathways (Szabados & Savouré, 2010; Verslues, et al.,
20006).

Reactive oxygen species (ROS) connect stress perception
with cellular regulation. When production exceeds the capacity for
controlled processing, oxidative modifications can impair
membranes, proteins, and metabolic functions. Yet ROS also
transmit signals involved in acclimation. The objective of redox
regulation is therefore not elimination of all ROS. Instead, plants
coordinate ROS production, compartment-specific scavenging, and
signaling so that protective responses are activated without
uncontrolled oxidative damage (Noctor, Mhamdi, & Foyer 2014).

Ascorbate and glutathione contribute to this coordination
through antioxidant reactions and redox-sensitive regulation.
Ascorbate peroxidase uses ascorbate to reduce hydrogen peroxide;
regeneration pathways link ascorbate, glutathione, and reducing
power. Measuring total antioxidant pools alone does not reveal their
oxidation state. Reduced and oxidized forms, enzyme activities, and
damage indicators provide a more useful assessment of whether
redox balance is maintained. Changes in antioxidant capacity should
be interpreted as part of a dynamic system rather than as an isolated
positive trait (Foyer & Noctor, 2011).

Medicinal and aromatic plants add another dimension
because drought can alter specialized metabolites as well as biomass.
A meta-analysis of 27 studies identified substantial responses in
enzymatic antioxidants, relative water content, and yield. Changes
in essential-oil concentration or phenolic content nevertheless
require separate evaluation from harvestable output. A concentration
increase can coexist with reduced plant mass, and responses

measured during drought cannot establish that product quantity or
--6--



composition will return to the control state after rewatering (Tan &
Goren, 2024).

Rewatering as an Active Physiological Transition

Rewatering restores the external water supply but does not
immediately remove every internal limitation. Rehydration,
reopening of stomata, restoration of hydraulic conductance, repair of
cellular components, and renewed growth occur on different
timescales. Their order is not fixed across plant groups. Recovery
can be rapid after moderate stress that preserves tissue integrity,
whereas severe damage may require replacement of leaves, roots, or
conducting tissues. Distinguishing the first response to water from
sustained functional recovery prevents overestimation of resilience
(Ruehr, Grote, Mayr, & Arneth, 2019).

Recent evidence from soybean and the woody shrub
Caragana korshinskii illustrates this asynchronous behavior. After
moderate water stress, root and stem hydraulic conductance
recovered faster than leaf hydraulic conductance. Stomatal
conductance recovered more slowly than assimilation, maintaining
relatively high intrinsic water-use efficiency. These findings identify
the leaf hydraulic pathway as a possible constraint after root water
supply has improved. They also show that recovery mechanisms
cannot be inferred solely from the behavior of one organ (Li, et al.,
2025).

Persistent xylem embolism provides a contrasting example.
In Scots pine seedlings subjected to severe drought, measurements
combining microtomography and hydraulic methods showed no
recovery of embolized xylem within two days or after four weeks of
rewatering. Plants survived and partly restored gas exchange, but
transport impairment persisted. This result should not be generalized
to all species; it demonstrates that survival and partial assimilation
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recovery can occur without rapid restoration of the original
conducting system (Rehschuh, et al., 2020).

The amount of damage also reflects stress history. In Norway
spruce, cumulative measures combining water deficit with exposure
duration explained recovery more effectively than considering
minimum water potential alone. Short and prolonged drought
treatments produced different levels of embolism and canopy
recovery. A single end-of-stress measurement can therefore conceal
differences in accumulated injury. Where possible, drought
characterization should include the trajectory of water status and
time spent beyond biologically relevant thresholds (Kniiver, et al.,
2025).

Table 1 Functional patterns during post-drought recovery

Observed Likely interpretation Assessment priority
pattern

Hydration Water supply returns while Measure water status and
improves internal limitations persist gas exchange together
before

assimilation

Root transport | Hydraulic recovery differs Evaluate root and leaf
recovers before | among organs conductance separately
leaf transport

Gas exchange
improves while

Partial recovery occurs
despite structural damage

Assess conductance and
surviving canopy

embolism

persists

Metabolites Molecular adjustment Combine metabolic and
normalize continues after pool protein measurements

before proteins

restoration

Growth
resumes but
biomass

Current function recovers
while a production gap
persists

Track growth rates and
accumulated biomass

remains lower
Source: Author synthesis based on (Claeys & Inz¢, 2013; Li, et al., 2025; Lyon, et
al., 2016; Rehschuh, et al., 2020).

Table 1 summarizes functional interpretations of recovery.
The listed patterns are diagnostic possibilities rather than a universal
--8--



sequence. A complete assessment combines water status, gas
exchange, tissue integrity, and growth so that a rapid improvement
in one variable does not obscure persistent limitations elsewhere.

Metabolic Reorganization and Cellular Repair

Recovery requires withdrawal from some drought-induced
protective states and restoration of processes supporting growth.
Solute redistribution, protein renewal, and changes in metabolic
demand can continue after tissue hydration improves. Proteomic and
metabolomic analysis in Medicago truncatula demonstrated distinct
regulatory phases during drought and recovery, including changes in
protein turnover. Metabolite normalization and protein adjustment
did not always proceed together. These findings support treating
recovery as a regulated transition with its own requirements for
cellular resources (Lyon, et al., 2016).

Proline metabolism exemplifies this transition. Drought-
induced accumulation is often followed by increased utilization after
stress relief, although regulation is tissue dependent and more
complex than a simple synthesis-on, degradation-off model. Proline
dehydrogenase and subsequent reactions can connect stored proline
to glutamate metabolism and mitochondrial processes. Research on
low-water-potential stress and recovery showed that ABA and
feedback from proline do not account for all transcriptional
regulation of this pathway. Persistent proline should therefore be
evaluated in relation to turnover and recovery stage (Sharma &
Verslues, 2010; Szabados & Savouré, 2010).

Glutathione metabolism links repair, sulfur-containing
metabolites, and redox control. Because glutathione contains
cysteine, sulfur availability and cysteine metabolism can influence
antioxidant capacity, but a rise in sulfur-related transcripts is not
direct evidence of increased glutathione synthesis. The pool size,
redox state, and metabolic flux must be distinguished. Glutathione
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measurements paired with precursor abundance and relevant enzyme
activities can clarify whether recovery involves antioxidant
replenishment, altered redox signaling, or both (Noctor, et al., 2012).

Cellular recovery also depends on the relationship between
existing tissue and newly produced tissue. Replacement of damaged
components can restore function without returning the entire
molecular profile to its prestress state. Conversely, normal
metabolite concentrations may coexist with continued repair costs.
These observations motivate parallel measurements of protein
abundance, turnover, enzyme activity, and growth rather than
assigning recovery from one molecular endpoint (Lyon, et al., 2016;
Noctor, et al., 2012).

Gene Regulation and Recovery-Specific Cell States

Rehydration does not merely reverse all dehydration-induced
transcription. Early microarray analysis in Arabidopsis identified
genes induced during rehydration despite little change during
dehydration. This distinction established that the return of water can
activate specific expression programs. Recovery-associated
transcription may accompany renewed metabolism, transport,
cellular organization, and regulatory resetting, while some stress-
associated expression persists. Such categories need comparison
with time-matched controls because normal developmental and
diurnal changes also affect transcript abundance (Oono, et al., 2003).

A 2025 study extended this concept using a fine-scale RNA-
sequencing time series, single-nucleus transcriptomics, and spatial
validation. Sampling began 15 minutes after rehydration. The study
identified rapid recovery-specific expression and recovery-
associated cell states in Arabidopsis leaves. It also demonstrated
drought recovery-induced immunity, with enhanced pathogen
resistance in Arabidopsis and wild and domesticated tomato. This
establishes that early recovery can include defense activation

--10--



alongside restoration of water balance. The proposed ecological
benefit during microbial proliferation after rewetting remains a
broader interpretation requiring validation under natural conditions
(IMlouz-Eliaz, et al., 2025).

These results change the interpretation of bulk
transcriptomes. An apparent whole-leaf increase may arise from a
strong response in a subset of cells, whereas opposing responses can
be obscured by averaging. Recovery should therefore be examined
at the appropriate spatial resolution. Bulk RNA sequencing remains
useful for temporal comparisons, but selected cell populations or
spatial methods can clarify which tissues initiate a response and
which support the eventual return of organ function (Illouz-Eliaz, et
al., 2025; Oono, et al., 2003).

Transcript abundance must also be separated from metabolic
activity. RNA synthesis, turnover, protein translation, and
degradation operate on different timescales. The disappearance of a
drought-induced transcript does not establish immediate removal of
its protein product, and restored expression of a biosynthetic
pathway does not prove restored flux. Integrating expression with
enzyme activities, metabolites, and physiological measurements
offers a stronger explanation of recovery than assigning mechanisms
from expression changes alone (Crisp, Ganguly, Eichten, Borevitz,
& Pogson, 2016).

Stress Memory and Repeated Drought Episodes

Stress memory describes an effect of previous exposure on a
later response after an intervening period. During repeated
dehydration, Arabidopsis can show enhanced transcription of a
subset of previously induced genes. These responses demonstrate
that gene regulation during a subsequent episode can depend on
stress history. However, memory is not necessarily expressed by
every responsive gene, and faster or stronger transcription does not

-11--



automatically confer improved biomass or reproductive performance
(Ding, Fromm, & Avramova, 2012).

Chromatin modifications can contribute to persistent or
altered responsiveness. Histone modifications, DNA methylation,
and chromatin organization provide plausible mechanisms, but an
associated epigenetic mark does not by itself establish a causal
memory. Physiological carryover, residual hormones, proteins, or
metabolites may also influence a later response. Demonstrating
epigenetic memory requires evidence linking a persistent molecular
state to altered behavior, with appropriate attention to cell division,
resetting, and the timescale over which the effect persists (Limke &
Béurle, 2017).

In maize exposed to prolonged mild drought before the
flowering transition, combined transcriptome and histone-
modification analysis identified transcriptional memory, epigenetic
memory candidates, and delayed responses during recovery. Stress
also affected floral patterning. This crop-based evidence connects
drought history with developmental regulation and highlights why
recovery experiments should include developmental outcomes.
Nevertheless, identifying memory candidates does not establish that
every persistent chromatin change improves resistance during
another drought (Forestan, et al., 2020).

Resetting is equally important. Maintaining protective
expression indefinitely can impose costs when water becomes
plentiful. RNA turnover and molecular resetting allow plants to
relinquish responses that are no longer advantageous. The useful
balance between memory and resetting depends on the probability,
timing, and severity of another stress episode. An experiment testing
memory should therefore include previously stressed and previously
unstressed plants exposed to the same second challenge, together
with recovered and continuously watered groups (Crisp, Ganguly,

Eichten, Borevitz, & Pogson, 2016; Lamke & Baurle, 2017).
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Repeated drought also creates a methodological difficulty:
smaller plants may deplete water more slowly during the next cycle.
Better hydration can then reflect reduced demand rather than altered
cellular tolerance. Comparisons should document soil and tissue
water status through every cycle and consider plant size. Equivalent
numbers of days without watering are not necessarily equivalent
stress treatments. A credible memory interpretation separates
differences in stress exposure from differences in the response to
comparable exposure (Ding, Fromm, & Avramova, 2012).

Growth, Development, and Product Quality After Drought

Leaf growth is highly sensitive to limited water. Drought can
restrict cell division, cell expansion, or their duration, leaving
smaller organs even after hydration is restored. The ability to resume
elongation depends on whether the relevant growth zone remains
active. Previously inhibited tissues and newly initiated leaves can
therefore show different recovery trajectories. Measuring whole-
plant height or final biomass alone may obscure these developmental
mechanisms; repeated organ measurements provide information on
the timing and source of renewed growth (Claeys & Inz¢, 2013).

Genotype-specific recovery is illustrated by comparisons of
Mexican maize landraces. Physiological measurements and
expression profiling during drought and recovery irrigation revealed
distinct responses among tolerant and susceptible genotypes,
including changes associated with photosynthesis and carbohydrate
and proline metabolism. Such studies demonstrate the value of
pairing functional measurements with molecular data. They also
caution against selecting one biochemical marker as a universal
explanation of recovery across genetically different plants (Hayano-
Kanashiro, Calderon-Vazquez, Ibarra-Laclette, Herrera-Estrella, &
Simpson, 2009).

13-



Developmental timing determines the opportunity for
compensation. Early growth inhibition may be partly offset when
water returns, and sufficient time remains for new organs to develop.
Damage occurring close to flowering or during reproductive
development can have different consequences because some
developmental opportunities cannot simply be repeated. Crop
improvement must therefore evaluate recovery in the drought
scenarios relevant to the production environment. Strong recovery in
a vegetative seedling assay is insufficient evidence for improved
field yield (Forestan, et al., 2020; Tardieu, Simonneau, & Muller,
2018).

For medicinal and aromatic crops, recovery has both
quantitative and compositional endpoints. Harvestable biomass,
essential-oil yield, oil composition, phenolic concentration, and
antioxidant traits should be assessed separately. Product
concentration can change through synthesis, degradation, altered
tissue composition, or dilution during regrowth. Recovery of
biomass does not establish recovery of chemical quality, and
maintained metabolite concentration does not establish maintained
yield per plant. An appropriate experiment follows these traits
through stress relief to the intended harvest stage (Tan & Goren,
2024).

Root, Soil, and Microbial Contributions

Restored bulk soil moisture does not guarantee immediate
restoration of the root—soil hydraulic interface. After drying, water
distribution can remain heterogeneous, and the rhizosphere may
rewet differently from the surrounding substrate. Root condition and
local conductivity consequently affect how quickly irrigation
becomes available to the plant. This perspective explains why
experiments should characterize the rewatering event rather than
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assuming that adding a fixed volume produces equivalent water
availability in every pot (Carminati, et al., 2020).

Drought also reorganizes soil microbial communities.
Experimental evidence showed that bacterial co-occurrence
networks were less stable under drought than fungal networks, with
potential consequences for later plant—soil interactions. Network
patterns do not establish the function of every microbial group, but
they demonstrate that the belowground environment carries its own
disturbance history. Plant recovery can therefore occur in a soil
community that differs from the one present before stress (de Vries,
et al., 2018).

Rewetting creates a context in which resource acquisition and
defense may change together. Recovery-induced immunity in leaves
provides direct evidence of an active protective response, while soil
microbial changes suggest additional belowground interactions. A
useful research direction is to connect these processes
experimentally: for example, by testing recovery in defined
microbial communities while monitoring plant hydration, nutrient
status, and pathogen susceptibility. Such work could establish
whether microbial history promotes or constrains recovery rather
than assuming that inoculation benefits persist automatically after
drought (de Vries, et al., 2018; Illouz-Eliaz, et al., 2025).

Designing Experiments That Measure Recovery

Recovery experiments require a clearly defined stress and a
clearly defined release. Report substrate characteristics, rooting
volume, plant age, environmental conditions, watering procedures,
and the progression of soil and plant water status. Drying rate should
be monitored because it determines acclimation opportunities.
Rewatering should restore an explicit moisture target while
permitting drainage; otherwise, drought relief may be confounded
with excessive water and poor aeration. These design choices
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establish what biological treatment is actually being compared
(Carminati & Javaux, 2020).

Sampling should resolve the processes under investigation.
Measurements immediately before rewatering define the stress
endpoint. Early sampling during the first minutes or hours can
capture rapid signaling and rehydration, whereas measurements over
subsequent days follow gas exchange and metabolic adjustment.
Longer follow-up is necessary for tissue replacement and growth. A
practical schedule might include the stress endpoint, one early time
point, 24 and 48 hours, and later growth observations; this is a
planning framework, not a universal biological timetable (Illouz-
Eliaz, et al., 2025; Rehschuh, et al., 2020).

Controls should be sampled at the same clock time and
developmental context. Repeated measurements can follow non-
destructive traits on the same plant, while destructive assays require
independently allocated biological samples. A pot containing several
plants is not automatically several independent replicates. In
repeated-cycle experiments, treatment history and recovery duration
must be retained in the design. Monitoring accumulated stress
exposure is especially useful when treatments differ in drying
duration but reach similar endpoint water potentials (Hayano-
Kanashiro, Calderén-Vazquez, Ibarra-Laclette, Herrera-Estrella, &
Simpson, 2009; Kniiver, et al., 2025).

Table 2 outlines complementary measurements. Water status
establishes whether stress relief has occurred; gas exchange tests
current carbon uptake; fluorescence and damage assays evaluate
selected aspects of tissue function; molecular measurements
investigate regulation; and growth or yield determines performance.
The most informative combination depends on the proposed limiting
mechanism, rather than on collecting the largest possible number of
assays.
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Table 2 Complementary measurements for evaluating drought

recovery

Process

Useful measurements

Interpretive value

Water balance

Soil moisture; leaf water
potential; relative water
content

Confirms exposure and
rehydration

redox balance

peroxidation; antioxidant
activities; reduced and
oxidized pools

Carbon uptake | Net assimilation; stomatal Separates recovery of
conductance; mesophyll uptake and diffusion
conductance when feasible

Photochemical | Dark-adapted Fv/Fm; Assesses selected

function operating PSII yield; non- photosystem responses
photochemical quenching

Damage and Electrolyte leakage; lipid Distinguishes damage from

protective responses

Growth and Leaf elongation; leaf area; Links functional recovery to
output root growth; dry mass; production

harvest yield
Molecular RNA profiles; protein Tests coordinated regulatory
regulation abundance; enzyme activity; | and metabolic change

metabolite levels

Source: Author synthesis based on (Chaves, Flexas, & Pinheiro, 2009; Foyer &
Noctor, 2011; Lyon, et al., 2016; Noctor, Mhamdi, & Foyer, 2014; Verslues, et al.,
2006).

Recovery can be expressed as the value in previously stressed
plants divided by that in time-matched watered controls, with the
ratio multiplied by 100 when a percentage is useful. This
normalization suits traits such as assimilation or growth that
generally decrease under drought. For damage markers that increase,
a decline toward the control is the relevant direction. Recovery rate,
time to a predefined performance range, and the integrated deficit
across recovery describe different properties and should not be
treated as interchangeable. These are analytical choices that require
explicit definitions.

Statistical analysis should match the sampling structure.
Models for repeatedly measured plants should account for within-
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plant dependence, and destructive time courses should reflect
independent sampling. Treatment-by-time contrasts can identify
differing recovery trajectories. Failure to detect a significant
difference from the control does not prove equivalence; a
prespecified equivalence margin and adequate precision provide a
stronger basis for claiming restoration. Report effect sizes and
uncertainty together with endpoint ratios. Molecular enrichment is
best interpreted alongside physiology and followed by targeted
validation when a causal pathway is proposed.

Implications for Breeding and Crop Management

Recovery traits can complement conventional drought
screening. Useful targets include retention of viable growth zones,
coordinated restoration of water transport and assimilation, and the
ability to resume growth without excessive residual protection costs.
Selection should measure performance during stress, after
rewatering, and under favorable conditions. A genotype that survives
severe drought through strong growth restriction may have limited
value where moderate drought and short recovery intervals
dominate. The intended environment determines which balance of

protection and renewed production is advantageous (Skirycz, et al.,
2011).

Management should likewise consider the transition after
drought. Irrigation scheduling can be informed by plant function as
well as soil moisture, particularly when hydraulic recovery is
delayed. Fertilizer or biostimulant interventions should be evaluated
against untreated recovery controls and judged by sustained growth
or product output, not only short-term antioxidant changes. Evidence
from organ-specific recovery and protein-turnover studies suggests
that resource supply and physiological coordination deserve
attention, but it does not justify a universal recovery treatment (Li,
et al., 2025; Lyon, et al., 2016).
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Future research should connect the scales at which recovery
is measured. Cell-specific regulation needs linkage to organ
function; organ recovery needs linkage to canopy performance; and
improved short-term physiology needs linkage to harvest outcomes.
Experiments combining realistic drought trajectories, repeated
episodes, and environmental interactions can identify which
recovery traits remain useful outside controlled settings. Recovery
capacity should be treated as a measurable component of resilience
with costs, limits, and scenario-dependent benefits (Wang & Xu,
2026).

Conclusions

Plant recovery from drought is an active and uneven process.
Water resupply can restore hydration before carbon assimilation,
hydraulic transport, or growth has returned to the expected trajectory.
The outcome depends on accumulated injury, surviving tissues,
metabolic resources, gene regulation, and the conditions
encountered after rewatering. Recovery-specific transcription,
immune activation, and stress memory expand the biological picture
beyond simple reversal of dehydration responses. Evaluating
drought resilience therefore requires measurements across both
stress and recovery, with time-matched controls and clear separation
of survival, functional restoration, and production. Integrating these
endpoints will improve the interpretation of drought experiments and
the identification of traits that sustain plant performance under
intermittent water limitation.
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CHAPTER 2

EFFECTS OF DROUGHT ON
PHENYLPROPANOID METABOLISM IN PLANTS

UGUR TAN!

Introduction

Drought changes plant metabolism through the combined
effects of declining water availability, restricted carbon assimilation,
altered growth, and stress signalling. These changes extend beyond
osmolytes and antioxidant enzymes to phenylpropanoids, a
chemically diverse group that connects primary metabolism with
pigmentation, cell wall formation, environmental interactions, and
protection against stress. Understanding this connection is
particularly relevant to crops and medicinal plants, where successful
acclimation must be evaluated together with biomass production and
product quality. Phenylpropanoid responses are therefore part of the
physiological adjustment to water deficit rather than an isolated
increase in secondary metabolites (Chaves, Maroco, & Pereira,
2003; Dixon & Paiva, 1995).

The term phenylpropanoid metabolism encompasses
interconnected pathways producing hydroxycinnamic acids,
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flavonoids, monolignols, and numerous species-specific derivatives.
Although these products share biosynthetic precursors, drought can
redirect their production in different directions. Greater
accumulation of one flavonoid does not necessarily imply greater
lignification, and an increase in total phenolics does not reveal which
pathway branch changed. The identity, location, and timing of
individual compounds determine whether a response contributes to
antioxidant protection, hydraulic function, growth regulation, or
defense against other environmental challenges (Vogt, 2010;
Yonekura-Sakakibara, Higashi, & Nakabayashi, 2019).

This  chapter examines how  drought modifies
phenylpropanoid biosynthesis and how those modifications
influence plant function. It first outlines the metabolic network and
the physiological conditions that alter its operation, then evaluates
soluble phenolics, flavonoids, lignin, and regulatory mechanisms
using experimental examples. Particular attention is given to the
distinction between metabolite accumulation and demonstrated
drought tolerance. The central argument is that drought reorganizes
phenylpropanoid metabolism selectively: beneficial outcomes
depend on branch-specific regulation, tissue context, stress severity,
and the costs of maintaining protective compounds. The chapter also
considers measurement strategies, agricultural applications, and
research priorities that can connect molecular findings with plant
performance.

Organization of the phenylpropanoid network

The carbon skeletons supporting phenylpropanoid
biosynthesis originate in primary metabolism. The shikimate
pathway links phosphoenolpyruvate and erythrose 4-phosphate to
chorismate, from which aromatic amino acids are produced.
Phenylalanine supplies both protein synthesis and a wide range of
specialized metabolites. Consequently, the capacity to produce
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phenylpropanoids depends on precursor supply as well as
downstream enzyme activity. Drought-related changes in sugars,
amino acid demand, and growth can therefore influence the pathway
before the first committed phenylpropanoid reaction occurs. This
connection makes phenylalanine availability an important
component of metabolic regulation, although its concentration alone
cannot establish the rate of downstream synthesis (Maeda &
Dudareva, 2012; Tohge, Watanabe, Hoefgen, & Fernie, 2013).

In the canonical entry sequence, phenylalanine ammonia-
lyase (PAL) converts phenylalanine to trans-cinnamate, releasing
ammonia. Cinnamate 4-hydroxylase (C4H) produces p-coumarate,
and 4-coumarate CoA ligase (4CL) generates p-coumaroyl-CoA.
This activated intermediate provides a major connection between the
general pathway and downstream branches. PAL activity is
frequently measured as an indicator of pathway engagement, but
PAL is neither the only regulatory point nor a complete measure of
flux. Enzyme families, substrate preferences, and cellular
organization create multiple opportunities for selective regulation
after the entry steps (Ferrer, Austin, Stewart, & Noel, 2008; Fraser
& Chapple, 2011).

Flavonoid synthesis begins when chalcone synthase (CHS)
combines p-coumaroyl-CoA with three malonyl-CoA units.
Chalcone isomerase (CHI) then supports flavanone formation, after
which branch enzymes produce flavones, flavonols, anthocyanins,
and proanthocyanidins. Hydroxylation, methylation, glycosylation,
and acylation generate further chemical diversity. These
modifications influence solubility, stability, transport, and biological
activity. Thus, a drought-induced shift from one conjugate to another
can be functionally important even when the total flavonoid pool
changes little. The metabolic network should be viewed as a set of
competing and coordinated routes, not a single linear sequence with
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one final product (Ferrer, Austin, Stewart, & Noel, 2008; Yonekura-
Sakakibara, Higashi, & Nakabayashi, 2019).

The monolignol branch uses hydroxylation, methylation, and
reduction reactions to produce p-coumaryl, coniferyl, and sinapyl
alcohols. Their oxidative incorporation into cell walls generates the
principal H, G, and S lignin units, respectively. These reactions
involve enzymes such as cinnamoyl-CoA reductase (CCR),
cinnamyl alcohol dehydrogenase (CAD), laccases, and peroxidases.
Lignin differs fundamentally from soluble flavonoids because it
becomes part of a structural polymer. Drought responses therefore
involve both flexible changes in soluble metabolites and more
persistent modifications to cell wall architecture. Table 1
summarizes the principal metabolic branches relevant to water
deficit (Boerjan, Ralph, & Baucher, 2003; Vanholme, Demedsts,
Morreel, Ralph, & Boerjan, 2010).

Table 1 Major phenylpropanoid branches relevant to drought
responses

Branch

Representative
products

Functional context

Phenolic acids

Caffeic and ferulic
acids; chlorogenic
acids

Soluble or wall-associated pools;
responses depend on conjugation
and location.

Flavonols and
flavones

Quercetin,
kaempferol, luteolin
and their conjugates

Chemical protection, screening
and local signaling; individual
compounds differ.

Anthocyanins and
related products

Anthocyanin
glycosides;
condensed tannins

Pigmentation and potential
oxidative protection; effects
require physiological testing.

Monolignols and
lignin

p-Coumaryl,
coniferyl and
sinapyl alcohols

Cell wall polymer formation;
consequences depend on vascular
anatomy.

Rosmarinic acid
branch

Rosmarinic acid
and related
medicinal phenolics

Integration of phenylalanine and
tyrosine precursor routes in
relevant species.
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Source: Author synthesis based on (Boerjan, Ralph, & Baucher, 2003; Petersen &
Simmonds, 2003; Vogt, 2010; Yonekura-Sakakibara, Higashi, & Nakabayashi,
2019).

Physiological drivers of metabolic reprogramming

As soil water availability declines, stomatal closure restricts
carbon dioxide entry into leaves. With greater stress, mesophyll
limitations and biochemical constraints can also reduce
photosynthesis. Light absorption may consequently exceed the
capacity to use energy in carbon assimilation, increasing pressure on
photochemical and redox systems. Phenylpropanoid metabolism
operates within this altered physiological environment. It can
contribute to protection, but its activity also depends on the carbon
and energy supplied by the same processes that drought disrupts.
This dual dependence helps explain why mild and severe water
deficits need not produce the same metabolic outcome (Chaves,
Flexas, & Pinheiro, 2009).

One proposed explanation for enhanced secondary
metabolite accumulation is that reduced carbon fixation creates a
relative excess of reducing power, encouraging its use in alternative
biosynthetic processes. Selmar and Kleinwéchter developed this
interpretation for stress-associated natural product accumulation. It
provides a useful metabolic framework, but it should not be treated
as an automatic prediction that every phenolic compound will
increase. Sustained synthesis still requires accessible carbon
skeletons, functioning enzymes, appropriate compartmentation, and
product storage. Under prolonged damage, substrate limitation and
declining cellular function may outweigh the initial stimulus to
specialized metabolism (Selmar & Kleinwéchter, 2013).

Water deficit also modifies the balance between production
and growth. If leaf expansion slows more strongly than metabolite
formation, the concentration of a compound can increase without a

corresponding increase in its total amount per plant. Tissue
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dehydration creates a further complication when results are
expressed per unit fresh mass. Therefore, physiological restriction,
altered carbon allocation, active biosynthetic induction, and
concentration effects can coexist. Their relative importance must be
resolved experimentally. Explanations based on increased synthesis
should be supported by measurements that distinguish concentration
from total accumulation and, where possible, metabolic flux
(Kleinwéchter & Selmar, 2015; Tan & Goren, 2024).

Changes in soluble phenolic acids

Hydroxycinnamic acids and their conjugates represent
important soluble outputs of phenylpropanoid metabolism. Cafteic,
ferulic, and related acids may occur in free, esterified, or other
conjugated  forms, while chlorogenic acids combine
hydroxycinnamate and quinic acid moieties. These compounds
should not be interpreted as a uniform pool. Their chemical
structures, accessibility, and cellular locations differ, and drought
may alter conjugation or redistribution without increasing all
component metabolites. An analysis limited to total phenolics can
conceal these distinctions and can miss a shift from soluble
compounds toward cell wall-associated products (Fraser & Chapple,
2011; Vogt, 2010).

Common bean provides a clear example of selective
adjustment. Pefia Barrena and colleagues compared two white bean
recombinant inbred lines under severe drought and well-watered
conditions. Drought altered particular leaf hydroxycinnamate
conjugates, with some responses being transient and others
sustained. Root phaseollin and phaseollinisoflavan increased, and
coumestrol showed a sustained accumulation in one line. Most leaf
flavonol glycosides did not change. These results demonstrate that
even substantial growth restriction can be accompanied by fine
adjustments in particular metabolites rather than broad activation of
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every phenylpropanoid branch (Pefia Barrena, Mats, Earl, & Bozzo,
2024).

The functional interpretation follows from this specificity. A
transient increase may reflect an early response that cannot be
inferred from a final harvest, while sustained accumulation may
indicate continuing production, reduced turnover, or altered storage.
Distinct root and leaf responses also show why a single organ cannot
represent the whole plant. As an analytical strategy, following a
small set of chemically identified metabolites across several
sampling times can be more informative than measuring only an
endpoint total. Comparisons should ask which compounds changed,
where they changed, and whether those changes preceded or
followed physiological deterioration.

Flavonoids and oxidative protection

Many flavonoids can participate in antioxidant reactions
because their structures support electron or hydrogen donation and
stabilization of the resulting radical. Hydroxylation patterns are
particularly important: compounds with similar names or belonging
to the same class may differ substantially in reactivity. Biological
relevance also requires suitable localization and concentrations.
Epidermal screening, vacuolar accumulation, and antioxidant
activity near vulnerable cellular structures represent different
protective possibilities. Accordingly, extract-based antioxidant
capacity and protection inside living tissues should be evaluated as
related but distinct observations (Agati, Azzarello, Pollastri, &
Tattini, 2012; Hernandez, Alegre, Van Breusegem, & Munné-Bosch,
2009).

Direct genetic evidence is available from Arabidopsis.
Nakabayashi and colleagues combined metabolite and transcript
analyses with MYB12 and PAP1 overexpression lines, a flavonoid-
deficient tt4 mutant, and crosses that removed flavonoid synthesis
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from the overexpression backgrounds. Their findings linked
flavonoid overaccumulation, especially anthocyanin-associated
antioxidant activity, with improved resistance to oxidative and
drought stress. The importance of this design is that it helped
distinguish the effects of accumulated flavonoids from the other
consequences of manipulating transcription factors. It provides
stronger evidence of metabolic contribution than a simple correlation
between total flavonoids and survival (Nakabayashi, et al., 2014).

However, reactive oxygen species (ROS) are also required
for signalling and normal cellular function. An effective stress
response regulates their amount and distribution rather than
eliminating them indiscriminately. Phenolic antioxidants must
therefore be considered alongside ascorbate, glutathione, antioxidant
enzymes, and photoprotective mechanisms. An increase in phenolics
accompanied by high lipid peroxidation can indicate that defense is
induced but remains insufficient. The same chemical measurement
can consequently represent successful acclimation in one genotype
and an unsuccessful response to injury in another (Herndndez,
Alegre, Van Breusegem, & Munné-Bosch, 2009; Mittler, 2017).

Guard cell signaling and the water—carbon balance

Flavonoids can influence drought responses through
signaling as well as chemical protection. In Arabidopsis guard cells,
ethylene-induced flavonol accumulation was associated with lower
ROS and altered stomatal behavior. This finding established that
local flavonol pools can influence the signaling environment
controlling stomatal aperture. It also shows why measurements of
whole-leaf flavonoids may not explain guard cell responses: a small,
localized pool can have a physiological role that is obscured by the
much larger pools elsewhere in the leaf (Watkins, Hechler, & Muday,
2014).
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Experiments with tomato mutants further showed that
flavonols modulate the ABA-induced ROS burst and stomatal
closure. Higher flavonol abundance dampened ROS-dependent
closure, whereas reduced flavonols enhanced the response. These
results challenge the assumption that increasing antioxidant
metabolites always strengthens water conservation. A metabolite
that reduces oxidative stress can also modify a signal needed for
stomatal closure. Its net effect therefore depends on whether
maintaining carbon assimilation or restricting water loss is more
important under the prevailing conditions (Watkins, Chapman, &
Muday, 2017).

For drought research, this relationship suggests that
flavonoid profiles should be interpreted together with stomatal
conductance, assimilation, and plant water status. A genotype
maintaining relatively open stomata may perform well during
moderate stress if water access remains sufficient, yet the same
behavior could accelerate dehydration during severe stress. This is a
physiological interpretation of the guard cell evidence, not a
universal outcome demonstrated for all flavonoid-rich plants. It
illustrates why tolerance must be assessed under a defined water
regime and why favorable biochemical traits should be linked to
whole-plant performance.

Lignin and hydraulic adjustment

Lignin contributes to the mechanical and hydraulic properties
of vascular tissues, but its effect depends on the cells in which it is
deposited and the structure of the surrounding wall. The amount and
composition of lignin are therefore more informative when
combined with anatomical observations. An increase in bulk lignin
cannot, on its own, establish improved hydraulic conductivity or
resistance to embolism. Conversely, a decline does not automatically
imply hydraulic failure. Structural function emerges from the



organization of xylem vessels and supporting tissues, together with
the chemical properties of their walls (Boerjan, Ralph, & Baucher,
2003; Vanholme, Demedts, Morreel, Ralph, & Boerjan, 2010).

In apple, Geng and colleagues demonstrated that MdAMYB88
and MdMYB124 participate in drought tolerance through root vessel
and cell wall regulation. Overexpression and RNA interference lines
differed in root hydraulic properties, vessel development, and
cellulose and lignin accumulation. The regulators directly targeted
MdVND6 and MdMYB46, connecting transcriptional control with
vascular development. These results concern a coordinated
developmental program. They support a role for phenylpropanoid-
associated wall adjustment in drought responses but do not isolate
lignin quantity as the sole cause of improved water transport (Geng,
et al., 2018).

Structural investment can also impose costs. Reinforcing
tissues may protect hydraulic function while limiting their capacity
for expansion, and carbon committed to lignified walls is not
immediately available for other uses. Whether this tradeoff is
favorable depends on tissue age, organ function, and stress duration.
A useful working hypothesis is that localized changes in vascular
tissues may produce different outcomes from generalized
lignification across growing organs. Testing this hypothesis requires
separating anatomical regions rather than treating the plant as a
single homogeneous lignin pool.

Transcriptional regulation and hormone interactions

Transcription factors can coordinate precursor formation and
several downstream branches simultaneously. In apple, MdAMYB88
and MdMYBI124 also regulate phenylalanine supply through the
chorismate mutase gene MdCM2. Promoter binding experiments,
metabolite profiling, and transgenic comparisons linked this
regulation with altered phenylpropanoid accumulation and oxidative
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injury under drought. This mechanism extends control upstream of
PAL and demonstrates that precursor biosynthesis is an integral part
of the drought-responsive network. It also explains why selecting
only the most familiar pathway genes may overlook important
regulatory steps (Geng, et al., 2020).

A contrasting example comes from wheat TaMyblD
expressed in tobacco. Its overexpression repressed phenylpropanoid-
related genes and reduced stem lignin and leaf flavonoids, yet
improved drought and oxidative stress tolerance together with other
protective responses. This finding does not invalidate the benefits
observed for flavonoid accumulation in Arabidopsis. Instead, it
shows that the outcome of transcription factor manipulation depends
on the complete set of targets and physiological changes. Increased
tolerance may arise through another protective route even when
selected phenylpropanoid pools decline (Wei, et al., 2017).

Brassinosteroid signaling offers another example of branch-
specific regulation. Fontanet-Manzaneque and colleagues identified
sorghum SbBRI1 mutants with enhanced drought resilience and
investigated downstream SbBESI regulation using DNA-affinity
purification sequencing, transcriptomics, and metabolomics. The
mutants showed changes in lignin-associated genes and precursors
together with selective flavonoid alterations. The authors proposed
that regulation of these branches contributed to photosynthetic
protection. This supports a model of metabolic redistribution, while
the proposed contribution of metabolites should be distinguished
from the experimentally established receptor and transcriptional
phenotypes (Fontanet-Manzaneque, et al., 2024).

These examples suggest a practical principle for genetic
improvement: the target should be coordinated metabolic
performance rather than maximum expression of a single-entry
enzyme. Promoter specificity, induction timing, precursor

availability, and interactions with growth signaling may all change
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the outcome. A drought-responsive regulator that performs well in
one organ or species should be tested in the intended crop and
developmental stage. Broad regulatory manipulations are especially
useful for identifying mechanisms, but their agricultural value
requires assessment of the accompanying effects on growth and
reproductive performance.

Medicinal plants and rosmarinic acid metabolism

Rosmarinic acid is particularly relevant to medicinal and
aromatic plants because its biosynthesis combines phenylalanine-
derived and tyrosine-derived components. The phenylalanine branch
supplies a hydroxycinnamoyl donor, while the tyrosine branch
produces a hydroxyphenyllactic acid derivative. Rosmarinic acid
synthase and subsequent hydroxylation steps support formation of
the final ester. Thus, measuring PAL alone is insufficient to explain
rosmarinic acid accumulation. Coordination between the two
precursor routes and the downstream enzymes must also be
considered. This biochemical architecture offers a useful example of
how phenylpropanoid products depend on integration with other
metabolic pathways (Petersen & Simmonds, 2003).

Studies in sage and savory demonstrate the value of
compound-specific analysis. Bettaieb and colleagues investigated
water deficit effects on individual and total polyphenols and
antioxidant activity in Salvia officinalis. Shariat and colleagues
examined metabolites and molecular responses during water
withdrawal in Satureja rechingeri, including changes in rosmarinic
acid. These studies provide evidence that water deficit can modify
valuable phenolics in Lamiaceae, but the response of a particular
species, sampling time, or metabolite should not be extended
automatically to another. Similar taxonomic backgrounds do not
ensure identical regulation or stress thresholds (Bettaieb, Hamrouni-
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Sellami, Bourgou, Limam, & Marzouk, 2011; Shariat, Karimzadeh,
Assareh, & Hadian, 2018).

Recent genetic work in Salvia miltiorrhiza provides a more
direct regulatory connection. Lv and colleagues showed that
SmDof32 overexpression increased salvianolic acid accumulation
and drought tolerance, while RNA interference produced the
opposite pattern. Their analyses identified SmLOX8 and SmRASI1
as direct targets, linking jasmonic acid biosynthesis with the
production of these medicinal phenolics. Manipulation of SmLOXS
and inhibition of jasmonate biosynthesis strengthened the proposed
regulatory mechanism. The study demonstrates how hormone
metabolism and specialized biosynthesis can be coordinated rather
than merely changing in parallel during stress (Lv, et al., 2025).

For  commercial  production, increased phenolic
concentration must be considered together with harvestable biomass.
The drought meta-analysis by Tan and Goren documented
substantial physiological and yield responses across medicinal
plants, reinforcing the need to evaluate stress intensity and multiple
performance variables. A plant can contain more milligrams of a
target compound per gram of tissue while producing less of that
compound per plant or unit land area. In addition, changes in
terpene-rich essential oils should not be used as direct evidence of
phenylpropanoid induction; the biosynthetic origins of the product
classes differ (Kleinwachter & Selmar, 2015; Tan & Goren, 2024).

Species, tissue, and temporal differences

Integrated analysis in mulberry illustrates both the power and
the boundaries of molecular profiling. Chen and colleagues reported
flavonoid  accumulation and increased  expression  of
phenylpropanoid-associated genes under PEG-6000 treatment.
Enzyme characterization further supported the roles of selected
proteins in flavonol formation and glycosylation. These findings
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strengthen biochemical interpretation, but PEG-induced osmotic
stress should be identified explicitly when discussing their relevance
to drought. Osmotic treatment in a controlled system does not
reproduce every feature of progressive soil drying, including root
access to heterogeneous moisture and the changing physical

properties of the substrate (Chen, et al., 2024).

Table 2 Experimental evidence linking drought and

phenylpropanoid metabolism

System and study | Evidence Main finding and scope
Arabidopsis Overexpression, Flavonoid accumulation
(Nakabayashi, et deficient mutants contributed to stress tolerance;
al., 2014) and genetic crosses | strong genetic evidence.

Apple (Geng, et

Transgenic plants,

Regulation linked precursor

Bozzo, 2024)

al., 2018; Geng, et | promoter binding supply and vascular development

al., 2020) and physiological with drought responses.
measurements

Tobacco with Heterologous Tolerance improved despite lower

wheat TaMyb1D overexpression lignin and flavonoids; multiple

(Wei, et al., 2017) protective routes.

Sorghum SbBRI1 mutants Branch-specific metabolic

(Fontanet- and integrated changes accompanied drought

Manzaneque, et molecular analyses | resilience.

al., 2024)

Common bean Metabolite time Selective root and leaf responses;

(Pefia Barrena, courses in two most leaf flavonol glycosides

Mats, Earl, & inbred lines were unchanged.

Salvia miltiorrhiza
(Lv, et al., 2025)

Overexpression,
RNA interference
and jasmonate
inhibition

SmDof32 linked medicinal
phenolic production with drought
tolerance.

Results from common bean, apple, Arabidopsis, and
sorghum collectively indicate that neither one metabolite nor one
transcriptional signature defines a general drought response. The
comparisons summarized in Table 2 differ in genetic design and level
of evidence.
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Metabolite time courses reveal selectivity, promoter binding
identifies regulatory connections, and mutant or transgenic
combinations can test causal contributions. These approaches
answer complementary questions. A reliable synthesis should
preserve these distinctions rather than treating every increase in a
stress-associated metabolite as proof that it caused tolerance.

Time is another important source of variation. Rapid
signaling may occur before an accumulated metabolite becomes
detectable, while stored conjugates or structural polymers can persist
after transcription declines. A late sample may therefore
underestimate early pathway activation or overestimate current
biosynthetic activity. Organ development also changes the
background against which stress responses are measured. Sampling
leaves of comparable age, distinguishing newly formed from pre-
existing tissues, and using appropriate time-matched controls are
practical ways to reduce these ambiguities. Such designs are
particularly important when drought slows development and causes
treated and control plants to diverge in size.

Measuring pathway responses accurately

A useful measurement strategy begins with a clear definition
of the water treatment. Days without irrigation do not necessarily
impose the same stress on plants with different sizes, transpiration
rates, or rooting patterns. Soil water content and plant water status
should therefore accompany treatment duration. Leaf water potential
or relative water content can help distinguish exposure from the
response of the plant. Physiological measurements then establish
whether the metabolite profile was recorded during acclimation,
severe injury, or recovery. This context is needed before associations
between phenolics and drought performance can be interpreted
(Chaves, Maroco, & Pereira, 2003; Tan & Goren, 2024).
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Total phenolic assays are useful for screening but do not
identify individual phenylpropanoids. The Folin-Ciocalteu reagent
reacts with multiple reducing substances, as shown experimentally
by Everette and colleagues. Changes in assay values may therefore
involve nonphenolic components as well as genuine shifts in
phenolics. Similarly, chemical antioxidant assays describe activity in
an extract under specified reaction conditions; they do not locate the
active compounds inside the plant. Screening results become more
informative when followed by chromatography and when oxidative
damage and physiological performance are measured independently
(Agati, Azzarello, Pollastri, & Tattini, 2012; Everette, et al., 2010).

Chromatographic and mass spectrometric methods can
separate these chemical responses, but metabolite annotation must
be reported at an appropriate confidence level. Accurate mass or a
database match does not always distinguish isomers. Authentic
standards, retention behavior, and fragmentation evidence improve
identification, while internal standards, calibration, and quality
control strengthen quantification. Alseekh and colleagues provide
guidance on these issues for mass spectrometry-based
metabolomics. Applying such practices reduces the risk that a
pathway interpretation rests on an incorrectly assigned compound or
an analytical difference between batches (Alseekh, et al., 2021).

Expression data, enzyme activity, and metabolite
concentrations should be interpreted together because they represent
different levels of pathway operation. Increased transcript
abundance can coexist with limited substrate availability, while an
accumulated product may persist after its synthesis slows. Neither a
heat map nor pathway enrichment establishes metabolic flux. A
mechanistic study can strengthen its conclusions with enzyme
characterization, promoter interaction assays, genetic perturbation,
and, where feasible, isotope labeling. The appropriate combination
depends on the question: identifying a responsive branch requires
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less evidence than proving that its product causes improved drought
tolerance.

Applications in breeding and irrigation management

Phenylpropanoid traits offer opportunities for crop
improvement, particularly when genetic evidence connects a defined
metabolic change with stress performance. Nevertheless,
constitutively increasing all pathway products is unlikely to be an
efficient objective. High production may affect pigmentation,
development, resource allocation, or interactions with other
organisms. A more focused strategy is to identify the branch, tissue,
and stage at which the trait is advantageous, then evaluate it across
realistic water regimes. The contrasting Arabidopsis and TaMyb1D
results illustrate why the direction of a metabolite response must be
interpreted within the complete phenotype (Nakabayashi, et al.,
2014; Wei, et al., 2017).

For medicinal plants, regulated water deficit may offer a way
to modify product composition, but the practical endpoint should be
target-compound yield and consistent quality. An illustrative
calculation makes the distinction clear: if concentration rises by 25%
while harvestable biomass falls by 30%, the compound amount
becomes 1.25 multiplied by 0.70, or 87.5% of the well-watered
value. This hypothetical example represents a 12.5% decrease
despite improved concentration. Economic evaluation should also
include irrigation savings, crop survival, harvest timing, and
extraction requirements rather than relying on concentration alone.

Genotype selection can therefore combine metabolite quality
with growth and water-use traits. Trials should compare well-
watered performance with performance under specified drought
intensities and should include the return to adequate water supply
when episodic drought is relevant. This avoids selecting a genotype
that survives stress by remaining small but delivers little harvestable
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product. For field translation, promising metabolic traits should be
examined over multiple environments because light, temperature,
and nutrient availability can alter both the stress experienced and the
cost of the response.

Research priorities and post-drought trajectories

A major research need is to connect phenylpropanoid
metabolism with the progression of drought and the subsequent
return of growth. Rewatering provides an opportunity to separate
compounds that track current stress from those that remain after
hydration is restored. Persisting flavonoid conjugates, continuing
lignin deposition, and renewed carbon allocation may have different
implications for recovery. The suggestion that retained
phenylpropanoids contribute to improved responses during a later
drought should be treated as a testable hypothesis. Persistence alone
does not establish stress memory, and a repeated-stress experiment
needs appropriate unprimed controls.

Spatial resolution offers another useful direction. Separating
guard cells, mesophyll, epidermis, vascular tissues, and root
developmental zones could reveal responses hidden by bulk
sampling. Pairing such measurements with anatomical and
physiological data would help determine whether a particular pool
contributes to signaling, chemical protection, or hydraulic
adjustment. The guard cell studies demonstrate the value of local
information, while apple regulatory studies show how tissue
development can be connected with pathway control. Future work
can build on these approaches to identify where metabolic changes
matter most (Geng, et al., 2018; Watkins, Hechler, & Muday, 2014;
Watkins, Chapman, & Muday, 2017).

An effective experimental sequence would combine a
progressive soil-drying treatment, several stress severities, time-
resolved sampling, rewatering, and a later challenge where relevant.



Metabolite identification and quantification should be paired with
growth, water status, gas exchange, and injury measurements. A
selected regulatory or enzyme target could then be tested genetically
to determine whether the associated metabolic response contributes
to performance. This sequence is a research framework proposed
here: it moves from description through functional testing toward
agricultural evaluation without requiring every exploratory study to
contain all possible analytical techniques.

Conclusion

Drought affects phenylpropanoid metabolism by changing
precursor supply, redox conditions, hormone signalling,
transcriptional regulation, and the balance between growth and
protective investment. The response is selective rather than
uniformly stimulatory. Flavonoids can contribute to oxidative
protection and modify guard cell signalling; lignin-associated
pathways can participate in vascular adjustment; and medicinal
phenolics can change in both composition and concentration. Their
functional consequences depend on chemical identity, tissue
localization, timing, and the severity of water deficit.

The strongest interpretation combines well-defined water
treatments with compound-specific measurements and physiological
or genetic evidence. Increased total phenolics alone cannot establish
enhanced biosynthetic flux or improved drought tolerance, while
reduced abundance of a particular branch does not exclude
successful acclimation through another mechanism. For breeding
and crop management, the objective is a favorable balance between
protection, growth, recovery, and product yield. Phenylpropanoid
metabolism offers substantial opportunities within that balance when
its diversity and regulatory context are preserved in both
experimental design and agricultural interpretation.
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CHAPTER 3

NEW APPROACHES IN SUSTAINABLE FORAGE
PRODUCTION: DROUGHT-TOLERANT
ALTERNATIVE PLANTS

Timugcin TAS!
Ashihan SUR?

Introduction

Forage crops constitute the primary feed resources in
livestock production systems worldwide and are considered an
important component of sustainable animal production. Economic
analyses indicate that feed costs account for approximately 70% of
the input costs of a livestock enterprise. Along with global climate
change, rising temperatures, changing precipitation patterns, and
increasingly severe drought events are posing growing threats to
forage crop production and the continuity of feed supply. According
to recent FAO data, the global area of permanent meadows and
pastures decreased by approximately 238 million ha between 2001
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and 2024 (FAO, 2026). The sustainability of meadows and pastures
has been reported to be affected by various factors, including
changes in land use, overgrazing, land degradation, climate change,
and drought (FAO, 2026). Drought is one of the major climatic risk
factors causing substantial yield losses in agricultural production.
According to the report of the IPCC (Intergovernmental Panel on
Climate Change), drought-related yield losses occurred across three-
quarters of the world's agricultural areas, corresponding to
approximately 454 million ha, during the period 1983-2009, with
the associated economic losses estimated at approximately USD 166
billion (IPCC, 2021). Climate change is defined as changes in the
mean values of climatic characteristics that occur over decades or
longer periods (IPCC, 2021). Greenhouse gas emissions resulting
from human activities, particularly carbon dioxide (CO2), methane
(CHa), and nitrous oxide (N20), are among the primary drivers of the
climate change observed today. Among these gases, CO2 makes the
largest contribution to anthropogenic global warming. Atmospheric
CO: concentration increased from approximately 280 ppm during
the pre-industrial period to 410 ppm in 2019 and 423.9 ppm in 2024
(IPCC, 2021). The approximately 52% increase in atmospheric CO2
concentration relative to the pre-industrial period has been reported
to contribute to the global warming and drought conditions
experienced today (IPCC, 2021). The ongoing climate change not
only gives rise to phenomena such as drought that threaten
agricultural production but also contributes to increasing variability
in precipitation patterns. Such climatic instability, in addition to
drought, may result in floods and other natural disasters and cause
yield losses, particularly in agricultural production. As in other
crops, increasing temperatures and water limitation in forage crops
may adversely affect biomass production, nitrogen fixation, and
forage quality (Sollenberger & Kohmann, 2024). These conditions
have made the more efficient use of limited water resources and the

development and utilization of drought-tolerant alternative forage
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crops capable of adapting to changing climatic conditions
increasingly important (Brychkova et al., 2022). Forage crops,
particularly grasses and legumes, constitute major feed resources for
ruminant nutrition worldwide. While grasses play an important role
in meeting the energy requirements of ruminants, legume forage
crops are also important for animal production because of their high
plant protein content. Indeed, the efficient utilization of plant protein
derived from legumes by ruminants contributes to the production of
high-quality animal protein (Adepoju & Faniyi, 2025). Drought
events, which have increased in frequency and severity with climate
change, cause substantial losses in forage crop production, thereby,
threatening the continuity of feed supply and, consequently, the
sustainability of animal production (Tonisi et al., 2026). In particular,
increasing temperatures and changes in precipitation patterns
intensify pressure on water resources in agricultural production,
while restricted access to water further complicates the sustainability
of forage production. Therefore, identifying and cultivating plant
species that are tolerant of high temperatures and water limitation is
becoming increasingly important to maintain production under
changing climatic conditions. In this context, drought-tolerant
alternative forage crops have emerged as an important option for
sustainable forage production (Safaei et al., 2023). Silage maize and
alfalfa are among the important forage crops used in substantial
amounts in the diets of dairy and beef cattle, whereas soybean is
considered an important plant-based feed raw material in animal
nutrition, particularly as a protein source. The production of these
feed resources becomes increasingly challenging, particularly in
regions where water availability is limited and the risk of drought is
high. Drought can adversely affect growth, biomass production, and
feed supply in widely cultivated forage crops such as maize and
soybean. Depending on the severity and duration of water limitation,
yield losses may increase the risk of feed shortages in livestock

production systems. Similarly, the performance of alfalfa, an
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important legume for high-yielding and high-quality forage
production, can be affected by water deficiency; however, its
response to drought may differ from that of some other forage crops
because of its deep root system and capacity for regrowth (Diatta et
al., 2021). Therefore, incorporating plant species into production
systems that can maintain acceptable biomass production and forage
quality under limited water availability, in addition to providing high
yield and nutritional value, is becoming increasingly important.
Research into incorporating alternative species that can better
withstand climatic stresses such as drought and high temperatures
than conventional forage crops with high water requirements is
increasing (Tonisi et al., 2026). In particular, species adapted to arid
and semi-arid conditions, such as finger millet (Eleusine coracana),
cassava (Manihot esculenta), enset (Ensete ventricosum), and
prickly pear (Opuntia ficus-indica), represent some of the alternative
crops that can be used directly as feed sources or incorporated into
diets with other feed materials (Tonisi et al., 2026). The importance
of these species lies not only in their ability to grow under drought
conditions but also in their potential to sustain biomass production
in marginal production areas where water resources are limited.
However, the sustainability value of an alternative forage crop
should not be determined solely by its drought tolerance; rather,
characteristics such as dry matter yield, nutrient composition, fiber
structure, digestibility, performance in animal diets, and production
cost should also be considered. Among tropical forage crops,
Urochloa spp., guinea grass (Urochloa maxima), and Napier grass
(Cenchrus purpureus) are considered important forage resources
because of their high biomass production and capacity to adapt to
different environmental conditions. In particular, genotypes of signal
grass (Urochloa brizantha (A.Rich.)) have attracted attention
because their responses to drought and water limitation vary
depending on genotype and environmental conditions. The Piata

cultivar of this species has been reported to exhibit lower biomass
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losses than other genotypes under certain controlled conditions
(Pezzopane et al., 2015). Therefore, rather than adopting a single
“drought-tolerant species” approach when evaluating tropical forage
crops, consideration of genotype x environment x water availability
interactions represents a more realistic approach for identifying
forage resources suitable for changing climatic conditions.

The aim of this review is to evaluate drought-tolerant
alternative forage resources that are gaining global importance in
response to the potential adverse effects of drought and water
limitation, which are expected to intensify with climate change, on
forage production and the sustainability of livestock production.
Within this scope, alternative forage crops capable of adapting to
different environmental conditions are evaluated in terms of drought
tolerance, production potential, nutritional value, and forage quality,
with the aim of elucidating their potential contributions to
sustainable livestock production.

Perception of Drought Stress and Development of Plant
Defense Responses

The response of plants to drought stress is a dynamic process
that begins with the perception of declining soil water availability in
root and shoot tissues and progresses through the activation of
coordinated responses at physiological, biochemical, and molecular
levels. A reduction in the amount of available soil water restricts
water uptake by the plant and leads to a decline in tissue water
potential. This change triggers the generation of hydraulic signals in
roots and leaves, through which the plant rapidly initiates regulatory
responses to limit water loss. However, drought responses do not
occur in the same sequence in all plants. Hydraulic signals, hormonal
regulation, and cellular signaling molecules function in an
overlapping manner in terms of both timing and intensity
(Comstock, 2002; Wilkinson & Davies, 2010).
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During the early stages of water deficit, the plant's primary
priority is to conserve available water and maintain tissue water
status as far as possible. Stomatal closure is one of the most rapid
defense responses that reduces water loss through transpiration. In
some plants, this response is accompanied by physiological
adaptations such as leaf folding or rolling, increased leaf
pubescence, and reduction in leaf area. These responses reduce the
contact between the leaf surface and the surrounding environment,
thereby limiting transpirational water loss and contributing to the
maintenance of water balance. However, leaf folding is neither a
universal nor an obligatory drought response across all plants. This
trait may vary depending on plant species and genotype, leaf
anatomy, and stress severity. Stomatal closure, in contrast, occurs
through the integration of leaf water status and signals originating
from the roots. In this way, the plant readjusts the balance between
carbon gain and water loss (Comstock, 2002; Chaves et al., 2009).

One of the major regulators of this early response is abscisic
acid (ABA). When soil water availability declines, ABA
biosynthesis increases, particularly in the vascular tissues of roots
and leaves. The transport of ABA from roots to shoots or its direct
synthesis in shoot tissues enhances the stomatal closure response of
guard cells. Perception of ABA by PYR/PYL/RCAR receptors in
guard cells leads to the inhibition of PP2C-type protein phosphatases
and activation of SnRK2 protein kinases. This activation alters ion
transport and guard cell turgor, thereby reducing stomatal aperture.
Thus, during drought, ABA functions not only as a stress hormone
but also as a central signaling molecule that limits water loss and
coordinates broader stress responses in plants (Comstock, 2002; Liu
et al., 2022). ABA signaling does not operate independently. It
regulates stomatal closure through interactions with reactive oxygen
species (ROS) and Ca** signaling. Under drought conditions, ABA
increases the production of ROS, such as H20-, in guard cells. This
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increase in ROS triggers changes in intracellular Ca?* levels, thereby
affecting ion channel activity and guard cell turgor. Consequently,
the ABA-ROS—Ca*" signaling network constitutes a rapid defense
mechanism that promotes stomatal closure and reduces water loss
through transpiration. Therefore, the stomatal response observed
during the early stages of drought cannot be explained solely by an
increase in ABA, but rather results from a complex network of
hydraulic and molecular signaling pathways (Liu et al., 2022). If
drought stress persists, stomatal closure can limit carbon uptake,
while imbalances in photosynthetic electron flow may increase ROS
production in cells. However, ROS are not merely indicators of
cellular damage; at low to moderate levels, they also function as
signaling molecules and contribute to the activation of antioxidant
defenses and stress-responsive genes. At this stage, superoxide
dismutase (SOD), catalase (CAT), peroxidases (POD), and other
antioxidant systems help control ROS-induced damage, thereby
contributing to the protection of membranes, proteins, and
photosynthetic structures. At the same time, the accumulation of
osmotic regulators such as proline and soluble sugars contributes to
the regulation of cellular water potential and helps maintain cellular
integrity under conditions of limited water availability (Chaves et al.,
2009; Liu et al., 2022). As water deficit persists, plants adjust not
only their mechanisms for limiting water loss but also their growth
and resource allocation. Leaf expansion and shoot growth are
generally inhibited earlier than photosynthetic carbon gain. In
contrast, maintenance of root elongation or changes in the root-to-
shoot ratio may increase the capacity to exploit limited water
resources within the soil profile. Reductions in leaf area, decreases
in stomatal conductance, and adjustments in photosynthetic activity
contribute to water conservation in the short term. However, as the
severity and duration of stress increase, reductions in biomass
production and forage yield may occur. Therefore, when evaluating

drought tolerance in forage crops, the capacity to maintain growth
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and biomass production under stress, rather than survival alone,
should be considered a key criterion (Chaves et al., 2009; Taleb et
al., 2023). Following the cessation of drought stress, the plant’s
capacity for recovery becomes an important component of drought
adaptation. When water becomes available again, the recovery of
stomatal conductance, photosynthetic activity, and growth depends
on the extent to which membrane integrity, metabolic balance, and
root—shoot coordination have been maintained. Particularly in
perennial forage crops, the rapid initiation of regrowth and biomass
production following drought is important for long-term plant
persistence and the continuity of forage production. Indeed, it has
been reported that drought adaptation in forage grasses should be
evaluated not only in terms of tolerance during stress but also in
conjunction with post-drought recovery and persistence traits (Taleb
et al., 2023). In addition to these morphological, physiological, and
biochemical responses, the photosynthetic metabolism type of plants
also plays an important role in regulating carbon gain and water use
under high temperature and water-limited conditions. C4 plants may
have certain physiological advantages over Cs plants in terms of
carbon gain and water-use efficiency under high-temperature and
high-radiation conditions. However, possessing Cs photosynthesis
alone does not determine drought tolerance; characteristics such as
the root system, stomatal regulation, phenology, and osmotic
adjustment also collectively shape plant drought performance,
making water-use efficiency a complex outcome determined by the
combined effects of multiple traits (Leakey et al., 2019). CAM
(Crassulacean Acid Metabolism) photosynthesis, on the other hand,
limits water loss by taking up CO: during the night and therefore
provides an important advantage, particularly in forage crops such
as Opuntia adapted to arid and semi-arid conditions.
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Figure 1. Defense mechanisms of plants at different stages of

drought stress
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Effects of Climate Change on Forage Sustainability

Climate change primarily affects forage production through
biomass yield and the continuity of feed supply. Particularly during
periods of limited water availability, suppression of forage crop
growth and development may reduce harvestable dry matter
production and increase variability in production among years and
seasons. In perennial meadow and pasture species, declines in
precipitation and changes in its seasonal distribution may adversely
affect the availability of grazeable biomass throughout the year.
Therefore, climate variability represents an important challenge for
forage production not only in terms of total yield but also with

respect to the continuity and predictability of feed supply (Godde et
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al., 2021; Balehegn et al., 2022). Changes in climatic conditions may
also affect the nutritional value of forages and their characteristics
relevant to feeding. High temperatures and reduced water
availability can adversely affect plant growth rate, structural
carbohydrate accumulation, and nitrogen metabolism. These effects
may lead to alterations in the fiber and protein composition of
forages. In particular, high temperatures have been reported to
increase fiber content (lignin) in some forage crops, thereby reducing
digestibility and, consequently, forage value. However, the direction
and magnitude of these changes vary depending on plant species,
genotype, developmental stage, and environmental conditions
(Moyo & Nsahlai., 2021; Sollenberger & Kohmann, 2024).
Therefore, from the perspective of sustainable forage production in
the future, emphasis should be placed not only on high biomass yield
but also on the capacity to maintain forage quality under stress
conditions. Fluctuations in forage quantity and quality may create
feed deficits and increase the need for supplementary feed,
particularly in ruminant production systems. During drought
periods, reductions in the availability of high-quality pasture and
harvested forage resources make it more difficult to meet the
nutritional requirements of animals and may increase producers’
dependence on externally sourced feed. This situation is of greater
importance in arid and semi-arid regions, where feed resources are
limited and production systems are highly sensitive to climatic
variability, in terms of production costs and the sustainability of
livestock production (Godde et al., 2021; Balehegn et al., 2022).
These conditions increase the demand for species diversity and
alternative forage resources in forage production. For adaptation to
climate change, improving the cultivation practices of existing
forage crops alone is not sufficient. At the same time, species capable
of producing acceptable levels of biomass and maintaining forage
quality under limited water availability need to be incorporated into

production systems. In this context, species capable of adapting to
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drought and high temperatures, such as sorghum, millet-group crops,
and cacti, have attracted attention as alternatives that can
complement conventional forage resources. However, when
evaluating these species, drought tolerance should be considered
together with characteristics such as dry matter yield, nutrient
composition, digestibility, animal acceptability, and production cost
(Tonisi et al., 2026). Under climate change conditions, increasing the
diversity of plant species capable of sustaining production under
limited water availability is one of the fundamental requirements for
sustainable forage production. This approach may contribute to
reducing seasonal and annual fluctuations in feed supply and
increasing the resilience of livestock production systems to climate-
related uncertainties. Therefore, the following section discusses
alternative forage crops that stand out in terms of their ability to
adapt to drought and water limitation and their potential for forage
production.

Alternative Forage Crops to Conventional Forage Crops

Buffel Grass (Cenchrus ciliaris L.)

Buffel grass (Cenchrus ciliaris L.) is a perennial forage grass
adapted to arid and semi-arid environments and is widely used as a
forage resource in dryland livestock systems. Its adaptation to warm
and water-limited environments makes it a potential alternative
forage species in regions where water availability constrains
conventional forage production. Recent evaluations of C. ciliaris
germplasm have also demonstrated substantial variation in dry
matter yield and nutritional traits among accessions, highlighting the
importance of genotype selection for forage production (Singh et al.,
2023; Ghorbel et al., 2025). Dry matter yield varies considerably
among environments and production systems. Under rainfed
conditions, reported C. ciliaris yields have ranged from
approximately 0.5 to 9.35 t ha™' across different environments.
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Under limited irrigation of 400-500 mm year™', Ghorbel et al. (2025)
reported dry matter yields of 9.3-18.4 t ha™'. In terms of forage
quality, C. ciliaris generally contains relatively low to moderate
crude protein and high concentrations of structural fiber. In a global
evaluation of Cenchrus germplasm, C. ciliaris had mean crude
protein, NDF, and ADF concentrations of 88.5, 695, and 427 g kg!
DM, respectively, with ranges of 61.1-136, 640-749, and 373490
g kg™ DM, respectively (Singh et al., 2023). These results indicate
considerable variation in forage quality among genotypes. In
addition, forage quality is influenced by plant maturity. In a semi-
arid, C. ciliaris—Leucaena leucocephala pasture, Sanchez and Faria
Marmol (2013) found that crude protein content and in vitro organic
matter digestibility varied with plant age and plant profile. Buffel
grass is also of interest from a water-use perspective. In Saudi
Arabia, Ghorbel et al. (2025) reported C. ciliaris dry matter yields of
9.3-18.4 t ha™' with an annual water supply of only 400-500 mm,
whereas alfalfa produced 11.9-22.6 t ha™' under 2.500-3.000 mm
year ' of irrigation in the same study. However, because these
production values were obtained for different crops and under
different production conditions, they should not be interpreted as a
direct estimate of water savings relative to maize. The potential of
buffel grass as an alternative to maize silage has also been
investigated. Singh et al. (2024) evaluated five C. ciliaris genotypes
as silage sources for sheep and found that nutrient digestibility,
several nutritive-value characteristics were comparable among the
C. ciliaris, and maize silage diets, although differences occurred for
some parameters and among genotypes. Notably, the study
demonstrated substantial genotypic variation in the nutritive value of
buffel grass silages, supporting the importance of genotype selection
when considering C. ciliaris as an alternative forage resource.
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Figure 2. Buffel grass (Cenchrus ciliaris L.) in Niger

Source: Authors’ own photograph
Napier Grass (Cenchrus purpureus (Schumach.) Morrone)

Napier grass (Cenchrus purpureus) is a perennial Ca forage
crop belonging to the Poaceae family, widely cultivated in tropical
and subtropical regions and characterized by high biomass
production potential. Owing to its rapid growth, strong regrowth
capacity after cutting, and suitability for multiple harvests, it is an
important forage resource, particularly in small-ruminant and cattle
production. The species can withstand short-term water limitation
and includes genotypes capable of maintaining acceptable biomass
production under limited water availability. However, drought
tolerance varies markedly among genotypes (Muktar et al., 2022;
Habte et al., 2022). Because of its rapid growth, vigorous root and
rhizome system, drought tolerance, and ability to survive even in
nutrient-poor soils, the species may exhibit invasive characteristics.
In areas where it is introduced, it may suppress native vegetation
through shading and adversely affect biodiversity. Nevertheless,
owing to its very high biomass production, it is widely cultivated

worldwide, particularly as a highly productive forage crop for
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livestock production and as a biofuel feedstock for energy
production. One of the most important characteristics of Napier grass
is its high dry matter yield. In a two-year evaluation of 84 genotypes,
total annual dry matter yield ranged from 2.65 to 68.05 t ha™ under
moderate water stress and from 2.47 to 67.35 t ha™' under severe
water stress. Mean yields were 34.14 and 32.95 t ha™! year’,
respectively. The same study reported that high-biomass-producing
genotypes also exhibited high crude protein (CP) content and water-
use efficiency. In terms of forage quality, considerable variation
exists among C. purpureus genotypes. Studies evaluating different
genotypes have reported CP values of approximately 7.5-17.0%,
NDF values of 61-73%, and metabolizable energy (ME) values of
7.3-9.5 MJ kg' DM. Because increasing ADF and NDF levels are
associated with reduced digestibility, the proportions of fiber
(cellulose + hemicellulose) and lignin increase particularly in
material harvested at later stages of maturity. Therefore, in addition
to achieving high biomass yield, careful selection of an appropriate
genotype and harvest time is important in Napier grass production
(Habte et al., 2022; Muktar et al., 2022). In terms of water use,
Napier grass is one of the species in which high biomass production
and water-use efficiency can be selected simultaneously. However,
because existing studies have used different soil moisture levels and
genotypes, it would not be appropriate to provide a single water-
saving value relative to maize. Nevertheless, the identification of
genotypes exhibiting high dry matter production and water-use
efficiency under drought conditions supports the potential of this
species for water-limited production systems.
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Figure 3. Napier grass (Cenchrus purpureus (Schumach.) Morrone)
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Rhodes Grass (Chloris gayana Kunth)

Rhodes grass (Chloris gayana Kunth) is a perennial C4 forage
grass native to Africa and cultivated in tropical and subtropical
regions for pasture, hay, silage, and erosion control. Its high biomass
production, regrowth capacity, and adaptability to different
environmental conditions make it a potential alternative forage
resource under drought conditions (Ponsens et al., 2010; Lavado &
Taleisnik, 2026). Although relatively drought tolerant, its response
to water deficit varies among genotypes. In an evaluation of different
genotypes, dry matter yield ranged from 4 to 21 t ha™', indicating
substantial variation in performance under drought and the
importance of genotype selection (Ponsens et al., 2010). Forage
quality is also affected by plant development and harvest timing. At
harvests corresponding to 300 and 500 growing degree-days (GDD),
crude protein concentrations were 17.4% and 15.6%, while NDF
concentrations were 60.9% and 63.2%, respectively. Dry matter
digestibility decreased from 64.1% to 62.1% with later harvest

(Ruolo et al., 2022).
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Rhodes Grass can also tolerate salinity, alkalinity, and
temporary water excess to some extent; however, its response
depends on genotype, environment, and stress conditions (Lavado &
Taleisnik, 2026). These characteristics indicate its potential
contribution to perennial forage production under limited and
variable water availability. However, a direct comparison of its water
use with maize is not appropriate because the available studies were
conducted under different experimental conditions. Outside its
native range, C. gayana can exhibit invasive characteristics, and its
rapid spread and dense growth may suppress native vegetation in
some regions. Therefore, cultivation in unsuitable areas may pose
environmental risks.

Figure 4. Rhodes grass (Chloris gayana Kunth.) and its use in

livestock production

Orchard grass (Dactylis glomerata L.)

Orchard grass (Dactylis glomerata L.) is a perennial Cs
forage crop belonging to the Poaceae family and used under arid and
semi-arid conditions in the Mediterranean region. Its adaptation to
drought is particularly associated with its deep root system, summer

dormancy, and capacity for rapid recovery following the return of
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precipitation. The D. glomerata ‘Kasbah’ genotype has been shown
to develop pronounced dormancy during summer, and this trait
supports survival during prolonged summer drought. In a broad
genotype collection, 79% of the genotypes were also reported to
survive severe summer drought, and some genotypes exhibited both
high dry matter yield and persistence under drought conditions
(Zhouri et al., 2019). Three-year studies conducted under
Mediterranean  conditions  have  demonstrated  important
relationships among water-use efficiency, biomass production, and
root system characteristics in D. glomerata genotypes. In addition,
marked differences in dry matter production and WUE have been
observed among different Dactylis cultivars under water limitation.
Some cultivars have been shown to maintain higher biomass
production under restricted water availability. Therefore, the drought
tolerance of this species should not be considered a single fixed trait
but rather as an adaptive characteristic dependent on genotype and
environmental conditions (Lelievre et al., 2011). In terms of forage
quality, D. glomerata can provide high CP and moderate fiber
content when harvested at an appropriate developmental stage. In a
recent field study, CP content among different D. glomerata
populations ranged from approximately 11.7 to 15.0%, while NDF
and ADF ranged from 56.3 to 58.4% and 30.9 to 33.7%, respectively.
However, forage quality is strongly influenced by genotype,
developmental stage, environment, and growing conditions
(Greveniotis et al., 2026). Owing to these characteristics, orchard
grass is one of the alternatives capable of supporting the continuity
of perennial forage production despite summer drought, particularly
under Mediterranean-type precipitation regimes. This species is used
in livestock production as hay, for grazing, in pasture systems, and
for forage production (Lelievre et al., 2011).
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Figure 5. Orchard grass (Dactylis glomerata L.): plant appearance
and forage production.

‘Souce: Author’ own work
Enset (Ensete ventricosum (Welw.) Cheesman)

Musaceae family that develops a tree-like appearance similar
to banana plants but does not possess a true woody stem. Its natural
distribution extends across tropical East Africa, and it is particularly
widely cultivated in Ethiopia. Owing to its high biomass production,
ability to remain in the field for extended periods, and contribution
to the resilience of production systems during drought periods, the
species represents an important food and livestock production
resource in Ethiopia. The Royal Botanic Gardens, Kew reports that
E.ventricosum occurs in seasonally dry tropical environments and is
also used as animal feed (Kew, 2026). One of the most notable
characteristics of enset in relation to drought is its ability to retain its
water-rich vegetative organs, which produce substantial amounts of
biomass, as a feed resource during dry periods. Mohammed et al.
(2013) reported that the plant has a total water content of
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approximately 85-90%, a characteristic that is particularly important
for animal feeding during periods when other forage resources
become scarce. The presence of approximately 13% CP, 20% crude
fiber, and 10% sugars in the leaves supports the use of the leaves as
forage during the dry season. However, nutrient composition varies
considerably among different parts of the plant. The pseudo stem
contains relatively low levels of protein but may be richer in soluble
carbohydrates and starch. Fekadu and Ledin (1997) reported that the
mean dry matter content of leaves from three E. ventricosum
genotypes was 11.7%, while CP, NDF, and ADF contents ranged
from 7.6—-12.6%, 23.7-62.7%, and 9.8-40.9%, respectively. In the
same study, lignin content of the leaves was 6.7%, and the ruminal
degradability of different plant parts was found to be relatively high
compared with several other forage resources. Therefore, the feeding
value of enset should be evaluated not only in terms of CP content
but also by considering its very low dry matter content, high water
content, and fiber characteristics together. In addition, the leaves
may not constitute a nutritionally balanced ration when used alone
and may require supplementation with complementary feeds,
particularly to meet energy and mineral requirements. An important
advantage of enset is its potential to simultaneously alleviate water
and feed shortages during dry periods. However, research supporting
its use as animal feed outside Ethiopia remains limited (Tonisi et al.,
2026).
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Figure 6. Images of enset (Ensete ventricosum (Welw.) Cheesman)
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Source: B. T. Wursten, photograph no. 740, Vumba, Zimbabw
Cassava and Pornunca (Manihot spp.)

Cassava (Manihot esculenta Crantz) is a perennial plant
belonging to the Euphorbiaceae family, cultivated in tropical and
subtropical regions, and known for its relatively high drought
tolerance. Its leaves and young stems are used as a protein-rich
forage resource, whereas its starch-rich tuberous roots are primarily
used as an energy feed. Under drought conditions, the plant can limit
water use through mechanisms such as leaf shedding and reduced
growth, and it retains the capacity for regrowth following stress.
However, drought tolerance is genotype-dependent. Prolonged or
severe water deficit can cause substantial losses in root yield, leaf
retention, and carbon gain. Multi-year field studies have shown that
tolerant genotypes maintain their yield better than susceptible
genotypes. Pornunga (Manihot sp.) is a natural hybrid between
cassava (Manihot esculenta) and wild cassava (Manihot
pseudoglaziovii). 1t is characterized by high yield, tolerance to
cutting and water stress, high starch and crude protein contents, and
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strong regrowth capacity (Carvalho et al., 2017; Alencar et al.,
2019). Under semi-arid conditions in Brazil, fresh forage yield has
been reported to increase from 3.5 t ha™! with a single cut in the first
year to 27.2 t ha™! with two cuts in the third year (Silva et al., 2009).
Forage quality varies according to the proportion of Pornunca in the
silage. In a recent study, increasing the proportion of Pornunga in
total mixed ration silages decreased dry matter content from 35.2 to
21.7% and total digestible nutrients from 74.2 to 59.7% DM. In the
silage containing only Pornunga (100:0), NDF and ADF contents
were 48.3 and 37.5% DM, respectively (de Sousa et al., 2026). An
important nutritional limitation of Manihot species is their content
of cyanogenic glycosides, which can release hydrogen cyanide
(HCN) upon hydrolysis. Therefore, fresh leaves should not be
offered directly to ruminants in large quantities. Wilting, drying, and
particularly ensiling can substantially reduce HCN levels and
improve feed safety (Carvalho et al., 2017). In a study conducted
with sheep, HCN concentration decreased from 207.7 mg kg™ DM
in fresh Pornunca leaves to 76.78 mg kg™ DM in silage (Amorim et
al., 2023). Therefore, when Manihot species are considered as forage
resources during dry periods, ensuring feed safety through
appropriate processing is as important as their drought tolerance. The
use of forage crops adapted to semi-arid regions together with
ensiling can increase feed availability, particularly during dry
periods, and contribute to the sustainability of sheep production
(Carvalho et al., 2017). In this context, Pornun¢a represents an
alternative forage resource for ruminants because of its abundance,
nutritional characteristics, and production potential (Amorim et al.,
2023).
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Figure 7. Different parts of cassava (Manihot esculenta Crantz)
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Source: Green Cover Initiative, “Manihot esculenta: Tapioca, Casava.” Available at:
https://greencoverinitiative.com/vegetables/manihot-esculenta-tapioca-cassava/

Moringa (Moringa oleifera Lam.)

Moringa oleifera Lam. (Moringaceae) is a perennial, woody
forage tree. Native to the northwestern part of the Indian
subcontinent, the species is now widely cultivated throughout
tropical and subtropical regions. Its ability to adapt to high
temperatures and low water availability, rapid growth, and capacity
for regrowth after cutting make it a potential alternative forage
resource, particularly in arid and semi-arid regions (Nouman et al.,
2014; Abdoun et al., 2023). Leaves, young shoots, and leafy fine
stems are primarily used in animal feeding. These materials can be
utilized fresh, dried, or as forage meal. Moringa leaves have
considerable potential for supplementing protein-deficient diets
because of their high crude protein and amino acid contents, as well
as their richness in minerals and vitamins. However, their nutritional
composition varies depending on plant developmental stage, cutting
time, and leaf-to-stem ratio (Su & Chen, 2020; Valdivié-Navarro et
al., 2020).
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One of the most notable characteristics of Moringa as a
forage is its high crude protein content. Reported values for Moringa
leaves range from approximately 15-30% DM for crude protein, 16—
45% DM for NDF, and 11-31% DM for ADF. However, these values
can vary considerably depending on genotype, developmental stage,
and harvesting conditions. Harvesting leafy material together with
fine stems may increase fiber content; therefore, maintaining a high
leaf proportion is important for achieving good forage quality
(Valdivié-Navarro et al., 2020; Su & Chen, 2020). Another important
advantage of Moringa is its ability to produce new shoots and leaves
after cutting or pruning. This characteristic allows the plant to be
repeatedly used as a forage resource (Nouman et al., 2013; Abdoun
et al., 2023). Moringa leaves may contain secondary compounds
such as tannins, phytate, and saponins, and their levels vary
depending on the plant material and conditions of use (Falowo et al.,
2018; Abdoun et al., 2023). Thus, rather than being considered a
direct replacement for maize as a silage forage crop, Moringa can be
regarded as a perennial alternative forage tree capable of providing
protein-rich leaf biomass under arid and semi-arid conditions.

Fi lgure 8 An zmage of a Mormga (Mormga olezfera Lam .) tree.

Source: Agyepong (2009), Master ’s thesis, University of South Africa.
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Saltbush (Atriplex spp.)

Saltbush (Atriplex spp.) comprises mainly perennial, woody
or semi-woody xerohalophytic shrubs belonging to the
Amaranthaceae family. These plants have long been used as
livestock forage in arid and semi-arid regions of Africa, Asia, and
Australia. Their tolerance to low water availability and high soil
salinity allows them to be utilized in marginal areas where
conventional forage crops cannot be successfully produced. Some
species can develop rapidly on degraded soils and adapt to stress
conditions such as drought and salinity. Species such as Atriplex
nummularia are particularly important for livestock production
because they can provide green biomass during dry periods when
other pasture plants have dried out (Ben Salem et al., 2010). The
adaptation of Atriplex species to drought and salinity is associated
with extensive root systems, morphological characteristics that
reduce water loss from the leaves, and mechanisms involved in salt
accumulation and exclusion. In some species, deep rooting enables
the utilization of water from deeper layers of the soil profile, whereas
small, waxy leaf surfaces limit transpiration losses. These
characteristics make Atriplex a supplementary forage resource,
particularly in arid regions characterized by low rainfall and saline
soils. However, traits such as rooting depth, cold tolerance, rainfall
requirements, and long-term forage production capacity vary
depending on species and environmental conditions. The
aboveground biomass, particularly leaves and young shoots, is
primarily used for animal feeding. Although forage quality varies
according to species, plant organ, and developmental stage, a study
examining different Atriplex species reported that crude protein
content generally did not fall below 16%, while organic matter
solubility ranged from approximately 50 to 70% (Colomer &
Passera, 1990). For Atriplex halimus, a CP of 16.16% has been
reported for the edible leafy material, (Otal et al., 2010) whereas

--73--



another study reported CP, NDF, and ADF contents of 24.85, 51.11,
and 26.62% of dry matter, respectively (Rabee et al., 2023). Because
leafy material is generally more advantageous than stem-rich
material in terms of forage quality, maintaining a high proportion of
leaves is important. However, the high mineral content accumulated
by the plant, particularly sodium (Na), can constitute an important
constraint. Its inclusion at high proportions in the diet may adversely
affect palatability and reduce feed intake, while also impairing the
absorption of other nutrients in the intestine and limiting their
efficient utilization. Although sheep and goats can consume the
leaves and young branches, a more appropriate feeding approach is
to use Atriplex together with other low-salt roughages and to ensure
that animals have adequate access to drinking water (Ben Salem et
al., 2010). Thus, rather than serving as a direct replacement for high-
quality conventional forages, Atriplex spp. can be considered
perennial alternative forage shrubs capable of reducing green forage
shortages during dry seasons, particularly in areas where drought and
salinity occur simultaneously.

Figure 9. Images of saltbush (Atriplex spp.)
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Amaranth (Amaranthus spp.)

Amaranth (Admaranthus spp.) has attracted attention as an
alternative forage crop under drought conditions because of its
ability to adapt to high temperatures and water limitation, grow
under diverse environmental conditions, and utilize Ca
photosynthetic metabolism. Studies on Amaranthus
hypochondriacus have shown that the species possesses
physiological and biochemical adaptation mechanisms that enable it
to maintain water-use efficiency under water-limited conditions.
However, drought tolerance in amaranth does not imply that yield
remains unaffected under stress conditions. Significant differences
in biomass production may occur depending on genotype and stress
intensity (Ahrar et al., 2020; Pulvento et al., 2022). Another
important characteristic of amaranth as a forage crop is its high
biomass production and protein content. For 4. hypochondriacus,
dry matter yields of approximately 16.7 t ha™! have been reported in
the literature; the leaves, stems, and panicles of the plant can be
utilized as fresh forage, hay, or silage in ruminant nutrition. In a
study conducted in Tiirkiye, different amaranth cultivars were grown
under irrigated and dryland conditions, and the forage quality
characteristics of the leaves, panicles, and stems were evaluated. The
results showed that growing conditions and plant organs
significantly affected forage value (Temel & Keskin, 2022). In terms
of nutritional value, the notable characteristics of amaranth include
its high crude protein content and relatively low fiber and lignin
contents. Different studies have shown that amaranth forage has high
ruminal degradability and that fresh or ensiled material can be used
as a suitable forage resource for ruminants (Seguin et al., 2013).
Studies comparing A. hypochondriacus and maize silage have
reported that amaranth silage has higher crude protein and lower
NDF and lignin contents, whereas maize has higher total dry matter
yield than amaranth and amaranth silage generally has moderate

--75--



silage quality (Rezaei et al., 2015; Lotfi et al., 2022). Another
important advantage of amaranth is its potential to be produced with
lower water requirements than maize. Literature values of
approximately 260 g water g! dry biomass for amaranth and 370 g
water g' for maize have been reported. However, these values were
obtained under different experimental conditions and should not be
considered a direct comparison under the same field conditions.
More recent studies have also shown that amaranth can be cultivated
under water-deficit conditions and that limited irrigation can
increase water-use efficiency (Lotfi et al., 2022; Pulvento et al.,
2022). Nevertheless, the high fresh matter and moisture content of
amaranth can constitute an important technological limitation,
particularly for ensiling. In addition, the presence of nitrates and
oxalates in amaranth requires consideration of harvesting time,
processing, and dietary inclusion level in terms of feed safety.
Indeed, ensiling has been reported to reduce soluble oxalate content.
Therefore, rather than being considered a direct yield-equivalent
replacement for maize, amaranth can be regarded as a high-protein
complementary alternative forage resource that can increase
diversity in forage production systems, particularly in regions
affected by drought and water limitation.
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Figure 10. The crop of the future, Amaranth (Amaranthus spp.)
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Cactus (Opuntia ficus-indica (L.) Mill.)

Cactus (Opuntia ficus-indica (L.) Mill.) is one of the
sustainable alternative forage resources, particularly in arid and
semi-arid regions, because it can provide biomass and green forage
under low water availability. The ability of this species to withstand
prolonged water limitation is associated not only with its water-
storage capacity but also with the coordinated functioning of
mechanisms that promote water storage and limit water loss. The
fleshy and flattened cladodes, which Ilargely perform the
photosynthetic  functions of leaves, contain water-storing
parenchyma tissues. These mucilage-containing tissues contribute to
water retention. In addition, O. ficus-indica has CAM
photosynthesis, allowing it to take up a substantial proportion of CO-

at night while keeping its stomata largely closed during the day,
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thereby limiting water loss through transpiration. Thus, water
obtained from short rainfall events can be stored in the cladodes and
used in a controlled manner during prolonged drought periods.
Indeed, O. ficus-indica has been reported to rehydrate rapidly after
prolonged water deficit when irrigation is restored (Scalisi et al.,
2016). As one of the most extensively studied species of the
Cactaceae family in terms of animal feeding, O. ficus-indica is
particularly utilized as a succulent, energy-providing forage material
during dry periods. Although the dry matter content of cladodes is
generally low, at approximately 5—15%, their high water content can
contribute to animals water intake through feed. Their high soluble
carbohydrate content also provides energy. In contrast, their crude
protein content is low compared with that of other forage crops
(Dubeux et al., 2021; Pastorelli et al., 2022; Tonisi et al., 2026).
Forage quality varies depending on species, cultivar, cladode age,
harvesting time, and growing conditions. In general, young cladodes
have higher crude protein and lower NDF and ADF contents,
whereas fiber and lignin contents increase and protein content
decreases with maturation. Approximately 3—6% crude protein, 26—
28% NDF, and 16-19% ADF have been reported for different
Opuntia materials (Dubeux et al., 2021). Its low structural fiber
content and high digestibility make cactus a valuable complementary
resource, particularly when used together with low-quality
roughages such as straw. Indeed, the use of cactus together with
straw has been reported to support feed intake and animal
performance (Dubeux et al., 2021). Because of these characteristics,
O. ficus-indica should be considered not as a high-dry-matter forage
capable of directly replacing maize, but as a succulent, energy-
providing, and complementary alternative forage resource that can
support forage systems during dry periods. Because of its low dry
matter and protein contents, it is not expected to provide a balanced
ration when used alone. It should therefore be evaluated particularly
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in combination with protein-rich feeds (Dubeux et al., 2021;
Pastorelli et al., 2022).

Conclusions and Recommendations

Increasing temperatures, variability in precipitation patterns,
and drought associated with climate change threaten the continuity
of forage production. Under these conditions, increasing the
productivity of existing forage crops alone is not sufficient to ensure
sustainable livestock production. Incorporating alternative forage
resources capable of maintaining production under water limitation
and other environmental stresses is therefore important for climate
change adaptation. The Cenchrus, Chloris, Dactylis, Ensete,
Manihot, Moringa, Atriplex, Amaranthus, and Opuntia species
discussed in this chapter can adapt to drought conditions through
different mechanisms. Traits such as deep rooting, Cs or CAM
photosynthesis, water storage, salinity tolerance, and rapid regrowth
can contribute to maintaining forage production under stressful
conditions. However, drought tolerance alone does not necessarily
indicate high forage yield or quality. Therefore, forage yield,
nutritional quality, water requirements, animal performance, feed
safety, and production costs should be considered together when
evaluating alternative forage resources. Future research should focus
not only on determining which plant is drought tolerant, but also on
which plant can produce how much and how nutritious forage with
a given amount of water under specific environmental conditions.
Multi-year and multi-location studies evaluating dry matter yield per
unit of water, forage quality, digestibility, and animal performance
together will contribute to the appropriate integration of alternative
forage resources into sustainable production systems.
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CHAPTER 4

FASULYEDE ABiYOTIK STRES TOLERANSININ
GELISTIRILMESINDE FENOTIiPLEME, OMIK
TEKNOLOJILERI VE GENOM DESTEKLI ISLAH

Umit GIRGEL!

Giris

Fasulyede abiyotik stres toleransi, tek bir savunma
mekanizmasinin varhgiyla aciklanamaz. Kuraklikta su edinimi,
stomatal diizenleme ve fotosentatin baklaya tasinmasi; sicaklikta
polen gelisimi ve gece solunumu; tuzlulukta iyon diglama ve
ozmotik denge; su baskininda hipoksiye dayanim farkli genetik ve
fizyolojik bilesenler gerektirir. Ayni stresin erken vejetatif donem ile
ciceklenmede olusturdugu zarar da farklidir. Bu nedenle 1slah hedefi
“stres tolerans1” gibi genel bir etiket yerine, belirli cevre ve gelisme
doneminde verim ile kaliteyi koruyan bir 6zellik paketi olarak
tanimlanmalidir (Assefa et al., 2019); (Labastida, Ingvarsson, &
Rendon-Anaya, 2023); (Sharda et al., 2026).

Molekiiler tekniklerdeki hizli gelisme, fasulyede yiiksek
yogunluklu tek niikleotid polimorfizmi (SNP) verileri, referans
genomlar, RNA dizileme, proteom ve metabolit profilleri iiretmeyi
kolaylastirmistir. Bununla birlikte veri miktar1 genetik kazancgla es
anlamli degildir. Yanlis veya zayif fenotip, en gelismis genomik
analizde dahi biyolojik olarak belirsiz iliskiler iiretir. Ozellikle

1Dog:. Dr., Kahramanmaras Siitcii imam Universitesi, Goksun Meslek
Yiiksekokulu, Bitkisel ve Hayvansal Uretim Béliimii, Organik Tarmm Programi,
Kahramanmaras, Tiirkiye. ORCID: 0000-0001-5304-0231.
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kuraklik gibi c¢evreyle giiclii etkilesen ozelliklerde kiiciik etkili
lokuslar, gen havuzu yapis1 ve fenoloji karistirict etkenlerdir.
Labastida et al. (2023), fasulyede dogal varyasyonun degerini
gosterirken kuraklik yanitinin ¢ok genli ve ¢evre bagimli yapisinin
basit gen—ozellik eslestirmesini giiclestirdigini vurgulamstir.

Fenotipleme, omik analizler ve genom destekli 1slah birbirini
tamamlar. Fenotipten belirlenen aday lokuslar molekiiler ve islevsel
analizlerle stnanmali; dogrulanan bulgular bagimsiz ¢evrelerde 1slah
materyaline aktarilmalidir.

Bu boliimde Phaseolus vulgaris ¢alismalar1 temel alinmis;
iligkili Phaseolus tiirleri ve diger bitkilerden elde edilen bulgular
yalnizca destekleyici yontemsel ornekler olarak degerlendirilmistir.

Sekil 1. Hedef ¢evrenin tanimlanmasindan ¢ok ¢evreli ¢esit
dogrulamasina uzanan fenotip—genom—1islah dongiisii.

Fasulyede fenotipten genom destekli ¢eside giden dongii

Hedef cevre ve Nitelikli Genom + omik Tahmin ve
stres senaryosu fenotip iligkilendirme seleksiyon

Cok cevreli dogrulama
cesit aday: + kalite

Kaynak: Orijinal.

Hedef stres ¢evresinin tanimlanmasi

Kuraklik; stresin bagladigi donem, topragin kuruma hizi,
koklenebilir derinlik, sicaklik ve atmosferik talebe gore farkli
biyolojik problemler olusturur. Saksida ani sulama kesintisi, tarlada
yavas gelisen terminal kurakligin tam karsiligi degildir. Benzer
bi¢cimde tuzluluk deneyinde verilen sodyum kloriir (NaCl) dozu, kok
bolgesindeki gergek elektriksel iletkenlik, iyon bilesimi ve
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uygulama hizin1 tek basina aciklamaz. Deney tanimi; baslangi¢ ve
bitis zamani, toprak veya ¢dzelti su potansiyeli, sicaklik, bagil nem,
buhar basinci acig1 (VPD), gelisme evresi ve toparlanma donemini
icermelidir. Bu nedenle stres uygulamasinin dozu kadar bitkinin
gercek su, sicaklik ve iyon durumu da raporlanmalidir (Assefa et al.,
2019); (Labastida, Ingvarsson, & Rendon-Anaya, 2023).

Yiiksek sicaklik caligmalarinda giinliilk ortalama sicaklik
kritik ayrintilar1 ortebilir. Giindiiz sicaklig1 fotosentez ve yaprak
enerji dengesini, gece sicakligi solunum ve iireme siireclerini farkli
bigimde etkiler. Is1 dalgasinin mikrosporogenez sirasinda ii¢ giin
stirmesi ile tohum dolumunda iki hafta siirmesi ayni stres degildir.
Genotiplerin ¢iceklenme tarihleri farkliysa takvim giiniiyle
uygulanan sicaklik, her genotipi baska iireme evresinde yakalar.
Fenoloji eslemesi yapilmadiginda 1s1 tolerans: ile kagis birbirine
karisir. Fasulyede iireme donemindeki yliksek gece ve giindiiz
sicakliklariin polen canliligi, cicek ve bakla tutumu ile tane
verimini azalttigi; bu yanitlarin genotipler arasinda kalitsal farklilik
gosterdigi bildirilmistir  (Vargas, Mayor-Duran, Buendia, Ruiz-
Guzman, & Raatz, 2021); (Sharda et al., 2026).

Genotip x ¢evre X yonetim

Bir genotipin stres altinda iistiin olmasi, her ¢evrede iistiin
olacagi anlamina gelmez. And ve Mezoamerika gen havuzlar alel
frekanslari, tohum tipi, gelisme ritmi ve ¢evresel uyum bakimindan
farklidir. Popiilasyon yapisi, genom ¢apinda iliskilendirme galismasi
(GWAS) sonuglarimi etkiler; farkli gen havuzlarinda aym fenotip
farklr alel birlesimleriyle olusabilir. Bu nedenle kesif popiilasyonu,
hedef pazar sinifi ve iiretim ¢evresini temsil etmeli; 6nemli iliskiler
bagimsiz popiilasyonlarda dogrulanmalidir (Assefa et al., 2019).

Sulama, ekim zamani, bitki siklig1 ve toprak verimliligi
genetik toleransin ortaya c¢ikisint etkiler. Bu nedenle stres
denemelerinde yonetim uygulamalar1 standartlagtirilmali ve hedef
iiretim ¢evresi temsil edilmelidir.
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Deneme deseni ve ornekleme giicii

Fenotipleme ve omik caligmalarinda O6rnek biiytikligi,
kullanilacak teknolojiye gore degil test edilecek biyolojik hipoteze
gore belirlenmelidir. Genotip, stres ve zaman faktorlerini igeren bir
deneyde her yeni faktor etkilesim terimlerini artirir. Az sayidaki
biyolojik tekrar1 ¢ok sayida teknik dlgiimle cogaltmak gercek 6rnek
sayisint yiikseltmez. Ayni bitkiden alinan ii¢ yaprak bagimsiz
biyolojik tekrar degildir; uygun analizde bitki veya parsel deney
birimi olarak korunmalidir. RNA dizileme ¢aligmalarinda biyolojik
tekrar, kiitliphane kalitesi ve Ornekleme zamaninin birlikte
planlanmasi giivenilir diferansiyel ifade analizi i¢in temel kosuldur
(Conesa et al., 2016).

Bloklama, stres gradyaninin deney alanindaki yoniine gore
yapilmalidir. Sera banki, biiylime odas1 rafi, sulama hatt1 ve tarla
egimi sistematik ¢evresel fark yaratabilir. Genotiplerin tamamen
rastgele yerlestirilmesi bu farki ortadan kaldirmaz; blok ve mekansal
koordinatlar kaydedilmelidir. Omik 6rnekler laboratuvar partilerine
genotip ve uygulama dengeli dagilmali, biitiin kontrol drneklerinin
bir giin ve stres Orneklerinin baska gilin islenmesi 6nlenmelidir.
Fenotipleme verisinin deney birimi, blok ve ¢evre bilgisiyle birlikte
tanimlanmasi, farkli caligmalarin karsilagtirilabilirligini de artirir
(Papoutsoglou et al., 2020).

Ornek kimligi ve veri zinciri

Her 6l¢lim, uzun veri formatinda genotip, ¢evre, blok, parsel,
bitki, organ, gelisme evresi, 6l¢iim tarihi ve saati, kullanilan cihaz ve
Olciimii gerceklestiren kisi gibi bilgilerle iliskilendirilebilir.
Degisken adlar ve Olglim birimleri, olusturulan veri sozliigiinde
acik¢a tanimlanmalidir. Ornegin sicaklik verisinin hava sicakligini
m1 yoksa yaprak sicakligini mi ifade ettigi ve Ol¢limiin anlik deger
mi yoksa giinliik maksimum deger mi oldugu belirtilmelidir. Ol¢iim
birimlerinin  ve  eksik  verileri  tanimlayan  kodlarin
standartlastirilmasi, genomik ve fenomik veri setlerinin dogru
bicimde birlestirilmesini  kolaylastirir.  Bitki  Fenotipleme
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Deneylerine iliskin Asgari Bilgi Standardi (Minimum Information
About a Plant Phenotyping Experiment, MIAPPE) 1.1, biyolojik
materyal, yetistirme kosullari, uygulamalar ve gozlem
degiskenlerinin ortak bir veri yapist igerisinde sistematik olarak
tanimlanmasina olanak saglamaktadir (Papoutsoglou et al., 2020).
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Tablo 1. Fasulyede baslica abiyotik stresler i¢in fenotipleme
senaryosunun asgari bilesenleri

Stres Cevresel tammm Kritik donem Oncelikli ¢ikt1
Toprak profil suyu,

Kuraklik kuruma hizi, buhar Cikis, ¢iceklenme,  Su kullanimi, bakla/tane
basinci agig1 (VPD),  tohum dolumu tutumu, verim
sicaklik

Gilindiiz—gece
Yiiksek sicaklik sicakligy, siire,
yaprak/cigek sicakligi

Elektriksel iletkenlik,
sodyum ve kloriir

Mikrosporogenez,  Polen islevi, bakla
antesis, erken bakla tutumu, tane sayist

Cikis ve vejetatif-  Tyon dengesi, biyokiitle,

Tuzluluk iyonlarinin bilesimi, iireme gecisi verim
uygulama hizi, toprak geets
reaksiyonu (pH)
Diisiik sicaklik Is\glvlzllg;l?:lzsllc?;}(ﬂi’e Cimlenme, fide, Canlilik, zar hasari,
siirge ’ iireme oncesi toparlanma
Su baskin sllégﬁll(;eglgr;ksure, Cikis/fide ve Sagkalim, adventif kok,
- 1P ciceklenme kok hastalig

oksijen diizeyi

Kullanilabilir fosfor,
Besin kisitt azot ve demir; pH ve
toprak tamponlama

Erken kok ve nodiil Kok mimarisi, nodiil
gelisimi etkinligi, verim
Fenotipleme: genomik ilerlemenin 6l¢iim temeli
Birincil ve ikincil 6zellikler

Tane veya taze bakla verimi 1slahin birincil 6lgiitiidiir; ancak
stres altinda cevresel varyansi yiiksek ve Ol¢iimii ge¢ donemde
gerceklesir. Ikincil ozellikler se¢imi hizlandirabilir: tag sicakligs,
stomatal iletkenlik, klorofil floresansi, kok derinligi, fotosentat
remobilizasyonu, polen canlilifi, bakla tutumu ve hasat indeksi
bunlar arasindadir. Bir ikincil 6zelligin yararli olmasi i¢in hedef
cevrede verimle genetik korelasyon gostermesi, yeterli kalitima
sahip olmasi ve genis materyalde ekonomik bigimde Slgiilebilmesi
gerekir. Dolayisiyla ikincil 6zellik, yalniz stresle degistigi i¢in degil
hedef ¢evrede genetik kazanci artirdigi gosterildiginde seleksiyon
Olciitii olmalidir (Assefa et al., 2019); (Labastida, Ingvarsson, &
Rendon-Anaya, 2023).
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Yiiksek prolin veya antioksidan enzim aktivitesi ile yesil
kalma goriiniimii tek basina tolerans kanit1 degildir. Bu gostergeler,
biliylime ve verim gibi islevsel sonuglarla birlikte yorumlanmalidir.

Kok fenotiplemesi

Kok 6zellikleri kuraklik, fosfor kisit1 ve su baskinina uyumun
merkezindedir. Kok acisi, derinlik, ince kok uzunlugu, lateral
dallanma, kok sagak yogunlugu, iletkenlik ve adventif kok olusumu
farkli kaynak erisim stratejilerini temsil eder. Toprak kolonlari,
rhizotronlar ve goriintiileme sistemleri kontrollii karsilastirma
saglar; fakat sinirli hacim, duvar etkisi ve homojen substrat tarla
koklenmesini degistirebilir. Kok fenotipi miimkiin oldugunca toprak
profili su/element dagilimi ve siirgiin performansiyla eslenmelidir.
Fasulyede kurakliga uyumun degerlendirilmesinde kok derinligi,
kok dagilimi, fotosentatin koke ve baklaya yonlendirilmesi ile hasat
indeksinin birlikte ele alinmasi onerilmistir (Beebe, Rao, Blair, &
Acosta-Gallegos, 2013).

Su baskinina yanit yalmiz sagkalim  ylizdesiyle
sinirlandirilamaz. Hipoksi stiresince adventif kok gelisimi ve kok
porozitesi; stres ilerledik¢e klorofil kaybi; su ¢ekildikten sonra ise
biliylimenin yeniden baslamasi ve kok clirtikliigii belirtileri birlikte
izlenmelidir. Soltani et al. (2017), Orta Amerika gen havuzuna ait
cesitlilik panelinde; Soltani et al. (2018) ise And kdkenli materyalde
su baskini toleransiyla iligkili genom bdlgeleri tanimlamistir.
Kontrollii kosullarda belirlenen bu yanitlarin, hipoksiye kok
patojenlerinin de eslik ettigi tarla ortaminda ayrica dogrulanmasi
gerekir.

Goriintiileme ve uzaktan algilama

Kirmizi-yesil-mavi (RGB) goriintiiler ortli orani, bitki
yliksekligi, yesillik, ¢icek ve bakla sayimi gibi 6zellikler i¢in diisiik
maliyetli baslangi¢ sunar. Multispektral sensorler goriiniir ve yakin
kiz1l6tesi bantlardan bitki ortiisti indeksleri tiretir; termal kameralar
tag sicakligini, hiperspektral sistemler ise dar bantlardaki yansimay1
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kullanarak pigment, su durumu ve stres imzalarim1 yakalayabilir.
Kuru fasulyede kiiciik bir insansiz hava arac1 (IHA) ile multispektral
goriintlileme, tarla parsellerinin yiiksek verimli bigimde karakterize
edilebilecegini gostermistir (Sankaran et al., 2018).

Hiperspektral 6l¢lim, ortak fasulye ile sicak-kurak ¢evrelere
uyumlu tepary fasulyenin fizyolojik kuraklik yanitlarini ayirma
potansiyeli gostermistir (Wong et al., 2023). Bu tiir sonuglar, yakin
akraba tiirlerden tolerans aktariminda invazif olmayan taramayi
destekler. Yine de yiiksek boyutlu spektral veride 6rnek sayisinin
bant sayisindan kii¢iik olmasi asir1 uyum riskini biiyiitiir; 6zellik
secimi ve dis dogrulama zorunludur.

Ureme ve nodiil fenotiplemesi

Yiiksek sicaklik ve birlesik streslerde cigcek sayisi, polen
canliligi, stigma {izerinde ¢imlenme, ddllenme, bakla tutumu ve
tohum sayis1 asamali olarak Olgiilmelidir. Sadece hasat verimi
zararin hangi basamakta olustugunu aciklamaz. Tomurcuk yasi ve
ciceklenme zamani kaydedilirse genotipler arasindaki fenolojik
farklar diizeltilir. Ureme fenotipleri, sicaklik toleransina ait aday
lokuslarin biyolojik yorumunu gii¢lendirir.

Kuraklik ve besin kisit1 biyolojik azot fiksasyonunu hizla
etkileyebilir. Nodiil sayisi, nodiil etkinligiyle ayn1 degildir. Aktif
nodiil biyokiitlesi, i¢ renk, bitki toplam azotu, iireid veya izotop
temelli Olglimler ve nodiil transkriptomu birlikte kullanildiginda
tolerans mekanizmasi daha iyi anlagilir. da Silva et al. (2024), iki
fasulye genotipinde kuraklik altinda nodiil transkriptomunu
inceleyerek biyolojik azot fiksasyonunun stres yanitinda dokuya
0zgii dlzenlendigini gostermistir. Bu boliimde karsilastirilan
fenotipleme platformlarmin giiclii ve smirli yonleri Tablo 2’de
verilmistir.
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Tablo 2. Fenotipleme platformlarimin gii¢lii ve sinirli yonleri

Platform Giiclii yon Baslica Islah kullanim
simrhhik
Tekrarlanabilir Kok hacmi ve Mekanizma ve
Saks1/iklim odast stres, ayrintilt mikroiklim tarla
). erken eleme
fizyoloji dis1
Yasmur korunas: Tarla 15181 altinda ~ Kenar ve yap1 i‘;lfklcl)ls( o
gmu £ su kontrolii mikroiklimi 1aryosu v
dogrulama
C:ievrrgeei g?lnonp ’ Stres dozu Cesit karar1 ve
Cok ¢evreli tarla gevre ¥ . kontrolii diistik, s
etkilesimi ve verim S hedef ¢evre
- maliyetli
kararlilig1
: Hizli, tekrarli, Kalibrasyon ve Tag gelisimi,
RGB/termal THA parsel 6lgeginde hava kosulu etkisi sicaklik, olgunluk
‘ . Erken ve ¢ok Maliyet, yiiksek ikincil 6zellik ve
Multispektral/hiperspektral ~ boyutlu stres boyut ve aktarim .
. . spektral imza
sinyali sorunu
Kok goriintiileme Mimariyi dinamik ~ Toprak ve hacim Kok ideotipi ve

izleme artefakt aday ebeveyn

Genomik kaynaklar ve genetik mimarinin ¢oziilmesi
Referans genom, varyant ve popiilasyon yapisi

Fasulyenin referans genomunun yayimlanmasi, baglanti
haritalarindan genom ¢apinda analizlere gecisi hizlandirmis ve And—
Mezoamerika gen havuzlarinin karsilastirilmast igin ortak bir
koordinat sistemi saglamistir (Schmutz et al., 2014). Bununla
birlikte tek referansa dayali varyant cagirma, uzak haplotipleri,
varlik/yokluk varyantlarin1 ve yapisal cesitliligi eksik temsil
edebilir. Bes yliksek kaliteli genom ve 339 genotipten olusturulan
ortak fasulye pan-genomu, referans dizide bulunmayan Onemli
miktarda dizi ve gen igerigi ortaya koymustur (Cortinovis et al.,
2024). Bu nedenle pan-genom ve ¢oklu referans yaklagimlari,
ozellikle yabani akraba veya tepary kokenli introgresyonlarin
analizinde kayip varyasyonu azaltma potansiyeli tasir.

Nicel ozellik lokusu (QTL) haritalamasi
Iki ebeveynli QTL vyaklasimi, zit ebeveynlerden gelen
alellerin ayrismasini izleyerek stres yanitin1 belirli kromozom
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bolgelerine baglar. Tekrarli homozigot hatlar ayn1 genotipin ¢evreler
arasinda yeniden smnanmasina imkan verse de analiz, baglangigtaki
iki ebeveynde bulunan c¢esitlilikle smirlidir ve ¢oziiniirliik
gerceklesen rekombinasyon sayisina baglidir. Mukeshimana et al.
(2014) kuraklik toleransiyla iliskili QTL'leri tanimlarken, Berny
Mier y Teran et al. (2019) bakla icindeki fotosentat paylagimi ve
yeniden tasmmmanin genetik mimarisini ayrintilandirmistir. Bu
bulgular, bakla sayisi, hasat indeksi, kok sistemi ve asimilat
dagiliminin ayni tolerans basligi altinda farkli genetik bilesenler
tasidigin1  gostermektedir; kiicik ve c¢evreye duyarli etkiler
dogrulanmadan dogrudan markor seleksiyonuna aktarilmamalidir.

GWAS ve cevre iliskilendirmesi

Genom c¢apinda iliskilendirme ¢alismalari, cesitlilik
panellerinde birikmig tarihsel rekombinasyondan yararlanarak iki
ebeveynli haritalamaya gore daha dar aday boélgeler iiretebilir.
Hoyos-Villegas et al. (2017) kurakliga bagl o6zellikleri bir ortak
fasulye panelinde incelemis, Mutari et al. (2023) ise kuru fasulyede
kuraklik bilesenleri icin iliskilendirme haritas1 olusturmustur.
Panellerin gen havuzu ve 6zellik tanimlart ayn1 olmadigindan, iki
calismada bildirilen sinyaller tek bir evrensel lokus listesi gibi
yorumlanmamalidir. Popiilasyon yapist ile akrabalik uygun
modellenmeli; nadir alellerdeki diigiik istatistiksel gii¢ dikkate
almmali ve kesif panelindeki SNP-haplotip etkisi bagimsiz
materyalde dogrulanmadan seleksiyon kararina
doniistiiriilmemelidir.

Genom—cevre iligkilendirmesi, gen bankasi materyalinin
toplandig1 yerin iklim degiskenleriyle alel frekanslarini esler.
Fasulyede 1s1 uyumuna iliskin ¢aligmalar, dogal ¢cevre gradyanlarinin
aday bolgeleri daraltabilecegini gostermistir (Lopez-Herndndez &
Cortés, 2019). Bununla birlikte toplama koordinatindaki giincel
iklim, materyalin secildigi tarihsel cevreyi veya cift¢i yonetimini
tam temsil etmeyebilir. Bu analiz hipotez iiretir; kontrollii sicaklik
ve tarla dogrulamasinin yerini almaz.
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Tuzluluk, su baskini ve besin kisit1 6rnekleri

Tuz toleransi, ¢imlenme ve fide doneminde hizli taranabilse
de bu siralama iireme donemine her zaman tasinmaz. Raggi et al.
(2024), 192 homozigot genotipten olusan ¢esitlilik panelini fide
doneminde tarayarak tuz yanitinin genetik temelini arastirmistir. Bu
tiir paneller aday lokus ve ebeveyn saglar; fakat farkli iyon bilesimi,
toprak ortami ve tane verimiyle dogrulama gerekir. Yalniz siirgiin
kuru agirligi, iyon diglama ile doku toleransini ayirmaz.

Su baskininda hem kontrollii ¢apraz popiilasyonlar hem
cesitlilik panelleri kullanilmigtir. Soltani et al. (2017, 2018),
toleransin ¢imlenme/fide performansi, sagkalim ve toparlanma gibi
bilesenlere ayrilabilecegini gostermistir. Ortak lokuslarin farkli
genetik arka planlarda dogrulanmasi, markor gelistirme agisindan
onemlidir. Ancak tarla su baskininda sicaklik ve kok patojenleri eslik
ettiginden steril veya kisa siireli kontrollii testler tek basina yeterli
degildir. Bu 6rneklerde iiretilen kanitin diizeyi ve rutin 1slaha gegis
kosullar1 Tablo 3’te karsilastirilmistir.

Besin elementi kisitinda erken kok biiylimesi, kok sagaklari,
nodiil etkinligi ve tane verimi ayni biyolojik zincirin farklh
basamaklandir. Fasulyede diisiik fosfor ve kuraklik gibi stres
cevrelerinde agronomik 6zelliklerin genomik tahmini, yogun markor
bilgisinin poligenik yanit1 yakalayabildigini gostermistir (Keller et
al., 2020). Ancak diisiik fosfor altinda fide kok mimarisi veya nodiil
sayisindaki iistiinliik, cok ¢evreli tane verimi dogrulamasi olmadan
besin kullanim etkinligi olarak adlandirilmamalidir.
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Tablo 3. Genom destekli analizlerin kanit diizeyi ve 1slaha gegig

kosulu

Yaklasim Urettigi kamt Temel yanhhik Islaha gecis i¢in

gereken

iki ebeveynli Ayr}san eb? veyn Sinirli alel ve genis  Cok cevre, ince harita,

QTL aleliyle baglantils tiven aralig1 akin markor
bolge & £ y
Dogal gesitlilikte .. -

GWAS markdr—fenotip Pop}l lasyonnye.l.pISI, Baglmmz pevlnel Ve
o nadir alel giicii haplotip dogrulamasi
iligkisi

Genom—cevre Cografi uyumla Tarihsel cevre ve .

iliskisi iliskili alel/bolge  yonetim belirsizligi DCneYsel stres fenotipi

. . Belirli doku/zamanda Korelasyon; doku Mutant/agir1 ifade veya

Aday gen ifadesi o ve zaman .
stresle degisen RNA N o alel testi

bagimlilig
. . Tim markdrlerden Egitim-hedef Tleriye doniik

Genomik tahmin o L. ~ . .

1slah degeri tahmini  uyumsuzlugu gevre/popiilasyon testi

Omik teknolojilerinin katkisi
Transkriptomik

RNA dizileme, stres altinda hangi genlerin ne dl¢iide ifade
edildigini ve alternatif transkriptleri ortaya koyar. Diferansiyel ifade
analizi; Ornekleme zamani, doku, biyolojik tekrar, kiitiiphane
derinligi ve normalizasyona duyarhdir. Yaprak 6rnegi kok, nodiil,
anter veya geng baklanin yanitini temsil etmez. Stresin erken sinyal
donemi ile ileri hasar donemi farkli gen kiimeleri tiretir. Bu nedenle
zaman serisi ve dokuya Ozgli tasarim, tek bir son nokta
karsilastirmasindan daha agiklayicidir.

Fasulyede su a¢ig1 altinda genom ¢apinda ifade degisimleri,
genotiplerin ortak ve farkli yanit yollarini gostermistir (Jorge et al.,
2020). Nodiil RNA-seq calismasi ise kurakligin biyolojik azot
fiksasyonu lizerindeki etkisini yaprak bulgularindan ayr1 bir organ
diizeyinde ¢ozmiistiir (da Silva et al., 2024). Bu ¢alismalar aday gen
ve yol iiretir; fakat ifade degisimi nedensellik degildir. ilgili alelin
fenotip etkisi, bagimsiz genotipler ve islevsel deneylerle
sinanmalidir.
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Is1 soku transkripsiyon faktorleri, sicaklik yanitinda giiclii
adaylardir. Fasulye genomunda 1s1 soku transkripsiyon faktorii (Hsf)
ailesinin tanimlanmasi ve stres altindaki ifade Oriintiilerinin
incelenmesi, diizenleyici genlerin adaylastirilmasimi saglamistir
(Zhang et al., 2022). Yine de bir gen ailesinin anotasyonu veya
stresle indiiklenmesi, cesit gelistirmeye hazir hedef anlamina
gelmez. Aile tiyeleri yedekli islev gosterebilir; ayni gen gelisme ve
verim tizerinde pleiotropik etki yapabilir.

Kiiciik RNA, epigenom ve diizenleyici katman

MikroRNA’lar hedef haberci RNA (mRNA) molekiillerinin
parcalanmas1 veya translasyonunun baskilanmasi yoluyla stres
yanitin1 diizenler. Fasulyede kuraklikla iligkili mikroRNA’larin
belirlenmesi, transkripsiyon sonrasi kontroliin aday gen aglarma
eklenmesini saglamistir (Wu, Wang, & Wang, 2017). Kiigiik RNA
analizi hedef tahminine dayaniyorsa yanlis pozitifler yiiksektir;
degradom veya ifade dogrulamasi hedef—mikroRNA iliskisini
gliclendirir.

Deoksiribontikleik asit (DNA) metilasyonu, histon isaretleri
ve kromatin erisilebilirligi, gen ifadesinin ¢evreye duyarh
katmanlaridir. Bununla birlikte ortak fasulyede abiyotik stres
epigenomu ve nesiller arasi stres hafizasina iliskin dogrudan kanit,
transkriptomik kanita gére ¢ok daha smirlidir. Bu nedenle diger
bitkilerde tamimlanan epigenetik mekanizmalar fasulyede
dogrulanmis tolerans mekanizmasi gibi sunulmamalidir. Bir bitkide
gozlenen epigenetik degisimin nesiller boyunca kalitsal, genotipten
bagimsiz ve verim ag¢isindan yararli oldugu ayrica gosterilmelidir;
doku bilesimi ve gelisme evresi de epigenom profilini degistirebilir.
Proteomik

Protein bollugu RNA diizeyiyle her zaman paralel degildir.
Translasyon hizi, protein yikimi, hiicre i¢i konum ve fosforilasyon
gibi translasyon sonrasi degisiklikler (PTM) islevi belirler.
Proteomik; fotosentez, enerji metabolizmasi, redoks savunmasi,
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protein katlanmast ve hiicre duvart siireclerindeki degisimleri
dogrudan protein diizeyinde inceleme olanagi verir. Subramani et al.
(2024), kurakliga zit yanit veren fasulye genotiplerinde proteomik
farkliliklar1  karsilagtirarak tolerans mekanizmalarinin = protein
diizeyindeki cesitliligini gostermistir.

Metabolomik ve iyonomik

Metabolitler gen ifadesi ile fizyolojik sonu¢ arasindaki en
yakin katmanlardan biridir. Sekerler, amino asitler, organik asitler,
fenilpropanoidler, hormonlar ve lipitler stres siddeti ile 6rnekleme
saatine hizla yanit verir. Hedeflenmemis metabolomik genis kesif
sunar; hedefli analiz belirli bilesiklerin giivenilir niceligini saglar.
Kimligi dogrulanmamis spektral o6zelliklerin biyolojik adla
raporlanmas1 dnemli bir hata kaynagidir.

Tuz stresi altinda iki zit fasulye genotipinin transkriptom,
metabolom ve iyonomunun karsilastirilmasi; gen, metabolit ve iyon
akiglarmin birlikte degerlendirilmesinin tolerans yollarin1 daha iyi
ayirabildigini gostermistir (Niron, Barlas, Salih, & Tiiret, 2020).
Sprout doneminde tuz stresine yanitin transkriptom—metabolom
biitiinlesmesi de dinamik diizenleyici aglar dnermistir (Zhang et al.,
2023). Ancak fide/sprout bulgularnin tarla ve iireme donemine
dogrudan tasinmamasi gerekir.

Soguk stresinde entegre transkriptom ve metabolom
analizleri; seker, amino asit, flavonoid ve hormon yollarinin
genotipe 6zgii diizenlendigini bildirmistir (Yang et al., 2023); (Tang
et al., 2025). iki calismanin ayn1 yolu gdstermesi kanit1 giiclendirir,
fakat kullanilan doku, sicaklik dozu ve genotipler farkliysa sonuglar
meta-analitik dikkatle birlestirilmelidir. En yararli adaylar, farkl
deneylerde yonii tutarli olan ve fenotiple nedensel iliski
kurabilenlerdir. Sekil 2 veri katmanlarmin islah kararinda nasil
baglandigini, Tablo 4 ise her omik katmanin tirettigi kanit1 ve gerekli
dogrulamay1 gostermektedir.

--103--



Sekil 2. Genomik, omik, fenomik ve ¢evresel veri katmanlarinin
1slah kararinda biitiinlestirilmesi.

Islah karar1
alel » ebeveyn « hat

Metabolomik . Cevresel veri
Fenomik

Kaynak: Orijinal.
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Tablo 4. Omik katmanlarin temel sorusu, ¢iktist ve dogrulama

gereksinimi
Katman Temel soru Tipik ¢ikt1 Dogrulama
Tek niikleotid
. Hangi kalitsal pollmorﬁzml (SNP), Genotipleme ve
Genomik varyant bulunuyor? ekleme/silme varyanti, segregasyon
yapisal varyant,
haplotip
Hangi RNA Diferansiyel ifade Nicel polimeraz zincir
Transkriptomik nerede/ne zaman ec}llen gen, 1z'0f(')rm, reaksiyonu, .
degisiyor? ag ve transkripsiyon ~ zaman/doku ve islev
) faktorii aday1 testi
Hangi protein ve Protein bollugu, ?ee(ll(i?(;mk:‘g?si eva
Proteomik modifikasyon translasyon sonrasi e’ sLvey
degisiyor? degisiklik ve yol antikor analizi ve
’ enzim islevi
Fizyolojik sonuca it szellisi Jesikl
Metabolomik  yakin hangi bilesik Metabolit dzelligi ve Standaﬁ bi esricte
degisiyor? yol hedefli nicelik
Element/iyon Sodyum, potasyum, .
Iyonomik dengesi nasil fosfor, demir vb. 510113; akis ve verim
degisiyor? profili 3
Epigenomik Sri:rgll; Zzglflm ¢ Metilasyon, kromatin ~ Kalitim, doku ve ifade

degisiyor?

erigimi

dogrulamasi

Coklu omik biitiinlestirme: listeden biyolojik modele

Coklu omik yaklasimin amaci, farkli platformlardan uzun
aday listelerini yan yana koymak degildir. Ayni biyolojik drnekten
veya karsilastirilabilir 6rneklerden elde edilen katmanlarin ortak
deney tasarimi, fenotip ve ¢evresel zaman serisiyle iliskilendirilmesi
gerekir. Gen ifadesi ile metabolit bollugu arasinda gecikme
olabileceginden eszamanli korelasyon her iligkiyi yakalamaz.
Zaman gecikmeli aglar ve yol temelli modeller biyolojik agidan daha
anlamli olabilir. Coklu katmanlarin ayni o6rnekler, uyumlu deney
birimleri ve agik zaman bilgisiyle eslenmesi, biyolojik yorumun
temelidir (Conesa et al., 2016); (Papoutsoglou et al., 2020).
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Adaylar; tekrarlanan QTL/GWAS bulgulari, dokuya 6zgii
ifade, protein ve metabolit deste§i, biyolojik islev ve bagimsiz
dogrulama diizeyine gore dnceliklendirilmelidir.

Genom destekli 1slah araclar:
Markor destekli seleksiyon ve geri melezleme

Markor destekli  seleksiyon, biiyiik etkili ve hedef
poplilasyonda gegerli aleller i¢in en etkilidir. Dondr alel geri
melezlemeyle elit c¢eside aktarilirken hedef lokus, rekombinant
se¢cim ve genom arka plan1 markorlerle izlenebilir. Abiyotik stres
toleransinda kiigiik etkili cok sayida lokus ve cevre etkilesimi
bulundugundan tek markor yaklasimi cogu zaman yetersizdir.
Kararli QTL’ler kalite, hastalik direnci ve fenolojiyle birlikte
piramitlenmelidir (Assefa et al., 2019).

Markoériin fiziksel olarak QTL’ye yakin olmasi farkli genetik
arka planda tahmin giiciinii garanti etmez. Isaretleyici ile nedensel
alel arasindaki baglant1 dengesi popiilasyonlar arasinda degisebilir.
Bu yilizden markér 6nce hedef ebeveyn ve 1slah popiilasyonunda
polimorfizm, alel etkisi ve hata oran1 bakimindan dogrulanmalidir.
Kullanilabilir test; yalmz bilimsel olarak anlamli degil, diisiik
maliyetli, yiiksek cagri oranli ve laboratuvar is akismna uygun
olmalidir.

Genomik seleksiyon

Genomik seleksiyon, biitlin genomdaki markorleri birlikte
kullanarak her bireyin genomik 1slah degerini tahmin eder. Biiyiik
etkili QTL aramak yerine kiiciik etkilerin toplamin1 yakalamay1
amacladigr icin kuraklik verimi gibi karmasik ozelliklerde
potansiyel tasir. Fasulyede agronomik o6zellikler i¢in yapilan
caligmalar, uygun egitim popiilasyonu ve modelle genomik tahminin
seleksiyon ¢evrimini kisaltabilecegini gostermistir (Keller et al.,
2020).

Tahmin dogrulugu egitim popiilasyonunun biiyiikligi,
kalitim, markor yogunlugu, akrabalik, cevre sayist ve hedef
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adaylarla genetik yakinliga baghdir. Rastgele ¢apraz dogrulama,
yakin akrabalar egitim ve test kiimelerine dagildiginda gercek 1slah
senaryosundan daha iyimser sonug verir. Y1l, lokasyon veya aileyi
disarida birakan capraz dogrulama; yeni ¢evre ve yeni caprazlar
daha diiriist bigimde smar. Model karsilastirmasinda capraz
dogrulama diizeni gercek seleksiyon problemini temsil etmeli ve
dogruluk farki beklenen genetik kazan¢g bakimindan da
degerlendirilmelidir (Schrauf, de los Campos, & Munilla, 2021).

Fenomik ve omik destekli tahmin

[HA, spektral 6l¢iim veya erken dénem fizyolojik dzellikleri
genomik tahmine ikincil veri olarak eklemek dogrulugu artirabilir.
Bu yaklagim, pahali hasat fenotipinin daha az parselde olgiilmesi
veya erken seleksiyon yapilmasi i¢in yararlidir. Fenomik verinin
egitim ve aday setinde ayni protokolle toplanmas1 gerekir. Sensor
veya tarih degisimi “parti etkisi (batch effect)” olusturabilir ve
model genetik sinyal yerine cihaz farkin1 6grenebilir. Fenomik ve
omik verinin ayni aday lzerinde birlikte kullanildigit modellerde
maliyet, 6rnekleme zamani ve dis dogrulama kazangla birlikte
degerlendirilmelidir (Wang et al., 2023).
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Tablo 5. Genom destekli 1slah araglarinin uygun kullanim alanlart

Arac En uygun genetik Baslica kazanim Karar oncesi
yapi kontrol
Markér destekli Biiyiik ve kararl Erken ve diisiik Hedef popiilasyonda
seleksiyon etkili lokus maliyetli alel segimi markor—alel bagi
Markér destekli Tek/az sayida donor  Elit arka planin hizli Baglanti yiikii ve arka
geri melezleme aleli geri kazanimi plan orani
Cok ozellik veya Epistaz ve
L Tamamlayic1 . .
QTL piramitleme N mekanizma kalite/uyum
dogrulanmis lokuslar . . s .
birlestirme Odiinlesmesi
. . L Tleriye déniik
Genomik Cok sayida kiiciik Cevrim siiresi ve sruluk .
seleksiyon etkili lokus secim yogunlugu dogruluk ve egitim
yakimlig1
. . Sensor 6zelligi Erken ve tekrarli Cihaz/tarih aktarimi
Fenomik tahmin . e -
verimle iliskili segme ve dig dogrulama

Islevi bilinen hedef =~ Hassas degisiklik ve Rejenerasyon,

Gen diizenleme gen/alel islev testi pleiotropi, mevzuat

Gen diizenleme ve islevsel dogrulama

Diizenli araliklarla kiimelenmis kisa palindromik tekrarlar
(CRISPR) ve CRISPR ile iliskili proteinler (Cas) temelli araglar bir
genin islevini ortadan kaldirmakla smurli degildir; promotor
diizeyinde ayar, belirli bir alelin degistirilmesi ve birden ¢ok hedefin
birlikte diizenlenmesi i¢in de kullanilabilir. Absisik asit sinyalinin
bilesenleri, stoma hareketini yoneten genler, iyon tastyicilari, 1s1
soku yanit1 ve transkripsiyon faktorleri abiyotik stres bakimindan
baslica aday gruplandir. Li et al. (2022) farkli {iriinlerde stres
toleransina yonelik genom diizenleme uygulamalarini derlemis;
Cevher-Keskin et al. (2023) CRISPR/Cas9'un hastalik direnci ve
abiyotik stres baglamindaki gelisimini degerlendirmistir. Bu genis
iiriin kanit1 fasulyede hedef secimine baslangic saglayabilir, fakat
dogrudan fasulye dogrulamasinin yerine gegmez. Genetik arka plan,
gen ailesindeki islevsel yedeklilik, gelisme evresi ve stres senaryosu
diizenleme sonucunu degistirebilir.

Fasulyede temel teknik engel, genotipe bagiml
transformasyon ile fertil bitki rejenerasyonudur. Ortak fasulye, bazi
iliskili Phaseolus tiirlerine gore daha diisiik rejenerasyon potansiyeli
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gosterir; bu simirlilik genom diizenlemenin rutin ¢esit gelistirmeye
aktarilmasii giiclestirir  (Cardi, D’Agostino, & Tripodi, 2017).
Baklagillerde diisiik transformasyon etkinligi ve doku kiiltiirii
bagimliligr giincel genom diizenleme uygulamalarinin ortak
darbogazidir (Nivya & Shah, 2023). Gegici ifade veya sacak kok
sistemleri aday gen islevini sitnamayi kolaylastirabilir; ancak kalitsal
cesit gelistirme i¢in diizenlenmis hiicreden fertil bitki ve
dogrulanmis nesil elde edilmesi gerekir. Fasulyede Rhizobium
rhizogenes aracili sagak kok sistemi, CRISPR/Cas9 kilavuz RNA ve
promotor etkinligini kararli transformasyondan 6nce sinamak ig¢in
uygulanmis; buna karsilik kararli transformasyonun hala zaman alici
ve genotipe bagimli oldugu gosterilmistir (de Koning et al., 2023).
Gen diizenleme yalniz cesit iiretme aract degildir;
QTL/GWAS ve omik veriden ¢ikan adaylarin nedenselligini
sinamak i¢in de kullanilabilir. Bir adaymn diizenlenmesi fenotipi
beklenen yonde degistiriyorsa kanit giiclenir. Tamamlayic1 hat,
farkl alel veya bagimsiz diizenleme olayiyla sonug¢ dogrulanmalidir.
Hedef dis1 degisiklik (off-target) taramasi kadar doku kiiltiirii
sirasinda olusan somaklonal varyasyon da dikkate alinmalidir. Rutin
islaha geciste hedef dis1 degisiklikler, somaklonal varyasyon,
biyogiivenlik ve lilkeye 0zgii mevzuat ayrica degerlendirilmelidir.

Veri analizi, makine 6grenmesi ve tekrarlanabilirlik

Fenomik ve omik veri yiiksek boyutlu oldugundan makine
ogrenmesi giderek daha fazla kullanilmaktadir. Rastgele orman,
gradyan artirma (gradient boosting), destek vektér makineleri ve
sinir aglar1 dogrusal olmayan iliskileri yakalayabilir. Ancak
karmagik modelin basit karisik model, genomik en iyi dogrusal
yansiz tahmin (GBLUP) veya ridge regresyonuna dayali en iyi
dogrusal yansiz tahmin (rrBLUP) modellerinden daha iyi olacagi
garanti degildir. Alt1 bitki tiri ve 18 0Ozelligi kapsayan
karsilastirmada tek bir algoritma her veri setinde iistiin olmamus,
yapay sinir aglart hicbir Ozellikte en iyi yontem olarak One
cikmamistir (Azodi et al., 2019). Dolayisiyla model se¢imi moda
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degil, hedef seleksiyon senaryosundaki ileriye doniik performansa
dayanmalidir.

Veri bolme stratejisi analiz sonucunun merkezindedir. Ayni
genotipin tekrarlart hem egitim hem test kiimesinde bulunursa model
genotip kimligini 6grenebilir. Ayni ugus veya laboratuvar partisine
ait orneklerin iki kiimeye dagilmasi teknik sinyali ¢ogaltir. Capraz
dogrulama birimi, ger¢ek kullanim senaryosuna uygun olarak
genotip, aile, lokasyon, yil veya deney olmalidir. Dis test kiimesi
yalmiz model gelistirme tamamlandiktan sonra bir kez
kullanilmalidir. Aday modellerin ayni1 katmanlarda eglestirilmis
capraz dogrulamayla karsilastirilmasi, kiiciik dogruluk farklarmin
tesadiifi boliinmeden kaynaklanma riskini azaltir (Schrauf, de los
Campos, & Munilla, 2021).

Aciklanabilir yapay zeka, modelin hangi spektral bant, SNP
veya fizyolojik 0Ozelligi kullandigini incelemeye yardim eder.
Shapley toplamsal agiklamalar1 (SHAP), 6zellik 6nemleri ve dikkat
haritalar1 biyolojik hipotez iiretir; nedensellik kamt1 degildir. Ozellik
oneminin korelasyonlu degiskenler arasinda keyfil dagilabilecegi ve
goriintii modelinin hastalik/stres yerine arka plan1 6grenebilecegi
unutulmamalidir. Agiklama, bagimsiz deneyle test edilebilir
biyolojik soruya cevrilmelidir. Bitki 1slahinda SHAP tabanlh
aciklamalarin aday SNP veya bolge onerebildigi gosterilmis olsa da
kiigtik veri seti ve dis dogrulama eksikligi biyolojik genellemeyi
sinirlar (Novielli et al., 2024).

Islah programi icin biitiinlesik uygulama modeli

[lk adim hedef iiriin profilidir: pazar smifi, tane veya taze
tilketim bi¢imi, biiylime sekli, olgunlagma siiresi, hastalik paketi,
hedef stres ve kabul edilebilir kalite sinirlar1 tanimlanir. fkinci adim,
hedef cevrenin su—sicaklik—toprak senaryolartyla
siniflandirilmasidir.  Uglinci  adimda  genetik materyal, bu
senaryolart temsil eden kontrolli ve tarla platformlarinda
fenotiplenir. Molekiiler veri, fenotip tasarimindan 6nce degil onunla
birlikte planlanir.
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Kesif agamasinda genis ¢esitlilik paneli, zit ebeveynler ve
gerekirse P. acutifolius gibi iligkili tiirler kullanilir. QTL/GWAS,
transkriptom ve metabolom ayn1 6zellige ait adaylari daraltabilir. On
1islah, yararli aleli elit arka plana tagirken baglanti yiikiinli azaltir.
Biiyiik etkili lokuslar markoérle, poligenik deger genomik
seleksiyonla izlenebilir. Her asamada tane kalitesi ve fenoloji
korunur.

Dogrulama asamasi bagimsiz materyal ve ¢evre gerektirir.
Aday lokus, biyobelirte¢ veya model ilk gelistirildigi popiilasyonda
yiksek performans gosterebilir; fakat baska gen havuzu, yil veya
stres siddetinde etkisini kaybedebilir. Ileriye déniik dogrulama,
geriye doniik yliksek uyumdan daha degerlidir. Islah kararinda
yalniz P degeri veya R? degil beklenen genetik kazang, maliyet,
cevrim siiresi ve hata maliyeti kullanilir.

Islahin son asamasinda stres toleransi; pisme kalitesi, tane
goriiniim, hastalik direnci, olgunlagma ve tiretici gereksinimleriyle
birlikte degerlendirilmelidir.

Tiirkiye icin onerilen arastirma oncelikleri

Tiirkiye icin kurulacak bir fasulye fenotipleme agi,
lokasyonlar1 yalniz idari smirlara gore degil gozlenen stres
oriintiilerine gére segmelidir. Onerilen siniflamada yiiksek rakimli
ve kisa sezonlu g¢evrelerde diisiik sicaklik, ge¢ don ve fenolojik
uyum; sicak ve kisithi sulanan {iretim alanlarinda ise tireme donemi
sicakligi, yiiksek VPD ve su kisiti ayr1 hedef senaryolar olarak ele
almabilir. Goksun gibi yiiksek rakimli bir ¢evre bu agda soguk—kisa
sezon bilesenini temsil edebilir; ancak temsil glicii uzun yilh
meteorolojik veri ve Dbitki diizeyindeki stres Olgiimleriyle
dogrulanmalidir.

Yerel fasulye popiilasyonlar1 adaptasyon ve kalite alelleri
bakimindan degerli adaylardir; ancak uzun siiredir bir bolgede
yetistirilmeleri her stres i¢in tolerans kanit1 degildir. Popiilasyon i¢i
heterojenlik korunarak c¢ekirdek ornekler olusturulmali, tohum tipi
ve ¢iftei kullanim bilgisi kayit altina alinmalidir. Elit ¢esitler, yerel
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materyal ve uluslararasi stres dondrleri aymi standart protokolde
karsilastirilmali; istiinlik kontrollii ortam, hedef ¢evre ve tane
verimi basamaklarinda ayr1 ayr1 dogrulanmalidir.

Bir bulgunun 1slah teknolojisine doniisme basamaklari

Tek deneyde ifade degigsimi gosteren bir gen, dogrulanmis
islah markorii degildir. Kesif bulgulart bagimsiz genotip ve
cevrelerde dogrulanmali, rutin seleksiyondan once Ongorii giicii
sinanmalidir.
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Tablo 6. Fenotipik veya molekiiler bir bulgunun rutin islah aracina
doniisme olciitleri

Olgunluk basamag Gerekli kanit Bashca karar
. Tek popiilasyon/deneyde iliski Aday takip edilmeye deger

1. Kesif . .
veya ifade farki mi?

2 Tekrarlama Baglmsm fleneyde aynt yon ve Bulguyu teknik artefakttan
yeterli etki ayirtyor mu?

3. Biyolojik dogrulama F 1%yol?]1k y.ol, alel ve Nedense! veya giivenilir bagl
miimkiinse islev testi sinyal mi?

4. Hedef popiilasyon Pazar sinifi ve genetik arka Islah materyaline aktarilabilir

testi planda ayrim mi?

5. Cok cevreli Yil/lokasyon/stres Hangi hedef ¢evrede

dogrulama senaryosunda kararlilik kullanilmal1?

Maliyet, siire, kalite kontrol ~ Fenotip veya mevcut is

6. Rutin kullanim ve genetik kazang akigindan tistiin mii?

Sonugc ve gelecek perspektifi

Fasulyede abiyotik stres toleransinin gelistirilmesinde temel
kosul, hedef c¢evreyi temsil eden gilivenilir fenotip verisidir.
Molekiiler bulgular, tekrarli ve 1yi tasarlanmis stres denemeleriyle
iliskilendirilmelidir.

QTL ve GWAS bolgeleri omik verilerle daraltilabilir; ancak
molekiiler birliktelik nedensellik kanit1 degildir. Adaylarin bagimsiz
popiilasyonlarda ve islevsel deneylerde dogrulanmasi gerekir.

Biiyiik etkili lokuslar i¢in markor destekli seleksiyon,
poligenik o6zellikler icin genomik seleksiyon, adaylarin islevsel
sinanmast i¢in gen diizenleme uygundur. Yontem se¢imi hedef
ozellik ve uygulama kapasitesine baglidir.

Gelecekte sensor temelli fenotipleme, ¢evresel zaman
serileri, haplotip bilgisi ve omik katmanlarin birlikte analizi fasulye
1slahint gli¢lendirebilir; ancak basarisi bagimsiz saha dogrulamasina
baglidir.
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CHAPTER 5

Tarla Bitkileri Uriinlerinin Depolanmasinda Akill ve
Yenilikc¢i Teknolojiler: Kalitenin Korunmasi ve
Kayiplarin Azaltilmasi

HAKAN KIBAR!

Giris
Tarla bitkileri {iriinleri; tahillar, yemeklik tane baklagiller,
yagli tohumlar ve tohumluk materyal basta olmak {izere insan
beslenmesi, hayvan besleme ve sanayi agisindan stratejik 6neme
sahiptir. Bu idrlinlerin ¢ogu belirli donemlerde hasat edilirken
kullanim talebinin y1l boyunca siirmesi, depolamay1 tliretim-tiiketim
zincirinin kritik bir pargasi haline getirmektedir. Depolama sirasinda
nem, sicaklik, bagil nem, gaz bilesimi, bdcek gelisimi, fungal
bulasma ve mikotoksin olusumu; miktar kaybmnin yani sira
cimlenme  giicii, isleme kalitesi ve gida gilivenligini
etkileyebilmektedir (Anukiruthika & Jayas, 2024; Jain et al., 2026).

Geleneksel depolama yonetimi glivenli neme kadar kurutma,
temizlik, havalandirma, sicaklik kontrolii ve zararli miicadelesine
dayanmaktadir. Ancak biiylik hacimli yiginlarda yerel sicak
noktalarin olusmasit ve bozulmanin goriiniir belirtilerden Once
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baslayabilmesi, aralikli dl¢iimlere dayali kontroliin sinirliliklarin
ortaya koymaktadir. Bu nedenle modern depolama sistemleri
sensdrler, Nesnelerin Interneti (IoT), bulut tabanli veri altyapilar1 ve
yapay zeka destekli karar mekanizmalariyla gergek zamanl
izlemeye yonelmektedir. Sicaklik, bagil nem, {iriin nemi ve CO» gibi
degiskenlerin siirekli izlenmesi; makine 6grenmesi ve matematiksel
modellerle birlikte kullanildiginda erken uyar1 olusturma ve
havalandirma-sogutma sistemlerini daha hedefli yonetme olanagi
sunmaktadir (Lutz & Coradi, 2022; Jain et al., 2026).

Akilli depolamanin diger bir boyutunu tahribatsiz kalite
degerlendirme ve yeni nesil depolama sistemleri olusturmaktadir.
Yakin  kizilotesi  spektroskopi,  hiperspektral — goriintiileme,
bilgisayarli gorii ve elektronik burun gibi teknikler; tane kusurlari,
bazi kimyasal oOzellikler, fungal bulasma ve zararli kaynakl
degisimlerin hizli bi¢cimde belirlenmesinde kullanilabilmektedir.
Ozellikle  hiperspektral ~ goriintiilemenin  yapay zekd ile
biitiinlestirilmesi kalite ve gilivenlik degerlendirmesinde Onemli
potansiyel tasimaktadir (Liang et al., 2025). Hermetik torbalar ve
silo-torba sistemleri ise gaz aligverisini sinirlandirarak bocek
gelisimini baskilayabilmekte ve iirlin kayiplarini azaltabilmektedir
(Bartosik et al., 2023; Ngoma et al., 2024).

Bunlara ek olarak soguk plazma, ozon ve diger 1s1l olmayan
fiziksel teknolojiler; mikrobiyal yiik, depo zararlilari ve bazi
mikotoksinlerin kontrolii agisindan umut verici segeneklerdir, ancak
trtin  kalitesine etkileri, gilivenlik ve endiistriyel oOlgege
aktarilabilirlikleri dikkatle degerlendirilmelidir (Liu et al., 2024;
Pande et al., 2025). Giinlimiizde etkili depolama yo6netimi; giivenli
kurutma, uygun depolama sistemi, ger¢ek zamanli sensor izleme,
tahribatsiz  kalite degerlendirmesi ve tahmin modellerinin
biitiinlestirilmesine dayanmaktadir.
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Tarla Bitkileri Uriinlerinde Depolama Kalitesini Etkileyen
Faktorler ve Kalite Kayiplar:

Depolama kalitesi, yalnizca depo ortaminin kosullariyla
degil, iriiniin depoya girdigi andaki fiziksel, fizyolojik ve
biyokimyasal 0&zelliklerle birlikte sekillenmektedir. Cesit veya
genotip, hasat olgunlugu, baslangi¢c nemi, tane biitlinliigii, yabanci
madde orani, tarla doneminden tasinan fungal bulasmalar ve hasat-
kurutma sirasinda olusan mekanik zararlar sonraki bozulma hizin
etkiler. Kirik ve catlamis taneler saglam tanelere gore nem
aligverisine, oksidasyona ve biyolojik etmenlerin girisine daha
aciktir. Ince materyal ve yabanci maddeler ise y1gimn i¢indeki hava
hareketini diizensizlestirerek yerel bozulma bolgelerinin olugmasini
kolaylagtirabilir. Bu nedenle depolama kayiplari, ¢ogu zaman
irlinliin baglangic kalitesi ile depo kosullarinin ortak sonucudur
(Ziegler et al., 2021).

Uriin nemi, sicaklik ve depolama siiresi arasindaki etkilesim
depolanabilirligin temelini olusturur. Tane ve tohumlar hasattan
sonra da distk diizeyde solunumlarini siirdiiriir; nem ve sicaklik
yukseldik¢e solunum hizi, kuru madde tiiketimi ve 1s1 olusumu
artabilir. Yigin ic¢indeki sicaklik farkliliklari nemin bir bdlgeden
digerine tasinmasina neden oldugundan, ortalama nem uygun
goriinse bile lokal olarak daha nemli bolgeler ortaya c¢ikabilir. Bu
mikro bdlgeler biyolojik aktivitenin hizlanmasina ve bozulmanin
cevreye yayillmasina zemin hazirlar. Ayrica sicaklik, tanenin kendi
enzimatik ve oksidatif reaksiyonlarini da etkiler. Bugdayda 15 ve 20
°C'de depolama ve isleme Ozelliklerinin 30 °C'ye goére daha iyi
korundugu; yiiksek sicakligin yag asidi degeri, gluten ozellikleri,
enzim aktiviteleri ve metabolit profili ilizerinde daha belirgin
degisikliklere yol agtig1 bildirilmistir (Anukiruthika & Jayas, 2024;
Zhao et al., 2024; Ziegler et al., 2021).

Biyolojik etmenler kalite kayiplarin1 hem dogrudan hem de

dolayl olarak artirir. Depo bdcekleri endosperm, embriyo veya dis
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katmanlarla beslenerek agirlik kaybina, kirik tane oraninin artmasina
ve ticari sinifin diismesine neden olur. Bocek artiklart ve digkilart
fiziksel temizligi bozarken yogun popiilasyonlar y1gin sicakligt ve
nemini yiikselterek fungal gelisimi destekleyebilir. Beslenme
bolgesine bagli olarak protein, lipit ve karbonhidrat fraksiyonlarinda
degisimler ve isleme kalitesinde bozulmalar goriilebilmektedir
(Stathas et al., 2023). Fungal gelisme ise kuru madde kaybi,
cimlenme giiciinde azalma, renk-koku degisimleri ve besin
bilesenlerinin parcalanmasina yol agabilir. Toksijenik tiirlerin
gelismesi durumunda sorun gida ve yem giivenligini de kapsar.
Mikotoksinler olustuktan sonra mantar gelisiminin durdurulmasi
iriinii baglangictaki giivenli durumuna dondiirmediginden, bu kayip
cogu zaman geri doniigsiizdiir (Pande et al., 2025).

Depolama sirasinda olugsan biyokimyasal degisimler,
ozellikle tahil ve yagl tohumlarin teknolojik ve duyusal kalitesine
yansir. Nisasta yapisindaki degisimler su baglama ve jelatinizasyon
davranisini; proteinlerdeki  donilistimler hamur ve isleme
ozelliklerini; lipitlerin hidrolizi ve oksidasyonu ise tat, aroma ve
depolama  stabilitesini  etkileyebilir. ~ Bugdayda lipitlerin
parcalanmas1 serbest yag asitleri ile aldehit ve keton gibi ugucu
bilesiklerin olusumuna, dolayisiyla acilasma ve bayat koku
gelisimine katkida bulunabilir; fungal enzimler de bu siireci
hizlandirabilir (Alconada & Moure, 2022). Yag orani yiiksek tarla
trtinlerinde ¢oklu doymamis yag asitlerinin oksidasyonu daha
belirgin 6nem tagir. Lipoksijenazlarin serbest yag asitlerinden ugucu
irliin olusumunu hizlandirarak istenmeyen tat-koku gelisimine,
antioksidan kaybina ve tohumun depolama Omriiniin kisalmasina
katkida bulunabildigi belirtilmektedir (Mathavaraj et al., 2025). Bu
nedenle goriinlisiinii koruyan bir iirliniin isleme veya duyusal
performansi depolama sonunda 6nemli 6l¢iide diismiis olabilir.

Yemeklik tane baklagillerde depolama kalitesinin 6nemli
gostergelerinden biri hidrasyon ve pisme davranisidir. Ozellikle
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yiiksek sicaklik ve bagil nem altinda uzun siire depolanan fasulye ve
diger baklagillerde 'zor pisme' (hard-to-cook) sorunu gelisebilir.
Hiicre duvari ve orta lameldeki degisiklikler, pektin-katyon
etkilesimleri, fitat pargalanmasi, membran biitiinl{igliniin bozulmasi
ve protein-nisasta matriksindeki doniisiimler tanenin su alma ve
yumusama kapasitesini azaltabilir. Sonugta 1slatma ve pisirme siiresi
uzar, enerji gereksinimi artar ve tiiketici kabulii diiser. Uzun pisirme
ayrica bazi 1siya duyarli bilesenlerin kaybini artirabilir ve besin
Ogelerinin biyoyararlanimini olumsuz etkileyebilir (Perera et al.,
2023).

Tohumluk materyalde depolama basarisinin temel Olgiitii
canlilik ve tohum giicliniin korunmasidir. Tohum yaslanmasi
goriiniir bir bozulma olmadan ilerleyebilir ve ilk olarak ¢ikis hizinin
yavaslamasi, stres kosullarinda ¢imlenme performansinin diismesi
veya fide gelisiminin zayiflamasiyla ortaya cikabilir. Depolama
sirasinda reaktif oksijen tiirlerinin birikmesi; membran lipitleri,
proteinler ve niikleik asitlerde oksidatif hasara, antioksidan
savunmanin zayiflamasina ve enerji metabolizmasinin bozulmasina
yol agabilir. Membran biitiinliigiiniin kayb1 ¢imlenme baslangicinda
coziinebilir maddelerin sizmasini artirir ve hiicresel organizasyonu
bozar. Ozellikle ortodoks tohumlarda diisiik tohum nemi ve diisiik
sicaklik genel olarak uzun omiirliiliigii desteklese de tiir ve genotip
farkliliklar1 ayn1 kosullarda depolama omriiniin degismesine neden
olabilmektedir (Corbineau, 2024).

Kalite kayiplarinin niteligi {irtiniin kullanim amacina gore
degisir. Gida ve yemlik materyalde kuru madde, besin degeri, renk,
koku, pisme veya isleme 6zellikleri ile glivenlik 6n plana ¢ikarken;
tohumluk materyalde ¢cimlenme giicii ve vigor daha kritik ol¢iitlerdir.
Bu nedenle yalnizca agirlik kaybini izlemek depolama basarisini
degerlendirmek icin yeterli degildir. Fiziksel hasar, fizyolojik
yaslanma, biyokimyasal bozulma, teknolojik performans ve
mikrobiyal giivenlik birlikte ele alinmalidir.
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Uriin gruplari arasindaki bilesim farkliliklari, ayni depolama
kosullarinin farkli sonuglar dogurmasina da neden olur. Nisasta ve
protein agirlikli tahillarda 6gilitme, hamur ve pisirme 6zellikleri 6n
plana ¢ikarken; yagli tohumlarda oksidatif stabilite, baklagillerde
hidrasyon ve pisme davranisi, tohumluklarda ise canlilik ve vigor
daha duyarl kalite gdstergeleridir. Bu nedenle depolama siiresi i¢in
tek bir genel gilivenlik sinir1 tanimlamak yerine {iriin tiirii, baslangi¢
nemi, kullanim amaci ve kabul edilebilir kalite esigi birlikte
degerlendirilmelidir. Ayrica kalite kayiplar1 dogrusal ilerlemeyebilir;
baslangigta yavas seyreden bozulma, nem birikimi, bocek faaliyeti
veya fungal gelisim gibi bir tetikleyicinin devreye girmesiyle
hizlanabilir. Bu 6zellik, depolama yonetiminde erken donemdeki
kiigiik degisimlerin 6nemini artirmaktadir.

Akillh Depolama Sistemleri: Sensorler, IoT ve Gercek Zamanh
izleme

Akilli depolama sistemlerinin temel islevi, bir Onceki
boliimde agiklanan kalite kayiplarin1 depolama sonunda belirlemek
yerine, bozulmayr hazirlayan degisimleri ortaya ¢iktigi anda
algilayabilmektir. Bu yaklagimda depo, belirli araliklarla kontrol
edilen pasif bir yap1 olmaktan ¢ikarak siirekli veri iireten bir izleme
ortamina doniismektedir. Sensor diiglimleri, haberlesme agi1, veri
kayit yazilimi ve uyar1 mekanizmalar birlikte ¢alistiginda iiriin
kiitlesindeki degisimler zamana ve konuma bagli olarak izlenebilir.
Biiytik silo ve yatay depolarda {iriin kiitlesi homojen olmadigindan
tek noktadan almman Ol¢iim lokal bir sicak bdlgeyi veya nem
birikimini temsil etmeyebilir. Bu nedenle akilli depolamada asil
yenilik, sensoOrlerin mekansal olarak dagitilmasi ve farkl
noktalardan gelen verilerin ayni karar altyapisinda birlestirilmesidir
(Labrot-Rhodes et al., 2025; Jain et al., 2026).

Sicaklik sensorleri tahil ve tohum depolarinda en yaygin
izleme bilesenidir; ancak akilli sistemlerde Sl¢iimiin degeri tek bir
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esik degerinden ¢ok zamansal degisim ve mekansal gradyanlarin
izlenmesinden kaynaklanir. Farkli derinliklere yerlestirilen sensorler
olagandis1 1sinma boélgelerinin belirlenmesine yardimct olur. Bir
noktadaki yavas fakat siirekli artis veya cevredeki sensorlerden
ayrisan sicaklik egilimi, kiitle i¢inde gelisen biyolojik aktivitenin
erken gostergesi olabilir. Bununla birlikte sensor araliklarinin genis
olmasi kiiglik sicak bolgelerin gozden kagmasina, ¢ok sik yerlesim
ise maliyet ve veri hacminin artmasina yol acar. Bu nedenle sensor
yogunlugu silo geometrisi, Uriin yiiksekligi ve havalandirma
diizenine gore belirlenmeli; anlik degerlerin yaninda degisim hiz1 da
degerlendirilmelidir (Lutz & Coradi, 2022; Anukiruthika & Jayas,
2024).

Nem izlemede dogrudan tane neminin siirekli 6l¢iilmesi her
kosulda kolay olmadigindan, taneler arasindaki havanin bagil nemi
ve sicakligindan denge nem igeriginin tahmin edilmesi énemli bir
secenektir. Kapasitif sensorler diisiik maliyetli olmakla birlikte uzun
stireli kullanimda sensorlerin zamanla Ol¢im hassasiyetinin
degismesi, yogunlagsma ve sicaklik etkileri 6l¢iim dogrulugunu
azaltabilir. Bu nedenle tek bir nem sensorii Uirtiniin tamamini temsil
eden mutlak bir deger olarak kullanilmamalidir. Coradi et al. (2022),
silo torbalarinda depolanan misirda kablosuz sensor agi ve loT
platformuyla sicaklik ve bagil nemi gergek zamanl izleyerek denge
nem igerigi ve kalite Ozelliklerinin tahminine yonelik bir yapi
gelistirmistir. Glincel calismalar da tek parametreli 6l¢im yerine
sicaklik, bagil nem ve diger gostergeleri birlestiren ¢oklu sensor
sistemlerine yonelimi gostermektedir (Aziz et al., 2025).

Gaz sensorleri, fiziksel ¢evre kosullarinin 6tesinde iirlin ve
mikroorganizma metabolizmasina iligkin dolayli bilgi saglayabilir.
CO> diizeyinin artmasi tane solunumu, bocek aktivitesi veya fungal
gelismeyle iliskili olabileceginden, sicaklik artisi belirginlesmeden
once erken uyar1 saglayabilir. Hermetik veya modifiye atmosfer
kosullarinda CO2 ve O ayni zamanda depolama atmosferinin
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hedeflenen sinirlar i¢inde kalip kalmadigini gosterir. Ancak gaz
dagilimi; sensor konumu, hava sizintilar1 ve depo geometrisinden
etkilenebildigi i¢in Ol¢limlerin diger sensor verileriyle birlikte
yorumlanmasi gerekir (Labrot-Rhodes et al., 2025). Daha gelismis
uygulamalarda elektronik burun sistemleri, ugucu organik
bilesiklerin dagilimini analiz ederek mantar gelisimi ve bdcek
faaliyetinin  iirline zarar vermeden belirlenmesine olanak
saglayabilir. Bununla birlikte sensorlerin  zamanla 06l¢iim
hassasiyetinin degismesi ve farkli bilesiklere benzer tepkiler
vermesi, bu sistemlerin yaygin kullanimin1 sinirlayan 6nemli
sorunlar arasinda yer almaktadir (Akimsha et al., 2026).

Akillt depolamada sensor kavrami sicaklik, nem ve gaz
problariyla sinirli degildir. Akustik algilayicilar, kamera tabanl
tuzaklar ve optik yontemler depo zararlilarinin daha erken
belirlenmesine katki saglayabilir. Akustik sistemler bocek hareket ve
beslenme seslerini algilamayi, kamera destekli tuzaklar ise
yakalanan boceklerin otomatik sayimini hedefler. Yakin kizilGtesi
spektroskopi ve hiperspektral goriintiileme de 6rneklenen tanelerde
zararlh hasar1 veya kalite degisimini fiziksel pargalama
gerektirmeden degerlendirebilir. Crépon et al. (2023), IoT, yakin
kizilotesi spektroskopi ve hiperspektral goriintiilemenin depo
zararhlarinin ~ izlenmesinde  birbirini = tamamlayabilecegini
belirtmistir. Boylece temel cevresel sensorlerden gelen anormal
sinyaller daha 0zgiil algilama araglariyla dogrulanabilir ve ileri
sensorler yalnizca riskli bolgelerde kullanilabilir.

Sensorlerden elde edilen verilerin gergek zamanli olarak
izlenebilmesi ve depolama yoOnetiminde kullanilabilmesi igin
giivenilir bir iletisim altyapisina ihtiya¢ vardir. Depolama tesisinin
biiyiikliigii ve yapisina bagl olarak kablolu aglar, Wi-Fi, diisiik
enerjili Bluetooth, Zigbee, hiicresel iletisim sistemleri veya diisiik
giic tiiketimli genis alan aglar1 kullanilabilir. Metal silolar kablosuz
sinyallerin iletimini zayiflatabildiginden, iletisim yOnteminin
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seciminde yalnizca veri aktarim hizi degil, ortam kosullar1 ve
baglant1 giivenilirligi de dikkate alinmalidir. Batarya ile calisan
sensorlerde ise veri iletim siklig1 ile enerji tiikketimi arasinda uygun
bir denge kurulmasi 6nemlidir. Normal kosullarda 6l¢iim ve veri
aktarim araliklarinin uzatilmasi, kritik bir degisiklik algilandiginda
ise Ol¢tim sikliginin artirilmasi enerji verimliligine katki saglayabilir.
Nesnelerin Interneti (IoT) tabanl sistemlerde sensor diigiimlerinden
elde edilen veriler once ag gecidine, ardindan yerel veya bulut
tabanli bir veri isleme ortamina aktarilir. Kullanicilar bu verilere
internet veya mobil uygulamalar {izerinden eriserek giincel
Ol¢iimleri ve zamana bagl degisimleri izleyebilir. Boylece uzaktan
izleme, diizenli kayit tutma ve olas1 sorunlarin erken belirlenmesi
acisindan dnemli avantajlar saglanabilir (Priyadarsani et al., 2023).

Gergek zamanli izleme, yalnizca 6l¢lim degerlerinin ekranda
siirekli gosterilmesiyle smirli kalmamalidir. Ozellikle biiyiik
depolama tesislerinde ¢ok sayida sensdrden elde edilen veriler
arasindaki onemli degisimlerin sistem tarafindan otomatik olarak
belirlenmesi gerekir. Alt ve iist siir degerlerinin tanimlanmasi
yararli olmakla birlikte tek basima yeterli degildir. Ornegin, kabul
edilebilir sinirlar i¢inde kalmasmma ragmen birka¢ giin boyunca
strekli yiikselen bir sicaklik degeri veya yakinindaki sensorlerden
belirgin bi¢cimde farkli Ol¢ciim yapan bir sensor, kritik sinira
ulagilmadan 6nce olasi bir soruna isaret edebilir. Bu nedenle uyari
sistemlerinde Olgiilen degerin yani sira degisim hizi, degisimin
devamliligt ve yakin bolgelerdeki oOlclimlerle olan farkliliklar
birlikte degerlendirilmelidir. Sensor verilerinin matematiksel
modellerle birlikte kullanilmasi, dogrudan o6l¢iim yapilamayan
bolgelerdeki kosullarin tahmin edilmesine ve depolama ortaminda
ilerleyen siirecte ortaya cikabilecek degisimlerin Ongoriilmesine
katk1 saglayabilir (Anukiruthika & Jayas, 2024). Boylece izleme
sistemleri, sorun ortaya ¢iktiktan sonra miidahale eden bir yapidan
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cikarak riskleri onceden belirleyen ve zamaninda miidahaleye
olanak saglayan bir yapiya doniisebilir.

Akilli  depolama  sistemlerinin  giivenilirligi, sensor
sayisindan ¢ok elde edilen verilerin dogruluguna ve siirekliligine
baghdir. Kalibrasyon bozulmasi, sensorlerin zamanla 6lgiim
hassasiyetini kaybetmesi, bataryalarin tiikenmesi, veri iletiminde
kayiplar, yogunlagma, tozlanma ve mekanik hasarlar uzun siireli
depolama sirasinda hatali veya eksik dl¢iimlere neden olabilir. Bu
nedenle sensorlerin diizenli olarak kalibre edilmesi, referans
cihazlarla dogrulanmasi, arizali sensorlerin sistem tarafindan
otomatik olarak belirlenmesi ve baglanti kesintilerinde verilerin
gecici olarak yerel bellekte saklanmasi sistem tasariminin temel
unsurlari arasinda yer almalidir. Aziz et al. (2025), uzun siireli l¢iim
kararliliginin saglanamamasi ve standart kalibrasyon yontemlerinin
bulunmamasini bu sistemlerin yaygin kullanimini siirlayan baslica
etkenler arasinda gostermektedir. IoT tabanli sistemlerde kullanict
erisiminin yetkilendirilmesi, verilerin glivenli bicimde aktarilmasi
ve diizenli olarak yedeklenmesi de 6nem tagimaktadir. Sonug olarak
sensOr ve loT tabanli sistemler, depolama ortamindaki degisimlerin
stirekli izlenmesini saglayarak kalite kayiplar1 belirgin hale
gelmeden oOnce miidahale edilmesine olanak tanir. Ayni altyap,
gelismis veri analizi ve otomatik karar destek sistemlerinin
olusturulmasi i¢in de temel olusturmaktadir (Anukiruthika & Jayas,
2025).

Yapay Zeka, Makine Ogrenmesi ve Goriintiileme Teknolojileri

Bir onceki bolimde sensorler ve gercek zamanli izleme
sistemleri, depolama ortamindaki degisimlerin siirekli olarak
belirlenmesini ve kaydedilmesini saglayan bir veri altyapisi olarak
ele alinmistir. Bu boliimde ise elde edilen verilerin siniflandirma,
tahmin ve karar verme siireglerinde nasil kullanilabilecegi iizerinde
durulmaktadir. Yapay zekd ve makine 6grenmesi uygulamalari;
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kusurlu veya risk tasiyan tanelerin belirlenmesi, zararli ve mantar
kaynakli bulagmalarin erken donemde saptanmasi, kalite
ozelliklerinin {irline zarar vermeden tahmin edilmesi ve bozulma
riskinin onceden Ongoriilmesi gibi amaglarla kullanilabilmektedir.
Bu nedenle s6z konusu sistemlerin basarisi yalnizca yiiksek
dogrulukta tahmin yapan modeller gelistirilmesiyle degil, farkl
depolama kosullarinda giivenilir, tekrarlanabilir ve zamaninda karar
vermeye yardimci sonuglar iiretmesiyle degerlendirilmelidir
(Anukiruthika & Jayas, 2025; Lutz & Coradi, 2022).

Kullanilacak makine 0grenmesi yontemi, ele alinan
probleme ve verinin yapisina gore belirlenmelidir. Etiketlenmis
verilerde siniflandirma veya sayisal tahmin amaciyla destek vektor
makineleri (SVM), rastgele orman (RF) ve yapay sinir aglar1 (ANN)
gibi yontemlerden yararlanilabilir. Derin 6grenme yontemleri ise
ozellikle goriintii ve spektral verilerdeki karmasik iliskileri dogrudan
veriden 0grenebilmesi nedeniyle 6ne ¢ikmaktadir. Bununla birlikte
bu yontemler daha fazla egitim verisi ve islem giicii gerektirmekte,
ayrica modelin hangi Slgiitlere gore karar verdiginin agiklanmasini
giiclestirebilmektedir. Bu nedenle model se¢iminde yalnizca
dogruluk diizeyi degil; veri miktari, islem siiresi, donanim
gereksinimi ve farkli saha kosullarinda giivenilir sonu¢ verebilme
yetenegi de dikkate alinmalidir. Model basarisinin gercekei bicimde
degerlendirilebilmesi i¢in egitim, dogrulama ve test verilerinin
birbirinden bagimsiz tutulmasi; ayrica farkli gesitleri, hasat yillarini,
cihazlar1 ve depolama kosullarini temsil eden bagimsiz dogrulama
verilerinin kullanilmasi 6nem tasimaktadir (Das et al., 2025; Fan et
al., 2022).

Bilgisayarli gorii sistemleri, tarla bitkileri iirlinlerinde kalite
ozelliklerinin hizli ve iirline zarar vermeden degerlendirilmesine
olanak saglayan en yaygin yontemlerden biridir. RGB kameralarla
tanelerin sekli, bliytikligii, rengi, kirik orani, yabancit madde varlig
ve ylizey kusurlari sayisal olarak belirlenebilir. Geleneksel goriintii
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isleme yontemlerinde renk, doku ve geometrik 6zellikler dnceden
tanimlanirken, evrigimsel sinir aglar1 (CNN) ayirt edici 6zellikleri
egitim siirecinde dogrudan goriintiilerden 6grenebilmektedir. Genis
ve farkli kosullar1 temsil eden veri kiimelerinin kullanilmasi,
modelin yalnizca belirli bir laboratuvar ortamina uyum saglamasini
onleyerek farkli 6rneklerde daha giivenilir sonu¢ vermesine katki
saglar. Fan et al. (2022) tarafindan gelistirilen GrainSpace veri
kiimesinin bugday, misir ve pirince ait 5.25 milyon goriintii ile bes
iilke ve 30'dan fazla bolgeden elde edilen 6rnekleri igermesi, tane
goriiniis  Ozelliklerinin ~ degerlendirilmesinde ~ farkli  iiretim
bolgelerine uygulanabilecek modellerin gelistirilmesi agisindan
onemli bir veri kaynagi olusturmaktadir.

Derin 6grenmeye dayali goriintli analizinin 6nemli kullanim
alanlarindan biri, kusurlu tanelerin otomatik olarak belirlenmesidir.
Baz1 kusur tiirleri arasindaki gorsel farkliliklar oldukg¢a simirh
oldugundan, goriintiinlin yalnizca tek bir ayrinti diizeyinde
degerlendirilmesi  yeterli olmayabilir. Bu nedenle farkli
biiyiikliikteki goriintii 6zelliklerini birlikte degerlendirebilen ¢ok
Olcekli ag yapilar1 gelistirilmektedir. Zhang et al. (2025), depolanmis
bugdayda kusurlu tanelerin taninmasi amaciyla MSPCNeXt
modelini gelistirmis ve GrainSpace veri kiimesinde karsilastirilan
temel modellere gore daha yiiksek tanima basarisi elde etmistir.
Daha yeni ve daha az islem giicli gerektiren ag yapilar1 ise dogruluk
ile hesaplama yiikii arasinda denge kurarak bu modellerin taginabilir
cihazlarda veya dogrudan depo ortaminda kullanilmasini
kolaylastirmay1 amaglamaktadir (Zhang et al., 2026).

Goriintiiye  dayali  yapay zekd uygulamalari, depo
zararlilarinin tanimlanmasinda da 6nemli olanaklar sunmaktadir.
Kamera veya yapiskan tuzaklardan elde edilen goriintiiler izerinden
zararl tiirlerinin otomatik olarak belirlenmesi, sayim islemlerinin
hizlandirilmas1 ve uzman degerlendirmesine duyulan gereksinimin
azaltilmas1 agisindan yararlidir. Badgujar et al. (2023), yaygin olarak
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goriilen bes depo =zararlisi tiliriinii ResNet-50, MobileNet-v2,
DarkNet-53 ve EfficientNet-b0 gibi evrisimsel sinir agr (CNN)
modelleriyle smiflandirmig ve bu modellerin tiirleri en az %96
dogrulukla tanimlayabildigini bildirmistir. Calismada kullanilan
Grad-CAM 1s1 haritalar1 ise modelin karar verirken goriintiiniin
hangi bolgelerine agirlik verdigini gostererek sonuglarin daha kolay
yorumlanmasini saglamistir. Bu tiir aciklanabilir yapay zeka
yontemleri, yalnizca yiiksek dogruluk elde edilmesine degil,
modelin karar verirken biyolojik a¢idan anlaml 6zelliklere dayanip
dayanmadigimin degerlendirilmesine de katki saglamaktadir.

Hiperspektral ~ goriintiileme  (HSI),  klasik  RGB
goriintiilemeden farkli olarak goriintiideki her piksele ait ¢ok sayida
dar dalga boyu araliginda spektral bilgi saglar. Boylece iiriintin dis
goriiniisiine iliskin bilgiler ile kimyasal bilesimindeki degisimlerle
baglantili optik 06zellikler ayni1 veri kiimesi i¢inde birlikte
degerlendirilebilir. Cok sayida spektral banttan olusan hiperspektral
verilerin  dogrudan  islenmesi  yiiksek  hesaplama  yiikii
olusturdugundan, analiz Oncesinde verilerin o6lceklendirilmesi,
giiriiltiiniin azaltilmasi, temel bilesen analizi ve ayirt edici dalga
boylarinin se¢ilmesi gibi islemler uygulanmaktadir. Daha sonra
destek vektor makineleri (SVM), kismi en kiiciik kareler yontemi,
yapay sinir aglar1 (ANN) veya evrisimsel sinir aglar1 (CNN) gibi
yontemlerden yararlanilabilir. Giincel c¢alismalar, hiperspektral
goriintiilemenin makine §grenmesi ve derin 6grenme yontemleriyle
birlikte kullanilmasinin tane kusurlarinin, bilesim 06zelliklerinin,
mantar gelisiminin ve mikotoksin riskinin iirline zarar vermeden
belirlenmesinde  6nemli bir potansiyele sahip oldugunu
gostermektedir (Das et al., 2025; Liang et al., 2025; Miao et al.,
2025).

Mantar bulagsmas1 ve mikotoksin riski, hiperspektral
goriintilleme ile yapay zekanin birlikte kullanildigi en Onemli
depolama uygulamalar1 arasinda yer almaktadir. Gorsel belirtiler
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heniiz ortaya ¢ikmadan Once tane yiizeyinde ve kimyasal bilesimde
meydana gelen degisimler, belirli dalga boylarinda 1518in yansima
ozelliklerini etkileyebilir. Siripatrawan & Makino (2024), 400—1000
nm dalga boyu araliginda hiperspektral goriintiileme kullanarak
farkli diizeylerde Penicillium bulasmasi olusturulan kahverengi
pirinci incelemis ve temel bilesen analiziyle veri boyutu azaltildiktan
sonra Gaussian SVM modelinin bulasma diizeylerini %93.,4
dogrulukla siiflandirabildigini bildirmistir. Bununla birlikte {irtiniin
nem igerigi, cesidi, tane yapist ve birden fazla mantar tiiriiniin
birlikte bulunmasi spektral yanit1 degistirebili. Bu nedenle
uygulamaya yonelik modellerin, ayirt edici dalga boylar secilerek
daha yalin hale getirilmesi ve farkli {irin, parti ve depolama
kosullarinda bagimsiz verilerle dogrulanmasi 6nem tagimaktadir
(Kabir et al., 2025).

Yakin kizilotesi (NIR) ve HSI tabanli sistemler yalnizca
kusur veya bulagma belirlemek amaciyla degil, nem, protein, nisasta,
yag ve benzeri kalite  Ozelliklerinin  tahmininde de
kullanilabilmektedir. Bu sayede {iriinlerin depoya kabulii sirasinda
ve depolama siiresince daha fazla 6rnegin kisa siirede ve iiriine zarar
vermeden incelenmesi miimkiin olmaktadir. Bununla birlikte bir
modelin belirli bir cihazda veya laboratuvar kosulunda ytiiksek basari
gostermesi, farkli cihazlar, cesitler, liretim bolgeleri ve hasat
yillarinda ayn1 dogrulugu saglayacagi anlamina gelmez. Transfer
ogrenme, kalibrasyon aktarimi ve farkli veri ortamlarina uyarlama
yontemleri, daha once gelistirilen modellerin yeni cihazlara veya
irtin gruplarma daha az sayida yeni Ornek kullanilarak
uyarlanmasina yardimci olabilir (Fan et al., 2022; Miao et al., 2025).

Yapay zekdnin depolama yonetimindeki en Onemli
katkilarindan biri, farkli kaynaklardan elde edilen verileri birlikte
degerlendirerek gelecege yonelik karar vermeyi
destekleyebilmesidir. Geg¢mis depolama verileriyle egitilen
modeller; bozulma olasiliginin belirlenmesi, kalite degerlerinin
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kritik smirlara yaklagsmasinin 6ngoriilmesi ve hangi {iriin veya
partilerden oncelikle 6rnek alinmasi gerektiginin belirlenmesi gibi
amaglarla kullanilabilir. Bununla birlikte modellerin, depolama
stirecinde etkili olan fiziksel ve biyolojik mekanizmalardan
tamamen bagimsiz olarak gelistirilmesi giivenilirligi azaltabilir. Bu
nedenle sicaklik, nem, iiriin 6zellikleri ve depo yapisina iliskin siireg
bilgileri ile veriye dayali modellerin birlikte kullanilmasi daha
giivenilir  sonuglarin  elde edilmesine katki  saglayabilir
(Anukiruthika & Jayas, 2024, 2025). Uygulamada karsilasilan
Oonemli sorunlardan biri de gelistirilen modellerin farkli kosullarda
ayn1 basarty1 gosterememesidir. Ornegin, sabit aydinlatma ve temiz
arka plan kosullarinda egitilen bir goriintii modeli; ger¢ek depo
ortaminda toz, kirik {iriin pargalari, farkli kamera agilar1 ve degisken
aydinlatma nedeniyle daha diisiik basar1 gosterebilir. Bu nedenle
model performansi degerlendirilirken yalnizca genel dogruluk orani
degil; duyarlilik, kesinlik, F1 skoru ve ozellikle riskli 6rneklerin
gozden kagirilma orani gibi gostergeler de dikkate alinmalidir
(Badgujar et al., 2023; Das et al., 2025).

Sonug olarak yapay zeka, makine 6grenmesi ve goriintiileme
teknolojileri, 6nceki boliimde ele alinan izleme altyapisinin {irettigi
veriyl anlamlandiran tamamlayic1 araglardir. RGB goriintiileme
diisiik maliyetli ve hizli gorsel siniflandirma saglarken, HSI ve NIR
tabanli sistemler gozle goriinmeyen kimyasal ve biyolojik
degisimlere iliskin daha zengin bilgi sunar. Gelecekte uygulama
basarisint  belirleyecek temel unsur tek bir algoritmanin
dogrulugundan ¢ok; standardize edilmis veri toplama, saha
dogrulamasi, farkli veri tiirlerinin uygun bi¢imde birlestirilmesi ve
model c¢iktilarinin  depolama operasyonuna giivenli sekilde
aktarilmasi olacaktir (Anukiruthika & Jayas, 2025; Kabir et al.,
2025).
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Yenilik¢ci Koruma ve Depolama Teknolojileri

Onceki boliimlerde depolama kayiplarmi etkileyen temel
etmenler, sensor ve Nesnelerin Interneti (IoT) tabanli izleme
sistemleri ile yapay zekd destekli degerlendirme yoOntemleri ele
almmigtir. Bu boliimde ise izleme agsamasinin Otesine gegilerek,
depolama ortamini veya zararli etmenleri dogrudan etkileyen yeni
koruma teknolojileri iizerinde durulmaktadir. Hava geg¢irmeyen
depolama sistemleri, degistirilmis atmosfer uygulamalari, ozonlama,
soguk plazma, elektromanyetik 1sitma ve diger 1s1l olmayan fiziksel
yontemler; kimyasal fumigant kullaniminin azaltilmasi, zararli ve
mikroorganizmalarin ~ gelisiminin ~ siuirlandirilmas:  ve  iiriin
giivenliginin artiritlmasi agisindan 6nemli segenekler sunmaktadir.
Bununla birlikte bu yontemlerin hicbiri biitiin iiriinler ve depolama
kosullar1 icin tek basma ideal degildir. Uriiniin baslangi¢ nemi,
kullanim amaci, depo biiyiikliigii, enerji gereksinimi ve uygulama
sonrasinda kalite oOzelliklerinin korunmasi, uygun teknolojinin
seciminde dikkate alinmasi gereken baglica olg¢iitlerdir (Liu et al.,
2024; Pande et al., 2025).

Hermetik Depolama ve Degistirilmis Atmosfer Uygulamalari

Hava gecirmeyen depolama sistemleri, dis ortamla gaz
aligverisini biiyiik ol¢tlide sinirlandirarak iiriiniin ve ortamda bulunan
canlilarin solunumu sonucunda O diizeyinin azalmasi, CO:
diizeyinin ise ylkselmesi esasina dayanir. Bu degisim, bocekler ve
oksijenli ortamda gelisen mikroorganizmalar icin elverissiz kosullar
olusturur. Degistirilmis veya kontrollii atmosfer uygulamalarinda ise
N> ya da CO» disaridan verilerek istenen gaz bilesimine daha kisa
siirede ulasilmasi saglanir. Silo torbalar1 ve ¢ok katmanli hava
gecirmeyen torbalar, 6zellikle iiretici kosullarinda kimyasal kalinti
birakmadan koruma saglamasi agisindan 6nemli bir potansiyele
sahiptir (Bartosik et al., 2023; Lin et al., 2025; Ngoma et al., 2024).
Odjo et al. (2025), misir ve fasulyede onarilarak yeniden kullanilan
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hava gecirmeyen torbalarin dort depolama dongiisii boyunca bocek
zararini ve agirlik kaybini diisiik diizeyde tutabildigini gostermistir.
Bununla birlikte bu sistemler iirliniin baslangictaki yiliksek nemini
azaltmaz. Yeterince kurutulmamis {rlinlin hava gegirmeyen
kosullarda depolanmasi, solunumu hizlandirarak kalite kayiplarini
artirabilir. Bu nedenle iirlinlin uygun nem diizeyine kadar
kurutulmasi, sizdirmazligin diizenli olarak kontrol edilmesi ve torba
ya da silo biitiinliigliniin korunmasi basarili bir uygulamanin temel
kosullaridir.

Ozonlama

Ozon (0O3), giicli oksitleyici ozellige sahip olmasi ve
uygulama sonrasinda oksijene doniismesi nedeniyle depolanmig
irtinlerde kalinti birakmadan koruma saglayabilen yontemlerden
biri olarak 6ne ¢ikmaktadir. Uygun doz ve uygulama siiresinde
bocekler, bakteriler, kiifler ve baz1 mikotoksinler tizerinde etkili
olabilmektedir. Giincel uygulamalarda sabit hazne sistemlerinin yani
sira siirekli akigh diizenekler, kapali devre gaz dolagimi, tasima
bandi lizerinde ozonlama ve diisiik basin¢ altinda uygulama
yontemlerinden yararlanilmaktadir (Lin et al., 2025; Sitoe et al.,
2025). Bununla birlikte O3, tane yiizeyi ve organik maddelerle hizla
tepkimeye girdiginden, biiylik iriin yiginlarinda gazin giris
noktasindan uzaklastikca etkili diizeyi azalabilmektedir. Bu nedenle
gazin y1gin i¢inde dengeli dagitilmasi, uygulama noktalarinin dogru
belirlenmesi ve gaz dolagim sisteminin uygun bi¢imde tasarlanmasi
biiyiik 6nem tasir. Asir1 ozon uygulamasi 6zellikle yagli tohumlarda
oksidasyona bagli kalite kayiplarina yol acabileceginden, doz ve
uygulama siiresinin Uriine gore belirlenmesi gereklidir. Ayrica
caligsanlarin ozona maruz kalma riski ve ekipmanlarda olusabilecek
asinma nedeniyle uygulamanin kapali sistemlerde yiiriitiilmesi,
ortam ozon diizeyinin izlenmesi ve islem sonunda kalan ozonun
giivenli bi¢imde ortamdan uzaklastirilmas: gerekmektedir (Sitoe et
al., 2025).
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Soguk Plazma

Soguk plazma; reaktif oksijen ve azot tiirleri, iyonlar,
elektronlar ve ultraviyole bilesenler igeren, iiriinde belirgin bir
sicaklik artisina yol agmadan yiiksek kimyasal etkinlik olusturabilen
bir teknolojidir. Tahil yilizeyindeki mikroorganizmalarin hiicre
zarlarina ve genetik materyaline zarar vererek mikrobiyal yiikiin
azaltilmasimmi saglayabilir; ayrica bazi1 pestisit kalintilar1 ile
mikotoksinlerin parcalanmasina da katkida bulunabilir (Kaur et al.,
2024; Wang et al., 2026). Bu yontemin en énemli sinirhiliklarindan
biri, laboratuvar kosullarinda elde edilen etkinligin biiyilik
miktardaki iirline esit ve yeterli diizeyde uygulanabilmesidir.
Uygulama giicii, islem siiresi, kullanilan gazin bilesimi, bagil nem
ve elektrotlarin yerlesimi elde edilen sonucu Onemli Olgiide
etkileyebilir. Olusan reaktif tiirler nisasta, protein ve yaglarla da
tepkimeye girebildiginden, asir1 uygulama renk degisimi, oksidatif
bozulma veya tohum canliliginda azalma gibi olumsuz sonuglara yol
acabilir. Bu nedenle gida, yem ve tohumluk iiriinler i¢in uygulama
kosullarinin ayr1 ayr1 belirlenmesi ve yontemin biiyiik olcekli
depolama kosullarinda dogrulanmasi gerekmektedir (Liu et al.,
2024; Wang et al., 2026).

Radyo Frekansi ve Mikrodalga Uygulamalar:

Radyo frekans1 (RF) ve mikrodalga uygulamalar,
elektromanyetik enerjinin iirlin ve zararli dokularinda 1siya
dontlismesi esasina dayanir. Kuru tanelerde boceklerin su igerigi ve
elektriksel oOzellikleri cevresindeki tanelerden farkli oldugunda,
zararlilar {irline gére daha hizli 1smabilir. Béylece kisa siirede bocek
kontrolii saglanirken kimyasal fumigant kullaniminin azaltilmasi
miimkiin olabilir. Radyo frekansi, daha uzun dalga boyuna sahip
olmasi nedeniyle biiylik {riin kiitlelerinde daha derinlere
ulasabilmesiyle; mikrodalga ise enerjiyi hizli  bi¢imde
aktarabilmesiyle one c¢ikmaktadir (El Arroud et al., 2024). Bu
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yontemlerin temel sorunlarindan biri, 1sinin iirlin igerisinde esit
bigimde dagilmamasidir. Uriiniin nemi, y1gin yogunlugu ve iiriiniin
sistem icindeki dagilimi farkli sicaklik bolgelerinin olusmasina
neden olabilir. Yeterince ismnmayan bdlgelerde bocekler canli
kalabilirken, asir1 1sinan bolgelerde tohumlarin ¢imlenme yetenegi
ve iiriin kalitesi olumsuz etkilenebilir. Islem sirasinda iiriiniin
karistirilmasi veya hareket ettirilmesi, elektrot ve antenlerin uygun
bicimde yerlestirilmesi ve uygulama sonrasinda {iriiniin hizla
sogutulmasi, sicaklik farkliliklarimi azaltmak i¢in kullanilabilecek
baslica yontemlerdir.

Iyonlastiric Radyasyon, Darbeli Elektrik Alan ve Ultrases

Iyonlastirict 1s1nlama, darbeli elektrik alan (PEF) ve ultrases,
depolanmis  iriinlerin  korunmasinda degerlendirilen  diger
gelismekte olan fiziksel yontemlerdir. Gama 1sinlari, X 1sinlart ve
elektron demetleri; bocek ve mikroorganizmalarin genetik
materyalinde hasar olusturarak gelisme ve ¢ogalmalarim
sinirlandirabilir.  Islem  swrasinda  iiriin ~ sicakligmin  fazla
ylikselmemesi Oonemli bir avantaj olmakla birlikte, uygulanacak
dozun &zellikle tohumluk {iirlinlerde embriyo canliligi ve ¢imlenme
yetenegi dikkate alinarak belirlenmesi gerekir. Darbeli elektrik alan
uygulamalarinda kisa siireli yiliksek gerilim darbeleri hiicre zarinin
gecirgenligini artirarak hiicresel yapida bozulmaya yol agar. Ancak
kuru ve biiyiik tane yiginlarinin elektriksel iletkenliginin diisiik
olmasi, uygulamanin iirliniin tamamina esit bigimde ulagsmasini siv1
sistemlere gore giiclestirmektedir. Ultrases uygulamalarinin etkisi
ise sivt ortamda olusan kabarciklarin hizla olusup ¢Okmesine
dayandigindan, bu yontem daha ¢ok yikama, islak isleme ve sivi
ortam iceren uygulamalarda etkili olmaktadir. Bu nedenle soz
konusu teknolojilerin tahil depolamasindaki uygulanabilirlik
diizeyleri birbirinden farklidir ve mevcut silo sistemlerine uyarlanma
olanaklarinin her teknoloji ic¢in ayr1 ayr1 degerlendirilmesi
gerekmektedir (Liu et al., 2024).
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Hibrit ve Coklu Engel Yaklasimlar:

Yenilik¢i depolama sistemlerinde 6ne ¢ikan yaklagimlardan
biri, tek bir yontemin yiiksek diizeyde uygulanmasi yerine farkl
koruma yoOntemlerinin birlikte ve birbirini tamamlayacak bi¢imde
kullanilmasidir. Uriiniin giivenli bir baslangic nemine sahip olmasi
ve hava gec¢irmeyen kosullarda depolanmasi temel korumay1
saglarken, riskli triin partilerinde ozon, soguk plazma veya
elektromanyetik 1sitma gibi hedefe yonelik uygulamalardan
yararlanilabilir. Mikotoksinlerin azaltilmasina yonelik caligsmalar da
farkli fiziksel yontemlerin uygun bi¢imde birlikte kullanilmasinin
etkinligi artirabilecegini, ancak bu etkinin her iirlin i¢in ayr1 ayri
dogrulanmasi gerektigini gostermektedir (Pande et al., 2025).
Biitiinlesik depolama yaklasimi; mekanik havalandirma, tane
sogutma, gerektiginde gaz uygulamast ve dijital izleme gibi
islemlerin ortak bir yonetim sistemi icinde yiiriitiilmesini de
kapsamaktadir. Cin'de gelistirilen “dort bir arada” sistemi; mekanik
havalandirma, tane sogutma, dolasimli fumigasyon ve akill
izlemeyi bir araya getiren bu yaklagima 6rnek olusturmaktadir
(Chen, 2025). Sonug olarak gelecegin depolama sistemlerinin, tek
bir teknolojiyi siirekli uygulamak yerine sensdrlerden ve tahmin
modellerinden elde edilen bilgilere gére uygun miidahaleyi uygun
zamanda gerceklestiren, enerji ve kimyasal kullanimini azaltan
biitiinlesik  ¢oziimlere ydnelmesi beklenmektedir. Teknoloji
seciminde gida giivenligi, isleme kalitesi, tohum canliligi, yatirim
maliyeti, c¢alisgan giivenligi ve ilgili mevzuat birlikte
degerlendirilmelidir (Chen, 2025; Lin et al., 2025).

Yeni Nesil Ambalajlama Sistemleri

Onceki béliimde, depolama ortamini dogrudan etkileyen
koruma teknolojileri ele alinmistir. Ambalajlama ise iiriiniin
cevresinde daha kiigiik ve denetlenebilir bir ortam olusturarak
koruyucu etkinin tasima, dagitim ve kullanim asamalarinda da
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stirdiiriilmesine katki saglar. Yeni nesil ambalajlarin islevi yalnizca
iriinii fiziksel olarak korumak ve tagimakla siirli degildir. Bu
sistemler; oksijen ve su buhari gecisini azaltmak, zararlilarin iiriine
ulagmasmi sinirlandirmak, oksidasyonu geciktirmek, ambalaj
biitiinliigi hakkinda bilgi vermek ve gerektiginde iirtinle ilgili
bilgilerin izlenmesini saglamak amaciyla da kullanilmaktadir (Sekil
1). Bu nedenle giincel ambalajlama yaklagimlari, yiiksek
koruyuculuk saglayan, aktif, akilli ve siirdiiriilebilir 6zelliklerin
iriinlin ~ gereksinimlerine gore bir arada kullanilmasina
dayanmaktadir (Kadirvel et al., 2025; Mkhari et al., 2025).

Sekil 1. Tarla bitkileri tiriinleri i¢in yeni nesil ambalajin temel
islevsel bilesenleri

- )
( T R @ T
AKTIF BILESENLER | AKILLIETIKET | [ () ostarmarose |
v ()
0, tutucu el =
oksidasyonu sinirlar © Nem gdstergesi ( '| *.» 02 ve nem bariyeri 1
» #
Nem diizenleyici . .
yogusmay azaltir 02 02/ siznti gdstergest &) Aktif iglev katmani
Antimikrobiyal ELE  QR/RFID izlenebilirik : -
mikrobiyal riski baskilar L =i ) ‘ CO Gida ile temas / ’
L J sizdirmazlik
SUSTK S SSSSE 52
AR A S o
- J

Orijinal, yazar tarafindan hazirlanmistir.
Yiiksek Bariyerli ve Cok Katmanh Yapilar

Tarla bitkileri {irlinlerinde ambalajin koruyucu etkinligini
belirleyen baslica 6zellikler; su buhari ve oksijen gecirgenligi, 1518a
kars1 koruma, delinmeye dayaniklilik ve ambalajin sizdirmazligidir.
Ozellikle un, kirilmis taneler ve yagli tohumlarda yiizey alaninin
artmasi, iriiniin oksijen ve neme karsi duyarliligini artirmaktadir.
Cok katmanli ambalajlarda dis tabaka mekanik dayamklilik ve
baskiya uygun yiizey saglarken, ara tabakalar gaz ve nem gecisini
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sinirlandirir; i¢ tabaka ise liriinle glivenli temasin saglanmasi ve
ambalajin 1siyla kapatilmasi islevlerini yerine getirir. Bununla
birlikte farkli polimerlerin ayn1 ambalaj yapisinda birlikte
kullanilmast geri doniisiimii giiclestirmektedir. Bu nedenle yeni
ambalaj tasarimlarinda daha ince koruyucu kaplamalarin ve ayni tiir
malzemeden olusturulan ¢ok katmanli yapilarin gelistirilmesine
yonelim artmaktadir (Adam et al., 2025).

Aktif ve Uyaran-Duyarh Ambalajlama

Aktif ambalajlar, paket i¢indeki belirli bozulma etmenlerini
dogrudan etkileyerek iiriiniin korunmasina katki saglar. Oksijen
tutucu sistemler, ozellikle yagl tohumlar ve 6giitiilmiis iiriinlerde
oksidasyon riskini azaltabilir. Nem diizenleyici bilesenler, sicaklik
degisimlerine bagl olarak paket icinde olusabilecek bolgesel nem
artislarin1 sinirlandirabilir; antimikrobiyal ve antioksidan maddeler
ise film, kaplama veya ayri1 bir tasiyici icerisinde kullanilabilir
(Kadirvel et al., 2025). Bununla birlikte bu sistemler, iiriiniin uygun
nem diizeyine kadar kurutulmasinin veya yeterli koruyuculuga sahip
bir ambalaj kullanilmasinin yerini tutmaz. Aktif bilesenin miktari ve
etkinligi; iirlin miktari, baslangic nemi, ambalaj i¢indeki bosluk
hacmi, filmin gecirgenligi ve hedeflenen depolama siiresi dikkate
alinarak belirlenmelidir. Giincel yaklagimlarda, aktif maddenin
stirekli olarak salinmasi yerine nem, oksijen veya sicaklik gibi
cevresel degisimlere baglh olarak gerektiginde etkinlesen duyarl
ambalaj sistemleri lizerinde durulmaktadir. Tahil ve tahil iirtinlerinde
nem, oksijen, sicaklik, pH, 151k ve enzim degisimlerine yanit veren
bu tiir ambalaj sistemlerinin gelistirildigi bildirilmektedir (Feng et
al., 2025).

Akilli ve izlenebilir Ambalajlar

Akilli ambalajlar, iiriinii dogrudan korumaktan ¢ok ambalajin
gecmisi, biitiinliigli ve i¢ ortam kosullar1 hakkinda bilgi saglamaya
yonelik sistemlerdir. Nem ve oksijen gostergeleri, sizinti
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belirleyicileri, zaman-sicaklik etiketleri, RFID, NFC ve QR tabanli
uygulamalar bu grupta yer almaktadir (Mkhari et al., 2025). Depo
icinde sabit olarak kullanilan sensdrlerden farkli olarak bu sistemler
iiriinle birlikte taginabildiginden, ozellikle tohumluk {iriinlerde,
ihracata yonelik baklagillerde ve yiiksek degerli 6zel tahillarda parti
diizeyinde izlenebilirlik  saglayabilir. ~ Basili  elektronik
teknolojilerindeki ~ gelismeler, gelecekte  diisiik  maliyetli
gostergelerin - dogrudan ambalaj yiizeyine yerlestirilmesini
kolaylastirabilir. Bununla birlikte her ambalaja karmasik elektronik
bilesenlerin eklenmesi ekonomik agidan uygun olmayabilir. Bu
nedenle kullanilacak akilli ambalaj o6zelligi, iirliniin ekonomik
degeri, depolama ve tasima kosullar ile karsilasilabilecek risklerin
diizeyi dikkate alinarak belirlenmelidir.

Biyobazli, Biyobozunur ve Nanokompozit Malzemeler

Stirdiiriilebilir ambalaj gelistirme c¢alismalarinda nisasta,
seliiloz, kitosan ve bitkisel proteinler ile PLA ve PHA gibi biyolojik
kokenli veya dogada pargalanabilen polimerler 6ne ¢ikmaktadir.
Tarla bitkileri bu agidan yalnizca ambalajlanan iirlinler degil, ayni
zamanda nisasta, seliilloz ve protein temelli ambalaj malzemelerinin
de onemli bir kaynagidir. Bununla birlikte dogal polimerlerden
iretilen filmler, yiiksek bagil nem kosullarinda su buharina karsi
koruyuculuk ve mekanik dayanikliblk acisindan yetersiz
kalabilmektedir. Nanoseliiloz, nanokil ve benzeri nano 6lgekli dolgu
maddeleri, gazlarin ambalaj i¢inden gecis yolunu uzatarak gaz ve
nem gecisini azaltabilir ve mekanik dayanimi artirabilir; bazi
yapilarda antimikrobiyal veya algilama islevleri de saglayabilir
(Bharathi & Jayas, 2024; He et al., 2025). Ancak nanomalzemelerin
ambalajdan {iirline gecis olasiligi, gida ile temasta gilivenligi ve
kullanim sonrasinda nasil yonetilecegi ayrica degerlendirilmelidir.
Bu nedenle ambalajin siirdiiriilebilirligi  yalnizca dogada
parcalanabilme 6zelligiyle degil, irlin kayiplarini ne 6lgiide azalttig
da dikkate alinarak degerlendirilmelidir.
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Uriin-Ozgii Ambalaj Secimi

Yeni nesil ambalajin se¢imi, iiriiniin fiziksel 6zelliklerine ve
kullanim amacina goére yapilmalidir. Biitiin tanelerde delinmeye
dayaniklilik ve neme kars1 koruma; un ve kirtlmis tirtinlerde oksijen,
aroma ve toz gecisinin sinirlandirilmasi; yagli tohumlarda
oksidasyonun azaltilmasi; tohumluk iirlinlerde ise canliligin
korunmasina yonelik nem yonetimi ve giivenilir izlenebilirlik 6n
plana ¢ikmaktadir. Gelecekte geri doniistiiriilebilir tek malzemeli
filmler, biyolojik kokenli aktif katmanlar, yalnizca risk ortaya
ciktiginda etkin madde salan sistemler ve diisiik maliyetli basili
gostergelerin birlikte gelistirilmesi beklenmektedir. Bununla birlikte
uygun ambalaj teknolojisinin se¢iminde depolama siiresince
saglanan koruma, maliyet, gida glivenligi, ilgili mevzuat ve kullanim
sonrasindaki geri doniisiim ya da kompostlama olanaklar1 birlikte
degerlendirilmelidir (Adam et al., 2025; He et al., 2025).

Ambalajin kullanim 6l¢egi de uygun teknolojinin se¢iminde
onemli bir etkendir. Tonlarca iiriiniin depolandig: silo sistemlerinde
karmasik aktif veya akilli bilesenlerin her iirlin birimine ayr1 ayri
uygulanmasi ekonomik olmayabilir. Buna karsilik i¢ torbalar, biiyiik
cuvallar, paletler veya ambalajin i¢ ylizeyinde kullanilan koruyucu
katmanlar araciligiyla nem ve gaz gecisini sinirlayan ya da iriin
durumu hakkinda bilgi veren ¢éziimler uygulanabilir. Kiigiik tiikketici
ambalajlarinda ise oksijen tutucularin, nem gostergelerinin ve
izlenebilirlik etiketlerinin kullanilmas1 daha kolaydir. Tohumluk
Uriinlerde  ayrica ambalaj acilmadan  parti  bilgilerinin
dogrulanabilmesi, neme kars1 koruyuculugun stirdiiriilmesi ve
ambalaj yeniden kapatildiginda koruyucu 6zelliklerin kaybolmamasi
Oonem tasir. Bu nedenle ambalaj tasarimi yalnizca laboratuvar
kosullarinda belirlenen film ozelliklerine gore degil; dolum hizi,
1styla kapatma kosullari, tagima sirasinda olusabilecek delinme ve
sirtiinme, istifleme yiikii ve kullanim sonrasinda malzemelerin
ayrilabilirligi gibi uygulamaya yonelik Ozelliklerle birlikte
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degerlendirilmelidir. biitlinctil  bir yaklagim, yiiksek
performans gostermesine ragmen uygulamada kullanimi gii¢ olan

malzemeler yerine, gercek depolama ve tasima kosullarinda

Boyle

giivenilir bigimde islev goren ambalaj ¢oziimlerinin secilmesine
olanak saglar (Sekil 2) (Adam et al., 2025; Mkhari et al., 2025).

Sekil 2. Tarla bitkileri tirtinlerinde yeni nesil ambalajlama
yvaklasimlarimin tiriin-ozgii se¢imi

&\ (&

YUKSEK BARIYER AKTIF AKILLI SURDURULEBILIR
[
g O RFID > V
i _:(:3:_ K
Cok katmanli veya 0, tutucu, nem dizenleyici, Paket ici kosullar gosteren Biyobazli, geri dénistiiriilebilir
mono-malzeme yapilar; antimikrobiyal / antioksidan etiket, indikatér ve veya biyobozunur
0,, nem ve 151k gegisni sinirlar islev izlenebilirlik malzemeler

URUN-OZGU SECIM
Tane / un / yagh tohum / baklagil / tohumluk < baslangic nemi
+ dagitim kosullari ¢ geri dontisim ¢ maliyet

hedef siire

&

Orijinal, yazar tarafindan hazirlanmistir.

Siirdiiriilebilir Depolama, Kalitenin Korunmasi ve Katma
Deger

Tarla bitkileri iiriinlerinde siirdiiriilebilir depolama, {iriini
yalnizca belirli bir siire korumay1 degil, iiretim siirecinde kullanilan
arazi, su, enerji, giibre ve ig giicliyle olusturulan degerin hasat
sonrasinda da korunmasini amaclamaktadir. Depolama sirasinda
meydana gelen iirlin kayiplar1 yalnizca ekonomik zarara yol agmaz;
ayni zamanda {iriiniin yetistirilmesi i¢in kullanilan dogal kaynaklarin
ve girdilerin de bosa harcanmasina neden olur. Bu nedenle hasat
sonras1 kayiplarin azaltilmasi, yeni iiretim alanlarina gereksinim
kullanilabilir  gida hammadde miktarmin
artirllmasina katki saglayan 6nemli bir siirdiiriilebilirlik yaklagimidir
(Nath et al., 2024).

duyulmadan ve
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Onceki boliimlerde ele alinan izleme, yapay zeka, koruma ve
ambalajlama uygulamalari, siirdiiriilebilir depolama hedeflerine
ulasmada kullanilan baslica araglardir. Ancak siirdiriilebilirlik,
yalnizca belirli bir teknolojinin kullanilmasina degil; iiriin kaybi ve
kalite diisiisii azaltilirken enerji, malzeme ve isletme girdilerinin
gereksiz tiiketiminin de 6nlenmesine dayanir. Bu nedenle depolama
basarisinin degerlendirilmesinde iirtin kaybi, kalite ozelliklerinin
korunmasi, enerji tiikketimi, karbon ayak izi ve iirliniin ekonomik
degeri gibi gostergelerin birlikte ele alinmasi gerekir (Sekil 3)
(Schmidt et al., 2024; Liu et al., 2026).

Sekil 3. Siirdiiriilebilir depolama performansinin temel gostergeleri

s N 7 2 & s ™
Uriin kaybi Kalite korunumu | | Enerji yogunlugu | | Karbon ayak izi | | Ekonomik deger
% agirlik / parti ¢imlenme, protein, kWh / ton kg COze / ton gelir, prim, sinif
yag, renk
Kaybi en aza Kullanim amacini Gereksiz isletim D?po yasam Kaliteyi pazarda
indirme stirdiirme enerjisini azaltma ‘?9“9“5“”“ degere cevirme
iyilestirme
A\ A J J

Orijinal, yazar tarafindan hazirlanmistir.
Kaynak-Verimli Depolama Yaklasimi

Siirdiiriilebilir depolamanin ilk asamasi, depoya alinan
tirtiniin baslangi¢ kalitesidir. Uygun zamanda hasat edilmis, giivenli
nem diizeyine getirilmis, yabancit maddelerden ve kirik tanelerden
miimkiin oldugunca arindirilmis bir {iriin partisi daha az ek islem
gerektirir. Buna karsilik nemi yiiksek ve yapisi diizensiz olan
iirtinlerde kurutma ve ¢evre kosullarinin denetlenmesi i¢in daha fazla
enerji harcanir. Bu nedenle depolamanin ¢evresel etkisi yalnizca
depo i¢inde tiiketilen enerjiyle degil, hasattan depolama siirecinin
sonuna kadar {iriiniin giivenli ve kaliteli bicimde korunmasi igin
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kullanilan toplam kaynak miktariyla birlikte degerlendirilmelidir
(Panigrabhi et al., 2023).

Uriin partisinin biiyiikliigii, depolama siiresi ve kullanim
amaci da kaynak kullanimini etkileyen 6nemli etmenlerdir. Kisa siire
depolanacak ve bozulma riski diisiik olan bir {iriin partisi ile aylarca
saklanacak tohumluk ya da yiiksek kaliteli gida hammaddesinin ayni
yogunlukta izlenmesi ve korunmasi gerekli degildir. Stirdiriilebilir
depolama yaklasimi, enerji ve diger girdilerin her kosulda en diisiik
diizeye indirilmesini degil, {riiniin risk diizeyi ve ekonomik
degeriyle uyumlu bigimde kullanilmasini amaglar. Boylece gereksiz
enerji tilkketimi ve islem maliyetleri azaltilirken, yetersiz korumadan
kaynaklanabilecek kalite kayiplarinin da oniine gecilebilir (Sekil 4).

Sekil 4. Siirdiiriilebilir depolamada kaybin azaltilmasi ve katma
deger zinciri

Dogru hasat
@ ve 6n hazirhik

Uygun hasat zamani, dogru
kurutma ve temizleme

Ar= Yeniden kullanim | Kaynak verimli
‘ degerlendirme v depolama

Yan driinlerin degerlendirilmesi
ve dngisel kullanim

,ﬁ" Katma degerli

isleme A
.

Modern depo altyapisi,
kosul kontrolii ve izleme

e Kalitenin
korunmasi

Uygun sicaklik, nem
ve hijyen yonetimi

DAHA AZ KAYIP

-
DAHA YUKSEK DEGER

Degere doniistiren islemler,

iiriin gesitlendirme Y

Siniflandirma
ve standardizasyon

Kaliteye gore siniflama,
izlenebilirlik ve sertifikasyon

Orijinal, yazar tarafindan hazirlanmistir.

--147--



Enerji Verimliligi ve Diisiik Karbonlu Depolama

Kurutma, havalandirma, sogutma, tasima ve yardimci
ekipmanlarin kullanimi, depolama siirecinde enerji tliketiminin
baslica kaynaklarini olusturmaktadir. Ozellikle iiriiniin hasat
sirasindaki neminin yiiksek olmasi, kurutma igin gerekli enerji
miktarin1  6nemli Olgiide artirabilir. Uygun kosullarda diisiik
sicaklikta kurutma veya dogal havadan yararlanilmasi, fan ve motor
kapasitelerinin gereksinime gore belirlenmesi, atik 1sinin yeniden
kullanilmas1 ve ekipmanlarin yalnizca ihtiya¢ duyulan siire boyunca
calistirtlmasi, birim iirlin basma enerji tiikketiminin azaltilmasina
katk1 saglayabilir. Panigrahi et al. (2023), kurutma yonteminin ve
kullanilan enerji kaynaginin se¢iminde yalnizca enerji tiiketiminin
degil, karbon ayak izi ve iirlin kalitesi lizerindeki etkilerin de birlikte
degerlendirilmesi gerektigini vurgulamaktadir.

Depo yapisinin 1stya karst davramigi, aktif sogutma
gereksinimini dogrudan etkileyen onemli bir etmendir. Gilines
1s1In1min1 yansitan cat1 ve ytiizeyler, uygun yalitim, pasif serinletme
yontemleri ve yenilenebilir enerji kaynaklarinin  kullanimu,
depolama sirasinda enerji tiiketimini ve buna bagli emisyonlari
azaltabilir. Xu et al. (2023), 1s1mim yoluyla 1s1 kaybini artiran gati
uygulamalarinin depo ve tane sicakligini diistirerek enerji tasarrufu
saglayabildigini gostermistir. Farkli iklim bolgelerini kapsayan daha
yeni caligmalar da bu tiir uygulamalarin bazi kosullarda gilivenli
depolama siiresini uzatirken sogutma i¢in gerekli enerji miktarini
azaltabilecegini bildirmektedir (Chen et al., 2026). Bununla birlikte
strdiirtilebilirlik degerlendirmesinde yalnizca kullanim sirasindaki
enerji tiketimi degil; yapr malzemelerinin {iretimi, ekipman
kullanimi, bakim gereksinimi ve sistemin kullanim 6mrii boyunca
ortaya ¢ikan ¢evresel etkiler de dikkate alinmalidir (Liu et al., 2026).
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Kalitenin Korunmasi ve Ekonomik Deger

Uriindeki miktar kaybinin diisiik olmas1, ekonomik kaybin da
diisiik olacag1 anlamina gelmez. Uriin agirhigini biiyiik l¢iide korusa
bile protein kalitesi, yaglarin dayanikliligi, ¢cimlenme yetenegi, renk
veya isleme Ozelliklerinde meydana gelen bozulmalar iirliniin daha
diisiik bir kalite sinifinda degerlendirilmesine ve deger kaybetmesine
neden olabilir. Bu nedenle depolamanin amaci yalnizca iiriin
miktari1 korumak degil, aynt zamanda kullaniom amacimi ve
ekonomik degerini belirleyen kalite 6zelliklerini de siirdiirmektir.
Tohumluk {irtinlerde canlilik ve c¢imlenme giicliniin, ekmeklik
bugdayda isleme 6zelliklerinin, yagli tohumlarda oksidasyona karsi
dayanikliligin - ve yemeklik baklagillerde pisme kalitesinin
korunmasi iirliniin ekonomik degerinin korunmasina dogrudan katki
saglamaktadir (Jain et al., 2026; Nath et al., 2024).

Uriin partilerinin kalite 6zelliklerine gére ayri tutulmasi ve
uygun bi¢imde smiflandirilmasi, depolamanin katma deger
olusturma islevini giiglendirmektedir. Ornegin, protein igerigi
yiksek bugdayin 6zel un iiretimine, kaliteli baklagillerin dogrudan
tilketim pazarina ve uygun tohumluk partilerin sertifikali tohum
iretimine yonlendirilmesi, ayn1 miktardaki iriiniin daha yiiksek
ekonomik degerle pazarlanmasina olanak saglayabilir. Buna karsilik
farkl1 kalite diizeylerine sahip {riinlerin kontrolsiiz bi¢imde
karistirilmasi, yliksek kaliteli partilerin piyasa degerinin diigmesine
neden olabilir. Bu nedenle kaliteye iliskin bilgilerin pazarlama ve
kullanim kararlarinda degerlendirilmesi, depolamay:1 yalnizca bir
maliyet unsuru olmaktan ¢ikararak iirlin degerini koruyan ve artiran
bir yatirim haline getirebilir.

Gelecek Perspektifleri ve Sonug

Tarla bitkileri iiriinlerinin depolanmasinda gelecekteki temel
doniistim, tek tek teknolojilerin yayginlagmasindan ¢ok, bu
teknolojilerin ortak bir karar verme sistemi ic¢inde birlikte
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caligabilmesine bagl olacaktir. Sensdrlerden, {iriine zarar vermeden
yapilan kalite 6l¢limlerinden, goriintiileme sistemlerinden ve yapay
zeka destekli tahminlerden elde edilen veriler ayni iiriin partisi i¢in
stirekli ~giincellenen bir kalite ve risk degerlendirmesine
dontstiiriildiigiinde, sabit zaman araliklarina gore islem yapmak
yerine bozulma egilimi ve kalan giivenli depolama siiresi dikkate
almarak miidahale edilebilir. Bdylece koruyucu uygulamalar
yalnizca gerekli iirlin partilerinde ve uygun zamanda devreye
almarak hem iirlin kayb1 riski hem de gereksiz enerji tiiketimi
azaltilabilir. Bununla birlikte bu yaklasimin farkli iirtinler, depo
tipleri ve iklim kosullarinda ger¢cek depolama Olgeginde
dogrulanmasi gerekmektedir (Anukiruthika & Jayas, 2024, 2025;
Jain et al., 2026).

Bu doniisiim siirecinde verilerin gilivenilirligi ve farkl
sistemlerin birbiriyle uyumlu ¢alisabilmesi, sensor veya algoritma
dogrulugu kadar 6nemli olacaktir. Farkli cihazlardan elde edilen
sicaklik, nem, gaz, goOriinti ve kalite verilerinin birlikte
degerlendirilebilmesi i¢in 6l¢iimlerin diizenli olarak dogrulanmasi,
eksik verilerin uygun bi¢imde yonetilmesi ve lriin partilerine ait
bilgilerin korunmas1 gerekir. Yapay zeka modellerinde laboratuvar
kosullarinda elde edilen yliksek dogruluk tek basina yeterli degildir.
Modelin hangi kosullarda giivenilir sonu¢ verdiginin ve hatali
siiflandirmalarin ne tiir sonuglara yol acabileceginin de bilinmesi
gerekir. Bu nedenle kararlarin nasil olustugu anlasilabilir, farkl
kosullarda bagimsiz verilerle dogrulanmig ve zaman igindeki
basarist diizenli olarak izlenen modellerin 6nemi giderek artacaktir
(Lutz & Coradi, 2022; Schmidt et al., 2024; Anukiruthika & Jayas,
2025).

Iklim degisikligi ve artan enerji maliyetleri, gelecegin
depolama sistemlerinde hem degisen kosullara uyum saglayabilen
hem de diisik karbon salimiyla calisabilen ¢oziimleri gerekli
kilacaktir. Hasat donemindeki nem ve sicaklik degisimleri kurutma
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ve sogutma gereksinimini artirabileceginden, pasif 1s1 yonetimi,
uygun yalitim, yenilenebilir enerji kullanimi ve bolgenin iklim
kosullarina uygun havalandirma yontemleri birlikte
degerlendirilmelidir. Bunun yaninda, modiiler yapida, diisiik
maliyetli ve mevcut depolama tesislerine sonradan uyarlanabilen
sistemlerin gelistirilmesi, kii¢iik ve orta oOlgekli isletmelerin de
yenilik¢i depolama teknolojilerinden yararlanmasini
kolaylastiracaktir (Panigrahi et al., 2023; Ngoma et al., 2024; Chen
et al., 2026; Liu et al., 2026).

Gelecekte depolama teknolojilerinin se¢ciminde tek bir basari
olgiitli yerine iiriin kaybi, kalite, giivenlik, enerji tiiketimi, karbon
ayak izi ve ekonomik sonuglarin birlikte degerlendirildigi ¢ok yonlii
yaklagimlar 6ne c¢ikacaktir. Yeni sistemlerin yalnizca laboratuvar
kosullarindaki basaris1 degil, ger¢ek depo kosullarinda uzun siireli
calisma basarisi, bakim gereksinimi, yatirim maliyetinin geri
kazanilma  siiresi ve ilgili mevzuata uygunlugu da
degerlendirilmelidir. Boylece bir teknolojinin degeri, yalnizca teknik
olarak ne kadar gelismis olduguyla degil, uygulamada sagladig:
toplam yararla belirlenebilir (Nath et al., 2024; Adam et al., 2025;
Jain et al., 2026).
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