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AGRONOMIJA/AGRONOMY

Spectral responses of three potato (Solanum tuberosum L.) cultivars

subjected to water-restriction stress in greenhouse
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Spectral responses of three potato (Solanum tuberosum L1.) cultivars under water-
restriction stress in greenhouse

Abstract: Drought stress is one of the most important abiotic factors reducing crop yields. It
affects various morphological, physiological and biochemical processes. Potato (Solanum
tuberosum L.) is sensitive to water deficit. The aim of our research was to evaluate the spectral
response of three potato cultivars under well-watered and water-restriction conditions in a
greenhouse experiment. Hyperspectral imaging in the visible and near infrared (VNIR, 400-
1000 nm) and shortwave infrared (SWIR, 1000-2500 nm) spectral regions was used to obtain
spectral signatures of individual plants. We achieved classification accuracy of up to 81% in
distinguishing water regimes and cultivars. The study demonstrates the usefulness of
hyperspectral imaging for assessing drought occurrence and distinguishing cultivars. The
results are valuable for future work in breeding programmes.

Key words: cultivar differentiation; drought stress; hyperspectral imaging; pot experiment
remote sensing; Solanum tuberosum (L.)

Spektralni odziv treh sort krompirja (Solanum tuberosum 1..) pod suSnim stresom v
rastlinjaku

Izvle€ek: Susni stres je eden najpomembnejsih abiotskih dejavnikov, ki vplivajo na koli¢ino
pridelka. Izpostavljenost rastlin susi vpliva na razli¢ne morfoloske, fizioloske in biokemi¢ne
procese. Krompir (Solanum tuberosum L.) je obcutljiv na pomanjkanje vode. Namen nase
raziskave je bil ovrednotiti spektralni odziv treh sort krompirja pri dobro in slabse zalitih
rastlinah v kontroliranih razmerah v rastlinjaku. Za pridobivanje spektralnih podpisov
posameznih rastlin smo izvedli hiperspektralno slikanje v vidnem in bliznjem infrardeCem
(VNIR, 400-1000 nm) in kratkovalovnem infrarde¢em obmoc¢ju spektra. Pri razlikovanju
vodnih rezimov in sort smo dosegli do 81 % klasifikacijske natan¢nosti. Raziskava dokazuje
uporabnost hiperspektralnega slikanja za zaznavanje pojava suse in razlikovanje sort. Rezultati
bodo uporabni v prihodnjem delu v zlahtniteljskih programih.

Kljuéne besede: daljinsko zaznavanje; hiperspektralno slikanje; lon¢ni poskus; razlikovanje
sort; Solanum tuberosum (L.); susni stress
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1 INTRODUCTION

The potato is one of the world's most important food crops. It is grown in a variety of
landscapes, as a high production crop in agriculturally rich parts of the world as well as in
harsher environments, such as small farms in the Andean highlands and other similarly remote
areas with limited access to agricultural inputs (George et al., 2017; Monneveux et al., 2013).
Potatoes (Solanum tuberosum L.) are susceptible to water deficit, although some varieties show
more drought tolerance (Obidiegwu et al., 2015). Therefore, potato production will likely be
affected by climate change. Higher temperatures, changes in water availability and
precipitation, and biotic stress factors, such as pests and diseases have negative impact on crop
yields and production (Kleinwechter et al., 2016). Drought stress is one of the main abiotic
factors reducing crop yields (Hirut et al., 2017). As multidimensional stress it affects several
morphological, physiological and biochemical processes (George et al., 2017).

Hyperspectral imaging (HSI) is a non-invasive technique for detection of various stressors,
which affect plant health. Stress causes the activation of plant defense mechanisms, which act
by changing biophysical and biochemical constituent of plant’s tissue (Thomas et al., 2018).
Furthermore, these changes manifest as modifications of spectral characteristics. In HSI,
sensors capture reflected light, with high spectral resolution, in numerous spectral bands.
Typically, it incorporates at least 20 bands, of width 5-20 nm, explicitly distributed throughout
the spectrum (Moghimi et al., 2018). Consequently, a lot of spectral bands are acquired at each
capture, where bands positions and its range depend on specifications of HSI camera used
(Moghadam et al., 2017). The distribution described by discrete spectral bands (i.e. the
reflectance at each spectral band) is called spectral signature, and is unique for different objects
and materials.

Well-adapted and tolerant cultivars of crops are needed to avoid losses in crop production, due
to climate change. However, successful breeding of tolerant cultivars requires a better
understanding of plant adaptation to stress and the development of effective phenotyping
techniques. The aim of this study was to assess the spectral response of three potato cultivars
to a water-restriction stress under greenhouse conditions. We expect more pronounced
differences among cultivars and treatments later in season. Findings will be also valuable for
future work in breeding programme of the Agricultural institute of Slovenia (AIS).

2 MATERIALS AND METHODS

2.1. Experimental setup

We conducted the greenhouse experiment from April to August 2020 at the Agricultural
Institute of Slovenija (Ljubljana, Slovenia) in a chamber with controlled environmental
conditions (T = 21 °C/15 °C, RH = 60%, photoperiod 14 h light/10 h dark). Three potato
cultivars were used in this study: ‘KIS Krka’ (late, drought tolerant), ‘KIS Savinja’ (mid-early,
sensitive to moderately drought-tolerant) and ‘KIS Vipava’ (early, drought sensitive). For each
cultivar, we used 20 plants, grown from tubers in 5-litre pots filled with Sphagnum peat
substrate (Potgrond H, Klassmann). At the beginning of the treatment, about five weeks after
planting, each pot was watered to field capacity and weighed. The plants were divided into two
groups, well-watered conditions (more than 87% of the weight of the saturated substrate) and
water-restricted conditions (60—-70% of the weight of the saturated substrate). The treatment
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lasted for four full weeks. Thereafter, all plants were watered to saturation of the substrate for
four more weeks until the experiment was completed. Hyperspectral images were taken twice
during the experiment, in Session 1 and Session 2, respectively two and four weeks after the
start of the treatment.

2.2. Data acquisition

Hyperspectral images were acquired in the VNIR (visible to near infrared) and SWIR (short-
wave infrared) spectral regions by using Hyspex pushbroom cameras VNIR-1600 (400-988
nm, 160 bands, bandwidth 3.6 nm) and SWIR-384 (950-2500 nm, 288 bands, bandwidth 5.4
nm). Both were placed together with calibrated halogen lamps at a 3 m distance from the potato
plants. The acquisition was carried out in a dark room where no other light sources were
present. This ensured a homogeneous light intensity to capture the reflected light with a high
signal-to-noise ratio (SNR). Image acquisition followed previously used method (Zibrat et al.,
2021). An example of a hyperspectral image in red-green-blue (RGB) is shown in Figure 1 a).
Three potato plants and a calibrated reference panel with 20% reflectance, placed on a
background with low reflectance (< 5%), were scanned simultaneously. The reference panel
was used to convert the radiometrically calibrated radiance image into a reflectance image, i.e.
its pixels were normalized to a range between zero and one. We adopted the conversion process
and the methods for extracting the spectral signatures from a paper by Lapajne et al., 2022. In
this way, a dataset of mean reflectance signatures was created, with each signature representing
one potato plant.

Several subsets were created from the complete dataset, e.g. KIS Krka, where only the spectral
signatures of the KIS Krka cultivar were considered. Similarly, subsets were created for the
cultivars KIS Savinja and KIS Vipava. In each total of 14 potato plants were included, of which
half belonged to well-watered and other half to water-restriction treatment. In addition, all
subsets were combined to obtain the metrics of a merged subset. In order to be able to compare
the results between the two sessions, the subsets and the performance assessments were carried
out separately for both. Different subsets were also created to evaluate the effectiveness of
classification algorithm of differentiation between different cultivars. More specifically,
between three potato cultivars: KIS Krka, KIS Savinja and KIS Vipava. Cultivars were equally
represented in all created subsets, so 7 of each were considered in analysis. The metrics were
first calculated for well-watered and water-restriction treatment separately and then for their
combination. As with the treatment classification, the performance evaluation was carried out
independently for each session.

b)

Dataset of D Classification
ata subset
reflectance  |[—>» i —> — erformance
: selection p !
signatures Z evaluation

_—_——————— —_———

| Repeat 5-times | I Calculation of:

] [
| using 5-fold CV: | ) [ ) ( | “accuracy, |
| -train on: 4-fold | [Scaler PCA SVM ] | -precisio%, ‘
| -teston: 1-fold | | I

- recall

s e v s e e

Figure 1: a) Hyperspectral image represented in RGB spectrum and b) analysis pipeline.
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2.3. Analysis

In this study, the analysis is based on the performance of classification algorithm, classifying
spectral signatures. The pipeline of methods used is shown schematically in Figure 1 b).
Depending on the problem under study, a specific subset of signatures was selected for
analysis. Each signature was assigned a ground truth label based on prior knowledge about the
corresponding potato plant. Furthermore, the signatures were split in a 5-fold repeated and 5-
fold stratified cross-validation (CV). In this way, the hyperparameters of the model were
optimized and various metrics: accuracy, precision and recall were calculated. The model
consisted of Scaler, Principal component analysis (PCA) and Support vector machines (SVM).
Scaler was used to standardize the spectral bands by zeroing their mean and scaling them to a
unit variance. PCA was applied to the standardized signatures to reduce the dimensionality
space and remove collinearity between adjacent spectral bands (Sawant & Prabukumar, 2020).
SVM was chosen for classification as it is one of the most commonly used algorithms in HSI
for agricultural purposes (Moghadam et al., 2017; Walton et al., 2019). Hyperparameters of
SVM and PCA were optimized during CV step. In SVM, kernel was Radial basis function, the
parameter C was optimized in the range between 100 and le+6, and the kernel coefficient
sigma was optimized in the range between le-8 and 0.01. For PCA, the number of principal
components was optimized in a range between 1 and 10. The model with the best
hyperparameters was used to calculate the classification metrics, i.e. accuracy, precision and
recall.

3 RESULTS AND DISCUSSION

3.1. Spectral signatures

The spectral signatures are shown in Figure 2. It can be seen that plants under water restriction
have lower reflectance values in the visible and NIR regions of the spectrum, indicating
changes in pigment structure. In addition, KIS Krka also showed lower reflectance values in
the SWIR part of the spectrum. In other regions, no significant differences between well-
watered and water-restriction treatments were observed. This is consistent with observations
on tomato plants under drought (Susic€ et al., 2018). The spectral ranges in the NIR and SWIR
are associated with chemical and physical properties such as carbohydrates, proteins, cellulose
and water content (Li et al., 2015; Qiao et al., 2007; Yin et al., 2017).

All cultivars showed more pronounced differences in spectral signatures in Session 1 compared
to Session 2. To objectively confirm the visually associated results, we also calculated the
Euclidean distances between the two signatures. For Session 1 we obtained 0.117 for KIS Krka,
0.054 for KIS Savinja and 0.056 for KIS Vipava, and for Session 2 0.340 for KIS Krka, 0.122
for KIS Savinja and 0.103 for KIS Vipava. The calculated distances more than doubled for all
cultivars between imaging sessions. Moreover, the highest value was obtained for KIS Krka,
which was twice as high in Session 1 and three times as high in Session 2, compared to the
other two cultivars. The results support our assumption that the changes are most pronounced
in Session 2 and that KIS Krka shows the greatest changes when exposed to drought.

HSI data have high redundancy, since it exploits several closely related spectral bands. In
classification, it is especially severe when only particular spectral regions change between
different classification classes (Sawant & Prabukumar, 2020). To mitigate this problem, we

4
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used PCA to transform the wavelength features into directions of highest variances. Upon
examination, we found that the variance described by only the first two principal components
exceeded 90% of total variance of the data. Moreover, the first principal component explained
at least 60% and second at least 30% of total variance. It exceeded 99% when 10 or more
principal components were kept. Therefore, we decided to use maximum of 10 components for
classification. PCA also allows us to identify the most important spectral bands by selecting
variables according to the magnitude of their loadings (Lapajne et al., 2022).

Session 1 Session 2
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§ g —— Water-deficient
QZ go.A
0 o
v &
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0.0 .
500 875 1250 1625 2000 500 875 1250 1625 2000
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Figure 2: Spectral signatures for varieties KIS Krka, KIS Savinja and KIS Vipava for Session 1 and Session 2.
The spectral signatures are shown separately for all three cultivars, two treatments and two sessions. Sub-graphs
are arranged in a grid, with rows and columns representing cultivars and sessions, respectively. In each graph, an
average spectral signature is shown in green for well-watered plants and in red for plants subjected to water-
restriction treatment. The most important parts of the spectrum are shown enlarged to show where the difference
between the spectral signatures is most pronounced.

3.2. Classification performance

Detection of water stress status using hyperspectral imaging achieved an overall success rate
of 68%. Overall classification accuracy was higher in Session 2, for all cultivars (Table 1). For
KIS Krka the accuracy was 2% higher, for KIS Savinja 7% and for KIS Vipava 10%. The best
accuracy of 81% was achieved in Session 2 for the cultivar KIS Krka, and the worst, 57%, for
the cultivar KIS Vipava in Session 1. The accuracy achieved was 54% for Session 1 and 67%
for Session 2 when all three subsets were pooled.

Discrimination between cultivars was more accurate later in the season (Session 2) and less
clear for the water-restriction treatment (Table 2). Consequently, the best result of 81% was
obtained in Session 2 for well-watered plants. In addition, accuracy of less than 50% was
achieved in both sessions for water-restriction treatment. We suspect that this is due to the
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stress to which potato plants were exposed, which shaded spectral differences between
cultivars. Interestingly, the accuracy was higher than 70% when both treatments were
combined. We think the reason may be the model over-fit on the data or more accurately
positioned classification boundaries in case of pooled data by the model. We could confirm our
assumption by using a larger dataset, split to training and testing datasets. With plant and leaf
senescence reflectance characteristics change (Merzlyak et al., 1999). These changes are
associated with the redistribution of resources and the degradation of pigments. In general, the
progression of such changes is accelerated in plants under drought, where chlorophyll content
is normally reduced (Susic et al., 2018).

Table 1: Identification of water stress for all cultivars and both imaging sessions.

Subset Session Accuracy Precision Recall
KIS Krka 1 0.79 0.78 0.81
2 0.81 0.75 0.81
. 1 0.65 0.61 0.66
KIS Savinja 2 0.72 0.69 0.75
. 1 0.57 0.52 0.57
KIS Vipava 2 0.67 0.63 0.69
Pooled 1 0.54 0.54 0.54
2 0.67 0.70 0.67

Table 2: Identification of potato cultivars for both imaging sessions.

Subset Session Accuracy Precision Recall
Well-watered 1 0.64 0.56 0.67
2 0.81 0.80 0.82
- 1 0.46 0.35 0.45
Water-deficient 5 0.40 0.34 0.41
Pooled 1 0.74 0.77 0.74
2 0.71 0.75 0.70

4 CONCLUSIONS

In this study, we showed that it is possible to distinguish between different potato cultivars and
comparatively accurately detect their watering status. We achieved a classification accuracy of
up to 81% for the differentiation of water regime and cultivars. In both cases, classification
performance was better later in the season, in Session 2. Better accuracy in discriminating
cultivars was achieved in well-watered plants. Classification success in discriminating between
treatments was better when the spectral signatures of a single cultivar were used.

The results are valuable for future work in breeding programs. This study also gives a better
insight into the potential of remote sensing to assess abiotic stress in potato and the advantages
of its use as a non-destructive method for phenotyping. The study was conducted with a small
data set and further studies are needed to fully exploit the potential of hyperspectral imaging to
better understand the response of different potato cultivars to drought stress.
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Targeting biofilm-forming features of Campylobacter jejuni with ethanolic extract of
Lavandula angustifolia ‘Super Blau’ waste material

Abstract: Campylobacter jejuni is a biofilm-forming, multi-resistant pathogenic bacterium
that is widely distributed throughout the food production chain and causes gastrointestinal
diseases in humans. Properties important for biofilm formation, such as intercellular signalling,
motility and adhesion to different abiotic surfaces, allow C. jejuni protection and survival
outside its natural habitat. It is necessary to find the right approach to control C. jejuni biofilm
formation that will reduce the risk that it poses to public health and the food industry. Agri-
food by-products present promising bioactives which can be used to control C. jejuni biofilms.
To test this, we have prepared and tested antimicrobial activity of ethanolic extract from
Lavandula angustifolia ‘Super Blau’ waste material (LWM) gained after hydrodistillation
process of essential oil against C. jejuni NCTC 11168 intercellular signalling, motility and
adhesion. Indeed, antibacterial activity of LWM was confirmed, with minimal inhibitory
concentration 1 mg/mL. We have also confirmed activity against C. jejuni intercellular
signalling [> (30 + 2) %], anti-motility activity (> 50 %) and anti-adhesion activity (> 1 logio
CFU/mL) of LWM at subinhibitory concentration (0.25 mg/mL). The results confirm the
bioactivity of tested ethanolic extract opening the opportunity for further application in C.
Jjejuni biofilm control.

Key words: adhesion; biofilm control; Campylobacter jejuni; intercellular signalling; motility;
Lavandula angustifolia waste material

Obvladovanje filmotvornih lastnosti bakterij Campylobacter jejuni z etanolnimi izvlecki
odpadnega materiala sivke Lavandula angustifolia ‘Super Blau’

Izvleéek: Campylobacter jejuni je veckratno odporna, patogena in filmotvorna bakterija, ki je
raz§irjena po celotni zivilsko-prehranski oskrbovalni verigi, ter povzroc¢a bolezni prebavil pri
ljudeh. Lastnosti, pomembne za tvorbo biofilma, kot so medceli¢na signalizacija, gibljivost in
pritrjevanje na razli¢ne abiotske povrSine, omogocajo zas¢ito in prezivetje C. jejuni zunaj
naravnega gostitelja. Potrebno je poiskati primerne nac¢ine nadzora filmotvornosti bakterij C.
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jejuni, ki bodo zmanjSali tveganje v celotni Zivilsko-prehranski oskrbovalni verigi.
Agrozivilski stranski proizvodi predstavljajo obetavne bioaktivne u¢inkovine, ki jih je mogoce
uporabiti za nadzor biofilmov bakterij C. jejuni. Da bi to preverili, smo pripravili in preizkusili
protimikrobno delovanje etanolnega izvlecka iz odpadnega materiala Lavandula angustifolia
‘Super Blau’ (LWM), pridobljenega po postopku hidrodestilacije eteri¢nega olja in sicer proti
medceli¢ni signalizaciji, gibljivosti in adheziji C. jejuni NCTC 11168. Dejansko je bila potrjena
antibakterijska aktivnost LWM z minimalno inhibitorno koncentracijo 1 mg/mL. Potrdili smo
tudi aktivnost proti medceliénemu signaliziranju C. jejuni [> (30 £ 2) %], aktivnost proti
gibljivosti (> 50 %) in proti adhezijsko aktivnost (> 1 logl0 CFU/mL) LWM pri subinhibitorni
koncentraciji (0.25 mg/mL). Rezultati potrjujejo bioaktivnost testiranega etanolnega ekstrakta,
ki odpira moznost za nadaljnjo uporabo pri nadzoru biofilmov C. jejuni.

Kljuéne besede: Campylobacter jejuni; gibljivost; nadzor biofilma; medceli¢no signaliziranje;
odpadni material iz Lavandula angustifolia; pritrjevanje

1 INTRODUCTION

Campylobacter jejuni are one of the most important causative agents of human gastrointestinal
diseases since 2005. They are widely distributed throughout whole food production chain and
can be found from farm to fork. Many domestic animals are their natural hosts, so the ingestion
of undercooked meat or contaminated milk are main sources of the infection (EFSA, 2021).
Cross-contamination of food products is also possible, which brings hygiene measures of the
food industry into question (Gali¢ et al., 2018). Moreover, C. jejuni is biofilm-forming and
multi-resistant bacterium making their control even harder, as biofilms are coordinated,
functional communities of bacterial cells, which protect bacteria from various environmental
stressors. To form biofilms, C. jejuni use properties, such as universal intercellular signalling
with AI-2 signalling molecules, motility and initial attachment. Additionally, C. jejuni can form
single-cellular biofilms and multi-cellular biofilms, which enhance its survival (Piining et al.,
2021). The burning question of C. jejuni control is how to prevent their biofilm formation.

Various approaches are used to control Campylobacter in the food production chain, but none
of them is fully effective. They include many physical and chemical interventions, the latter,
however, raises consumer concerns about unnecessary chemicals in the environment
(Carrascosa et al., 2021). It is obvious that new approaches need to be tested and selected.
Nowadays, conventional approaches are being replaced with new naturally occurring
alternatives, which are recognized as safe (GRAS) and have a broad spectrum of antimicrobial
activity. Plant formulations of different origin present an inexhaustible source of bioactive
compounds, including agri-food by-products which are known to contain different
phytochemicals. Reuse of agri-food by-products in the fight against pathogenic bacteria can be
useful also for solving one of the major problems — disposal of agro-food waste (de Elguea-
Culebras et al., 2022; Taghian Dinani and van der Goot, 2022).

In this study, Lavandula waste material, gained after hydrodistillation of essential oil, was used
to produce ethanolic extract (LWM), which was further tested for C. jejuni biofilm control. In
order to control C. jejuni biofilm formation, its critical properties need to be targeted, including
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intercellular signalling, motility and adhesion. We assume that motility and adhesion will be
decreased if the reduction of the intercellular signalling will be achieved.

2 MATERIALS AND METHODS

2.1 Lavandula waste material and ethanolic extracts preparation

Waste material, gained after hydrodistillation process of essential oil, was from Lavandula
angustifolia ‘Super Blau’. Ethanolic extracts from Lavandula waste material (LWM) were
prepared by 4 h to 6 h ethanol extraction (Soxhlet extraction) of 20 g dried flowers in 150 mL
96% ethanol. After extraction, ethanol was evaporated and extracts were concentrated in a
rotary evaporator (Laborota 4000; Heidolph Instruments, Germany), at 40 °C and 175 mbar
pressure, and stored at 4 °C.

2.2 Bacterial strains and growth conditions

Campylobacter jejuni NCTC 11168 (National Collection of Type Culture), C. jejuni
11168A/uxS (Plummer, 2012) and biosensor strain Vibrio harveyi MM30 (Bassler et al., 1997)
were used in this study. The strains were stored at -80 °C in 20% glycerol and 80% Mueller
Hinton (MH) broth or autoinducer bioassay (AB) medium. First, C. jejuni NCTC 11168 and
C. jejuni 11168AluxS were sub-cultured on Karmali agar or MH agar supplemented with 30
mg/L kanamycin, respectively, for 24 h under micro-aerobic atmosphere (85% N2, 5% O2, 10%
CO3) at 42 °C. Secondly, the strains were cultivated in MH broth at same conditions. After
incubation, ODeoo was adjusted at 0.1 (~ 10’ CFU/mL). 100-fold diluted cultures were used in
performed experiments.

2.3 Determination of minimal inhibitory concentration (MIC) for LWM

To determine MIC values for LWM formulations against C. jejuni NCTC 11168 and C. jejuni
11168AluxS we followed the same principles as described in (Ramic et al., 2021). It is of main
importance to determine MIC for LWM in planktonic cultures to elect subinhibitory
concentrations (1/4 MIC) which were used for further experiments. By the use of subinhibitory
concentrations, effect on growth can be avoided and the effect on bacterial properties can be
achieved.

2.4 Biosensor-based assay — determination of LWM effect on C. jejuni intercellular signalling

V. harveyi MM30 was used for biosensor assay in order to test the effect of LWM at
subinhibitory concentrations on C. jejuni intercellular signalling. Campylobacter jejuni
11168AluxS was used as negative control, as this strain does not produce AI-2 signalling
molecules (Plummer, 2012). C. jejuni NCTC 11168 and C. jejuni 11168AluxS were cultivated
in MH broth or MH broth supplemented with LWM at subinhibitory concentrations under the
conditions described in section 2.2. After incubation, cultures were filtrated through 0.2 pm
syringe filters, to gain cell-free supernatant (CFS) where no bacteria were present. CFS were
stored at -80 °C until further experiments. To determine the effect of LWM on C. jejuni
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intercellular signalling same protocol was used as described in (Simunovi¢ et al., 2020), with
some minor modifications. 96-well white microtiter plates with transparent bottom were used
and ODeoo for V. harveyi MM30 was measured. Bioluminescence was expressed as relative
luminescence units (RLU) and measurements were normalized with ODeoo to gain normalized
response of V. harveyi MM30 (RLU/ ODsoo).

2.5 Anti-motility assay

Anti-motility assays was performed as described by Ramic¢ et al. (2021). C. jejuni NCTC 11168
was cultivated in MH broth supplemented with LWM in subinhibitory concentrations under
the conditions described in section 2.2, afterwards 1 uL of overnight culture was inoculated to
the middle of plated soft agar (0.4 %). The plates were incubated for 48 h in a micro-aerobic
atmosphere at 42 °C. After this incubation, the diameters of the swarming colonies were
measured. The untreated culture was the negative control.

2.6 Anti-adhesion assay

To perform anti-adhesion assay, the same principles were used as described before (Rami¢ et
al., 2021). Briefly, adhesion of C. jejuni NCTC 11168 was tested in 96-well polystyrene
microtiter plates (Nunc 266 120 polystyrene plates; Nunc, Denmark) under the treatment with
LWM at subinhibitory concentration. The untreated culture was the negative control. The
adhesion of cells was examined as CFU/mL after 24h incubation, as previously described
(Siki¢ Pogadar et al., 2016).

2.7 Statistical analysis

All of the experiments were carried out in triplicates as three or more independent experiments.
The data are expressed as means +standard deviation, with analysis using Origin 2018
(OriginLab, Northampton, USA). Statistical analysis was performed in IBM SPSS Statistics
23 (Statsoft Inc., Tulsa, USA). To determine distribution of data Kolmogorov-Smirnov test of
normality was performed and statistical significances were determined using Student-t test for
two independent means. Results were accepted as significant at p-value <0.05.

3 RESULTS AND DISCUSSION

Currently we are running out of antimicrobial agents that are effective against bacterial
planktonic and biofilm cells. Natural products are promising alternatives which can replace
synthetic chemicals in different industries, including food, pharmaceutical, and medical
industries. Agri-food industrial by-products are of great interest nowadays, representing an
interesting and cheap source of potentially functional bioactive ingredients with particular
antimicrobial and antioxidant activities. About 1500 tons of Lavandula essential oil is produced
annually, resulting in high amounts of waste material which remains after essential oil
distillation and is still bioactive (Kivrak, 2018). Therefore, in this study we wanted to prepare
and test antimicrobial activity of ethanolic extract from Lavandula angustifolia ‘Super Blau’
waste material (LWM) gained after hydrodistillation process of essential oil against C. jejuni

12



Bi(o)znanosti? III. Doktorski dan Bioznanosti, Biotehniska fakulteta, 7. junij 2022

NCTC 11168 and its properties important for biofilm formation, i.e. intercellular signalling,
motility and adhesion.

Antibacterial activity of LWM against C. jejuni was confirmed and MIC was 1 mg of LWM
per ImL of MH broth. This is moderate and comparable anti-Campylobacer activity with other
ethanolic extracts originated from postdistillation thyme waste, pinot noir grape skins and
seeds, and juniper fruit waste (Klan¢nik et al., 2017; Siki¢ Pogacar et al., 2016). It was
necessary to determine MIC because in further experiments subinhibitory concentration was
used. The chosen concentration was 0.25 mg/mL, the first concentration that did not influence
the growth of C. jejuni, but affected only its properties.

To test the activity of LWM against C. jejuni intercellular signalling, indirect biosensor
approach was used with V. harveyi MM30 biosensor strain. C. jejuni was cultivated with LWM
at subinhibitory concentration, afterwards CFS was prepared and added to V. harveyi MM30.
We confirmed that LWM significantly reduced C. jejuni intercellular signalling (p < 0.05) for
(30 = 2) % (Figure 1). Consistent with our study, activity against C. jejuni intercellular
signalling was confirmed for different ethanolic extracts prepared from postidistillation waste
material of Achillea millefolium, Urtica dioica, Origanum sp., Euodia ruticarpa (Bezek et al.,
2016; Simunovi¢ et al., 2020). It is assumed that plant formulations may affect activity of
receptor protein or synthase, production of signalling molecules, and degradation of the
signalling molecules (Kalia, 2013).

Intercellular signalling, motility and adhesion are interrelated properties important for biofilm
formation (Plummer, 2012). Deletion of the /uxS gene, which synthetize Al-2, leads to the
reduction of motility and adhesion (Elvers and Park, 2002; Reeser et al., 2007), so reduction of
C. jejuni intercellular signalling can also lead to the reduction of motility and adhesion, which
was in this study confirmed. Indeed, LWM had statistically significant anti-motility and anti-
adhesion effect (p < 0.05), with the reduction of motility for more than 50% and the reduction
of'adhesion for more than 1 logio CFU/mL (Figure 1). In our previous study, we have confirmed
on molecular level that L. angustifolia essential oil decreased gene expression of C. jejuni
locomotion system (Rami¢ et al., 2021), which is important for C. jejuni motility and adhesion,
so it can be expected that LWM had similar effect. Combination of the reduction of C. jejuni
intercellular signalling with the reduction of motility and adhesion, can lead to the effective
reduction of biofilm formation and further spreading of these bacteria throughout whole food
production chain increasing food and public health safety.

4 CONCLUSIONS

We have confirmed bioactivity of LWM against C. jejuni, one of the leading food-borne
pathogen, which suggests that such waste material can be re-used as antimicrobial agent. Our
assumption that the reduction of intercellular signalling will lead to the reduction of motility
and adhesion was confirmed. Therefore, further efforts can be directed towards search for
different agri-food by-products, that can be used as innovative antimicrobials for alternative
approaches, which can target bacterial properties important for biofilm formation.
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Figure 1: Adhesion (logjo CFU/mL), motility (mm) and intercellular signalling (logio RLU/ODsoo) of
Campylobacter jejuni NCTC 11168 cultivated without or with the addition of LWM at subinhibitory concentration
(0.25 mg/mL). Average values are shown £SD.
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Decontamination of Fusarium graminearum from buckwheat grains with low-pressure
cold plasma treatment

Abstract: Fungi from genera Fusarium are important phytopathogens that commonly infect
crops in the field. Besides causing the decay of plants, many of them are also capable of
producing mycotoxins, which can negatively affect our health. The aim of this study was to
test cold plasma (CP) treatment for decontamination of F. graminearum from buckwheat
grains. We used a large-scale custom-made inductively coupled radio frequency plasma system
operating under vacuum conditions. We tested two exposure times, 45 and 90 s, and found a
20% and almost 90% reduction in grain contamination, compared to the control, respectively.
The longer CP treatment time also significantly suppressed the fungal growth rate. In addition,
both CP treatments decreased the germination of buckwheat grains, making this kind of CP
treatment applicable in post-harvest (food and feed storage) but not in pre-harvest processes.

Key words: fungi; decontamination; cold plasma; Fusarium; buckwheat; plant production

Uporaba nizko-tla¢ne hladne plazme za dekontaminacijo zrn ajde okuZenih z glivo
Fusarium graminearum

Izvleéek: Glive iz rodu Fusarium so pomembni fitopatogeni, ki pogosto okuzujejo pridelke na
polju. Poleg tega da povzrocajo propad rastlin, so mnoge vrste sposobne sinteze mikotoksinov,
kinegativno vplivajo na naSe zdravje. Namen te Studije je bil testirati metodo obdelave s hladno
plazmo (HP) za dekontaminacijo glive F. graminearum na zrnih ajde. Uporabili smo velik, po
meri narejen induktivno sklopljen plazemski sistem z radio frekvencnim generatorjem, ki
deluje v vakuumu. Testirali smo dve €asovni izpostavitvi, 45 in 90 s ter ugotovili zmanj$ano
kontaminacijo zrnja ajde in sicer za 20 % oziroma 90 % v primerjavi s kontrolo. Daljsa
izpostavitev HP je prav tako pomembno znizala stopnjo glivne rasti. Vendar pa sta obe ¢asovni
izpostavitvi HP hkrati tudi zmanjSali delez kalitve zrnja ajde, zato bi tovrstna obdelava s HP
bila uporabna za namene shranjevanja zrnja po zetvi (v prehranske namene), ne pa za nadaljnjo
setev na polje.

Kljuéne besede: glive; dekontaminacija; hladna plasma; Fusarium; ajda; rastlinska
proizvodnja
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1 INTRODUCTION

Crop grains are frequently infected with fungal propagules, originating either from field or
storage (Christensen, 1957) and affecting their quality by suppressing germination or causing
spoilage of stored grains (Halloin, 1983). They can also act as primary inoculum for later fungal
diseases (Kay & Owen, 1973; Rioux et al., 2014), negatively impacting the whole plant
production process. As for most cereals and pseudocereals, fungi present the leading cause of
buckwheat diseases at all stages, from germination to harvest and post-harvest stages.
Especially problematic are field fungi and soil parasites that can cause the decay of grains or
the later rotting of the seedlings (Milevoj, 1989). Among them are Fusarium species, which
represent one of the most economically important genera of phytopathogenic fungi that
naturally contaminate many cereal grains (Ferrigo et al., 2016). They are widespread pathogens
on small-grain cereals worldwide, causing root, stem, and ear rot and resulting in major
reductions in crop yield (Bottalico & Perrone, 2002). Fusarium species are frequently isolated
from buckwheat grains and associated with many diseases (Kalinova et al., 2004; Milevoj,
1989; Mills & Wallace, 1971; Singh et al., 1984). Besides being plant pathogens, they are also
problematic as many fungi from the genus Fusarium can produce toxic secondary metabolites
— mycotoxins, which are harmful to humans and animals. Their ingestion can induce acute
intoxication, causing severe sickness or even death, or chronic effects (genotoxic and
mutagenic), even carcinogenic in some cases (Fung & Clark, 2004). Mycotoxins from the
genus Fusarium have traditionally been associated with temperate cereal crops as these fungi
require somewhat lower temperatures for growth and mycotoxin production compared to some
other mycotoxigenic fungi (Placinta et al., 1999). The most important and widespread groups
of mycotoxins in small-grain cereals produced by Fusarium spp. include trichothecenes (such
as deoxynivalenol (DON), nivalenol (NIV), T-2 toxin and HT-2 toxin), zearalenone (ZEN),
moniliformin (MON) and fumonisins (Bottalico & Perrone, 2002; Placinta et al., 1999).
Amongst them, DON, ZEA and fumonisins are believed to be three of the five most
agriculturally-important fungal toxins. DON is probably the most widely distributed mycotoxin
in food and feed, as it occurs almost wherever cereal crops are grown (Miller, 1995). Fusarium
diseases that affect cereal crops are caused by several individual Fusarium species or, more
commonly, different co-occurring species (Ferrigo et al., 2016). One of the most problematic
diseases caused by Fusarium species worldwide is the “Fusarium head blight (FHB)” of small-
grain cereals, also from the mycotoxicological point of view due to the potential accumulation
of mycotoxins in grains intended for foods and feeds (Bottalico & Perrone, 2002). FHB is
associated with moderate temperatures and the presence of high humidity in grain-growing
regions, and although there are many different Fusarium species associated with FHB, the
primary and most aggressive causal agent of FHB worldwide is F. graminearum (Ferrigo et
al., 2016). This species is most prevalent in southern Europe, and can produce many different
mycotoxins, including DON, NIV, and ZEN (Bottalico & Perrone, 2002; Ferrigo et al., 2016).

Traditionally, seeds and grains are treated by fungicides, which is still the most effective and
widely used method to prevent and suppress fungal growth (Mancini & Romanazzi, 2014).
However, all these chemical substances leave undesirable residues and negatively impact the
environment and human health; therefore, new technologies are needed in light of reducing the
usage of pesticides. The emerging use of cold plasma technology offers promising solutions
for the decontamination of fungi and their toxins (Mravlje et al., 2021a). Cold plasma (CP) is
an ionised gas, also referred to as the fourth state of matter, consisting of electrons, atoms, ions,
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radicals, and other molecules coexisting with UV photons and visible light (Piel, 2010). All
these components give CP unique properties, and although it has no net charge, it conducts
electricity (Tendero et al., 2006). CP is generated by applying energy to a gas, either as thermal
or electrical energy (Conrads & Schmidt, 2000). The beforementioned active chemical species
in CP have efficient antimicrobial properties and can be utilised for surface sterilisation, e.g.,
decontamination of fungi from the surface of the grains (Mravlje et al., 2021a).

This research aimed to test surface decontamination of Common buckwheat (Fagopyrum
esculentum Moench) grains artificially infected with F. graminearum. Common buckwheat is
a traditional crop grown in Slovenia, and much of Europe and Asia often referred to as an
alternative crop. It has numerous positive and beneficial effects on human health, as it has a
very high nutritional value (rich in proteins and phenolics) (Kreft et al., 2020) and is gluten-
free, therefore safe for consumption by celiac patients (Skerritt, 1986). And since the interest
in functional foods is growing, buckwheat production is again rapidly increasing in Europe and
worldwide, as it is also suitable for organic farming due to its modest growing demands
(Popovi¢ et al., 2014). All these properties make buckwheat an excellent alternative crop in the
light of increasing trends towards sustainable and environmentally friendly agriculture, which
also tends to limit the use of chemical fertilisers and pesticides. And because fungal infections
posses a significant threat to (pseudo) cereals and their products meant for foods and feeds,
new approaches are needed to eliminate their growth on grains, one of such could be the use
of CP technology.

2 MATERIALS AND METHODS

2.1 Origin of Buckwheat Grains

Grains were obtained from Rangus Mill (Sentjernej, Slovenia, about 230 m a.s.l.). They were
harvested in 2019 and stored under suitable conditions (in a dry and dark environment at room
temperature) until the experiments were performed in 2022.

2.2 Grain Contamination Procedure

First, the pre-decontamination process was performed to eliminate the possible growth of
naturally occurring microorganisms on the grains’ surface. Grains were initially surface
sterilised with 30 % hydrogen peroxide for 20 min and then rinsed three times with sterile
distilled water. Grains were then dried under a laminar flow overnight. A pure isolate of
Fusarium graminearum (FG; strain NAXO03, obtained from our collection of buckwheat fungal
isolates) was grown on 2% Potato Dextrose Agar (PDA) at room temperature (24 °C) in the
dark for 7 days. Spores of F. graminearium were obtained by adding 5 mL of sterile distilled
water mixed with one drop of Tween80 and scraping a 7-day-old culture of fungus growing on
PDA. The spore suspension was estimated to be 10%/mL via counting under the microscope
using a Neubauer chamber (Zhang et al., 2020). Surface sterilised buckwheat grains were
immersed in this spore suspension and vigorously shaken using a rotary shaker for 20 min.
Afterwards they were air-dried overnight in sterile Petri dishes in a laminar flow hood.
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2.3 Cold Plasma Treatment of Grains

CP treatment of buckwheat grains was carried out in a low-pressure cold plasma system with
an inductively coupled RF-generator described in (Mravlje et al., 2021b), using pure oxygen
as a feeding gas. CP treatment times were 0 (control group), 45, and 90 seconds. Immediately
after CP treatment, grains were packed in sterile PVC bags to prevent contamination from the
environment.

2.4 Decontamination Test

For the cultivation of fungi, we used the direct agar plate (“Ulster”’) method to evaluate grain
contamination and fungal growth level. Sterile Petri dishes (diameter of 70 mm) containing 2%
PDA supplemented with the antibiotic chloramphenicol (50 mg L) were used. For each group
of grains, five buckwheat grains were placed in a circle evenly distributed around 2 cm from
the edge of the dish. Three groups of grains were tested: the control group (grains contaminated
with FG and not treated with CP), 45 s and 90 s CP grains previously infected with FG. For
each group of grains, the test was performed in fifteen replicants. Plates were incubated at a
temperature of 24 °C in dark conditions for one week. After one week, the percentage of
contaminated grains (CG) was calculated according to Equation 1.

(1) CG (%) = (number of colonised grains)/(total number of grains) x 100
Also, the average level of fungal growth was measured (expressed in mm?) around each grain
using the free software program ImageJ. Based on these measurements, the average fungal
growth area (FGA) around grain was calculated according to Equation 2:

(2) FGA (mm) = (3. surface of fungal growth areas around the contaminated grains [mm]) /
(number of contaminated grains)

2.4 Germination Test

In germination tests, 20 grains from each group were placed into Petri dishes (diameter 70 mm)
with two layers of filter paper and moistened with 3 mL of distilled water. For each group of
grains, the germination test was performed in five replicates. The grains were incubated in plant
growth chambers at 22 °C, with 60% humidity, in the dark. The germinated grains were
counted after one week and the germination percentage (GP%) was calculated according to
Equation 3.

(3) GP (%) = (number of germinated grains) / (total number of grains) x 100

2.5 Statistical Analysis

All results reported are expressed as mean + standard error (SE). Statistical significance
between groups of grains (different treatments) was determined using a one-way analysis of
variance (ANOVA) with Duncan’s post hoc test (using Statistica StatSoft version 7). The
significance level was considered at a p-value of less than 0.05.

3 RESULTS AND DISCUSSION

CP treatment of contaminated buckwheat grains infected with FG significantly affected the
degree of fungal contamination (Figure 1). After 45 s CP treatment, around 80% of grains
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remained contaminated with FG, while after 90 s CP treatment, only 5% of grains were still
infected with FG (Figure 2a). The CP treatment not only reduced the percentage of
contaminated grains but also resulted in a lower average fungal growth area around each grain
(Figure 2b). After 45 s CP treatment, the average fungal growth area was comparable to the
control group, whereas after 90 s CP treatment, the average fungal growth area was less than
10% of the control group. To our best knowledge, there have been only a few publications
about decontamination of Fusarium sp. on grains with CP treatment. The majority of authors
used the atmospheric-pressure dielectric barrier discharge (DBD) type of cold plasma (Homa
etal., 2021; Seré et al., 2019; Swiecimska et al., 2020; Zahoranova et al., 2016; Zahoranova et
al., 2018), so the results are hard to compare with ours.

Figure 1: A representative photography of Fusarium graminearum growth around buckwheat grains on PDA
medium after 1-week of cultivation in control, 45 s and 90 s CP treated grains.

The contamination with F. culmorum reduced to around 70% of initial contamination after 30
s CP treatment and to less than 5% after 60 s CP treatment in artificially wheat seeds (A.
Zahoranova et al., 2016). After 90 s CP treatment, growth of both F. culmorum and F. nivale
was completely inhibited. Similarly was confirmed for artificially contaminated maize seeds,
where F. culmorum was inhibited entirely after 120 s CP treatment (Zahoranova et al., 2018).
It was also demonstrated that CP is efficient in the decontamination of Fusarium spp. on pine
seeds (Seré et al., 2019; Swiecimska et al., 2020). Already a few second CP treatment times
can reduce the infection with F. circinatum, while 60 s treatment time led to complete inhibition
(Sera et al., 2019). Similarly was found in the case of pine seeds contaminated F. oxysporum,
where almost complete decontamination (more than 90% efficiency) was observed already
after 3 s CP treatment time (Swiecimska et al., 2020). Recently, there has been some research
about the effects of plasma-activated water (PAW) on F. graminearum decontamination (Guo
et al,, 2022). They showed that PAW is an effective disinfection procedure against F.
graminearum. It reduced spore germination and fungal growth in vitro (in suspension) and
disease symptoms on wheat spikelets in vivo.
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Figure 2: Fungal contamination in control, 45 s and 90 s CP treated buckwheat grains expressed as: (a) percentage
(%) of contaminated grains (N=75); (b) average area of fungal growth around a single grain (N depends on the
number of contaminated grains: 75 in control, 62 in 45 s CP treatment, and 9 in 90 s CP treatment). Different
letters indicate statistically significant differences between groups of grains.

CP treatment of buckwheat grains also resulted in lower germination (Table 1). In the control
group germination was 96%, while after 45 s CP treatment, it decreased to 73% and after 90 s
CP treatment, only around one-third of control grains still germinated.

Table 1: Germination percentage (%) in control, 45 s and 90 s CP treated buckwheat grains after one week
(N=100). Different letters indicate statistically significant differences between groups of grains.

Treatment Germination [%]
Control group 96,0+24°
45 s CP treatment 73,0+£4,6°
90 s CP treatment 27,0+£5,1¢

It is almost impossible to compare the effects of our CP system on the germination of different
seeds and grains with the published data, as the type of plasma apparatus and the parameters
of the plasma treatment having a significant impact on the obtained results, are very diverse
amongst various studies (Sera et al., 2019). It was shown that there were significant differences
in germination and early growth of buckwheat grains when treated with a different type of
plasma apparatus (Seré et al., 2012). However, also the majority of other authors who examined
CP treatment for Fusarium spp. decontamination efficacy observed a reduction in seed
germination with prolonged CP treatment time: after 60 s in wheat (Zahoranova et al., 2016)
and 120 s in maize (Zahoranova et al., 2018). As for pine seeds, which are a lot smaller,
treatments longer than 10 s caused decreased germination and almost complete cessation after
60 s treatment (Seré et al., 2019; Swiecimska et al., 2020).

4 CONCLUSIONS

The results reported in this study present the first evidence of a low-pressure cold plasma use
for the inactivation of artificially contaminated buckwheat grains. We demonstrated that
already shorter CP treatment times (45 s) significantly reduce the degree of contamination with
Fusarium graminearum. Longer CP treatment times (90 s) reduced contamination to less than
10% of control and substantially suppressed the growth of surviving fungi. In addition, longer
CP treatment times decreased the germination of buckwheat grains, so the CP treatment as used
in our study would be applicable for treating buckwheat for foods and feeds but not for further
sowing.
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It’s the method that counts: Improving estimates of grey wolf abundance in Slovakia

Abstract: Obtaining reliable data on key population parameters is fundamental to wildlife
management. In Slovakia, there has been considerable controversy regarding the status of the
grey wolf (Canis lupus). Estimates of abundance based on hunters’ reports differ by an order
of magnitude from those of environmentalists and both lack replicable scientific methodology.
We used noninvasive genetic sampling, microsatellite genotyping and mark-recapture
modelling to estimate numbers of wolves in the Liptov region (1,988 km?) and compared our
results with official hunting statistics compiled from hunters’ reports. We genotyped samples
(n=698) at 16 canine unlinked autosomal microsatellite loci and the Amelogenin locus for sex
determination. Using the Capwire mark-recapture model we obtained, for the first time in
Slovakia, a statistically robust estimate of wolf abundance: 49 individuals (40—69, 95% CI) in
c.14% of occupied wolf range in 2015/16. Comparable results for the following two seasons
indicated the population to be stable or slightly increasing. Official hunting statistics were more
than 5-times greater than our genetic mark-recapture estimates. We conclude that the choice of
method has a major influence on the reliability of population size estimation. This is of
paramount importance for monitoring and conservation of protected species such as the wolf.

Key words: Canis lupus; Carpathians; citizen science; noninvasive genetic sampling;
population monitoring

1 INTRODUCTION

Reliable estimation of population size is fundamental to effective wildlife management and
conservation (Lancia et al., 1996). Member States of the European Union (EU) are legally
obliged by Article 11 of Council Directive 92/43/EEC (the ‘Habitats Directive’) to monitor
species of Community interest, including large carnivores such as the grey wolf (Canis lupus),
to assess whether they are at ‘favourable conservation status’ (Epstein et al., 2016).

Slovakia is an important range state of the Carpathian wolf population in Central Europe (Kutal
& Rigg, 2008). In this country, the wolf is listed in Annex V of the Habitats Directive, which
allows hunting through quotas, provided this does not harm the species’ conservation status,
but the obligation to conduct surveillance still applies (Trouwborst & Fleurke, 2019). A dearth
of systematic, objective and reliable monitoring has resulted in the status of the population
being disputed by diverse interest groups (Rigg, 2008). Estimates of abundance based on
hunters’ reports are an order of magnitude higher than those of environmentalists, and both
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lack a replicable scientific methodology. When objective data are lacking, population estimates
can be highly inaccurate (Moqanaki et al., 2018) and may reflect the personal position or
agenda of the author (Skrbinsek et al., 2019), particularly when a highly controversial species
such as the wolf is considered. Moreover, diverse interest groups may generate disparate
information, fuelling social conflicts (Rigg et al., 2014).

The European Commission opened an infringement process against Slovakia in 2013 (no.
2013/4081) due to the uncertainty of wolf conservation status and concerns about the impact
hunting quotas may have been having on the wolf population in the West Carpathians. A
national wolf management plan was subsequently adopted (Antal et al., 2016) which prescribed
methods for monitoring, but state authorities have yet to produce statistically robust estimates
of key population parameters at management-relevant scales. There is a clear need to
implement an appropriate programme of monitoring involving key stakeholders in the co-
generation of data through ‘citizen science’ (cf. Aceves-Bueno et al., 2015) in order to reach
agreement on the status of the population.

Monitoring large carnivores is difficult and resource-demanding due to their relatively low
population densities, large home ranges and cryptic behaviour (Gibbs, 2000). However,
advances in technology and data processing during the last 30 years have provided powerful
new tools to estimate population size more accurately and reliably. Molecular genetics have
revolutionised wildlife research and monitoring (Frankham et al., 2002). Noninvasive genetic
sampling enables the study of live animals without the need to handle or observe them directly
(Schwartz & Monfort, 2008). High-resolution marker systems such as short tandem repeats
(‘microsatellites’) are used to identify species, gender, individual and kinship (Ellegren, 2004),
while genetic mark-recapture techniques generate robust estimates of population size (Lukacs
& Burnham, 2005, Mumma et al., 2015).

In order to address the controversy over wolf conservation status in Slovakia, we developed a
project utilising state-of-the-art research methods to obtain robust estimates of population size
in a model area. This began as a one-year pilot action financed by the European Commission
(contract no. 07.0307/2013/654446/SER/B.3) and implemented as a collaborative effort of the
Slovak Wildlife Society, the Slovak Hunting Association, Forests of the Slovak Republic state
enterprise, the State Nature Conservancy and the University of Ljubljana (Rigg et al., 2014). A
one-off ‘snapshot’ of the population subsequently evolved into continuous monitoring using a
combination of noninvasive genetic sampling, microsatellite genotyping and mark-recapture
modelling with the support of crowdfunding and volunteer citizen scientists. Here, we present
results from the first five sampling seasons and compare them with official hunting statistics.

2 MATERIALS AND METHODS
2.1 Sample collection and storage

Fieldwork was conducted in the Liptov region of northern Slovakia (1,988 km?). A total of 698
noninvasive genetic samples were collected during five sampling seasons (1% July to 30" June)
in 2013-2018 by project staff, trained ‘citizen scientists’, students, national park zoologists and
rangers, professional foresters and hunters. Volunteers were trained in noninvasive sample
collection. Sampling was passive (without use of lures) and conducted mostly in winter, when
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samples tend to be better preserved (Lucchini et al., 2002) and are more easily found whilst
following tracks in snow, thereby reducing individual capture heterogeneity and sampling of
non-target species (Marucco et al., 2011). We focused on fresh samples to minimise DNA
degradation and thereby maximise genotyping success rates (Santini et al., 2007).

Scat samples were collected in 5 ml flasks filled with DETs preservation buffer which
preserves the target DNA and makes samples simpler to transport since it is non-toxic and non-
combustible. Urine samples in seasons 2013/14-2015/16 were collected in 50 ml flasks filled
with EDTA-Ethanol-NaOH mixture designed to preserve the target DNA. Since the 2016/17
season DETs buffer was also used for urine samples. Urine and scat samples were kept frozen
at -20 °C prior to analysis. Hair samples were collected in paper envelopes and stored at room
temperature in re-sealable plastic bags with desiccant (silica). Saliva was collected using
commercial kits forensic swabs with desiccant (FLOQSwabs®, Copan Flock Technologies,
Brescia, Italy).

Each sample tube or resealable plastic bag was fitted with a label for field data entry to keep
collection data with samples. Estimated age of scat was also recorded, as we found this to have
considerable effect on expected amplification success (Skrbinsek, 2020). For samples collected
while snow-tracking, we also recorded the number of animals in the group.

2.2 DNA extraction, amplification and genotyping

Sample handling and analysis adhered to strict regimes to avoid any possibility of
contamination. We used a dedicated laboratory for DNA extraction from noninvasive samples
where we enforced strict rules regarding movement of personnel, equipment and material.
Upon entry in the laboratory, data about each sample were entered into a relational database
and barcodes were used to track samples through the genotyping process and eliminate manual
data entry. Each critical step in analysis was photo-documented to allow back-checking for
errors and negative controls were used throughout.

DNA extraction was done using a specifically developed magnetic-beads based protocol for
noninvasive samples. Pipette tips with aerosol barriers were used for all liquid transfers. From
2015 we used a pipetting robot, combined with barcode reading, for DNA extraction and to
organise samples and prepare them for analysis, which reduces the probability of pipetting
errors to close to zero.

In the first screening process, each sample was amplified with the full genotyping PCR protocol
twice and analysed on an automatic sequencer (Applied Biosystem ABI 3130xl Genetic
Analyzer). Samples that yielded PCR product were genotyped up to eight times at 16 canine
unlinked autosomal microsatellite loci (AHT137, AHTh171, AHTh260, AHTk211, AHTk253,
CXX279, FH2054, FH2848, INRA21, INU030, INUO055, REN162C04, REN169DO0I,
REN169018, REN247M23, REN54P11) in one PCR multiplex and the Amelogenin locus for
sex determination. We followed recommended procedures to minimise genotyping errors
(Waits et al., 2001, Waits & Paetkau, 2005, Broquet et al., 2007, Lampa et al., 2013). After
each genotyping run, reliability was checked with the Reliotype maximum-likelihood approach
(Miller et al., 2002). Genotypes with reliability >0.98 were accepted.

2.3 Individual ID and pedigree reconstruction
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MisBase software (Skrbinsek, unpublished) was used to assess if genotypes matched those
from other samples or known individuals. Samples with genotype reliability below the 0.98
threshold were accepted if they matched a reliably genotyped sample as the probability of a
reliable match to a reliably genotyped sample in the presence of errors is marginal. If a sample
was not matched to another reliable sample, the analysis was repeated up to eight times until
reliability reached 0.98 or else it was discarded. If the quality index of a sample (Miquel et al.,
2006) was below 0.4, the unmatched samples were also discarded since the DNA quality was
too low to provide a reliable genotype.

Since the number of microsatellite markers used was large relative to the expected number of
animals in the study area, some mismatch between samples that looked like being caused by
allelic dropout was tolerated, but no direct incompatibilities (i.e. different alleles between
samples) were allowed. To avoid the problem of incorrect individual assignment due to false
alleles (Taberlet et al., 1996), we set a minimum threshold of two clear observations of an allele
in separate PCRs / sequencer runs before the allele was considered ‘true’. In case of doubt,
samples were reanalysed until the problem was resolved. We also calculated probability of
identity and probability of identity for siblings for each locus to determine the power of our
locus panel to distinguish between individuals (Waits et al., 2001).

Genetic data from individuals identified in the noninvasive sampling formed the basis for
pedigree reconstruction to distinguish between wolf family groups (‘packs’). Program
COLONY (Jones & Wang, 2010) was used, which enables efficient use of available data by
assigning parentage and sibship in the same model. We performed three long runs with full-
likelihood analysis method in each analysis, running analysis in multiple processor cores
(between four and 16) to keep processing times reasonable. We checked for convergence
between runs and before accepting results we checked if they made spatial sense in a
Geographic Information System (GIS).

2.4 Abundance estimation

Population size in the study area was estimated with the Capwire mark-recapture model (Miller
et al., 2005) implemented using the ‘capwire’ R package (Pennell, 2013). This model was
designed specifically for noninvasive genetic sampling, is quite robust to capture heterogeneity
(unequal probability of capture success) and allows for continuous sampling in a single session,
which fits well with how our samples were collected. We analysed each sampling season
separately to avoid serious violation of the population closure assumption.

Prior to running the models, we removed auto-correlated samples from the data (i.e. if multiple
samples were collected from the same animal in the same tracking session, only a single sample
was retained). We also removed the few animals not related to any family groups in the study
area since they were probably dispersing young individuals or ‘floaters’ (Mech & Boitani,
2003), whose capture probability would have been different to resident wolves. These animals
were later added to the final result to obtain a total population size estimate. We ran three
different models: equal capture probability (ECM), two-innate rates (TIRM) and partitioning
(PART). We ran tests to check which model provided the best fit for the data. We ran the
models for all animals together and separately for each sex.

2.5 General data analysis
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When not stated otherwise, all data management and analysis was done in R Data Analysis
Environment (R Core Team, 2018). Spatial analyses and mapping were performed in ArcGIS
10.3.1 (ESRI) or QGIS 3.8.2.

3 RESULTS AND DISCUSSION

We collected 90-242 (mean = 140) noninvasive samples per sampling season: 49% of them
urine, 45% scat, 3% saliva, 1.5% hair and 1.5% blood. PCR product was obtained from 68.8%
of all samples. Overall, we obtained putative wolf genotypes from 415 samples, a yield of
59.5% of all samples collected.

We detected 1244 different wolf genotypes during each sampling season, representing a
minimum count of individuals in the study area. The panel of loci used to distinguish between
individuals had considerable power: the probability of two unrelated animals sharing the same
genotype was 9.25 x 10", and the same probability for siblings was 1.1 x 10, making
incorrect assignments highly unlikely.

Insufficient sample sizes and a high number of autocorrelated samples (e.g. collected from the
same individual while following snow tracks) precluded mark-recapture modelling in 2013/14
and 2014/15, but we were able to produce meaningful mark-recapture estimates for the
subsequent three seasons. For resident animals (family groups), we estimated 46 individuals
(37-66, 95% CI) in 2015/16, 53 (42—64) in 2016/17 and 46 (31-73) in 2017/18. During each
season, 3—7 detected individuals were not closely related to any known family group. When
these ‘non-residents’ are included, our estimates for the total number of wolves in the study
area were 49 (40-69) in 2015/16, 57 (46—68) in 2016/17 and 53 (38-80) in 2017/18 (Table 1).

Table 1: Wolf population size estimates for Liptov, Slovakia. Capture-mark recapture (CMR) estimates
were performed for resident animals, i.e. members of family groups (‘packs’). Total estimates (with
95% confidence intervals) also include non-resident individuals, which were detected (genotyped) in
the study area but were not related to any known family group.

CMR estimate Total
Sampling Samples  Genotypes of residents Genotypes

season Sex used residents (95% CI) non-residents (95% CI)
49 (40-

All 62 29 46 (37-66) 3 69)
26 (17—

2015/16 Males 29 13 24 (15-36) 2 38)
27 (20—

Females 33 16 26 (19-43) 1 44)
57 (46—

All 80 40 53 (42-64) 4 68)
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30 (25—

2016/17 Males 46 22 27 (22-35) 3 38)
27 (19—

Females 34 18 26 (18-38) 1 39)
53 (38—

All 44 27 46 (31-73) 7 80)
30 (21—

2017/18 Males 32 18 27 (18-41) 3 44)
28 (14—

Females 12 9 24 (10-80) 4 84)

Our results indicate that wolf numbers in the study area were stable or possibly slightly
increasing in 2016-2018. This finding is corroborated by a reported expansion of total occupied
wolf range in Slovakia from 13,864 km? in 2015 (Antal et al., 2016) to 17,807 km? in 2018
(NLC, 2018), suggesting that the population was growing.

Official game statistics for the study area compiled from hunters’ reports (NLC, 2020) were
5.1-5.6 times higher than our genetic mark-recapture estimates. It has been previously reported
that official game statistics substantially over-estimate numbers of Eurasian lynx (Lynx lynx)
in Slovakia (Kubala et al., 2017). Wolves and lynx have home ranges of tens to hundreds of
square kilometres, so the same animals are subject to being counted multiple times by hunters
in neighbouring hunting grounds.

Cost is often a major consideration, and potentially limiting factor, in the implementation of
robust monitoring (Stenglein et al., 2010). Our study began as a one-year pilot action, during
which unfavourable weather and other factors hindered sampling and hence precluded mark-
recapture estimation. With only modest resources to continue, relying on volunteers and
crowdfunding, we improved the efficiency and effectiveness of field and laboratory procedures
to reduce costs while increasing yield. We succeeded in doubling the proportion of samples
from which PCR product was obtained from 41.4% to 83.5% and increased the proportion of
useful samples from 39.6% to 74.0%. In effect, we obtained twice as many useful samples and
data for the same effort and halved the cost per data point. This enabled us to achieve robust
estimates of key population parameters that had previously been lacking in Slovakia.

The benefits and efficacy of well-run citizen science projects are widely acknowledged. For
example, Razen et al. (2020) described an excellent example of how citizen science and
stakeholder participation, coordinated by researchers, can be scaled up to achieve high-quality
wolf monitoring on a population level. The quality of datasets produced by volunteers can
equal or surpass those of professionals (Kosmala et al., 2016). For example, a study in North
America found that new recruits were better than experienced observers at collecting
noninvasive genetic samples from wolves (Soller et al., 2020).
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Trained volunteers were fundamental to our sampling effort and proved to be highly effective.
Overall, 86.5% of noninvasive samples from which PCR product was obtained were confirmed
as being from the target species. Although greater participation by national park staff in
2016/17 helped us collect substantially more samples than in any other season, the PCR success
rate did not increase and the yield of useful samples was lower than in both the preceding and
following seasons due to inclusion of more non-target and mixed samples.

4 CONCLUSIONS

We used a combination of noninvasive genetic sampling, microsatellite genotyping and mark-
recapture modelling to estimate the number of wolves in the Liptov region of Slovakia. For 3
consecutive sampling seasons, our estimates for late winter were in the range of 49-57
individuals. These are the first statistically robust estimates of abundance obtained from the
West Carpathian wolf population. Official hunting statistics substantially over-estimated wolf
abundance due to deficiencies in methodology.

A relatively small-scale project such as ours cannot be a substitute for a permanent, state-run
programme of national monitoring. Nevertheless, in the absence of adequate surveillance, our
findings have helped guide science-based recommendations to conservation authorities and
wildlife managers in Slovakia. It is a ‘proof of concept’, demonstrating at the local level the
applicability and usefulness of citizen science and molecular genetics for obtaining credible
scientific data while building trust among stakeholders and acquiring experience and know-
how that could be applied to larger-scale studies.
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Identification of new keratinolytic bacterial isolates by 16S rRNA gene sequencing,
FAMEsS analysis and whole genome sequencing

Abstract: Rapid and efficient identification of microorganisms is very important in various
fields of research. In our study, 16 keratinolytic bacterial isolates were identified in three
different ways: by 16S rRNA gene sequencing, by membrane fatty acid profiles analysis
(FAMESs), and by whole genome sequencing. The results showed that identification by 16S
rRNA gene sequencing and FAMESs analysis was accurate at the genus level (genus Bacillus)
but not at the species level. Whole genome sequencing was chosen for final identification. Our
isolates belong to four different species of the genus Bacillus (Bacillus mycoides, Bacillus
subtilis, Bacillus altitudinis and Bacillus wiedmannii). Core genome analysis showed that the
isolates belonged into two major groups (Bacillus cereus and Bacillus subtilis group).

Key words: identification; keratinolytic microorganisms; 16S rRNA gene sequencing;
FAMEs; whole genome sequencing

Identifikacija novih Kkeratinoliticnih bakterijskih izolatov s sekvenciranjem gena za
16S rRNA, analizo FAMEs in sekvenciranjem celotnega genoma

Izvlecek: Hitra in u¢inkovita identifikacija mikroorganizmov je zelo pomembna na razli¢nih
podro¢jih raziskovanja. V naSi raziskavi smo 16 keratinoliticnih bakterijskih izolatov
identificirali na tri razli€ne nacine: s sekvenciranjem gena za 16S rRNA, z analizo profilov
membranskih mascobnih kislin (FAMEs) in sekvenciranjem celotnega genoma. Rezultati so
pokazali, da je bila identifikacija s sekvenciranjem gena za 16S rRNA in analizo FAMEs
natan¢na na nivoju rodu (rod Bacillus), ne pa tudi na nivoju vrste. Za dokon¢no identifikacijo
smo izbrali sekvenciranje celotnega genoma. Nasi izolati pripadajo Stirim razliénim vrstam iz
rodu Bacillus (Bacillus mycoides, Bacillus subtilis, Bacillus altitudinis in Bacillus
wiedmannii). Analiza jedrnega genoma je pokazala, da so izolati razdeljeni v dve vecji skupini
(skupini Bacillus cereus in Bacillus subtilis).

Kljuéne besede: identifikacija; keratinolitiéni mikroorganizmi; sekvenciranje gena za 16S
rRNA; FAMEs; sekvenciranje celotnega genoma

35


mailto:blaz.petek@bf.uni-lj.si

Bi(o)znanosti? III. Doktorski dan Bioznanosti, Biotehniska fakulteta, 7. junij 2022

1 INTRODUCTION

Rapid and easy identification of microorganisms is very important and highly desirable in
various research areas. There are many different methods for identification, but some of them
are time-consuming, expensive, or require a high level of experience and expertise (Santos et
al., 2018). Chemical analyses of bacterial components (fatty acids, proteins), such as MALDI
TOF MS, are increasingly used for taxonomic classification of microorganisms. They are rapid,
cheap and reliable, but have been mainly used as routine methods for pathogen identification
in clinical microbiology laboratories (Sanguinetti & Posteraro, 2016). Bacterial fatty acids are
highly genetically conserved because they play an essential role in cell function and structure
(Dawyndt et al., 2006). Fatty acid methyl esters (FAMEs)-based identifications showed near-
perfect identification performance at the genus level, with some necessary optimization for
successful identification at the species level. Different chain lengths, positions of double bonds,
and binding of functional groups in more than 300 fatty acids already found in bacteria make
them very useful taxonomic markers (Dawyndt et al., 2006; Slabbinck et al., 2009).

All microorganisms have at least one copy of the 16S rRNA gene, and it is the most commonly
used single target for phylogenetic studies of bacteria and archaea. Some bacterial species may
contain multiple 16S rRNA genes that can differ from each other. However, in addition to the
presence of variable copy numbers of 16S rRNA genes with sequence variations in their
genomes, 16S rRNA gene sequencing alone may be insufficient to reliably identify many
microbial species for other reasons: high genetic similarity within specific microorganisms or
groups (Sanguinetti & Posteraro, 2016; Church et al., 2020).

Advances in whole genome sequencing (WGS) in recent years have led to a reduction in cost
and an increase in the speed of sequencing, with the prospect of reducing the time required to
sequence a microbial genome from several days or weeks to only hours. WGS is increasingly
being used in clinical microbiology, where it can be used to detect the presence of antimicrobial
resistance genes or genes associated with virulence and pathogenicity (Rossen et al., 2018).

In our study, we isolated 116 microbial isolates that showed keratinolytic activity. Only highly
keratinolytic isolates (with higher keratinolytic activity than the positive control Streptomyces
fradiae) were selected for identification and further study. Three different methods were used
for identification. For preliminary identification, we used 16S rRNA gene sequencing and
FAME:s analysis. All isolates were finally identified by WGS. In this paper we present only the
results of bacterial identification.

2 MATERIALS AND METHODS

2.1 Microbial cultures

We used 16 highly keratinolytic bacterial strains isolated from the waste sheep wool compost
pile and the soil under the pile. All cultures were grown in a Nutrient broth (Biolife, Italy) at
30 °C and 150 rpm.

2.2 DNA isolation and 16S rRNA sequencing

36



Bi(o)znanosti? III. Doktorski dan Bioznanosti, Biotehniska fakulteta, 7. junij 2022

DNA was isolated using the DNeasy UltraClean Microbial Kit (Qiagen, Hilden, Germany).
The 16S rRNA genes from 17 bacterial isolates were amplified by PCR using Supercycler
SC300T (Kyratec, Queensland, Australia) with primers D1 (5'-
AGAGTTTGATCCTGGCTCAG-3") (Weisburg et al, 1991) and 1492R (5'-
TACGGYTACCTTGTTACGACTT-3’) (Lane, 1991). 20 ul reaction mixture contained 1 pl of
each primer (10 uM), 0.4 pl of ANTP mixture (10 mM each) (Thermo Fischer Scientific,
Massachusetts, USA), 1 pl of diluted template DNA, 4 ul of 5% Phusion HF buffer (New
England Biolabs, Massachusetts, USA), and 0.2 pl of Phusion HF polymerase (New England
Biolabs, Massachusetts, USA). The PCR consisted of initial denaturation at 98 °C for 30 s, 35
cycles of denaturation at 98 °C for 10 s, annealing at 57 °C for 30 s, extension at 72 °C for 45 s,
and a final extension at 72 °C for 5 min. The PCR products were analysed by electrophoresis
on a 1.2 % (w/v) agarose gel and then purified using the High Pure PCR Product Purification
Kit (Roche Diagnostics GmbH, Switzerland). DNA concentration was also measured using the
NanoVue Plus spectrophotometer. PCR products were sequenced with the same primers as
used for amplification by Microsynth AG (Balgach, Switzerland) at our request. The sequences
were compared with the 16S rRNA database of type and reference bacterial strains in the NCBI
database.

2.3 FAMEs analysis

Selected isolates were grown in tryptic soy broth or agar at 30 °C for 24 h. Colonies were
harvested from agar plates, or pellets were collected from the broth. FAMEs were prepared and
analysed strictly according to the guidelines of MIDI Inc. (Newark, USA) for their Microbial
Identification System (Sasser, 1990) using gas chromatography with flame ionization detector
(GC-FID).

2.4 Genomic DNA isolation, whole genome sequencing and bioinformatics analysis

DNA was isolated using the DNeasy UltraClean Microbial Kit (Qiagen, Hilden, Germany).
Whole genomes were sequenced by Novogene (Beijing, China) using Illumina MiSeq paired-
end technology. The quality of raw reads was checked using the FASTQC tool, version 0.11.2
(Andrews et al., 2011-2014). Assembly was done by SPAdes Assembles, version 3.1.1
(Bankevich et al., 2012). Final identification was performed by calculating average nucleotide
identity (ANI) (Richter & Rossello-Mora, 2009) for whole genome comparisons with selected
Bacillus type strains using pyani (Pritchard et al., 2016). Genome annotations were performed
using Prokka 1.7 (Seemann, 2014). Core genome analysis was done with Roary tool (Page et
al., 2015). Phylogenetic trees were prepared with Molecular Evolutionary Genetics Analysis
(MEGA 11) software.

3 RESULTS AND DISCUSSION

The results of 16S rRNA gene sequencing showed that all 16 isolates, included in this study
belonged to the genus Bacillus (Table 1). Identification by FAMEs was also successful only at
the genus level (Table 1). According to the similarity dendrogram (Figure 1), prepared from
FAME:s profiles analysis all the isolates are divided into three major subgroups. Compared to
the WGS results, where isolates were also divided into three subgroups, two (RSRT17,
RS3022) from a total of 16 isolates were not correctly grouped, probably because they were
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not similar to any FAMEs profile stored in database until then. Regardless of the results of
Slabbnick et al. (2009) who showed that machine learning proves to be very useful for the
identification of bacterial species based on FAMEs, Santos et al. (2018) achieved successful
identification of Bacillus strains using gas chromatography only after replacing the originally
used FID detector with a vacuum ultraviolet detector (GC-VUV).
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RS3014. .
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Figure 1: Similarity dendrogram resulting from the FAMESs analysis. Isolates marked with red colour belong to
the species Bacillus subtilis, with blue colour to B. wiedmannii, with green colour to B. altitudinis and with orange
colour to B. mycoides (based on the WGS).

According to the WGS results (Table 1) our keratinolytic isolates belong to four different
Bacillus species (B. mycoides, B. subtilis, B. altitudinis and B. wiedmannii).

Table 1: Comparison of keratinolytic isolates identification by 16S rRNA gene sequencing, FAMEs analysis and
WGS.

16S rRNA gene Whole genome

Isolate  sequencing FAMEs analysis sequencing

RS301  Bacillus Bacillus atrophaeus / subtilis Bacillus subtilis
RS304  Bacillus Bacillus atrophaeus / subtilis Bacillus subtilis
RS306  Bacillus Bacillus atrophaeus / subtilis Bacillus subtilis
RS308  Bacillus Bacillus atrophaeus / subtilis Bacillus subtilis
RS309  Bacillus Bacillus atrophaeus / subtilis Bacillus subtilis
RS3011 Bacillus Bacillus atrophaeus / subtilis Bacillus subtilis
RS3014 Bacillus Bacillus pumilus / megaterium Bacillus altitudinis
RS3017 Bacillus Bacillus atrophaeus / subtilis Bacillus subtilis
RS3021 Bacillus Bacillus pumilus / megaterium Bacillus altitudinis

RS3022 Bacillus
RSRT17 Bacillus
S3021  Bacillus
S3027  Bacillus
S3028  Bacillus

SRT4 Bacillus
WRTI10 Bacillus

Bacillus atrophaeus / subtilis
Bacillus cereus / mycoides
Bacillus cereus / mycoides
Bacillus mycoides / cereus

Bacillus atrophaeus / Virgibacillus

pantothenticus
Bacillus cereus
Bacillus cereus

Bacillus altitudinis
Bacillus subtilis
Bacillus mycoides
Bacillus wiedmannii
Bacillus subtilis

Bacillus wiedmannii
Bacillus wiedmannii
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Figure 2: Phylogenetic trees resulting from the core genome analysis. For a better representation four type strain
genomes were included in analysis (B. mycoides DSM2048, B. wiedmannii DSM102050; B. altitudinis 41KF2bT,
B. subtilis DSM10).

Core genome analysis of all 16 isolates showed no common genes. After dividing the genomes
into two major subgroups (B. subtilis and B. cereus group), the analysis revealed 71 core genes
in the B. subtilis group and 1446 core genes in the B. cereus group.

4 CONCLUSIONS

Identification of selected highly keratinolytic isolates by 16S rRNA gene sequencing or
FAMEs analysis was successful at genus level. All isolates belong to genus Bacillus. Final
identification with WGS divided the isolates into four Bacillus species (B. mycoides, B. subtilis,
B. altitudinis and B. wiedmannii). Core genome analysis clearly divided the isolates into two
groups: Bacillus subtilis group (B. subtilis and B. altitudinis) and Bacillus cereus group (B.
mycoides and B. wiedmannii).
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Comparison of DEMATEL and WINGS method

Abstract: Interest in the use of multi-criteria decision-making methods is growing and so the
number of different methods. These include the DEMATEL method (Decision Making Trial
and Evaluation Laboratory) and the WINGS method (Weighted Influence Non-linear Gauge
System). They are used to determine the relationships between the elements of the system. The
WINGS method is descendant of DEMATEL method and include also the strength of each
element. We selected an example from the literature to compare both methods. From the results
we can see that the strength of the elements has a great influence on the final result (on the
weights of the elements and on the position of the elements in the causal diagram).

Key words: DEMATEL; multi-criteria decision making. WINGS
Primerjava metod DEMATEL in WINGS

Izvlecek: Zanimanje za uporabo metod veckriterijskega odlocanja narasca, s tem pa narasca
tudi Stevilo razlicnih metod. V to skupino metodo sodita tudi metodi DEMATEL (Decision
Making Trial and Evaluation Laboratory) in WINGS (Weighted Influence Non-linear Gauge
System). Uporabljata se za doloc¢itev povezav med elementi v sistemu. Metoda WINGS je
nadgradnja metode DEMATEL ter vklju€uje tudi mo¢ posameznega elementa. Metodi smo
primerjali na zgledu iz literature. 1z rezultatov lahko razberemo, da ima mo¢ elementa velik
vpliv na koncne rezultate. Vpliva tako na utezi elementov kot tudi na njihovo postavitev v
vzrocnem diagramu.

Kljuéne besede: DEMATEL; veckriterijsko odlo¢anje; WINGS

1 INTRODUCTION

Nowadays, many multi-criteria decision making method are used. Multi-criteria decision
making (MCDM) is a collective term for mathematical methods, which used to solve decision
problem with multiple (usually) conflicting goals (Eggers et al., 2019). Difrent methods such
as AHP (A4nalytic Hierarchical Process), TOPSIS (Technique for Order Performance by
Similarity to Ideal Solutions), VIKOR (Vise Kriterijumska Optimizacija I Kompromisno
Resenje), DEMATEL (Decision Making Trial and Evaluation Laboratory) and WINGS
(Weighted Influence Non-linear Gauge System) are used to deal with MCDM (Tavana,
Mousavi, Khalili Nasr, & Mina, 2021).

DEMATEL (Decision Making Trial and Evaluation Laboratory) method was developed by
the Geneva Research Centre of the Battelle Memorial Institute and is used to analyse the
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relationships between the elements of the system. (Gabus & Fontela, 1972). It is one of the
most widely used method in various fields such as ecology (Xu, Lu, & Zhang, 2021), energy
(Wu et al., 2022), urbanization (Hanine et al., 2021), medicine (Song, Zhao, Mubarak, &
Taresh, 2022) and others.

WINGS (Weighted Influence Non-linear Gauge System) method was proposed by Michnik
(Michnik, 2013). WINGS is a descendant of the DEMATEL method and differs from it in that
the strength of each element is considered in addition to its influence.

The aim of this paper is to compare the DEMATEL and WINGS methods on selected example
from literature. We have looked how the strength of the elements in the WINGS method affect
on the final results. In the Section 2, both methods are presented and applied to an example
from the literature. Section 3 presents and compares the results. Section 4 provides the
summary and conclusion of our study.

2 METHODS

2.1 DEMATEL (Decision Making Trial and Evaluation Laboratory)

Step 1: Generate the direct-influence matrix D

Select the system of 7>2 elements and examine the causal relations between them. It is
advisable to create a map of influence that represents the system. The nodes in the graph
represent the elements of the system, and the arrows represent the nonzero influence of one
element on another (in the direction of the arrow). The decision makers assess all the influences
of one element on another using scale from 0 to 4, where 0 represents no influence and 4
represents very high influence (Table 1). The assessments are arranged in the direct-influence

matrix D . It is #Xxn matrix with elements dif to the direct influence of element i on element
Jj.

Step 2: Derive the normalized direct-relation matrix X

X = [x"f ] is the normalized direct-relation matrix and ~ is calculated as follows
d, .
x; = - - L j=1,..,n.
max(max > d,. max 3. d,)

Jj=1 i=1

Step 3: Derive the total relation matrix 7

T=|t

Total relation matrix 7" is an infinitive sum of influences among factors. [ ?f] is calculated

as follows

T=X+X"+.+X"+.=XU-X)".
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Step 4: Sum the rows and columns and construct the causal diagram

The row sums %% (Eq. ) and the column sums ¢ (Eq. ) are calculated for each elements. R,

represents direct and indirect effects of the factor i on other factors. ¢ represents direct and

indirect effects that the factor j receives from all other factors.

R :Zn:tl.j,izl,...,n
J=

C, zily.,jzl,...,n
i=1

R +C , also called prominence value, are calculated. It represents the importance of factor .

The net effect that factor 7contributes to the system represents the difference R=C o

relations value. The positive value means that an element effects on others, and the negative
value means that it is influenced by other elements (Liu, Long, & Li, 2020). For better
transparency and easier analysis, the result can be represented in the causal diagram. It consists

of R+ C: on the horizontal axis, while R = C, on the vertical axis divides the factors into cause
(positive values) and effect (negative values) groups (Mao, Han, Deng, & Pelusi, 2020). The
causal diagram is divided into four quadrants. In the first quadrant are key elements that have
high importance, and in the second quadrant are driving elements. These two quadrants are

separated by a vertical line that runs at the average value of R, —C,  The third quadrant has
independent elements, while the elements in the fourth quadrant are influenced by other
elements (Islam, Mustafa, & Sorooshian, 2019).

Step 5: Derive the weights of elements

The weights of elements are calculated as follow

W, = \/(Ri +Ci)2 +(Ri _Ci)2

2.2 WINGS (Weighted Influence Non-linear Gauge System)

Because WINGS is a descendant of the DEMATEL method has also similar steps. It differs in
first step, where also the strength of the elements is determined.

Step 1: Generate the strength-influence matrix D

Decision makers evaluate all influences between elements and determine the strength of each
element (Table 1). A five-point scale is also used to determine the strength of the elements,
where 0 means the element has no strength and 4 means the element has very high strength. It
is recommended that a scale with the same levels be used for all assessments, as this maintains
a balance of impacts. All values, influences and strengths of the elements, are then arranged in
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the strength-influence matrix D . Values representing the strength of the elements are inserted

into principal diagonal d; (strength of element 7). Values representing influences of elements

are inserted in such a way that for i#j, 4 is influence of element # on element J (Michnik,
2013).

Table 1: Linguistic terms and their corresponding scalar numbers

Linguistic terms Abbreviation Corresponding scalar value
No influence/strength NI/NS 0
Very low influence/strength VLI/VLS 1
Low influence/strength LI/LS 2
High influence/strength HI/HS 3
Very high influence/strength VHI/VHS 4

The other steps are the same as for the DEMATEL method.

3 RESULTS AND DISCUSSION

Example from the literature is selected (Radziszewska-Zielina & Sladowski, 2017). Five
elements were compared. Element C3 has the highest strength and the element C4 has the
lowest. Elements C; and C4 effect on the three elements, while other elements effect on one or
two elements. Elements C3, C4 and Cs are influenced by most elements, while the remaining
two elements are influenced by only one element. Figure 1 shows the direct influences between
the elements and the strength of the elements. In the calculation with the DEMATEL method,
all elements have no strengths.

Figure 1: The graph of system (WINGS)

Two matrices are shown below. On the right side is the direct-influence matrix D (DEMATEL
method) and on the left is the strength-influence matrix (WINGS method).

D

DEMATEL — WINGS —

S O O O O
S NN O O W
A O O O =
S O O N b
S W NN O O
>
S O O O W
S DO N W
~ O b O -
S = O N B
W W NN OO
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The following two tables (Table 2 and Table 3) show the results (row sums, column sums,

prominence values and relations values, weights of the elements and their ranking) obtained by
DEMATEL and WINGS methods.

Table 2: The results of DEMATEL, row sums (R), column sums (C), prominence values (Ri+Ci) and relations
values (Ri-Ci), weights of element and theirs ranking

T weight

o o @ o \° ¢ R+C R-C (ranking)
C: (0,00 0,53 028 063 031 [1,75 0,00 |[1,75 1,75 0,25 (1)
C> (0,00 0,07 006 027 0,11 [0,50 0,87 [1,37 0,36 0,14 (5)
Cs (0,00 0,00 0,14 000 029 (0,43 128 |1,71 0,85 0,19 (4)
Cs (0,00 0,27 023 007 046 [1,02 0,97 [1,99 0,05 0,20 (3)
Cs (0,00 0,00 0,57 000 0,14 [0,71 1,31 [2,02 -0,59 0,21 (2)

Table 3: The results of WINGS, row sums (R), column sums (C), prominence values (Ri+Ci) and relations values
(Ri-Ci), weights of element and theirs ranking

T weight

o o o o o ° ¢ R+C R-C (ranking)
C: |038 0,61 040 0,67 0,35 (2,40 038 2,78 2,03 0,23(3)
C (0,00 0,28 006 026 0,11 [0,71 1,14 |[1,85 0,43 0,13 (5)
Cs [0,00 0,00 0,83 0,00 0,46 [129 250 |[3,79 121 0,26 (1)
Cs [0,00 0,26 029 0,15 0,50 |1,20 1,08 |2,28 0,12 0,15 (4)
Cs [0,00 0,00 092 0,00 0,60 [1,52 2,03 |[3,55 0,51 0,24 (2)

The two tables above (Table 2 and Table 3) show that the weights of the elements depend on
which method was used. We can see that the order of the elements also changes. The element
C; is in the fourth position if the DEMATEL method was used and in the first position if the
WINGS method was used. This is because the element has a very high strength, which is
considered in the WINGS method.

For better transparency and comparison, the results of both methods (DEMATEL and WINGS)
are shown in the causal diagram (Figure 2).
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Figure 2: Cause and effect elements calculated with DEMATEL and WINGS method

Five elements were compared. We calculated the average values R+ C for both methods.
These two values are different, so that the quadrants do not overlap. The causal diagram (Figure
2) shows that the elements are evenly distributed among the quadrants, regardless of which
method we use (DEMATEL or WINGS). In both cases, elements C; and C4 are among the
influencing elements, while elements C,, C3 and Cs are influenced by other elements. In the
WINGS method, the elements are arranged slightly differently. The elements that have more
impact are further to the right in the causal diagram. The largest shift to the right is observed
foe element Cs, which is expected since it is also assigned the maximum strength. Element C;
also gains influence (shifts to the right to element Cs).

4 CONCLUSIONS

Nowadays, multi-criteria decision making methods are widely used. One of them is also the
DEMATEL and WINGS methods. The DEMATEL method is used to determine the
relationships between elements in the system. The WINGS method is an upgrade of the
DEMATEL method and also includes the strength of each element.

In this paper, the two multi-criteria methods (DEMATEL and WINGS) were compared using
an example from literature. The results show that the strength of elements affects on element’s
weight and their position in the causal diagram The results show that the WINGS method is
more suitable for use, because the strength of each element plays an important role in the
classification of elements. Although the DEMATEL method is already a well-known and is
widely used method, the results show that it is more advisable to use the WINGS method.
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Ultrastructure of septate junctions in arthropod epithelia: comparative analysis of
junctions in the hindgut and digestive glands of Porcellio scaber

Abstract: Epithelia function as selectively permeable barriers in various organs. Complex
regulation of paracellular fluxes in transporting epithelia depends on cell-cell junctions. In
invertebrates, the occluding function is performed by septate junctions (SJs). Arthropods have
two types of SJs: pleated SJs in ectodermal epithelia and smooth SJs in endodermal epithelia.
In this study, we analysed and compared the ultrastructural characteristics of SJs in the
ectodermal hindgut epithelia of the anterior chamber and papillate region and SJs in the
endodermal digestive glands' epithelium of the isopod Porcellio scaber (Latreille, 1804). SJs
in the analysed epithelia differ primarily in the architecture, extensiveness, and the presence of
microtubules. Consecutive arrays of septa and short segments of the intercellular space without
septa are characteristic for the architecture of SJs in the hindgut. They are more extensive and
are associated with abundant microtubules in the papillate region compared with SJs in the
anterior chamber. In the anterior chamber and digestive glands, the SJs occupy about one-tenth
of the lateral cell membranes apposed, whereas in the papillate region they occupy about one-
third of the interface. The results are evaluated and discussed in the perspective of the
morphological diversity and common features of SJs in arthropod epithelia.

Key words: cytoskeleton; digestive system; isopods; septate junctions; transporting epithelia

Ultrastruktura septiranih stikov v epitelih ¢lenonoZcev: primerjalna analiza stikov v
zadnjem Crevesu in prebavnih Zlezah Porcellio scaber

Izvlecek: Epitelna tkiva delujejo kot selektivno prepustne bariere v razlicnih organih.
Kompleksna regulacija paracelularnih pretokov v transportnih epitelih je odvisna od
medceli¢nih stikov. Paracelularni transport v epitelih nevretencarjev regulirajo septirani stiki
(SS). Pri ¢lenonozcih lo¢imo dva tipa SS: nagubane SS v ektodermalnih epitelih in gladke SS
v endodermalnih epitelih. V tej Studiji smo analizirali in primerjali ultrastrukturne znacilnosti
SS v ektodermalnih epitelih anterirone komore in papilatne regije zadnjega Crevesa ter SS v
endodermalnem epitelu prebavnih zlez enakonozca Porcellio scaber (Latreille, 1804). SS v teh
epitelih se razlikujejo predvsem po arhitekturi in obsegu ter prisotnosti mikrotubulov. SS v
crevesu obsegajo zaporedne nize sept, locene z odseki medceli¢nega prostora brez sept. SS v
papilatni regiji so najbolj obsezni in pod membrano je vidnih veliko mikrotubulov. V epitelu
anteriorne komore in prebavnih zlez obsegajo SS priblizno desetino lateralne sticne povrSine
celic, v epitelu papilatne regije pa kar tretjino. Evalvacija rezultatov je osredotocena na
razpravo o morfoloski raznolikosti in univerzalnih znacilnostih SS pri ¢lenonoZzcih.

Kljuéne besede: citoskelet; prebavni sistem; raki enakonoZci; septirani stiki; transportni epiteli
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1 INTRODUCTION

Epithelia function as selectively permeable barriers between the internal and the external
environment of the organism and between physiologically distinct compartments in various
organs. The architecture and function of epithelia crucially depend on cell-cell junctions
(Fristrom, 1988; Baum & Georgiou, 2011; Varadarajan et. al., 2019). Invertebrate epithelial
cells are attached to each other by adherens junctions (AJs), while septate junctions (SJs) are
essential for the regulation of transepithelial transport in between cells, i.e. the paracellular
pathway, and prevent pathogens from crossing epithelial barriers (Tepass & Hartenstein, 1994;
Izumi & Furuse, 2014; Jonusaite et al., 2016). SJs of invertebrates functionally correspond to
tight junctions in vertebrates. The morphology of SJs varies depending on invertebrate species
and type of epithelium (Jonusaite et al., 2016). In ectodermal and endodermal arthropod
epithelia, pleated SJs and smooth SJs surround the subapical region of the cell, respectively,
but the significance of two types of SJs is not explained (Flower & Filshie, 1975; Noirot-
Timothée et al., 1978; Fristrom, 1988; Tepass & Hartenstein, 1994; Izumi & Furuse, 2014;
Jonusaite et al., 2016). In SJs electron-dense septa span the intercellular space of constant
width, resulting in a "ladder-like" ultrastructural appearance in sections perpendicular to the
septa. Information on SJs’ molecular architecture, formation during development, function in
the paracellular flux regulation and in the immune barrier, mainly derives from studies of
Drosophila melanogaster.

The digestive system of arthropods is the site of nutrient and water absorption and serves as a
barrier to pathogens. With respect to these functions, the regulation of paracellular transport by
SJs in the epithelia of the digestive system is crucial (Fristrom, 1988; Tepass & Hartenstein,
1994; Jonusaite et al., 2016). To better understand the structural diversity and roles of SJs, it is
advantageous to analyse the ultrastructural characteristics of SJs in epithelia with different
functions. We have analysed SJs in the epithelia of the digestive system of the isopod
crustacean Porcellio scaber because comprehensive data are available on the functional
anatomy of its digestive system (Hames & Hopkin, 1989; Storch & Strus, 1989; Strus et al.,
1995; Strus et al., 2019) and the ultrastructure of cells in different epithelia of its digestive
system (Hames & Hopkin, 1991; Znidar$i¢ et al., 2003; Bogataj et al., 2018). The digestive
system of terrestrial isopods consists of the ectodermal foregut and hindgut and the endodermal
digestive glands (hepatopancreas). The foregut and hindgut form the alimentary canal, which
is covered by a chitinous cuticle on the luminal surface. The hindgut consists of the anterior
chamber, papillate region, and rectum. The apical surfaces of the cells in the anterior chamber
are enlarged by infoldings of the cell membrane, indicating pronounced transport between the
cells and the lumen of the hindgut. In the papillate region, very deep apical and basal membrane
labyrinths indicate pronounced transport across both surfaces, consistent with roles in ion
transport and osmoregulation (Bogataj et al., 2018). The digestive glands comprise four blind-
ending tubules connected to the foregut. The cells of the digestive glands secrete digestive
enzymes and play a role in nutrient absorption and storage. Their apical and basal surfaces are
increased by microvilli and a basal labyrinth, respectively (Hames & Hopkin, 1989, 1991;
Znidarsi¢ et al., 2003; Strus et al., 2019).

The aim of this study is the ultrastructural characterisation of SJs in the epithelium of the
anterior chamber and papillate region of the hindgut and in the epithelium of digestive glands
in adult P. scaber. The results are evaluated and discussed in the perspective of the
morphological diversity and common features of SJs in arthropod epithelia.
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2 MATERIALS AND METHODS

2.1 Tissue samples

Specimens of P. scaber (Latreille, 1804) were collected in Slovenia and reared in a glass
terrarium with soil and leaf litter. The animals were maintained at 22-25 °C, high humidity,
and a 12-16 h light cycle. The hindguts and digestive glands were isolated from anaesthetized
adult animals.

2.2 Preparation of sections and imaging by transmission electron microscopy

The isolated tissues were fixed in aldehydes, postfixed in 1% OsOs, dehydrated in a graded
series of aqueous ethanol and embedded in resin (Agar 100 or Spurr’s). Semithin sections
(0.5 um) and ultrathin sections (~70 nm) were cut with a glass and a diamond knife,
respectively, using a Reichert Ultracut S ultramicrotome (Leica). Semithin sections were
stained with Azure II — Methylene Blue (Richardson stain), dried, mounted in Ultrakitt (J.T.
Baker), and inspected with an Axioscope Opton (Zeiss) light microscope. Ultrathin sections
were contrasted and imaged with the CM100 (Philips) transmission electron microscope,
equipped with an Orius SC200 (Gatan) digital camera and Digital Micrograph software.

Measurements of selected structural characteristics of SJs were performed using ImagelJ/Fiji
software with the "straight line" tool. The following characteristics were measured: (i) the
width of the intercellular space in the SJ region, (ii) the thickness of individual septa, and (iii)
the distance between consecutive septa. For the hindgut, six SJs from the anterior chamber of
three animals and eight SJs from the papillate region of three animals were included in the
analysis. For the digestive glands, measurements were performed on three SJs from two
animals. Each characteristic was measured at least four times in each SJ and the median of
these measurements is reported in the results.

3 RESULTS AND DISCUSSION

3.1 Ultrastructure of the pleated septate junctions in the epithelia of anterior chamber and
papillate region in the hindgut of P. scaber

In the hindgut, AJs are subapical and SJs are basal to them (Fig. 1). Consecutive arrays of septa
and short segments of the intercellular space without septa are characteristic for the architecture
of SJs in the hindgut (discontinuous SJ). In the anterior chamber, the lateral cell membranes
are moderately interdigitated (Fig. 1A). The pleated SJs occupy about one tenth of the lateral
membranes. The intercellular space in the junction region is ~18 nm wide. Electron-dense septa
are ~6.1 nm thick and the distance between consecutive septa is ~6.7 nm (Fig 1B). In the
papillate region, the lateral membranes are intensely interdigitated (Fig. 1C), and the SJs are
approximately five times more extensive than in the anterior chamber and occupy about one-
third of the lateral membranes. The short segments of the intercellular space without septa are
expanded and alternate with the arrays of septa (Fig. 1C). Abundant microtubules are seen
close to the SJs. The intercellular space is ~16.6 nm wide, septa are ~6 nm thick and
consecutive septa are ~7.3 nm apart.
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The intercellular space width, septa thickness and distance between septa in the pleated SJs
measured in this study are approximately in the range of values reported for various ectodermal
epithelia of arthropods. The intercellular space width of about 15 nm was measured in different
arthropod epithelia: in the epidermis of the same species (Kunci¢ et al., 2022), in the hindgut
of a termite (Noirot-Timothée & Noirot, 1980), and in the tracheole investment of the eye of
the locust (Lane & Skaer, 1980). The values for individual septa thickness are quite variable in
the literature: 5 nm was reported for P. scaber epidermis (Kunci€ et al., 2022), 8 — 9 nm and
2 — 9 nm were reported by Lane & Skaer (1980) and by Noirot-Timothée & Noirot (1980),
respectively. The distance between consecutive septa in P. scaber hindgut is roughly in the
range of previous measurements in the epidermis, i.e., 6 nm (Kuncic et al., 2022).

Figure 1: Ultrastructure of the subapical junctional complex in the epithelium of the anterior chamber (A-B) and
papillate region (C) of the adult P. scaber hindgut. The adherens junction (AJ) is located subapically, and the
septate junction (SJ) is located basal to the AJ. C. Extensive SJ in the papillate region epithelium, segments of
expanded intercellular space without septa and numerous microtubules in the cytosol near the SJ are evident

(asterisks). Abbreviations: AJ — adherens junction, IC — intercellular space, SJ — septate junction.

3.2 Ultrastructure of the smooth septate junctions in the digestive gland epithelium of P. scaber

The septa of the smooth SJs in the digestive glands of P. scaber are generally hardly discernible
(Fig. 2). The intercellular space in the junction region is ~16.3 nm wide and generally contains
a homogeneous, electron-dense material (Fig. 2C). The lateral cell membranes are not intensely
interdigitated. The previously reported data for the intercellular space width in the smooth SJs
are variable: 20 nm (Beyenbach et al., 2010), 17.5 nm (Hudspeth & Revel, 1971), 11 — 15 nm
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for the american cockroach midgut (Noirot-Timothée & Noirot, 1980), 14 — 17 nm for housefly
midgut (Lane & Skaer, 1980), and 15 nm for caterpillar (Flower & Filshie, 1975). Smooth SJs
in digestive glands of P. scaber are continuous, i.e., no electron lucent regions are visible in
the intercellular space. SJs occupy about one-tenth of the lateral cell membranes and are up to
4 um long, which is shorter than previously reported length of 10 pm for smooth SJs in the
hepatic caeca of a water flea (Hudspeth & Revel, 1971) and the Malpighian tubules of a
mosquito (Beyenbach et al., 2010). Septa measured in this study are ~4.9 nm thick and the
distance between septa is ~5.1 nm. In the junction region electron-dense material is present in
the cytosol near the membranes (Figs 2B, C), but no microtubules are discerned. The septa
thickness of 8 nm was reported previously for caterpillar by Flower & Filshie (1975).

Figure 2: Ultrastructure of the subapical junctional complex between neighbouring epithelial cells of the digestive
glands in adult P. scaber. A. Microvilli are present on the apical surface of the cells. A smooth septate junction
(SJ) is located subapically. B. Smooth SJ ultrastructure with resolved septa (arrowheads). C. A homogeneous
material in the intercellular space in the region of the junction. Electron-dense material is seen near the membranes
in the cytosol (asterisks). Abbreviations: IC - intercellular space, MV - microvilli, SJ - septate junction.

4 CONCLUSIONS

The most distinctive feature of SJs in different epithelia of digestive system in P. scaber is the
overall extent of SJ. In the anterior chamber and digestive glands, the SJs occupy about one-
tenth of the lateral membranes apposed, whereas in the papillate region they occupy about one-
third. The extent of pleated SJs was reported to differ with regard to differences in osmotic
stress in the gill epithelium of four species of gammarids (Shires, 1995). In Malpighian tubules
of the mosquito, SJs occupy lateral cell membranes from apical to basal poles (Beyenbach et
al., 2010). These data indicate that very extensive SJs are characteristic for epithelia with a
pronounced role in the transport of ions. The absolute length of SJs indicates this also, as
pleated SJs in the papillate region are about five times as long as pleated SJs in the anterior
chamber or smooth SJs in the digestive glands of adult P. scaber. The SJs in the hindgut
papillate region occupy extremely intense interdigitations of lateral cell membranes, compared
to moderately interdigitated membranes in the anterior chamber. The intense interdigitations
of cells in the papillate region may therefore play a role in increasing the SJ area (Bogataj et
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al., 2018) and associated complexity of the paracellular pathway, which likely contributes to
the tight regulation of paracellular transport in this osmoregulatory epithelium.

The pleated SJs in the hindgut comprise septa arrays and regions of intercellular space devoid
of septa in between, which is in accordance with some previous reports on the architecture of
arthropod SJs (Noirot-Timothée and Noirot 1980), including the epidermis of P. scaber
(Kunc¢i€ et al., 2022), but the significance of this feature is not explained.

Cell junctions are usually associated with the cytoskeleton, but this has been rarely investigated
in invertebrates. Microtubules are abundant near the pleated SJs in the hindgut papillate region,
which was previously reported also by Bogataj et al. (2018). Microtubules were observed in
the vicinity of pleated SJs also in the study of the gill epithelium of gammarids under changing
osmotic conditions by Shires et al. (1995). They suggested that connections between
microtubules and membranes in the SJ region may contribute to the stability of the junctions
under osmotic stress. We observed accumulations of electron-dense material adjacent to the
cell membrane at SJs in the digestive glands, but no microtubules. Studies by Lane and Flores
(1988) on the epithelium of the mesenteric caeca and accessory glands of the american
cockroach, suggest that actin filaments are associated with smooth and pleated SJs.
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Experimental models for studying migratory potential of astrocytes

Abstract: Astrocytes are one of the most abundant cell types in the central nervous system,
providing signalling, metabolic, immunologic support to neurons; therefore, it is important to
understand underlying processes that enable astrocytes to reach their final destinations in order
to exert proper signalling to the surrounding tissue. Cell migration is a crucial process in the
development of the central nervous system, governing tissue homeostasis in physiological
conditions, and enabling cellular redistribution in various pathologies. Astrocytes develop in
early embryonal stages, proliferate and distribute to their designated destinations and continue
to migrate in early postnatal life. We compared migratory properties of primary mouse
astrocytes, immortalized mouse astrocytes lacking p53 protein, and human glioblastoma U-251
MG cell line, which derives from astrocytes. Our findings are the following: 1. time lapse
images in the wound healing assay, recorded with the confocal microscope with differential
interference contrast (DIC), enabled accurate measurements of the cell free area, which is
important for calculating cell migration parameters, 2. neonatal mouse astrocytes retain a
certain degree of migratory potential, 3. mouse immortalized p53” astrocytes, which lack the
expression of p53 protein, migrate significantly faster than primary astrocytes, 4. human
glioblastoma cells with genetic drift migrate faster than primary neonatal astrocytes, but slower
then immortalized p53™ astrocytes.

Key words: astrocytes; cell migrations; glioblastoma; microscopy; U-251 MG
Eksperimentalni modeli za preucevanje migracijskega potenciala astrocitov

Izvle€ek: Astrociti so ena najpogostejSih tipov celic v centralnem Zzivénem sistemu in
uravnavajo delovanje nevronov prek procesov signaliziranja, ter presnovne in imunoloske
podpore. Zato je pomembno razumeti procese, ki astrocitom omogocajo, da dosezejo ustrezna
obmocja, kjer lahko lokalno uravnavajo delovanje tkiva. Migracije celic so v razvoju
centralnega zivénega sistema klju¢nega pomena, saj uravnavajo homeostazo tkiv v fizioloSkih
razmerah, v razli¢nih patoloskih stanjih pa omogocajo prerazporejanje celic. Astrociti se v
embrionalnem razvoju razvijejo ze v zgodnjih fazah, nato pa se razmnoZijo in prerazporedijo
na ustrezna obmojca ter ohranijo sposobnost migriranja e v zgodnjem postnatalnem obdobju.
V raziskavi smo primerjali lastnosti migracij primarnih misjih astrocitov, imortaliziranih misjih
astrocitov z izbitim genom za protein p53, in humanih glioblastomskih U-251 MG celic, ki
izvirajo iz astrocitov. Nase ugotovitve so sledeCe: 1. ¢asovno zajemanje slik s konfokalnim
mikroskopom v tehniki diferencialni interferencni kontrast (DIC) v poskusu preucevanja
zapiranja poskodbe, omogoca natancne meritve povrsine brez celic, iz katere lahko izraCunamo
migracijski potencial celic, 2. mi§ji astrociti, izolirani iz neonatalnih misk, deloma ohranijo
sposobnost migracije, 3. imortalizirani misji astrociti (p537") migrirajo izrazito hitreje kot
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primarni astrociti, 4. humane glioblastomske celice migrirajo hitreje kot primarni neonatalni
astrociti, vendar pocasneje kot imortalizirani astrociti (p537).

Kljuéne besede: astrociti; glioblastom; migracije celic; mikroskopija, U-251 MG

1 INTRODUCTION

Astrocytes are one of the most abundant cell types in the central nervous system (CNS) (Bass
et al., 1971). For several decades they have been considered to have a secondary and passive
role in providing support to neuronal distribution and interactions, however, recent studies have
revealed that they actively regulate the physiological functions of the brain, and that their
dysfunction can lead to different disorders (Burda & Sofroniew, 2014; Molofsky et al., 2012;
Sloan & Barres, 2014).

During embryonal development astrocytes derive from astrocyte precursor cells, which at
around 16th-18th day of embryonic development in rodents undergo the “gliogenic switch”
from neural stem cells in the subventricular zone (Felix et al., 2021; Ge et al., 2012). These
newly formed astrocytes reach their designated destinations within the cortex by migrating
along radial glia cells (Felix et al., 2021; Kriegstein & Alvarez-Buylla, 2009). Their migration,
along with neuronal and glial precursors, is a crucial process in the brain development, where
cells migrate over significant distances (Cayre et al., 2009; Jacobsen & Miller, 2003). During
early postnatal development the migration of astrocytes is not complete (Kriegstein & Alvarez-
Buylla, 2009), and they still translocate to a certain extent during the process when radial glia
are losing their guiding processes before differentiation (Felix et al., 2021; Kriegstein &
Alvarez-Buylla, 2009). Data on this type of migration are scarce. In contrast, astrocytes in the
adult brain are quiescent under physiological conditions, but they may reversibly become
engaged in a migration (Zhang et al., 2018). Since cell migration is involved in the majority of
cellular processes implicated in maintaining cellular homeostasis and tissue morphogenesis in
normal physiological conditions (Vicente-Manzanares & Horwitz, 2011), the research of
migratory properties of astrocytes in different settings is of crucial importance.

It is generally accepted that in pathological conditions cell migration affects wound healing,
immune response, and the spread of cancer metastasis (Friedl & Wolf, 2010; Ridley et al.,
2003). Astrocytes become reactive under pathological conditions such as infections, trauma,
ischemia, and neurodegenerative diseases, meaning that their genetic profile changes to
resemble the undifferentiated one. Such astrocytes proliferate, migrate and form a dense
network of hypertrophic cells known as the astroglial scar (Rolls et al., 2009; Silver et al., 2014;
Sun & Jakobs, 2012). Astrocyte migration after injury or inflammation is specific and may
involve only migration (redistribution) of their processes (Wang & Hamilton, 2009).

In contrast, astrocyte migration is reinduced in malignant gliomas, the most common primary
brain tumors originating from astrocytes, where glioblastoma (GBM) is the most malignant
and highly aggressive. Patients, diagnosed with GBM, have life expectancy of only 12-15
months even with treatment combining resection, radiation therapy, and chemotherapy
(Ostrom et al., 2013; Furnari et al., 2007; Gieryng et al., 2017). The major reason for treatment
failure is diffuse invasion of GBM cells into the surrounding brain tissue (Cuddapah et al.,
2014; Hwang et al., 2008) by migrating along different pathways such as blood vessels or
myelinated nerves (Hamadi et al., 2014).
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To unravel the migratory properties of astrocytes and to understand the signalling pathways
that regulate their expansion and migration in different developmental and pathological
conditions, it is necessary to evaluate the migratory potential of astrocytes, which enables them
to develop, and to use an appropriate model with an adequate interpretation of the data. Here
we describe the migratory properties of astrocytes in several experimental models, including
immortalized astrocytes, which are genetically transformed cells with infinite proliferation
ability (Frisa & Jacobberger, 2002; Furihata et al., 2016; Morikawa et al., 2001).

2 MATERIALS AND METHODS

Unless stated otherwise, all chemicals used were obtained from Sigma-Aldrich (Merck KgaA,
Germany).

2.1 Cell cultures

Primary mouse astrocytes were isolated from cerebral cortices of neonatal (1 day old) C57BL/6
mice, as previously described (Schwartz & Wilson, 1992), and maintained in high-glucose
Dulbecco’s modified Eagle’s medium supplemented with 10 % fetal bovine serum, 1 mM
sodium pyruvate, 2 mM L-glutamine, 5 U/ml penicillin, and 5 pg/ml streptomycin in 5 %
C0O2/95 % air at 37 °C. All procedures involving animals were carried out in accordance with
Animal Protection Act (Official Gazette of the RS, No0.38/2013 and official consolidated text
21/18, 92/20 and 159/21).

Immortalized (p537") mouse astrocytes were obtained from Professor Gerhard Wiche
(University of Vienna, Austria) and maintained as primary mouse astrocytes. They were
isolated from cerebral cortices of neonatal (1 day old) mice which do not express p53 protein.

Human glioblastoma cell line U-251 MG is a widely used GBM model. This cell line, derived
from a male patient with malignant astrocytoma, was established at the Wallenberg laboratory,
Uppsala, Sweden (Pontén & Westermark, 1978; Westermark et al., 1973). We obtained it from
Professor Nunzio Vicario (University of Catania, Italy) and maintained essentially in the same
way as primary astrocytes, with the only modification in the concentration of antibiotics (100
U/ml penicillin, and 100 pg/ml streptomycin).

2.2 Astrocyte migration (wound healing) assay and confocal laser scanning microscopy

Cells were plated on 2 well inserts, which were kept in 35 mm dish (Ibidi GmBH, Germany)
in an optimised concentration to reach confluence. 24 h later the insert was removed, and the
feeding medium was replaced with the medium with reduced (2 %) fetal bovine serum to
minimize the effect of cell proliferation in repopulation of insert free area (Kniss & Burry,
1988). Images of migrating cells were recorded in the heating chamber (37 °C), at 10 X air
objective (Plan-Apochromat 10x/0.45 M27) with the confocal microscope LSM800 (Zeiss,
Germany) at the time of insert removal (0 h) and at regular intervals of 4 h for the total period
of 24 h. In between respective recordings cells were incubated at 37 °C, 5 % CO2/95 %.
Migration assays were performed on primary mouse astrocytes (8 replicates isolated from 2
animals), on immortalized mouse astrocytes (11 replicates from 2 animals), and on human
glioblastoma U-251 MG cells (8 replicates).
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2.3 Data analysis

Image analysis was conducted in Fiji (Schindelin et al., 2012) with modifications of previously
described procedure (Jonkman et al., 2014; Pijuan et al., 2019). Briefly, in DIC images edges
of'the cell free area were contrasted and delineated, to select all the areas devoid of cells. Then
the area (in pm?) and the gap width (in um) were measured and used in MS Excel (Microsoft,
USA) to calculate the cell migration rate (Vmigraion) and the time of 50 % gap closure (¢,2), as
described (Jonkman et al., 2014):

|slope]|
Voo . = (1
migration 2 xl ( )
and ¢, as:
__ Initial Gap Area
tiy=———— .

2 x |slope|

Statistical analysis was performed in SigmaPlot (Systat Software Inc, USA). For the
comparison of two groups t-test was used, and statistically significant differences were
observed at value p < 0.05. Results are presented as mean + standard error.

3 RESULTS AND DISCUSSION

Cell migration is a process, important in the brain development (Cayre et al., 2009) and in
various pathological conditions such as infections, trauma, ischemia, and neurodegenerative
diseases and cancer (Rolls et al., 2009; Sun & Jakobs, 2012).

In this study we evaluated migration of different types of astrocytes in wound healing assay.
First, we compared the migration rate of primary mouse astrocytes and immortalized mouse
astrocytes. The latter are proposed to have a higher proliferative rate (Frisa & Jacobberger,
2002; Furihata et al., 2016; Morikawa et al., 2001). Time lapse recordings of confluent cells
was performed at O h, 4 h, 8 h, 12 h, and 24 h after insert removal and the cell free area was
used to calculate migratory properties of confluent cells (Figure 1A). The results show that the
average speed of primary mouse astrocytes is almost 12 x slower than the speed of
immortalized astrocytes (Figure 1B;). The time that is needed for cells to close half of the gap
(ti2 (h)) is almost 9 x longer in the case of primary astrocytes in comparison to immortalized
astrocytes (Figure 1Bij). ti2 is influenced by the wound area (500 + 100 pm) at the start of the
experiment (t = 0 h), with larger or smaller wound areas taking longer or shorter periods to
reach ti2, respectively (Jonkman et al., 2014).
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Figure 1: Migration of primary mouse astrocytes is slower than migration of immortalized mouse astrocytes.
Time-lapse images of primary (A;) and immortalized (A;;) mouse astrocytes recorded in wound healing assay.
Differences in gap closures are depicted in beige, while cell-covered area is grey; percentages denote cell free
areas at 0 h and 24 h after insert removal. Scale bars: 100 um. The average speed of primary mouse astrocytes is
slower than that of immortalized astrocytes (B;). ti» (h) is longer in primary astrocytes in comparison to
immortalized astrocytes (Bii). Statistical analysis was performed by Student’s t-test (***p < 0.001). Number of
replicates is shown in the bars.

The results are in accordance with the proposition that migration of astrocytes is not yet
complete during early postnatal development, when radial glia are in the process of losing their
guiding processes before differentiation (Felix et al., 2021; Kriegstein & Alvarez-Buylla,
2009). Moreover, the results are also in line with the assumption that neonatal astrocytes travel
shorter distances than embryonal astrocytes (Kriegstein & Alvarez-Buylla, 2009). For
example, the migratory speed of neonatal astrocytes was roughly 10 x slower from embryonal
astrocytes from E17 rat embryos (De Pascalis et al., 2018).

On the other hand, significantly faster migration was measured in immortalized astrocytes
lacking the expression of p53, which plays a central role in maintaining cellular homeostasis
and is frequently deregulated in cancer. These results are in line with the properties of GBM
cells, which invade into the surrounding brain tissue (Cuddapah et al., 2014; Hwang et al.,
2008), and their migratory ability has already been shown (Diao et al., 2019). Deregulated p53
pathway components have been implicated in GBM cell invasion, migration, proliferation,
evasion of apoptosis, and cancer cell stemness (Zhang et al., 2018).

While U-251 MG cells migrate approximately two times faster than primary mouse astrocytes,
the migratory speed of human glioblastoma U-251 MG cell line (Figure 2) is roughly one third
of the speed of immortalized mouse astrocytes. While it is expected that glioblastoma cells
migrate faster than primary astrocytes, they are unexpectedly slower from immortalized
astrocytes. The differences in the speed might be attributed to the different species, different
passage number (high passage number in the case of U-251 MG), and genotype modifications
that affect several processes involved in migratory properties of cells. Namely, it is well known
that in vitro subculturing conditions impose a selection pressure on cell lines, and over time
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this may result in a genetic drift in the cancer cells U-251 MG. For example, only the original
low-passaged U-251 cells, established in the 1960s, maintain a DNA copy number resembling
a typical GBM profile, whereas all long-term subclones lost the typical GBM profile. During
long-term subculture the cell lines seem to lose much of the typical GBM signature, and they
gain a large number of local duplications and/or deletions that probably accumulates over time
(Torsvik et al., 2014).
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Figure 2: Migration of human glioblastoma U-251 MG cells. Time-lapse images of confluent U-251 MG cells
recorded in wound healing assay at time 0 h and 24 h after insert removal (A). The migration rate (B;) and the
time for the gap closure to 50 % (B).

4 CONCLUSIONS

In the present research we measured collective migration properties of three different
developmental and/or genetically diverse astrocytes; i.e., primary mouse astrocytes,
immortalized mouse astrocytes lacking p53 protein, and human glioblastoma U-251 MG cell
line, which derives from astrocytes. Cell migrations were monitored at 4 h intervals until the
gap closure time in immortalized astrocytes. As expected, primary neonatal mouse astrocytes
migrated significantly slower than immortalized mouse astrocytes. Moreover, human
glioblastoma U-251 MG cell line shows an ability to migrate, as expected. The migration rate
of U-251 MG was lower than the migration rate of immortalized mouse astrocytes, but higher
than that of primary mouse astrocytes. The differences may be attributed to dissimilar
developmental stages and subculturing conditions that induce genetic drift. These facts should
be considered when interpreting the data on migratory properties of astrocytes in normal
physiological and pathological conditions. Wound healing migration assay in combination with
DIC imaging provides images with clearly discernible boundary between cells and cell free
area, which is of crucial importance for the analysis of migratory properties of migrating cells.
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Effect of vitamins E, C and selenium supplementation on gut fermentative activity and
gut histology of broiler chickens exposed to cyclic heat stress

Abstract: Environmental changes associated with high ambient temperatures cause heat stress
in poultry production, which affects animal health and performance. The aim of our study was
to determine whether dietary supplementation with vitamins E, C, and selenium (Se) affects
the histological structure of the gastrointestinal tract of broilers exposed to cyclic heat stress.
In addition, we wanted to determine if the most commonly used nutritional specifications for
vitamins and minerals from NRC and Aviagen for broilers were sufficient to cover the
antioxidant needs under heat stress conditions, or if more vitamin E, C, and Se should be added
under these conditions. In the study, a total of 60-day-old broilers were randomly divided into
3 experimental groups (NRC, Ross, and RosstECSe). Body weight, feed intake, and
conversion ratio were monitored weekly. At the end of the experiment, 12 birds per group were
slaughtered, the small intestine, caecum, colon and the contents of the small intestine were
collected. The results showed that dietary supplementation with the combination of vitamins
E, C, and Se had no effect on intestinal histology. In addition, the NRC and Aviagen nutritional
recommendations appear to be sufficient to meet the antioxidant needs of broilers even under
heat stress conditions.

Key words: antioxidants; broiler chicken; heat stress; intestine histology; short chain fatty
acids

Vpliv dodatka vitaminov E, C in selena na fermentativno aktivnost in histoloSko zgradbo
prebavil pitovnih piS¢ancev v pogojih ciklicnega vro¢inskega stresa

Izvle€ek: Podnebne spremembe, ki povzrocajo visoke okoljske temperature, izzovejo
vrocinski stres v reji perutnine, kar vpliva na zdravje in prirejo zivali. Namen nase Studije je
bil preuciti, ali prehranski dodatek vitaminov E, C in selena (Se) vpliva na histolosko zgradbo
prebavil pitovnih pis¢ancev, izpostavljenih ciklicnem vrocinskem stresu. Prav tako smo zeleli
preuciti, ali najpogosteje uporabljena prehranska priporocila za vitamine in rudninske snovi za
pitovne piS€ance, NRC in Aviagen, zados€ajo za pokrivanje potreb po antioksidantih v pogojih
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vro¢inskega stresa ali je treba v teh pogojih dodati Se ve¢ vitamina E, C in Se. V poskus smo
vkljucili 60-dni stare pis€ance, ki smo jih naklju¢no razdelili v 3 poskusne skupine (NRC, Ross,
Ross+ECSe). Tedensko smo spremljali telesno maso zivali, zauzivanje in izkori§canje krme.
Na koncu poskusa smo zrtvovali 12 Zivali na skupino in jim odvzeli tanko, debelo ¢revo ter
slepo €revo in vsebino tankega crevesa. Glede na dobljene rezultate lahko sklepamo, da
dodatek vitaminov E, C in Se ni vplival na histolosko zgradbo prebavil. Prav tako lahko
sklepamo, da NRC in Aviagen priporocila zadostujejo za pokrivanje potreb pitovnih pi§¢ancev
po vitaminih in rudninskih snoveh tudi v pogojih vroc¢inskega stresa.

Kljuéne besede: antioksidanti; histoloska zgradba prebavil; hlapne maScobne kisline; pitovni
piScanci; vrocinski stres

1 INTRODUCTION

Heat stress is a major problem in poultry production worldwide, particularly in tropical and
subtropical regions with hotter climates, as well as in other climate zones during the spring and
summer months (Akbarian et al., 2016). Among all farm animals, poultry appears to be
particularly susceptible to the negative effects of heat stress (Lara & Rostagno, 2013), as birds
do not have sweat glands and their feather cover acts as an extremely good insulator, making
heat exchange difficult (Ajakaiye et al., 2011). Heat stress is expressed when the amount of
heat produced by the animal exceeds the body's ability to release it to the environment. This
leads to various behavioural, immunological and physiological reactions such as endocrine
disorders, respiratory alkalosis and electrolyte imbalance (Nawab et al., 2018). The intestinal
tract has an important role in the absorption of nutrients and works as a physical barrier to
prevent the invasion of various pathogens from external environment (Xiaofang et al., 2018).
Heat stress (HS) affects morphological changes in the intestinal tract, resulting in smaller
absorption surface, poorer nutrient absorption, reduced villius height and crypt depth, and
lower villus height to crypt depth ratio in the small intestine (Deng et al., 2012; Mishra & Jha,
2019). This in turn is also reflected in reduced feed intake, increased feed conversion ratio
(FCR), and lower body weight (BW) of birds reared under HS (Fouad et al., 2016; Habibian et
al., 2016). Exposure of birds to high temperatures is also reflected in damage of intestinal
epithelial cells, which causes the loss of integrity of tight junctions between enterocytes in the
epithelium, allowing pathogens to damage the intestinal mucosa (Song et al., 2013) and impair
digestion and absorption of nutrients, facilitating translocation of pathogenic bacteria and
toxins from the intestinal tract into the bloodstream and triggering the inflammatory immune
response (Slawinska et al., 2016).

To minimize the negative effects of heat stress in poultry, several nutritional strategies have
been proposed, mainly related to supplementing the diet with different vitamins, minerals, and
electrolytes. Vitamins E and C, as well as selenium (Se), are known to be among the most
effective antioxidants in mitigating the negative effects of heat stress (Shakeri et al., 2020).
Vitamin E is the major lipid-soluble antioxidant that protects cell membranes and tissues from
oxidative damage, while vitamin C regenerates oxidized vitamin E (Traber & Stevens, 2011).
Selenium is involved in antioxidant defence mechanisms as a cofactor for antioxidant enzymes
involved in maintaining redox balance and is known to restore the antioxidant activity of
vitamin C (Lykkesfeldt & Svendsen, 2007). The combination of these antioxidants may be
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even more effective than supplementation alone in alleviating heat stress symptoms by acting
synergistically against oxidative damage to lipids (Shakeri et al., 2020).

The aim of our study was to investigate the effects of dietary supplementation with vitamins E,
C, and Se on growth performance, intestinal contents characteristics, and histological
parameters in different parts of the intestine of broilers exposed to cyclic HS. In addition, we
aim to determine whether the NRC (NRC, 1994) minimal nutrient requirements and Aviagen
(Aviagen, 2019) commercial nutritional recommendations for vitamin E and Se are sufficient
to mitigate the negative effects of HS on broiler intestinal histology.

2 MATERIALS AND METHODS

Sixty male Ross 308 broiler chickens were reared from day 1 to day 43 of age and randomly
divided into 3 experimental groups corresponding to the dietary treatments. The experimental
diets were formulated according to two different nutritional specifications, the first met the
National Research Council (NRC) (NRC, 1994) minimal nutrient requirements for poultry and
the second met the commercial nutritional recommendations for Ross 308 (Ross) (Aviagen,
2019). The third experimental diet was additionally supplemented with a combination of 200
IU vitamin E, 250 mg vitamin C, and 0.20 mg Se kg feed' (Ross+ECSe) when Ross 308
specifications were met. Chickens were fed a starter diet for the first 10 days of housing, a
grower diet from day 10 to day 24, and a finisher diet from day 25 to the end of the trial (day
43). The ingredients and calculated nutrient contents of the experimental starter, grower and
finisher diets are shown in Table 1.

Table 1: Composition and calculated nutrient content of experimental diets for broiler chickens.

Composition of diets (g kg™)

Ingredients! Starter (day 1-10) Grower (day 11-24) Finisher (day 25-43)
Maize 314.0 360.0 515.0
Wheat 200.0 200.0 100.0
Wheat bran 30.0 15.0 0.00
Soya meal 274.0 234.0 193.0
Corn gluten meal 85.0 91.2 93.0
Plant oil 50.8 56.1 57.2
Calculated energy (MJ kg™) and calculated nutrient content (g kg™)?
Metabolizable energy 12.6 13.0 13.4
Crude protein 228.0 214.0 194.0
Crude fat 75.0 81.0 85.0
Crude fiber 24.0 23.0 21.0
Digestible lysine 12.9 11.5 10.3
Digestible methionine 5.12 5.61 5.19
Calcium 8.95 8.70 7.89
Phosphorus - available 5.45 4.36 4.38
Sodium 1.90 2.00 2.00

! Experimental diets also contain salt, monocalcium phosphate, limestone, L-lysine, DL-methionine, L-threonine,
coccidiostat (Maxiban® G160, Elanco Products Co., UK), and mineral-vitamin mixture calculated to meet mineral
and vitamin requirements for NRC or Ross 308 diets. 2 Energy and the content of individual nutrients were
calculated according to nutrient content of the individual components of the diet.
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Diet and fresh water were provided ad libitum and their growth performance was measured
weekly. Chickens were reared under a standard lighting program. Until the 26 day of the
housing, ambient temperature was regulated according to the recommendations for Ross 308
broiler chickens (Aviagen, 2018). On day 26, the ambient temperature was adjusted to daily
fluctuations between 23.5 and 31 °C to trigger the daily temperature under heat stress
conditions. Therefore, chickens were exposed to a temperature of 31 °C for 7 h per day and
23.5 °C for the remainder of the day.

On day 43, 12 birds per group were randomly selected, weighed, and sacrificed by stunning
and bleeding. Small intestine, caecum and colon were weighed, and the small intestine was
further divided into duodenum, jejunum, and ileum. Tissue samples for histological
measurements were taken from different parts of the small intestine. All tissue samples were
fixed in 5% buffered formalin solution before further analysis. The contents of the caecum
were collected by finger squeezing, then collected in plastic Eppendorf tubes and stored at —20
°C for further analysis of short-chain fatty acids (SCFAs).

The viscosity of the small intestinal contents was determined on the same day using a separate
aliquot of the small intestinal contents and performed according to the method described by
Bedford & Classen (1992). In the contents of caecum, the concentrations of SCFAs were
determined by gas chromatography according to the method described by Pirman et al. (2021)
using an Agilent 6890A GC system with DB-FASTWAX UI capillary column (30 m x 0.25mm
x 0.25 pm) and FID detector (Agilent, USA). Collected parts of small intestine tissue fixed in
5% buffered formalin solution were embedded in paraffin and evenly distributed histological
sections with a size of 5 um were cut and stained with a combination of hematoxylin and eosin
(H&E). Histomorphometric analysis of the stained tissue sections was performed as described
by Pirman et al. (2021). The crypt depth was measured from the crypt-villus junction to the
base, and the villus height was measured from the tip to the crypt-villus junction, as shown in
Figure 1.

Figure 1: Histological cross-section of small intestine (10x magnification).

Data were statistically evaluated using the mixed procedure of the SAS/STAT module (SAS
Institute Inc., Cary, NC, 2002-2010), with dietary treatment used as a fixed effect and pens as
a random effect. Least square means (LSM) of the experimental diets for each variable were
determined using the Tukey-Kramer multiple comparison test.
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3 RESULTS AND DISCUSSION

Heat stress has negative effects on growth performance and welfare of broilers. It is also
reported to alter gut morphology by inducing intestinal injury and consequently affect nutrient
absorption. To minimize the negative effects of HS, several nutritional strategies have been
suggested, with dietary supplementation of feed additives such as vitamins E, C, and Se being
one of the most effective. In the present study no differences in BW of broilers and feed
conversion were observed between the experimental groups (Table 2), although throughout the
trial, higher BW tended to be observed in the Ross+tECSe group compared to the other
experimental groups. This is consistent with other studies in which no differences in growth
performance were observed in broilers under heat stress receiving a combination of vitamins E
and C or vitamin E and Se (Ghazi Harsini et al., 2012; Zeferino et al., 2016). On the other hand,
Calik et al. (2022) reported that dietary supplementation with vitamin E (250 mg kg™') and Se
(1 mg kg!) improved body weight gain and feed intake of broilers exposed to cyclic HS.

Table 2: Body weight (BW) of broilers from day 21 to 42 and feed conversion through the trial.

NRC Ross Ross+tECSe SEM p -Value
BW 21 day (g) 814.9 906.2 915.0 23.65 0.1005
BW 28™ day (g) 1257.3 1396.6 1452.3 43.08 0.1005
BW 35" day (g) 1735.6 1975.1 1983.0 55.48 0.0824
BW 42% day (g) 2174.6 2504.9 2582.8 97.85 0.1096
Feed conversion*(g g!) 2.30 2.06 1.90

NRC — minimal nutrient requirement of NRC, no supplementation, Ross - recommended levels of Aviagen for
Ross 308 broilers, no supplementation, Ross+ECSe - Ross+vitE+vitC+Se. *Expressed as an average value in
group, since the birds were housed in a group and individual consumption could not be determined.

There were no differences in the relative weights of different parts of the intestine (Table 3)
among groups. On the other hand, Jahejo et al. (2016) reported that dietary supplementation
with vitamin C (150 mg kg') improved the weight and length of duodenum, jejunum, ileum,
and colon in broilers under HS. The viscosity of the intestinal contents depends largely on the
type of dietary fiber and its content in the feed, which consequently affect the digestion and
absorption of nutrients (Ndelekwute et al., 2018). High viscosity in the small intestine results
in slower movement of digesta, providing more substrate for the microbiota and accelerating
fermentation (Pirman et al., 2021). In our study, the viscosity of the small intestine contents
was not affected by dietary supplements (Table 3). The latter indicates that fermentation in the
small intestine was similar in all groups, where mainly the degradation of carbohydrates with
endogenous enzymes occur. SCFAs have important role in modulating intestinal microflora,
promoting epithelial cell proliferation, inhibit proliferation of pathogens in the intestine, and
serve as an important source of energy (Yadav & Jha, 2019). The supplements increased the
levels of SCFAs in the caecum, especially ethanoic and butanoic acids, and also the total levels
of SCFAs, but no significant differences were found between the groups (Table 3). Similarly,
GruZzauskas et al. (2014) reported that dietary supplementation with vitamin E and Se had no
significant effect on acetic, propionic, and butyric acid levels.

Table 3: Effect of different dietary treatments on relative weight (%) of different parts of intestine, viscosity of
small intestine contents and short chain fatty acids (SCFAs) concentration in caecum contents.

NRC Ross Ross+ECSe SEM p -value
Relative weight (%)
Small intestine 1.82 1.69 1.67 0.06 0.2580
Caecum 0.16 0.13 0.12 0.02 0.2622
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Colon 0.28 0.27 0.25 0.02 0.4728
Viscosity (cP)

Small intestine contents 2.28 1.86 2.15 0.08 0.0717
SCFAs in caecum (pmol g!)

Ethanoic acid 64.48 62.63 69.64 4.59 0.6035
Propanoic acid 6.65 5.29 541 0.47 0.2168
2-methylpropanoic acid 0.85 0.77 0.76 0.05 0.5984
Butanoic acid 14.49 17.32 18.01 1.72 0.4099
3-methylbutanoic acid 1.10 0.90 0.80 0.08 0.1541
Pentanoic acid 1.49 1.29 1.40 0.11 0.5298
Sum of SCFAs 89.13 86.76 97.15 5.09 0.4417

Nomenclature of experimental groups as in Table 2. SCFAs — short chain fatty acids.

Heat stress has been reported to cause histological damage in the intestinal tract of poultry,
mainly related to decreased villus height and increased crypt depth, resulting in a lower villus
height:crypt depth (VH:CD) ratio, with the small intestine being more sensitive compared to
caecum (Rostagno, 2020). In addition, villus height, crypt depth, and VH:CD ratio are
important parameters to determine intestinal mucosal injury. In the present study, no
differences were observed between the experimental groups in villus height, crypt depth, and
VH:CD ratio in the small intestine (Table 4). In contrast, Yoo et al. (2016) reported that broilers
supplemented with combination of vitamins E, C, and alpha-lipoic acid had higher villus height
and improved VH:CD ratio. In addition, Amer et al. (2021) observed an increase in villus
height and width, crypt depth, and improved VH:CD ratio in the small intestine of broilers
when they received a combination of vitamin C and safflower oil.

Table 4: Effect of different dietary treatments on villus height (um), crypt depth (um) and VH:CD ratio in the
small intestine

NRC Ross Ross+tECSe SEM p -value
Villus height (um) 1617 1660 1668 55.59 0.7857
Crypt depth (um) 183 180 173 4.34 0.3461
VH:CD ratio 8.86 9.47 9.49 9.49 0.3684

Nomenclature of experimental groups as in Table 2. VH — villus height, CD — crypt depth.

4 CONCLUSIONS

The results of our study indicate that dietary supplementation with the combination of vitamins
E, C, and Se had no effect on growth performance, gut fermentative activity, and gut histology
of broilers under HS. Furthermore, the widely used NRC and Aviagen nutritional
recommendations for antioxidants appear to be sufficient to mitigate the negative effects of HS
on the intestinal health. Although the addition of higher levels of vitamin E, vitamin C, and Se
to broiler diets did not show synergistic effects, neither was a negative effect observed on the
intestinal histology of broilers under HS. Nevertheless, further studies under different
environmental conditions and considering different types of stressors would be of great
importance to better highlight the mechanisms of potential synergistic effects of dietary
antioxidants on intestinal histology.
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Effect of enzymatic treatment on phenolics content and antioxidant activity from spelt
(Triticum spelta L.) seeds

Abstract: The aim of this study was to explore the impact of treatment with different enzymes
and their combination on the accessibility of spelt phenolics. Enzymatic treatment had a
significant effect on extractable phenolics and their reactivity towards FC reagent, DPPH" and
ABTS"" radicals. Samples treated with all five enzymes together had the highest extractable
phenolic content and antioxidant activity. At the same time, treatment with feruloyl esterase
and combination of cellulase, xylanase and feruloyl esterase had negative effect on the bound
phenolics content. Our in vitro study suggests that enzymatic treatment significantly improves
the ratio between extractable and bound phenolics and is also a good way to improve the
accessibility and subsequent activity of bound antioxidants in spelt seeds. Principal component
analysis (PCA) revealed similarities and differences between groups of samples in our study.

Key words: antioxidant activity; cellulase; extractable and bound phenolics; feruloyl esterase;
PCA; xylanase

Vpliv encimskega tretiranja na vsebnost fenolov in antioksidativno aktivnost iz semen
pire (Triticum spelta L.)

Izvle¢ek: Namen te Studije je bil raziskati vpliv tretiranja z razliénimi encimi in njihovimi
kombinacijami na dostopnost pirinih fenolov. Encimsko tretiranje je imelo pomemben ucinek
na ekstraktibilne fenole in njihovo reaktivnost v reakciji s FC reagentom ter DPPH" in ABTS™"
radikali. Vzorci, obdelani z vsemi petimi encimi, so pokazali najvecjo vsebnost ekstraktibilnih
fenolov in antioksidativno aktivnost. Hkrati je tretiranje s feruloil esterazo in s kombinacijo
celulaze, ksilanaze in feruloil esteraze negativno vplivalo na vsebnost vezanih fenolov. Nasa
in vitro Studija kaze, da encimsko tretiranje bistveno izbolj$a razmerje med ekstraktibilnimi in
vezanimi fenoli in nudi dobro priloZznost za izboljSanje dostopnosti in kasnejSe aktivnosti
vezanih antioksidantov v semenih pire. Metoda glavnih komponent (PCA) je pokazala
podobnosti in razlike med skupinami vzorcev v nasi raziskavi.

Kljuéne besede: antioksidativna aktivnost; celulaza; ekstraktibilni in vezani fenoli; feruloil
esteraza; PCA; ksilanaza
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1 INTRODUCTION

Spelt (Triticum spelta L.) is an ancient subspecies of common wheat. Triticum bran is a good
source of dietary fiber, consisting mainly of arabinoxylans, cellulose, and pB-glucan (Bautista-
Exposito et al., 2020). The most abundant phenolics generally occur in spelt in insoluble bound
form. p-Coumaric and ferulic acids, which are predominant structural components in spelt
seeds and are found both ester-bound to polysaccharides (especially to arabinoxylans) and
ether-bound to lignin in plant cell walls (Bei et al., 2018; Mencin et al., 2021). Kern et al.
(2003) reported that only extractable phenolic acids are available for absorption in the human
small or large intestine, meanwhile human absorption of the predominantly bound phenolic
acids in wheat bran has been shown to be minimal. With this in mind, releasing the bound
phenolic acids in spelt seeds prior to consumption by bioprocessing techniques such as
enzymatic treatment could be a strategy to improve their bioaccessibility in humans. Enzymatic
treatment is a specific and effective method for releasing bound phenolic acids from cell wall
materials (Chen et al., 2015). Cell wall hydrolyzing enzymes (cellulases, xylanases, etc.) have
been effectively used to release bound phenolics by breaking up cell wall materials from wheat
bran (Acosta-Estrada et al., 2014; Bei et al., 2018). Feruloyl esterases are a subclass of
carboxylesterases that hydrolyze the ester bond between hydroxycinnamic acids (e.g. ferulic
acid) and hemicellulose present in plant cell wall. Moreover, feruloyl esterase should also act
in synergy with xylanases by cleaving diferulic bridges between xylan chains, opening the
structures and releasing lignin. Proteins constitute up to 17% of the bran layer; therefore,
protease has been explored for bran degradation (Singh et al., 2016). Phenolic acids, with their
carboxyl and hydroxyl groups, are able to bond with starch and other polysaccharides via
hydrogen bonds, chelation, or covalent bonds (Yu et al., 2001). Therefore, hydrolysis of starch
by a-amylase can release phenolic acids. The aim of this study was to investigate the effect of
different enzymes (alone or in combination), on the enhanced release of phenolics from spelt
seeds, as well as to demonstrate the effect of enzymes on the distribution of phenolics between
extractable and bound forms in the spelt seed.

2 MATERIALS AND METHODS

2.1 Enzymatic treatments of seeds

Milled and freeze-dried raw spelt seeds were treated with different enzymes (cellulase (EC
3.2.1.4); xylanase (EC 3.2.1.8); feruloyl esterase (EC 3.1.1.73); protease (EC 232-752-2) and
a-amylase (EC 232-560-9)). The enzymatic treatment was performed at 40 °C for 4 h in 50 mL
centrifuge tubes with continuous stirring. The most suitable conditions for each enzyme were
taken from the manufacturers' recommendations, namely, 100 mM sodium acetate buffer (pH
4.5) for cellulase and xylanase; in 100 mM sodium phosphate buffer (pH 6) for feruloyl
esterase, a-amylase and protease. The optimised conditions for enzymatic treatment were the
sample-to-buffer ratio 1:4 (w/v), the optimal enzyme concentrations were for cellulase 25 U/g
DW, xylanase 5 U/g DW, feruloyl esterase 10 U/g DW, a-amylase 50 U/g DW and protease
50 U/g DW. The optimal concentrations of enzymes, time of enzymatic treatments and sample-
to-buffer ratio for each enzyme, were selected based on preliminary experiments (data not
shown). After this treatment, the sample was collected and freeze-dried.

2.2 Preparation of extractable and bound phenolics
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Aliquots of the homogenised and freeze-dried treated seeds were mixed with 99.9% methanol
at a ratio of 1:9 (w/v). After shaking for 2 h at room temperature, the samples were centrifuged
(9793.9% g, 10 min) and filtered (pore size, 0.45 um). These filtered supernatants from the
extractions contained the extractable phenolics. The solid residues after methanol extraction
were treated by adding 2 M sodium hydroxide (20 mL) and shaking for 4 h at room
temperature. After hydrolysis, the samples containing the released phenolics were acidified to
pH 3 with concentrated formic acid. These filtered hydrolysates represented solution of bound
phenolics.

2.3 Determination of total phenolics content (TPC) and antioxidant activities

The TPCs were determined using the Folin—Ciocalteu (FC) method and antioxidant activities
were determined using DPPH" and ABTS" scavenging activities, according to the method
described in our previous publication (Mencin et al., 2021). A standard curve was prepared
with Trolox, and the data were expressed as mg Trolox equivalents per g dry weight (mg TE/g

DW).

2.4 Statistical analysis

The difference among various enzymatic treatments of spelt seeds was analysed with One-way
analysis of variance (ANOV A) and Duncan's post-hoc test. The level of statistical significance
was set as p < 0.05. The statistical analysis was performed using SPSS programme, as version
22 for Windows. Principal component analysis [PCA] was performed to interpret the
differences in all of the analysed samples by OriginPro 2015.

3 RESULTS AND DISCUSSION

3.1 Effect of enzymatic treatment on total phenolic content

The non-treated spelt seeds were used as a control sample. Following the preparation of the
extracts, the TPC of the extractable fraction was 2.95 mg TE/g DW and of the bound fraction
was 6.00 mg TE/g DW. All samples treated with different enzymes improved the extractable
and bound TPCs of spelt seeds compared to the control sample. Here, the treatment with
feruloyl esterase (F) showed the lowest increase in extractable and bound TPCs by 159% and
62%, respectively, while the highest increase in extractable and bound TPCs showed
simultaneous treatment with all five enzymes (C+X+F+A+P) (642%) and treatment with
amylase (225%), respectively (Table 1). All three experiments that included combination of
cellulase, xylanase and feruloyl esterase showed a greater ability to release bound TPCs into
extractable TPCs compared to treatment with these enzymes alone (Table 1). This result
suggests that feruloyl esterase in synergism can hydrolyze the ester- or ether- bond between
phenolics and the cell wall structure of spelt seeds and transform bound phenolics into
extractable form, which is consistent with Acosta-Estrada et al. (2014).

Regardless of the enzymatic treatment, bound phenolics represented a prevalent proportion of
total phenolics, the only exception are treatments with protease and C+X+F+A+P. Treatment
with C+X+F+A+P resulted in the highest increase in the proportion of extractable TPCs over
the total phenolics (extractable + bound) from 33% (non-treated seeds) to 60%, while treatment
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with amylase resulted in the lowest increase in the proportion of extractable TPCs over the total
phenolics, which amounted to 37%.

Interestingly, protease was able to significantly increase the release of extractable TPCs from
seeds, suggesting that this enzyme preparation may be included in hydrolysation of ester and/or
glycosidic bonds. Our TPC values may be overestimated since Everette et al. (2010) showed
that many non-phenolic compounds exhibit considerable reactivity toward the FC reagent,
including proteins. Contrary to our expectations, we found that treatments with xylanase,
feruloyl esterase and cellulase, alone or in combination with each other, were less efficient than
protease or amylase. Similar data were reported by Sungsopha (2009), implying that after
treatment of rice bran with a-amylase and protease, the extractable TPCs was increased by
476% compared to non-treated samples. The increase in extractable TPCs is likely due to the
increased release of bound phenolics (Bei et al., 2018). However, enzymatic treatment could
not completely convert bound phenolics to the extractable form because cell wall matrix of
spelt seeds might contain arabinoxylans, which cannot be hydrolysed by enzymes (Moore et
al., 20006).

3.2 Antioxidant activities of spelt seeds treated with different enzymes

The antioxidant activities of extractable and bound fractions from the different treated spelt
seeds were determined using two assays, referred to as DPPH" and ABTS™ scavenging
activities. The DPPH" and ABTS"" assays are based on electron or hydrogen radical transfer
mechanisms, and involve reduction of a coloured oxidant; as such, they are similar to the FC
assay (Dawidowicz & Olszowy, 2013).

In general, in comparison to control, these free radical scavenging activities of the extractable
phenolics were significantly higher for the samples treated with enzymes (Table 1).
Simultaneous treatment with all five enzymes (C+X+F+A+P) showed the greatest increase in
DPPH" (1182%) and ABTS"" (914%) scavenging activities of extractable fractions compared
to control sample. The lowest increase in DPPH and ABTS™" scavenging activities was showed
by treatment with cellulase (32%) and feruloyl esterase (217%), respectively.

Here, amylase treatment showed the greatest increases in DPPH" scavenging activity (45%)
while protease treatment showed the greatest increase in ABTS™ scavenging activity (132%)
of the bound fraction, compared to control sample. Interestingly, treatment with feruloyl
esterase (F) or treatment with combination of cellulase, xylanase and feruloyl esterase
(C+X+F) showed decrease in bound DPPH" (25%) and ABTS™" (8% and 13%, respectively)
scavenging activities.

The enzymatic treatment increased the antioxidant activity of the seeds probably by releasing
polar antioxidants bounded to the cell wall and/or by hydrolyzing biopolymers, such as
polypeptides and polysaccharides (Azmir et al., 2013). There are two possible explanation for
improving the antioxidant activity: one was to increase the solubility of the TPCs from spelt
seeds and the other was to obtain more phenolics with higher bioactivities using the
biotransformation method (Wang et al., 2018).

Meanwhile, the antioxidant activity determined by an ABTS™ scavenging activity was
significantly higher than the antioxidant activity determined by a DPPH" scavenging activity.
Floegel et al. (2011) showed that the ABTS™ assay is based on the generation of a blue-green
ABTS™", which is applicable to both hydrophilic and lipophilic antioxidant systems, whereas
the DPPH" assay uses a radical dissolved in organic media and is applicable to hydrophobic
systems. Due to the high content of p-coumaric and ferulic acids in spelt seeds (Mencin et al.,
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2021), a higher ABTS™" than DPPH' scavenging activity was expected. It appears that
enzymatic treatments had a significantly positive impact on the antioxidant activities of the
extractable and bound TPCs.

Table 1. Total phenolic content (TPC) and antioxidant activities (DPPH and ABTS assays) for the extractable
and bound phenolics from the spelt seeds treated with different enzymes. Data are means =+ standard deviation and
are expressed as mg Trolox equivalents per g dry weight (mg TE/g DW). Different letters within the same fraction
(extractable or bound) indicate significant differences (P <0.05; Duncan's Multiple Range Test)..

TPC DPPH ABTS

mg TE / g DW mg TE / g DW mg TE / g DW
Enzymatic
treatment Extractable Bound Extractable Bound Extractable Bound
Non-treated 2.95+0.09? 6.00 £0.104 0.22 £ 0.02° 1.55+0.078 1.67 £ 0.07* 3.20 £ 0.098
C 9.50+0.27¢ 13.45+0.235F  0.29+0.02° 1.75+£0.05¢ 8.48+0.11¢ 3.81+0.11¢
X 8.60 £ 0.20¢ 12.78 + 0.07° 0.68+0.01¢ 1.51£0.06% 7.20+0.18° 4.46 + 0.24E
F 7.65+0.15° 9.73 +£0.458 0.89 +0.02f 1.16 £0.06* 5.30+0.32° 2.934+0.134
C+X 10.21 £0.16°F  13.49+0.26F 0.37+0.01°¢ 1.75+£0.02¢  8.95+0.08" 4.22+0.15°
X+F 10.48 +£0.20°  12.94+0.21°F 0.51+0.01¢ 1.73+£0.06°  6.60+0.09° 3.74+£0.13¢
C+X+F 9.63 +£0.15% 11.80 +0.15¢ 0.54+0.014 1.16£0.054  6.95+0.17¢ 2.78+0.114
P 19.67+0.38" 15.89+0.16" 2.64 4+ 0.068 2.03+0.028  7.57+0.11f 7.42+0.10%
A 11.28+0.48¢  19.48 +0.83! 0.93 +£0.03f 2.25+0.05F 6.62 +£0.12¢ 5.61 £0.05F
C+X+F+A+
P 21.88 + 1.08! 14.82 +0.276 2.82+0.13" 1.92+0.04° 16.94+0.14 6.57+0.099

C: cellulase; X: xylanase; F: feruloyl esterase; P: protease; A: a-amylase.
3.3 Multivariate analysis

Principal component analysis (PCA) is one of the most classical and widely used techniques to
reduce dimensionality and increase interpretability of large datasets. PCA was performed to
evaluate the extractable and bound fractions of spelt seeds treated with different combinations
of enzymes based on their TPCs, and their antioxidant activities (DPPH’, ABTS™") (Fig. 1).
Principal component 1 (PC1) explained up to 72.3% of total variance and PC2 explained
24.4%. Thus, the presented two-dimensional graph was able to explain 96.7% of the variability
in the experimental data (Fig. 1). Samples were separated along the first PC by differences
observed in TPC and DPPH", while the second PC separated the samples based on ABTS™". As
can be seen in Fig. 1, there are three groups of samples and two samples that cannot be assigned
to any group. It can be observed that the groups do not overlap, so a clear separation can be
observed between samples treated with different enzymes and their combinations.

Extractable fractions of samples treated with individual enzymes or in combination are
positioned in the left upper side of the graph. These samples showed lower TPC and DPPH"
scavenging activity compared to extractable fractions of C+X+F+A+P and protease treated
samples, while showed significantly higher levels of TPC, DPPH" and ABTS"" scavenging
activities than non-treated extractable fraction. The extractable fractions of samples treated
with protease alone or in combination (C+X+F+A+P) are positioned in the right side of the
graph (Fig. 1). These samples had the highest extractable TPCs, DPPH" and ABTS™
scavenging.

The second group represents the bound fractions of samples treated with cellulase, xylanase
and feruloyl esterase alone or in combination (C+X; X+F; C+X+F) and non-treated bound
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fraction. These samples showed lower bound TPCs, DPPH" and ABTS™ scavenging activities
compared to other group containing bound fractions of protease, amylase and C+X+F+A+P
treated samples. The last group represents the bound fraction of samples treated with protease,
amylase and combination of all five enzymes (C+X+F+A+P). These samples showed the
highest TPCs, DPPH" and ABTS"" scavenging activities among bound fractions (Fig. 1). It is
interesting to note that extractable fraction of sample treated with all five enzymes has
significantly different position in the graph than other extractable fractions and the
corresponding bound fraction, suggesting that there are much greater differences between these
samples (Fig. 1). Extractable fraction of sample treated with protease positioned closer to the
bound fractions, indicating that there are certain similarities between these samples, mainly
because of the increase in extractable phenolics due to the release of bound phenolics.
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Figure 1: PCA biplot of the first two principal components from analysis of extractable (ex) and bound (b)
fractions of spelt seeds treated with different enzymes. TPC: total phenolic content; DPPH: DPPH' scavenging
activity; ABTS: ABTS™ scavenging activity; C: cellulase; X: xylanase; F: feruloyl esterase; P: protease; A: a-
amylase.

4 CONCLUSIONS

This study demonstrates an approach where treatments with enzymes alone or in combinations
significantly improves the extractable TPCs and their antioxidant activities of spelt seeds.
Additionally, treatment with combining all enzymes was clearly the most efficient way to
release a large amount of bound phenolics in the extractable form and improve their
accessibility. Enzymatic treatment significantly improves extractable TPC in all cases, but the
bound TPC still represented a prevalent proportion, except for protease and C+X+F+A+P
treatments. Our results showed that enzymatic treatment could be used to enhance the
extractable antioxidant activities and the potential bioaccessibility of antioxidants in spelt
seeds. Further studies are needed to explore the specific pathway of enzymatic modification of
phenolics to their more potent antioxidant compounds.
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