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TEMPORAL DYNAMICS OF DIATOMS IN
THE MLAVA RIVER

ABSTRACT: Temporal analysis of epilithic diatom community was studied within
four seasons per year at five sampling sites in the Mlava River. A trout fish farm was built
in the upper part of the river (between the first (ML1) and the second sampling site (ML2)).
The highest diversity was noticed in spring (159 diatom taxa), while the lowest in the period
of autumn (89). A total number of taxa that were dominant (relative abundance greater than
5% at least at one sampling site) during four seasons was 13. Conspicuous temporal dynam-
ics was shown using canonical correspondence analysis (CCA). Large number of taxa was
identified in more than two seasons; some were, however, specific to only one season. Many
of them were found only in the winter, while a slightly smaller number of taxa were charac-
teristic only for spring or summer.

KEYWORDS: diatom community, trout fish farm, diversity

INTRODUCTION

Diatoms (Bacillariophyta) are eukaryotic, photosynthetic, microscopic
organisms and one of the most successful groups of algae. Insufficient study of
their diversity has contributed to various estimates of the total species number
(from 100,000 to 10 million species) (Kale and Karthick, 2015).

They are of great importance both for nature and for humans. It is esti-
mated that these photosynthetic active organisms are responsible for 20-25%
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of total primary production on the Earth (Bozarth et al., 2009). Recently, they
have attracted the attention of scientists due to their possibly great biotechno-
logical potential (biofuels synthesis, food, chemical and pharmaceutical indus-
tries, nanotechnology) (Bozart et al., 2009; Medarevi¢ et al., 2016). Further-
more, diatoms have been widely used in biomonitoring of surface waters,
being the basic tool for water quality assessment in many European countries
(Szczepocka et al., 2014).

Despite their enormous importance, we know surprisingly little about the
structure and dynamics of their communities (Lane et al., 2003) which is the
basis for further research on their bioindicator role. First, it is necessary to
study the diatom community structure along the entire river system, since it
represents a continuum of interdependent habitats and many different micro-
habitats (Dalu et al., 2014). Research within large geographical areas (e.g. at
the national level) indicated that topography (altitude, longitude and latitude)
and climate are the most important factors influencing the variation in the
composition of diatom communities (Tison et al., 2005).

Many anthropogenic activities can alter the water quality, which can dras-
tically change the composition of diatom communities in rivers, but also make
water unusable for drinking, recreation and irrigation (Potapova and Charles,
2003). Therefore, the study of diatom community composition is of great im-
portance, which is the subject of this study. There are only a few studies on
diatom communities of the Mlava River (Jakovljevi¢ et al., 2016; Simi¢ et al.,
2016), without a detailed study on their temporal and spatial dynamics. The
study of temporal dynamics of the diatom community from the Mlava River
was conducted by comparing diatom diversity at each sampling site during
four seasons, determining dominant taxa in each season and examining the
temporal persistence of diatom community in the Mlava River.

MATERIAL AND METHODS

The Mlava River, with a length of 78 km, is one of the longest rivers in
the Eastern Serbia. The source of the Mlava River was placed under protection
in 1979 as a “hydrological natural monument” (Gavrilovi¢ and Duki¢, 2002).
Diatom sampling of the Mlava River was performed during 2011-2012 in four
seasons: spring (April 2011 and May 2012), summer (July and September 2011),
autumn (December 2011) and winter (February 2012). For the purposes of this
research, five sites were selected along the investigated part of the Mlava
River. Between MLI and ML2 there was built a trout fish farm. The MLI is
located at the source from which the farm is supplied with water. In relation
to the farm, the location of sampling sites is as follows: ML1 — located 250 m
upstream of the fish farm, ML2 — 20 m downstream from the fish farm, ML3
— 500 m downstream, ML4 — 2.6 km downstream, ML5 — 6.4 km downstream.

Chemical water parameters were measured and presented in Jakovljevié¢
etal. (2016). A total of 30 epilithic diatom samples were collected from April 2011
to May 2012. Samples were taken from medium-sized stones using a toothbrush,
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according to European and national standard (EN 13946, 2015). Cleaned diatom
frustules (without organic content) were achieved using the hot H,SO4, KMnPO,
and C,H,0, (Krammer and Lange-Bertalot, 1986). Permanent diatom slides
were prepared by mounting the material in Naphrax Carl Zeiss Axiolmager.
M1 microscope, with AxioCam MRc5 camera and AxioVision 4.8 software
was used for microscopic analysis of permanent slides. Qualitative and quan-
titative analysis was performed using the magnifications of 1000 x and 1600 x
and the standard literature for diatom identification. Quantitative analysis has
shown a relative abundance of identified taxa (%) which was determined by
counting 400 valves of epilithic diatoms at each permanent slide. CANOCO
program for Windows, Version 5.0 (Ter Braak and Smilauer, 2012) was used
for statistical analysis in order to represent the relationship of the recorded
diatom taxa based on their presence/absence and the sampling seasons used as
explanatory variable.

RESULTS

Concerning the taxonomic spectrum of diatoms from the Mlava River
throughout four seasons, the highest diversity was recorded in spring, while the
lowest in the autumn period (Figure 1). Twenty-four taxa were designated as
dominant (their relative abundance was >5% at least at one site and one season).

By exploring diversity during the seasons in the Mlava River, spring (April
2011 and May 2012) stands out as the season during which the highest number
of taxa were recorded (159 taxa) (Figure 1). Regarding sampling sites within
this season, the highest number of taxa were identified at ML2 sampling site
(82 taxa in April 2011), while the lowest was recorded at ML1 (45 taxa in April
2011) (Figure 1).

A total of 15 diatom taxa, with relative abundance greater than 5% at least
at one sampling site, were identified in the Mlava River during the spring
season (Table 1). Achnanthidium minutissimum was the dominant taxon at all
sites with relative abundance of 15.4% to 44.8%. Achnanthidium pyrenaicum
and Amphora pediculus were subdominant taxa during spring period.

In the summer period (July and September 2011), the presence of 140
diatom taxa was documented in the Mlava River (Figure 1). The highest num-
ber of taxa was found at the ML1 (67 in September 2011), and the lowest at the
ML5 (30 in September 2011) (Figure 1).

The same number of dominant taxa was recorded in this season, as in the
spring (15) (Table 2). A. pyrenaicum (34.7%), A. pediculus (30.5%), Cocconeis
lineata (35.6%) and Denticula tenuis (40.1%) were the dominant taxa in sum-
mer period. 4. pyrenaicum was dominant taxon at the ML1 in September, 4.
pediculus at the ML4 in July and the ML3 in September, and C. /ineata at the
MLS5 in both July and September (Table 2). Subdominant taxa in the summer
season were A. minutissimum, Cocconeis pseudolineata and Gomphonema
elegantissimum.
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The autumn period is characterized as the period in which the lowest
number of diatom taxa was recorded (89 taxa) (Figure 1). The ML1 sampling
site is distinguished by the highest number of taxa (72 taxa), while the other
four sampling sites do not vary much by the number of taxa. In the Mlava
River, during the autumn, the presence of nine diatom taxa, with a relative
abundance higher than 5% at least at one site, was determined (Table 3). Out
of these nine taxa, five were found at all five sites. 4. minutissimum (36.3%),
A. pediculus (32.1%) and D. tenuis (28.9%) were dominant taxa.

450
an0 -
g 300 i A[eDec 2011
S 250 - 7 - # Sep. 2011
5 ’(//’” Z s|_
g 200 é 2 = July 2011
Z 150 ——= _|& May 2012
i bPIApriI 2011
50

0+
ML hALZ ML3 MLA MLS

Figure 1. The number of recorded taxa in the Mlava River at 5 sampling sites (ML1-ML5)
during 4 sampling seasons: spring (SP) — April 2011 and May 2012, summer (S) — July
and September 2011, autumn (A) — December 2011 and winter (W) — February 2012.
A total of 15 diatom taxa, with relative abundance greater than 5% at least at one sam-
pling site, were identified in the Mlava River during the spring season (Table 1).
Achnanthidium minutissimum was the dominant taxon at all sites with relative abundance
of 15.4% to 44.8%. Achnanthidium pyrenaicum and Amphora pediculus were subdominant
taxa during spring period.

Considering winter period (February 2012), a total of 131 diatom taxa
were recorded in the Mlava River (Figure 1). The ML5 and ML4 sites are
distinguished by the highest (72 taxa) and lowest diversity (42 taxa), respec-
tively. During the winter, 13 taxa were recorded with relative abundance high-
er than 5% at least at one site (Table 3). The following taxa can be singled out
as dominant: 4. minutissimum (24.2%), D. tenuis (28.7%), Gomphonema oli-
vaceum (40.5%) and Nitzschia fonticola (34.4%).

Figure 2 shows the relationship of the 45 best fitted diatom taxa from the
Mlava River and the sampling seasons. In addition to the large number of taxa
that are identified in more than two seasons (those placed in the center of the
ordination diagram), there were some that were connected with only one season.
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Figure 2. CCA showing the relationship of diatom taxa recorded in the Mlava River
and sampling seasons.

Nitzschia frustulum (NIFR), Nitzschia flexa (NFLE), Navicula subalpina (NSBN),
Amphora copulata (ACOP), Nitzschia capitellata (NCPL), Geissleria decussis (GDEC),
Craticula minusculoides (CMNO), Nitzschia pura (NIPR), Meridion circulare var.
constrictum (MCCO), Achnanthes coarctaca (ACOA), Staurosira dubia (SRDU),
Gomphonema acuminatum (GACU), Hannaea arcus (HARC), Frustulia vulgaris (FVUL),
Navicula trivialis (NTRV), Gomphonema subclavatum (GSCL), Surirella angusta (SANG),
Nitzschia sociabilis (NSOC), Gomphonema micropus (GMIC), Surirella minuta (SUMI),
Cocconeis lineata (CPLI), Planothidium frequentissimum (PLFR), Amphora pediculus
(APED), Adlafia minuscula (ADMS), Navicula gregaria (NGRE), Fragilaria gracilis
(FGRA), Fragilaria recaptellata (FRCP), Cymbella compacta (CCMP), Encyonopsis
minuta (ECPM), Mayamaea permitis (MAPE), Encyonema subminutum (ENSU), Cymbella
affinis (CAEX), Gomphonema tergestinum (GTER), Achnanthidium minutissimum (ADMI),
Amphora inariensis (AINA), Denticula tenuis (DTEN), Cocconeis neodiminuta (CNDI),
Cocconeis pseudolineata (COPL), Rhoicosphenia abbreviata (RABB), Psammothidium
subatomoides (PSAT), Diploneis marginestriata (DMAR), Adlafia suchlandtii (ADLS),
Stauroneis smithii (SSMC), Diatoma moniliformis (DMON), Achnanthidium thienemannii
(ADTH).
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Many taxa, as designated on diagram, were found only in the winter, while a
slightly smaller number of taxa were characteristic only for spring or summer.
No taxon stands out only in the autumn. Diatom taxa recorded in two seasons were
Gomphonema subclavatum and Hannaea arcus (spring and winter), Cymbella
affinis (summer and spring), as well as Diploneis marginestriata (autumn and
summer).

DISCUSSION

A fluctuation of epilithic diatom diversity can occur due to environmental
conditions, geological nature, grazing, resources limitation, habitat disturbance,
substrate availability. Moreover, many pollutants can be a limiting factor for
growth and dominance of epilithic diatom taxa (Al-Harbi, 2017). Dalu et al.
(2014) stated that small-scale perturbations involving usable nutrients can
stimulate functioning of ecosystems, while continued perturbations usually
have a negative impact on community equilibrium and functioning. The aver-
age diversity values of epilithic diatom community were the highest in spring,
which is also pointed out by Allan and Castillo (2007) studying freshwaters in
temperate regions. Variations in water flow can cause 81gn1flcant changes in
the taxonomic composition of diatom communities of the rivers (Martinez de
Fabricius et al., 2003), which probably had a great influence on the diversity
and composition of diatoms throughout the seasons in our study as well.

In the Mlava River, during the spring period, Achnanthidium pyrenaicum,
beside 4. minutissimum, is singled as dominant taxon. It is a species charac-
teristic for rivers and streams with carbonate base and high flow velocity
(Lange-Bertalot et al., 2017), which is confirmed by our results, as well. Namely,
the highest relative abundance of this taxon was in the spring (Table 1), when
the highest flow velocity was recorded (Jakovljevi¢ et al., 2016). A similar
relative abundance (50%) of this species was also recorded in the San River in
Poland, while the relative abundance of other dominant taxa varied in the range
of 5-10% (Noga et al., 2014). In our study, the relative abundance of other taxa
shown in Table 1 was higher. In the summer, the dominance of Denticula tenuis
can be observed in the Mlava River (Table 2). According to van Dam et al.
(1994), this species is widespread in oligosaprobic waters with high relative
abundance. Having in mind our results on the water quality of the Mlava
River based on phytobenthos (Jakovljevi¢ et al., 2016), its presence with a high
relative abundance in the community confirms the literature data. Achnanthidium
catenatum was one of the dominant taxa in the autumn, which is common in
stagnant waters, while it occurs with low relative abundance in running waters
(Lange-Bertalot et al., 2017). In our study, although it was found in only one site
(ML4), it is represented with a relative abundance of 63% (Table 3). Further-
more, it is interesting that the site where this taxon was recorded is character-
ized by the highest velocity (Jakovljevi¢ et al., 2016). Thus, our results show that
this taxon can be distributed with high relative abundance also in fast-flowing
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waters. During the winter period, the dominant members of the community
were A. minutissimum, D. tenuis and Nitzschia fonticola (tolerant to high lev-
els of organic pollution (Lange-Bertalot et al., 2017)). In the same period, the
dominance of Gomphonema olivaceum with a community share of 40.5% can
be noticed (Table 3). This species is one of the most common of the genus
Gomphonema in Central Europe, often with a high share in the community.
Toman et al. (2014) pointed out the ability to firmly attach to the substrate as
the most probable reason for the high abundance of this species.

CONCLUSION

Studying of temporal dynamics and community composition of diatoms
is very important for improving biomonitoring protocols of water bodies. Sam-
pling time, as well as sampling site choice is crucial in such studies. We need
to increase the number of these studies including more rivers in Serbia with
the aim of creation diatom-based classification of rivers, thus better biomoni-
toring protocols.
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OPUTUHAJIHU HAYYHU PA]]
BPEMEHCKA ITMHAMUKA CUJIMKATHUX AJII'U PEKE MJIABE

Oira C. JAKOBJBEBUR!, Cnahana C. [TOIIOBU'R?, UBana M. JKUBUR',
Karapuna 3. CTOJAHOBUR!, Jenena K. KPUSMAHUR'

"' Vausepsutet y Beorpany, buonomku dakynTet
Cryzmentcku Tpr 16, beorpax 11000, Cpbuja
> VuusepsuteT y beorpany, UHCTUTYT 3a XeMHjy, TEXHOJIOTHjY H METATyprujy
WHCcTHTyT 0 HarmoHaHOT 3Ha4aja 3a PemyOmuky Cpoujy
LlenTap 3a €KOIOTHjy U TEXHOCKOHOMUKY
Hberomesa 12, beorpaza 11000, Cpouja

PE3UME: [{usb oBOT HCTpakuBama je OMo Ja ce aHaJIu3upa BPEeMEHCKa JINHa-
MUK 3ajeHUIC CIIINKaTHUX aJiTH peke MiaBe TOKOM 4 ce30He Ha 5 jiokamuTera. Y
TOpPHBEM TOKY peke u3rpaleH je macTpMcku pubmak (M3mehy mpBor U APYyTOT JIOKAJHU-
teta). Hajsehu nusepauteT je yrBpheH y mposehe ca 159 nueHTHPHUKOBAaHUX TaKCOHA
CHJIMKATHHUX aJITH, a HajMambH y jecemeM nepuoay (89 takcona). YkymHo 13 Takcona
CHJIMKATHUX aJITM MOTY CE€ OKapaKTepucaTH Kao JOMHUHAHTHU (BUXOBa pelaTHBHA
OpojHoCT je 6una Beha ox 5% Ha GapeMm jenHoM JokanuTeTy). KaHOoHHjCKa KOpecHoH-
nentHa ananu3a (CCA) je nmokaszasa u3pakeHy BPEMEHCKY JIMHAMUKY 3aj€/IHUIIC CUITH-
KaTHUX airu. Benuku 6poj TakcoHa je naeHTU(UKOBAH y BUIIE O] 1BE CE30HE, 0K CY
HEKHU OMJIM KapaKTEPUCTUYHU 3a CaMo jelIHy Ce30HYy. MHOTH 0[] X Cy YCTaHOBJLEHH
caMo y 3MMCKOM MIEPUOTY, aJIH M 'y TIPOoJIchHOM U JIeTH-eM (HEIITO MambK OpOj TAKCOHA).

KJbYYHE PEYMU: 3ajenuuLie CUIMKAaTHUX aJITH, IACTPMCKU PUOHAK, AUBEP3UTET
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INFLUENCE OF URBAN HEAT ISLAND ON
Tilia tomentosa Moench. BLOOMING

ABSTRACT: Temperature increase in urban areas due to a high share of paved and
impermeable surfaces affects indigenous woody species by making changes in their biological
processes. Field research includes monitoring the blooming period of 18 individuals of 7ilia
tomentosa Moench. in one vegetation season located in three different habitats (green strip,
paved surface, and park). The beginnings of four blooming phenophases are monitored (begin-
ning of blooming, beginning of full blooming, end of full blooming, and end of blooming), as
well as the total duration of blooming. Analyzed individuals are located in the densely built-up
part of Novi Sad in Serbia which is under the influence of the urban heat island effect. The
results show that the blooming period of individuals located in the park lasted longer and occurred
later. Between individuals from green strips and paved surfaces there are no significant dif-
ferences in the blooming period and the occurring of phases, but in relation to park individuals,
blooming duration is shorter and occurs earlier. Besides age and hereditary traits, air temperature
as a part of the microclimate of analyzed habitats is a very important factor when analyzing
the blooming phenophase. In that way, the change in blooming phenophases can be an indi-
cator of the adaptability of indigenous species to the urban heat effect and climate change.

KEYWORDS: blooming phenology, silver linden, Tilia tomentosa Moench., urban
heat island, white linden

INTRODUCTION

Urbanization and climate change are creating many environmental prob-
lems in cities. The larger human population in urban areas contributes to the
increase in impervious paved surfaces leading to urban heat island formation
(UHI) (Vujovi¢ et al., 2021). This is a phenomenon when the urban areas are often
several degrees warmer than the surrounding rural areas (Huang et al., 2019),

* Correspondent author. E-mail: sara.djordjevic@polj.uns.ac.rs
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thus making them more vulnerable to climate change (Avashia et al., 2021).
Climate change influences the changes in temperature, precipitation, and pho-
toperiod that affect plant habitats. Therefore, the timing of annually biological
events and the rhythm of plant phenology can be climate change indicators
(Fitchett et al., 2015; Fagras, 2019). The blooming phenophase is a direct indi-
2014). Plants cannot always track rapid climate changes, so they result in phe-
nological mismatches and deviations (Fox, 2019).

The dominant cause of phenological responses of plants to accelerated
climate warming in urban areas, in the form of earlier blooming, is the urban
heat island effect (Luo et al., 2007). A large number of paved surfaces in urban
areas are often not heat-and water-permeable. As a result, the increased intensity
of the urban heat islands accelerates the phenophases of plants (Jochner et al., 2013).

Savi¢ et al. (2012) observed the appearance of an urban heat island in the
City of Novi Sad that contributes to reduced cooling in the late afternoon and
evening, resulting in higher temperatures in the city during the night. Such
climate change has a great influence on all biological processes, among which
is the blooming phenology. Another study Savi¢ et al. (2018) showed that the
most densely built-up areas in Novi Sad (Detelinara, Grbavica, Stari Grad, and
Podbara) have very high or high-risk heatwave values which are influenced
by the urban heat island effect. These values cause a higher rate of mortality
of people in these areas (Savi¢ et al., 2018), so a question arises how these
urban heat islands affect plants and their phenophases.

Although urban flora consists of indigenous and non-indigenous species,
urbanization can be a bigger threat for native species (Garrard et al., 2018) af-
fecting their habitat and thus making them more vulnerable to climate change.
One of them is silver linden (7ilia tomentosa Moench.), a valuable species that
is frequently planted in urban areas (Weryszko-Chmielewska et al., 2019) and
is widespread in the City of Novi Sad.

The aim of the research is to register the time in which the phenophases
of the blooming of silver linden (7ilia tomentosa Moench.) appear, in three
different habitat conditions in Novi Sad (within the paved area, on the green
strip, and in the park) and to compare the blooming period of individuals from
different habitat types. In addition, it aims to analyze the dynamics of bloom-
ing (beginning, duration, and end), which shows the impact of habitat condi-
tions on the phenology of blooming and the possible threat that climate change
or urban heat island effect has on this indigenous species.

MATERIAL AND METHODS

Study area

The analyzed individuals of silver linden (7ilia tomentosa Moench.) are
located at the border of the settlements of Nova Detelinara and Banati¢ and in
the settlement of Sajmiste in Novi Sad (Figure 1).
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Figure 1. Location of the study area

Individuals are located in different habitats — green strip along the road
(individuals A1-A6), on a paved surface (individuals B1-B6), and in Futoski Park
(individuals C1-C6) (Figure 2). Although located in the same climatic area,
these habitats provide different ecological conditions for the development and
phenology of species. The selection of individuals to be observed is based on
field analysis. All trees are physiologically mature, aged between 20 and 40 years.

Phenological observations

Field research includes monitoring the blooming period of 18 individuals
of Tilia tomentosa Moench. in one vegetation season — 6 of them located on a
green strip along the road or parking lot with the width of 5 to 1.4 m, 6 lo-
cated within a paved area with an opening up to 1.4 m wide, and 6 located in
a park area (Futoski Park) (Figure 2). Phenological observations are performed
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Figure 2. Location of the analyzed individuals of 7. fomentosa Moench.
(A — Individuals on green strips, B — Individuals on a paved surface, C — Individuals
in Futoski Park)
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by visual observation in sunny weather on the same day in the second half of
the day. Observations of the bloom phenophase of the selected individuals were
performed in the period from June 11% to July 5, 2021.

In this paper, four phases are modeled by the methodology of Tomi¢ et
al. (2014) and Stojici¢ (2014): 1. The beginning of blooming 2. The time of full
blooming 3. The end of full blooming 4. The end of blooming (Figure 3). The
beginning of blooming is the day when 25% of inflorescences are open in
relation to the volume of the canopy, full blooming with over 50% of fully open
inflorescences, the end of full blooming when 80% of inflorescences are open
and 20% of flowers are dried, and the end of blooming when 80% of the flowers
fall off (the flowers are without perianth).

Figure 3. The phenophases of blooming of 7. fomentosa Moench.

(1 — The beginning of blooming, 2 — The time of full blooming,
3 — The end of full blooming, 4 — The end of blooming)

Since there are no meteorological stations at the studied locations, the
climatic elements of the meteorological station Novi Sad — Rimski Sancevi
(RHMZ site) are used in the analysis of the influence of temperature on the
flowering phenology. It should be noted that Rimski Sancevi are located outside
the urban environment and the temperatures are lower than in the city. To
determine the mean daily air temperatures, the data are read daily at 7 am, 2
pm, and 9 pm between June 11" and July 5™. In addition, due to the study of
the urban heat island effect, daily minimal air temperatures are specially not-
ed, as values most similar to the night temperature values, when the process
of the urban heat island is the most intense (Savi¢ et al., 2012). The collected
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data are statistically processed using Statistica 14 software package (StatSoft,
Inc., Tulsa, OK, USA). Investigation of multi-character variation is conducted
by Principal Component Analysis (PCA). The minimum temperatures and the
beginnings of the phases of individuals from different habitats in the observed
period are graphically shown to determine the relationship between blooming
and temperature factors, i.e. the urban heat island effect.

RESULTS AND DISCUSSION

In the first phase, the beginning of blooming was first noticed on June
11" on individual A5 located on the green strip in Hajduk Veljkova Street along
the road, and the last noticed was on June 22% on individual C4 in Futoski Park
(Table 1). The end of blooming occurred the earliest on June 21 on individu-
al BS, which is located on a paved surface, and the latest on July 5" on indi-
vidual C4, which is located in Futoski Park. Individual B5 on the paved surface
had the shortest blooming period (9 days), while individual C3 on the park
surface had the longest blooming period (18 days).

Table 1. Phenophases of silver linden blooming (A — individuals on green strip, B — indi-
viduals on paved surface, C — individual in Futoski Park)

Individual First Second Third Fourth Total blooming
phase phase phase phase duration (days)
Al 15.6. 17.6. 22.6. 26.6. 12
A2 17.6. 19.6. 23.6. 29.6. 13
A3 14.6. 16.6. 22.6. 27.6. 14
A4 18.6. 20.6. 22.6. 27.6. 10
A5 11.6. 14.6. 19.6. 25.6. 15
A6 16.6. 19.6. 22.6. 25.6. 10
B1 15.6. 17.6. 23.6. 30.6. 16
B2 13.6. 15.6. 21.6. 26.6. 14
B3 15.6. 17.6. 22.6. 29.6. 15
B4 12.6. 15.6. 20.6. 25.6. 14
B5 13.6. 15.6. 19.6. 21.6. 9
B6 18.6. 19.6. 25.6. 28.6. 11
Cl1 14.6. 16.6. 23.6. 30.6. 17
C2 17.6. 20.6. 22.6. 1.7. 15
C3 16.6. 18.6. 25.6. 37. 18
C4 22.6. 24.6. 2.7. 57. 14
C5 18.6. 21.6. 26.6. 2.7. 15
C6 20.6. 22.6. 28.6. 37. 13
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The principal component analysis (Figure 4) showed that the individuals
from Futoski Park (C) stand out because they are characterized by a longer
duration of blooming (from 13 to 18 days). Individuals on paved surfaces and
green strips are grouped together, so they are not grouped solely on the basis
of habitat. Compared to park individuals they perform blooming in a shorter
period and the beginning of blooming occurs earlier. So, what can be noticed
is that individuals are grouped mainly based on the total duration of blooming.
The longer period of blooming of individuals in the park is conditioned not only
by the age of individuals but also by ecological and habitat conditions because
on the park surface individuals have enough space to develop the underground
and aboveground parts and thus perform their phenophases normally.
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Figure 4. Principal component analysis of blooming phenology data of Tilia tomentosa
Moench.

The difference between the individuals on paved surfaces and green strips
and park individuals is also conditioned by microclimatic conditions, because
unlike natural environments like parks, impervious paved surfaces may nega-
tively affect urban trees through enhanced extreme soil and air temperatures
(Sand et al., 2018). Their vitality is endangered when the permeable surface area
around the tree is small (Sand et al., 2018). The high share of impermeable
paved surfaces around the individuals on paved surfaces and the insufficient
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width of green stripes cannot create environmental conditions similar to parks,
which affect their biological processes including the blooming phenophase.

Figures 5, 6, and 7 show examples of individuals from each habitat type.
These individuals are chosen to show minimum and maximum extent of phe-
nophases (A6 as the individual that has the earliest first blooming phase and
the shortest duration of blooming among the 6 individuals on green strips, BS
as the individual that has the shortest blooming period among all 18 individu-
als, and C4 that has the latest first blooming phase and the longest duration of
blooming among 18 individuals) and to show graphically how habitat, minimum
temperature, and blooming phenophases are related. It can be seen in the fig-
ures that the individual from the paved surface (B5) starts blooming the earli-
est and has the shortest blooming, while the individual from the park surface
(C4) starts blooming the latest and has the longest blooming. Also, on the
example of a park individual, it can be noticed that when the minimum tem-
peratures decrease, the blooming phases lengthen, while the increase in the
minimum temperature in the period from June 14" to 23™ accelerates the
blooming of individuals on the green strip (A6) and paved surface (BS). In
addition to the high temperature, a small amount of precipitation and lower
relative humidity in the observed period cause a shorter course of blooming
of individuals.

Habitat=Green strip, Individual=AG6
Line Plot of multiple varnables

25
24 g
4
221 /o-d/_."-, %
20 ¢ I.IF f I||| -"IIIIIH 1
! f \ -3
1@} / |
9 f x?\:’dvﬂd \wf b\i /{3
= 16} | { f
g "HI'| /Q\‘ | \ '? T
= 14¢ .-d' | po | 'y" o
2 )Y ¥ [ 2
i) Gao 2 8
5 ) a
e 10t
= &t
II
B i a8 1
41
21
0 1]
O TR T TR T T TR T
S % S S 5 % E 45 % E ':;1 :ﬁ ?:: -8~ Min temperature (L)
T2 22N RA8KRcE8E gontala i

Figure 5. Display of minimum temperatures and flowering phases of individual
A6 located on the green strip
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Habitat=Paved swiace, Individual=B5
Lirwa Plot of multiple variabhas
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Figure 6. Display of minimum temperatures and flowering phases of individual
BS located on a paved surface
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The meteorological data are taken from the nearest meteorological station
Rimski Sancevi, but since it is located outside the urban environment, the real
temperatures at the locations are certainly higher. The differences in the dura-
tion of phenophases of individuals in different habitats are conditioned by the
microclimatic conditions prevailing at the study area. Individuals have the
earliest and shortest blooming on a paved surface because the area around the
tree is impermeable and retains heat for the longest time in the evening, which
is why the impact of the urban heat island effect is then the strongest. The
situation is similar with individuals on the green strip because it is of insuf-
ficient width and is surrounded by impermeable concrete or asphalt surfaces.
Individuals on the park surface have the most favorable microclimate, with
water- and heat-permeable surfaces that enable cooling and water penetration,
so their blooming is longer and more uniform.

Tomi¢ et al. (2014), in their research on silver linden in Banja Luka, con-
firmed that their blooming period is shorter due to higher air temperatures. Also,
they add less precipitation and low air humidity as climatic elements that can
shorten the blooming period of silver linden. The same authors also state that
the duration of the linden blooming period largely depends on hereditary traits
because they find intraspecies variability within their researched individuals.
So, it should be emphasized that, besides different environmental conditions,
hereditary traits can influence the variations in blooming phenophases. Thus,
further research should investigate how much the hereditary traits of silver
linden affect the shift of the blooming phases. On the other hand, besides he-
conditions climatic parameters have the greatest influence on the phenology.
Due to current problems with climate change, research of other climatic pa-
rameters, besides air temperature, could be a next step which will show better
how the urban heat island effect affects and endangers not only the pheno-
phases, but other processes of indigenous woody plants like silver linden.

CONCLUSION

The research results after comparing the blooming period between indi-
viduals on different habitats from June 11" to July 5", 2021 show that indi-
viduals located in the park have a longer blooming period (13—18 days) than
individuals on green strips (10—15 days) and paved surface (9—16 days). Also,
the blooming phenophases occur earlier in individuals in the park than in those
on green strips and paved surfaces. In the first phase, the beginning of bloom-
ing was first noticed on June 11" on individual A5 located on the green strip
in Hajduk Veljkova Street along the road, and last on June 22" on individual
C4 in Futoski Park. The end of blooming occurred the earliest on June 21% on
individual BS, which is located on a paved surface, and the latest on July 5
on individual C4, which is located in Futoski park. Individual B5 on the paved
surface had the shortest blooming period (9 days), while individual C3 on the
park surface had the longest blooming period (18 days).
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In paved areas and green strips, the share of impermeable paved surfaces
around the individuals is high. This enhances soil and air temperatures, enables
root and canopy development, and affects biological processes of urban trees
including the blooming phenophase. Different microclimatic conditions in the
analyzed habitats are among the major reasons for the difference in duration
and start of blooming.

One of the elements of microclimate noticed during the blooming period,
as a value most similar to the night temperature when the process of the urban
heat island is the most intense, is minimum temperature. The increase of min-
imum temperatures in the observed period is directly related to the shorter
duration of phenophases, especially within individuals on green strips and
paved surfaces whose blooming lasts significantly shorter than within park
individuals. This indicates that an increasing number of paved, impermeable
surfaces that cool slowly, negatively affect the blooming phenophase of these
indigenous species, accelerating them and thus disrupting their basic role and
function. Given that the research is conducted only in one vegetation season and
that the sites are relatively close, no general conclusions can be drawn about the
differences and causes of changes in the phenophase of silver linden blooming, but
this research can serve as a starting point for future research on similar issues.

To fulfill the ecological, sanitary, and aesthetic function of indigenous
species such as silver linden (7ilia tomentosa Moench.), it is necessary to pro-
vide more green and permeable and less paved impermeable surfaces, favora-
ble microclimatic conditions, and sufficient space for the root system and
canopy development. Proper and careful planning of the urban landscape
through ecological approaches, preservation of indigenous species, increasing
the number of green areas, careful selection of planting sites, and good care of
seedlings, especially in the post-planting period, can mitigate the effects of
climate change. In this way, by creating a favorable microclimate and reducing
the urban heat island effect, the blooming phenophases of indigenous species
would take place normally and be undisturbed.
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OPUTUHAJIHU HAYYHU PA{

VYTULIAJ YPBAHOI" OCTPBA TOIIJIOTE HA LIBETAIGE
Tilia tomentosa Moench.

Capa K. BOPBEBUR, Bana M. CEHTUR,
Jenena JI. YYKAHOBUWR, Mupjana XK. JbY BOJEBU'h, Marganena I [TYIIIHR

VYuusepsurer y HoBom Cany, [TossonpuBpennu dakyirer
JlenaptMan 3a BohapcTBO, BUHOI'PAJapCTBO, XOPTUKYJITYPY U IIEj3aKHY apXUTEKTYPY
Tpr Hocureja O6panosuha 8, Hosu Cax 21000, Cpouja

PE3UME: [loBehame TemnepaType y ypOaHUM MOAPYYjUMa, 300T BEIHUKE KOJIH-
YUHE MOIIOYaHHUX U HEMPOITYCHHUX MOBPIIKHA, yTHYE HA Ay TOXTOHE IPBEHACTE BPCTE
Memajyhu muxoBe Ouosomike npoiece. TepeHcka UCTpakuBama 00yxBarania cy
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npahemwe neprona nBerama 18 nunausunya 7ilia tomentosa Moench., xoje ce Hana3ze Ha
TPH Pa3IMuKTa CTAHULITA (3€]IeHa TPaKa, NOIJIOYaHa MOBPLIMHA 1 [IapK) Y je/iHOj Bere-
TannoHoj ce3onu. Ilpahern cy nodenn yetnpu peHodase upeTama (IOYCTAK LBETAbA,
[OYETaK IYHOT IBETakha, KPaj IyHOT LBETamba, KPaj LIBETakA), KA0 U YKYITHO TPajarhe
[BeTama. AHAIM3MPaHe HHIUBHYe Hanase ce y rycro m3rpahenom neny Hosor Cana
(ATTI BojBogmna, CpbOwuja) koju je o yrumnajem edexra ypodanor octpsa torjore. Pe-
3yJITaTH [OKa3yjy Ja je IIeproJ [BETamha HHANBHYA y TTAPKY TPajao IyKe H IOTOIHO
ce kacHuje. M3mel)y MHIMBHTya ca 3eJICHUX TPaKa U MOIIOYaHUX MOBPIIMHA HUje OO
3HAYajHUX pa3JiKa y IepUOIy IIBETalka U MojaBJbHBamy (asa, aiu y OJHOCY Ha Tap-
KOBCKE WHIMBH]IYE, [IBETAKE je Tpajaio kKpahe u oueno je panuje. OCUM CTapOCTH U
HaclleTHUX OCOOMHA, TeMITepaTypa Ba3ayxa (Koja je 1eo MUKPOKIMME) aHaTU3UPaHUX
CTaHUINTa BeoMa je BaxkaH (pakTop npu aHanusu penodase nserama. Ha taj HauuH
npoMeHe GeHodaza BeTama MOTY OMTH MOKa3aTesbu MpuiiarohaBama ayTOXTOHUX
BpcTa Ha ehekaT ypOaHOT OCTpBa TOIIOTE U Ha KJIMMATCKe IPOMEHE.

KJbYUHE PEUU: 6ena nuna, cpedpHonucHa nuna, Tilia tomentosa Moench.,
ypOaHo OCTPBO TOIIOTE, (PEHOJIOTHja IIBETakha
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Ambrosia trifida L. (GIANT RAGWEED)

ABSTRACT: Ambrosia trifida L. belongs to the group of invasive weeds, which in
colonized areas cause great damage to the biodiversity of autochthonous flora and vegetation
as well as in plant production. It originates from North America wherefrom it has spread to
many parts of Europe. In Serbia it is currently locally present in the area of Backa (the
northern region of the country). Early and rapid growth rate, vegetative and generative
production, high degree of morphological and reproductive plasticity have given it a com-
petitive advantage over many other weeds, hence in many countries it is considered one of
the most problematic weeds in agricultural production. 4. trifida could cause great damage
in root crops, vegetable gardens and orchards and its harmfulness is measured by the nega-
tive impact on biodiversity by suppressing indigenous and other non-indigenous species.
With its allergens, A. trifida negatively affects human health. Observing its vegetative and
generative potential and climate change on the other hand, recent research indicates the
potential for the spread of A. trifida in our country and in Europe, which could be a serious
risk for agrophytocenoses and the ecosystem as a whole. In 2019, it was added to the EPPO
A2 List of quarantine pests recommended. It can be controlled with the use of mechanical,
biological and chemical measures.

KEYWORDS: Ambrosia trifida L., Ambrosia spp., allergenic species, competition,
invasive weeds, secondary metabolites, weed control, yield losses

INTRODUCTION

Invasive plant species may be a serious threat to crop fields and natural
habitats (Pysek et al., 2009; Vila et al., 2011; Essl et al., 2009; 2015). Since they
do not have their particular natural agent of control in the new area, they can
grow fast and compete for resources. If establishment is effectual, invasive
species generate noticeably (two to five times) more biomass than indigenous
species and better exploit the available resources (Szymura et al., 2018). Con-
sidering their conspicuous competitive potential, they suppress indigenous
populations and gravely disturb biodiversity (Gioria and Osborne, 2014).

* Corresponding author. E-mail: aleksandra.m.savic@gmail.com
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The species of genus Ambrosia (family Asteraceae) are widespread and
heavily deleterious invasive plants. The genus has around 40 species, originating
mostly from North America and they have been introduced into new countries
in the 19 century (Makra et al., 2005; Gerber et al., 2011; Smith et al., 2013).
In North America and Europe, it started causing grave trouble in the past
decades, contributing to an evident increase in respiratory allergic reactions
(D’Amato and Spieksma, 1992; D’Amato, 2007). Pronounced adaptability to
new conditions makes them able of surviving and generating colony of an inva-
sive species. Beside Ambrosia artemisiifolia L., which is the most damaging
species of this genus (Kazinczki et al., 2008), Ambrosia trifida L. also causes
considerable damage in agricultural production (Weaver, 2001; Harrison et al.,
2001). It has been present in numerous countries in Europe (Follak et al., 2013,
www.cabi.org), and its harmfulness in crop has been remarked in Serbia (Ma-
lidza and Vrbnicanin, 2006). In recent years, 4. trifida has been a species that
has attracted the attention of many researchers (Harrison et al., 2001; Follak
et al., 2013; Page and Nurse, 2015; Savi¢ et al., 2019a, b; 2020a, b; 2021).

TAXONOMIC HIERARCHY

Domain: Eukaryota

Kingdom: Plantae
Phylum: Spermatophyta

Subphylum: Angiospermae
Class: Dicotyledonae
Order: Asterales
Family: Asteraceae
Genus: Ambrosia
Species: Ambrosia trifida
Sub-species: Ambrosia trifida var. texana and Ambrosia trifida var.
trifida
EPPO code: AMBTR

DISTRIBUTION

Ambrosia trifida originates from North America and it is distributed from
Western to Central Europe. Currently, it inhabits all continents except Africa
and Oceania. It is assumed that it was introduced by imports of commercial
grain and oilseed and during World War II, when military movements were
also vectors of introduction for this species in Europe (Lawalree, 1947; Follak
et al., 2013; Ardenghi and Polani, 2016). At this time, it is present in many parts
of Europe (Slovak, Serbia, Germany, Switzerland, Italy, Slovenia, Bulgaria,
Austria, Romania, Czech Republic, etc.). Furthermore, this species it has been
introduced in Asia, Japan, China, Mongolia and South Korea, Georgia, Israel, etc.
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(Follak et al., 2013; www.cabi.org). In 2019, 4. trifida was added to the EPPO
A2 List of quarantine pests.

Follak et al. (2013) researched the rate of spread of A. trifida in Central
and Eastern Europe. The number of reports peaked in the periods 1951-1990
and thereafter reduced suddenly. For a relatively long time, the percentage of
established populations was rare. It is supposed that the decrease in the spread
rate was impacted by the fact that A. trifida mostly inhabits ruderal habitats and
thus its distribution is less intense than invasive species present in rural and
urban areas (Follak et al., 2013; Chauvel et al., 2015). Seeds are rich in fat and
protein and Harrison et al. (2003) found that predators (moths, mice and birds)
feed on seeds of 4. trifida and in that way they reduce the number and limit
its spread to some extent. In addition, it is determined that seeds of A. trifida
are a food for species from the order Diptera, Lepidoptera and Coleoptera
(Harrison et al., 2001). The percentage of identified populations did not change
for a relatively long period. However, it is recently reported that the population
of A. trifida is permanently increasing and this fact could be connected to
climate changes which are affecting almost all European countries (Johnson
et al., 2005; Follak et al., 2013; Mora et al., 2018). Since it is well adjusted to
warm habitats with more light and nutrient-rich soils (Dinelli et al., 2013), it is
assumed that climate change has affected its re-spread.

On the Balkan Peninsula, it was first found in the 1980s in Banat (Serbia)
(KoljadZinski and Sajinovi¢, 1982). A few years later, it was recorded in Slo-
venia (Vasi¢, 1990). After that, Malidza and Vrbnicanin (2006) recorded a large
population of 4. trifida in Central Backa (Despotovo, Kucura, Savino Selo and
Ravno Selo). Thereafter, reports on its incidence in the crop fields have arisen in
Serbia, specifically in Pannonia Plain region (along the roads in villages, between
settlements, and on field edges, as well as in sunflower, maize, soybean, and
sugar beet crops) (MalidZza and Vrbnicanin, 2006; Vrbnicanin et al., 2012; 2015).

BIOLOGY AND ECOLOGY

Ambrosia trifida is a broadleaf annual plant (therophyte, T4) which is only
propagated from seeds. Drier, warm habitats, with more light, and the nutrient-
rich soils suit this species (Vrbnicanin et al., 2015). Taking into account dif-
ferent growth conditions, it can display substantial plasticity in height, degree
of branching, number and size of leaves, amount of reproduction (Abul-Fatih
and Bazzaz, 1980). It forms an upright, strong and branched stem, covered in
short, white hairs in its upper part, while in the lower part the stem is bare. Root
is very strong, with a dense system of lateral roots. 4. trifida is also character-
ized by leaf variability, where individuals often form a leaf plate with three to
five lobes, or without lobes, and sometimes the lobes absence is a result of
varied environmental conditions during the plants development. 4. trifida is a
diploid species (2n = 24; Payne, 1964). In nature, there has been observed the
formation of hybrid forms between 4. artemisiifolia and A. trifida (a new taxon,
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A. x helenae) which affects the creation of morphological and genetic diver-
sity (Wagner, 1958; Vincent et al., 1988; Strother, 2006).

The final plant height may reach 6 m. Their leaves (20—30 cm in length)
are mainly placed in the terminal part of the plant and depending on their size
and position; the available light is notably reduced to the other species (Basset
and Crompton, 1982). This species has high photosynthetic (C3 photosynthesis
system) and net assimilation rates (Abul-Fatih and Bazzaz, 1979). It is a mo-
noecious plant which flowers and produces seeds from July to September. An
allometric fruit distribution is typical for this species (Harrison et al., 2001).
The flowers are unisexual, with males flowers producing pollen and females
flowers producing seeds. Anthers in male flowers form clusters, located on the
terminal part of the plant and contain 10—15 flowers grouped in inflorescences
up to 30 cm long (Bassett and Crompton, 1982). Female heads are 6—10 mm
in size and are located in the axils of the upper leaves. The pistils are located in
groups at the leaf base below the anthers. One plant can produce about 10 million
pollen grains a day. Pollen grains (tricolpate, three-celled pollen) (16-27 pm
in diameter) are spherical with spines and spinules (Basset and Terasmae, 1962;
Curtis and Lersten 1995; Liu et al., 2012). The pollen grain is round with spikes
and contains about 50 proteins (antigens) that act as allergens. During the day,
the concentration of pollen is highest from five to ten o’clock in the morning.
Pollen stays in the air for more than 100 days, with the highest concentrations
in August and September (Johnson et al., 2007). Pollination in this species is
anemophilous and is more successful between than within individual plants
(Bassett and Crompton, 1982). The fruit is achenia (seed) and characterized by
6—8 blunt teeth at the top, without papules, grey-green to light dark in colour.
The achenes are 6—11 mm wide and 7-14 mm long (Bassett and Crompton,
1982). A. trifida produces up to 5,000 seeds/plant (Abul-Fath and Bazzas, 1979).
Seeds of this species can germinate at a depth of 0.5 cm, but active soil seed
bank is typically up to 5 cm of soil depth, however, large seed size makes it
able to germinate from deep soil of 16 cm (Abul-Fath and Bazzas, 1979). De-
pending on the depth of seed burial, it can establish a seed bank of soil for up to
21 years (Toole and Brown, 1946; Stoller and Wack, 1974; Harrison et al., 2007).

Seeds are polymorphic (of different dimensions and colours). Larger seeds
have a higher ability to germinate. The seeds fall from the plant in the period
of full physical maturity (autumn). The incorporation of seeds into the soil
takes place with the help of precipitation, the activity of earthworms and oth-
er predators or during tillage (Harrison et al., 2003). In addition, the germina-
tion rate of this species could also be affected by other weed species which, if
their competitive characteristics enable it, hinder germination, growth and
development (Savi¢, 2019a, b; 2020a, b; Savi¢ et al, 2021). However, 4. trifida
germinates in early spring, so it has a potentially much better chance than
other species to occupy a given area and achieve its vegetative and generative
production (Savi¢, 2020b). 4. trifida germinates and emerges from early spring
(March/April). It germinates at wide range of temperatures (from 4 to 41 °C),
with an optimum between 10 and 24 °C. It is preferable if soil moisture condi-
tions are suitable (17% to 55% soil moisture, with an optimum at 20% to 30%)
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(Ballard et al., 1996). Opposite that, Schutte et al. (2008) found that emergence
occurs during relatively dry periods. Additionally, Cui et al. (2007) showed
that 4. trifida is a good accumulator of heavy metals (Pb, Zn, Cu, Cd) at the
root level and it can grow successfully in the soil where the concentration of
metals is quite high.

COMPETITIVE ABILITY

Many scientists have paid special attention to studying the competitive
abilities of 4. trifida (Abul-Fatih and Bazzaz, 1979; Webster, 1994; Williams
and Masiunas, 2000). It is a highly competitive species that can dominate the
annual plant community due to a rather early germination and emergence and
high rates of growth (Webster, 1994; Malidza and Vrbnicanin, 2006; Follak et al.,
2013; Harrison et al. 2001; Page and Nurse, 2015). As a strong competitor, it
efficiently draws water and nutrients from the soil and thus reduces the natu-
ral resources needed for the growth and development of other plants, which
can lead to significant losses in crop yields. When it occurs on agricultural
land, it quickly conquers space and thus hinders the growth and development
of crops, especially wheat, corn, soybeans, sunflowers, beans and other crops
(Weaver, 2001; Williams and Masiunas, 2006; Vrbnicanin et al., 2012). A.
trifida is more competitive and causes greater yield losses in soybeans than in
maize. Some authors have reported yield losses of 13% in maize and 50% in
soybean with as few as one plant of 4. trifida/m* (Baysinger and Sims, 1991;
Harrison et al., 2001). Additionally, Harrison et al (2001) found yield loss in
maize of 60% with 14 plants of A. trifida/10 m?. According to these results,
Harrison et al. (2001) predlcted yield losses of maize as high as 90% if A.
trifida den51ty was 14 plants/m Similar study determines that 1.7 A. trifida
plant/10 m?reduces yield of maize by 18% (Webster et al., 1994). If we compare
the influence of two different species of ragweed on maize yield, one plant/m?
of A. artemisiifolia and A. trifida reduced maize yield by 6% and 14% (Weaver,
2001; Harrison et al., 2001). Unlike A. artemisiifolia, A. trifida reduced twice the
maize yield, so compared to A. artemisiifolia it can be characterized as more
harmful to crops (Weaver, 2001; Harrison et al., 2001). According to Vrbni¢anin
et al. (2012) 2 plants of A. trzﬁda/m reduced dry mass of sunflower by 25.3%.
Webster et al. (1994) found that one plant of 4. trifida/m?, can reduce soybean
yield by 77%, unlike other species at the same conditions (Abutilon theo-
phrasti, Amarantus retroflexus, A. artemisiifolia, Chenopodium album and
Datura stramonium) that reduce the yield soybeans by 9, 18, 12, 14 and 15%,
respectively (Rathmann and Miller, 1981; Kirkpatrick et al., 1983; Weaver,
2001; Bensch et al., 2003). According to other authors, only a few plants of 4.
trzfzda/m reduced soybean yield by 70%, while by the similar density Xan-
thium strumarium and A. artemisiifolia can reduce soybean yield by 30% and
15% (Coble et al., 1981; Bloomberg et al.,1982). A. trifida has relative strong
interspecific competitive ability (Montagnani et al., 2017). Liebman and Nichols
(2020) modelled A. trifida population dynamics in different crop rotation, where
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rotations of crops (two-year corn-soybean; corn-soybean-rye-alfalfa system)
have a higher probability of controlling 4. trifida populations.

Although it can cause grave damages to the crops, it can also negatively
affect biodiversity by suppressing other species (Abul-fatih and Bazzaz, 1979;
Follak et al., 2013). There are not much data on studying the competition of weeds.
However, some literature sources cite the results of inter/intraspecies competi-
tion between A. trifida and other weeds species. Savi¢ et al. (2019a; 2020a, b;
2021) revealed that the different ratio of A. trifida and A. artemisiifolia/m> was
reflected in all vegetative parameters. With an increase in the number of 4.
triﬁa’a/m2 in different treatments (20/80%, 40/60%, 60/40%, 80/20%, 100/0%
A. trifida/A. artemisiifolia /m?) where the total numbers were 10 and 100 plant/m?,
values of vegetative parameters (height, plant width, number of leaves and dry
mass) of 4. trifida decreased. Its highest dry weight was recorded in treatments
with its lowest abundance A. trifida (20%/m?) compared to A. artemisiifolia
(80%/m?) while its lowest dry weight was recorded in monoculture treatment
of A. trifida (100%/m?), which indicates a more pronounced intraspecific com-
petition. Taking into account the vegetative production of 4. trifida, especially
at a lower number of plants/m* compared to A. artemisiifolia, its competitive
strength is more pronounced. Moreover, the large vegetative production of A.
trifida enabled greater dominance in relation to other weed species Chenopo-
dium album, Polygonum aviculare, Setaria viridis, Bilderdykia convolvulus,
Echinochloa crus-galli, Sorghum halepense (Savi¢, 2020; Savi¢ et al., 2021).
Savi¢ et al. (2021) found that due to more pronounced intraspecific competition,
with a high population 4. trifida suppressing itself, harmful effects on other
species and ecosystem occurs only with a smaller number of plants per unit
area (up to 40, maximum 50 plants/m?). At high numbers, intraspecific com-
petition occurs; the number of A. trifida/m* decreases, and this favours the
growth and development of other plant species.

IMPACT OF SECONDARY METABOLITES OF A. trifida
ON OTHER ORGANISMS

Many weed species have been characterized as highly recognizable for
their secondary metabolites that influence the germination of other plants in
nature (Todaria et al., 2005). In species of the genus Ambrosia, allelopathic
influence on neighbouring plants has been confirmed. Several studies have
shown that these species can synthesize various secondary metabolites includ-
ing flavonoids, sesquiterpenes, lactones, phenolic acids, ambrosine, isabelin,
psilostachine, and others. These compounds have been found to have a broad
spectrum of biological activity, primarily inhibiting or stimulating the growth
of other species (Beres et al., 2002; Wang et al., 2005; Kong et al., 2010).

The allelopathic effects of A. trifida on other plants are also well docu-
mented. Root exudates, leaf leachate, and decaying leaves produce allochem-
ical compounds that inhibit germination and growth of other species, both in
natural and agricultural environments (Kong et al., 2007). Secondary metabolites

40



(carotenesquiterpenes, thiarubrins and thioephenes, etc.) isolated from this
species show biological activities on microorganisms and nematodes and some
of them inhibit the growth of other plants (Wang et al., 2006; Kong et al., 2007).
Sari¢-Krsmanovic¢ et al. (2020) determined components of an essential oil
produced from leaves of A. trifida (monoterpene hydrocarbons 25%; oxygen-
ated monoterpenes 35%; sesquiterpene hydrocarbons 22%; oxygenated ses-
quiterpenes 13%; phenylpropanoids 0.8%). According to these authors, an
increase in essential oil concentration leads to decrease in seed germination
of watermelon, lettuce, tomato and cucumber. Wang et al. (2005) revealed that
the volatile oil of 4. trifida significantly inhibited the seed germination and
seedling growth of maize and wheat. Kong et al. (2007) confirmed that the
high invasiveness of A. trifida resulted in side effects on wheat growth and
yield. 4. trifida produces sesquiterpenes of the carotene type (1 a-angelo-yloxy-
carotol and 1 a-2-methyl-butyro-yloxy-carotol) and their low concentrations
(20 mg™) can inhibit wheat growth by more than 10% (Williams and Masiunas,
2006; Kong et al., 2007). Wang et al. (2006) confirmed the main essential oil
components of 4. trifida (bornyl acetate, borneol, caryophyllene oxide,
a-pinene, germacrene D, B-caryophyllene, trans-carveol B-myrcene, camphor,
limonene) and determined strong bactericidal and fungicidal activity against
Staphylococcus aureus, Candida albicans, Klebsiella pneumoniae, while Bacillus
subtilis, Pseudomonas aeruginosa and Asperigillus niger were less sensitive. In
addition, A4. trifida was recorded as a host of the Xylella fastidiosa (Black et al.,
2004), aster yellows, tobacco mosaic, tobacco ring spot and tobacco streak
viruses (Royer and Dickinson, 1999).

Interestingly, the presence of A. trifida may contribute to a lower number
of parasitic nematodes. The study revealed a tendency that the number of nema-
todes in the soybean rhizosphere with the presence of 4. trifida was lower than
without 4. trifida. Populations of several parasitic nematodes in soybean rhizo-
spheres were suppressed by the presence of 4. trifida and in particular, the
number of Aphelenchoides, Filenchus and Tylenchus nematodes was significantly
reduced. Additional experiments showed that the root of A. trifida secreted
allelochemicals, such as acetylenes and their sulfur derivatives, which show
high biological activity against parasitic nematodes in neighbouring soybean
rhizospheres (Wang et al., 1998).

Contrary to the negative influence of this species on the ecosystem, Ahmad
et al. (2013) state the positive characteristics of this species and possibilities
converting of A. trifida biomass to biochar and its use as an adsorbent for the
depuration of trichloroethylene contaminated water. Furthermore, Yakkala et
al. (2013) confirmed that biochar derived from vegetative tissues of this species
can be used to remove heavy metal ions from aqueous solutions.

PREVENTION AND CONTROL OF 4. trifida

As one of the plants with strong allergenic properties, which grow in our
climate, it must be systematically controlled in order to protect and improve
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human health and the environment, which includes the application of various
measures: preventive, agrotechnical, mechanical, chemical and administrative
measures. In order to control the spread of 4. trifida, it is necessary to carry out
its constant destruction. The main goal of the control programme of A. trifida
should be based on the attempt to reduce seed dispersal and the formation of
new populations in new habitats, as well as to reduce their numbers below the
harmfulness threshold. The choice of measures depends on the crop in which
this species is located, the method of cultivation as well as the presence of other
weed species. The application of integral control measures of A. trifida, as in
the case of other weeds, implies the application of all measures (crop rotation,
tillage, planting of quality planting material, crop care, proper fertilization,
application of biological control measures and herbicide application). Mowing
will effectively reduce generative production. Morover, control of 4. trifida
using electrical discharges proved to be good to excellent (Rasmusson et al.,
1980). In general, in the conditions of intensive agricultural production, agro-
technical measures and herbicides are mostly used. There is a little research
on the control of newer weed species such as A. trifida.

Many publications have reported results of potential biocontrol agents of
A. trifida (insects, fungi, bacteria). They have been identified as biological
agents for suppressing ambrosia species: Stobaera concinna, Trigonorhinus
tomentosus, Tarachidia condefacta, Euaresta bella and E. festiva (Sheppard
et al., 20006), Zygogramma suturalis, Epiblema strenuana (Zhou et al., 2014).
Additionally, some microorganisams can be used for biocontrol of 4. trifida.
For example, Puccinia xanthii forma specialis ambrosid-trifidae (Batra, 1981) and
the bacterial pathogen Pseudomonas syringae pv. tagetis are the causal agents
of a disease characterized by apical chlorosis on several members of Aster-
aceae. In many countries, introductions of biological control agents have been
made against Ambrosia spp. in China, Australia, Russia, Georgia (Julien and
Griffiths, 1998). The most of biocontrol agents are specific only to the genus
of ragweed, and no doubt some of the successfully introduced agents also at-
tacked A. trifida if it was present.

Registered active substances that can be used to control of 4. trifida are:
2, 4-D, bentazone, glyphosate, chlorimuron, dicamba, diflufenzopyr, glypho-
sate imazaquin, acifluorfen, imazethapyr, isoxaflutole, mesotrione, prosulfu-
ron, rimsulfuron (Weed Science Society of America, 2003). In addition to
growth traits, the species propensity to develop resistance contributes to the
successful survival of A. trifida populations. As one of the most competitive
weeds in row crops, it has evolved resistance to multiple herbicide biochemical
sites of action within the plant, necessitating the development of new and in-
tegrated methods of weed control. Glyphosate-resistant of A. trifida was first
reported in 2004 (Stachler, 2008) and as of 2016 has been confirmed in 12 US
states (Heap, 2016; Vink et al., 2012). Moreover, populations of this species
have been reported to be resistant to (ALS) — inhibitors acetolactate synthase,
which raises concerns about future chemical control choices (Patzoldt and
Tranel, 2002).
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NPEIJIEJHN HAYYHU PA LT
Ambrosia trifida L. (AMBPO3UJA TPOJIMCHA)
AJIEKCAHIPA M. CABU'h

WHCTUTYT 3a 3aMITUTY OUJbA U €KOJIOTH]Y
Opncexk 3a xepoonorujy
Teomopa [pajzepa 9, beorpan 11000, Cpouja

PE3UME: Ambrosia trifida L. npunana rpynu MHBa3UBHUX KOPOBA KOjU Y KOJIO-
HU30BaHUM TOJIPYYjiMa HAHOCE BEJIMKY IITETY OMOMBEP3UTETY ayTOXTOHE (iope u
Bereraiyje, kao u OusbHOj mpousBomu. [lopekiom je 3 CeBepHe AMeprke, oqaKiie
ce pamupuia y MHore fesiose Espore. Y CpOuju je TpeHyTHO JIOKaJIHO IIPUCYTHA Ha
noapy4jy nentpanne bauke. Pana u 6p3a cToma pacrta, BereTaTUBHA U T'eéHepaTHBHA
TIPOU3BOJIEA, BUCOK CTETICH MOP(OIIOIIKE i PENPOAYKTHBHE ClIOCOGHOCTH, OMOryhun
CY jOj KOHKYPEHTCKY HPEHOCT y OHOCY Ha MHOT'€ IYI'e KOPOBE, 114 C& Y MHOTHM 3¢MJba-
Ma cMatpa jeTHUM O HajipoOIeMAaTHIHUJUX KOPOBA Y MOJOIPHBPEIHO] POU3BOIHH.
A. trifida 6u Moriia IpOy3pOKOBAaTH BEJHKE IITETE Y OKOMIABHHAMA, TIOBPTHAIIUMA H
BOUHAIMMA, 3 beHA IITETHOCT C€ MEPU U HEraTUBHUM YTHLAjeM Ha OHOIUBEP3UTET
MOTHCKYjyhH aJIOXTOHE M ayTOXTOHE BpcTe. CBOJUM allepreHnMa HeTaTHBHO yTHYE Ha
3npaBJbe Jpynu. iMajyhu y BUay HEH BereTaTUBHU U IeHEPAaTHBHH NMOTEHLHjAN U
y3umajyhu y 003up KiIuMaTcKe mpoMeHe (Koje cy 3aXBaThje MHOTe 3eMJbe), HOBH]ja
HUCTpaXKHMBambha yKazyjy MOryhHOCT MIMpema OBE BPCTE y HAIIO] 3eMJbU U EBporiu, miTo
Ou MOTJIO IIpeNCcTaB/baTh 030UIbaH PU3UK 32 arPOPHUTOLCHO3E U EKOCHCTEM Y LICTHHU.
On 2019. ronuae noxat je Ha EPPO A2 nucTy npenopydeHnX KapaHTHHCKUX IITETO-
yrHa. Moxe ce cy30MjaTh MeXaHUYKHM, OMOJIOIIKUM U XEMH]CKHM MepaMa.

KIbYYUYHE PEYMN: Ambrosia trifida L., aneprene Bpcre, TyOUIM MpUHOCA, NHBA-
3MBHH KOPOBH, KOMIIETHIIN]a, CEKYHJapHU METabO0INTH, Cy30Hjakhe KOpoBa
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“GREEN” APPROACH IN UTILIZATION OF
COMMON AGROFORESTRY RESIDUES BY
Laetiporus sulphureus ENZYMES’ COCKTAIL

ABSTRACT: Laetiporus sulphureus BEOFB 1040 has shown the capacity to produce
ligninolytic enzymes and consequently degrade eight common agroforestry residues. The
highest activities of Mn-dependent and Mn-independent peroxidases (2079.55 U/L and 492.42
U/L, respectively) were detected after treatment of plum and oak sawdust, while laccases
synthesis was inhibited by all tested residues. However, despite laccase absence this brown-rot
species was not only a good depolymerizer of cellulose and hemicellulose but also an effec-
tive delignifier of selected residues. The highest level of lignin content reduction of 43.09%
along with high degradation of holocellulose (35.24% of cellulose and 38.42% of hemicel-
lulose) was noted in raspberry sawdust. On the other hand, a selectivity index of even 4.55
was achieved on wheat straw where only 20.27% of lignin was degraded. Consequently, the
highest and the lowest dry matter loss (21.25% and 5.83%) were noted on raspberry sawdust
and wheat straw, respectively. These results indicate that L. sulphureus BEOFB 1040 is a
mushroom with a strong potential for different biotechnological applications and certainly
deserves further studies.

KEYWORDS: agroforestry residues, Laetiporus sulphureus, ligninolytic enzymes,
lignocellulose depolymerization

INTRODUCTION

In line with the constant growth of an already large human population,
increased industrialization, climate changes and ecosystem disturbance, natu-
ral resources exhaustion is bound to happen.

On the other hand, numerous persistent pollutants harmful to the environ-
ment are generated and accumulated in enormous amounts. These facts raise

* Corresponding author. E-mail: simonicj@bio.bg.ac.rs
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serious concerns that initiate many studies and focus on finding effective solu-
tions (Bumbac et al., 2010; Hyde et al., 2019; Ferreira et al., 2020; Morsi et al.,
2020). Nowadays, the emphasis is on the development of a bio-based economy,
i.e. on the processes which improve the utilization of resources with by-products
that could be further used as resources in some new processes (Scarlat et al.,
2015). There is a growing need for optimization of biomass treatment that could
contribute to the sustainability of agriculture and many industry branches.

Lignocellulosic biomasses, such as crop and forest residues, municipal
and food industry solid waste, are generated in enormous annual amount world-
wide and could be either serious environmental ballast or perspective eco-
friendly resource for the production of biofuels, various chemicals, biofibers,
array of enzymes, and many other products (Ghaffar et al., 2015; Sharma et al.,
2019). Thus, in addition to the huge amount of globally produced wheat straw
and corn stalks as the most abundant crop residues, the quantity of locally
important ones is not negligible. For example, according to Food and Agricul-
ture Organization Corporate Statistical Database, average annual amounts of
raspberry and blackberry only in Serbia as the leading producer of these fruits
are 60,000 tons and 25,440 tons, respectively, which imply remarkable quantity
of their cuttings. However, lignocellulose consists of a cellulose-hemicellulose
matrix immersed in a net of lignin and because of this complex structure, high
lignin persistent and strong lignin-holocellulose bond, its transformation repre-
sents a great challenge (Isroi et al., 2011; Cilerdzic et al., 2017; Sharma et al., 2019).
The main challenge is a degradation of lignin, the most recalcitrant natural
polymer, with physico-chemical depolymerization having several harmful
effects on the environment, and ecologically justified and sustainable conver-
sion can be performed by only a few bacterial species and mushrooms, primarily
white-rot ones (Sanchez, 2009; Hyde et al., 2019; Sharma et al., 2019).

White-rot species are excellent producers of various ligninolytic enzymes
and therefore play a crucial role in pretreatment, i.e. the first phase of lignocel-
luloses utilization. However, brown-rot fungi could also be a biotechnologi-
cally interesting group because of their ability to primarily successfully depo-
lymerize hemicellulose and cellulose but also modify lignin to some extent
(Singh et al., 2014; Ghaffar et al., 2015). Laetiporus sulphureus (Bull.) Murrill
is a member of this group and its unique taste led to intensive studies of nutri-
tional value and medicinal effects as well as to the development of a method for
cultivation at the industrial scale. However, knowledge on its enzymatic systems
and degradation potential, especially ligninolytic ones, is scarce. Considering
the mentioned significance of this species, we defined the goals of the study,
determination of ability to synthesize ligninolytic enzymes and their activity
profiles as well as the extent of depolymerization of common agroforestry
residues.
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MATERIALS AND METHODS
Organism and cultivation conditions

The culture of Laetiporus sulphureus BEOFB 1040 was isolated from
fruiting bodies collected from Fraxinus sp. in Belgrade (Serbia) and maintained
on Malt agar medium at 4 °C, in the culture collection of the Institute of
Botany, Faculty of Biology, University of Belgrade (BEOFB).

The inoculum was obtained by inoculation of synthetic medium (glucose,
10.0 g/L; NH4NOs, 2.0 g/L; K,HPO,, 1.0 g/L; NaH,PO,-H,0, 0.4 g/L;
MgSO,7H,0, 0.5 g/L; yeast extract, 2.0 g/L; pH 6.5) with a mycelium of 7-day
old culture, incubation at room temperature (22 + 2 °C) on a rotary shaker for
7 days, washing of harvested biomass with sterile distilled water (dH,0O) and
its homogenization with dH,O in a laboratory blender (Waring, USA) (Staji¢
et al., 2010).

Selected agro-forestry residues (apple-, blackberry-, grapevine-, oak-,
plum- and raspberry sawdust, corn stalks and wheat straw, in the amount of
6.0 g) were soaked with 30.0 mL of the modified synthetic medium (without
glucose) into 250 mL-flasks, inoculated with 9.0 mL of the homogenized inocu-
lums and cultivated at 25 °C during 21 days (Staji¢ et al., 2010).

Determination of enzyme activity

Extracellular ligninolytic enzymes were extracted by stirring of 21-day
old samples with 50.0 mL. dH,0 on a magnetic stirrer at 4 °C for 10 min. Thus
obtained extracts were centrifuged (at 4 °C and 3000 rpm, for 15 min), and
resulting supernatants were used for spectrophotometrically (BioQuest CECIL
CE2501, UK) determination of activities of Mn-oxidizing peroxidases [Mn-
dependent peroxidases (MnP, EC 1.11.1.13) and Mn-independent peroxidases
(MnlIP, EC 1.11.1.16)] and laccase (Lac, EC 1.10.3.2).

The activities of Mn-oxidizing peroxidases and laccases were determined
according to the methods of Cilerdzi¢ et al. (2017) using 3mM phenol red
(g610 = 22000 M'cm™) and 2,2 -azino-bis-[3-ethyltiazoline-6-sulfonate] (ABTS)
(436 = 29300 M cm™), respectively, as the substrates. Enzymatic activity was
expressed in U/L, and activity of 1U presents the amount of enzyme that trans-
forms 1 pmol of substrate per min.

All the experiments were done in triplicate and the results were expressed
as mean =+ standard error.

Determination of lignin, cellulose and hemicellulose contents

The loss of substrate dry matter (%) was determined by equation
(Mi — Mf)/Mi x 100
where Mi presents the initial lignocellulosic mass and Mf'the mass after fermentation.
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The contents of lignin, cellulose, and hemicellulose were determined by
modified methods of Kirk and Obst (1988) and Van Soest et al. (1991). Dried
ground sample (1.0 g) was treated with neutral detergent/Na,SO; mixture under
refluxing conditions to remove soluble sugars, proteins, lipids, and vitamins.
The obtained biomass presented neutral detergent fibers (NDF). Acidic deter-
gent fibers (ADF) were obtained by the treatment of the samples with acidic
detergent solution, and the difference between NDF and ADF presented hemi-
cellulose amount. After sample incubation with 72% H,SO, at 30 °C and hy-
drolysis at 120 °C, lignin content (LC) was determined and expressed as the
percentage of quantity presented in the initial sample. Cellulose content was
calculated as the difference between ADF and LC.

The selective capability of lignin degradation was expressed as a selectivity
index (SI), which presents a ratio between amounts of removed lignin and cellulose.

RESULTS AND DISCUSSION

The obtained results clearly showed that the activity of Mn-oxidizing
peroxidases depends on the carbon source i.e. the type of substrate. Thus, the
studied L. sulphureus BEOFB 1040 showed considerable variability in en-
zymes’ activities after cultivation on selected agroforestry residues (Figure 1).
In the case of MnP, tested species secreted its highly active isoforms on plum
sawdust (2079.55 U/L). The moderate activity was noted after blackberry saw-
dust fermentation (691.92 U/L), oak sawdust, and wheat straw induced sig-
nificantly weaker activity of 125.00 U/L, while only 32.20 U/L was detected
on corn stalks (Figure 1).
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Different profile of MnIP activity was observed on tested agro-forestry
residues (Figure 1). Generally, regarding MnP, L. sulphureus BEOFB 1040
showed lower values of MnlIP activity and slightly weaker variation depending
on substrates type. Namely, the highest level of the enzyme activity (492.42
U/L) was induced by oak sawdust. Furthermore, MnIP production was also
well induced by raspberry sawdust (244.32 U/L). However, contrary to MnP,
plum sawdust caused synthesis of MnIP isoform which activity was only 64.39
U/L, while similarly to MnP, corn stalks were the weakest inducer of produc-
tion active MnIP isoform (30.00 U/L) (Figure 1). Laccase activity was not
detected after fermentation of all tested plant residues by studied species rea-
son of which could be in the period of cultivation of 21 days.

Generally, in comparison to white-rot species, not much data is available
about lignin-degrading enzymes of brown-rot fungi. Comparing to our results,
Thakur and Tripathi (2020) reported extremely low MnP activity (~5.00 U/L)
for Postia placenta after 10 to 15 days of cultivation in the nutrient-rich and
nutrient-poor medium under static and shaking conditions. However, this spe-
cies produced a slightly higher active MnIP isoform (55.00 U/L) after 10 days
of cultivation, which was similar to our results obtained after apple sawdust
fermentation. Contrary to L. sulphureus BEOFB 1040, four strains of brown-
rot species Coniophora puteana, studied by Lee et al. 2004) synthetized
laccase with activity peak of 3.5 U/mL detected on day 5" of submerged fer-
mentation of oak sawdust.

Despite lacking active laccase on the 21% day of cultivation, L. sulphureus
BEOFB 1040 showed significant efficiency and selectivity in tested lignocel-
lulose depolymerization (Table 1). Although the correlation between enzyme
activity and delignfication level was not achieved, this strain was not only a
good depolymerizer of cellulose and hemicellulose but also an effective del-
ignifier of the plant residues (Figure 1; Table 1).

The highest level of lignin content reduction (43.09%) was noted after
raspberry sawdust fermentation, but high degradation of holocellulose (35.24%
of cellulose and 38.42% of hemicellulose) along with lignin resulted in a low
selectivity index (1.22). On the other hand, L. sulphureus weakly depolymerized
cellulose (4.45%) in wheat straw which in combination with high delignification
percentage (20.27%) resulted in the highest selectivity index of even 4.55. How-
ever, this species was an even better delignifier of blackberry and oak sawdust
(32.09% and 24.23%, respectively) but its high consumption of cellulose (20.07%
and 12.06%, respectively) resulted in selectivity indices of 1.60 and 2.01. The
lowest selectivity in lignocellulose degradation of 0.66 and 0.83 was observed
after fermentation of plum and grapevine sawdust, respectively (Table 1).

Results on lignocelluloses depolymerization obtained in the present study
are in accordance with data on Coniophora puteana and its great capacity to
degrade all cell wall layers despite low enzymes’ activities (Lee et al., 2004).
On the other hand, our results are also consistent with the results of Nurika et
al. (2020) who pointed out that the differences in the lignocellulose composi-
tion certainly affect the extent of depolymerization. An interesting fact is that
some brown-rot species, such as Serpula lacrymans, which is considered not
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to utilize lignin in metabolism, possess the ability to degrade it to a considerable
extent (Nurika et al., 2020). Singh et al. (2014) reported that wheat straw was not
delignified by L. sulphureus DSM11211, while the percentage of removed lignin
from digestate remaining from maize silage by Gleoeophyllum trabeum was
<10% after even 28 days of their fermentation, which showed higher lignino-
lytic potential of L. sulphureus strain researched in the present study.

Differences in lignocellulose depolymerization extent reflected on the
level of total dry mass reduction. Thus, the highest dry matter loss was de-
tected for raspberry sawdust (21.25%) and slightly lower for blackberry and
apple sawdust (20.83% and 19.83%, respectively), while the smallest percentage
of the reduction was observed after wheat straw fermentation (5.83%) (Table
1). Nurika et al. (2020) also showed that S. lacrymans possessed various ca-
pacities to reduce the weight of agricultural residues during 35 days, from 16%
in sugarcane bagasse to 32% in corn leaves. Comparing the results of the weight
loss of corn residues between this and our study after the same period of fer-
mentation, S. lacrymans achieved a higher drop in mass.

CONCLUSIONS

It has long been thought that all brown-rot fungi use the same mechanism
for lignocellulose decay and that their ligninolysis is limited to minor oxidative
modifications. However, numerous studies, including this one, showed that
degrading mechanisms differ among them, which could be of great significance
because they can offer a novel approach for the pretreatment of various residues
and thus increasing the potential of the biorefinery. We have successfully
screened lignocellulolytic potential of L. sulphureus BEOFB 1040 and re-
ported its good efficiency in breaking up the lignin together with significant
capacity to degrade cellulose and hemicellulose of most frequent agro-forestry
residues in Serbia.
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OPUTI'MHAJIHU HAYYHU PA ]

»3EJIEHI” ITPUCTVYII Y KOPUIITRE®BY YECTUX OCTATAKA 13
[NOJBOITPUBPEJIE N ITYMAPCTBA TIOMORY EH3UMCKOI' KOKTEJIA
Laetiporus sulphureus

Mununa M. TAJIMh, Mupjana M. CTAJUR, Jacmuna Jb. AUJIEPIINHR

VYuusepsurer y beorpany, bronomku daxyirer
Takoscka 43, beorpana 11000, Cpouja

PE3UME: Laetiporus sulphureus BEOFB 1040 je moka3ao crmocoOHOCT J1a Ipo-
JyKyje TMTHUHOIUTHYKE €H3UME H TAKO JIETPajlyje 0CaM YeCTHUX OCTaTaKa U3 MoJbOIPUBPE-
ne u mymapctsa. Hajsehe akruBHOCTH Mn-3aBrcHe U Mn-He3aBUCHE TEPOKCHIA3€e
(2079,55 U/L ogHocHO 494,42 U/L) cy neTeKToBaHe Mocie TpeTMaHa MUJbEBUHE IIJbHBE
M XpacrTa, JIOK je CHHTe3a Jlaka3a Ouia MHXUOUpaHa CBUM TECTUPAHUM OCTal[MMa.
MebhyTumM, ynpkoc oCcycTBY Jaka3e OBa BPCTa W3a3MBad OpaoH TpyJbema Huje Ouia
camo 100ap AeT0IMMEPU3aTop LelTyII03¢ U XeMuuelyose Beh u edukacan genurauu-
Karop oxabpator OusbHoOr oTnaza. Hajsuim HUBO pestyKumje capxaja turauHa (43,09%)
3ajJe[lHO ca 3HAa4YajHOM JerpafainjoM xosowueinyiose (35,24% uemnynose u 38,42% xe-
MHIIeNTyJI03¢e) je Ono 3abenexeH Ko nmuibeBuHe MannHe. Ca npyre cTpaHe, HHJEKC
CEJICKTHBHOCTH OJ] Yak 4,55 je HOCTHTHYT Ha MIICHWYHO] ci1aMu rae je camo 20,27%
JUTHUHA OuJio AerpajoBano. OyeknBaHo, HajBehn U HajMamkU TyOUTaK CyBe Mace
(21,25% u 5,83%) cy 3a0eneKeHn Ha MUIJbEBUHH MAJIMHE, OTHOCHO MMIICHUYHO] CIIaMH.
Ogu pe3ynratu ykasyjy na je L. sulphureus BEOFB 1040 Bpcra ca CHa)>KHUM MOTEH-
L{jaJoM 32 IPUMEHY Y Pa3IMYUTUM OHOTEXHOJOIMIKHUM IIPOIeCUMa | J1a 3aCIyKyje
N1aJba UCTPAKUBAA.

KJbYUHE PEYU: nenonumepusaiyja turHonenynose, Laetiporus sulphureus,
JUTHUHONHUTUYKY €H3UMH, OCTAIH U3 TIOJbONPHUBPEE U IIyMapCTBa
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EFFECTS OF PRODUCTION METHODS ON
SEED VIGOUR OF SOYBEAN SEEDS

ABSTRACT: The seed accelerated ageing test is one of the most important tests for
testing seed vigour, which provides the determination of the degree of preservation for germi-
nation and the determination of the duration of the seed storage. The aim of this study was to
observe effects of two different production methods (organic and conventional) on seed vigour
of soybean cultivar Kaca, by the application of the seed accelerated ageing test. The seeds were
exposed to stress conditions for 72 h (temperature of 45 °C and air humidity of 100%). After the
test was applied, the number of non-germinated seeds of organically produced soybean increased,
which resulted in the reduction of the germination percentage. Compared to the standard
laboratory method, after the seed accelerated ageing test was applied, the length of the seedling
above-ground part (121.63 mm), fresh weight of the seedling above-ground part (8.9 g) and
dry weight of the seedling above-ground part (1,05 g) were higher. Moreover, the length (100.25
mm), fresh (1.26 g) and dry weight (0.1 g) of the root were also higher. After the test was ap-
plied, the percentage of the off-type seedlings (10.75%) and non-germinated seeds (26%) was
higher in conventionally produced soybean seeds, while the length of the seedling above-ground
part (100.63 mm), root length (106.75 mm) and root fresh weight (1.39 g) were lower.

KEYWORDS: accelerate ageing test, conventional production, organic production,
soybean

INTRODUCTION

Soybean (Glycine max (L.) Merr.) belongs to the family of legumes and
is one the oldest cultivated species in the world. The mature soybean grain
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typically contains about 40% proteins, 20% oil, 17% cellulose and hemicel-
lulose, 7% sugar, 5% solid fibres and approx1mately 6% dry weight-based ash
(Clabottl et al., 2016). Such a favourable grain chemical composition makes
soybean one of the most important sources of vegetable oils and proteins in
the world, due to which it ranks highly in the proper diet (Hoffman and Falvo,
2004). The soybean production in Serbia has been growing. Since 2008, its
favourable price has been contributing to the increased production. Moreover,
the demand for soybean is high both in international and national markets.
According to Kalenti¢ et al. (2014), organic protein crops, primarily soybean,
used as feedstuff of organically raised livestock, are highly imported in Ger-
many and thus can be a significant export item of Serbian producers. The
analysis of the agricultural production index indicates that a cyclical phenom-
enon of extreme weather conditions during the last decade strongly influenced
the plant production, and these changes were especially obvious in the areas
cultivated with soybean (Zivanovi¢ and Popovi¢, 2016). The production and
processing of organically produced soybean have been increasing. Organic
farming maintains and improves soil biodiversity, controls and increases soil
fertility, protects the environment and applies the highest standards for the
protection of plant and animal health (Ugrenovi¢ and Filipovi¢, 2012).

The seed accelerating ageing test is characterised by the seed exposure
to two changeable environmental factors, high temperature and high relative
humidity, in a short period, which affect seed deterioration. High-vigour seeds
endure these stress conditions and deteriorate more slowly with maintained
high germination even after ageing in contrast to low-vigour seeds. Several
already performed studies have shown that this test provided a very precise
assessment of seed vigour in soybean, maize and some other crops. Quite a few
studies have confirmed that the results of this test provided better predictabil-
ity of field seed germination under stress conditions than standard germination
tests (TeKrony, 2005). During the seed accelerating ageing test, seeds absorb
water from the wet environment; hence there is a moisture increase in seeds,
which together with a high temperature to which seeds are exposed, results in
the process of accelerated ageing and deterioration of seeds (ISTA, 2014).

MATERIALS AND METHODS

Samples

Seeds of organically and conventionally grown soybean cultivar NS Kaca
originated from the experimental plot of the Institute of Field and Vegetable
Crops in Novi Sad (Backi Petrovac). A sown plot size amounted to three hectares.
Prior to primary tillage, fertilisation with 120 kg NPK ha™ at the ratio of 16:16:16
was applied in the conventional production, while fertilisers were not applied in
the organic production. Appropriate herbicides based on imazamox and quizalo-
fop-P-tefuryl were applied in the conventional production, while mechanical
weed control, by manual hoeing was applied in the organic production.
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Accelerated ageing test

Soybean seed vigour was determined by the accelerated ageing test. Seeds
were exposed to double stress conditions — high temperature (41 °C) and high
relative air humidity (100%) for 72 hours. After that, seeds were sown in the
sand to determine seed germination.

The standard laboratory test, with four replications of 100 seeds, was applied
to determine soybean seed germination and it was expressed as percentages
(ISTA Rules, 2016). The germination first count was done on the fifth day,
while germination was read on the eighth day (ISTA Rules, 2016). The seed
germination percentage was determined by calculating the proportion of nor-
mal seedlings in the working sample. When seed incubation was completed,
the following growth parameters were determined: the length of above-ground
parts of seedlings and roots (mm), fresh and dry weights of the seedling above-
ground parts and the root fresh and dry weights (g). The length of above-ground
parts of seedlings and roots was determined by measuring the mean values of
10 seedlings from each replication, using a ruler. The fresh weights of the
above-ground parts and roots were established by measuring mean values of
10 seedlings in four replications, in which, after drying in a thermostat at the
temperature of 80 °C for 24 hours, the seedling dry weight was measured.

Statistical analysis

Results of all analyses were expressed as the mean of three measurements
+ standard deviation (SD), while the significance of differences between the
means (p <0.05) was determined by using Tukey’s test, software Statistica,
version 12.0 (StatSoft Inc., USA). The correlation analy51s between observed
parameters in the accelerated ageing test and the standard germination test was
performed by calculating the Pearson’s correlation coefficient (r) (p <0.05).

RESULTS AND DISCUSSION

The results of the vigour test of organically produced soybean seeds are
presented in Table 1.

After the application of the accelerated ageing test, a statistically signifi-
cant decrease in the first count and germination (26.75% and 29.25%, respec-
tively) was recorded compared to the standard germination test (52.00% and
54.25%, respectively). Moreover, the percentage of non-germinated seeds sta-
tistically significantly increased to 61.75%. The percent of off-type seedlings
did not statistically significantly differ between these two tests. Such results
indicate that double stress conditions of the high temperature and high relative
air humidity in the accelerated ageing test increased the number of non-ger-
minated organic soybean seeds and thus lowered the germination percentage,
which affected seed deterioration. The length of the seedling above-ground
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part (121.63 mm), fresh (8.93 g) and dry weights (1.05 g) of the seedling above-
ground part were higher after the accelerated ageing test, while the root length
(100.25 mm), and root fresh (1.25 g) and dry (0.12 g) weights were greater in
the standard germination test. However, these differences were not statisti-
cally significant.

Table 1. Results of soybean seed accelerated ageing test

Production Method
Organic Conventional
Parameter Test Test
Germination Accelerated Germination Accelerated
standard test ageing test standard test ageing test
((j/f]’)rmma“"“ firsteount 55 00153504 26.75:6,18bA  59,25+5.8aA  60,0042,16aB
Germination (%) 54,25+6,02aA 29,2542 22bA  73,00+4,24aB  63,25+2,63bB

Off-type seedlings (%) 7,00+£1,83aA  9,00+1,83aA  4,75+£0,96aA  10,75+0,96bA
Non-germinated seeds (%) 38,75+£5,56aA  61,75£2,5bA  22,25+4,03aB  26,00+2,94aB

Length of seedling 112,75+12,.87aA 121,63£4.78aA 11475:4.05aA 100,63+11.96aB
above-ground part (mm)

Root length (mm) 100,25+20,16aA  74,13+744aA 176,63+13,37aB 106,75+10,02bB

Fresh weight of seedling 8,76+£0,55aA  8,93+0,97aA  7,96+0,38aA  8,27+0,61aA
above-ground part (g)

Root fresh weight (g) 1,25+0,37aA 1£0,22aA 2,24+0,3aB 1,39+0,38bA

Dry weight of seedling - 1,0 07,4 105201524 0.97£0,04aA  1,02+0,05A
above-ground part (g)

Root dry weight (g) 0,12+0,03aA  0,1+£0,02aA  0,15£0,0l1aA  0,11£0,02bA

* Lowercase letters (a, b) indicate the statistical significance between the standard ger-
mination test and the accelerated ageing test (n=4, SV£SD), p<0.05 (Tukey's test). Capi-
tal letters (A, B) indicate the statistical significance between organic and conventional
production methods (n=4, SV£SD), p<0.05 (Tukey’s test).

After the application of the accelerated ageing test to determine vigour
of conventionally produced soybean seeds (Table 1), a statistically significant
reduction in seed germination (to 63.25%) was established, and also a slight
difference in the first count in comparison to the standard laboratory test
(60.00%). On the other hand, compared to the standard germination test, there
was a statistically significant increase in the percentage of the off-type seed-
lings (10.75%), while the root length (106.75 mm), root fresh (1.39 g) and dry
(0.11 g) weights were decreased. The exposure of seeds to the high temperature
and high relative air humidity resulted in the increase in the number of non-
germinated seeds and the occurrence of the off-type seedlings, thus seed ger-
mination was reduced. Compared to the standard germination test, the higher
values of fresh (8.27 g) and dry (1.02 g) weights of the above-ground parts did
not differ significantly after the application of the accelerated ageing test.
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From the aspect of differences in the standard germination test between
organically and conventionally produced soybean seeds, the statistical sig-
nificance was recorded for germination (higher in conventionally produced
seeds — 73.00%), non-germinated seeds (higher in organically produced seeds
— 38.75%), root length (higher in conventionally produced seeds — 176.63 mm)
and the root fresh weight (higher in conventionally produced seeds — 2.24 g).
Comparing differences in the accelerated ageing test between organically and
conventionally produced soybean seeds, the statistical significance was deter-
mined for the fist count (twice as large in conventionally produced seeds —
60%), germination (twice as large in conventionally produced seeds — 63.25%),
non-germinated seeds (twice as large in organically produced seeds — 61.75%),
length of the seedling above-ground part (longer in organically produced seeds
—121.63 mm) and the root length (longer in conventionally produced seeds —
106.75 mm).

Table 2 shows the values of correlation coefficients among the measurands.
Mean values calculated from four replications, both production methods, both
tests and both seed types, were used to determine the correlation coefficient.
The highest positive correlation was recorded between the root length and the
root fresh weight (r = 0.998), root length and the root dry weight (r = 0.969), as
well as the first count and germination (r = 0.964). The highest negative correlations
were determined between germination and non-germinated seeds (r = -0.991),
first count and non-germinated seeds (r = -0.981), and also between the dry
weight of the seedling above-ground part and the root dry weight (r = -0.981).

During the soybean seed ageing, biochemical changes occur and have a
very strong impact on seed quality and vigour (Tati¢, 2007). In addition, a
specific chemical composition of seeds with 20-22% oil is suitable for degrad-
ing processes. Lipid autoxidation and the increase in free fatty acids during
storage are the most common reasons for accelerated seed damages in oil plants
(Leki¢, 2003), while the accumulation of active oxygen species and free radi-
cals is considered one of the most important factors of seed ageing (Bailly,
2004). Different storage conditions, primarily temperatures and air relative
humidity, significantly affect soybean seed germination (Nkang and Umoh,
1997). According to Nkang and Umoh (1997), the optimal seed storage condi-
tions are the temperature not higher than 25 °C and the relative air humidity
ranging from 55% to 65%.

Balesevic¢-Tubic¢ et al. (2011) studied effects of ageing on vigour and bio-
chemical changes in soybean seeds and established that extreme conditions of
the temperature of 40 °C and the relative air humidity of 100% caused bio-
chemical changes in seeds and reduced seed germination. After the 3-day
accelerated ageing, the obtained seed germination was at the level of six-month
natural ageing, both under controlled and conventional storage conditions. Seed
germination after the 5-day accelerated ageing was equal to seed germination
stored for 12 months under conventional storage conditions. According to
Rastegar et al. (2011) the average germination period of deteriorated soybean
seeds increased, which agreed with results obtained by Khaje Hoseini et al.
(2003), who proved that deteriorated seeds needed more time to germinate.
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The hypocotyl length is an important seed property, on which the emer-
gence of the entire plant depends. This trait can be crucial for deeper sowing
(Priji¢ and Jovanovi¢, 1989). In addition, the root length also reflects the inten-
sity of the initial growth of the seedling. According to Srebri¢ et al. (2010), the
best germination of soybean seeds was achieved on chernozem, then on eutric
cambisol, and the lowest on pseudogley. The variation in the length of primary
roots and hypocotyls was present on different types of soils. The shortest, i.e.
longest (8.3 cm) seedling hypocotyls were recorded on pseudogley, i.e. sand,
respectively, under optimal conditions (20/30 °C). Significant differences in
the primary root length were determined among all treatments within each
genotype (genotype S1, S2, S3, S4), and then among genotypes within each
treatment. Precipitation sums and distribution, and especially the occurrence
of drought, reduce quality and yield of soybean seeds. Vujakovic et al. (2006)
stated that by applying the standard laboratory method, soybean seeds produced
under irrigation conditions had higher germination than seeds produced by
dry land farming conditions. These authors tested vigour by the application of
Hiltner test, cold test and the accelerated ageing test, and established that the
highest values of this parameter were obtained by the accelerated ageing test.
According to the study carried out by Maksimovi¢ et al. (2004), germination of
all observed soybean genotypes (Proteinka, Novosadanka and Vojvodanka) was
higher than the minimum value (75%) prescribed by the Regulation of Seed
Testing Quality of Agricultural Crops (Official Gazette of RS, issue 47/87). On
that occasion, using the standard laboratory method, seed germination under
rainfed conditions amounted to 88—90%, while this value was higher under
irrigation conditions and ranged from 92 to 98%.

CONCLUSION

The comparison of differences between the accelerated ageing test and
the standard germination test of soybean seeds showed the statistically sig-
nificant decrease in the first count (26.75%) and germination (29.25%), and the
increase of the percentage of non-germinated seeds (61.75%) after the applica-
tion of the accelerated ageing test. The following seed traits were statistically
significantly reduced after the application of the accelerated ageing test in
comparison to the standard germination test: germination, root length (106.75
mm), root fresh weight (1.39 g) and root dry weight (0.11 g), while the percent-
age of the off-type seedlings (10.75%) was increased. From the aspect of differ-
ences in the standard germination tests between organically and conventionally
produced soybean seeds, statistically significantly higher were germination
(73.00%), root length (176.63 mm) and the root fresh weight (2.24 g) in seed-
lings of conventionally produced seeds, while percentage of non-germinated
seeds (38.75%) was higher in organically produced seeds. By monitoring the
differences in the accelerated ageing test between organically and conventionally
produced soybean seeds, it was determined that the first count (60%), germina-
tion (63.25%) and the root length (106.75 mm) were statistically significantly
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higher in conventionally produced seeds, while higher percentage of non-germi-
nated seeds (61.75%) and the length of seedling above-ground parts (121.63 mm)
were recorded in organically produced seeds.
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Type oa 45 °C u Bnaxknoctu Baznyxa (100%) y tpajamy ox 72 yaca. Hakon npumeHe
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Haa3eMHor gena kiaujanna (100,63 mm), nyxune kopeHa (106,75 mm) u cBexe mace
kopeHa (1,39 g).
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ABSTRACT: The interest in tropane alkaloids (TA) as food contaminants is increas-
ing. A sensitive and selective LC-MS/MS method was applied for the analysis of corn puff
samples from the Serbian market. Only atropine was quantified in 22% of the samples. In
case of scopolamine, although not quantified, it was detected in 22% of the samples. Wheth-
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for the individual products under assessment. Due to their low body weight and relatively
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highest concentration of TAs (2.05 pg/kg, 1.58 pg/kg of atropine) could contribute with
32.0% to the ARFD, of which 24.7% owing to atropine. If the same amount of corn puffs is
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INTRODUCTION

It is well known that certain plants, animals and microorganisms produce
natural toxins which are not toxic to them, but can be toxic to humans when
ingested through food. Those natural toxins have received significant attention
nowadays as a potential health hazard to humans (Puvaca et al., 2020). Bearing
that in mind, the World Health Organization accentuates the importance of
monitoring the most relevant natural toxins in food (Casado et al., 2020).

The tropane alkaloids (TAs) are a group of over 200 secondary metabo-
lites, found in all parts of the tropane alkaloids producing plants (Mulder et
al., 2016). Besides the Solanaceae family, tropane alkaloids are also found in
the following families: Convolvulaceae, Euphorbiaceae, Proteaceae, Brassi-
caceae and Erythroxylaceae (Gutiérrez-Grijalva et al., 2020). The tropane
alkaloids may be divided into: tropane alkaloids produced by the family Sola-
naceae (atropine (AT), scopolamine (SC), hyoscyamine) (Figure 1), coca alka-
loids (cocaine) and a newly discovered group of tropane alkaloids — calystegines
(Kohnen-Johannsen and Kayser, 2019). The toxic effects of the tropane alka-
loids in humans are related to the inhibition of muscarinic acetylcholine recep-
tors in the central and the autonomic nervous systems (EFSA, 2013).
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N
H _OH Q
5 H :,_,.OH
D T
O
0O
atropine (-)-scopolamine

(x)-hyoscyamine

Figure I. Chemical structure of atropine (racemic mixture of (+)-hyoscyamine)
and scopolamine

The food contamination could be the consequence of the raw food mate-
rial in which the TAs are naturally present. On the other hand, the contamina-
tion could occur through the co-harvesting plants, i.e. weeds containing tropane
alkaloids, with the species of family Solanaceae being the most prominent,
such as Datura stramonium. The parts of this plant have been found as the
accidental impurities in the most important agricultural crops — maize, buck-
wheat, sunflower, soybean, millet and other (Gongalves et al., 2020). In order
to obtain more occurrence data on the presence of TAs in food, the EU Com-
mission adopted Recommendation 2015/976/EU1 on the monitoring of the
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presence of TAs in food (EC, 2015). However, the monitoring is limited due
to the limited availability of reliable analytical methods combined with the
appropriate sensitivity. The maximum level was established only in cereal-
based foods for infants and young children, containing millet, sorghum, buck-
wheat, or their derived products (Regulation 2016/239), limiting atropine and
scopolamine concentration to 1 pug/kg for each alkaloid (EC, 2016). The discus-
sions are continuing to define the maximum levels on corn, buckwheat, millet
and sorghum (grains and milling products). The herbal infusions are also under
consideration.

Taking into account the growing interest in plant secondary metabolites,
the aim of the present study was to investigate the presence of tropane alkaloids
in corn puffs, popular extruded snacks made out of cornmeal, i.e. corn, by the
liquid chromatography with tandem mass spectrometry (LC-MS/MS) and
estimate the level of the exposure of Serbian population.

MATERIALS AND METHODS

Chemicals and reagents

Atropine and scopolamine reference standards were obtained from the
Sigma-Aldrich. The standard solutions of atropine and scopolamine were pre-
pared at I mg/mL in methanol, each. The working standard solution mixtures
were prepared at the concentration of 10 pg/mL and 1 pg/mL in methanol and
stored in the dark at -20 °C. Acetonitrile and methanol were purchased from
J. T. Baker. Both organic solvents were HPLC Ultra Gradient HPLC grade.
The formic acid was analytical grade (Fisher Scientific UK). The QuUEChERS
extraction (Cat. No. 5982-5650) and QuEChERS dispersive kit 15 mL (Cat. No.
5982-5156) were obtained from Agilent Technologies, USA.

Instrumentation

HPLC Agilent 1290 Infinity II chromatograph equipped with a quaternary
pump, multisampler and column compartment thermostat was used for the
detection of atropine and scopolamine. The HPLC system was coupled to an
Agilent 6495 LC/TQ triple quadrupole mass spectrometer with AJS ESI (Jet
Stream Technology Ion Source). The Zorbax Eclipse Plus C18 column Rapid
Resolution HD (50x2.Imm, 1.8 um particle size) was used for the chromato-
graphic separation. The column temperature was held at 35 °C and the injection
volume for the LC system was 2 pL. The chromatographic separation of AT
and SC was carried out with mobile phase consisting of water (A) and metha-
nol (B), both containing formic acid (0.1%, v/v), in a gradient mode and flow
rate of 0.25 mL/min. A gradient elution started at 5% of B and held 1 min. This
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composition was increased to 40% B at 7 min, 90% B at 8 min and held for 2
min. The composition of the mobile phase returned to the initial conditions in
one min and the system was equilibrated during two min. The total running
time was 11 min. The ESI source was used with the following settings: drying
gas (nitrogen) temperature 200 °C, drying gas flow rate 16 L/min, nebulizer
pressure 30 psi, sheath gas temperature of 300 °C, sheath gas flow 12 L/min and
capillary voltage 3,000 V. The detection was performed using the dynamic
multiple reactions monitoring mode (dIMRM). The Agilent MassHunter soft-
ware (version B.10.0 SR1 Agilent Tehnologies, 2006—2019) was used for the
optimization and quantification.

Sample collection and preparation

Eighteen corn puffs samples were collected from the local shops and
supermarkets in Novi Sad, Serbia. The sampling was performed in accordance
with the EU directive 2002/63/EC. The samples were dry ground into powder
prior to the analysis (particle size of less than 1 mm and sieved to obtain a
homogenous sample particle size).

Atropine and scopolamine were extracted from ground corn puff samples
using the QUEChERS method described on Figure 2.

o 1o
10 g homogenized sample (in centrifuge tubes of 50 mL) | N ( 40 mL aCCtOnltFllC (1% HCO.OH)
+ 10 mL water (left to soak for 10 min) Tw» ?,,gﬂ[ Csllllili(ggz(t)j (I)rrlln; i?l?q/ ?Sr(l)/on;glm

(900 mg MgSO, + 150 mg PSA + 150 mg C5) 10 mL of extract + QUEChERS Extraction
vortex 2 min, centrifugation 5 min/16000 rpm Packets EN Method (4g MgSOy, 1g NaCl,
2 mL aliquot drying in the stream of nitrogen \m ] 1 g C¢HsNaz04, 0.5 g C¢HgNa,Oy)
reconstitution inl mL of mobile phase A close the tubes and shake vigorously
LC-MS/MS vortex 2 min, centrifugation 10 min/7500 rpm

6 mL of extract cleaned up by dSPE 1 ( I 3

Figure 2. The steps of the atropine and scopolamine extraction

Acquisition parameters

Atropine and scopolamine were analyzed using ESI+ (electrospray posi-
tive ionization) by dynamic multiple reactions monitoring mode. The fragmen-
tation of the protonated atropine and scopolamine ions yielded 3 product ions,
respectively (Table 1). The most intense MRM transitions for atropine m/z
290.2 > 124.2 and scopolamine 304.2 > 138.2 were monitored for the quanti-
fication and the second most intense (other two) transitions were used for the
confirmation (Vukovi¢ et al., 2018).
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Table 1. LC-ESI-MS/MS parameters for the analysis of AT and SC in MRM mode

Molecular . Precursor . .
o Mpletar Vi Retemon (NS Produs Pragmeaton. Collson
(g/mol) (m/z) g gy
124.2* 150 24
AT C7H3NOs 289.2 9.63 290.2 93.2 150 36
771 150 68
156 150 12
SC Cj7H;NO, 303.2 8.42 304.2 138.2%* 150 24
103.2 150 44
* Quantification product ion
RESULTS AND DISCUSSION

The previous studies (Vukovic et al., 2018; Vukovi¢ et al., 2020) pointed
out that the addition of the formic acid to the mobile phase resulted in more
efficient ionization and gave the finer peak of the studied tropane alkaloids.
The MRM chromatograms and mass spectra of atropine and scopolamine
transitions are shown in Figure 3.

The limit of detection (LOD) was determined as the lowest concentration
giving a response of three times the average baseline. The ratio signal/noise
in the obtained chromatograms for the LOD was calculated by MassHunter
Qualitative Software and was estimated to be 0.1 mg/kg for both tested com-
pounds. The limit of quantification (LOQ) (1 mg/kg) was calculated as
3.3*LOD and was in accordance with the Commission Recommendation (EU)
2015/976 related to the LOQ: “preferably below 5 mg/kg and not higher than
10 mg/kg for agricultural commodities, ingredients, food supplements and
herbal teas and lower than 2 mg/kg for finished foods and 1 mg/kg for cereal-
based foods for infants and young children”.

The quantification was carried out by “recovery calibration” method (a
known amount of analyte is spiked into the sample before extraction begins)
by adding the tropane alkaloids standards into each sample to five calibration
levels of 1, 2, 5, 10 and 20 pg/kg. The obtained calibration curves (both atropine
and scopolamine) were used for the calculation of the atropine and scopolamine
concentrations in the samples. The calibration curves of the studied atropine
and scopolamine in the range of 1-20 pg/kg are shown in Figure 4.
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Figure 4. Calibration curves of atropine (a) and scopolamine (b) in matrix

Determination of tropane alkaloids in corn puffs

A total of 18 corn puffs samples were analysed for the presence of atropine

and scopolamine. As shown in Table 2, only atropine results were quantified
(22%, all the remaining 78% left-censored results were reported as below the
LOD). With regard to scopolamine, 22% of the results were reported as nu-
merical values, but below the LOQ.

It is important to notice full co-occurrence, as well as the ratio of atropine

to scopolamine in the range from 3.4 to 3.9, coherent with a potential con-
tamination with Datura stramonium. It would be valuable to know whether
and how much of tropane alkaloids was lost during the extrusion — the food
processing technique used in the corn puffs production.
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Table 2. Summary of the presence of atropine and scopolamine in corn puffs

Sum of atropine and

Parameter Atropine Scopolamine scopolamine
N 18 18 18

N pos (%) 4(22.2) 4(22.2) 4(22.2)
min ¢ (ng/kg) 1.03 0.29 1.32
max c (ug/kg) 1.58 0.47 2.05

N — number of the samples; pos — positive samples; ¢ — concentration.
LOD = 0.1 pg/kg and LOQ = 1.0 pg/kg for atropine and scopolamine.

The surveys performed in the European countries reported different lev-
els of contamination, both in terms of the fraction of positive samples and of
total TA content, in a broad range of foods (flours, infant formulas, botanicals
or honey). It was confirmed that atropine and scopolamine were the most fre-
quently found TAs in cereal-based foods (Mulder et al., 2016; EFSA, 2018).
Over the last five years, Rapid Alert System for Food and Feed (RASFF, https://
ec.europa.eu/food/safety/rasff _en) reported 24 notifications related to TAs in
food, out of which 14 related to cereals and bakery products (made from corn,
millet, buckwheat and soy), nine to tea and herbal preparations and one to
infant food. The highest measured concentrations were 180 and 36 mg/kg of
atropine and scopolamine in baking mix, respectively, as well as 213 and 44.7
mg/kg in herbal infusion. It is interesting to note that the country of origin of
two products was Serbia (corn grits and peppermint). A peppermint sample
from Serbia contained even 200.5 and 488.7 mg/kg of atropine and scopola-
mine, respectively.

The most recent research considering TAs has been published by Vukovi¢
et al. (2021). The study included 71 food product samples, such as corn puffs,
popcorn, corn and corn grits. The TAs detections above the LOQ (2 pg/kg,
which is in accordance with the Commission Recommendation (EU) 2015/976),
appeared in 29.57% of the analyzed samples. According to the literature data,
these concentrations can have serious negative effects on human and animal
health. The highest mean concentrations of atropine and scopolamine were
detected in corn grits samples, followed by popcorn and corn.

Health risk assessment

The acute reference dose (ARfD), i.e. the amount of substance, expressed
on a body weight basis, that could be ingested via food over a day without a
risk for the consumer health, was established by the European Food Safety
Authority (EFSA) at 16 ng/kg bw per day for the sum of atropine and sco-
polamine (EFSA, 2013). However, a tolerable daily intake (TDI) for chronic
exposure was not established, since the TAs “are not bio accumulative, or
genotoxic, and do not exhibit chronic toxicity” (EFSA, 2013). Whether the ARfD
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could be exceeded was estimated on a case-by-case basis for the individual
products under assessment, based on the measured atropine and scopolamine
concentrations and the estimated corn puffs consumption. The acute exposure
to atropine and scopolamine through the consumption of corn puffs, estimated
on a per day basis across age classes, is presented in Tab. 3, as well as the exposure
to the sum of atropine and scopolamine, calculated as the sum of both alkaloids
in the same sample.

Table 3. Exposure assessment to atropine and scopolamine through consumption of corn
puffs, across age classes.

Exposure (ng/kg bw) % of group ARfD > ARfD
Age class Min Max Min Max %
Atropine
Preschool children 2.6 4.0 16.1 24.7 0
Children 7-10 y. 1.6 24 9.8 15.0 0
Adolescents 11-14 y. 1.0 1.5 6.2 9.5 0
Adults 15+y. 0.7 1.0 42 6.5 0
Scopolamine
Preschool children 0.7 1.2 4.53 7.3 0
Children 7-10 y. 0.4 0.7 2.75 4.5 0
Adolescents 11-14 y. 0.3 0.5 1.74 2.8 0
Adults 15+y. 0.2 0.3 1.19 1.9 0
Sum of atropine and scopolamine
Preschool children 33 5.1 20.6 32.0 0
Children 7-10 y. 2.0 3.1 12.5 194 0
Adolescents 11-14 y. 1.3 2.0 7.9 12.3 0
Adults 15+y. 0.9 1.3 5.4 8.4 0

ARTD — group acute reference dose for the sum of atropine and scopolamine (16 ng/kg bw per day)
(EFSA, 2013). y — years of age. Consumed amount of corn puffs: 50 g (one pack). Body weight:
preschool children 20 kg, children (7-10y.) 33 kg, adolescents (11-14 y.) 52 kg, adults (15+y.) 76 kg.

The moderate differences were observed between the minimum and
maximum exposure estimates for the age class. Due to their low body weight
and relatively high snack consumption, preschool children were at the highest
risk to the TA exposure. For a preschool child of around 20 kg bw, the ARfD
would correspond to an intake of 320 ng TAs per day. Assuming the consumption
of 50 g of corn puffs (one pack) per day, the sample with the highest TA con-
centration (2.05 pg/kg of total TAs, 1.58 mg/kg of atropine) could contribute
with 102.5 ng of TAs (32.0% of the ARfD, of which 79.0 ng (24.7%) as atropine
contribution). The ARfD would be exceeded when the product contained more
than 6.4 pg TAs per kg. If the same amount of corn puffs is consumed by
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older age classes, the corresponding exposure contribution to the ARfD would
progressively decline with the increase of age and average body weight, down
to 8.4% (6.5% owing to atropine) for the adult population. As shown in Table 3,
the fraction of the products under assessment that would cause exceeding 10%
of the ARfD was 22% for the preschool children and the children, 6% for the
adolescents, while for the adults that level was not reached by any of the products.
The study revealed no health risk from tropane alkaloids exposure through
corn puffs for Serbian population.

The snacks are especially popular with the children for which the highest
mean acute exposure for the sum of atropine and scopolamine has been observed
in the assessment conducted by the EFSA (children 0.97-18.91 ng/kg bw/day,
toddlers 1.82-18.65 ng/kg bw/day and other children 1.13-18.13 ng/kg bw/day)
(EFSA, 2018). From a toxicological point of view, if ARfD is exceeded, adverse
health effects can no longer be ruled out.

CONCLUSION

The study results do not indicate a serious health concern related to the
exposure to the tropane alkaloids through the consumption of corn puffs com-
mercialized on the Serbian market. The younger age groups (preschool children
and children) are acutely exposed to the higher levels of the tropane alkaloids
compared to the older age groups.

The study included only one type of food with a limited number of sam-
ples. Bearing in mind that the consumption of snacks is increasing, especially
among the children and adolescents, obtained insight into the actual contami-
nation levels is considered important. Furthermore, the study results highlight
the importance of monitoring the tropane alkaloids in other food categories
that could potentially be contaminated with the tropane alkaloids.
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KPATKO CAOIIIITEKBE

OAPEBUBAKBE TPOITAHCKUX AJIKAJIOUJIA Y
KYKYPY3HOM ®JIUIICY [TIPUMEHOM LC-MS/MS
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! Vuupepsurery Hopom Cany, [Tossonpuspennu paxyiret
JenapTMaH 3a QUTOMEAMIIMHY | 3aIITUTY )KMBOTHE CpEeINHE
Tpr Hocureja O6panosuha 8, Hosu Can 21000, CpOuja

Yuusepsutety beorpany, [lossonpuspennn paxkynrer,
Hemamuna 6, beorpan—3emyn 11080, Cpouja
3 YHuBEp3UTET HpHBpez[Ha akanemuja y HoBom Cany
DakynTeT 3a EKOHOMUJY U HHXKemepckn MmeHanuMeHT y HoBom Cany
JlemapTMaH 3a arpoHOMH]Y, TEXHOJIOTH]Y U HHKECHEPCKH MEHAIMEHT
IBehapcka 2, Hou Can 21000, Cp6uja
* IHCTUTYT 32 paTapcTBO 1 TIOBPTApCTBO
JlenapTmat 3a arpOHOMHU]JY
Maxkcuma ['opxkor 30, Hosu Cazx 21000, CpOuja

PE3MME: UnTepecoBame 3a TPOMaHCKE aJIKaIONAe Ka0 KOHTAMUHAHTE XpaHe
je y mopacty. 3a aHajau3y KyKypy3Hor ¢uurnca ca Tpxkumra Cpouje npuMemneHa je
oceTsbuBa U cenekTuBHa LC-MS/MS Mmertona. ATponuH je kBanTu(uKoBaH y 22%
y30paka. Y cilyyajy CKOIIoJaMHHa, KOjU HUje KBaHTU(HUKOBAH, 1eTEKTOBaHO je y 22%
y3opaka. [la 1 Moxe 1ohu 10 IpeKopadera akyTHe pe(hepeHTHE 03¢ IPOBEPEHO je
3a CBAaKH IOjeJMHAYHN IIPON3BO KOJH je YBPIITEH Y MpoIleHy. Maa TelecHa Maca
peNaTUBHO BEIMKE KOH3YMHPAHE KOJMYHHE CHEK-TIPOM3BOJIA UCTUYY IPEAIIKOICKY
JIely Kao TpyIy y HajseheM pH3HKy O H3JI0KEHOCTH TPOIaHCKUM ankanonguma. [lox
MIPETIIOCTABKOM O KOH3yMUpamy 50 rpama KyKypy3HOT (JuIica JHEBHO, Y30paK ¢ Haj-
BehoM KOHIIEHTpalujoM TponaHckux ankaitouaa (2,05 pg/kg, 1,58 mg/kg arponuna)
Mosxe gonpureTH ca 32,0% o akyTHe pedepeHTHe J03€e, O] 4era 24 ,1% OAroBapa aTpo-
MUHY. YKOJIHMKO UCTY KOJIMYMHY KYyKYpy3HOT (JInuIica KOH3yMHUPajy cTapuje y3pacHe
rpyIne, JONPUHOC CIEeICTBEHE N3JI0KEHOCTH TPONAaHCKUM aJIKaJIouuMa OU Tporpecus-
HO omajao 10 8,4% 3a oxapaciy nonynanyjy. CTyauja Huje ykaszasa Ha 37paBCTBEHH
PU3MK yciel U3JI0KeHOCTH TPOIIaHCKUM aJIKaJIoOnJuMa IIyTeM KOH3yMUPamba KyKypy-
3HOT (hurca 3a nomynanujy y Cpouju.

KJbYUHE PEYMN: ananu3a XxpaHe, aTpONUH, KYKypy3, IPOLEHA pU3HKa, CKOIIO-
JTaMUH
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NICKEL CONTENT IN FIELD CROP SEEDS AND
AGRICULTURAL SOIL IN CENTRAL SERBIA

ABSTRACT: Nickel (Ni) is an essential nutrient for animals and it has an important
role in many physiological and biochemical processes in higher plants. At the same time, it
belongs to the group of potentially toxic elements (PTEs). The aim of this study is to deter-
mine Ni concentrations in the soil-plant relationships between the main crops and agricul-
tural land in Central Serbia. A total of 71 bulked soil samples are taken from the topsoil at
the depth of 0-30 cm in an area belonging to 6 statistical districts of Central Serbia. A total
of 71 seed samples are collected during harvest as an average sample of seed from each
observed plot, of which 26 are corn, 19 sunflower, 17 wheat, and 9 soybean samples. Anal-
ysis of the collected samples includs the main soil parameters and Ni total and available
concentrations in soil, as well as Ni total concentration in seeds. The median value of total
Ni concentration in soil is 44.8 mg kg, close to MAC. The median nickel concentration in
wheat and corn seeds is 0.5 mg kg™, while soybean and sunflower seeds have higher median
Ni content of 8.40 and 10.26 mg kg, respectively. Bioaccumulation factors in seeds (BAF)
in the present study ranges from 0.013 (corn) to 0.256 (soybean). According to statistically
significant differences, all crops have equal total Niy concentration in soil, while the avail-
able Ni, concentration differs in soils under corn and sunflower cultivars. Based on Ni
concentration in seed and BAF, two groups are distinguished — the group of soybeans and
sunflowers with higher Ni content and the group of wheat and corn with lower Ni content in
seed. The obtained differences confirm that plant species have a significant role in the bio-
accumulation of Ni. The determined BAF parameter is in a statistically significant negative
correlation with the total Ni content in soil in all observed crops except maize. However, the
BAF parameter for maize alone is in a statistically significant negative correlation with the
readily available Ni concentration in the soil. The obtained correlations indicate that higher
Ni concentration in soil causes lower Ni concentration in seeds, which might be due to the
activation of plant defense mechanism to preserve the reproductive organs — seeds — from

* Corresponding author. E-mail: dusana.banjac@nsseme.com
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harmful effects. Based on the obtained results, Ni concentration in seeds of the main field
crops in Central Serbia is safe for feed and food usage. Increased content of Ni found in
agricultural soils in Central Serbia requires constant monitoring for maintaining sustainable
agriculture production.

KEYWORDS: nickel, field crops, soil, seed

INTRODUCTION

The content of hazardous and harmful substances in soils requires constant
monitoring due to the negative impact of such substances on crops, as well as
their presence in the food chain.

Monitoring potentially toxic elements (PTE) is conducted to assess soil
contamination by agrochemicals. Also, soil conservation is crucial to the es-
tablishment of sustainable agriculture. Numerous studies examining possible
soil contamination by PTE indicate a high content of nickel (Ni) in Serbian
soils as a result of soil geochemical origin (Mrvi¢, 2009; Albanese et al., 2015).

Ni is an essential nutrient for animals and a beneficial element for higher
plants. As a cofactor for urease and hydrogenase, Ni plays a significant role in the
enzyme-catalyzed metabolic processes of higher plants. According to Drzewiecka
et al. (2012), Ni is an important metal in plant metabolism and a cofactor of
numerous metalloenzymes. On the other hand, nickel causes toxic effects on
plants in relatively small doses. Although the increased content of nickel in
Serbian soils results from soil geochemical origin, a detailed investigation of
Ni content should be conducted, including its correlation with the main soil
properties and different plant species.

Ni is relatively stable in an aqueous solution. In soil solution, Ni may ex-
ist as aqueous Ni*", complexed with inorganic and organic ligands, and/or
associated with suspended mineral colloids, where the organic complexes may
be dominant in soil solution (Adriano, 2001). Compared to other metals, nick-
el shows exceptional mobility from soil to surface plant parts, which can di-
rectly affect plant photosynthetic activity (Huillier et al., 1996).

The establishment of a critical level of Ni in soil and plant, from the aspect
of both deficiency and toxicity, is still the subject of discussion by many au-
thors, due to the unexplained essentiality of nickel for plants and animals, and
Ni is required only in ultra-trace amounts. In addition, Ni is comparatively
abundant in most soils and its deficiency is a very rare condition, even where
bioavailability is low due to high carbonate, sesquioxide, and organic matter
content (Adriano, 2001). According to Kabata-Pendias and Pendias (2001), the
toxic effects of nickel on plant growth and development ranged from 10 to 100
mg kg dry weight of soil, indicating the need for a more detailed examination
of the effect of nickel on economically important plant species. Considering
that Serbian plant production is mainly focused on maize, wheat, soybean, and
sunflower, it must be determined how the readily available nickel is adopted
by these plant species, as well as the extent to which nickel is toxic to plants.
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This study aims to determine the concentrations of Ni in the soil-plant
relationships between the main crops and agricultural land in Central Serbia.

MATERIALS AND METHODS
Sample collection and processing

Field trials were carried out in the second half of 2018. The locations of
collected soil samples are shown in Figure 1 and belong to 6 statistical districts
of Central Serbia: East, Bor, South, West, Belgrade, and Central District. A
total of 71 bulked soil samples are taken from topsoil at the depth of 0-30 cm,
using a probe drill. One composite soil sample represented 15-25 subsamples
from production plots (up to 5 ha area).

Field crops are sampled during harvest as an average sample of seed from
each observed plot. A total of 71 seed samples are collected, of which 26 samples
are corn, 19 sunflower, 17 wheat, and 9 soybeans.

0 125 38 50 e - ‘*
| N T T R - |

Figure 1. The layout of observed locations

Laboratory analyses

The soil samples are air-dried at room temperature, milled, and sieved to
<2 mm particle size, following ISO 11464:2006. Particle size distribution in
the <2 mm fraction is determined by the pipette method (Van Reeuwijk, 2002).
The size fractions are defined as clay (<2 pm), silt (2-20 pm), fine sand (20—200
um), and coarse sand (200-2000 pum). The applied methods are as follows: the
pH value (ISO 10390:2005), the free CaCO; content (ISO 10693:1995), the
organic matter content (OM) (ISO 14235:1998), the total N (ISO 13878:1998),
and the total organic C (TOC) (ISO 10694:1995). Readily available phosphorus
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(P,0Os) and available potassium (K,O) are extracted by the AL method (Egner
and Riehm, 1955) and measured by the means of spectrophotometry and flame
photometry, respectively.

The samples are analyzed for the total content of Ni after the soil micro-
wave digestion in concentrated acid solution (5:1 HNO;/H,0,, and 1:12 solid/
solution ratio). In parallel, the bioavailable nickel concentration in soil is de-
termined using buffered EDTA extraction solutions according to extraction
protocols for IRMM BCR reference materials CRM-484 (5 g s0il/50 ml EDTA
concentration 0.05 molL™' pH=7.00).

The plant samples are air-dried and ground in a mill to extract the plant
material. As moisture content is determined gravimetrically, the reported re-
sults refer to dry mass. Plant materials are analyzed for total Ni content after
the microwave digestion of the samples in a concentrated acid solution (0.5 g
of sample material in a digestion solution comprised of 10 ml HNO; + 2 ml
H202, Vt=150 ml)

The concentration of nickel in prepared soil and plant samples is deter-
mined by ICP-OES (Vista Pro-Axial, Varian) following the US EPA method
200.7:2001.

Quality assurance and quality control (QA/QC) assessments are con-
ducted using certified reference materials IRMM ERM-CC141 (loam soil),
IRMM BCR-484 (sewage sludge amended terra rossa soil), and SRM1515
(apple leaves); for total, available Ni concentration in soil and plant matrix,
respectively. The percentage of recovery, defined as the ratio of measured
concentrations and certified values of two reference materials, ranged from
87% to 111%, which provided adequate analytical accuracy and precision.

The results of the plant material and soil analysis are calculated on dry
matter (DM).

Calculation of bioaccumulation factor

To estimate the nickel uptake rates by studied crop seeds from the soil,
the bioaccumulation factors (BAF) are used, defined as flowing equation:

BAF — i concentration in seed [mg - kg']
Total Ni concentration in soil [mg - kg']

Statistical analysis

Data are statistically processed by analyzing the main descriptive param-
eters for each element. Correlations between all the examined parameters are
determined, while the statistical differences between the tested Ni contents in
plants and soil are determined by Duncan’s multiple range test.

All statistical analyses are performed using STATISTICA for Windows
version 13 (TIBCO, 2018). Statistical parameters are shown in tables.
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RESULTS AND DISCUSSION
Soil characterization and nickel concentration in soil

In the examined samples, the distribution of soil mechanical fractions
differs among districts, as well as within each district. Texture classes range
from light sandy to heavy clay, but soils with a medium mechanical composi-
tion still dominate, with a slight dominance of the silt fraction (Table 1). The
soil pH values vary from plot to plot, both within one district and between
districts. The potential pH values (in 1M KCI solution) range from acidic (pH
4.93) to slightly alkaline (pH 8.20), while the median value is 6.63 that belongs
to a neutral class (Table 1). Since the pH reaction of the soil is highly corre-
lated with the CaCO; content, the obtained results are very similar to the pH
distribution. According to the results of the research, weak calcareous and
non-calcareous soils are the most common, while a strong calcareous class is
determined in a small number of plots (Table 1). The contents of organic matter
(OM) and total organic carbon in soil (TOC) are also highly correlated, so the
obtained results show similar distribution between the soil classes. The content
of OM ranges from 0.81 to 6.57%, but the prevailing OM content does not
exceed 3%, which is characteristic of low humus soils (Table 1). Based on the
median of all results obtained for total nitrogen, the examined soils are mod-
erately supplied with total nitrogen (Table 1). The content of readily available
phosphorus ranges from very low (ameliorative class) to extremely high (toxic)
content. Most of the samples are classified as poor in phosphorus. The content
of readily available potassium ranges from low through very high to harmful
class. Most of the tested samples are classified in the optimal class (Table 1).
A determined wide range of phosphorus and potassium concentration in soil,
as well as high statistical variation between soil samples (Table 1) confirm that
P,0;5 and K,O content is strongly affected by inadequate fertilization practices.

Table 1. Descriptive statistics of the observed soil parameters

Parameter ﬁ‘;flfe 1\62‘11111:“ MIN  MAX DSETV [C(,/X SE

Coarse sand[%] 6.10 2.46 070 3703 8028 13163 00953
Fine sand [%] 3355 3176 1L1l 6530 11541 3440 1370
Silt [%] 3197 3504 688 4712 8670 2712 1.029
Clay [%] 2839 2884 676 6208 11355 4000 1348
pH in H,0 5.61 5.8 3.79 762 1203 2145 043
pH in IMKCI 6.63 6.32 493 820 1039 1567 0123
CaCO4[%] 1.21 0.25 000 1227 2578 21374 0306
OM [%)] 2.45 222 0.81 6.57 1198 4895 0142
TOC [%] 171 1.41 0.09 5.93 1188 6933 0.141
Total N [%] 0192 0164 0061 0574 0106 5523 0013
P,Os[mg 100g'] 1156 730 090 18200 21793 18849  2.586
K,0 [mg 100g7] 2057 2019 556 7274 10027 4875 1190
Nir[mg kg 5034 4482 1923 11340 23028 4574 2733
Ni[mg ke''] 571 5.13 084 1633 3802 6661 0451
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Values for total nickel content Niy in 5011 obtained in the present study
ranges from 19.2 (location 17) to 113.4 mg kg (location 69) (Flgure 1, Table 1)
The maximum allowable concentration — MAC (OG 23/1994) is 50 mg kg,
and 30 soil samples out of 71 observed in the present study have a higher con-
centration than the MAC threshold. The median value obtained in the study is
44.8 mg kg (Table 1). The median exceeds the listed background concentration
for European soils (<35 mg kg™') (Houskova and Montanarella 2006). Based
on the GEMAS project, the median for Europe is 14.7 mg kg’! (Albanese etal.,
2015), which is much lower than the value obtained in this study.

The available Ni content 1n EDTA Ni, detected in all samples ranges from
0.8 (location 21) to 16.3 mg kg (location 57), with the median value of 5.1 mg kg
(Figure 1, Table 1). The percentage of accessible content in the total content is
a good indicator of soil pollution and it ranges from 1.4 to 22.7%. Out of eight
observed samples with a share higher than 20%, seven have a total content
above MAC. According to the observed statistics, all studied regions have a
median in the range of 40 —50 mg kg, except for the southern region where
the median is 34.5 mg kg™, It has been pomted out that the soils in Serbia have
increased nickel content due to the geochemical origin of soils formed from
the parent substrate rich in nickel (Dozet et al., 2011). The present study is
therefore in line with the previously conducted research.

According to the established statistically significant correlation (data not
shown), the total concentration of Ni is positively correlated with clay content
but negatively correlated with fine sand content. In addition, total Ni is positively
correlated with organic matter content. Contrary to the expectations of this study,
a lower pH reaction has not been proven to increase the content of Ni, according
to the established positive correlation between Nir and pH values, which is
attributed to the predominantly acidic reaction of the observed samples.

Nickel concentration in seed

The concentration of nickel in most natural vegetation is about 0.5 mg kg'!,
which is the median value for wheat and corn in this study (Table 2). Soybean
and sunflower seeds have a much higher Ni content of 8.40 and 10.26 mg kg™
median value, resl?ectively. Average contents of Ni in cereal grains vary from
0.34 to 14.6 mg kg™ (Kabata-Pendias and Mukherjee, 2007) in different countries,
which is in accordance with the results of the present study. The highest value
of 19.4 mg kg™ (Table 2) is found in soybeans at location 40 (Figure 1), originating
from soils where nickel is below the MAC (Ni;=36.4 and Ni,=5.2 mg kg™'). The
most variable results between the analyzed samples are found in corn, while the
other crops have similar variations in results (Table 2). According to Adriano
(2001), the critical level of Ni deficiency in plants is <0.1 mg kg, while suf-
ficient levels in plants vary in a wide range from 0.01 to 10 mg kg™'. Therefore,
all tested crops in this study have sufficient nickel content. The phytotoxic Ni
concentrations vary widely among plant species and cultivars, reported to range
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from 40 to 246 mg kg (Kabata-Pendias and Pendias 2001). According to
Kastori (1997), the critical toxic concentrations of Ni in plants amount to 20
and 30 mg kg, respectively. Therefore, no toxic effects of Ni on plants are
expected in the present study.

According to the rulebook on the quality of feed (OG RS 39/2016), there
are no special restrictions for the nickel content. According to the rulebook on
the quality of food (OG RS 90/2018), there is a limit of 0.5 mg kg™ for Ni con-
tent in oils, fats, margarine, and related products. Based on all the obtained
results, Ni concentration in the seed of the main field crops in Central Serbia
is safe for feed and food usage.

Ni is required in a nutrient solution to prevent the accumulation of toxic
concentrations of urea in not only urea-fed but also mineral N-fed (nitrate,
ammonium) or N-fixing soybean (Kutman et al., 2013). In this study, soybean
seeds are produced by growing plants in nutrient solutions containing different
Ni levels, and their urease activities are measured. According to the obtained
results, seeds with Ni concentrations vary between 0.04—8.32 mg kg '. Depend-
ing on the Ni concentration, a significant difference is observed between seed
urease activities and the increased rates of nickel supply increases seed yield
by up to 25%.

The results obtained for BAFs range from 0.004 (corn) to 0.866 (sun-
flower) (Table 2). According to BAF results, the observed plant species have
no hyperaccumulation characteristics (BAF>1). The median value of the de-
termined bioaccumulation factors (BAF) in the present study coincides with
Ni concentrations in seed in the following order (Table 2):

BAF corn < BAF wheat < BAF sunflower < BAF soybean.

The obtained results point that sunflower and soybean have tenfold higher
potential for Ni accumulation in seeds, compared to corn and wheat (Table 2).

Table 2. Descriptive statistics of Ni concentration in plant seeds and of bioaccumulation
factors

Parameter ﬁavlf; Nizi‘lin MIN  MAX DSETV [CO/ZS SE

Ni wheat [mg kg] 0813 0500 0500 1658 0449 5517  0.109
BAF wheat 0020 0019 0005 0052 0014 6873  0.003
Ni corn [mg kg'] 0.608  0.500  0.500 3300  0.549  90.36  0.108
BAF corn 0013 0012 0004 0036 0007 5085  0.001
Ni soybean[mg kg''] 9981 8405  4.690 19420 4.896  49.06  1.632
BAF soybean 0256 0157 0082 0563 0191 7452  0.064
Nisunflower[mg kg'] 8937 10260 0.500 17.860 5109  57.17 1172
BAF sunflower 0255 0126 0006 0866 0244 9581  0.056

Aver. — Average value; MIN — Minimum value; MAX — Maximum value; ST DEV — Stand-
ard deviation; CV — Coefficient of variation; SE — Standard error of the arithmetic mean
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Soil-plant nickel concentration relationships

The present study investigates the statistically significant differences
between Ni concentration in soil, plant, and BAF parameters in the observed
plant species (Table 3). The first important observation is that all crops have
equal total Nir concentration in soil. According to available Ni, concentrations
in soil, mutual differences are found between soils under maize and sunflower.
According to Ni concentration in seed and BAF, two groups are clearly distin-
guished — the group of soybeans and sunflowers with higher Ni content and the
group of wheat and corn with lower Ni content in seed (Table 3). The obtained
differences confirm that plant species have a dominant role in the bioaccumu-
lation of Ni, as documented in previous research (Sheoran et al., 2016).

Table 3. The average value and statistical difference of Ni concentration in soil and plant
for observed crops species

Crops species Nir [mg k gl Nialmg }(g']] Ni [mg kg'] BAF
in soil in soil in seed

Wheat 48.1* 5.2 0.813° 0.020"

Corn 50.8? 7.3% 0.608" 0.013°

Soybean 50.2% 5.0% 9.981% 0.256*

Sunflower 51.9% 4.4° 8.937* 0.255*

Values marked with the same letter do not differ in statistical significance (according to
Duncan’s multiple range test. p<0.05)

Table 4. Correlations between BAF, Ni concentration in plant and soil for observed crops
species

Parameter Ni in seed Nir in soil Ni, in soil BAF
Ni in seed 1.000 -0.114" -0.066™ 0.834"
Nir in soil 1.000 0.585" -0.565"
Wheat Niy in soil 1.000 -0.359™
BAF 1.000
Ni in seed 1.000 0.358™ -0.034" 0.694"
Maize Nir in soil 1.000 0.630™ -0.367::
Ni, in soil 1.000 -0.579
BAF 1.000
Ni in seed 1.000 -0.543 " -0.230™ 0.944™
Soybean Nir in soil 1.000 0.597" -0.754"
Ni, in soil 1.000 -0.388"
BAF 1.000
Ni in seed 1.000 -0.443 " -0.182" 0.821
Sunflower Nir in soil 1.000 0.782" -0.730"
Ni, in soil 1.000 -0.424"
BAF 1.000

** p<0.01 significantly correlated; * p<0.05 significantly correlated; ns — no statistical
signification
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Concerning soil-plant nickel distribution relationships, the determined
correlations are shown in Table 4. A significant positive correlation is found
between soil total and available Ni concentration, as well as between Ni con-
centration in seed and BAF, which is expected. Ni concentration in seeds is
not significantly correlated with either total or available Ni concentration in
soil in any of the observed crop species, highlighting the importance of the
bioaccumulation factor (BAF).

Determined parameter BAF is in statistically significant negative correla-
tion with total Ni content in soil for all observed crops, except maize, where
BAF is negatively correlated with available Ni concentration in soil (Table 4).
The obtained correlations indicate that higher Ni concentration in the soil
causes lower Ni concentration in the seed. This might be due to activation of
the plant defense mechanisms for preservation of its reproductive organs —
seeds, in this case — from the harmful effects. In future research, these relation-
ships need to be examined in detail. The Ni uptake by plants from the serpen-
tine soils, which geochemically contain enormously high Ni concentrations,
have been widely investigated and based on these studies. The uptake and
translocation of Ni primarily depend on the plant species, where some serpen-
tine endemic species have adapted and act as Ni hyperaccumulators with the
concentration of even 1,000 mg kg in plant tissue (Mili¢ et al., 2021). How-
ever, non-endemic serpentine plant species generally uptake low Ni content
compared to the uptake of other PTEs, although they grow in soil with such
high Ni content (Freitas et al., 2004; Bani et al., 2010; Vici¢ et al., 2014; Tomovi¢
et al., 2017; Mili¢ et al., 2021). The reason for the lower accumulation of Ni in
plants, despite the high content of Ni in the soil medium, can be the activation
of defense mechanisms for the accumulation of nickel in plant tissue.

CONCLUSION

The median value of total Ni concentration in soil under main field crops
in Central Serbia is 44.8 mg kg™, which is close to MAC. The median concen-
tration of Ni in wheat and corn seeds is 0.5 mg kg!, while soybean and sun-
flower seeds have much higher Ni content of 8.40 and 10.26 mg kg'median
value, respectively. The median value of determined bioaccumulation factors
(BAF) in the present study coincides with Ni concentration in seed and ranges
from 0.013 (corn) to 0.256 (soybean). Therefore, the observed plant species have
no hyperaccumulation characteristics. The obtained results indicate a tenfold
higher Ni accumulation potential in sunflower and soybean seed compared to
corn and wheat. According to statistically significant differences, all crops
have equal total Nit concentration in soil, while the available Ni, concentration
in soil under corn and sunflower is different. According to Ni concentration
in seed and BAF, two groups are clearly distinguished — the group of soybeans
and sunflowers with higher Ni content and the group of wheat and corn with
lower Ni content in seed. The obtained differences confirm that plant species

89



have a dominant role in the bioaccumulation of Ni. Ni concentration in seeds
is not significantly correlated with either total or available Ni concentration in
the soil in any of the observed crops. The determined BAF parameter is in a
statistically significant negative correlation with total Ni content in the soil in
all observed crops except maize, where BAF is negatively correlated with
available Ni concentration in soil. The obtained correlations indicate that high-
er Ni concentration in soil caused lower Ni concentration in seed, due to the
activation of plant defense mechanisms for preservation of its reproductive or-
gans, i.e. seeds, from harmful effects. In future research, these relationships
need to be examined in detail.

Based on the obtained results, the main field crops in Central Serbia have
safe Ni concentration levels in seed intended for feed and food usage. Increased
content of Ni in agriculture soils of Central Serbia requires permanent moni-
toring aiming at sustainable agriculture production.
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OPUTUHAJIHU HAYYHU PA{

CAIP’KAJ HUKJIA'Y CEMEHY PATAPCKUX YCEBA U
[OJbOITPMBPEJJTHOM 3EMJBUIITY LIEHTPAJIHE CPBUJE

JNymana JI. BAH>AH1 Jopaana M. HUHKOB!, Crauko 5. MUJINR',
Cuexana I1. JAKIIWR', Munopaz C. }KI/IBAHOB1 busbana U. PAIIOBI/I"B1
MapKo B. MAJIMhAHUH?

' UHCTUTYT 32 paTapcTBO U TIOBPTAPCTBO
WHcTuTyT O HalMOHATHOT 3Ha4aja 3a PemyOnuky Cpoujy
Maxcuma I'opkor 30, Hosu Caz 21000, Cpbuja
% Vuusepsuter y Humy, HOJ‘LOHPI/IBPGZ{HI/I (I)aKynTeT Kpyuesan
Kocanunhesa 4, Kpymesar 37000, Cpouja

PE3UME: Hukax je eceHIrjaTHi XPaHJbUBH EIEMEHT 32 )XKUBOTHILE U UMA BAXKHY
yJIory y OpojHUM (DU3HOIIOMIKUM U OMOXEMHUJCKMM MPOLIeCUMa BUIIUX OMIbaKa, alln
HCTOBPEMEHO ITPUIIaa IpyH NOTeHMjanHo TokcnuHuX eneMenara (I1TE). Ilnsb oBor
HCTpakMBama OMo je aa ce yTBpJe KoHIeHTpanuje Ni y pelanuji 3eMJbHIITe—0nIbKa
n3Mel)y TIIaBHUX paTapcKUX OUJBHUX BPCTa M MOJOTNPUBPEITHOT 3eMIBHIIITA 32 ICHTPATHY
Cp0Oujy. YkyIHO je y3eto 71 y30pak 3eMJbHINTA U3 FOpEer clioja 3emipuinTa 0—30 cm,
C MOJpyYja MEeCT CTATUCTUYKUX OKpyTa eHTpasine Cpouje. [IpuKynIbeHo je yKYITHO
71 y30pak ceMeHa TOKOM JKETBE Kao IIPOCEUaH y30paK CEMEHA Ca CBAKE MTOCMATPAHE
napiiese, oj yera je 26 y3opaka 0o ceMe Kykypysa, 19 cyniokpera, 17 niieHurie u
JeBert coje. [I[puKynipeHn y30piu aHaTM3UpaHu Cy Ha OCHOBHE TIapaMeTpa 3eMJbUIITA
M YKYIIHY M IPHCTYNa4Hy KOHUCHTPALH]Y HUKJIA Y 3¢MIBULITY, KAO U YKYIIHY HETOBY
KOHLICHTpPALHjy Y CEMEHY. BpeﬂHOCT 'MeJ[HjaHe 3a YKYIHY KOHLCHTPALK]y HUKIIA y
3eMibHIITY Oua je 44,8 mg kg, mrro je 6muzy speaHoct MJIK. Cpezm;a KOHICHTpa-
Lyja HUKJIa y CEMEHY IIUCHULE U KyKypy3a Ouina je 0,5 mg kg, ok je ceme coje u
CYHLIOKpeTa uMaJio 3HaTHO Behu canpixaj Ni oz 8,40 oxsocHo 10, 26 mg kg, daktopu
o6uoakymynanuje y cemeny (BAF) y oBoj ctyamju kperanu cy ce ox 0,013 (kykypy3)
10 0,256 (coja). [Ipema cTaTUCTUYKH 3HA4YajHUM pa3jiMKaMa, CBE paTapcke OUJbHE
BPCTE UMAJIe Cy jefAHAaKY YKYIHY KOHLEHTpauujy Nir y 3eMJBHILTY, 0K Cy ce pema
IPUCTYIIAYHO] KOHUEHTpauuju Niy y 3emibrinty, Mel)ycoOHO pasinkoBaa 3eMJbHLITa
T0J1 KyKypy30M M CyHIOKpeToM. Ha ocHoBy KOHHeHTpaHI/I_]e Ni y cemeny u BAF-a,
JacHo ce u3aBajajy ABE IPyIIE: Y je/IHO] IPYIIH Cy COja U CYHLIOKpeT ca Behum caspikajem
Ni, 10K cy y Ipyroj rpyly MIIEHHUIA U KYKYPY3 ca HUKUM cajapikajeM Niy ceMeHy.
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Hobujene pasznuke noTBphyjy 1a OUIpHE BpCTe UMajy 3Ha4YajHy yJory y Onoakymyiia-
uuju Ni. YrBphenu napamerap BAF 610 je y cTaTUCTHYKM 3HAYajHO], HETAaTUBHO]
KOpelaluju ca YKymHUM cajipxkajeM Ni 'y 3eMJBUIITY 32 CBE MOCMAaTPaHe YCeBE, OCUM
KyKypy3a. Mehytum, Bpennoct BAF-a je camo 3a kKykypy3 Ouja y CTaTHCTHYKH 3Ha-
YajHO], HEraTUBHO] KOPEJAIUj! ca MPUCTYIaYHOM KOHIIEHTpaujoM Ni y 3eMJBUIITY.
Jlobujene kopenanuje ykasyjy z1a je Beha KoHIIeHTpalija HUKJIa Y 3eMJBUIITY Y3POKO-
BaJjia (,ErOBY Mamby KOHIICHTPAIIH]y Y CEMEHY, BEpOBATHO YCIIE aKTHBHPAa OT0pam-
OeHMX MeXaHU3aMa OnJbaKa 3a 09yBambe PEIPOLYKTUBHHUX OpraHa — CeMEHa, O IITeT-
HUX yTuIaja. Ha 0CHOBY CBHX JOOMjEeHHX pe3yiTara, IIIaBHE paTapcke OUJbHE BPCTE
y neHTpannoj Cpouju nmare cy 6e30eaHy KOHIICHTPAIHjy HAKJIA Y CEMEHY 3a CTOUHY 1
JbyzcKy xpany. [losehan cagpixaj HUKIIA y TOJFONPUBPEIHOM 3EMJBHINTY IICHTPAITHE
CpOwuje 3axTeBa cTajgHo npahemne y MHIbY OAPKUBE MOJHOIPUBPEIHE TPOU3BOIIHE.
KJbYYHE PEUU: Hukamu, patapcke KylIType, 3eMIBUIIITE, CEME
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METRONIDAZOLE IN THE PROPHYLAXIS
AND TREATMENT OF DOGS AND CATS

ABSTRACT: Ever since their discovery, antimicrobials have helped in controlling
and treating infections in both humans and animals. The control of infectious diseases is
endangered by the rise of microorganisms that are resistant to this group of drugs. Limited
availability of authorized veterinary drugs leads to prescription of human approved drugs.
The aim of our study was to describe metronidazole use patterns and its accordance with
scientific literature in Serbia. Results have shown that majority of prescriptions were written
to dogs, while 27.1% prescriptions were for cats. Most common general conditions were
dental and digestive disorders. Our study shows that metronidazole is available in oral and
injectable form, while cats were only treated with injectable formulation. Even though pre-
scription of human approved drugs for companion animals is allowed by Law, there is no
official record of data on the extent or nature of off-label use in Serbia. Such information is
essential for guiding antimicrobial use policy in small animal veterinary practice as well as
for assessing the risk of transmission of antimicrobial resistance to humans. Recognizing
the importance of antimicrobial resistance and ensuring more judicious use of antibiotics
are key elements to any strategy for maintaining the usefulness of antimicrobial drugs in
animals and humans.

KEYWORDS: antimicrobials, antimicrobial resistance, cats, dogs, metronidazole

INTRODUCTION

Antimicrobial drugs are used frequently for the therapy and prevention
of infectious diseases in companion animals (Pomba et al., 2017; Morley et al.,
2005; Marshall et. al. 2011). These drugs are among the most important treat-
ment options available to modern medicine (Morley et al., 2005). Antibiotic
use in companion animals is likely more liberal than in animal food because
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compared to agricultural use, antibiotic use in companion animals is not strict-
ly regulated and is driven by people’s emotional attachment to their pets’ needs
(Shea et al., 2011). Availability of effective antimicrobial therapy has had a
profound impact on human and animal health, improved welfare and on safe
and economical production of food (Weese et al., 2015). However, their effi-
cacy has been compromised by antimicrobial resistance which has resulted in
tremendous impacts on human and animal health, and the economics of both
medicine and agriculture (Morley et al., 2005; Hur et al., 2020).

Due to the inadequate use of antibiotics described in both human and
veterinary medicine, bacteria have developed resistance to many classes of
antimicrobial and this resistance has been disseminated among different bac-
terial populations, resulting in treatment failures in both human and veterinary
medicine (Hughes et al., 2012; Miranda et al., 2021). Antimicrobial resistance
(AMR) showed a dramatic increase over the last decade and is currently con-
sidered a major world health problem (Hur et al., 2020). Although the true
magnitude of antimicrobial resistance is not fully known, growing population
of dogs and cats can contribute to the spreading of antimicrobial resistance.
Close contact with humans, but also the increasing attention to animal welfare
results in the extensive use of antimicrobial agents in these animals (Miranda
et al., 2021; Guardabassi et al., 2004) particularly in canine medicine (Guarda-
bassi et al., 2004).

Lately, the risks posed by the use of antimicrobials in the treatment of
infections in pets have been assumed to be quite low. However, recent publica-
tions indicate that antimicrobial resistance is increasing among organisms
causing infections in pets (Lloyd, 2007). While there is considerable data on
antimicrobial drug use and drug resistance in bacteria of animal food origin,
there is little useful data about the same issue in companion animals, based on
areview of the current literature (Prescott et al., 2002; Guardabassi et al., 2004;
Lloyd, 2007; Miranda et al., 2021; Shea et al., 2011). Several case studies have
documented the presence of antibiotic-resistant bacterial strains in small ani-
mal veterinary medicine (Damborg et al., 2004; Damborg et al., 2016; Nienhoff
et al., 2009; Duijkeren et al., 2011) because there is a large overlap in antibiot-
ics used in human and in small animal veterinary medicine, and because of
the close contact many pet owners have with their dogs and cats (Shea et al.,
2011). Companion animals are able to acquire and exchange multidrug resist-
ant pathogens with humans (Hur et al., 2020; Lloyd, 2007; Miranda et al., 2021)
and thus, the benefits of their use in animals must be weighed against the risk
to public health (Chambers et al., 2018). Knowledge of antimicrobial usage
patterns is critical in the implementation and monitoring of antimicrobial stew-
ardship programs (Hur et al., 2020).

Some antimicrobial products authorized for human use are also used in
companion animals, in application of the ‘cascade’ (Pomba et al., 2017; EMA/
CVMP/AWP/237294/2017; Guardabassi et al., 2004). This consumption is
regulated by EU directive 2001/82/EEC and it allows veterinarians to use hu-
man drug only if a suitable veterinary drug for another animal species does
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not exist (HOlso et al., 2005); Law on medicines and medical devices of Re-
public of Serbia, 2012). When prescribing under the cascade, veterinarians
should take into account the importance of the antimicrobial to human medicine
and the risk for transmission of AMR from treated animals to humans (EMA/
CVMP/AWP/237294/2017). According to some authors, reasons why human
drugs are so widely used in companion animal practice can be sometimes as-
sociated with lower price (Escher et al., 2011; Gomez et al., 2018), but also with
more suitable drug formula, the strength, package size or non-availability of
a comparable veterinary product (Holso et al., 2005).

Metronidazole belongs to the group of nitroimidazoles (ALIMS, 2015;
Bergvall et al., 2009) and it is not authorized for use in animals in Serbia
(ALIMS, 2015). It has bactericidal effect against a wide range of microorgan-
isms (EMEA/MRL/173/96-FINAL, 1997; ALIMS, 2015). The exact mechanism
of action is not fully known, but metronidazole diffuses into the microorgan-
ism cell and causes loss of helical structure, rupture of strands in bacterial and
protozoal DNA, and inhibits nucleic acid synthesis, resulting in cell death
(Boothe, 2015; Tauro et al., 2018). The microbiological properties of metronida-
zole are known from its use in human medicine (EMEA/MRL/173/96-FINAL,
1997). 1t is used in humans for treatment and prophylaxis of anaerobic bacterial
and protozoal infections (ALIMS, 2015; Boothe, 2015; EMEA/MRL/173/96-
FINAL, 1997; Ceruelos et al., 2017). In Serbia, the use of metronidazole is off
label, since it is not in accordance with its summary of the product characteristics
(ALIMS, 2015), but it is commonly prescribed by veterinarians. In companion
animals it is mostly used in the treatment of gastrointestinal infections, in the
treatment of gingivitis, hepatitis and osteomyelitis (Seol et al., 2010). For treat-
ment of these infections metronidazole is used in doses of 10—15 mg/kg b:w./12 h,
or 25-50 mg/kg b.w./h (Cupic et al., 2019). According to the Food and Drug
Administration Agency (FDA) and the European Medicines Agency (EMA),
this drug is banned in animal food (Payne et al., 1999).

The goal of the present study was to describe metronidazole use patterns
in dogs and cats in Serbia and to determine if that consumption is in accord-
ance with prudent use guidelines and scientific literature.

MATERIALS AND METHODS
Sampling design

The study was conducted at private veterinary ambulance in Novi Sad,
Serbia, between January and May of 2020. Fifty nine medical records that
included dogs and cats were used. All prescriptions are written in electronic
database along with clinical history of animals and diagnostic work-up, which
allows a computer search and a transfer of information to the spreadsheets
(Excel version 9.0). A computer search was made to identify all animals where
metronidazole was used in treatment during survey period. Following information
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were gathered: animal species, age, drug brand name, active substance, phar-
maceutical form, dosage, duration of the treatment and treated condition, as
well as route of administration.

Data analysis

The data were analyzed first at species level (dogs and cats), secondly by
indication and thirdly by route of application. Each prescription was then clas-
sified as either therapeutic or prophylactic use by reviewing the medical charts.
When animal received pharmaceutical for a condition, this was classified as a
therapeutic treatment. When animal was treated with a pharmaceutical as a
part of a surgical procedure (administration prior, during or after the surgical
procedure), the administration was classified as prophylactic. Therapeutic
treatments were grouped according to the main indication (dental and digestive)
and prophylactic treatments according to similar criteria (dental, digestive and
orthopedic). The route of application (per oral and intravenous) was also dis-
tinguished. The mean treatment period for each indication was calculated. For
each case, it was determined whether diagnostic procedures (bacteriological
culture, antimicrobial susceptibility test, cytology and rapid SNAP test) were
performed and if so, which procedures were those.

RESULTS AND DISCUSSION

During the survey, 59 medical records containing prescriptions of met-
ronidazole were analyzed. The majority of prescriptions were written to dogs
(43 or 72.9%) while 16 or 27.1% prescriptions were written for cats. Their age
ranged from two months to 15 years for cats, while for dogs this range was
from two months to 13 years (Figure 1).

Conditions (Treatment Indication)

For dogs, therapeutic treatment was used in 65.1% cases (28/43), and the
respective percentage for cats was 68.8% (11/16). Conditions for therapeutic
use of antimicrobials were dental and digestive disorders (Table 1 and Table
2). Prophylactic (perioperative) treatment was administered in 34.9% (15/43),
while in cats 31.2% (5/16) of administrations were prophylactic. Surgical pro-
cedures which included interventions like dental, digestive and orthopedic are
shown in Table 3. The specific diseases included periodontitis and gingivitis;
gastroenteritis and enteritis; in orthopedic, fractures and amputation. When
route of administration was considered, 53.5% of dogs and 100% of cats were
prescribed injectable metronidazole, and 46.5% of dogs were prescribed an
oral drug, while no oral formulations were prescribed to cats.
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Figure 2. SNAP testing in dogs and cats
In dogs, the mean duration of the treatment period for oral formulations

varied from three to ten days, while for injectable metronidazole that period was
1-5 days. The mean duration of the treatment in cats varied between 1-5 days.
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Diagnostic procedures

Antimicrobial susceptibility and bacteriological testing in dogs had been
performed in 9.3% and 6.7% cases. However, no information about this testing
in cats was recorded. SNAP testing was used every time it was suspected on
infectious diseases like Parvo virus, Corona virus, Giardiasis and Canine dis-
temper (Figure 2).

Table 1. Use of metronidazole in therapy of 43 dogs according to the indication and route
of administration

Route of administration

Indication N %
Per oral Parenteral
Dental
Gingivitis 3 3 7.0
Periodontitis 2 2 4.7
Digestive
Gastroenteritis 5 5 10 23.2
Enteritis 6 7 13 30.2
Surgery 4 11 15 349
Total 43 100

Table 2. Use of metronidazole in therapy of 16 cats according to the indication and route
of administration

Route of administration

Indication N %
Parenteral

Digestive

Gastroenteritis 3 3 18.8

Enteritis 8 50.0

Surgery 5 5 31.2

Total 16 100

Table 3. Use of metronidazole in prophylaxis of dogs and cats according to the indication
in this study

Indication Dental Digestive Orthopedic
Gingivitis Periodontitis  Enterotomia  Fractura osis ~ Amputation

Dogs 8 2 2 3

Cats 2 1 1 1

In Serbia, there are no surveillance reports on usage of antimicrobials
approved for human use. As in Serbia, these drugs are frequently prescribed
for companion animals all over the world. Furthermore, the availability of
similar studies in the literature is very limited. Metronidazole is not approved
for veterinary purposes despite its common place usage in companion animal
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medicine. The percentage of metronidazole prescriptions in our study was
significantly higher for dogs (72.9%) than cats (27.1%). The most common
conditions for metronidazole use were dental and digestive disorders, what is
in agreement with Danish guideline for antibiotic use in companion animals
(Jessen et al., 2018).

Metronidazole is commonly used by small animal’s practitioners, as it is
believed to reduce the duration of clinical signs and the severity of diarrhea,
although evidence is lacking (Robbing et al., 2020; Lutz et al., 2020; Johnston
et al., 2000). Regarding systematic use in our study, metronidazole was the
most used for digestive disorders what is in agreement with the European data
(Gomez et al., 2018; Lutz et al., 2020). Acute diarrhea, including acute hemor-
rhagic diarrhea syndrome is frequently encountered in dogs. This condition is
commonly treated with metronidazole, but several recent publications suggest
that this disease is typically self-limiting and that probiotic administration can
result in as rapid a resolution of clinical signs as antimicrobial therapy (Robbins
et al., 2020; Rantala et al., 2004; Lehner et al., 2020). While nitroimidazoles
are not classified as critically important antimicrobials in Serbia, their use to
treat acute diarrhea should nevertheless be restricted. Current guidelines only
recommend the use of antimicrobials in cases of acute diarrhea if clinical or
laboratory signs consistent with sepsis are present (Lutz et al., 2020; Jessen et
al., 2018). Another indication for metronidazole use was gingivitis and perio-
dontitis. The results of study conducted by Heijl et al. (1980) demonstrated that
administration of metronidazole can reduce the rate of plaque formation,
change the composition of the developing subgingival microbiota and prevent
the onset of gingivitis. Holloway et al. (2013) pointed out that metronidazole
and clindamycin are preferred because they reach more effective levels within
the biofilm in the vicinity of the periodontal space.

Bergvall et al. (2009) revealed that perioperative use of antibiotics is re-
ferred to the administration before, during or after surgical procedure. Our
results have shown that perioperative use of metronidazole was in cases of
dental, digestive and orthopedic disorders (Table 3). A prophylactic use of is
always indicated prior to operations with a high risk of anaerobic infections
(ALIMS, 2015). Guidelines for the prudent use of antimicrobials in veterinary
medicine (2015/C 299/04) recommend that perioperative use of antimicrobials
should be minimized by using aseptic techniques also suggested by Lehner et
al. (2020). Besides, Swedish guideline emphasize that they never should be
used as a substitute for good asepsis while Danish guidelines emphasize the
dog’s status and expected surgery as the main criteria for perioperative use of
antimicrobials (Jessen et al., 2018; Bergvall et al., 2006).

When route of administration was considered, there is a small difference
between oral (46.5%) and parenteral administration (53.5%) in dogs whereas
cats were treated only with metronidazole parenterally (100%). This may reflect
the challenge of giving oral medication to cats when compared to injectable
antimicrobial agents (Burke et al., 2016), but also the fact that although tablets
have been broken or crushed for oral administration to cats, they find these
unpalatable (Macintire et al., 2012).
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Prescribing under the cascade should be supported by a full diagnostic
investigation including bacterial culture and antimicrobial susceptibility test-
ing, when possible (EMA/CVMP/AWP/237294/2017). Our results revealed
very low rate of diagnostic procedures, which can be associated with excessive
use of antimicrobials, representing a critical issue not only for a public health,
but also for animal welfare.

CONCLUSION

Although the Law allows the cascade use of drugs, there is no official
record of data on the extent or nature of off-label use in Serbia. Without this
information it is impossible to estimate how recommendations of antimicro-
bial use are followed which may lead to drug incompliance and inadequate
treatment of infectious diseases, which can, in turn, lead to development of
antimicrobial resistance. National recommendations, as well as surveillance
system, are mandatory in order to support responsible use of antibiotics, par-
ticularly of human approved drugs, like metronidazole. Antimicrobial drugs
are valuable, versatile, safe and have a specific role in controlling bacterial
disease in animals, but their usefulness can be only maintained if being used
in accordance with good and professional veterinary practice.

ACKNOWLEDGEMENT

This work was supported by the Ministry of Science and Technological
Development, Republic of Serbia [Grant Number 451-03-68/2020-14/200117].

REFERENCES

Agencija za lekove i medicinska sredstva Srbije (ALIMS) (2015): Sazetak karakteristika leka
— Metronidazol. Available to: www.alims.gov.rs

Bergvall K, Greko C, Ingman J, Larsson CI, Mannerfelt T, Odensvik K, Pelander L, Sjostrom
L, Holst BS, Weidman A, Wellander M (2009): Guidelines for the clinical use of antibiotics
in the treatment of dogs and cats, Swedish Veterinary Association. Available to: https://
www.svf.se/media/jzgbjer5/policy-ab-english-dogs-and-cats.pdf

Boothe DM (2015): Nitroimidazoles. Merck Manual, Veterinary Manual. Available to: https://
www.merckvetmanual.com/pharmacology/antibacterial-agents/nitroimidazoles

Burke S, Black V, Sanchez-Vizcaino F, Radford A, Hibbert A, Tasker S (2016): Use of cefovecin
in a UK population of cats attending first-opinion practices as recorded in electronic
health records. J. Feline Med. Surg. 19: 687—692.

Ceruelos AH, Romero-Quezada LC, Ledezma JCR, Contreras LL (2017): Therapeutic uses of
metronidazole and its side effects: an update. Eur. Rev. Med. Pharmacol. Sci. 23: 397-401.

102



Chambers P, Gibson I, Manson K, Millar A, Scott D (2018): Guidelines for the clinical use of
antimicrobial agents in the treatment of dogs and cats. New Zealand Veterinary Associa-
tion. Available to: www.amrvetcollective.com/assets/guidelines/guide comp.pdf

Cupié¢ V, Muminovi¢ M, Kobal S, Velev R (2019): Pharmacology for students of veterinary
medicine. Belgrade—Sarajevo—Ljubljana—Skoplje.

Damborg P, Broens EM, Chomel BB, Guenther S, Pasmans F, Wagenaar JA, Weese JS, Wieler
JH, Windahl U, Vanrompay D, Guardabassi L (2016): Bacterial Zoonoses Transmitted
by Household Pets: State-of-the-Art and Future Perspective for Targeted Research and
Policy Actions. J. Comp. Path. 155: S27-S40.

Damborg P, Olsen KEP, Nielsen EM, Guardabassi (2004): Occurrence of Campylobacter jejuni
in Pets living with human patients infected with C. jejuni. J. Clin. Microbiol. 42: 1363—1364.

De Briyne N, Atkinson J, Pokludova L, Borriello SP (2014): Antibiotics used most commonly
to treat animals in Europe. Vet. Rec. 175: 325.

Duijkeren E, Kamphuis M, Mije IC, Laarhoven LM, Duim B, Wagenaar JA, Houwers DJ (2011):
Transmission of methicillin-resistant Staphylococcus pseudintermedius between infected
dogs and cats and contact pets, humans and the environment in households and veterinary
clinics. Vet. Microbiol. 150: 338-343.

EMEA/CVMP (2017): Reflection paper on off-label use of antimicrobials in veterinary medicine
in The European Union. Available to: https:/www.ema.europa.eu/en

EMEA/MRL/173/96-FINAL (1997): Metronidazole summary report. Committee for veterinary
medical products. Available to: www.ema.europa.eu

Escher M, Vanni M, Intorre L, Caprioli A, Tognetti R, Scavia G (2011): Use of antimicrobials
in companion animal practice: a retrospective study in a veterinary teaching hospital in
Italy. J. Antimicrob. Chemother. 66: 920-927.

Gomez-Poveda B. and Moreno MA (2018): Antimicrobial Prescriptions for Dogs in the Capital
Of Spain. Front. Vet. Sci. 5: 309.

Guardabassi L, Schwarz S, Lloyd DH (2004): Pet animals as reservoirs of antimicrobial-resistant
bacteria. J. Antimicrob. Chemother. 54: 321-332.

Heijl L, Lindhe J (1980): Effect of selective antimicrobial therapy on plaque and gingivitis in
the dog. J. Veterinary Periodontol. 7: 463—478.

Holloway S, Trott D, Shipstone M, Barrs V, Malik R, Burrows M (2013): Antibiotic prescribing
detailed guidelines. Australian Infectious Diseases Advisory Panel. Available to: http://
www.ava.com.au/sites/default/files/AVA_website/pdfs/AIDAPguidelines.pdf. Accessed
August 12, 2016.

Holso K, Rantala M, Lillas A, Eerikdinen S, Huovinen P, Kaartinen L (2005): Prescribing
Antimicrobal Agents for Dogs and Cats via University Pharmacies in Finland — Patterns
and Quality of Information. Acta. Vet. Scand. 46: 87-93.

Hughes LA, Williams N, Clegg P, Callaby R, Nuttall T, Coyne K, Pinchbeck G, Dawson S
(2012): Cross-sectional survey of antimicrobial prescribing patterns in UK small animal
veterinary practice. Prev. Vet. Med. 104: 309-316.

Hur BA, Hardefeldt LY, Verspoor KM, Baldwin T, Gilkerson JR (2020): Describing the anti-
microbial usage patterns of companion animal veterinary practices; free text analysis of
more than 4.4 million consultation records. PLoS One 15: €0230049.

Jessen LR, Damborg P, Spohr A, Goericke-Pesch S, Langhorn R, Houser G, Willesen J, Schjaerff
M, Eriksen T, Serensen TM, Jensen VF, Obling F, Guardabassi L (2018): Antibiotic use

103



guidelines for companion animal practice (2™ edition). Companion Animal Group, Dan-
ish Veterinary Association.

Johnston KL, Lamport Al, Ballevre O, Batt R (2000): Effects of oral administration of metro-
nidazole on small intestinal bacteria and nutrients of cats. Am. J. Vet. Res. 61: 1106—1112.

Law on medicines and medical devices Republic of Serbia (“Official Gazette of RS”, No. 30/2010,
107/2012 — other law and 113/2017 — other law). Available to: https://www.alims.gov.rs/eng/
regulations/law-on-medicines-and-medical-devices/

Lloyd DH (2007): Reservoirs of antimicrobial resistance in pet animals. Clin. Infect. Dis. 45: 148—152.

Lutz B, Lehner C, Schmitt K, Willi B, Schiipbach G, Mevissen M, Peter R, Miintener C, Hanspeter
Naegeli H, Schuller S (2020): Antimicrobial prescriptions and adherence to prudent use
guidelines for selected canine diseases in Switzerland in 2016. Vet. Rec. Open. 7: €000370.

Macintire DK, Drobatz KJ, Haskins SC, Saxon WD (2012): Manual of Small Animal Emer-
gency and Critical Care Medicine, 2" Edition. John Wiley & Sons, Inc.

Marshall BM, Levy SB (2011): Food Animals and Antimicrobials: Impacts on Human Health.
Clin. Microbiol. Rev. 24: 718-733.

Miranda C, Silva V, Igrejas G, Poeta P (2021): Impact of European pet antibiotic use on ente-
rococci and staphylococci antimicrobial resistance and human health. Future Microbiol.
16: 185-201.

Morley PS, Apley MD, Besser TE, Burney DP, Fedorka-Cray PJ, Papich MG, Traub-Dargatz JL,
Weese JS (2005): Antimicrobial drug use in veterinary medicine. J. Vet. Intern. Med. 19:
617-629.

Nienhoff U, Kadlec K, Chaberny IF, Verspohl J, Gerlach GF, Schwarz S, Simon D, Nolte I
(2009): Transmission of methicillin-resistant Staphylococcus aureus strains between
humans and dogs: two case reports. J. Antimicrob. Chemother. 64: 660—662.

Official Journal of the European Union (2015): Guidelines for the prudent use of antimicrobials
in veterinary medicine (2015/C 299/04). Available to: https://ec.europa.ecu/health/sites/
health/files/antimicrobial resistance/docs/2015 prudent use guidelines en.pdf

Payne, MA, Baynes RE, Sundlof SE et al. (1999): Drugs prohibited from extralabel use in food
animals. J. Am. Vet. Med. Assoc. 215: 28-32.

Pomba C, Rantala M, Greko C, Baptiste KE, Catry B, Duijkeren E, Mateus A, Moreno MA,
Pyorild S, Ruzauskas M, Sanders P, Teale C, Threlfall EJ, Kunsagi Z, Edo JT, Jukes H,
Torneke K (2017): Public health risk of antimicrobial resistance transfer from companion
animals. J. Antimicrob. Chemother. 72: 957-968.

Prescott JF, Hanna WJB, Reid-Smith R, Drost K (2002): Antimicrobial drug use and resistance
in dogs. Can. Vet. J. 43: 107-116.

Rantala M, Holso K, Lillas A, Huovinen P, Kaartinen L (2004): Survey of condition-based
prescribing of antimicrobial drugs for dogs at a veterinary teaching hospital. Vetr. Rec.
155: 259-262.

Rollin BE (2002): An ethicist’s commentary on extra-label drug use. Can. Vet. J. 43: 749-750.

Shea A, McCarthy R, Lindenmayer J (2011): Therapeutic Antibiotic Use Patterns in Dogs:
Observations from a Veterinary Teaching Hospital. J. Small Anim. Pract. 52: 310-318.

Seol B, Matanovi¢ K, Terzi¢ S. (2010): Antimikrobna terapija u veterinarskoj medicini. Zagreb:
Medicinska naklada.

Tauro A, Beltran E, Cherubini GB, Coelho AT, Wessmann A, Driver CJ, Rusbridge CJ (2018):
Metronidazole-induced neurotoxicity in 26 dogs. Aust. Vet. J. 96: 495-501.

104



Weese JS, Giguere S, Guardabassi L, Morley PS, Papich M, Ricciuto DR, Sykes JE (2015):
ACVIM Consensus Statement on Therapeutic Antimicrobial Use in Animals and Anti-
microbial Resistance. J. Vet. Intern. Med. 29: 487-498.

OPUTUHAJIHU HAYYHU PA{

METPOHUJIA30JIY ITPOOUITAKCU U TEPATININ
KO ITACA 1 MAYAKA

Jparana 3. TOMAHUWR, 3opana P. KOBAUYEBUR, Iparuma M. CTOJAHOBUWhQ,
bpanucnaa M. BEJINh, Henan C. CTOJAHALL, MUBan b. CTAHUUR,
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VYuusepsurer y Hoom Cany, [TossonpuBpennu dakymirer
JlemapTMaH BeTepHHAPCKE MEAMIINHE
Tpr Hocureja O6panosuha 8, Hosn Cax 21000, Cpouja

PE3UME: Ox cBor oTkprha, aHTHOMOTHILIM IOMaXy y KOHTPOJIU U Jiedery HH(EK-
1IMja KOJI JbyIU U )KUBOTUA. EukacHoCcT aHTHOMOTHKA je yrposkeHa mopacTom 0poja
MHUKpPOOpraHu3aMa OTHOPHUX Ha OBY IpyIly JiekoBa. OrpaHuueHa JOCTYITHOCT peru-
CTPOBaHUX BETEPHHAPCKHUX JIEKOBA JOBOAM JI0 TOra Ja C€ y MPAKCH KOPUCTE JIEKOBU
PerucTpoBaHu 3a IPUMEHY KOZ JbyH. Llnib oBOr HCTpaxuBarba 01O je fa ce aHaIu3HU-
pa ynorpeba MeTpoHH1a301a y IPUBATHO] BETCPHHAPCKO] aMOytanTn y Cpbuju, Kao
¥ Jia Ce yTBP/H /1a JIM je Ta ynoTpeba y CKIIajy ca Hay4HOM JIMTepaTypoM. Pesynrarn
Cy MMOKa3aJIH JIa Ce 0Baj JIEK YIIIAaBHOM IPUMEY]je Y Jieuery rnaca, 0K je 27,1% metpo-
HUJ1a3051a KOpUInheHo y Jiedery Madaka. Hajuenrhe nHaukanuje 3a yrnorpedy MeTpoHH-
Jazona Ouje ¢y IEHTAJIHU U AUrecTUBHU nopemehaju. OBO HCTpaKMBamke TIOKA3aJI0
je Ila ¢y, MaKo je METPOHMIA30J1 IOCTYIIAH y OPATHOM U HHEKIIMOHOM OOJIMKY, MayKe
JIeYEHE CaMO MEbEKLIIMOHUM (opMmyrnanrjama. Maxo je 3akoOHOM J03BOJEEHO IPOITUCHBA-
e XyMaHUX JICKOBA 3a JIeUeHhe )KUBOTHIba, Yy CpOHjH HE MOCTOje 3BaHUYHH TTOJIAIH O
oOuMy uinu npupoau Te ynorpede. TakBe nHpopmaluje Cy KJbydHe 3a CIpoBoheme
CMEpHHIIA O YIIOTPeOr aHTUMHUKPOOHUX CPEACTaBa y BETEPUHAPCKO] MPAKCH MAJTUX
KUBOTHIA, KA0 U 32 MIPOLIEHY PU3HKa OJ IIPEHOCa aHTUMHUKPOOHE pe3UCTeHIUje Ha
Jbyze. Ilpeno3naBame BaKHOCTH aHTUMHUKPOOHE PE3UCTEHLIM]E Kao U pa3yMHUja yIo-
Tpeba aHTHONOTHKA KIbYUHH CY €IEMEHTH CBaKe CTpaTeruje 3a oAp kaBame eprukacHo-
CTH aHTUMUKPOOHUX JICKOBA.

KJbYUHE PEYU: anTHOHOTUIIN, aHTUMUKPOOHA PE3UCTEHITH]a, MayKe, TICH
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Origanum vulgare L. ESSENTIAL OIL EFFECTS ON
MICROBIAL PATHOGENS CAUSING VAGINITIS

ABSTRACT: Multidrug resistance of human isolates of bacteria that cause vaginal infec-
tions is one of most recent topics in scientific investigations along with the search for novel an-
timicrobial drugs originating from nature. Monitoring of antimicrobial activity of traditionally
used herbal essential oils may give us basic perspective and directions for future studies design.
Antimicrobial activity of commercial essential oil (EO) of Origanum vulgare against human
clinical isolates of bacteria and Candida was determined by microdilution method, obtaining
minimum inhibitory concentration (MIC) and minimum bactericidal/fungicidal concentration
(MBC/MFC) (CLSI protocol). Both investigated strains of Candida as well as all bacterial strains,
except P. aeruginosa, showed susceptibility to investigated EO. The most susceptible strain
was Gram positive S. aureus' strain unlike S. aureus® which indicates strain specificity. Both
Gram negative E. coli isolates (E. coli' and E. coli?) showed resistance to all tested antibiotics
in this study, and susceptibility to oregano EO at 12.5 pl/ml. GC/MS analysis identified a total
of 35 components (96.13%) in commercial oregano EO, with the most dominant phenol
carvacrol (64.12%). Our data suggest that oregano EO possess potent antimicrobial activity
and that human vaginal isolates shows strain specificity in antimicrobial susceptibility.

KEYWORDS: antimicrobial activity, essential oil, Origanum vulgare, vaginal infection

INTRODUCTION

In recent years, essential oils (EOs) have been the centres of research in
several industrial and scientific fields, mainly in cosmetics and food processing,

* Corresponding author. E-mail: maja.karaman@dbe.uns.ac.rs
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but with ever increasing potential for biomedical application (Sarikurkcu et al.,
2015). According to the traditional medicine knowledge, EOs have been used
as analgesics, sedatives, anti-inflammatory drugs, and antimicrobial agents
(Gulluce et al., 2012).

One of the most widely used EOs is oregano essential oil (EO). Plants of
the Origanum genus (Lamiaceae family) are found mainly in the Mediterranean
region, with 39 distinct species described so far (S6zmen et al., 2012). Ethnophar-
macological applications of oregano are diverse and include use of infusions for
respiratory and digestive system, to relieve cough, sore throat and indigestion
(Barros et al., 2010). Recently, O. vulgare EO has been proved as potent antimi-
crobial agent in a treatment of vaginal infections (Karaman et al., 2017). In fact,
vagina infections caused by both bacteria and yeasts and recognized as vaginosis
and vaginitis, represent a serious problem, particularly during pregnancy, due to
increased susceptibility for infection owing to changes in immune system itself,
hormonal oscillations and changes of normal physiological processes (Machado
and Cerca, 2015). Furthermore, the most effective antibiotic therapy cannot always
be administered during pregnancy (Palmeira-de-Oliveira et al., 2015).

New emerging trends in use of more natural products for medicinal treat-
ment are getting scientific validation in recent years. Finding an effective
treatment option, which is safe for women, is of great importance with the need
for prophylactic therapy of vaginosis before final decision on type of alternative
therapy (Stefanakis et al., 2013). Since routinely antibiogram tests are recom-
mended for every single microbial isolate (strain) causing vaginitis, we have
chosen to analyse susceptibility of several strains — six bacterial and two Candida,
that have been mostly recognized as a transient microorganisms or temporary
skin microbiome that normally inhabits the rectum but may sometimes increase
in number and cause nonspecific vaginitis making irritation, inflammation,
itching together with appearance of vaginal candidiasis caused by an over-
growth of a commensal yeast Candida albicans that naturally lives in vagina
(Bortz et al., 2013).

Hence, the aim of the study was to investigate in vitro antimicrobial activity
of commercial Origanum vulgare L. EO against clinical isolates of six bacterial
and two Candida strains.

MATERIALS AND METHODS
Bacterial and yeast strains

Bacterial and Candida strains were obtained, by approved protocol of
Ethical Board of Clinical Centre of Vojvodina, from women with symptoms
of vaginal infection at the Department of Obstetrics and Gynaecology, Clinical
Centre of Vojvodina, Faculty of Medicine, University of Novi Sad. Two Gram-
posmve strains (S. aureus' and S. aureus ) four Gram-negative strains (E. coli',
E. coli®, P. aeru%znosa and P. mirabilis) and two Candida isolates (C. alblcans
and C. albzcans ) were investigated.
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Antimicrobial assay

Antimicrobial activity of commercial O. vulgare EO (ProBotanic, Bel-
grade, Serbia HACCP, ISO 9001) was assessed by microdilution method, de-
termining minimum inhibitory and minimum bactericidal/fungicidal concen-
tration (MIC, MBC/MFC). Antimicrobial testing was proceeded according to
procedures of Clinical Laboratory Standards Institute (CLSI 2008a; CLSI
2008b). Five double dilutions of initial concentrations of EO were made in a
range from 3.12 pl/ml to 50 pl/ml for bacterial and Candida strains. Inoculums
of strains were prepared from overnight cultures by usin% McFarland standards
to reach the final 1.5x10® CFU/ml for bacteria and 1.5 x 10° for yeast. Antibiotics:
streptomycin (STR), ampicillin (AMP), tetracycline (TCN), and cefuroxime (CXM)
(Sigma, Switzerland) were tested at the final concentration (64-512 pg/ml),
while nystatin (Hemofarm, VrSac, Serbia) was used as antimycotic for yeasts
(32-256 pg/ml).

Growth curves of C. albicans

Change of colony-forming unit (CFU) of C. albicans in a period of 72 h
was detected in a form of growth curves, as well as ICs, values of analysed
oregano EO. Spectrophotometrically, method was based on monitoring of
medium (malt broth, Torlak, Serbia) with C. albicans at A=560 (Multiskan GO
Thermo Scientific, Finland), at every two hours in a period of 72 h. Inhibition
(%) of C. albicans growth was calculated according to equation:

l'Atest/ Acontrol x 100

Avest and A ontrol Stands for absorbance of tested and control reactions (Bogavac et al., 2015,
Karaman et al., 2017).

Germination test of C. albicans

Oregano EO ability to inhibit the germination of C. albicans was tested
at the following concentrations from 2.30 to 4.50 pl/ml. Human blood serum
(Euro Lab Polyclinic, Novi Sad, Serbia) was inoculated with C. albicans and
incubated for 3 h at 37 °C. Positive results were considered if no C. albicans
filaments were detected in ten microscopic visual fields detected microscopically
(Olympus BX51 microscope, Olympus, Tokyo, Japan).

Brine shrimp toxicity assay

Toxicity of EO was evaluated by 4. salina brine shrimp bioassay (Meyer
et al., 1982) with the same protocol modifications described previously (Bogavac
et al., 2017; Karaman et al., 2017).
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Chemical composition analysis of O. vulgare EO

Composition of oregano EO was investigated by the gas chromatography
with mass spectrometry (GC/MS) at Institute for Public Health of Vojvodina
(Novi Sad, Serbia). Agilent capillary gas chromatograph directly coupled to
the mass spectrometer (MSD) system GC Agilent 7890A model; MS 5875C
(Santa Clara, CA, USA) was used.

Statistical analysis

Means and standard deviations were obtained by Microsoft Excel for
Windows, while ICsy values were derived from the best fit line obtained by
linear regression analysis in software Origin 8.0 (OriginLab Corporation,
Northampton, MA, USA).

RESULTS AND DISCUSSION
Antimicrobial activity and growth curves

Antibacterial and antifungal activity of oregano EO is shown in Table 1.
Oregano EO showed bacteriostatic and bactericidal activity against all examined
clinical strains, except P. Aeruginosa, according to MIC and MBC, respectively.
Both investigated strains of Candida showed susceptibility to tested EO. The
MIC values for EO against bacterial strains ranged from 3.12 to 12.5 ul/ml,
MBC values from 3.12 to 25 pl/ml, while both MIC and MFC values against
Candida strains were detected at higher conc. (12.5-25 pl/ml). Obtained growth
curve of C. albicans, used as control, was sigmoidal with the clear exhibition
of lag, log and stationary phases and approximately 6 hours was necessary for
cells to proliferate and enter the log phase (Figure 1). Moreover, the growth
curves obtained after treatment were observed to shift to the right due to the
extension of the lag phase, which strongly implies that EO has suppressed the
cell growth and exhibited fungistatic effect. Exposure of Candida species to EO
showed dose—response relationship demonstrating reduction of cells from 49%
to 80% at 0.31 and 2.5% mass concentration applied, respectively (Figure 1).

The most susceptible bacterial strain was Gram positive S. aureus strain,
while S. aureus® showed higher MIC and MBC values indicating strain spec-
ificity. In comparison, MBCs values of analysed EO against S. aureus were
detected at the higher concentrations (22.7-45.4 ul/ml) (Karaman et al., 2017)
while in this study their MBC values reached at lower concentration range
(3.12-12.5 pl/ml) indicating the impact of EO chemical composition on express-
ing activities. Furthermore, detected MBCs for E. coli isolates ranged from
2.8 to 45.4 pul/ml (Karaman et al., 2017), which is similar with presented results
(12.5-25.0 pl/ml). P. aeruginosa strain showed to be the most resistant strain
against both tested EO and antibiotics, while Man et al. (2019) demonstrated
good activity of oregano EO against P. aeruginosa (MIC and MBC were 6.3%).
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Figure 1. Normal growth curve of Candida species cultured in malt broth medium and
growth curves of Candida treated with different concentration of O. vulgare EO.

Table 1. Susceptibility of microbial strains to O. vulgare EO (ul/ml) and antibiotics (ug/ml).
EO O. vulgare L. Antibiotics (MIC) (pg/ml)
MIC (ul/ml) MBC (ul/ml) STR AMP TCN CXM

Bacterial strain

S. aureus’ 312¢% 3.12% 512 128" 64” R

S. aureus® 12.5°¢ 12.5°¢ 512 R 512" R

E. coli' 12.5¢ 12.5¢ R R R R

E. col® 12.5¢ 25.0°¢ R R R R

P. mirabilis 6.25° 6.25° 512 256 512" R

P. aeruginosa R R R R R R

Yeast strain EO O. vulgare L. Antimycotic

MIC (pl/ml) MBC (ul/ml) Nystatin (pg/ml)

C. albicans' 12.5% 12.5¢ 64

C. albicans® 25.0° 250" 128

MIC — minimum inhibitory concentration; MBC — minimum bactericidal concentration;
MFC — minimum fungicidal concentration; R- resistant; “>¢ — significant differences
between antimicrobial activity within strain of bacteria determined by Tukey HSD test
at p<0.01. In each column different letters mean significant differences. Antibiotics: STR,
streptomycin; AMP, ampicillin; TCN, tetracycline; CXM, cefuroxime; *Strains sensitive
to antibiotics according to interpretive categories and MIC breakpoints (pg/ml) (Clinical
and Laboratory Standards Institute, 2017).
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The antibiotic resistance varied among other tested isolates (Table 1). The
most efficient antibiotic was AMP against S. aureus' strain, while the CXM
showed the weakest activity since none of investigated isolates were susceptible
to CXM. It should be emphasized that both E. coli isolates (E. coli' and E. coli®)
showed resistance to all tested antibiotics, while both strains showed suscep-
tibility to oregano EO. According to standards for antimicrobial susceptibility
testing (CLSI, 2017) P. aeruginosa ATCC 27853 strain shows MIC breakpoint
to TCN at 8 ug/ml, while analysed P. aeruginosa showed the resistance to
TCN. Similarly, E. coli ATCC 25922 strain showed susceptibility to AMP (at
2 ng/ml), TCN (at 4 pg/ml) and CXM (at 8 pg/ml) according to interpretive
categories and MIC breakpoints (CLSI, 2017), while in our study both E. coli
isolates were resistant to all tested antibiotics. According to this, isolated human
pathogens need to be routinely antibiogram tested due to possible multidrug
resistance, while searching and development of new antibacterial components
should be intensified. Regarding yeast isolates, both C. albicans strains showed
higher susceptibility to nystatin in comparison with EO (Table 1). C. albicans'
isolate showed to be more susceptible to EO and antimycotic, than C. albicans?,
pointing out the strain specificity of yeast isolates.

Toxicity and germination

According to brine shrimp toxicity assay oregano EO showed acute tox-
icity, since all investigated concentration of oregano EO caused absolute mor-
tality of A. salina (data not shown). Although recently good correlation between
A. salina bioassay in vitro and in vivo toxicity tests (r = 0.85, p < 0.05) was
reported (Parra et al., 2001), some authors obtained different results, without
correlation between these assays (Sanchez et al., 1993). In conclusion, addi-
tional toxicity testing for oregano EO needs to be included. Oregano EO at
concentration of 4.50 pl/ml leads to complete inhibition of germination of C.
albicans (Figure 2a), in comparison to control, without EO treatment (Figure
2b). Obtained germination inhibition is more than twenty-five times stronger
compared to oregano EO purchased in USA, where MIC and MBC values for
filament elongation were 125 ul/ml.

Figure 2. Inhibition of germination of C. albicans.
a — Treatment with O. vulgare EO (5%); b — Control.
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Chemical characterization of EO

GC-MS analysis of commercial oregano EO was conducted in order to
detect present bioactive compounds and total of 35 components (96.13%) were
identified. The most dominant chemical class were oxidised hydrocarbons
(71.15%), with the prevalence of phenol carvacrol (64.12%) (Table 2). Detected
antibacterial activity against S. aureus and E. coli strains may be attributed to
this monoterpenoid phenol (Mathela et al., 2010). The mechanism of carvacrol
effect on bacterial cell was described earlier and it was shown that this compound
causes permeabilization and depolarization of the cytoplasmic membrane
(Magi et al., 2015). Specifically, its good antibacterial activity against transient
E. coli is present thanks to its ability to inhibit microbial toxin production and
biofilm formation, together with reducing the fimbriae production (Friedman,
2014; Lee et al., 2017). The dominance of carvacrol (80.5%) in oregano EO was
also reported by Man et al. (2019) where oregano EO demonstrated antibacte-
rial activity against P. aeruginosa, which may be related to higher carvacrol
content since it was shown that carvacrol can impair the cell membrane and
decrease the cytoplasmic pH in P. aeruginosa (Lambert et al., 2001).

Besides carvacrol, aromatic monoterpenes p-cinnamon (7.00%), bicyclic
sesquiter trans-caryophyllene (3.37%) and borneol (3.19%) were detected in
significant amounts. The results correspond to previously obtained GC-MS
chemical identification of oregano EO with carvacrol as major compound
(Karaman et al., 2017). On the other hand, there were some differences in the
content of monoterpene hydrocarbons and oxygenated monoterpenes, in regard
to previous study, where camphor, thymyl methyl ether, epizonarene, a-humulene,
d-cadinene, isoledene, eremophilene, as well as linalool, terpinene-4-ol and
a-terpineol were detected in EO (Karaman et al., 2017). Difference in EO
chemical composition is well known characteristic, which can be caused by
many factors, especially growth factors (De Falco et al., 2013). Consequently,
a further research needs to be more focused on whether a mixture or a pure
EO compound is responsible for antimicrobial activity.

Table 2. Chemical composition (%) of the commercial O. vulgare EO.

Components R.I.*[min] O. vulgaris (%)
a-Phellandrene 8.091 0.34
o -Pinene 8.274 0.78
Camphene 8.588 0.63
1-Octen-3-ol 8.800 0.28
B-Myrcene 8.972 0.70
2-B-Pinene 9.029 0.15
Phellandrene 9.407 0.16
a-Terpinene 9.567 0.99
p-Cymene 9.704 7.00
dl-Limonene 9.784 0.27
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Sabinene 9.859 0.19

Eucalyptol 9.899 0.51

y-Terpinene 10.242 273

trans-Sabinene hydrate 10.511 0.73

a-Terpinolene 10.751 0.22

Linalyl alcohol 10.854 1.97

cis-Sabine 11.100 0.36

Borneol 12.617 3.19

Terpinene-4-ol 12.685 1.63

cis-Dihydrocarvone 13.120 0.17

d-Dihydrocarvon 13.303 0.11

Carvacrolmethylether 13.607 0.20
Carvone 14.139 0.19

Thymol 14.602 1.29

Carvacrol 14.905 64.12
Carvacrylacetate 16.118 0.11

trans-Caryophyllene 17.595 3.37

Aromadendrene 17.927 0.48

B-Selinene 18.247 0.20
Viridiflorene 18.814 0.27
-Bisabolene 18.865 1.34
8-Cadinene 19.157 0.24
Spathulenol 20.336 0.31

Caryophyllene oxide 20.490 0.74

Copaene 21.251 0.16

Chemical classes

Monoterpene hydrocarbons 4.64
Cyclic terpenes 6.07
Oxidised hydrocarbons 71.15
Terpenoids and sesquiterpenes 5.78

Oxidized sesquiterpenes 0.74

Aromatic monoterpenes 7.00
Total identified compounds 96.13

?R.I. — Retention indices measured relative to n-alkanes (C9—C18) on the non-polar NP-5
column and GC MS detection. Bold letters indicate the highest percentage.

CONCLUSION

This study shows that oregano EO possesses antimicrobial activity against
multi-drug resistant £. coli human isolate. Strain specificity is documented for
both bacteria (S. aureus' and S. aureus®) and C. albicans isolates, which indicates
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that for every single isolate appropriate antibiogram testing needs to be done.
Alternative ways of treatment can be recommended when there are no effective
antibiotic treatments, but further toxicology and clinical studies are needed for
EO clinical practice approval as antimicrobial agent.
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! Vuusepsurer y Hosom Cany, Kuuuuku nenrap Bojsoaune, MenuuHcku GakyaTeT
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PE3UME: MynTupe3ucTeHTHOCT OaKTepHja, N30JI0BaHUX KOJI )KEHa ca MPOoOJIeMH-
Ma BarMHaJIHUX HH(EKIIHja, Ha IIHPOK CIIEKTap JIEKOBa IPEeICTaBIba jeHY OJ] HajaTpak-
TUBHUjUX TeMa y HAy4YHOM CBETY 3aj€lHO Ca UCTPaXKHBabUMa HOBUX aHTUMUKPOOHUX
JICKOBa TPUPOIHOT nopekia. [Ipaheme aHTUMUKPOOHE aKTUBHOCTHU TPATUITHOHATHO
KOpHIITeHHX OUJPHHUX €TAPCKHUX YJha MOXKE HaM JIaTH OCHOBHY TEPCIIEKTUBY M CMEPHHU-
1ie 3a 1u3ajH Oyryhnx cryamja. AHTHMHKPOOHA aKTHBHOCT KOMEPIIH]aTHOT €TapcKoT yiba
(EY) Bpanusose tpase (Origano vulgare L.) IpoTHB XyMaHUX KIMHUYKKX H3071aTa GaK-
tepuja u Candida yTBpheHa je MUKPOAMITYIHOHOM METOJOM H 100H1jarbeM MUHUMAJI-
He nHxuburopue koHuentpauuje (MUK) u munnmanue 6akrepuuuane/pyHruuuane
xonuenrpauuje (MBK / M®K) (CLSI nporokomn). O6a ncnutusana coja Candida, kao
¥ CBU MCIIUTAHH OAaKTEPH]CKH COJEBH, OCUM P. aeruginosa, oKasaiu ¢y OCET/bHBOCT Ha
aHaJIN3MPaHO eTapeKo yibe. HajoceTsbuBuju coj 61O je rpaM MO3UTHBAH COj S. aureus',
3a pas3NuKy of S aureus® TO yKasyje Ha crendUIHOCT coja. I'pam HeraTuBHY H30JIATH
E. coli (E. coli' u E. coli®) noxasanu cy pe3ucTeHIHjy Ha CBE TECTHPaHe aHTUOMOTHKE
y OBOj CTYJIMjH U OCETJLUBOCT Ha OpUTaHO eTapcko yJbe Ha 12.5 pl/ml. 'C/MC ananuza
HIeHTH(UKOBAA je YKYIHO 35 KomroHeHara (96,13%) y KomMeplnjaIHOM OpHTraHo
CTapCKOM YJbY, Ca HajAOMUHAHTHHJUM (heHOIOM KapBakposoM (64,12%). Haruu nozanu
CYTepHIIy JIa OPUTAHO €TAPCKO YJbE MOceyje MOHY aHTUMUKPOOHY aKTHBHOCT U J1a
JbYJICKU M30JIaTH MMOKa3yjy CreruuuHOCT coja y OCET/bUBOCTH Ha aHTUMHUKPOOHE
JICKOBE.

KJbYUHE PEYM: anTuMuKpoOHa aKTUBHOCT, €TApCKO yibe, Origanum vulgare,
BarmHayiHa nH}eKuuja
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IODINE AND THE HIGHER PLANTS

ABSTRACT: Iodine (I) is widely distributed in the biosphere in small concentrations.
Iodide (I') and iodate (I05") are the most important inorganic forms of I that can be found in
the biosphere. Iodine is a necessary microelement for some marine algae and higher animals.
Approximately 35% of the world’s population is insufficiently provided with I, which results
in many health problems. Plants are an important source of I for humans, and the knowledge
about the uptake, distribution, and accumulation of I in edible plant parts, as well as its effect
on life processes and organic production of cultivated species is very important. The results of
numerous studies indicate a favorable effect of I application on plant growth, tolerance to stress,
and the antioxidant capacity of plants. In addition, its effects on photosynthesis, hydration,
carbohydrate metabolism, respiration, and interaction with other elements are analyzed. At
the same time, data are indicating that the application of I has no effect, moreover, it may
act phytotoxically, especially at higher concentrations. Based on the current understanding
of [ impact on life processes and the organic production of higher plants, it can be considered
a useful element. Plants can complete their life cycle without iodine, but it may have a
stimulating effect on their growth under certain circumstances. Considering the importance
of I for the health of the human population and higher animals, the application of I to increase
its concentration in edible parts of grown plants using cultivation practices (biofortification
of crops with I) is an important task for further research.

KEYWORDS: accumulation, higher plants, iodine, physiological and stimulating
effect, soil

Iodine is not an essential element for higher plants, but plants are an im-
portant source of [ for both humans and higher animals, for which it is indis-
pensable. lodine deficiency in human nutrition is widespread in the world, so
the knowledge of a relationship between I and higher plants is important from
the theoretical but also practical or health point of view. lodine presence in
plants was detected in the mid-19"™ century by Chatin (1850).

Iodine belongs to group VII B of the periodic table like fluorine, chlorine,
and bromine (halogen elements) characterized by giving salts directly with
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metals. The chemistry of [ is very complex with several levels of oxidation: -1,
0, +1, 43, and +5. Iodine is found in nature in inorganic and organic forms and
in the form of elemental I (I,). The most important inorganic I ions that can be
found in the biosphere are iodides (I') and iodates (IO;"). The form in which it
is found depends partly on the pH value and the redox state of the medium.
Iodine is the only halogen element that occurs in nature in compounds with a
positive oxidation state. In addition to inorganic compounds of I, there are
many blologlcally synthesized organic compounds. There is only one stable I
isotope, '*’I, and more than 20 which are radioactive. Most of them have short
or very short half- lives, hence the danger to humans and animals after the
release of radionuclides from a nuclear accident is limited to the first weeks
after the accident. lodine reacts easily with numerous biomolecules. Concerning
iodine chemistry, it is particularly important that it reacts easily with aromatic
compounds, such as phenols or polyphenols and quinones — cyclic compounds
having double bonds (Johanson, 2000). The diameter of the I atom is quite
large (2.20 A) and can replace the methyl group in many biomolecules.

Iodine is found in small concentrations in all parts of the biosphere. It is the
least widespread of all halogens in nature. The concentration of I in seawater
ranges from 45 to 60, in rainwater from 0.5 to 5.0, in river and lake waters from
0.5t020 ug L™ and in the atmosphere from 0.01 to 0.02 ng L™ I It is believed
that the most 1mp0rtant source of I in the atmosphere is seawater, where its
concentration is ten to one hundred times higher than in rainwater (Whitehead,
1984). Significant forms of I in seawater are iodide (I') and iodate (I05") ions and
organic I, the concentration of which depends on the geographical region and
water depth (Waite et al., 2006; Carrano et al., 2020). Groundwater is characterized
by a much higher concentration of I than surface water and ranges within wide
limits. For example, Tang et al. (2013) found a concentration of 4,100 ug L™ !
Its concentration in 1gneous rocks ranges from 0.08 to 0.50, in sedlmentary
rocks from 0.2 to 10.0, and in marine sediments from 3 to 400 mg kg

Studies on the role iodine plays in living organisms were intensified dur-
ing the mid-19' century when it was found that iodine deficiency is the most
important factor in the emergence of endemic hypothyroidism in humans and
farmyard animals. Iodine is used by the thyroid gland in the production of
hormones that control numerous physiological processes in humans and ani-
mals. Insufficient levels of thyroid hormones (thyroxine, tritodothyronine)
cause disorders in the growth and development of children, and goiter in adults,
as well as low basal metabolism. They enable the proper course of oxidation
processes, stimulate the resorption of glucose in the intestines and the break-
down of glycogen, stimulate the mobilization of free fatty acids from adipose
tissue, etc. In this regard, iodine is considered a necessary, essential micronu-
trient both for humans and higher animals. Diseases caused by I deficiency
are very important health problems worldwide. Approximately 35% of the
world’s population is insufficiently provided with I, especially in developing
countries, where it causes many economic and social problems (WHO, 2004).
Therefore, great attention has been paid lately to the factors affecting the pro-
vision of people with a sufficient amount of 1.
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Studies of I concentration in the soil and its relation to plants began in the
early 20™ century (Scharer, 1955). In addition to water and air (coastal areas),
plants are an important source of I for humans and farmyard animals. Hence,
the knowledge on the uptake and influence of external and internal factors on
I accumulation in plants, as well as the possibility of increasing its concentra-
tion, especially in the edible plant parts, is an important area of research today
(Medrano-Macias et al., 2016). The most important source of iodine for ter-
restrial plants is the soil. Therefore, understanding the state and movement of
I in the soil is important for providing plants with I.

Jodine in soils

The concentration of I in the Earth’s crust amounts to 0.3 mg kg™ Sedi-
mentary rocks are characterized by higher concentrations of I than igneous
and metamorphic rocks. Oceanic sediments and continental sedimentary rocks
are particularly rich in I (Muramatsu et al., 2004). The concentration of I in
1gneous rock granite is 0.25, basalt 0.22, and in volcanic glass (obsidian) 0.52
mg kg'. The highest concentration of Iin sedimentary rocks is in organic-
matter-rich shale 16.7 and limestone 2.7, while the lowest one is in sandstone
rock 0.8 mg kg (Fuge and Ander, 1998). However the concentration of [ in
marine silt is very high — from 10 to 300 mg kg (Szabo et al., 1993).

lodine concentration in the soil ranges in wide limits, from 0.5 t0 20 mg kg,
depending on the soil’s physical and chemical characteristics and env1ronmental
factors (Whitehead, 1984), while globally, the average concentration is 2.6 mg kg
(Watts et al., 2010). The concentration of I in the soil represents a balance between
its input into the soil and its ability to bind, as opposed to vertical leaching into
deeper layers, removal by plant yields, and volatilization. The most important
is the iodine input in the soil from the atmosphere. An important factor affect-
ing the transfer of I from the atmosphere to the soil surface is its distribution
between gaseous state and particles, as well as the chemical form of gaseous
state and particle size (Johanson, 2000). The reduction of a stable iodate ion to
a metastable iodide ion in ocean water plays a significant role in the global
cycle of I (Fuge and Johnson, 2015). A certain amount of I reaches the soil
from dead parts of plants, animals, organic and mineral fertilizers (Chile salt-
peter), and applied chemicals (b1001des) containing I. Opinions are different
regarding the importance of parent substrate decomposition in providing the
soil with I. It is considered that it does not have a great role, which is sup-
ported by the fact that the concentration of I in the parent substrate is lower
than in the soil.

Oceans are the largest reservoir in the global iodine cycle on Earth, where
I can be found mostly in ion form I and IO;". Reduction of stable iodate ion
into metastable iodide in oceans is very important in the global cycle of L.
lodine concentration in the atmosphere is significantly higher above the sea
than above the mamland Its concentration in rainwater is between 1 and 2 pg L™
About 10 to 50 g I ha reaches the soil annually by rainfall, depending on the
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distance from the sea. In this regard, it was found that the concentration of I
in plants depends on the distance from the sea. In red clover, at a distance of
1050 km, the concentration of I was 272, at a distance of 51-100 km the concen-
tration was 218, at 101-200 km the concentration was 137, while at 201-300 km
distance, the concentration was 132 pg of I kg dry matter (Szabé et al., 1993).
Iodine is found in rainwater in the form of iodide, iodate, and soluble organi-
cally bound iodine (Gilfedder et al., 2008). Macro- and microalgae play a key
role in the volatilization of I in the atmosphere from the marine environment
through biological means (Saiz-Lopez et al., 2012), while the photochemical
processes have the same role in non-biological ones (Stemmler et al., 2013).
Volatilization of I also occurs from the soil and through microorganisms (Amachi,
2008), as well as through plants (Redeker and Cicerone, 2004). Volatilization
of iodine from the soil plays an important role in the global iodine cycle and
its transfer to the atmosphere. Both forms I and 105 are released from the soil
into the atmosphere in the form of HI, HINO®", and HIO,. Iodine is released
from the crop surface into the atmosphere in the form of organic I (CH;I) with
the participation of the enzymes halide ion methyltransferase and halide/thiol
methyltransferase. The amount of I emissions into the atmosphere from the
soil-plant system per season is 0.28—0.62 kg ha™', and the average is 0.40 kg
ha' (Redeker et al., 2002). If no I was applied to the soil, its reserves would
disappear in nine years. The intensity of I volatilization from the soil depends
on its amount in the soil (Keppler et al., 2003), soil microorganisms, and par-
ticularly a vegetation cover. By burning fossil coal fuels and petroleum, which
can be characterized by fairly high I concentrations, a significant amount can
be released into the atmosphere. However, there are significant differences
between fossil fuels of different origins (Fuge and Johnson, 2015).

The concentration of | in the soil ranges within wide limits, depending
on the soil type, its chemical and physical properties, parent substrate, etc.
When parent substrate consists of peat and marine alluvium, I concentration
in the soil is the highest. On the other hand, when the parent substrate consists
of sand and sandstone rocks, iodine concentration is the lowest. The largest
part of I in the soil is bound to organic matter because soil organic matter binds
iodine tightly (Dai et al., 2009). I availability for terrestrial plants depends on
its solubility in the water while iodine bound to humic substances represents
iodine reserve in the soil. lodine concentration is the highest in the surface soil
layer, where the content of organic matter is the highest. In most soil types,
the primary container of I is humus. Soil organic matter can bind both iodide
and iodate. It is believed that I applied to the soil is transformed from inor-
ganic to organic form rapidly in the liquid and solid state of the soil. lodine
reacts with polyphenols, tyrosine, and thiols of soil organic matter. Many iodine
bonds with organic matter are reversible, making desorption possible, which
favors its absorption by plants. An important form of binding I in the soil is
electrostatic binding. The colloidal fraction of the soil contains clay and or-
ganic matter, and a large amount of predominantly negative charges. Based on
that, it can be expected that I ions with a negative charge are not particularly
tightly bound. Oxides and hydroxides of metals (such as Fe""(OH);, AI(OH);,
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Mn"V0,) have an important role in the control of I behavior in the soil by ad-
sorption of inorganic I and iodide oxidation (Shetaya et al., 2012). Part of I in
the soil is bound to sesquioxides, and part to the organic matter. The peat soils
are richer in I than other types of soils. The surface or humus layer of soil
characterized by higher organic matter content is richer in I than the sub-ara-
ble layer. The distribution of I in the soil profile is affected by the plant root
system, as well as the microorganisms’ biomass (Bors and Martens, 1992).
Sorption of I in the soil also depends on the soil pH. The presence of I in the
soil depends on its mechanical composition. Light sandy soils are poorer than
clay soils. The coefficient of I distribution between soil particles and soil solution
differs largely in certain soil types (Dai et al., 2004). In reductive conditions
(e.g. in floodplains), iodine is mostly found in the form of iodide (I'), while in
oxidative conditions it is mostly present in the form of iodate (105°) (Yuita, 1992).

Iodine is mostly found in the soluble form in the soil. The share of I that
is easily leached also depends on the pH value of the soil. lodine is easier to
leach from acidic soils than from neutral ones. Knaelmann (1972) found that
there was a high positive correlation (0.81-0.91) between the iodide sorption
and the level of organic matter in the soil at pH> 5.5, while the correlation was
significantly lower (<0.61) in the soil with a lower pH value. lodine is leached
more intensely from soils with a light mechanical composition than from loamy
and clay soils, which is one of the reasons why the former ones are poorer in
I. Iodine accumulates primarily in the clay fraction of the soil. The migration
of I in the soil may be limited by the carbonate layer. It is believed that soil
microorganisms are involved in I fixation in the soil, where bacteria appear to
be more important than fungi (Bunzl and Schimmack, 1988).

lodine uptake, translocation, and accumulation

Plants can take up iodine by root and aboveground parts. Uptake of |
depends on numerous factors, internal genetic and ecological, as well as on
the concentration and form of I in the zone of the root system. Both forms of I,
iodide (I') and iodate (IO5"), can be present in the soil (Yuita, 1992). Plants accu-
mulate these forms of I with different intensities. In spinach tissues, the con-
centration of I is significantly higher in plants growing in soil to which I is
applied in the form of iodate (KIO3) than in the form of iodide (KI). The soil-
leaf transfer factor in plants grown in the presence of iodate is about ten times
higher than in plants where iodide is applied (Dai et al., 2006). lodine availabil-
ity for plants in the soil depends on the adsorption and desorption processes
that are different for the listed forms of I in certain soil types (Dai et al., 2004).
Under the conditions of aquatic cultures in spinach, iodine accumulation in
plants increases with an increase of I concentration in the nutrient solution.
Thereby, the accumulation of I following the application of iodate is significantly
lower than when iodide is applied (Zhu et al., 2003). Pauwels (1961) mentioned
that I uptake in turnip rape and oat was higher during the application of KI than
of the same dose of KIOs. It is believed that iodate (I05") is reduced to iodide (I')
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at the plant root before the uptake and that its slower uptake is caused by its
limited reduction (Boszorményi and Cheh, 1960; Mackowiak and Grossl, 1999).
Umaly and Poel (1971) described that with the increasing valence and molecular
weight of I form, its uptake decreased, as a result of which the uptake of 105
with valence "5 was not taken up as easily as I" with valence "1. However, in
perennial ryegrass on sandy loam, when I is applied in the form of iodide (KI),
elemental I (I,), and iodate (KIO;), the accumulation of I is significantly high-
er from iodate than from the other two applied I forms (Whitehead, 1975). It
is believed that KI and KI1O; have different effects on the cell membrane. lodide
can have an unfavorable effect on the cell membrane, which may lead to re-
duced root hair growth and an increase in its permeability to iodide, compared
to iodate, which has no such effect. The uptake of I in perennial ryegrass grown
in the presence of 0.02 to 1 uM I is 2—7 times higher than calculated passive
uptake, which, according to Whitehead (1975), indicates its active take up.

The iodine uptake can be affected by cultivation practices. According to
Whitehead (1975), when applying K1, I, and KIO;, well-decomposed manure
reduces the uptake of I by perennial ryegrass more than ten times, whereas the use
of chalk reduces the uptake of iodide and increases the uptake of iodate. The
application of organic matter (peat) decreases the uptake of '*’I by 40 or more
percent, depending on the soil type (Moiseyev et al., 1984). Soil calcification
reduces the uptake of I by plants. An unfavorable effect of the application of
NPK mineral fertilizers on the uptake of I is also noticed.

Plants’ ability to take up iodine, as well as other elements through above-
ground parts has been studied by several researchers (Wrangel, 1930; Selders
and Hugate, 1956). The uptake of I by aerial plant parts is important because
the soil, in addition to binding I, also releases it into the atmosphere. Fuge
(1996) believed that the release of I from the soil played an important role in
the global cycle of iodine and its transfer to the biosphere. Iodine is released
into to atmosphere from the soil-plant system in the form of organic I (Mura-
matsu et al., 1995), while the release intensity depends on the quantity of iodide
in the soil (Keppler, 2003). A leaf surface can directly absorb the iodine from the
atmosphere, whereby its flow through the stoma opening appears significant
(Johanson, 2000). The intensity of I uptake through the above-ground organs
depends on weather conditions. If they are favorable for the opening of sto-
mata, [ uptake will be more intense than when stomata are closed. Therefore,
the share of stomata during the uptake of elemental I may contribute 60% and
the other plant parts 40%. The intensity of I uptake through above-ground
organs varies among certain plant species, e.g. clovers take up iodine more
intensely than grasses (Johanson, 2000). It is believed that the importance of
I uptake through root and above-ground plant organs in certain growth and
developments stages is different. For Trifolium repens and Typha latifolia, the
uptake through the root is the most important in the early stages of plant de-
velopment, while the uptake from the air is significant in the final stages of
development (Tikhomirov, 1984).

Mobility and the related distribution of iodine in individual plant organs
are very important for providing people and animals with this element in edible
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plant parts. The mobility of I in the phloem is thought to be limited (Herrett
etal., 1962). As a result, its accumulation in crop grains is often very low. Trans-
locatlon of I from vegetative to generative organs requires an active transport
mechanism of I in the phloem. Studies of Mackowiak and Grossl (1999) show
that iodine taken up by rice is mostly accumulated in the root, stem, and leaves,
and its translocation from vegetative organs to the grain is extremely low, which
can be explained by the mentioned limited transport of I in the phloem. In leafy
vegetables, iodine is notably accumulated in the leaves, which is attributed to
its good transport in the xylem. This is indirectly shown by a significantly
higher accumulation of I in the leaves than in the root of spinach (Zhu et al.,
2003) and radish (Weng et al., 2003). In the same conditions, Hong et al. (2008)
recorded a 19.7 times higher accumulation of I in the edible part of Chinese
cabbage (in leaves) than in tomato fruit. Distribution of I in vegetables such as
Chinese cabbage, lettuce, carrot, and tomato had the following order: root >
leaf > stem > fruit. Based on the above, it can be concluded that the application
of I can increase its accumulation in vegetative, rather than in generative plant
parts, due to its different mobility in the phloem and xylem. This applies to
vegetables and cereals which are grown for their grains and fruits, to which I
is mostly translocated through the phloem from the vegetative plant part. There
is a very low transfer factor of I from soil to wheat grain (0.0016 on average)
(Shinonaga et al., 2001). In different soil types, 125 activity in the grain of pea
and oat is less than 10 percent of that found in straw (Moieseyev et al., 1984).

Sheppard and Evenden (1992) highlighted that malze grown in soil contalmng
50 mg I kg had a concentration of 5.2 mg kg of I in leaves, while only 0.6
mg kg in grain. In vegetables, such as cabbage, spinach, and radlsh the enrich-
ment coefficient of I is higher than 1, which demonstrates the hlgh ability of
mentioned plants to take up and accumulate I from the soil (Weng et al., 2003)
meaning that these species have higher I use efficiency than the others. This
is also indicated by the test results of Hong et al. (2008) who discovered a high
value of correlation coefficient (r>0.98 **) between the iodine content in veg-
etables and the soil. Understanding that I is primarily accumulated in vegetative
plant organs, as well as that vegetables are characterized by a great ability to
accumulate I, the possibility of providing people with iodine by biofortification
is very important.

The effect of iodine on life processes of higher plants

Based on literature data, Kasin (1981) stated that I can favorably affect
the metabolism of nitrogen, photosynthesis, and water content in plant tissues.
Iodine binds to certain amino acids and proteins and participates as a free ion
in the regulation of water content in plant cells. It participates also in redox
processes as an electron donor and acceptor.

The application of I affects the antioxidant potential of plants. The effect
of I on the plant antioxidant capacity has often been studied in plants that have
been exposed to stress, as the formation of reactive oxygen species increases
under such conditions. Experimental data show that the effect of I on the plant
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antioxidant capacity depends on numerous factors: biotic, plant species, and
abiotic — concentration, usage and forms of I. A study by Blasco et al. (2011) shows
that I effect on oxidative stress depends on I form. Application of iodide (I) in
lettuce decreases the activity of superoxide dismutase and increases activities
of catalase and L-galacto dehydrogenase, as well as the activity of antioxidant
compounds ascorbate and glutathione. The application of iodate (IO3") in-
creases the activity of superoxide dismutase, ascorbate peroxidase, catalase,
and other enzymes involved in the detoxification of reactive oxygen species.
In addition, it increases the concentration of ascorbate and regeneration ac-
tivities of the Halliwell-Asade cycle. Based on the above, Blasco et al. (2011)
conclude that 10;™ does not have a phytotoxic effect, does not cause lipid per-
oxidation, and does not reduce biomass. Because of that, its application could
improve the plant responses to stress conditions leading to the formation of
reactive oxygen species. While applying low concentrations of KIO; (< 40 pM)
in lettuce, Leyva et al. (2011) discovered the increased activity of superoxide
dismutase and ascorbate peroxidase, as well as in non-enzymatic antioxidant
substances, such as glutathione and ascorbic acid. The application of 7.88 uM
I0;™ in tomatoes increases the content of ascorbic acid and phenolic compounds
(Smolen et al., 2015). Upon applying 20 and 40 pM KIOs in lettuce, Blasco et
al. (2013) also found the increased antioxidant capacity and increased accumu-
lation of total phenolic compounds. Application of 20 to 80 pM KIO; to soybean
grown in soil amended by compost increases the activity of superoxide dis-
mutase and ascorbate peroxidase (Gupta et al., 2015). lodine is a mild reducing
agent that chemically provides antioxidant properties. The antioxidant prop-
erty of I can be quantitatively expressed as a redox potential (Venturi, 2011):

I = 1/2 1, + e— (electron) = — 0.54 Volt

When applying KI to tomato in concentrations 1-20 ppm I, Wynd (1934)
recorded a significant increase in respiration. Carbon dioxide release increased
approximately three times, compared to control. An increase in activities of
catalase, peroxidase, and invertase was also recorded, while the application of
I did not affect the activity of peptase.

Numerous factors causing stress in plants increase the concentration of
reactive oxygen species, which can damage macromolecules necessary for
plant growth and development. By increasing the antioxidant capacity of plants,
I increases their tolerance to abiotic stress conditions (Leyva et al., 2011; Gupta
et al., 2015). However, little is known about the effect of I on plant-pathogen
interactions. It is believed that I can affect plant tolerance towards pathogens
by activating or modifying the plant defense system via redox signals or by
chemical alteration of the cuticle.

Mynett and Wain (1973) found a significant reduction in chlorophyll content
and photosynthetic activity, as well as inhibition of Hill- reactlon in the leaf discs
of beans floated in the solution containing from 0 to 2.5x10 M iodide and from
0 to 2.3x10* M iodine. The same authors recorded significantly reduced hydra-
tion of bean leaves when iodide was applied in a concentration of 20 pmol.
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Iodine also affects nitrogen metabolism. Blasco et al. (2010) studied in
detail the effect I had on enzymes of nitrogen metabolism in lettuce and found
that application of IO;™ increased the biomass, stimulated a reduction of NO;
and incorporation of NH," (glutamine synthetase/glutamate synthetase). The
application of 40 uM I" decreases the concentration of NOs™ in leaves, whereas
the production of biomass does not decrease, which is favorable for lettuce
quality. A higher concentration of 80 uM I has a phytotoxic effect, reduces
the biomass and concentration of organic nitrogen in the leaves, as well as the
activity of nitrate-reductase, glutamate dehydrogenase, and hydroxypyruvate
reductase.

Higher plants can incorporate I into tyrosine, thus synthesizing molecules
such as 3-iodotyrosine, 3,5-diiodotyrosine, and 3’, 3,5-triiodothyronine that
are closely related to thyroxine (Mengel and Kirgby, 2001).

Interaction of I with other elements can directly or indirectly affect the
metabolism of plants. Based on current findings, the effect of I on the accu-
mulation of elements primarily depends on I form and ways of its application.
It can be synergistic, whereas the uptake, transport, and metabolism of elements
are increased, and antagonistic when stated processes are limited or any effect
is absent in the presence of I. With the application of KI through the soil and
foliar application of KIOs;, Smolen et al. (2011) did not record any significant
changes in the mineral composition of lettuce. Later, Smolen et al. (2015) found
a negative correlation between I content and a higher number of macro- and
microelements in the same plant species. Gracia-Osuna et al. (2014) mentioned
an increase of ascorbic acid content, as well as the content of potassium, mag-
nesium, phosphorus, and iron when KIO; was applied, but also manganese and
copper content using KI in Opuntia ficus-indica. When potassium iodide was
applied to tomato, a positive correlation was found between I concentration
and manganese and copper in the leaves (Hageman et al., 1942). The relation-
ship between I and cobalt was also noticed. In the case of deficiency or excess
of cobalt, the uptake of I was reduced (Pais, 1980).

Iodine and productivity of higher plants

The effect of I on plant productivity can be estimated based on knowledge
about its impact on plant life processes. Knowledge about this is scarce and
often insufficiently grounded. Test results on the effect I has on plant produc-
tivity differ greatly, ranging from lack of effect to stimulation, and finally to
toxic effects (Table 1). This can be partly explained by the use of different
doses and forms of I in the experiments, the method of its application, and
supply of nutrient substrate with I, environmental conditions, as well as the
reaction of certain plant species to its use. In addition, it is necessary to point
out that it is very difficult to perform an experiment where the presence of |
is completely excluded since it is also found in the air, and thus accessible to the
above-ground plant organs. According to Medrano-Macias et al. (2016), good
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results are achieved from the angle of biofortification, i.e. plant enrichment
with I, when 7.5 kg ha™' KIOj; is applied to the soil, 10 mg on 1 kg of soil in
containers, or 10°°~10° M in the nutrient solution, and 0.5 kg ha™ KI foliarly.

Table 1. Effect of the application of iodine in different crops

Crops  Effect References Crops Effect References
. . | Newton & Toth
Pisum +  Suzuki (1902) Crop plants T (1952
Radish, oat +  Suzuki & Aso (1903)' Buckwheat —  Pauwels (1961)
Corn +  Mazé (1915)' Spinach, wheat, flax, +  Pauwels (1961)

barley, mustard

Cereals, sugar beet,

Sugar beet +  Stoklas (1924)' +  Pais (1980)

potato
Barley, 1 . Mackowiak & Grossl
mustard —  Brenchley (1924) Rice T (1999)
Agricultural 1 .
plants —  Wrangell (1927) Spinach +  Zhu (2003)
Orange trees —  Haas & Reed (1927)" Chinese cabbage +  Daietal. (2004)*
Sugarbeet, g ijes (1928) Onion ~ Daietal. (2004)*
turnips
Sugar beet +  Stoklas (1929)' Spinach —  Daietal. (2006)

Buckwheat  +  Cotton (1930)' Cabbage, lettuce, —  Hongetal. (2008)
tomato, carrot

Citrus —  Haas (1930)' Soybean +  Maoetal. (2014)*

Wheat + Scharﬁer & Schropp  \rie —  Maoetal. (2014)*
(1931)

Tomato —  Wynd (1934) Lettuce - Smolen et al. (2014)*

Tomato —  Hagemanelal. (1942)° Spinach +  Smolen et al. (2015)*

Source: 1 — Wynd (1934), 2 — Scharer (1955), 3 — Pauwels (1961), 4 — Medrano-Macias et al.
(2016). Positive effect (+), no effect (-)

Given that iodine affects certain life processes of plants, as well as that it
may stimulate their growth, the question arises of whether it can be considered
an essential element for higher plants. There is no evidence that higher plants
are unable to complete their life in the absence of I in the nutrient substrate. It
is interesting to note that the essential elements for plants in the periodic table
are grouped around the argon-carbon-argon line. This line is called the “line
of nutritive elements” or “line of life” since the majority of essential elements
can be found around it but not iodine (Kastori, 1983). Iodine can be considered
a useful element based on the current understanding of its role in the life pro-
cesses of higher plants. Plants can complete their life cycle without it but it can
promote plant growth and development under certain conditions.
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Phytotoxicity of iodine

Mengel and Kirkby (2001) included I in the group of predominantly tox-
ic elements together with some other microelements (F, Al, Ni, Se, etc.). Sim-
ilar to other elements, high concentrations of I limit the production of plant
biomass. Therefore, it seems unreasonable to include I in the group of elements
with a predominantly toxic effect on plants. It is believed that 0.5-1.0 pg I g’
of the soil has a toxic effect on plants. In unpolluted agricultural soils, the
concentration of soluble I in the soil is significantly lower than the stated
value, implying that there is no danger of its toxic effects under normal (usual)
circumstances.

There is a significant difference in the sensitivity of some plant species
to the increased concentrations of I. Pea and maize are very sensitive, while
lettuce and halophytes tolerate the iodine excess well (Pais, 1980). Weng et al.
(2003) stated the following order of vegetable sensitivity to the increased presence
of I: Chinese cabbage > spinach > radish. Mack and Brasher (1936) mentioned
that a concentration of 0.75 ug I g of dry matter in pea leaves and 20 ug I g” in
turnip leaves had a toxic effect. When the soil is enriched with 120 mg I kg™,
radish root become rotten, while at a higher dose (180 mg I kg") the roots
wither. Young seedlings exhibit a greater sensitivity to the presence of higher
I concentrations than the older ones (Weng et al., 2003). The toxicity of potas-
sium iodide in pea is higher in the light than in the dark. It is believed that
iodide toxicity is a consequence of its intracellular oxidation into iodine (Mynett
and Wain, 1973).

Toxic concentrations of I cause visible morphological changes in plants.
Iodine has a toxic effect when its concentration in the leaves is higher than 0.5
to 1 mg kg of dry matter. With I concentration of 8 mg kg™ of dry matter in
leaves, chlorosis occurs. Healthy leaves usually have I concentration of 0.5 mg kg
of dry matter (Szabo et al., 1993). Signs of I excess are more or less specific to
individual plant species. Initial signs of its toxic effect appear on older leaves
— they become chlorotic and fall off, while the younger leaves take on a dark
green color. Growth is decreased, the leaves bend backward, and necrosis oc-
curs at the apex and marginal part of the leaf. Plant death can also occur
(Mengel and Kirkby, 2001). According to Watanabe and Tensho (1970), high
concentrations of I cause Akagare disease, which is manifested by the occur-
rence of red spots on the leaves and can lead to plant death. This phenomenon
occurs in flooded rice fields in iodine-rich soils. According to Wynd (1934),
in conditions of excess I in tomatoes, at first there is a decrease in the inten-
sity of the green color of the leaves. Leaves then become chlorotic, primarily
the lower ones. Chlorosis occurs initially between the larger leaf nerves, and
later it is covering the entire leaf.

Under hydroponics, plants are more tolerant to high concentrations of
iodate than iodide (Zhu et al., 2003). The toxic effect of I occurs due to intra-
cellular oxidation of I" into I,, which leads to the inhibition of photosynthesis
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(Mynet and Wain, 1973). In lettuce grown on a substrate where I concentration is
higher than 40 pM, photosynthesis is inhibited (Blasco et al., 2011a). A specific
disease is caused in rice by inhibition of photosynthesis at I"concentration
higher than 8 uM (Iwamoto and Shiraiwa, 2012). In contrast to higher plants,
inorganic I does not appear to affect photosynthesis in microalgae, as it does
not affect Fv/Fm, even at I concentration that inhibits growth. It is believed
that FSII in microalgae is protected from the negative effect of iodine present
in a cell (Bergeijk et al., 2016). A high level of chlorine can reduce the toxic
effect of I, which suggests that competition between these two elements takes
place (Mengel and Kirkby, 1978). It is presumed that the release of I into the
atmosphere by the plants is one of the defense mechanisms against its excess.

Higher plants as a source of iodine

Plants are a very important source of iodine for the human population, as
well as for animals. The daily human requirement for I ranges between 0.1 and
0.2 mg and its content in plants is usually significantly lower than 1.0 mg kg
of dry matter. The content of I in higher plants ranges widely, from 0.05 to 5
mg kg of dry matter (Johanson, 2000). The content of I in plants primarily
depends on the presence of available I in the soil and the plant species. Differ-
ences in I content in the same plant species depend on the habitat provision
with I (Szabo et al., 1993). Sorrel, lettuce, garlic, cucumber, and mangel are
cultivated species characterized by a higher content of I. It is believed that
about 80% of daily human needs for I is satisfied by vegetable-based food.

Dai et al. (2004a) studied the effect of I application in six vegetable species
and found that spinach was efficient in iodine biofortification. Accumulation
of I in spinach leaves during application of iodide and iodate differed depend-
ing on the applied concentration of I (Zhu et al., 2003). Application of 1 mg L™!
of salicylic acid together with I increased the accumulation of I in tomato fruits
significantly. The use of salicylic acid along with the application of KIO; in-
creased the accumulation of I in the fruits by 157%, and salicylic acid along
with KI by 37% (Smolen et al., 2015).

The content of I in particular plant produce differs notably, and in this
regard, their share in satisfying the daily human needs for I varies (Table 2).
In general, the content of I in plant products is mostly low. By its application,
it is possible to increase significantly its content in plants. This knowledge is
of great importance, not only theoretically, but also practically, especially in
the areas with low concentrations of iodine available to plants in the soil. The
presence of I in food is also affected by its preparation. The use of high tem-
peratures during food preparation leads to volatilization of I, and thus to its
loss (Zhang et al., 2000).
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Table 2. lodine content in some plant produce and products

Produce ug 1100 g' FW mglkg! DW Produce/product pgl100 g' FW mglkg' DW

Bean, dry 3.0 0.036 Apricot 1.0 0.076
Green peas 4.2 0.168 Pear 1.0 0.064
Mangel 20.1 2.960 Strawberry 1.0 0.098
Tomato 1.7 0.270 White bread 5.8 0.087
Carrot 3.8 0.330 Rye bread 8.5 0.128
Mushrooms 18.1 1.640

*FW — fresh weight; DW — dry weight

Content of I in seafood is many times higher than in plant produce. Sea
fish oil is especially high in iodine, e.g. herring contains 2,480 mg I kg of dry
matter (Szab¢ et al., 1993). Drinking water is also a source of iodine for hu-
mans. It is estimated that it covers about 10% of the iodine requirement. In the
case of an insufficient amount of I in food and water, it is recommended to
enrich the salt with 20 mg KI kg of salt.

Cereal grains are an important food on a global scale. The accumulation
of iodine in cereal grains primarily depends on the soil-grain transfer factors,
which depend on plant species, soil characteristics, the chemical form of I, and
climate conditions. Similar to wheat, Shinonaga et al. (2001), the transfer fac-
tor in the rice grain is 0.002 (Muramatsu et al., 1989). Due to the low transfer
factor, cereal grain products are characterized by a relatively low share of I
(Table 2).

Marine algae are characterized by a much higher I content than terres-
trial plants. Some marine algae accumulate 10 pug I g of dry matter (Mengel
and Kirkby, 2001), which is 90-2,500 mg I kg of dry matter (Johanson, 2000).
Red and brown macroalgae are characterized by a large accumulation of I
(Phaneuf et al., 1999). An extremely high concentration of I is found in brown
algae Laminaria digitata, with a maximum value near 5% in dry matter (Argall
et al., 2004). Due to the high concentration of I, algae can be used, among
other purposes, as iodine fertilizer, and some can even be used for human
consumption. Alga Emiliania huxleyi accumulates nearly ten times higher
concentrations of I than seawater. Because of that, these microalgae can be
used for the extraction of I from seawater and iodine-contaminated wastewa-
ters (Iwamoto and Shiraiwa, 2012). According to Hsiao (1969), iodine is an
essential element for the growth, morphogenesis, and reproduction of marine
brown alga Patalonia fascia. Data are suggesting that [ accumulates in special
cells in red and brown algae (Bollard, 1983). Iodine plays a significant role in
the antioxidant metabolism of some aquatic plants.
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CONCLUSION

Iodine is found in nature in inorganic and organic forms, including iodide
(I'"), iodate (105°), elemental iodine (I,), and organic iodine. It is considered an
ultra-microelement because of its distribution in plants. Its content in higher
plants ranges widely, from 0.05 to 5 mg kg of dry matter. In plant tissues,
iodine distribution is in the following order: root > leaf > stem > fruit. Higher
plants take up I by roots from the soil and by aerial parts from the atmosphere.
However, the most important source of I for plants is the soil. Content of [ in
the soil ranges between 0.5 and 20 mg kg, depending on chemical traits,
mechanical content, and distance from the sea. Iodine is easily leached from
sandy soils, which are poorer in iodine than clay and loamy soils. The most
significant input of I into the soil is from the atmosphere. Volatilization is an
important aspect of [ geochemistry. The quantity of released I into the atmosphere
from the soil-plant system during one season amounts to about 0.40 kg ha™.

The iodine transfer factor from soil to plants is generally low. By introducing
I into the nutrient substrate or treating above-ground organs with I solution, it
is possible to increase significantly its content in plants, to a greater extent in
vegetative than in generative organs. Understanding that [ primarily accumu-
lates in the vegetative plant organs, as well as that vegetables are characterized
by a greater ability to accumulate I, is very important for providing people
with I. Sorrel, mangel, garlic, cucumber, and lettuce, in general, are cultivated
species characterized by higher accumulation of I. The precise roles of I in the
metabolism of higher plants are not sufficiently known yet. There are records
of a favorable effect of the application of I on plant growth, tolerance to stress
factors, antioxidant capacity, and differences in I bioaccumulation in cultivated
species. In addition, its effect on photosynthesis, carbohydrate metabolism,
hydration, respiration, and interaction with other elements is mentioned. Higher
concentrations of I (0.5-1.0 pg g in the nutrient substrate have a phytotoxic
effect, resulting in chlorosis of young leaves, brown, stunted, and coralloid
roots, and inhibition of growth.

Since the biofortification of I through its application is a relatively recent
subject of interest, further studies are expected to provide data on the optimal
dose, the form of I, and mode of application in the soil-plant system in differ-
ent soil types and environmental conditions. lodine is one of the useful elements
for higher plants based on the importance it has in the life processes of plants.
However, this does not diminish the importance of the problem of I in higher
plants, since they are an important source of I in food and feed of humans and
higher animals and an essential micronutrient due to health reasons.
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TIPETJIEJTHA HAYYHU PA]]
JOA Y BUILE BMJBKE

Pynond P. KACTOPU, lBana B. MAKCMMOBUR,
Mapuna U. [TYTHUK-AEJINh

Yuusepsuret y HoBom Cany, [lossonpuBpenan dpakyiaTeT
Tpr Hocuteja O6pamosuha 8, Hosu Cax 21000, Cpbuja

PE3UME: Jox (I) je HeonmXoaH MUKPOEJICMEHAT 33 Y0BEKA U BULLIE KUBOTHESC.
tberos HenocTaTak y MCXpaHu NPEACTaBIba 3HAYajaH 3APaBCTBEHH POOIIEM Y MHOTHM
obnactrMa cBeTa. Burie Oubke mpezcTaBibajy BaxkaH H3BOP jo/ia 32 YOBEKa, CTOra je
OJ 3HaYaja MO3HABahE yCBajarha, OMOaKyMyJlalje, leroBy pacloyiely y jeCTHBUM
JITIOBIMa TajeHUX BpCTa, Kao M HEroBO JICjCTBO HA )KMBOTHE IIPOIECE M OPraHCKY
MPOAYKIH]jy BUIIUX OMJbaka. bHibke joa MOTy 1a ycBajajy KOpEHOM M3 XPaHJBHBOT
CyImcTpaTa M HaJ[3EMHUM OrpaHuMa u3 atMochepe. 3eMIBUIITE je 32 OUIbKe Haj3HAYA]-
HHUJH U3BOD joxa. [IMHOBUTA M MIIOBACTA 3eMJBHINTA OOTaTHja Cy jOAOM OJl JTAaKHX
MECKOBUTHUX M3 KOJHUX CE JIaKO ucrupa. Boratunuzanuja uMa BaxkHY yJIOTy Y T€OXeMUjH
jona. 3HayajaH je HberoB yHOC y 3eMJbHIITe U3 aTMocdepe. Konmnunna onaTor jona y
aTMocQepy U3 CUCTeMa 3eMJBHILTE—OUIbKE Y jJeTHOM BEreTallHOHMOM TEPHOJTY U3HOCH
y npoceky 0,40 kg/ha. Yruuaj u ysnora joxa y »XMBOTHMM NPOLECHUMA BUIIMX OHibaka
HHCY jOII y I0BOJbHO] MEPH IPOYYeHH. PesynTaTu ucTpaxkupara yKasyjy Aa npuMeHa
joIa MoXe MOBOJFHO Ja yTHYE Ha pacT OMJbaka, Ha TOJCPAHTHOCT IIpeMa CTPECHUM
YCJIOBUMA, HA AHTHOKCUIAHTHH KaaluTeT 6I/IJ‘baKa Ha IEIOBY PasINYATy OHOAKyMy-
JaIyjy MojeINHNX rajeHux BpcTa. [lopex HaBeqeHOT, HABOIU Ce W yTHIA] joa Ha
(doTocuHTE3y, MeTaboNN3aM YIJbeHNX XUApaTa 1 a30Ta, TUCarhe, XHAPAaTHCAHOCT TKH-
Ba ¥ y3ajaMHO JI¢jCTBO C APyTUM eleMeHTHMa. Koz cyBuika jor nemyje puTOTOKCHIHO,
orpaHuYaBa pact Ousbaka u u3asuBa mMopdoJioiike npoMene. [IpumMeHoM joja mpeko
3eMJBHUIIITA HITU TPETHPAhEM Ha[3EMHUX OpraHa lberOBUM pacTBOpoM Moryhe je 3Ha-
4ajHO noBehaTh HeroB cajpikaj y Onsbkama u T0o y Behoj MepH y BereTaTHBHHM HETO
y TeHepaTUBHUM opranuma. Ctora JincHato noBphe npeacTaBba 3Ha4ajaH U3BOP joAa
3a yoBeka (cnanah, kucespak, canara, onutBa). Jlocanaiimy pe3ysiTaTi UCITUTUBAKA
y Be3H IIPUMEHE jOJIa U ’erOBOT' YTHIIAja Ha BHIIE OMJbKE yKa3yjy Ha OpojHa OTBOpEeHA
U HEIOBOJBHO pa3jalrmeHa nmutama. Ctora, ca cTaHoBUINTA 00e30ehema jbyan oBUM
MUKpoeneMeHToM, Hamehe ce moTpeba 3a neTabHUjUM HCIUTHBAKBEM ONTHMAITHE
no3e, 00JIMKa joa, HAYMHA HBErOBe IIPUMEHE KOJI 0jeAMHUX OMJBHUX BPCTA HA Pasiiu-
YUTHUM THUTIOBUMA 3€MJBUIIITA U SKOJIOIIKKM ycioBrMa. Ha ocHOBY nocananmux ca3Ha-
’Ba 0 3Hauajy joJa y *KMBOTHHUM IIpoLiecuMa OMJbaka OH ce yOpaja y KOpUCHE eJIeMEHTe
3a putre ousbke. To, Mel)yTnm, He yMamyje 3Hauaj mpodaeMaTrKe jojia y BUIIMM OHJbKa-
Ma, TIOIIITO T'ajeHe BPCTE MPECTaBIbajy BaXkaH H3BOP OBOT MHKPOCICMEHTA 3a YOBEKa
Y BHIIIE )KUBOTHHHE 32 KOJ€ je OH U3 3/IpaBCTBCHHMX pa3Jiora BeoMa BayKaH OJTHOCHO
HeonxojaH. Huxe Oubke, MOpCKe ajre, joJl HAKYIJbajy y BUILIECTPyKo Behoj Mepu o1
TEPECTPUYHHUX, U 32 HEKE OJ1 ’bHUX OH j€ HEONXO/IaH.

KJBYYHE PEYMU: jox (1), Bumie OusbKe, 3eMJbUIITE, aKyMyJannja, (GPU3HOIOIIKO
U CTUMYJIATUBHO JCjCTBO
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