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Abstract

This study investigated the interactive effects of the culture system and carbon source on
growth, shoot proliferation, and mineral nutrition dynamics in the in vitro propagation of
chestnut. Explants of the “Akyiiz’ cultivar were used in the Woody Plant Medium. Both
plant tissues and culture media were analyzed for Fe, Cu, Mn, Zn, and Mg concentra-
tions. Morphological parameters, nutrient accumulation, and depletion patterns were
evaluated. The results demonstrated that the liquid culture system supplemented with
sucrose significantly enhanced plant growth, chlorophyll content, callus development,
and shoot multiplication. Sucrose treatments promoted higher accumulation of Fe, Cu,
Zn, and Mg in plant tissues, whereas glucose treatments resulted in significantly higher
Mn accumulation. Correlation and principal component analysis revealed strong positive
relationships between growth parameters and Fe, Mg, Cu, and Zn, whereas Mn exhibited
significant negative correlations. Among the machine learning models, Support Vector
Regression showed the highest predictive performance for plant length (R? = 0.74) and
SPAD (R? = 0.87). Nutrient depletion analysis showed substantial reductions in mineral
concentrations in all treatments after four weeks. Overall, the combination of liquid cul-
ture systems with sucrose provides optimal conditions for chestnut micropropagation by
promoting favorable nutrient interactions and minimizing antagonistic effects.

Keywords: Castanea spp.; bioreactor-based culture; in vitro propagation; woody species

1. Introduction

Chestnut is an important nut crop that grows in the Mediterranean and temperate
regions [1]. Propagating chestnuts is important because it supports the production of
valuable products, such as timber, honey, and nuts [2]. Additionally, chestnut trees play a
vital ecological role in preventing soil erosion and supporting biodiversity, especially in
mountainous areas. However, the conventional propagation of chestnuts is limited by their
low rooting ability, genotype dependency, and susceptibility to biotic stress [3-5].

Among vegetative propagation methods, in vitro propagation has emerged as a pow-
erful alternative for rapid and uniform plant production [6]. This technique allows for
the mass multiplication of plants under controlled environmental conditions, minimizing
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the risk of contamination and genetic variation [7]. In recent years, studies on chestnut
propagation have also focused on in vitro propagation techniques [8-11]. Traditionally;,
agar has been used to solidify the medium in the in vitro propagation of chestnut. However,
in recent years, liquid media with temporary (TIS) or continuous immersion systems (CIS)
have been used [8,12-16]. These bioreactor systems have the advantage of improving
shoot proliferation, leaf development, and photosynthetic capacity in several woody and
herbaceous species [17,18]. Despite these advantages, the interaction between medium
composition and carbon sources remains unclear in chestnut.

Carbohydrates supplied in culture media not only serve as energy sources. They also
regulate osmotic potential, metabolic pathways, and signaling processes that influence the
in vitro development of the explant. Among them, sucrose is the most commonly used
carbon source, and numerous studies have demonstrated its superiority over other sugars
such as glucose in promoting shoot organogenesis, callus formation, and chlorophyll syn-
thesis [19-25]. However, glucose has been reported to be a better carbon source depending
on the species [26-29].

In addition to growth responses, mineral nutrition dynamics in in vitro systems repre-
sent a critical but often overlooked component of plant development. Nutrient uptake in
tissue culture is a complex process influenced by the medium composition, physical state,
and plant metabolic activity [30]. Micronutrients such as Fe, Zn, Cu, Mn, and Mg play key
roles in enzymatic activity and chlorophyll biosynthesis [31-36]. These elements do not
function independently and exhibit synergistic and antagonistic interactions. Although
mineral balance is recognized as a key factor in plant development, limited information ex-
ists on how culture systems and carbon sources interact to influence nutrient accumulation
and uptake dynamics in chestnut.

The present study aimed to evaluate the interactive effects of culture systems and car-
bon sources on shoot growth, callus development, mineral nutrient accumulation in plant
tissues, nutrient depletion dynamics in culture media, and the relationships among these
variables using correlation and principal component analyses. By integrating physiological
and nutritional insights, this study contributes to a deeper understanding of the key factors
regulating the in vitro propagation performance of chestnut.

2. Materials and Methods
2.1. Plant Material

In this study, the “Akytiz’ chestnut cultivar was used. The ‘Akytiz’ cultivar was
obtained by hybridizing the ‘King Arthur’ (C. mollissima x C. seguine) and ‘Lockwood’
(C. crenata x C. sativa x C. dentata) cultivars [37]. It is known for its resistance to the
Asian chestnut gall wasp [38]. Explants of the ‘Akytiz’ cultivar were initially established
in culture through the integration of serial grafting and the PlantForm™ (PlantForm,
Hjarup, Sweden) bioreactor system within the framework of a TUBITAK-funded project
(Project No. 1220251).

2.2. Methods
2.2.1. Initiation of In Vitro Culture

The uniform explants consisting of nodal micro shoots (approximately 1 cm in length,
containing 1 node) were selected from previously established in vitro cultures. They
were initially established in Woody Plant Medium (WPM) (Duchefa Biochemie, Haarlem,
The Netherlands) [39]. Zeatin-riboside (Gold Biotechnology, Inc., St. Louis, MO, USA)
was used as the cytokinin source at a concentration of 2 mg L~!. The medium was
supplemented with 30 g L~! sucrose (Merck KGaA, Darmstadt, Germany) and solidified
with7 g L1 Bacto agar (BD Difco™, Becton, Dickinson and Company, Franklin Lakes, NJ,
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USA). The pH of the culture medium was adjusted to 5.6-5.7 before sterilization at 121 °C
and 15 psi for 20 min (Hirayama Manufacturing Corporation, Kasukabe, Saitama, Japan).
The explants were subcultured every four weeks. Following the initial establishment
phase, explants were subcultured twice (eight weeks). Only healthy, contamination-free
explants with a similar size and visible callus formation after two subcultures were selected
for the experiment.

In the experiment, two different multiplication systems (solid and liquid) and carbon
sources (sucrose and glucose) were tested. The same concentration and medium (WPM)
were used in the solid and liquid systems. Only in the liquid system was no agar added to
the medium. For the solid system, 473 mL culture jars were used. Each jar contained 100 mL
of medium. In contrast, a PlantForm™ temporary immersion bioreactor was used for the
liquid system. Each bioreactor contained 500 mL of liquid medium. To better compare the
two systems, 4 explants were placed in a jar and 20 in a PlantForm™ bioreactor (25 mL per
explant) with three replicates (each jar and bioreactor considered an experimental unit).
The bioreactor was operated under a temporary immersion system, consisting of 1 min of
immersion every 6 h, followed by 2 min of aeration.

All cultures were maintained under controlled growth room conditions. The explants
were cultivated at 24 + 2 °C under a 16 h light/8 h dark photoperiod. Cool-white fluores-
cent lamps (approximately 40-50 umol m~2 s~!) were used to provide illumination. The
relative humidity within the growth chamber was maintained under standard laboratory
conditions. Solid culture vessels and PlantForm™ bioreactor systems were placed under
identical environmental conditions to ensure treatment comparability of the treatments
according to the completely randomized design. The explants were cultured for four weeks.
At the end of the fourth week, the explants were collected for mineral nutrient analysis. In
addition, culture media were sampled before plant introduction and after one subculture
to assess the nutrient depletion and uptake dynamics.

2.2.2. Determination of Nutrient Content

Explants were washed with distilled water to remove agar. They were then oven-
dried at 65 °C until a constant weight was achieved (MM Ecocell 55 MMM Medcenter
Einrichtungen GmbH, Planegg, Germany). Subsequently, the plant material was dried
and ground into a powder of uniform consistency by hand. To determine the mineral
nutrient concentrations, 0.5 g of desiccated plant material was weighed and incinerated in
a muffle furnace at 550 °C for 4-8 h. The ash obtained after combustion was dissolved in
hydrochloric acid (HCI) and prepared for analysis according to standard procedures [40].
The concentrations of magnesium (Mg), iron (Fe), manganese (Mn), zinc (Zn), and cop-
per (Cu) were determined by atomic absorption spectrophotometry (Shimadzu AA-7000,
Kyoto, Japan) [41]. The concentrations of Fe, Cu, Mn, Zn, and Mg in the culture media
were determined in both liquid bioreactor media and agar-solidified media using flame
photometry (BWB-1, BWB Technologies, Newbury, Berkshire, UK) and atomic absorption
spectrophotometry [41]. Liquid medium samples were homogenized and analyzed directly.
Agar-solidified medium samples were diluted 50-fold with distilled water to reduce ma-
trix interference and viscosity-related analytical limitations and then homogenized before
measurement. The obtained values for agar-solidified media were corrected by applying
the corresponding dilution factor, and the final concentrations were calculated accordingly.
Calibration curves were established for each element using a series of multi-element stan-
dard solutions prepared from high-purity stocks (Merck KGaA, Darmstadt, Germany),
ensuring high linearity (R2 > 0.99). All analyses were conducted in triplicate, and results
were calculated and are reported as milligrams per kilogram of dry weight, expressed as
parts per million (ppm).
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2.2.3. Correlation Analysis and Principal Component Analysis

In principal component analysis (PCA), Pearson’s correlation coefficients were calcu-
lated between plant length, number of leaves, callus width, callus height, shoot multiplica-
tion, SPAD values, and mineral elements (Fe, Cu, Mn, Zn, and Mg). The significance levels
of the correlations were assessed at p < 0.05, p < 0.01, and p < 0.001. Correlation matri-
ces were visualized using heatmaps with hierarchical clustering to illustrate the patterns
between variables.

PCA was performed using the covariance matrix of the standardized variables. Eigen-
values and percentages of explained variance were calculated for each principal component.
Variables with higher loadings were considered to be more influential in defining the prin-
cipal components. The relationships among variables were visualized using a correlation
circle (variable factor map), where the direction and length of the vectors indicate the
strength and contribution of each variable to the principal components.

2.2.4. Modeling Procedure

Machine learning (ML) approaches were applied to investigate the predictive relation-
ship between mineral composition and in vitro growth parameters. Plant length and SPAD
were defined as output variables, while mineral elements (Fe, Cu, Mn, Zn, and Mg) were
used as predictor variables. As datasets are small-sized in in vitro studies compared to
field studies, a leave-one-out cross-validation (LOOCV) strategy was used to ensure robust
and unbiased performance estimation. In this approach, each observation was iteratively
used as a test sample while the remaining data were used for model training. This strategy
reduces the risk of overfitting in ML. Multiple linear regression (MLR), Random Forest
(RF), and Support Vector Regression (SVR) ML models were used to predict the output
variables. These models were selected because they can work better with small datasets.
MLR was employed to assess linear relationships between mineral nutrients and growth
parameters. In addition, RF regression models were constructed using 500 trees to capture
potential non-linear interactions among variables. The variable importance in RF models
was quantified using the percentage increase in mean squared error (%IncMSE). SVR with a
radial basis function (RBF) kernel and epsilon-regression formulation was applied to model
complex non-linear relationships. Model performance was evaluated using the coefficient
of determination (R?) (Equation (1)), root mean square error (RMSE) (Equation (2)), and
mean absolute error (MAE) (Equation (3)). Additionally, scatter plots of observed versus
predicted values were generated to visually assess model accuracy, with a 1:1 reference line
indicating perfect agreement.

RZ=1 (1)
n (Y- Y)?
1& 5\ 2
RMSE = HZ(Yi -Yj) )
i=1
n
MAE = %Z|Yi—\?i[ (3)
i=1

2.2.5. Statistical Analysis

The experiment was conducted using a completely randomized designin a2 x 2 fac-
torial arrangement, with culture system (solid and liquid) and carbon source (sucrose and
glucose) as the main factors. Before analysis, the assumptions of normality and homogene-
ity of variances were checked using the Shapiro-Wilk and Levene’s tests, respectively. The
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results confirmed that datasets followed a normal distribution and all variables exhibited
homogenous variances (p > 0.05). Data were subjected to two-way analysis of variance
(ANOVA) to evaluate the effects of the factors and their interactions. When significant dif-
ferences were detected, the means were separated using Duncan’s multiple range test at a
significance level of p < 0.05. All data in the tables are presented as mean values + standard
error (SE). Statistical analyses were performed with the R software (version 4.5.1) using the
“Agricolae” package.

3. Results

3.1. Effects of Culture System and Carbon Source on Shoot Proliferation and Morphological Traits
of Explants

The interaction between the culture system and carbon source significantly affected
plant length, leaf number, and SPAD values (Table 1).

Table 1. Effects of culture system and carbon source on shoot growth and chlorophyll content
of explants.

Culture System Carbon Source Plant Length Number of Leaves SPAD
(cm) (n)
Solid Sucrose 546 £ 0.18 ¢ 1420 =148 a 34.02 +1.09b
ol Glucose 496 +0.11d 9.80 + 0.83b 2698 +1.03d
Liquid Sucrose 720 £ 0.15a 1540+ 114 a 40.38 £+ 0.90 a
! Glucose 6.10 £ 0.10b 1020 £1.30b 29.68 +£1.20 ¢
Factor Means
Culture Svstem Solid 521 +029b 12.0 £ 2.58 30.50 = 3.84 b
Y Liquid 6.65 £0.59 a 12.8 £2.97 35.03 £4.72 a
Carbon S Sucrose 6.33 £0.93 a 14.8 £1.39 a 3720 £ 348 a
arbon source Glucose 5.53 + 0.60 b 10.0 + 1.05b 2833+ 1.77b
14
Culture System e N.S. *

Carbon Source
Culture System x Carbon Source

*%F

EEEd

*%F

%%

Means followed by different lowercase letters within the same column indicate statistically significant differences
according to Duncan’s multiple range test (p < 0.05). Asterisks in the p-value section denote the level of statistical
significance: * p < 0.05; *** p < 0.001; N.S.: Not significant. Standard error (£SE) is provided for each mean.

Among the applications, the liquid culture system supplemented with sucrose resulted
in the highest plant length (7.20 & 0.15 cm). This was followed by the liquid culture system
supplemented with glucose (6.10 £ 0.10 cm). In contrast, the lowest plant length was
observed in the solid medium supplemented with glucose (4.96 &= 0.11 cm). Similarly, the
highest leaf numbers were obtained from liquid and solid culture systems supplemented
with sucrose (15.40 + 1.14 and 14.20 £ 1.48, respectively). In terms of SPAD values,
the highest value was measured in the liquid culture system supplemented with sucrose
(40.38 & 0.90). However, the lowest SPAD value was obtained from the solid culture system
supplemented with glucose. In general, the liquid medium promoted shoot growth more
than the solid medium, and sucrose promoted shoot growth more than glucose. While
sucrose applications consistently increased leaf number in both solid and liquid media,
glucose applications led to a sharp decline in leaf number in both culture systems.

The effects of the culture system and carbon source on callus formation and shoot
multiplication were statistically significant, particularly according to the carbon source and
its interaction with the culture system (Table 2).
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Table 2. Effects of culture system and carbon source on callus formation and shoot multiplication
of explants.

Culture System Carbon Source Callus Width (cm) Callus Height (cm) Shoot M1:111t)1p11cat10n
Solid Sucrose 1.73 +0.04b * 0.87 £0.02b 4.60 +0.89 a
ot Glucose 147 £0.04d 0.80 & 0.01 ¢ 2.80 +0.44b
Liquid Sucrose 1.86 £ 0.03 a 091 +0.01a 540+ 0.54a
! Glucose 1.53 £0.03 ¢ 0.82 £ 0.02 ¢ 220+ 044b
Factor Means
Culture Svstem Solid 1.59 £0.14 0.84 + 0.04 3.70 =+ 1.15
Yy Liquid 1.70 £ 0.17 0.86 + 0.04 3.80 = 1.75
Carbon S Sucrose 1.80 = 0.08 a 0.89 +£0.02a 5.00£0.81a
arbon source Glucose 1.50 + 0.04 b 0.81 +0.01b 2.50 £ 0.52b
p
Culture System N.S. N.S. N.S.
Carbon Source i iid id
Culture System x Carbon Source ok ok i

Means followed by different lowercase letters within the same column indicate statistically significant differences
according to Duncan’s multiple range test (p < 0.05). Asterisks in the p-value section denote the level of statistical
significance: * p < 0.05; *** p < 0.001; N.S.: Not significant. Standard error (£SE) is provided for each mean.

The highest callus width (1.86 £ 0.03 cm) and callus height (0.91 £ 0.01 cm) were
recorded in the liquid culture system supplemented with sucrose. In comparison, the
lowest values were observed in the solid cultivation system supplemented with glucose
(1.47 £ 0.04 cm and 0.80 £ 0.01 cm, respectively). However the main effect of the culture
system alone was not statistically significant. The interaction between the culture system
and carbon source revealed that liquid conditions enhanced the positive effect of sucrose
on callus development. The highest shoot multiplication rate was recorded in the liquid
medium with sucrose (5.40 £ 0.54 cm). This was followed by the solid medium with
sucrose. In both culture systems, the use of sucrose approximately doubled the number
of shoots compared to glucose. Growth rates in glucose-containing media remained
significantly lower.

3.2. Effects of Culture System and Carbon Source on Mineral Nutrient Composition of
Plant Tissues

The concentrations of mineral nutrients in chestnut plant tissues were significantly
influenced by the carbon source and its interaction with the culture system. In contrast, the
primary effect of the culture system alone was generally limited (Table 3). The use of sucrose
significantly dominated mineral uptake across culture systems. The highest values of Cu
(0.33 £ 0.04 ppm), Zn (1.50 £ 0.13 ppm), Fe (5.88 £ 1.05 ppm), and Mg (3.37 &+ 0.41 ppm)
were recorded in the sucrose-containing medium. In contrast, Mn showed an opposite
pattern, with significantly higher accumulation in glucose treatments. The highest Mn
concentration was detected in the liquid system—glucose combination at 4.91 £ 0.26 ppm,
whereas in the sucrose-containing medium, it was 2.25 &+ 0.28 ppm. Regarding Mg uptake,
the difference among carbon sources was most pronounced in the liquid system. The switch
from sucrose to glucose resulted in a 68% decrease in Mg accumulation (from 3.37 & 0.41
to 1.06 = 0.19 ppm).
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Table 3. Effects of culture system and carbon source on mineral nutrient concentrations of chestnut
plant tissues.

Culture System Carbon Source Fe (ppm) Cu (ppm) Mn (ppm) Zn (ppm) Mg (ppm)
Solid Sucrose 5744+ 1.02a* 0274+003b 2394+032c 132+044b 1.26+0.05c
ol Glucose 347 +071b 0244+0.01b 384+044b 094+033c 191+0.03b
Liquid Sucrose 6.02+1.19a 033+0.04a 225+028c 150+0.13a 337+041a
! Glucose 371+052b 026+001b 491+026a 072+026d 1.06+0.19c¢
Factor Means
Culture Svstem Solid 4.60 + 1.46 0.25 +0.03b 3.11 +£0.84 1.13 £ 041 1.59 +£0.34
y Liquid 4.86 +1.49 0.29 +0.04 a 3.58 +1.42 1.11 £ 0.45 222 +1.25
Carbon S Sucrose 5.88 +1.05a 030+ 0.05a 2324+029b 1.41+032a 264+0.81la
arbon source Glucose 359+ 0.60b 025+001b 437+066a 083+030b 1.16+0.16b
p
Culture System N.S. * N.S. N.S. N.S.
Carbon Source whk *% w4k otk .
Culture System x Carbon Source o * ok o i

Means followed by different lowercase letters within the same column indicate statistically significant differences
according to Duncan’s multiple range test (p < 0.05). Asterisks in the p-value section denote the level of statistical
significance: * p < 0.05; ** p < 0.01; ** p < 0.001; N.S.: Not significant. Standard error (+SE) is provided for
each mean.

Correlation analysis revealed strong and meaningful relationships among the growth
parameters, callus characteristics, and mineral nutrient concentrations (Figure 1). Plant
length was significantly and positively correlated with the number of leaves (r = 0.60),
callus width (r = 0.73 ***), callus height (r = 0.65 **), and SPAD values (r = 0.83 ***). Similarly,
SPAD was strongly and positively correlated with the number of leaves (r = 0.88 ***), shoot
multiplication (r = 0.85 ***), and callus-related traits, suggesting that chlorophyll content is
strongly associated with both shoot proliferation and plant vigor. The shoot multiplication
rate was also highly correlated with callus height (r = 0.90 ***) and callus width (r = 0.88 ***).

Plant Length
Number of Leaves
Callus Width
Callus Height
Shoot Multiplication . :)iz
SPAD 0.0
-0.5
ke — -1.0

Shoot Multiplication .- ...

£
=)}
[}
T
@
2
w
&}

Callus Width
Plant Length

Figure 1. Pearson correlation heatmap showing relationships between morphological traits and
mineral nutrient concentrations in chestnut in vitro culture (*** p < 0.001; ** p < 0.01; * p < 0.05;
N.S.: Not significant).

Among the mineral nutrients, Fe and Mg showed strong positive correlations with
growth parameters, particularly SPAD, shoot multiplication, and plant length. Cu also
exhibited consistent positive correlations with most of the growth traits. Zn showed
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moderate positive associations with growth parameters, suggesting a supportive but less
dominant role. In contrast, Mn displayed significant negative correlations with nearly all
growth parameters, including SPAD (r = —0.73 ***), shoot multiplication (r = —0.84 ***),
callus width (r = —0.79 ***), and plant length (r = —0.29). Mn was negatively correlated
with Fe and Mg.

Principal component analysis (PCA) revealed a clear separation of variables based on
their relationships and contributions to the overall variability (Figure 2).

05

contrib
Shoot Multiplication

[ it

Dim2 (9.7%)

-05
Mn

Plant Length

Dim1 (74.5%)

Figure 2. Principal component analysis (PCA) biplot showing the relationships between morphologi-
cal traits and mineral nutrient concentrations in chestnut in vitro culture.

The first principal component (PC1) explained a substantial proportion of the total
variance (74.5%). PC1 represents the main gradient of variation associated with plant growth
and nutrient accumulation. Most growth-related parameters, including plant length, number
of leaves, SPAD, shoot multiplication, callus width, and callus height, were positively and
strongly associated with PC1 and clustered on the right side of the plot. Similarly, mineral
nutrients such as Fe, Mg, Cu, and Zn were positioned in the same direction, indicating a
strong positive relationship with plant growth and physiological performance. PC2, which
explains 9.7% of the variance, further differentiates Zn from other nutrients. In contrast, Mn
acts in opposition to this trend as observed in the correlation analysis.

The predictive performance of MLR, RF, and SVR models for plant length and SPAD
values is summarized in Table 4.

Table 4. Prediction performance of machine learning models for plant length and SPAD.

Parameters ML Models R? RMSE MAE
MLR 0.60 0.548 0.472

Plant Length (cm) RF 0.64 0.544 0.499
SVR 0.74 0.451 0.375

MLR 0.69 2.889 2.274

SPAD RF 0.85 2.164 1.654

SVR 0.87 1.943 1.416

For plant length prediction, the SVR model exhibited the highest predictive perfor-
mance (R? = 0.74), outperforming both RF (R? = 0.64) and MLR (R? = 0.601) (Figure 3). Also,
it had the lowest error metrics (RMSE = 0.451; MAE = 0.375).
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Plant Length (cm)

Plant Length (cm)

Predicted Values

Predicted Values

70 75 50 55

50 55 60
Actual Values

60
Actual Values

(a) MLR (r = 0.77) (b) RF (r = 0.80)

Plant Length (cm)

Predicted Values

50 55 60
Actual Values

(¢) SVR (r=0.86)
Figure 3. Comparison of actual and predicted plant length (cm) using different machine learning

models with correlation coefficients (r).

For SPAD values, both the RF and SVR models showed substantially improved per-
formance compared to MLR. The SVR model achieved the highest predictive accuracy
(R? = 0.871). This was followed by RF (R? = 0.862), while MLR showed a lower performance

(R? = 0.699) (Figure 4).

SPAD SPAD

a0 25 30

2 30 35
Actual Values

35
Actual Values

(a) MLR (r = 0.83) (b) RF (r=0.92)

SPAD

2 30

35
Actual Values

(¢) SVR (r =0.93)

Figure 4. Comparison of actual and predicted SPAD values using different machine learning models

with correlation coefficients (r).
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3.3. Changes in Mineral Nutrient Concentrations of Culture Media

The mineral nutrient concentrations in the culture medium were significantly affected
by the culture system, carbon source, and sampling time. Across all treatments, a clear
decline in nutrient concentrations was observed after 4 weeks, indicating substantial uptake
by the explants (Table 5).

Table 5. Changes in Fe, Cu, Mn, Zn, and Mg concentrations (ppm) in solid and liquid culture systems

under different carbon sources before and after 4 weeks of in vitro culture.

Culture Carbon Sampling Fe Cu Mn Zn Mg
System Source Time (ppm) (ppm) (ppm) (ppm) (ppm)
Solid 308+022b 021+001b 680+032a 114+008b 2.15+0.12b
al
Liquid reose — 512+£028a 035+002a 668+034a 176+008a 272+0.15a
nitia
Solid 301+025b 023+002b 661+029a 112+007b 211+0.09b
S
Liquid Herose 501+£03la 033+£002a 660+027a 179+007a 277+014a
Solid 180+£011c 015+001d 398+04lbc 068+009e 1.76=+0.10c
al
Liquid Heose 287+£022b 021+£002c 3.62+029¢ 1.04+005¢c 211+0.12b
After 4 weeks
Solid 103+012e 012+00le 426+038b 0.60+006e 144+005d
Sucrose
Liquid " 146 £0.05d 0.14+00lef 431+025b 083+006d 176+0.11c
p EE 3 EE s EE

Means followed by different lowercase letters within the same column indicate statistically significant differences
according to Duncan’s multiple range test (p < 0.05). Asterisks in the p-value section denote the level of statistical
significance: *** p < 0.001. Standard error (+=SE) is provided for each mean.

At the initial stage, liquid culture systems consistently exhibited higher concentrations
of Fe, Cu, Zn, and Mg than solid media. With respect to Fe, the highest depletion was
observed in sucrose treatments, particularly in the liquid cultivation system supplemented
with sucrose (from 5.01 £ 0.31 ppm to 1.46 £ 0.05 ppm; 70.86% decrease), followed by the
solid cultivation system supplemented with sucrose (3.01 & 0.25 ppm to 1.03 & 0.12 ppm;
65.78% decrease). In contrast, glucose treatments showed lower Fe depletion, with re-
ductions of 41.56% (solid—glucose) and 43.95% (liquid—glucose). Cu concentrations also
declined significantly across all treatments. The greatest reduction was recorded in the
liquid sucrose treatment (0.33 £ 0.02 ppm to 0.14 & 0.01 ppm; 57.58% decrease), followed
by the solid cultivation system supplemented with sucrose (47.83%). Glucose treatments
exhibited comparatively lower Cu depletion, with 40.00% (liquid—glucose) and 28.57%
(solid—glucose) reductions. Mn showed a different trend compared to other elements.
Although Mn concentrations decreased across all treatments, the highest depletion was ob-
served in the glucose treatments, with 45.81% (liquid-glucose) and 41.47% (solid—-glucose)
reductions. In contrast, sucrose treatments showed lower Mn depletion (35.55% in solid—
sucrose and 34.70% in liquid—sucrose). Zn concentrations decreased substantially in all
treatments, with reductions ranging from 40.35% to 53.63%. The highest depletion was
observed in the liquid cultivation system supplemented with sucrose treatment (53.63%). It
was followed by the solid cultivation system supplemented with sucrose (46.43%). Glu-
cose treatments showed slightly lower but still considerable reductions (40.35-40.91%).
Mg exhibited the lowest overall depletion among all elements, with reductions ranging
from 18.14% to 36.46%. The lowest decrease was observed in the solid cultivation system
supplemented with glucose treatment (18.14%). On the other hand, the highest decrease
was recorded in the liquid cultivation system supplemented with sucrose (36.46%).
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4. Discussion
4.1. Integrated Effects of Carbon Source and Culture System on Growth and Mineral Nutrition

The findings of this study demonstrate a synergistic interaction between the liquid
culture system and sucrose. This interaction plays an important role in both morphological
development and regenerative capacity in chestnut explants. While the liquid system
provides a better physical environment, sucrose seems to play a major role in physiological
processes. Carbon sources provide carbon skeletons, and osmotic potential for shoot pro-
liferation, root induction, embryogenesis, and organogenesis [42]. Also, sucrose induces
osmotic stress and sugar signaling by reprogramming cells and influencing processes like
somatic embryogenesis and callus regeneration [43]. It is believed that sucrose is a better
carbon source due to its role not only as an energy source but also in regulating osmotic
balance, ROS levels, and hormonal signaling [44,45]. In a study conducted on the "Marsol’
chestnut cultivar similar results were also obtained. In that study, 30 g L. ~! sucrose maxi-
mized plant length, leaf number, SPAD values, callus dimensions, and multiplication rates,
while glucose had similar but lower values [20]. Gago, Bernal, Sdnchez, Aldrey, Cuenca,
Christie, and Vidal [13] reported that reducing sucrose levels particularly reduced shoot
length and leaf quality under continuous submersion. Similarly, in plum and willow, lig-
uid /bioreactor systems supplemented with sucrose produced longer shoots, larger leaves,
and higher pigment concentrations [46,47]. In another study conducted on Vernonia conden-
sata, the liquid /bioreactor + high sucrose treatment significantly increased the number of
shoots, biomass, leaf nutrient content, and pigments [17]. In Justicia gendarussa, sucrose has
been associated with larger calluses that have a high regenerative potential [48]. A study
conducted on Agapanthus praecox found that sucrose induces a unique hormonal/ROS
profile that enhances differentiation capacity [44]. On the other hand, in datura and rosa,
glucose was found to be a better carbon source [26,49]. This also shows that the effect
of the carbon source can vary according to the plant species. Interestingly, the lowest
multiplication rate was recorded in the liquid system supplemented with glucose. This
contrast to the generally growth-promoting nature of liquid systems may be linked to the
synergy between a liquid environment and glucose, which potentially induces a localized
osmotic stress or triggers hyperhydricity-related physiological responses. Some studies
show that a high level of carbon source concentrations can negatively affect plant growth
by causing osmotic stress [50-52].

In addition, the carbon source is an important factor in element accumulation and
related morphological development. In plants grown in a sucrose-containing medium, the
accumulation of Fe, Cu, Zn, and Mg increased, while glucose promoted the accumulation
of Mn. Strong and positive correlations were observed between the increased Fe and Mg
levels and the SPAD value, plant length, and shoot proliferation. Similarly, increasing
micronutrient mixtures significantly increased shoot length and leaf number in both stevia
and hazelnut [53,54]. This supports the fundamental roles of these elements in chlorophyll
synthesis and photosynthetic activity. Indeed, while Fe deficiency or inadequate transport
can cause chlorosis and reduced photosynthesis, Mg is critical to plant development
because it serves as the central atom of the chlorophyll molecule and acts as a cofactor for
photosynthetic enzymes [32,55-57]. In addition, the positive correlation between increased
Cu and Zn levels and growth parameters in sucrose treatments could be from the impact
of these micronutrients on shoot quality and proliferation. It has been shown that Zn and
Cu exhibit strong positive correlations with chlorophyll content, leaf area, and yield in
Nagpur mandarin [58]. This relationship can be further explained by the physiological
roles of Zn and Cu in plant metabolism. Zn is essential for the biosynthesis of tryptophan,
a precursor of the growth hormone indole-3-acetic acid (IAA), which directly promotes
shoot elongation [59]. Meanwhile, increased Cu accumulation contributes to improved
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tissue firmness and shoot quality by acting as a cofactor for enzymes involved in cell wall
lignification, such as laccases [60]. Therefore, the enhanced uptake and efficient utilization
of these micronutrients under sucrose treatments provide a plausible explanation for the
superior morphogenetic development observed compared to glucose treatments.

In contrast, Mn showed a strong negative relationship with growth parameters and
SPAD values. Moreover, its interactions, particularly with Fe and Mg, are consistent with
the mineral nutrition literature and could suggest the presence of a possible element antag-
onism. The homeostasis of Fe, Zn, and Mn is regulated by mutual interactions and the fact
that high Mn levels can inhibit Fe uptake and chlorophyll synthesis [31,55,56]. Increasing
Mg levels in sweet orange has been reported to reduce Mn uptake in roots and stems,
whereas an increased Mn concentration negatively affects photosynthetic performance [56].
It has been clearly demonstrated in both classical nutritional physiology studies and re-
search on hyperaccumulator plants and soybeans that Mn can inhibit chlorophyll synthesis
and growth by competing with Fe, Mg, and other microelements [61-65]. Considering
the Fe-Mg-Zn/Cu synergy and potential antagonistic interactions with Mn described in
the literature [31,55-58], it can be stated that the selection of a carbon source in chestnut
in vitro cultures is a critical factor that influences not only carbon nutrition but also mineral
nutrient balance and the associated morphogenetic processes. The preferential accumula-
tion of Fe, Mg, and Zn under sucrose supplementation, as opposed to Mn accumulation
under glucose, can be explained by differences in the metabolic efficiency of these carbon
sources. It can hypothesized that active nutrient uptake is an ATP-dependent process, and
sucrose metabolism provides a more efficient energy supply for the operation of H*-ATPase
pumps [66], thereby facilitating the uptake of beneficial micronutrients. In contrast, the
accumulation of Mn under glucose may further exacerbate its antagonistic effects on Fe
and Mg uptake, as high Mn levels are known to inhibit Fe acquisition and chlorophyll
biosynthesis [67]. In this context, the observation of high Mn accumulation accompanied
by low SPAD values and poor shoot proliferation supports the conclusion that Mn exerts
an inhibitory effect when present at elevated levels.

The PCA results further demonstrate these relationships, showing that in vitro chest-
nut growth is positively correlated with Fe, Mg, Cu, and Zn. In particular, the fact that
PC1 explains 74.5% of the total variance indicates that the primary variability in the system
is concentrated along the same axis as the vegetative growth and micronutrient accumu-
lation. These findings are also consistent with studies conducted on other species, such
as citrus and grapevines. In these studies, PC1 was identified as the primary component
representing the co-variation in chlorophyll content, leaf area, and yield with nutrient ele-
ments such as Fe, Zn, and Mg [58,68,69]. These findings are also consistent with previous
studies, which have demonstrated the critical roles of Mg, Fe, and Zn in growth through
deficiency experiments and variance decomposition analyses in species such as Eucalyptus
and Epimedium [70,71]. Furthermore, the partial separation of Zn by PC2 is consistent
with findings suggesting that while Zn supports growth in conjunction with Fe-Mg-Cu, it
may also exert more specific effects on secondary metabolism and quality traits [58,71,72].

Predicting plant traits such as SPAD values and plant length is crucial for optimizing
plant tissue culture protocols and improving productivity. The findings of the study indi-
cate that non-linear modeling approaches are more effective in capturing the relationships
between mineral composition and plant length and are particularly powerful in predicting
SPAD. The actual and predicted plots supported these findings, showing that SVR and
RF predictions were more closely aligned with the 1:1 reference line (Figures 3 and 4). On
the other hand, the MLR model exhibited greater dispersion and reduced accuracy. SVR
provided superior predictions for plant length and SPAD. Numerous studies demonstrate
that RF and SVR generally achieve higher predictive accuracy than traditional linear models
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such as MLR, especially when dealing with non-linear or complex biological data [73]. The
robustness of RF against overfitting makes it particularly suitable for high-dimensional
datasets common in remote sensing or image-based phenotyping applications [74]. Mean-
while, SVR’s strength lies in its effectiveness with smaller datasets or when kernel-based
modeling is advantageous [73].

4.2. Carbon Source-Dependent Nutrient Uptake and Depletion Dynamics

Nutrient depletion percentages clearly demonstrated that sucrose, particularly in lig-
uid culture systems, significantly enhances the uptake of Fe, Cu, Zn, and Mg. However, Mn
uptake is relatively higher under glucose treatments, indicating a differential and element-
specific nutrient utilization pattern. At the end of the four-week period, the decrease in
nutrient concentrations across all treatments showed a medium level of depletion and ac-
tive uptake, as described in the literature [30,75]. In particular, the presence of higher initial
concentrations of Fe, Cu, Zn, and Mg in liquid systems and the observation of the highest
depletion levels of these elements in sucrose-containing liquid media can be explained by
the more efficient mass transfer and increased nutrient uptake which could be associated
with the high growth rate metabolically supported by sucrose [18,30,75]. This indicates that
liquid culture systems not only enhance physical accessibility but also increase metabolic
activity, thereby accelerating nutrient consumption. Similarly, in Petunia in vitro culture, it
has been reported that Fe, Mg, and Mn uptake increase along with pigment content under
appropriate combinations of Fe form and pH, and that nutrient uptake is highly sensitive
to environmental conditions [76]. In Curcuma bioreactor studies, a direct relationship
between sucrose consumption and biomass increase has been highlighted. It has been
emphasized that the mineral balance of the medium strongly shapes growth responses [18].
In contrast, the depletion of Mn in the medium with the highest glucose content in this
study is consistent with the literature, which indicates that this element has a transport
mechanism that is distinct from those of other micronutrients. It has been reported that in
sugarcane, Cu and Zn are taken up via the same carrier system, whereas Mn is transported
via a more independent and metabolically controlled system [77]. Furthermore, the fact
that Mn uptake is less affected despite competitive inhibition by Zn and Cu supports the
existence of a separate regulatory mechanism for Mn [77]. In this context, the fact that
glucose increases Mn uptake in chestnut while not promoting Fe, Cu, and Zn uptake as
much as sucrose can be explained by nutrient preference and transport regulation linked to
the carbon source [30,78,79].

4.3. Study Limitations

Despite the significant insights it provides into the interaction between carbon sources
and culture systems, this study has several limitations that should be acknowledged. First,
the experiments were conducted using a single hybrid chestnut cultivar (‘Akytiz’) and
given the high genotype-dependency of chestnut micropropagation, the results may not be
directly applicable to all Castanea species. Second, while the machine learning models (SVR
and RF) showed high predictive performance, the dataset size is characteristic of in vitro
studies and remains relatively small compared to large-scale agricultural datasets. This may
limit the models’ generalizability across broader environmental conditions. Furthermore,
the study focused on a specific four-week subculture period and a limited set of mineral
elements (Fe, Cu, Mn, Zn, and Mg). Long-term effects on rooting and acclimatization stages
were not evaluated, which are critical for the commercial success of micropropagation
protocols. Future research should incorporate a wider range of genotypes and longer-term
physiological assessments to validate these findings.
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5. Conclusions

This study demonstrates that the interaction between the culture system and carbon
source plays a critical role in regulating both morphogenetic responses and mineral nutrient
dynamics in chestnut in vitro cultures. Among the tested treatments, the liquid culture
system supplemented with sucrose consistently produced superior results in terms of plant
growth, chlorophyll content, callus development, and shoot proliferation. Sucrose not only
functions as an energy source but also significantly enhances the accumulation of essential
micronutrients. In contrast, glucose treatments led to increased Mn accumulation, which
could exhibit an antagonistic interaction with Fe and Mg and showed a clear inhibitory
effect on plant growth parameters. These results indicate that mineral balance, rather than
individual nutrient concentration, appears to be a significant factor for in vitro propagation
success. These findings provide valuable insights for improving large-scale propagation
protocols and contribute to a better understanding of the physiological and nutritional
mechanisms underlying in vitro plant development.

Author Contributions: Conceptualization, B.A., LH.H.,, S.D., A.A. (Abdurrahman Ay), and A.A.
(Ayse Akyiiz); methodology, B.A., LH.H., S.D., A.A. (Abdurrahman Ay), and A.A. (Ayse Akyiiz);
software, B.A. and A.A. (Ayse Akytiz); validation, B.A., L.H.H., S.D., A.A. (Abdurrahman Ay), and
A.A. (Ayse Akytiz); formal analysis, IHH.and S.D; investigation, B.A., A.A. (Abdurrahman Ay),
and A.A. (Ayse Akytiz); resources, B.A. and A.A. (Abdurrahman Ay); data curation, B.A. and A.A.
(Ayse Akytiz); writing—original draft preparation, B.A. and I.H.H.; writing—review and editing,
B.A,LH.H.,, S.D., A.A. (Abdurrahman Ay), and A.A. (Ayse Akytiz); visualization, A.A. (Ayse Akytiz);
supervision, B.A. and S.D.; project administration, B.A.; funding acquisition, B.A. All authors have
read and agreed to the published version of the manuscript.

Funding: The authors sincerely thank the Scientific and Technological Research Council of Turkey
(TUBITAK, Project No. 1220251) for the financial support provided for the propagation of clonal
plants of the ‘Akytiz’ chestnut variety.

Data Availability Statement: The raw data supporting the conclusions of the article will be made
available by the authors upon request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

Soylu, A. Kestane Yetistiricili§i ve Ozellikleri (Genigletilmig I. Baski). [Chestnut Cultivation]; HASAD Publication: Istanbul, Turkey, 2004.
Serdar, U.; Akytiz, B.; Ceyhan, V.; Hazneci, K.; Mert, C.; Er, E.; Ertan, E.; Savas, K.S.C.; Uylaser, V. Horticultural characteristics of
chestnut growing in turkey. Erwerbs-Obstbau 2018, 60, 239-245. [CrossRef]

Fernandes, P,; Tedesco, S.; Vieira da Silva, I.; Santos, C.; Machado, H.; Lourenco Costa, R. A new clonal propagation protocol
develops quality root systems in chestnut. Forests 2020, 11, 826. [CrossRef]

Vielba, ].M.; Vidal, N.; José, M.C.S.; Rico, S.; Sanchez, C. Recent advances in adventitious root formation in chestnut. Plants 2020,
9, 1543. [CrossRef] [PubMed]

Pavese, V.; Ruffa, P,; Abba, S.; Costa, R.L.; Corredoira, E.; Silvestri, C.; Torello Marinoni, D.; Botta, R. An In Vitro Protocol for
Propagating Castanea sativa Italian Cultivars. Plants 2022, 11, 3308. [CrossRef] [PubMed]

Singh, A. Micropropagation of plants. In Plant Biology and Biotechnology: Volume II: Plant Genomics and Biotechnology; Springer:
New Delhi, India, 2015; pp. 329-346.

George, E.F; Hall, M.A.; De Klerk, G.-J. Plant Propagation by Tissue Culture: Volume 1. The Background; Springer Science & Business
Media: Dordrecht, The Netherlands, 2007; Volume 1.

Cuenca, B.; Sanchez, C.; Aldrey, A.; Bogo, B.; Blanco, B.; Correa, B.; Vidal, N. Micropropagation of axillary shoots of hybrid
chestnut (Castanea sativa x C. crenata) in liquid medium in a continuous immersion system. Plant Cell Tissue Organ Cult. (PCTOC)
2017, 131, 307-320. [CrossRef]

Gongalves, J.C.; Diogo, G.; Amancio, S. In vitro propagation of chestnut (Castanea sativa x C. crenata): Effects of rooting treatments
on plant survival, peroxidase activity and anatomical changes during adventitious root formation. Sci. Hortic. 1998, 72, 265-275.
[CrossRef]

https://doi.org/10.3390 /horticulturae12050582


https://doi.org/10.1007/s10341-017-0364-4
https://doi.org/10.3390/f11080826
https://doi.org/10.3390/plants9111543
https://www.ncbi.nlm.nih.gov/pubmed/33187282
https://doi.org/10.3390/plants11233308
https://www.ncbi.nlm.nih.gov/pubmed/36501347
https://doi.org/10.1007/s11240-017-1285-5
https://doi.org/10.1016/S0304-4238(97)00136-2
https://doi.org/10.3390/horticulturae12050582

Horticulturae 2026, 12, 582 15 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

Gongalves, ].C.; Amancio, S.; Pereira, ].S. Rooting and acclimatization of chestnut by in vitro propagation. In Physiology, Growth
and Development of Plants in Culture; Springer: Berlin/Heidelberg, Germany, 1994; pp. 303-308.

Vieitez, A.M.; Ballester, A.; Luisa Vieitez, M.; Vieitez, E. In vitro plantlet regeneration of mature chestnut. J. Hortic. Sci. 1983, 58,
457-463. [CrossRef]

Vidal, N.; Blanco, B.; Cuenca, B. A temporary immersion system for micropropagation of axillary shoots of hybrid chestnut. Plant
Cell Tissue Organ Cult. (PCTOC) 2015, 123, 229-243. [CrossRef]

Gago, D.; Bernal, M.A.; Sanchez, C.; Aldrey, A.; Cuenca, B.; Christie, C.B.; Vidal, N. Effect of Sucrose on Growth and Stress Status
of Castanea sativa x C. crenata Shoots Cultured in Liquid Medium. Plants 2022, 11, 965. [CrossRef]

Vidal, N.; Sanchez, C.; Cuenca, B. Proliferation of Axillary Shoots of Chestnut in Temporary Immersion Systems. In Micropropaga-
tion Methods in Temporary Immersion Systems; Springer: New York, NY, USA, 2024; pp. 167-181.

McGuigan, L.; Fernandes, P; Oakes, A.; Stewart, K.; Powell, W. Transformation of American chestnut (Castanea dentata (Marsh.)
Borkh) using RITA® temporary immersion bioreactors and We Vitro containers. Forests 2020, 11, 1196. [CrossRef]
Garcia-Ramirez, Y. Temporary immersion system for in vitro propagation via organogenesis of forest plant species. Trees 2023, 37,
611-626. [CrossRef]

Fortini, E.A.; Batista, D.S.; Mamedes-Rodrigues, T.C.; Felipe, S.H.S.; Correia, L.N.F.,; Chagas, K.; Silva, P.O.; Rocha, D.I.; Otoni, W.C.
Gas exchange rates and sucrose concentrations affect plant growth and production of flavonoids in Vernonia condensata grown
in vitro. Plant Cell Tissue Organ Cult. (PCTOC) 2021, 144, 593-605. [CrossRef]

El-Hawaz, R.F.; Bridges, W.C.; Adelberg, ].W. In vitro growth of Curcuma longa L. in response to five mineral elements and plant
density in fed-batch culture systems. PLoS ONE 2015, 10, e0118912. [CrossRef]

Al Ghasheem, N.; Al-Saeed, R.A; Fadala, L.T. In vitro, effect of sucrose concentration and type of culture medium on fungal
colonies infections on Murashige and Skoog medium. J. Surv. Fish. Sci. 2023, 10, 2667-2678.

Akytiz, B. Effect of different carbon sources and concentrations on in vitro propagation of chestnut. Plant Cell Tissue Organ Cult.
(PCTOC) 2025, 160, 25. [CrossRef]

Cioloca, M,; Tican, A.; Popa, M.; Badarau, C.; Diaconu, A.; Draghici, R. Effects of Sucrose Medium Content and Sterilant Treatment
on Microbial Contamination of Sweet Potato Cultures Initiated In Vitro. Ann. Univ. Craiova-Agric. Mont. Cadastre Ser. 2018,
47, 82-88.

Dewi, I; Safitri, H.; Purwoko, B. Effect of sucrose on calus induction and green plantlet regeneration in anther culture of
Indica x Indica rice. IOP Conf. Ser. Earth Environ. Sci. 2020, 484, 012023. [CrossRef]

Harmon, D.D.; Touchell, D.H.; Ranney, T.G.; Da, K.; Liu, W. Tissue culture and regeneration of three rose cultivars. HortScience
2022, 57, 1430-1435. [CrossRef]

Bayhan, N.; Yiicesan, B. The impact of sucrose and 6-benzylaminopurine on shoot propagation and vitrification in Aronia
melanocarpa (black chokeberry). Plant Cell Tissue Organ Cult. (PCTOC) 2024, 156, 55. [CrossRef]

Lembrechts, R.; Ceusters, N.; Maurice, P.; Ceusters, J. Sugar and starch dynamics in the medium-root-leaf system indicate
possibilities to optimize plant tissue culture. Sci. Hortic. 2017, 224, 226-231. [CrossRef]

Amiri, S.; Kazemitabar, S. Enhancement of callus induction and regeneration efficiency from embryo cultures of Datura stramonium
by adjusting carbon sources and concentrations. Afr. J. Biotechnol. 2011, 10, 10101-10107. [CrossRef]

Yasodha, R.; Kamala, S.; Kumar, S.A.; Kumar, P.D.; Kalaiarasi, K. Effect of glucose on in vitro rooting of mature plants of Bambusa
nutans. Sci. Hortic. 2008, 116, 113-116. [CrossRef]

Avelar, M.L.M.; de Sousa, K.I.R.; Leite, D.M.; Souza, D.M.S.C.; de Oliveira, L.S.; Brondani, G.E. Carbon sources and sealing
systems affect the in vitro cloning of Eucalyptus pilularis selected tree. Sci. For. 2025, 53, e4150. [CrossRef]

Sochacki, D.; Marciniak, P; Ciesielska, M.; Zardd, J.; Sutrisno. The influence of selected plant growth regulators and carbohydrates
on in vitro shoot multiplication and bulbing of the tulip (Tulipa L.). Plants 2023, 12, 1134. [CrossRef] [PubMed]

Leifert, C.; Murphy, K.P.; Lumsden, PJ. Mineral and carbohydrate nutrition of plant cell and tissue cultures. Crit. Rev. Plant Sci.
1995, 14, 83-109. [CrossRef]

Hanikenne, M.; Esteves, S.M.; Fanara, S.; Rouached, H. Coordinated homeostasis of essential mineral nutrients: A focus on iron.
J. Exp. Bot. 2021, 72, 2136-2153. [CrossRef]

Li, J.; Cao, X,; Jia, X,; Liu, L.; Cao, H.; Qin, W.; Li, M. Iron deficiency leads to chlorosis through impacting chlorophyll synthesis
and nitrogen metabolism in Areca catechu L. Front. Plant Sci. 2021, 12, 710093.

Kandoliya, R.; Sakarvadiya, H.; Kunjadia, B. Effect of zinc and iron application on leaf chlorophyll, carotenoid, grain yield and
quality of wheat in calcareous soil of Saurashtra region. Int. . Chem. Stud. 2018, 6, 2092-2095.

Rout, G.R; Sahoo, S. Role of iron in plant growth and metabolism. Rev. Agric. Sci. 2015, 3, 1-24. [CrossRef]

Roosta, H.; Estaji, A.; Niknam, F. Effect of iron, zinc and manganese shortage-induced change on photosynthetic pigments, some
osmoregulators and chlorophyll fluorescence parameters in lettuce. Photosynthetica 2018, 56, 606—615. [CrossRef]

Lima-Moro, A.; Bertoli, S.C.; Braga-Reis, I.; Moro, E.; Ziliani, R.R.; Spolaor, B.O.; de Freitas, [.R.; dos Santos, B.L. Photosynthetic
activity and OJIP fluorescence with the application of a nutritional solution. Acta Physiol. Plant. 2022, 44, 67. [CrossRef]

https://doi.org/10.3390 /horticulturae12050582


https://doi.org/10.1080/00221589.1983.11515143
https://doi.org/10.1007/s11240-015-0827-y
https://doi.org/10.3390/plants11070965
https://doi.org/10.3390/f11111196
https://doi.org/10.1007/s00468-022-02379-w
https://doi.org/10.1007/s11240-020-01981-5
https://doi.org/10.1371/journal.pone.0118912
https://doi.org/10.1007/s11240-024-02960-w
https://doi.org/10.1088/1755-1315/484/1/012023
https://doi.org/10.21273/HORTSCI16716-22
https://doi.org/10.1007/s11240-023-02652-x
https://doi.org/10.1016/j.scienta.2017.06.015
https://doi.org/10.5897/ajb10.816
https://doi.org/10.1016/j.scienta.2007.10.025
https://doi.org/10.18671/scifor.v53.16
https://doi.org/10.3390/plants12051134
https://www.ncbi.nlm.nih.gov/pubmed/36903993
https://doi.org/10.1080/07352689509701923
https://doi.org/10.1093/jxb/eraa483
https://doi.org/10.7831/ras.3.1
https://doi.org/10.1007/s11099-017-0696-1
https://doi.org/10.1007/s11738-022-03402-w
https://doi.org/10.3390/horticulturae12050582

Horticulturae 2026, 12, 582 16 of 17

37.
38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

Macit, I; Serdar, U.; Er, E.; Akyuz, B. Some chestnut interspecific hybrids from Turkey. Acta Hortic. 2018, 67-70. [CrossRef]

Cil, Y,; Serdar, U,; Akytiz, B. Susceptibility levels of some chestnut cultivars and genotypes to the chestnut gall wasp in Turkey.
Genetika 2022, 54, 1205-1216. [CrossRef]

Lloyd, G.; McCown, B. Commercially-feasible micropropagation of mountain laurel, Kalmia latifolia, by use of shoot-tip culture.
Comb. Proc. Int. Plant Propagators” Soc. 1980, 30, 421-427.

Jones, ].B.; Wolf, B.; Mills, H.A. Plant analysis handbook. Micro. Macro Publ. Inc. Ga. 1991, 30607, 1107-1120.

Isaac, R.A.; Johnson, W.C. Collaborative study of wet and dry ashing techniques for the elemental analysis of plant tissue by
atomic absorption spectrophotometry. J. Assoc. Off. Anal. Chem. 1975, 58, 436—440. [CrossRef]

Yaseen, M.; Ahmad, T.; Sablok, G.; Standardi, A.; Hafiz, I.A. Review: Role of carbon sources for in vitro plant growth and
development. Mol. Biol. Rep. 2013, 40, 2837-2849. [CrossRef]

Dantas, L.A ; Faria, PS.A.; Dario, BM.M.; Arantes, A.L.M,; Silva, EG.; Avila, R.G.; Pereira, P.S.; Neto, A.R. The impact of carbon
source on cell growth and the production of bioactive compounds in cell suspensions of Hancornia speciosa Gomes. Sci. Rep. 2021,
11, 24315. [CrossRef]

Yue, J.; Dong, Y.; Du, C; Li, C.; Wang, X.; Zhang, Y. Sucrose Promotes the Proliferation and Differentiation of Callus by Regulating
ROS Intensity in Agapanthus praecox. Horticulturae 2024, 10, 1350. [CrossRef]

Khuri, S.; Moorby, ]. Investigations into the Role of Sucrose in Potato cv. Estima Microtuber Production in vitro. Ann. Bot. 1995,
75,295-303. [CrossRef]

Gago, D.; Vilavert, S.; Bernal, M.A.; Sanchez, C.; Aldrey, A.; Vidal, N. The effect of sucrose supplementation on the micro-
propagation of Salix viminalis L. shoots in semisolid medium and temporary immersion bioreactors. Forests 2021, 12, 1408.
[CrossRef]

Gago, D.; Sanchez, C.; Aldrey, A.; Christie, C.; Bernal, M.; Vidal, N. Micropropagation of Plum (Prunus domestica L.) in Bioreactors
Using Photomixotrophic and Photoautotrophic Conditions. Horticulturae 2022, 8, 286. [CrossRef]

Wahyuni, D.K,; Huda, A.; Faizah, S.; Purnobasuki, H.; Wardojo, B.P.E. Effects of light, sucrose concentration and repetitive
subculture on callus growth and medically important production in Justicia gendarussa Burm.f. Biotechnol. Rep. 2020, 27, e00473.
[CrossRef]

Hsia, C.; Korban, S. Organogenesis and somatic embryogenesis in callus cultures of Rosa hybrida and Rosa chinensis minima. Plant
Cell Tissue Organ Cult. 1996, 44, 1-6. [CrossRef]

Krsti¢-Milosevi¢, D.; Banjac, N.; Jankovi¢, T.; Vinterhalter, D.; Vinterhalter, B. Gentianella lutescens subsp. carpatica J. Holub.: Shoot
Propagation In Vitro and Effect of Sucrose and Elicitors on Xanthones Production. Plants 2021, 10, 1651. [CrossRef] [PubMed]
Krsti¢-Milogevi¢, D.; Jankovi¢, T.; Vinterhalter, B.; Menkovi¢, N.; Aljan¢i¢, I.; Vinterhalter, D. Influence of carbohydrate source on
xanthone content in root cultures of Gentiana dinarica Beck. Plant Growth Regul. 2013, 71, 147-155. [CrossRef]

Sahitya, U.L.; Krishna, M.; Deepthi, R.S. Biochemical and physiological changes induced by water stress in hot pepper (Capsicum
annum L.) genotypes. Plant. Cell Biotech. Mol. Biol. 2018, 19, 179-195.

Akin, M.; Hand, C.; Eyduran, E.; Reed, B.M. Predicting minor nutrient requirements of hazelnut shoot cultures using regression
trees. Plant Cell Tissue Organ Cult. (PCTOC) 2018, 132, 545-559. [CrossRef]

Poothong, S.; Khen, T.; Chumphukam, O. In vitro mineral nutrition for improving growth and multiplication of stevia. Agric. Nat.
Resour. 2018, 52, 477-483. [CrossRef]

Therby-Vale, R.; Lacombe, B.; Rhee, S.Y.; Nussaume, L.; Rouached, H. Mineral nutrient signaling controls photosynthesis: Focus
on iron deficiency-induced chlorosis. Trends Plant Sci. 2022, 27, 502-509. [CrossRef]

Papadakis, L.E.; Antonopoulou, C.; Sotiropoulos, T.; Chatzissavvidis, C.; Therios, I. Effect of magnesium on mineral nutrition,
chlorophyll, proline and carbohydrate concentrations of sweet orange (Citrus sinensis cv. Newhall) plants. Appl. Sci. 2023, 13, 7995.
[CrossRef]

Lu, S; Xv, ]J.; Gong, Y.; Gong, W.; Hui, W.; Qiu, ].; Zhai, Y.; Wang, J. Seasonal changes of mineral nutrient absorption and allocation
in the branch and leaf of Zanthoxylum bungeanum ‘Hanyuan’during the fruit development. Front. Plant Sci. 2024, 15, 1484762.
[CrossRef]

Gedam, A.; Patil, S.; Bharad, S.; Sonkamble, A.; Konde, N.; Walke, R. Correlation and interrelationship of soil and leaf nutrients
with plant growth and fruit quality in Nagpur mandarin (Citrus reticulata blanco). Int. J. Adv. Biochem. Res. 2024, 8, 275-279.
[CrossRef]

Broadley, M.; Brown, P.; Cakmak, I.; Rengel, Z.; Zhao, F. Function of nutrients: Micronutrients. In Marschner’s Mineral Nutrition of
Higher Plants; Elsevier: Amsterdam, The Netherlands, 2012; pp. 191-248.

Yruela, I. Copper in plants. Braz. ]. Plant Physiol. 2005, 17, 145-156. [CrossRef]

Xu, X.; Chen, X,; Shi, J.; Chen, Y.; Wu, W.; Perera, A. Effects of manganese on uptake and translocation of nutrients in a
hyperaccumulator. J. Plant Nutr. 2007, 30, 1737-1751. [CrossRef]

Ma, L.; Qing, C.; Zhang, M.; Zou, C.; Pan, G.; Shen, Y. GWAS with a PCA uncovers candidate genes for accumulations of
microelements in maize seedlings. Physiol. Plant. 2021, 172, 2170-2180. [CrossRef] [PubMed]

https://doi.org/10.3390 /horticulturae12050582


https://doi.org/10.17660/ActaHortic.2018.1220.10
https://doi.org/10.2298/GENSR2203205C
https://doi.org/10.1093/jaoac/58.3.436
https://doi.org/10.1007/s11033-012-2299-z
https://doi.org/10.1038/s41598-021-03845-0
https://doi.org/10.3390/horticulturae10121350
https://doi.org/10.1006/anbo.1995.1024
https://doi.org/10.3390/f12101408
https://doi.org/10.3390/horticulturae8040286
https://doi.org/10.1016/j.btre.2020.e00473
https://doi.org/10.1007/BF00045906
https://doi.org/10.3390/plants10081651
https://www.ncbi.nlm.nih.gov/pubmed/34451696
https://doi.org/10.1007/s10725-013-9815-6
https://doi.org/10.1007/s11240-017-1353-x
https://doi.org/10.1016/j.anres.2018.11.007
https://doi.org/10.1016/j.tplants.2021.11.005
https://doi.org/10.3390/app13147995
https://doi.org/10.3389/fpls.2024.1484762
https://doi.org/10.33545/26174693.2024.v8.i8d.1802
https://doi.org/10.1590/S1677-04202005000100012
https://doi.org/10.1080/01904160701615582
https://doi.org/10.1111/ppl.13466
https://www.ncbi.nlm.nih.gov/pubmed/34028036
https://doi.org/10.3390/horticulturae12050582

Horticulturae 2026, 12, 582 17 of 17

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

Joardar Mukhopadhyay, M.; Sharma, A. Manganese in cell metabolism of higher plants. Bot. Rev. 1991, 57, 117-149. [CrossRef]
Wang, Y,; Li, J.; Pan, Y.; Chen, J.; Liu, Y. Metabolic responses to manganese toxicity in soybean roots and leaves. Plants 2023,
12, 3615. [CrossRef]

Xu, C; Yang, H.; Huang, C.; Lan, M.; Zou, Z.; Zhang, F.; Zhang, L. Interaction mechanism of Fe, Mg and Mn in karst soil-mango
system. Land 2023, 12, 256. [CrossRef]

Marschner, H. Mineral Metabolism: Role of Mineral Elements. In Progress in Botany/Fortschritte der Botanik: Morphology - Physiology
- Genetics - Taxonomy - Geobotany/Morphologie - Physiologie - Genetik - Systematik - Geobotanik; Ellenberg, H., Esser, K., Merxmiiller, H.,
Schnepf, E., Ziegler, H., Eds.; Springer: Berlin/Heidelberg, Germany, 1975; pp. 98-106.

Millaleo, R.; Reyes-Diaz, M.; Ivanov, A.G.; Mora, M.; Alberdi, M. Manganese as essential and toxic element for plants: Transport,
accumulation and resistance mechanisms. J. Soil. Sci. Plant Nutr. 2010, 10, 470-481.

Pestana, M.; Garcia-Caparr6s, P.; Saavedra, T.; Gama, F.; Abadjia, J.; Varennes, A.d.; Correia, PJ. Nutritional performance of five
citrus rootstocks under different Fe levels. Plants 2023, 12, 3252. [CrossRef]

Sala, F; Camen, D.; Herbei, M.V.; Blidariu, C. Analysis of vine nutrition and productivity based on statistical indicators.
Horticulturae 2024, 10, 397. [CrossRef]

Oberschelp, G.PJ.; Gongalves, A.N. Analysis of nutrient deficiencies affecting in vitro growth and development of Eucalyptus
dunnii Maiden. Physiol. Mol. Biol. Plants 2018, 24, 693-702. [CrossRef]

An, X,; Wang, Y,; Liu, S.; Wang, Y.; Li, X.; Guo, B.; Wang, H.; Chen, C. Temporal dynamics of medium and micronutrient
requirements in Epimedium pubescens: Key elements regulating growth and Icariin-Flavonoids biosynthesis. BMC Plant Biol.
2025, 25, 551. [CrossRef]

Ibourki, M.; Ait Bouzid, H.; Bijla, L.; Sakar, E.H.; Asdadi, A.; Laknifli, A.; El Hammadi, A.; Gharby, S. Mineral profiling of twenty
wild and cultivated aromatic and medicinal plants growing in Morocco. Biol. Trace Elem. Res. 2022, 200, 4880-4889. [CrossRef]
[PubMed]

Sun, Y.; Ding, S.; Zhang, Z.; Jia, W. An improved grid search algorithm to optimize SVR for prediction. Soft Comput. 2021, 25,
5633-5644. [CrossRef]

Shi, H,; Guo, J.; An, J.; Tang, Z.; Wang, X.; Li, W.; Zhao, X.; Jin, L.; Xiang, Y.; Li, Z.; et al. Estimation of Chlorophyll Content in
Soybean Crop at Different Growth Stages Based on Optimal Spectral Index. Agronomy 2023, 13, 663. [CrossRef]

Pasternak, T.P.; Steinmacher, D. Plant growth regulation in cell and tissue culture in vitro. Plants 2024, 13, 327. [CrossRef]
[PubMed]

Guo, G.; Xiao, J.; Jeong, B.R. Iron source and medium pH affect nutrient uptake and pigment content in Petunia hybrida ‘Madness
Red’cultured in vitro. Int. . Mol. Sci. 2022, 23, 8943. [CrossRef]

Bowen, J.E. Absorption of copper, zinc, and manganese by sugarcane leaf tissue. Plant Physiol. 1969, 44, 255-261. [CrossRef]
Ma, Q.; Cao, X.; Xie, Y.; Xiao, H.; Tan, X.; Wu, L. Effects of glucose on the uptake and metabolism of glycine in pakchoi (Brassica
chinensis L.) exposed to various nitrogen sources. BMIC Plant Biol. 2017, 17, 58. [CrossRef]

Fan, X.; Zhou, X.; Chen, H; Tang, M.; Xie, X. Cross-talks between macro-and micronutrient uptake and signaling in plants. Front.
Plant Sci. 2021, 12, 663477. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390 /horticulturae12050582


https://doi.org/10.1007/BF02858767
https://doi.org/10.3390/plants12203615
https://doi.org/10.3390/land12010256
https://doi.org/10.3390/plants12183252
https://doi.org/10.3390/horticulturae10040397
https://doi.org/10.1007/s12298-018-0560-1
https://doi.org/10.1186/s12870-025-06589-5
https://doi.org/10.1007/s12011-021-03062-w
https://www.ncbi.nlm.nih.gov/pubmed/35020161
https://doi.org/10.1007/s00500-020-05560-w
https://doi.org/10.3390/agronomy13030663
https://doi.org/10.3390/plants13020327
https://www.ncbi.nlm.nih.gov/pubmed/38276784
https://doi.org/10.3390/ijms23168943
https://doi.org/10.1104/pp.44.2.255
https://doi.org/10.1186/s12870-017-1006-6
https://doi.org/10.3389/fpls.2021.663477
https://doi.org/10.3390/horticulturae12050582

	Introduction 
	Materials and Methods 
	Plant Material 
	Methods 
	Initiation of In Vitro Culture 
	Determination of Nutrient Content 
	Correlation Analysis and Principal Component Analysis 
	Modeling Procedure 
	Statistical Analysis 


	Results 
	Effects of Culture System and Carbon Source on Shoot Proliferation and Morphological Traits of Explants 
	Effects of Culture System and Carbon Source on Mineral Nutrient Composition ofPlant Tissues 
	Changes in Mineral Nutrient Concentrations of Culture Media 

	Discussion 
	Integrated Effects of Carbon Source and Culture System on Growth and Mineral Nutrition 
	Carbon Source-Dependent Nutrient Uptake and Depletion Dynamics 
	Study Limitations 

	Conclusions 
	References

