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Abstract

Plants continuously interact with diverse biotic and abiotic factors in their environment, and
understanding these intricate ecological relationships is crucial for advancing sustainable agriculture and
biodiversity conservation. This study investigates the interactions between wheat plants and mold
contaminants in #z vitro cultures using Raman Spectroscopy (RS) and biochemical analyses, offering a novel
approach to understanding plant responses at a molecular level. Conventional culturing methods identified
Aspergillus versicolor, Penicillium sp., and Nigrospora sp. as the primary mold strains present in the cultures.
Biochemical assays revealed that mold contamination led to a marked decrease in chlorophyll and carotenoid
contents, along with an increase in thiobarbituric acid reactive substances (TBARS), indicating heightened
oxidative stress. Antioxidant enzyme activities, including superoxide dismutase (SOD), peroxidase (POX), and
catalase (CAT), were significantly elevated, though proline levels remained unchanged. Raman Spectroscopy
further uncovered profound metabolomic shifts, particularly in carotenoid-related peaks, signalling impaired
photosynthetic function. Additionally, RS detected increased carbohydrate-associated bands, suggesting that
carbohydrate-derived osmolytes may play a more pivotal role than proline in maintaining cellular integrity
under mold stress. To validate these findings, advanced multivariate techniques such as Principal Component
Analysis (PCA) and Linear Discriminant Analysis (LDA) were employed, achieving high accuracy in
distinguishing mold-infected samples from controls. These results highlight the potential of RS as a rapid, non-
invasive diagnostic tool for plant health monitoring, offering significant advantages over traditional methods.
This approach not only advances our understanding of plant-microbe interactions but also offers practical
applications for enhancing agricultural productivity and sustainability in the face of global food security

challenges.
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Introduction

Plants engage in complex interactions with their environment and other organisms (Beck ez 4/., 2018).
These relationships, with both living organisms and physical aspects of their surroundings, are crucial for plant
survival and growth (Zhang ez al.,, 2020). The intricate nature of these ecological interactions, constantly
changing and adapting, has been a subject of intense scientific study (Bever ez a/., 1997). However, dissecting
and understanding these multifaceted interactions in a simplified way remains a significant challenge
(Whitham ez al., 2010). In response, advances and applications in plant tissue culture techniques offer
innovative solutions, providing new avenues to explore and overcome the obstacles presented in studying plant-
environment interactions (Hussain ez a/., 2012). The complexity of ecological interactions stems from the
multitude of biotic and abiotic factors influencing plant responses. For instance, the interaction between plants
and mycorrhizal fungi can enhance nutrient uptake under certain soil conditions but can become parasitic
under others (Smith and Read, 2010). Predicting these outcomes is challenging due to the dynamic nature of
ecosystems (Whitham e 4/., 2010). Plant tissue culture methods offer controlled environments to isolate and
study these interactions, free from external variability (Hussain et 4/., 2012). However, researchers face
challenges such as maintaining sterile conditions, replicating natural environmental stresses, and ensuring the
reproducibility of results (Bhojwani and Razdan, 1996; Leifert and Woodward, 1998). Methodological hurdles
include accurately simulating field conditions and scaling findings to practical agricultural applications
(Bhojwani and Razdan, 1996).

Culturing plant cells, plant parts, or organs in laboratories requires significant effort, from media
preparation and cell transfer to regular maintenance. Contaminated cultures can lead to a substantial loss of
time, effort, and resources (Bhojwani and Razdan, 1996; Leifert and Woodward, 1998). Mold contamination
in plant tissue cultures is a significant concern that can result in considerable losses (Bhojwani and Razdan,
1996; Leifert and Woodward, 1998). Several strategies can be employed to mitigate contamination. These
include using plant genotypes with higher resistance to mold infection and implementing stricter hygiene
protocols in laboratory settings (Murashige and Skoog, 1962). Using resistant plant genotypes reduces
susceptibility to mold, while rigorous hygiene protocols, including regular sterilization of equipment and
workspaces, can minimize the introduction and spread of contaminants (Cassells, 2012). Unfortunately, in
cases of contamination, researchers often have no choice but to repeat experiments to salvage their research
(Bhojwani and Razdan, 1996; Leifert and Woodward, 1998). To further enhance the sterility of plant tissue
cultures, advanced sterilization techniques such as ozone treatment and gamma irradiation can be employed
(Murashige and Skoog, 1962). Ozone is a powerful oxidizing agent that can effectively eliminate a wide range
of pathogens (Schenk e al., 2012), while gamma irradiation penetrates deeply, ensuring thorough sterilization
(Leifert and Wooward, 1998). The feasibility of these techniques depends on laboratory settings; for instance,
gamma irradiation requires specialized equipment and safety measures, making it suitable for well-equipped
labs (Leifert and Wooward, 1998).

Biological contamination is the most important cause of losses in the culture medium. Molds, among
the microorganisms, are the most crucial cause of biological contamination in tissue culture studies.
Microorganisms that can enter the intercellular spaces of plant tissues can rapidly multiply in the tissues of the
explant, obtaining more nutrition sources from the leakage of damaged tissues. Thus, a form of enrichment
occurs and can accelerate the death of explants (Leifert and Cassells, 2001). Molds are heterotrophic,
cukaryotic microorganisms. They are resistant to harsh environments due to the chitin-rigid cell wall in both
hyphae and spores, which protects them from hydrostatic pressure and dryness, as well as pigments such as
melanin, which protects them from photooxidation. Being heterotrophs, their ability to secrete various
enzymes gives them an advantage in benefiting from all kinds of nutrients in nature and also culture conditions.
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As a result of the rapid development of hyphae by spreading by creating anastomosis in the nutrient
environment, they completely cover the surface of the environments.

Mold spores and hyphac are ubiquitous in the air and spread in a variety of habitats including terrestrial,
aquatic, and atmospheric conditions (Horner, 2003). The numbers and composition of mold in nature can be
affected by meteorological conditions, geographical location, vegetation, and human activities such as
agriculture. Each geographical region or vegetation has a specialized microhabitat depending on the nutrients.
It contains, temperature, water content, and relationships with other microorganisms in that environment.
This microhabitat can be infected with guest microorganisms from different environments due to the effects
of wind, air pressure, rain drops or the use of agricultural machines/tools used in other soils, and can adapt to
that environment and continue their development (Horner, 2003).

Aspergillus and Penicillium spp. are the most common molds found in outdoor and indoor
environments (Kadaifciler, 2017; Kadaifciler and Demirel, 2018). Most of them produce phytotoxins, which
result in culture mortality, tissue necrosis, and reduces shoot proliferation and rooting (Khan ez 4/, 2004).
However, mold growth in the nutrient medium can be observed later in culture. Aspergillus, Penicillium,
Alternaria, and Fusarium sp. have been reported to be the major mold contaminants frequently occurring in
plant tissue culture (Leifert and Cassells, 2001; Msogoya ez al., 2012). Aspergillus is one of the most abundant
and extensively dispersed molds on nature because they evolved a plethora of metabolites to adapt to the various
habitats they occupy. That is why they are a key cause of agricultural product degradation. Consequently, they
are most often found in terrestrial habitats and are frequently isolated from soil and associated plant litter
(Klich, 2002; Samson ez al., 2010). Some Aspergillus species, such as Aspergillus versicolor, have been associated
with a number of plant discases despite their saprophytic features (Machida and Gomi, 2010) Penicillium
species have been isolated from soil and plants, but many are also connected with food spoilage and indoor
environments (Samson ez al., 2010). Similar to Penicillium, Nigrospora spp. have been isolated from various
plant leaves or as saprobes from leaf litter. Nigrospora is an important genus with a global distribution and
diverse host range (Wang ez 4/., 2017). The identification of organisms through culture methods involves
allowing them to multiply under specific conditions. This traditional approach, such as quantitative PCR,
while effective, is time-consuming and requires specific laboratory conditions and advanced equipment. These
constraints often result in inadequate details and procedural limitations. Identification with conventional
staining techniques is still widely used in the characterization of microorganisms as a faster, more efficient, and
cost-effective alternative.

One of the key effects of mold in plants is the increased production of reactive oxygen species (ROS),
leading to an oxidative burst. This burst is the initial step in regulating the plant's systemic acquired resistance
(SAR). Excessive ROS production damages critical cellular components, including DNA, proteins,
chlorophyll, and cell membranes. If plants are unable to manage this oxidative stress, it can ultimately trigger
processes leading to cell death. Antioxidant metabolism, comprising both enzymatic and non-enzymatic agents,
plays a crucial role in neutralizing ROS generated under stress conditions. Stress tolerance is closely linked to
the activity of antioxidant enzymes, such as catalase (CAT: EC 1.11.1.6), superoxide dismutase (SOD: EC
1.15.1.1), and guaiacol peroxidase (POX: EC 1.11.1.7), as well as the accumulation of non-enzymatic
antioxidant compounds (Najafi ¢z /., 2024). Proline, an essential osmolyte, helps regulate osmotic pressure and
maintain cell integrity. It has been reported to play a significant role in preserving cell structure during fungal
pathogen infections, in conjunction with intracellular soluble sugars (Singla e al., 2020a; Singla ez al., 2024).

Raman Spectroscopy (RS) is one of the vibrational spectroscopic methods, and it is a high-output
method that allows iz situ analysis in a short time with less cost, less labour, continuous monitoring of
metabolic changes without damaging the plant and ability to provide real-time data (Kuhar ez 4/., 2021; Payne
and Kurouski, 2021; Saletnik ez 4/, 2022). This spectroscopy technique acquires the fingerprint signatures
from samples by collecting the inelastically scattered photons as a result of molecular vibrational transitions.
These transitions give intrinsic information about the molecular structure of the sample. In our case,
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differences of the metabolites produced by the biological samples can be observed in the spectra depending on
the environment they are in. Unlike conventional culturing methods, which are time-consuming and often fail
to detect non-culturable microbes, Raman spectroscopy provides rapid and comprehensive metabolic profiles.
This capability makes it a valuable complement to traditional methods, offering a more holistic view of plant-
microbe dynamics and metabolic changes. RS is a method that has been shown to be effective in basic biological
research (Gierlinger and Schwanninger, 2007; Schulz and Baranska, 2007), determining the physiological state
of plants (Saletnik ez 4/., 2022), product quality, plant species or varieties (Piot ez al., 2002; Nikbakht ez 4l
2011), evaluating the maturity of plants, and pre-symptomatic detection of biotic and abiotic stresses
(Skoczowski and Troc, 2013; Altangerel ez 4/., 2017). Raman spectroscopy also facilitates the phenotyping of
plants in breeding and the digital selection of new genotypes (Saletnik ez a/., 2022; Sen ez al., 2023).

The aim of this study was to investigate the intricate dynamics of plant-mold interactions in iz vitro
wheat cultures subjected to random mold contaminations, using Raman Spectroscopy (RS) and various
biochemical parameters, including chlorophyll, TBARS, proline content, and the activities of antioxidant
enzymes (SOD, POX, and CAT), for detailed analysis. It also contributes to the demonstration of the
applicability of Raman spectroscopy in basic scientific and agricultural research, and plant breeding programs.

Materials and Methods

Plant material and culture conditions

‘Selimiye’ wheat cultivar was obtained from Thrace Agricultural Research Institute in Edirne, Ttirkiye.
The outline of the experimental procedure of this study is given in Figure 1. Medium was prepared by the
mineral salts of Murashige and Skoog (1962), 0.1 mg/12,4-D, 20 g/l sucrose, and 0.8% (w/v) agar. The pH of
the media was adjusted to 5.8. The surface sterilization of wheat seeds was done by keeping them in 70% ethanol
for 5 min, followed by 5% hypochlorite solution for 20 min, and then rinsing three times with distilled water.
The seeds were then imbibed in sterile water for 2h at 35 °C. Mature embryos were removed from the imbibed
seeds with the help of a sterile lancet and forceps under aseptic conditions. The mature embryo explants were
placed in culture dishes containing the medium. These cultures were then incubated in a growth chamber
under a 16h photoperiod, irradiance of 500 pmol m™ s photon flux density, and a temperature of 26 °C (Figure

2a) (Kecoglu ez al., 2022).
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Figure 1. Outline of the experimental procedure
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Mycological analyses

Samples were taken by a loop from the parts with mold suspected colonies in different the wheat tissue
culture petri dishes (Figure 2b-c), and inoculation was performed into petri plates containing potato dextrose
agar (PDA). Sampling and inoculation procedures were performed in duplicate in a sterile cabinet. PDA plates
were incubated at 25 °C for 7 days (Belkacem-Hanlfi e 4/., 2013). After incubation, growing colonies were
examined for their macroscopic and microscopic properties, and then the pure mold colonies were sub-cultured
on PDA slants. Mold isolates were inoculated into various media (Czapek yeast autolysate agar, Czapek-Dox
agar, Czapek yeast autolysate agar with 20% sucrose, 25% glycerol nitrate agar, malt extract agar) and the plates
were incubation at 5 °C, 25 °C, and 37 °C for 7-14 days. After incubation, the isolates taken on the slides were
stained with lactophenol cotton blue and examined under a light microscope. They were identified to genus or
species level according to their microscopic and colonial characteristics using the identification keys of

published guidelines (Barnett, 1955; Ellis, 1971; Pitt, 2000; Klich, 2002).

Scanning Electron Microscope (SEM) analysis

All samples to be surface imaged by SEM for morphological analysis were first coated with a thin layer
of gold-palladium at 10 mA for 90 seconds in a vacuum environment of about 1 Pa. To minimize electron beam
charging during the SEM measurement, improve sample conductivity, and lessen reflections on the sample
surfaces, the pre-measurement process was performed in a vacuum environment utilizing a Quorum-SC7620
device. The Zeiss EVO LS 10 instrument was used to acquire surface morphology images of the samples
following the coating procedure. The presence and evolution of contamination on the surfaces of wheat tissue
culture samples using SEM imaging was tracked at scale bar of 10 um. Upon examination of the SEM analysis
results, we encountered contamination and subsequent mold in wheat tissue culture structures.

Biochemical analysis

Measurement of total chlorophyll, proline, and lipid peroxidation end products

Leaf tissues were used for the biochemical analyses. Total chlorophyll and carotenoid contents were
measured using spectrophotometry, following the method of Lichtenthaler and Wellburn (1983). Proline
content was determined using the ninhydrin method (Bates ez 4/., 1973). Lipid peroxidation end products were

quantified by measuring the amount of thiobarbituric acid-reactive substances (TBARS) through the
thiobarbituric acid (TBA) reaction, as described by Heath and Packer (1968).

Measurement of the enzyme activities

200 mg of frozen leaf tissue was extracted using an extraction buffer containing 100 mM phosphate
buffer (pH 7.0), 1% polyvinylpyrrolidone 40 (PVP40) (w/v), and 0.1 mM disodium
ethylenediaminetetraacetate dihydrate (Na,-EDTA) to measure the activities of antioxidant enzymes.
Homogenates were centrifuged at 13.000 xg for 25 minutes at 4 °C and the supernatants were used for further
analysis. Protein content was measured according to Bradford (Bradford, 1976). Superoxide dismutase (SOD,
EC:1.15.1.1) activity was assayed by monitoring the superoxide radical-induced nitro blue tetrazolium chloride
(NBT) reduction at 560 nm (Beauchamp and Fridovich, 1971). One unit of SOD activity was characterized
as the amount of enzyme, which leads to a 50% inhibition of the photochemical reduction of NBT. The
measurement of peroxidase (POX, EC:1.11.1.7) activity was measured at 470 nm by using, and guaiacol as
substrates. The disappearance of H,O, was monitored at 240 nm for the determination of catalase (CAT,
EC:1.11.1.6) activity (Aebi, 1984).

Raman spectroscopy setup

We utilized a custom-built Raman spectroscopy setup for the measurements. This setup uses a 500 mW
785 nm diode laser as the excitation source whose power output in the back-focal is 50 mW after the beam
shape correction and the losses from the optics. We steer the beam into the microscope objective (0.4 NA, 20x,
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Plan-Neofluar, Carl Zeiss Microscopy) using consecutive silver and dichroic mirrors (Thorlabs). The same
microscope objective also collects the Raman scattered photons, and they travel the same path in the opposite
direction until they reach the dichroic mirror (DMLP 805, Thorlabs), where they are separated from the rest
of the optical path. Thereafter, the Raman signal gets cleaned using two consecutive Raman edge filters and
then coupled intoa 0.22 NA multimode fibre connected to the Raman spectrometer (QE-Pro, Ocean Insight).
Above the objective, we have a sample holder attached to a motorized XY stage (8MTF-102LS05, Standa),
using which we have scanned the leaf samples (Klich, 2002; Sen ez al., 2023).

Data collection

We have measured two different classes of samples. The first was from a plant sample with visible mold
development. The second was the control sample for the first one, without mold growth. From two groups, we
have taken two samples of leaves and scanned a region of 10 mm by 1 mm with 50 mm step size on them. We
collected 4221 spectra from different points on the leaf sample with each scan. Since we examined two separate
leaves from each group, we had 8442 spectra in total for each group (Kecoglu ez a/., 2022; Sen ez al., 2023).

Data analysis

To quantify the biochemical parameters, leaves were randomly pooled from three seedlings in each
group. Statistical analysis was performed using one-way analysis of variance (ANOVA) on the
spectrophotometric data. The Shapiro-Wilk test was employed to assess the normality of the data, and
differences between exposure groups were further analyzed using ANOVA followed by Tukey's post-hoc test.
A p-value of less than 0.05 was considered statistically significant (Zar, 1984).

We eliminated outliers from the Raman spectral dataset by removing the spectra outside the 0.3%-
99.7% quartile range. We then balanced class sizes by reducing larger classes to the smallest class size through
random sampling. The mean of these spectra with their standard deviation is given in Figure 5a. Next, we
performed Principal Component Analysis (PCA) for dimensional reduction. To better visualize the separation
between the classes, we have scattered the data into the space of the first two principal components (PC). We
randomly split the dataset into 80%-20% train-test sets while preserving the class balance for model training
and testing. Then, we trained a Linear Discriminant Analysis (LDA) model using the training set (80% of the
data) and tested it on the test set (remaining 20%), resulting in the confusion matrix shown in Figure 5d. To
better visualize the chemical difference between the classes, we produced the violin plots of the normalized
Raman intensities of groups against each other for 747, 913, and 1519 em’, given in Figure 6. All the analysis
was conducted using MATLAB (R2022b, The MathWorksInc.). The violin plots were produced using the
publicly available function violin at MathWorks File Exchange (Hoffmann, 2015).

Results

Mold identification

The presence of Aspergillus versicolor (Vuill.) Tirab., 1908 and Penicillium sp. Link, 1809 was established
in wheat tissue cultures (Figure 2b-c) using traditional culture techniques. Light Microscopy (LM) imaging
confirmed these findings, showcasing the main structure of Aspergillus versicolor in Figure 3a, characterized by
an unbranched stipe and a radiate-shaped conidial head. This suggests that it can survive on dried grains at
lower temperatures (Samson ez al., 2010). Penicillium sp., depicted in Figure 3b, exhibits conidia chains
produced by phialides, making it a frequent contaminant on various substrates (Samson ez 4l., 2010).
Additionally, Nigrospora sp. Zimm., 1902, was identified, characterized by solitary black conidia and

micronematous, branching conidiophores, as shown in Figure 3c. Nigrospora species, commonly found in
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tropical regions, have been reported to be plant pathogens in economically important crops and ornamental

plants (Ellis, 1971).

©

Figure 2. Examples of tissue culture container in which sceds are planted and growth occurs: a)
Uncontaminated pattern, b-c) Contaminated pattern covered by mold suspected colonies

Figure 3. Microscopic morphological features of the molds isolated from wheat tissue cultures: a) Conidial
head, spores and unbranched stipe of Aspergillus versicolor. b) Typical Penicilli structure including conidia,
phialides, metulae and stipe of Penicillium sp. ¢) Conidiogenous cells giving rise to conidia of Nigrospora
sp. (magnification x 400)

SEM imaging

The progression and presence of contamination on wheat tissue culture samples were monitored
through Scanning Electron Microscopy (SEM), with detailed scale bars of 10 um presented in Figure 4a—f. The
images clearly illustrated mold structures on the surface of the wheat tissue culture, indicating a homogeneous
distribution of mold hyphae across the plant surface, in contrast to the more localized positioning of spores

(Figure 4c-f).
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Integrating real-time SEM imaging with artificial intelligence (AI) can revolutionize mold monitoring
and intervention. Al algorithms can analyze SEM images to detect eatly signs of mold growth, providingalerts
for immediate action. This integration enables continuous, automated monitoring of cultures, enhancing eatly
detection and allowing timely interventions to prevent widespread contamination.

Figure 4. Monitoring the contamination's evolution with SEM imaging on wheat tissue culture samples'
surfaces: a-b) Uncontaminated patterns, c-d) Patterns where surface mold contamination has started to
form, e-f) Patterns where the surface contamination is completely covered and mold hyphae and spores are

present
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Biochemical analysis

A statistically significant decrease was observed in the chlorophyll (61.92%, ***p < 0.001) and carotenoid
(65.94%, **p < 0.001) contents, alongside a significant increase in TBARS levels (150.02%, **p < 0.001), all
of which are indicators of cell damage under stress, in the experimental group exposed to mold contamination
compared to the control group (Table 1).

While the increase in proline content (21.98%, ns), an intracellular defense marker, was not statistically
significant compared to the control, the activities of antioxidant enzymes SOD (59.69%, *p < 0.01), POX
(42.09%, **p < 0.01), and CAT (63.59%, **p < 0.01) showed statistically significant increases in response to

mold contamination (Table 1).

Table 1. Changes in biochemical parameters in control and mold-contaminated experimental groups

Biochemical Parameters Control Mold-contaminated
Chlorophyll (mg(gFW)") 1.187+0.232 0.452+0.034***
Carotenoids (mg(gFW)™") 0.875%0.095 0.298+0.023**
TBARS (nmol(gFW)™") 2.305+0.347 5.763%0.645**
Proline(umol(mgprotein)™!) 2.65310.433 3.236+0.452"
SOD (U(mgprotein)™) 20.34242.976 32.485+8.228"
POX (AAso(mgprotein) ) 35.436+5.348 50.326+9.547"
CAT (U(mgprotein)!) 1.807+0.093 2.956+0.198**

Significant differences were determined according to Tukey’s HSD test at **p < 0.01, **p < 0.001, ns: not significant.
The values are means and standard errors for five replications of the experimental groups.

Raman spectroscopy analysis

A comparative analysis of the average normalized Raman spectra between mold-infected and non-
infected samples was conducted (Figure 5a), revealing significant differences in normalized intensities across
various Raman bands. Some particular Raman shift values whose corresponding assignments can be seen in
Table 2 were marked. Specifically, normalized intensities at 814, 940, 1066, 1110, 1519, 1543, and 1606 cm™
exhibited considerable variation, while bands at 445, 611, 724, 864, 995, 1324, and 1489 cm™ were similar, and
bands at 509, 747, 913, 1153, 1186, 1222, 1247, 1282 cm™ showed negligible change. The most substantial
change was noted at 1519 cm’, generally associated with carotenoids, indicating a decrease in level between
control and mold infected plants (Jehli¢ka ez 4/., 2014; Morey ez al., 2021). From Figure 5b, it is apparent that
the first two PCs were enough to separate control and mold infected plant data. Consequently, we used only
these two components to classify the data. After the PCA, we also plotted the loadings (Figure Sc), which
indicates which Raman bands are more responsible for the deviation between the classes.

Discriminant analysis and biochemical characterization

Utilizing Linear Discriminant Analysis (LDA) and generating violin plots for specific Raman bands, we
further characterized the biochemical impacts of mold contamination. The model's performance, represented
by the confusion matrix in Figure 5d, demonstrated high accuracy, precision, and sensitivity, with metrics
approximately at 0.988, 0.977, and 0.999, respectively, and an Fl-score of about 0.988. This emphasizes the
potential of handheld Raman systems for non-destructive field assessments of plant health. The confusion
matrix results highlight the model's accuracy, precision, and areas for improvement in real-time monitoring
systems. By analysing the matrix, researchers can identify specific classes where misclassifications occur,
informing targeted refinements in the model. These refinements could include enhancing the training dataset,
improving feature selection, or integrating additional data sources to increase overall accuracy and precision.
Figure 6 shows comparative differences in biochemical responses between plant parts affected and unaffected
by mold contamination.



Sen A et al. (2025). Not Bot Horti Agrobo 53(1):14218

T T T 3 p) 015 T T T T T
g g
R
L )
w
1 ~
© (6)
ge 2 1 &
ez s 5
o @ g
va Bg iy 212 o 015k ]
'W\&f\/\/\j Ep] ' _
L % s s s
H -0.2 -0.15 -0.1 -0.05 0.05 0.1
i T PCaB26%) | d) PC 1 (46.70%)
A
ST W M
H _
PC 3 (5.20%) s
i 5
I} - o
<) H 3
£ HE @
kel N I K}
© H! O
S|V \’\,"v\/ LY WAEA pC 2 (15.57%) g
gl A AR AL 2
P
\\“\ | E
| A~
: C 1 (46.70%)
T T
' 1 31 1 1 [ L
400 600 800 1000 1200 1400 1600 Control Mold
Raman Shift (em™) Predicted Class

Figure 5. Raman spectroscopy results. a) Mean spectra with the standard deviation as a shaded graph.
Dashed lines mark some important Raman shift values discussed in the text. b) The scattering of the data
onPC 1 - PC 2 space. The total variance explained by each principal component is given in the parenthesis
at each axis. ¢) The PCA loading plot, which indicates the most significant bands creating the separation
between the groups. d) The confusion matrix of the trained LDA model used on the test set

747 om 10 913em” 1519 om!
0.025

0

Normalized Intensity (a.u1)

0.02

Gontrol Mold Control Mold Gontrol Wold
747 em /509 cm* 913cm/s08em” 1519 cm* /509 em”!

Normalized Intensity fa.u)
2

100 MM omM 50mM 100 mM 0mM 50 mM 100 MM

Fig&rc 6. Violi;lmplots. The top row compares the distributions of mold samples against the control samples.
The bottom row compares the different mold samples against each other. The red lines indicate the
median, and the black lines indicate the mean of the distributions

Discussion

This study focuses on investigating the intricate dynamics of plant-mold interactions in i vitro
conditions, employing a multi-method approach to investigate incidental contaminations in wheat tissue
cultures. This approach began with identification through conventional culture techniques, followed by
visualization of the contaminants using Light Microscopy (LM) and Scanning Electron Microscopy (SEM)
imaging, and characterization of biochemical differentiation induced by these contaminations using
biochemical parameters (such as chlorophyll, TBARS, proline content, and the activities of antioxidant
enzymes (SOD, POX, and CAT)) and Raman Spectroscopy.
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Table 2. Tentative band assignments for the changing peak wave numbers

Peak Change (from control to Tt Reference
(cm™) mold, shift and/or intensity)
445 Decrease Si-O-Si Stretching (HORIBA Scientific, 2024)
509 Decrease 5 bzzjgszelt;};;gt;d;:; Ifide (HORIBA Scientific, 2024)
611 Decrease Ti-O Bond Stretching (HORIBA Scientific, 2024)
724 Increase C-C stretching (aliphatic chains) (Morey et al., 2021)
747 Increase Pyranose ring stretching (Synytsya ez al., 2003)
814 Increase C-H bending (polysaccharides) (Synytsya et al., 2003)
864 Increase y(CH)from carbohydrates (Espina ez al., 2022)
913 Decrease C-O-C ring deformation (Zhu et al., 2011)
940 Increase Skeletal C-C stretch (Zhu et al., 2011
995 Decrease AromaticC-H stretching (Zhu et al., 2011
1066 Increase C-H bending (proteins) (Zhu et al., 2011
1100 Decrease C-O stretching (Synytsya et al., 2003)
1153 Increase Skeletal C-O and C-C vibration (Synytsya et al., 2003)
1186 Increase CH deformation (Synytsya et al., 2003)
1222 Increase C-Cstretching (glycosides) (Synytsya et al., 2003)
1247 Decrease C-OH bending (Zhu et al., 2011)
1282 Increase C-C stretching in lipids (Zhu et al., 2011)
1324 Increase Aromatic C-H bending (Zhu et al., 2011)
1489 Decrease C-H bending (lipids) (Schulz and Baranska, 2007)
1519 Decrease ¥(C=C), B-carotene (Jehlicka et al., 2014a; Jehlicka
et al., 2014b)
1543 Decrease Amide II, proteins (HORIBA Scientific, 2024)
1606 Decrease C=C strerching (aromatic (Morey et al., 2021)
compounds)

Interdisciplinary research combining plant pathology and environmental monitoring is crucial for
understanding and managing mold growth in agricultural systems. Collaborative efforts can develop
comprehensive monitoring strategies that account for environmental factors influencing mold growth. For
instance, combining data from weather monitoring systems with plant health diagnostics can provide insights
into conditions that favour mold proliferation, thereby informing better management practices (Kuska ez al.,
2022).

The detection of Aspergillus versicolor and Penicillium sp. in wheat tissue cultures underscores the
pervasive risk of mold contamination from soil and airborne spores. Also, the findings highlight the challenge
posed by the presence of mold spores and hyphae in both indoor and outdoor environments in maintaining
sterile conditions in tissue cultures. SEM imaging provided information about the distribution of
contaminants on the plant, while supporting light microscopy provided detailed information about their
structural properties. The structural characteristics of these molds, as depicted in Figure 3a for Aspergillus
versicolor and Figure 3b for Penicillium sp., provide insights into their adaptability and survival mechanisms in
various environments, both indoors and outdoors. The resilience of these species to temperature and humidity

variations highlights the necessity for vigilant monitoring and management practices in agricultural and indoor
settings (Klich, 2002; Samson ez 4/., 2010).
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SEM images (Figures 4a—f) reveal extensive mold colonization on plant surfaces, indicating a
homogeneous distribution pattern of mold hyphae and spores. This distribution suggests strategic adaptations
by molds to maximize nutrient acquisition and reproductive success on host plant surfaces. Molds like
Aspergillus and Penicillium secrete enzymes that degrade plant cell walls, releasing nutrients (Klich, 2002;
Samson ez al., 2010). Each mold species identified more pronounced induces specific biochemical alterations
in plant metabolism than others. For instance, Aspergillus versicolor reduces carotenoid levels, affecting
photosynthesis and overall plant health, while Penicillium sp. alters chlorophyll content, impacting
photosynthetic efficiency. Nigrospora sp. produces enzymes that degrade cell walls, leading to nutrient leakage
and tissue damage. Understanding these specific impacts helps in developing targeted strategies for mitigating
mold-induced damage.

One of the initial steps in plant-pathogen interaction is the activation of systemic acquired immunity
(SAI), which triggers an oxidative burst during pathogenesis. This oxidative burst occurs in two phases: an
initial, short-lived burst immediately after the pathogen attack, followed by a longer-lasting burst that occurs
hours after contamination. The reactive oxygen species (ROS) generated during these bursts serve two key
functions: they activate the plant’s intracellular defense system and act as secondary signalling molecules. In
addition to their role in signalling, ROS, such as superoxide radicals, hydrogen peroxide, and hydroxyl radicals,
trigger the activation of the plant's antioxidant defense system, which includes both enzymatic and non-
enzymatic components that help maintain cellular balance. Superoxide dismutase (SOD), one of the primary
antioxidant enzymes, converts superoxide radicals into hydrogen peroxide, which is then neutralized by catalase
(CAT) and peroxidase (POX) enzymes (Singla ¢z al., 2020; Najafi ez al., 2024). Najafi ez al. (2024) reported
that P. melonis enhanced the expression of enzymes such as POX, SOD, CAT, PPO, PAL, glucanase, and
increased phenolic content in a resistant cultivar against pumpkin blight infection. Similarly, Singla ez 2/. 2024
observed elevated activities of antioxidant enzymes, including SOD, CAT, POX, NADPH oxidase, APX, and
GST, in barley during strip rust infection, findings that are consistent with our study. In another study on strip
rust in barley, (Singla ez 4/., 2020b) also reported an increase in proline, a key intracellular osmolyte. Although
proline levels increased in our study, the change was not statistically significant. Proline is recognized in the
literature as an essential osmolyte involved in various intracellular processes, ranging from maintaining cell
integrity to supporting cell division under both biotic and abiotic stress conditions (Singla ez a/., 2020a; Sen ez
al., 2023). Despite the activation of intracellular defense mechanisms in our study, the observed decrease in
chlorophyll and carotenoid levels, both indicators of stress-related cell damage, and the significant increase in
TBARS (a marker of lipid peroxidation in cell membranes), suggest that these defense responses were
insufficient to fully mitigate cell damage during pathogenesis.

Raman spectroscopy provided a detailed biochemical perspective on mold contamination impacts. It
revealed significant changes in Raman spectra between mold-infected and uninfected plant samples,
particularly in regions associated with vital photosynthetic pigments such as carotenoids and chlorophyll. The
significant spectral differences observed between mold-infected and non-infected samples, particularly at bands
associated with carotenoids (1519 cm™) and chlorophyll (1282, 1324 and 1606 cm™), reflect profound
biochemical alterations induced by mold infection presence. These alterations suggest a detrimental impact of
mold contamination on plant health, particularly through reduced photosynthetic efficiency, as evidenced by
the decrease in carotenoid and chlorophyll levels. As a matter of fact, it has been reported that the decrease in
carotenoid and chlorophyll levels in infected samples can have significant effects on plant health, affecting
photosynthetic efficiency and overall viability (Jehli¢ka ez al., 2014a; Jehlicka ez al., 2014b; Tatagiba ez al.,2015;
Egginger al.,2018; Morey ez al., 2021). The underlying reason for this is that mold infection causes leaf surfaces
to be covered with spores and hyphae, which limits the amount of light reaching the underlying cells. This
disruption in light exposure interferes with metabolic reactions and leads to an increase in reactive oxygen
species (ROS) within the cells. The observed increase in the Raman bands attributed to carbohydrates (814,
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864, and 1222 cm™) indicates that carbohydrate-derived intracellular osmolytes, along with proline, play a
significant role in maintaining cell integrity and vitality.

The application of Linear Discriminant Analysis (LDA), as demonstrated by the performance metrics
and confusion matrix in Figure 5d, illustrates the potential of Raman spectroscopy in accurately distinguishing
between mold-infected and non-infected plant samples. These results, showing high accuracy, precision, and
sensitivity, highlight the feasibility of handheld Raman systems for in-field diagnostics. The study's violin plots
further elucidated the biochemical impacts of mold contamination, providing a nuanced comparison between
affected and unaffected plant tissues. Notably, in Figure 6, the consistent levels of glycine across samples
indicate that certain metabolic processes may remain unaffected by mold presence, offering a glimmer of
resilience amid the detrimental effects of contamination. Indeed, it has been reported in previous publications
that glycine plays an important role in the oxidative stress response caused by biotic stress factors to eliminate
the harmful effects of ROS and to maintain intracellular metabolic integrity (Czolpinska and Rurek, 2018).

Conclusions

To conclude, this study has demonstrated the utility of advanced analytical techniques such as SEM and
Raman spectroscopy in addition to conventional biochemical analyses to reveal the harmful effects of random
mold contamination in plant tissue culture medium on plant physiological processes. It also provides
contributions to the international literature on optimizing Raman spectroscopy methodologies for real-time
monitoring and the integration of these techniques into basic scientific research, agricultural practices and
plant breeding programs. The fact that high-throughput data obtained with Raman spectroscopy contribute
to new analyses in different research areas such as artificial intelligence, machine learning and deep learning,
which have become increasingly popular in recent years, deepens the dimension of our study.
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