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ENVIRONMENTAL IMPACT ASSESSMENT
OF LAND CONSOLIDATION

ABSTRACT: Land consolidation (LC) is an important tool for the improvement of
agriculture and rural development, which also includes environmental issues in most of the
countries in Europe. This paper presents the most important results of the environmental
impact assessment (EIA) of land consolidation, conducted in the municipality of VrSac
through a pilot project based on the EU methodology set within the project: “Strengthening
Municipal Land Management in Serbia”, supported by the Deutsche Gesellschaft fiir Inter-
nationale Zusammenarbeit (GIZ) GmbH. During the summer of 2018, field survey was
carried out at 90 locations, documenting the natural, semi-natural and man-made landscape
elements of ecological or cultural values, assessing their quality and estimating the potential
harmful environmental impacts of the land consolidation. The already existing negative
impacts of intensive agriculture were also registered, such as abandonment or overgrazing
of pastures and meadows, converting grasslands into arable land, soil erosion and habitat
fragmentation. Although the area of LC is without natural forest and extremely poor in
semi-natural elements of rural landscape, the existing entities were revealed as refuges for
protected species. Some of the grassland fragments belonged to protected habitat types. The
final categorization of the landscape elements was conducted in three levels. Category I
landscape elements had to remain undisturbed; Category II landscape elements could be
removed with obligatory ecological compensation, while the Category I1I landscape elements
could be removed without environmental compensation. Recommendations were given
pointing out the possibilities for improving the environmental characters of the area by the
land consolidation process.

KEYWORDS: land consolidation, environmental impact assessment, landscape ele-
ments, indicator species, VrSac

* Corresponding author. E-mail: jordana.ninkov@ifvens.ns.ac.rs



INTRODUCTION

Land consolidation (LC) is a legally regulated procedure implemented by
the public authorities to redistribute and reallocate parcels of individual agri-
cultural landowners (Versinskas et al., 2020). In the past, the main goal of LC
was an economic effect: increasing agriculture production by ownership defrag-
mentation and improving infrastructure. The landscape changes derived from
the agricultural intensification have led to multiple negative effects (Stoate et al.,
2010), including soil erosion (Borrelli et al., 2023), pollution (Rodriguez-Eugenio
et al., 2018) and decrease of natural pest control (Perrot et al., 2021; Rusch et al.,
2016). Hereupon, the rural development component was recognized in LC plan-
ning documents (Thomas, 2006) and, according to international initiatives of
sustainable development, a set of measures for environment improvement have
been included in LC process (Gecaite and Jankava, 2017; Moravcova et al., 2017;
Muchova et al., 2016). According to the VerSinskas et al. (2020) definition, the
contemporary land consolidation is used to adjust the property structure in
rural areas and to achieve a number of other public objectives, including nature
restoration and construction of infrastructure. The economic benefits of land
consolidation are widely documented through cost-benefit analysis. However,
the benefits of environment protection and nature conservation are difficult to
calculate and their effects are not immediately visible (De Groot et al., 2010).
For these reasons, the environmental component has not been strongly involved
in land consolidation so far (Elvestad and Sky, 2019).

Land consolidation changes the landscape structure, providing a great
tool to plan environmental issues, climate change adaptation and mitigation,
including water management, habitat restoration and creation of nature reserves
(Versinskas et al., 2020). According to Gecaite and Jankava (2017), LC is a
mechanism for reducing soil erosion, arranging reclamation facilities, preserv-
ing biodiversity, reducing air pollution and improving the landscape structure.
This process requires multidisciplinary approach: in addition to professionals
in the fields of geodesy, law, economics, agriculture, etc. it is obligatory to
consult specialists in environmental sciences.

According to Vasiljevi¢ (2019), land consolidation in the Republic of Ser-
bia covered 1.4 million hectares between 1955 and 1990, when the process was
discontinued, primarily due to lack of funding. Since 2006, new LC projects
have been implemented, predominantly through international cooperation.
However, a full legislative framework is still pending and projects are imple-
mented on small areas according to the real needs (Vasiljevic¢ et al., 2018).

There is no single umbrella law of land consolidation. Different countries
apply different models and follow non-identical objectives (VerSinskas et al.,
2020). Serbia lacks a modern legislative framework governing land consolida-
tion (Vasiljevi¢, 2019). According to the existing legislation (S7. gl. RS 62/2006
in version 95/2018), environmental impact assessment is not a mandatory part
of the LC documentation in the Republic of Serbia as it is in most of the EU
countries (Versinskas et al., 2020). This paper presents the most important
results of the EIA for land consolidation conducted in the municipality of VrSac
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(Szabados and Ninkov, 2018), through a pilot project within the project “Strength-
ening Municipal Land Management, Rural Development: Effective Land Man-
agement”, supported and coordinated by GIZ (GIZ, 2017).

MATERIALS AND METHODS

General characteristics of the land consolidation area

The investigated land consolidation area includes three cadastral munici-
palities (CMs) of the municipality Vrsac, R. Serbia: CM Vlajkovac (4,962 ha),
CM Uljma (6,114 ha) and CM Izbiste (4,501 ha). This area, according to Bu-
garski et al. (1995), includes three geomorphological units. The southern part
belongs to the South Banat Loess Plateau with the Dumace hill at the south-
western border of the area. The elevation divergence between the hilltop and
the plateau margin contributes to the formation of several loess valleys. The
north-eastern parts are located on the lake-loess terrace, while the northern
part belongs to the Alibunar Depression (VrSacki rit).

According to Nejgebauer et al. (1971), in the northern part of the area, Hy-
dromorphic soils, primarily Humoglay — Hydromorphic black soil, were formed.
These soils in the northern and north-western part are permeated by halomor-
phic Solonetz and Solonchakas saline soils along the margin of the Alibunar
depression, while the largest part of the land consolidation area is occupied by
Chernozem — automorphic soil. Soils with a higher sand content are found at
the south of the area, on the highest terrain towards the Deliblato Sands.

Municipality of Vr§ac has a moderate continental climate ("Lokalni eko-
loski akcioni plan grada Vrsca, 2016). The average air temperature is 11.5 °C,
by 0.5 °C higher than the Serbian Autonomous Province of Vojvodina average
and the average annual rainfall is 644.1 mm. The municipality is known by its
intense winds. The number of days with winds of 6 Beaufort (strong winds) is
167 days and the most common winds are directed from the southeast.

Natural watercourses have been canalized or drained and the groundwa-
ter levels of the wider area have been lowered (Bugarski et al., 1995). The first
aquifer is quite alkalized, with a high content of dissolved sodium (Bogdanovi¢
and Markovi¢, 2005). The investigated area includes one section of the Basic
Canal Network and several lower order canals of Danube-Tisa-Danube hydro
system. The artificial lakes of the fishpond “VrSacki ritovi”, with the 712 ha
water surface, were formed on the low terrain of Alibunar depression. Surface
waters also include the abandoned pits of the brickyard in Uljma, filled with
groundwater. Groundwater is the main source of water supply for the residents
and the economy, no sanitary sewage system has been built in any of the set-
tlements within the LC area (Lokalni ekoloSki akcioni plan grada Vrsca, 2016).

The potential vegetation, according to Jovanovic et al. (1986) on the southern
part of the LC area is forest-steppe (communities from the alliances Festucion

* Local ecological action plan by the Vr$ac town, 2016



rupicolae and Aceri tatarici-Quercion). The northern part is a mosaic made
from patches of saline meadow-steppe (Festuco-Puccinellietea), forest of oak
and tatarian maple (Aceri tatarici-Quercetum s. lat.), as well as hygrophilous
forest of pedunculate oak and broom (Genisto-Quercetum roboris s. lat.). From
the natural habitats the salt meadows and salt steppes are most noteworthy
(Knezevi¢, 1994; Slavni¢, 1948).

The main land use type of the investigated area is agriculture with the
domination of arable crops. Meadows and pastures cover 5.6—11.6% of the
CMs, vineyards located on the Vinogradarski breg occupy below 2% of total
area, while orchards are found on negligible areas (' Sluzbeni list, VR 92/2012).
The forests cover of LC area is below 0.5%.

Field work

The main objectives of the field work were set by GIZ. In the phase of
planning, the input data (landscape history, geographical features, recent and
planned land use, etc.) were collected and the localities foreseen for survey
were selected: habitat fragments, semi-natural and man-made landscape ele-
ments, environmentally sensitive areas and large units of homogenous arable
land. The field work was carried out by the use of printed orthophotos and
cadastral maps of land use, in June and July of 2018, at 90 locations of obser-
vation. List of detected plant species and photo-documentation were prepared
at each site, while the threats to natural resources were estimated visually.
Unless otherwise stated, nomenclature follows the Euro+Med Plant Base
(2006+). At the observed locations under field crops, the condition of crop
cover was also assessed. All the surveyed locations were georeferenced by
Trimble GPS receiver, as point and/or shape and transferred on the cadastral
map. The software used for the mapping was ESRI ArcGIS Geostatistical
Analyst 10. The presence of birds was detected by transects in 6 selected ar-
eas containing natural or semi-natural landscape elements.

Landscape and habitat assessment

Landscape and habitat assessment, by descriptive method set by GIZ
(Thomas, 2017), was performed in relation to the following criteria:

— Endangerment of soil quality by erosion, pollution or inadequate use;

— Presence of indicator plant species of natural habitat types;

— Presence of strictly protected and protected species or protected habitat
types;

— The habitat quality was assessed by floristic diversity and abundance of
invasive plant species. At selected localities the presence and abundance
of rare/threatened bird species were also used as indicators;

* The Official Paper.
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— Evaluation of habitat fragments from the aspect of long-term preservation
possibilities was based on the next characteristics: size and shape of the
spatial unit, influences of neighbouring plots (land use type, presence of
invasive species or human disturbances), as well as possibilities of sustain-
able use;

— Rarity — elements within a given space which have a higher value.

RESULTS AND DISCUSSION

Landscape elements with natural or cultural values

Natural habitats were presented by heavily fragmented grasslands, in the
form of pastures, meadows and grass strips along the roads and canals. Based
on the presence of characteristic species (Blazenci¢ et al., 2005), two habitat
types listed as priorities for protection in Serbia (Sluzbeni glasnik RS, 35/2010)
were revealed. Pannonic loess steppic grasslands were identified by 42 indicator
species, such as Andropogon ischaemum, Festuca stricta subsp. sulcata, Poa
angustifolia, Asparagus officinalis, Centaurea scabiosa, Euphorbia nicaeensis
subsp. glareosa, Fragaria viridis, Linum austriacum, Orlaya grandiflora,
Salvia nemorosa and Thymus pulegioides subsp. pannonicus. Steppe fragments
were detected on the slopes of valleys near Uljma and Izbiste and along the
road between Uljma and Dumaca hill, as well as in the grass strips along the
hedges and dirt roads of the loess plateau. The fragments of Pannonic salt
steppes and marshes, identified by 15 indicator species, such as Agrostis
stolonifera, Alopecurus pratensis, Festuca pseudovina, Puccinellia distans
subsp. limosa, Galatella cana, Camphorosma annua, Hordeum hystrix, Plan-
tago maritima, including the protected Tripolium pannonicum and Limonium
gmelini, were revealed in the surroundings of Vlajkovac. Non-saline meadows
and pastures represented the most fragmented and degraded habitat type,
hardly identifiable by national classification, detected on the pastures, in the
road verges and canal banks. However, some fragments still preserved some
floristic rarities: the population of strictly protected Iris spuria was detected
in the abandoned meadow near Vlajkovac, while specimens of Iris spuria and
the protected Senecio doria were found on the edge of the dirt road leading
from Uljma toward Nikolinci.

The semi-natural landscape elements of the investigated area were defi-
cient in woody vegetation. Only one small, planted forest (named as Memorial
Park) and several very small woodlots, dominated by young trees and shrubs
were present in the LC area. Tree lines were restricted on the edges of the
asphalted roads connecting the settlements (Figure 3), and a few solitary trees
were found near the settlements. Field margins were detected only on the steep
slopes of the Dumaca hill, in the form of narrow grass strips more or less over-
grown by bushes. A few detected hedges were scattered in the area, containing
5-7 autochthonous species such as Acer tataricum, Cornus sanguinea, Cratae-
gus monogyna, Euonymus europaeus, Ligustrum vulgare, Rhamnus catharticus,
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Rosa sp. The network of field roads was dominated with narrow dirt roads
unfavourable for hosting tree lines or hedges, therefore the grass strips of road
verges and canal banks were the most frequent semi-natural landscape elements
of the area. Their floristic composition indicated that most of them were re-
mains of natural grasslands.

The most important anthropogenic landscape element with considerable
natural values was the network of ameliorative canals. The secondary vegeta-
tion of canal beds and banks contained the species natural habitats, in the main
canal the protected Trapa natans agg. was abundant. The floristic diversity
and the large number of observed animal species (dragonflies, butterflies, bugs,
beetles, etc.) suggested that they represent an important secondary habitat, in
accordance with the literature data from the wider region (Krizmanic et al.,
2015; Stojanovi¢ et al., 2007; Tolgyesi et al., 2022). The abandoned clay-pits of
the brickyard near Uljma represented a habitat mosaic containing wetlands,
used as a feeding place for wildlife and a breeding habitat for the strictly pro-
tected Merops apiaster.

The artificial mounds, noted as archaeological sites ("Prostorni plan
Opstine Vrsac, 2015; Vrsac EIA, 2015), were the only remarkable anthropo-
genic landscape elements with cultural values.

Detected threats to natural resources

Soil degradation by erosion was observed in the loess valleys in the CM
Uljma and CM Izbiste. These valleys were covered by grasslands in the past
(Arcanum, 2018), but are currently used as arable land. Due to the ploughing,
water erosion has washed down the black Chernozem topsoil from the slopes
and the yellow loess substratum become clearly visible even on the ortho-
photo (Figure 1). The ongoing erosion process generated fissures in the soil
between the crop rows (Figure 2). Earlier, the precipitation was retained by the
stretch of grasslands. In recent years, the high intensity rainfalls form flood
waves. The floods damaged the lower parts of the village Uljma in the years
2009, 2014 and 2017. In order to prevent further floods, construction of a reten-
tion basin is planned near the settlement (" Hidroprojekt, 2018), without even
considering erosion control based on the sustainable use of the valley.

Despite the threat of wind erosion (Lokalni ekoloski akcioni plan grada
Vrsca, 2016), there were no windbreaks in the area. Ploughing the grass strips
along the road edges by the users of neighbouring plots has proved to be a
widespread practice in all three CMs. Destruction of road edges resulted in
the lack of hedges and the scarcity of floristically diverse grass strips. The
extremely low number of semi-natural landscape elements refers to the poor
quality of the connected ecosystem services. Grass verges provide habitats for
pollinators and arthropods (Kiitt et al., 2016), including species important for

* Spatial plan of the VrSac town
** Hydroproject
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Figure 1. The satellite image shows the erosion on the slopes and
the appearance of a light parent loess substrate
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the biological pest control (Rusch et al., 2016) and feeding areas for bird and
game species (Graham et al., 2018). Hedges perform as windbreaks modifying
microclimate and controlhng erosion, also representing important habitats for
wildlife and pollinators (Graham et al., 2018; Vanneste et al., 2020). Converting
grass strips along the banks of ameliorative canals into arable land was also
revealed at several localities, decreasing the buffer capacity of the vegetation
(Dorioz et al., 2000).

The investigated common pastures near the settlements were mostly over-
grazed, while the grasslands located at large distances of the settlement were
abandoned, and some of them were even overgrown with woody vegetation.
Invasive plant species were detected both at abandoned and overgrazed grass-
lands. Only small parts of the grasslands were used as hay fields that had been
mowed in the period of the fieldwork. Almost at every grassland patch units
converted into arable land were detected, or segments showing traces of previ-
ous cultivation and abandonment. Communal and construction waste was
deposited on the common pastures near the settlements. The improper use has
led to degradation of the grasslands, threatening not only their biodiversity
(De Groot et al., 2010), but reducing ecosystem services provided by them,
such as natural pest control (Perrot et al., 2021) or habitat for wildlife and game
species (Stoate et al., 2009).

Invasive plants (a total of 14 species) were detected in all types of the
surveyed landscape elements, except the grasslands on the extremely saline
soil. The most frequent species of canal network was Amorpha fruticosa. Some
sections of the canal dikes were covered with Lycium barbarum and Robinia
pseudoacacia, the later forming a dense thicket as a result of illegal coppice.
Ailanthus altissima and Asclepias syriaca were spreading on the overgrazed
pastures, while Celtis occidentalis was observed in all habitat types.

Evaluation and proposed compensation measures

Despite the low number of natural and semi-natural landscape elements,
the surveyed area still preserved a remarkable biodiversity. During the field work
a total of 266 plant species were determined, six of them protected by law
(Sluzbeni glasnik RS, 98/2016). Results of the habitat values assessment show
that 23 bird species were detected, but the real number of rare and threatened
species is probably higher since the field work was carried out at the end of
the breeding period. According to Serbian law (Sluzbeni glasnik RS, 98/2016),
16 species were strictly protected, three were protected and four were listed as
game species under special condition. According to EU Birds Directive (2009),
11 species were of international importance, out of which six belonged to the
category I (species subject of special conservation measures): Egretta garzetta,
Tringa glareola, Chlidonias hybrida, Circaetus gallicus, Lanius collurio and
Anthus campestris. The presence of some species, such as Merops apiaster,
Saxicola rubetra, Upupa epops and Falco subbuteo indicated richness of bio-
diversity and importance of remaining steppic grasslands for their survival.
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One of the possible explanations for high biodiversity is the fact that at its
southern part the LC area borders with the Special Nature Reserve Deliblato
Sands. The dispersing organisms from Nature Reserve can maintain species
populations at sites that would not ensure their long-term viability (De Groot
et al., 2010).

By processing all collected data, the landscape elements were categorized
(Thomas, 2017) in three levels (Figure 3). Category I Landscape elements that
remain undisturbed included the following spatial units:

» Grasslands registered as a habitats of protected and strictly protected spe-
cies (INCVP, 2018) and the abandoned clay-pits as a habitat of strictly pro-
tected species proved by the observations during the survey,

* Memorial Park, as the only forest of the area and the mounds already
foreseen for protection (Prostorni plan Opstine Vrsac, 2015; Vrsac EIA,
2015),

* Landscape elements with the role of habitat and/or ecological corridor,
including the hedges with grass strips along three roads (Izbiste — RitiSevo,
at the foot of Dumaca hill and near Vlajkovac) and also the grass strip
along the road leading from Uljma toward Nikolinci.

Category II Landscape elements that could be destroyed with obligatory
ecological compensation include the meadows, pastures and hedges not listed
in Category I, as well as the woodlots. Category III Landscape elements, not
listed in the previous categories, could be removed without environmental
compensation.

Compensation of meadows and pastures destroyed in the process of land
consolidation should be done by forming meadows or pastures of the same
total area in areas unsuitable for cultivation (muddy soils, saline depressions,
slopes endangered by erosion), primarily near isolated habitats or near eco-
logical corridors. The site selection has to be in accordance with habitat condi-
tions and opportunities for sustainable use by mowing or grazing.

The compensation of removed hedges and woodlots has to be carried out
within planning the windbreak network and game management. Since the
subject area is extremely poorly forested, it is necessary to ensure the necessary
area for windbreaks during the land consolidation process, in accordance with
the current legislation (Sluzbeni glasnik RS, 62/2006 in version 95/2018).

CONCLUSION

Land consolidation (LC) is an excellent tool for the planned protection
and improvement of nature through ensuring coexistence of agriculture and
environmental protection. Negative consequences of intensive agriculture have
been noticed in the VrSac area of LC, including abandonment or overgrazing
of pastures and meadows, converting grasslands into arable land, soil erosion
and habitat fragmentation. Although the area of LC is without natural forest
and extremely poor in semi-natural elements of rural landscape, the existing
entities were revealed as refuges for protected species. Some of the grassland
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fragments belonged to protected habitat types. The final categorization of the
landscape elements was conducted in three levels. Category I landscape ele-
ments had to remain undisturbed; Category II landscape elements could be
removed with obligatory ecological compensation, while the Category III land-
scape elements could be removed without environmental compensation. Rec-
ommendations were given pointing out the possibilities for improving the
environmental characters of the area by the land consolidation process.
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OPUTUHAJIHU HAYYHU PA{

[MPOLUEHA YTULIAJA HA )XMBOTHY CPEAVNHY
Y OKBUPY KOMACAIIMNJE 3EMJBUILITA

Jopnana M. HUHKOB!, Knapa JI. CABAJIOIII?, Cuesxana IT. JAKIIIMR!,
Bpanucnasa 3. ByTOPAu2 Cno6oman H. Hy3OBMh2 Aunen M. KNI,
Panxo JI. [IEPUR?

" MHCTUTYT 3a paTapcTBO M MOBPTAPCTBO
Maxcuma T'opkor 30, Hosu Cazn 21000, Cpbuja
2 TlokpajuHCKH 3aBOJL 3a 3aITUTY npupozie Bojsomune
Pagauuka 20a, Hoeu Can 21000, Cp6uja

PE3MME: V¥ Behunu 3emasba y EBponu komacaruja 3emspuiita (K3) mpeacrasiba
Ba)KHY MEpy 3a yHanpelerme no/b0npuspeie 1 pypajiHor pasBoja, ykibydyjyhu murarma
KHBOTHE CPEIMHE,. Y OBOM pajly PEICTAaBIbCHH Cy HAjBaXHU]U PE3yJITATH [POLCHE
yTHLaja Komacauuje Ha xkuBoTHy cpeanty (EIA) y Onurrnan Bpuian kpo3 nunor npo-
Jekar 3acHoBaH Ha MeTofosoruju EY HOCTaBIbeHOJ y OKBHpY npojekTa: “Strengthening
Municipal Land Management in Serbia”, y3 moapmiky Deutsche Gesellschaft fiir
Internationale Zusammenarbeit (GIZ) GmbH. Tokom eéta 2018. TOJIMHE CIIPOBEICHO
j€ TePeHCKO UCTPaKUBahe TPUPOJHUX, TIOIYIIPUPOAHUX U BEIITAYKUX eIeMeHaTa
mpejena, eKOJOUIKUX U KyJITypHUX BpenHocTd Ha 90 nokanuja. Ypalhena je npouena
CTarba OBUX BPEJHOCTH U MPOLICHA MOTCHIMjATHUX IITETHUX YTHIIAja KOMacallyje Ha
KHUBOTHY cpeauHy. OCMOTpPEHH Cy HeraTHBHHU YTUIAjl HHTEH3UBHE MOJbONIPUBPEE, K0
LITO Cy: HANyIITamke WM IPEeKOMEepHa UCTIallla Mallbaka v JIMBaia, lbUX0BO NpETBa-
pame y 00paauBO 3eMJbULITE, €PO3Hja 3eMJbUIITA U (hparMEeHTaLlja IPUPOAHHX CTa-
Hu1Ta. Maxko je nonpydje K3 6e3 npupoaHe 1mryme 1 U3y3eTHO CHPOMALIHO IPUPOIHUM
€JIEMEHTHMa PypaJIHOT Iej3axka, ocrojehe LesnrnHe cy OTKPUBEHE Kao yTOUMIITA 3a
samrrrhene Bpere. Heku o1 pparmenara TpaBHe BereTalyje MprIafain ¢y 3amrnhe-
HUM THIIOBHMa cTaHUIITa. KoHauHa kaTeropnsaiiyja eJeMeHara rej3axa ClpoBeicHa
jey Tpu HuBoa. Enementn mpezena I kareropuje — Koju 0CTajy HEHApyIIeHH (HE cMejy
ce ykiamat); l1 kaTeropuja — eneMeHTH Iej3axka HEYy TPATHOT KapaKkTepa ca 00aBe3HOM
eKoJomKoM komreH3anujom; [11 kaTeropuja — eneMeHTH 1ej3axa KOoju ce YKIamajy
0e3 ekosiomke HakHazae. [lare cy mpenopyke KojuMa ce ykasyje Ha MoryhHocTH 3a
M00OJBIIAKE EKOJIOIIKHUX KapaKTePHCTHKA NOZIpYYja MPOLECOM KoMacaluje.

KJbYYHE PEUU: komacaiija, npoLieHa yTuliaja Ha )KUBOTHY CPEIUHY, EIeMEHTH
npezena, HHIUKaTOpCKe BpcTe, Bpimar
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THE IMPORTANCE OF URBAN VEGETATION
IN THE CARBON CYCLE AND OXYGEN RELEASE

ABSTRACT: Urban vegetation affects the environment in several ways. It improves
air quality, the height of drainage water, and soil properties, balances temperature variations
(temperatures are lower in summer and higher in winter in the presence of urban vegetation),
reduces UV radiation, reduces noise, increases relative air humidity and contributes to certain
types of social development (ecological, aesthetic, economic aspects of urban development).
Urban vegetation especially improves microclimatic conditions in large cities and considerably
contributes to the urban increase of oxygen. It is of vital interest to pay attention to its size
and quantity in urban areas. To assess CO, absorption and O, release, the photosynthesis of
five tree species and three types of herbaceous plants species was measured. The obtained
results show that there is a certain variability in terms of the species that was analyzed. Thus,
fast-growing woody deciduous species are more suitable due to the greater and faster growth
of biomass, which requires a larger amount of CO, compared to herbaceous species. The
careful calculation indicates the requirement of two to four trees per person or 30—40 m? of
a grassy area per person to balance the inhabitant oxygen consumption. For the overall
contribution of green vegetation, the multiple qualitative benefits of green areas in urban
areas should certainly be considered.

KEYWORDS: urban vegetation, carbon cycle, oxygen release

INTRODUCTION

Urban vegetation increases the quality characteristics of urban habitats in
several ways. It contributes to the quality of life and human health in populated

* Corresponding author: Email: borivoj.krstic@dbe.uns.ac
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areas. Primarily, it improves the quality of the air, the height of the drainage
water and the soil properties, balances temperature variations (temperatures
are lower in summer and higher in winter in the presence of urban vegetation),
reduces UV radiation and contributes to certain types of social development
(ecological, aesthetic, economic aspects of urban development). There is also
a negative impact related to the costs of planting, maintenance of greenery,
damage to road pavements, buildings, etc. (Song et al., 2018).

Urban vegetation especially improves the microclimate conditions in large
cities, considering the huge amount of anthropogenically released heat that is
generated due to the accumulation of solar heat on asphalt, concrete and other
artificial surfaces, but also due to the huge use of air conditioners and increased
traffic circulation (Erell et al., 2011). Salamanca et al. (2013) state that in the
summer months, electricity consumption in the city is increased by 50—-65%
in the afternoon, because the urban temperature is several degrees higher than
the corelated non-urban one in the same region.

Urban greening is a procedure that greatly reduces such problems, bring-
ing a whole range of benefits. Takacs et al. (2016) determined that urban trees
reduce the temperature by 0.6 K on average in the open urban area, while in
the immediate shade of the trees, the canopy blocks up to 90% of short-wave
radiation. Kumar and Mahalle (2016) found in India that the so-called green
roofs reduce the temperature in the building by 4.5 K. Hoelscher et al. (2016)
determined that greening of facades reduces the temperature in buildings by
about 1.7 K.

There is also a direct contribution to the improvement of air quality, which
is reflected in the fact that in the process of photosynthesis, significant amounts
of CO, are bound and, consequently, proportional amounts of O, are released.
Thus in this process, released amounts of O, by far exceed the levels of aerobic
respiration of the plant itself. So called “daily net photosynthesis” represents
the difference between the total gross photosynthesis and respiration of a plant
in a day, and it accounts for huge amounts of O, being released daily as a sur-
plus, compared to its consumption in aerobic respiration. On an annual level,
the contribution to the urban increase in oxygen is simply calculated through
the increase in biomass, which is proportional to the absorbed carbon, i.e., the
released oxygen (Nowak et al., 2007). Therefore, the species with the largest
increase in biomass, which in the urban environment are primarily woody
species, have the largest such contribution.

In addition to the above, the green belt in urban areas visibly affects the
mood of the population. In urban areas, there are a lot of red and orange colours
that have an unsettling effect on people, as well as gray colors that are depress-
ing, therefore green alleys and other green areas have a calming effect (Kastori,
1995). Green areas built around landfills, garbage dumps, and other pollutants
prevent the spread of unpleasant odours and the transfer of dust, although settling
dust reduces the intensity of plant photosynthesis, but this way they protect
people in urban areas. Under the influence of traffic and thermal power plants,
a larger amount of SO, is released, which plants can absorb by oxidizing it into
sulfate or including it in organic compounds. The degree of resistance to SO,
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depends on the plant species, so sophora (Sophora japonica) and boxwood
(Buxus sempervirens) are very resistant, while white pine (Pinus sylvestra),
spruce (Picea abies) etc. are not very resistant. These facts are very important
when establishing tree lines in urban areas (Krsti¢, 2011).

MATERIAL AND METHOD

The net intensity of photosynthesis was measured on many woody and
herbaceous species in the urban environment of the city of Novi Sad during
the sunny days of September, 2019. To assess the absorption of CO, and the
release of the correlative amount of O,, the measurement was performed on
ten randomly selected, young, fully formed leaves of five types of trees and
three types of herbaceous plants (Table 1). A mobile device — the LCpro-SD
Portable Photosynthesis System (ADC Biosystem) — was used to measure
photosynthetic intensity.

Table 1. Measured intensities of photosynthesis and estimation of the amount of released
oxygen (kg) per tree or per surface of an herbaceous grass plot, with an assessment of the
needs of such plants per one able-bodied individual

Released O, Daily mO, (kg)

Intensity of (moles - proportional released O, per 10 m Annual

Species (E:ﬁﬁ?ﬁ?ﬁ:;} to moles of assimilated  tall treeor 10 m*> mO, K Kr
n;gol m-2 5.1 CO, when respiratory plot of land per day  (kg) Y
H coefficient=1) ~in 12 h of daylight
Silver-leaved linden 55 105 (73, 73 0.40 7473 290 571
(Tilia argentea)
ngc"fs"f;z‘;%’esculus 4278 (5.8) 5.8 0.32 5938 3.65 719
Plane tree
(Platanus spp) 7.8-12.9 (8.9) 8.9 0.49 9111 2.38 4.69
European nettle tree
(Celtis occidentalis) 8.9-14.5 (9.8) 9.8 0.54 100.33 2.16 4.26
Canadian poplar
(Populus x canadensis ~ 7.9-18.6 (13.2) 13.2 0.73 13513 1.60 3.16
(P. nigra x P. deltoides)
Bluegrass 45-68(52) 5.2 0.34 62.50 346 6.83
(Poa pratensis)
Dandelion
(Taraxacum oficinale) 6.8-9.2 (7.8) 7.8 0.51 9376 231 4.55
Wall barley
5.7-10.3 (7.8) 7.8 0.51 9376 2.31 4.55

(Hordeum murinum)

K — a coefficient showing how many trees of 10 m height (or an area of 10 m?) are
needed to meet the oxygen needs of one average working-age person. K yr. — annual
coefficient that shows how many trees with a height of 10 m (or an area of 10 m?) is
needed to meet the annual oxygen needs of one person, considering that there is no pho-
tosynthesis in winter, and that photosynthesis is reduced even during cloudy days.
Annual mO, — mass of O, release per one year (kg)

23



By extrapolating the measured average values to the surface of the green
parts of plants of the whole tree in a certain species or a certain surface of the
herbaceous population, an estimate of the amount of released oxygen was made
on a daily and annual level, as well as an estimate in relation to the needs of an
able-bodied person.

Applied formulas:
Daily mass of O, (kg) = (A x 43200 x B (or C) x 0.000032) / 1000, and
Annual mass of O, (kg) = daily mass of O, x 185 days.

Parameters used for calculations are:

— A — Net intensity of photosynthesis;

— 43,200 — Number of seconds during 12 hours of nursery (the nursery
lasts longer than 12 hours during the growing season, but photosynthesis is not
at its optimum 1-2 hours after dawn, before dusk, also in periods of midday
when there is not enough available water — therefore the number of hours is
reduced to 12);

— 185 days — The factor of 185 days was obtained when 365 days were
reduced for the period November—March when there is no photosynthetic
activity of vegetation in our midday, but also for the number of cloudy hours
when photosynthesis is at the level of 10-20% of the optimal,

—B—The surface of a pyramidal canopy with a height of 10 m is approxi-
mately 40.03 m”. Peper and McPherson (2003) measured that the average surface
area of Platanus acerifolia with a height of 5.23 m* was 20.94 m?; based on this,
it was calculated by proportion that the area of the leaves of a free whose helght
is 10 m is 40.03 m?, assuming a linear increase in area with height;

—C—Areaof herbaceous grass vegetation. With the device for measuring
the leaf area, it was measured that the area of the leaves of the species Poa
pratensis is 47 cm? per 10 cm?, i.e., the area of the plot is multiplied by a coef-
ficient of 4.7; therefore, on a plot of 10 m? of a homogeneous population of Poa
pratensis, the area of green leaves is about 47 m?;

—0.000032 — conversion coefficient pmol Oz to g Oy;

— 1000 — conversion of g to kg O,.

RESULTS AND DISCUSSION

The obtained results show that there is some variability in terms of the
species analyzed. When it comes to woody species, 59.38-135.13 kg of oxygen
is released per tree per year, depending on the species. For herbaceous species,
the values vary from 62.5 to 93.76 kg of oxygen per 10 m? of herbaceous plot.
In accordance with these results, the similar results are given by Nowak et al.
(2007). They evaluated the amount of released oxygen per tree in many US
settlements and concluded that the values vary in the range of 2.9 kg to 110.3 kg
of oxygen per tree, which depends on the species, age, health status and climatic
conditions. These authors obtained such results by considering the annual
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increase in biomass and estimating how much oxygen was released proportion-
ally to the bound carbon in the given biomass. Their estimate of the number of
trees per capita is slightly higher and ranges from 17 trees in New Jersey (USA)
to 81 trees in a Calgary, Alberta (CAD) neighbuorhood per person (an average
of 30 trees per person).

According to Huang et al. (2018), an able-bodied human consumes an
average of 1.17 kg of oxygen per day during one day in the growing season. Our
results indicate a ratio of three to four trees per person, considering the esti-
mate/assumption that an average tree of 10 m? height is of similar leaf area
among different species. Such data indicate that urban greening would contribute
significantly to this aspect of regulating air quality, bearing in mind that the
oxygen concentration, according to Huang et al. (2018), by the year 2100 will
decrease from the current 20.946 to 20.825%. Urban vegetation simultaneously
contributes to the reduction of CO, concentration in the air, as well as to the
stabilization of air and soil quality in terms of pollutants (pollutants are adsorbed
both in the air and in the soil), increases humidity in the air and increases the
water retention capacity of the soil (Streiling and Matzarakis, 2003). If green-
ing is viewed only from the aspect of CO, absorption and O, release, measures
to maintain healthy and functional vegetation must also be considered, as well
as the fact that on green areas, soil respiration to a significant extent cancels
the effect of green vegetation, due to the significant consumption of oxygen
by microbiological processes (Velasco et al., 2016). For the overall contribution
of green vegetation, the multiple qualitative benefits of green areas should
certainly be considered.

The question arises as to what the daily oxygen needs per inhabitant are.
Comparing oxygen consumption in different groups of athletes, Pelemis et al.
(2011) found that maximum oxygen consumption or aerobic capacity (VO, max)
ranges from 3.7 L/min in judo masters, to 5.7 L/min in kayakers, that is 0.4 kg O,/h
during active sports.

Considering that a person inhales 12—16 times in one minute for 0.5 liters
of air containing 21% oxygen, and by converting to moles of oxygen, i.e., grams,
i.e., kilograms, it turns out that a person’s daily need for oxygen is about 3 kg/day.
According to the data of Sziser (2003), about 14% of unused O, is released from
the air that enters the lungs (air entering lungs 21% O,), after exhalation (air
exiting lungs), which means that about 1.5 kg of O, is consumed per day. Cer-
tainly, consumption is influenced by various factors, both external and internal,
and the concentration of dissolved gas in body fluids depends on its solubility.
The difference in gas solubility is important because the amount of gas mul-
tiplied by the gas solubility coefficient determines the amount of gas dissolved
in body fluids, which affects the rate of gas diffusion through tissues. The
solubility of oxygen in body fluids is 1.1 mmol/L. Considering the data of
Huang et al. (2018), an adult inhabitant requires approximately 1.17 kg (816 L)
of oxygen per day. From everything mentioned in the literature as well as our
data, we can calculate that it is necessary to have 2—4 adult trees or 30—40 m?
of grassy areas per inhabitant in urban areas. To increase the production of
oxygen in urban areas, the Vertical Forest on the balconies of the solitaire is
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increasingly propagated, a kind of symbiosis of plants and buildings, which
makes the buildings beautiful and aesthetic, and the plants in this way block dust
and gases and protect the building from the wind and the sun (Blanc, 2008).

CONCLUSION

Contribution of urban green cover, especially trees and other woody spe-
cies is of vital importance for improvement of air quality, soil properties and
general climate conditions. Sustainable plant cover also supports important
qualities of social human processes in urban settlements. Special emphasis is
on the basic plant ability of increasing the amount of oxygen and reducing
carbon dioxide, integrating to a protective role in air pollution. Oxygen con-
sumption by one average person can be compensated by 2—4 planted trees or
approximately 30—40 m? of grassy green area. Thus, the amount of oxygen
release can significantly improve breeding air quality but also substantially
increase carbon sink, contributing to global initiative to slow down anthropo-
genic carbon release to the atmosphere. Likewise, an aesthetic role of plant
green areas is not to be neglected, because they make the environment more
beautiful, providing a piece of habitat for other life forms too. All the afore-
mentioned factors must be considered when planting urban plants.
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OPUTUHAJIHU HAYYHU PA{

3HAYAJ YPBAHE BEI'ETALIJE V KPYXERBY VIJBEHUKA U
OCJIOBABABY KNCEOHUKA

Bopusoj B. KPCTUR!, Munan K. BOPI/ILHEBI Pynon¢ P. KACTOPH?,
Cama C. OPJIOBUR?

"' Vuugepsurer y Hopom Casy, [Ipuposso-MateMaTuuku GakynTer,
Jenaptman 3a OMOJIOTH]y U €KOJIOTH]Y,
Tpr Hocureja O6panosuha 2, Hosu Cax 21000, Cpouja
2 VuusepsuteT y HoBom Cany, HOJ‘LOHpI/IBpeJ:[HI/I (baKynTeT
JemapTmaH 3a patapcTBo u moBprapctBo, Hosu Can 21000, CpOuja
YuausepsuteT y HoBom Cany,
WHCTUTYT 3a HU3MJCKO IIyMapCTBO M )KUBOTHY CPEIUHY,
Antona Yexosa 13]1, Hoeu Can 21000, Cpbuja

PE3MME; Yp0ana Bereranuja yTuue Ha >KUBOTHY CPEMHY Ha Bullle HaduuHa. OHa
Ipe cBera rmo0oJplaBa KBAJINUTET Bas3AyXa, BHCHHY JpeHaKHE BOJC W KBAJIHUTET 3€-
MJBHUILTA, yPABHOTEXKY]e BAPHPAbE TEMIIEPAType (JIETH Cy TeMIIepaType HUKE, a 3UMH
BHIIIE Y PUCYCTBY ypOaHe Beretaiuje), peaykyje Y B 3paucwe, cmamyje 6yKy, MoBe-
haga penaTuBHY BIQXKHOCT Ba3ayXa U JONPHHOCH OpeheHnM BUIOBIMA COLIHjaIHOT
pa3Boja (EKOJIOIIKH, ECTETCKH, EKOHOMCKH aCIeKTH ypOaHOT pa3Boja). YpOaHa BereTalmja
HApOUYUTO MOO0JBIIABA MUKPOKIMMATCKE YCIOBE y BEIMKUM T'PAaOBUMa M 3HAYAjHO
JorpuHocH ypOaHoMm noBehamwy KMCEOHHMKA T€ je OJ] BUTAITHOT HHTEpPEeca YCMEPUTH
NakKiby Ha NoBehame BeTMUnHe U 3aCTYNJbEHOCTH 3€JIeHe BereTaluje y ypoaHuMm cpe-
quHama. Y 1wy npoueHe yeajama CO, u ocnobahama O, MepeH je HHTeH3UTET (o-
TocuHTe3e 5 Bpera apBeha u 3 BpcTe 3espacTux Ousbaka. JIo0ujeHn pe3ynraTy nokasyjy
Ja moctoju oapelena BapujaOnITHOCT y MOTIIEAy BPCTE KOja je aHalm3upana. bp3opa-
cryhu npeenactu nuirhapu noroxuuju ¢y 30or seher u Opxer npupacra bnomace 3a
Kojy je norpeOna Beha konmunna CO, y oxHoCy Ha 3esbacte Bpete. U3 muteparype
Kao 11 HAlllHX 0/laTaka MOKEMO 3aKJby THTH Jla je HeoIrxoHO UMatH 2—4 oxipacia cTa-
61a npBeHacTHX BpcTa uin 30—40 m’ TpaBHATHX MOBPITHHA 10 CTAHOBHUKY y YPOaHHM
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cpenuHama. 3a caryieiaBame OIIITer OMPUHOCA 3eJIeHe BereTaluje, lbeHe MHOTOOpOojHe
KBaJIMTATHBHE KapaKTEPUCTHUKE U yTHUIAJU MOPajy C€ MakJbUBO MPOLEHUTH U Y3€TH
y 003up.

KJbYUHE PEUU: yp6ana Bereranuje, KpyKeme yribeHHKa, ocliobahame kuceo-
HUKa
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SUMMARY: Herbaria as botanical collections have an interesting historical back-
ground. What was considered a traditional old-school field of science in the 20" century has
become one of the focal points of interest in new-age science at the beginning of the 21
century, closely related to biodiversity, molecular screening and many other topics. Follow-
ing the trend of rediscovering botanical collections, the Serbian scientific community in-
vested in the process of acknowledging, renewing and presenting collections of national
importance. The herbarium of the Sremski Karlovci Grammar School, protected under the
name “Herbarium of Andreas Wolny”, is the oldest herbarium collection in Serbia, dating
back to the 18" century. It was established as a collection for obvious and practical teaching,
but it grew beyond this scope due to the first systematic discoveries of the plant species of
Srem and Fruska Gora Mountain. The most famous collector is Andreas Wolny, but besides
him important teachers and botanists are Karl Georg Rumy, Grigorije Lazi¢, Dimitrije
Petrovi¢, Teofil Dimi¢ and Jovan K. Borjanovi¢. Although only a few data are of floristic
importance (data that include both the location and date of collection), there is no doubt about
the botanical and historical importance of this collection. Moreover, this botanical collection
provides an overview of the events under which education and the first scientific and mu-
seum collections were developed in Serbia during the 18" and 19" centuries, and is thus an
important cultural-historical document.

KEYWORDS: botany, Fruska Gora, Herbarium, Lazi¢, Kitaibel, Metropolitan
Stratimirovi¢, Rumy, Serbia, Sremski Karlovci, Wolny

INTRODUCTION

There are not many scientific documents about the historical development
of herbarium collections. From the numerous travelogues documenting the
exploration of the New World at the turn of the 14™ and 15 centuries, there is

* Corresponding author. E-mail: milica.rat@dbe.uns.ac.rs
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accurate information about the first dried and pressed plants, hortus sicuus or
hortus mortuus. They were not part of the scientific collections known today,
nor were they kept in museums. They were created at a time when explorers and
navigators were discovering previously unknown parts of the world, areas far
from Europe, North Africa and the Middle East. European emperors and rul-
ers of that time (both church and state leaders) wanted to conquer new territo-
ries and their natural wealth as well. Among them, plants, animals, rocks and
minerals were of the greatest interest because they were used as drugs, medi-
cines and other important elements of human and animal nutrition and health.
They were all an important part of the valuable treasure of these expeditions.
Plants, fungi and algae were numerous. To preserve them and transport them
to Europe, they were either drawn or pressed and dried and then fixed (sewn)
in books. Because of its credibility, the latter method prevailed over time. This
gave the books a different appearance, and because of the maintenance they
were reduced to a certain number of pages, usually a hundred, and therefore
called Centuria. “Books with dried plants” designed this way could be easily
transported, but also supplemented with notes. Finally, they were used as text-
books for pharmacists and physicians. They contained knowledge not only
about human health, but also about the health of animals and livestock, and
about the cultivation and production of numerous plants, either as edible species
or as sources of materials for fabrics, cosmetics and other products (Manning
and Klestinec, 2017). The limited space in these books may have dictated a
systematic approach to description. Dried specimens were given names, usu-
ally in Latin, which was the official language at most schools and universities
at the time. Latin plant names were polynomial, meaning they were composed
of several words, epithets, that described the plant in more detail. These poly-
nomials formed the basis for the emergence of the first scientific (binomial)
nomenclature. Various vernacular names were also noted. For traders, collectors
and breeders, these names were of great importance as they were recognized
by the locals (Harris, 2018).

As aresult of these expeditions, in the oldest European museums the most
important and valuable parts of the collections are exsiccates collected during
these events, rather than native plants. The native plants collected at that time
were mainly species important for medicine, pharmacy and agriculture. As
the material increased, conservation methods had to be changed, and over time
institutions — herbaria — were established to preserve and maintain the large
collections. These events marked the period from the 14" to the 18" century.
During these 400 years, a large amount of knowledge was accumulated, and the
conditions were created for the development of systematic revision, which led
to the development of scientific disciplines, especially the systematics of plants
and animals. There are a large number of such collections in Europe, and today
they are a historical part of the largest and most important museum and uni-
versity herbaria. Italian scientists are considered pioneers in the establishment
of herbaria of this type, book-herbaria (Findlen, 2017).

An event that is now considered a turning point in the scientific approach
to collecting information about the living world is the publication of the multi-
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volume monographs Species Plantarum in 1753 and Systema Naturae in 1758
by Carl Linnaeus. Since then, botanical collections, i.e., herbaria have been
the scientific documents on living plants. Today there are more than 3,000
herbaria worldwide, with 390 million botanical specimens permanently pre-
served (Thiers, 2022). These significant changes and recognition of the
importance of the information preserved in herbaria were documented by
Fosberg (1946), and today more than ever they are used by scientists as
primary data and sources of information for the development of modern
technologies (Besnard and al., 2018).

HERBARIUM OF ANDREAS WOLNY

Historical perspective

The first scientific expeditions in Serbia were organized in 1800 by Wald-
stein and Kitaibel, the leading botanists of Central European flora at that time
(Gombocz, 1945 a,b). The first published floristic data for Serbia date from
this period (Niketi¢ et al. 2018). However, the collection of plant specimens and
the preparation of the first “books of dried plants” preceded them. Andreas
Wolny, professor of botany at the Sremski Karlovei Grammar School, col-
lected plants in the surroundings of the FruSka Gora Mountain, as was common
practice at universities and schools at that time, and in 1797 created a book of
100 plants — Centuria I. This can be considered the beginning of collecting
plants in Serbia and preserving them in the form of a herbarium.

Sremski Karlovei Grammar School was founded at the end of the 18™
century according to an educational concept clearly defined in the Habsburg
Monarchy. This meant that professors gave lectures in German and Latin.
Sremski Karlovci Grammar School was the first higher school founded and
opened for children of Orthodox Serbs (Petrovi¢, 1991), and in the first two
decades the employed professors were mostly Slovaks. Among the professors,
Andreas Wolny certainly stood out the most. He came to Sremski Karlovci in
1794 at the invitation of Metropolitan Stevan Stratimirovi¢ as a professor of
geology, mineralogy, botany, and other school subjects in the field of nature.
In addition to his teaching activities, Wolny worked with great dedication to
develop a new curriculum, which was in accordance with the state principles,
but included a greater proportion of demonstrative and practical teaching in
the natural sciences of the time. In order to successfully implement the cur-
riculum, it was necessary to adapt the teaching materials to it. As an already
experienced naturalist (geologist and botanist), Wolny realized that the area in
which he worked was insufficiently known and researched. Therefore, in par-
allel with his teaching activities, he started researching the flora and geomor-
phology of Sremski Karlovci and the wider surroundings of the Fruska Gora
Mountain. Very soon after his arrival, already in 1797, Wolny prepared the first
(of five) centuria on the flora of Srem, entitled “Florae Sirmiensis Seu Plan-
tarum in Sirmio sponte nascentium Centuria I. Anno 1797 (Figure 1). This part
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of the collection is the best known and several publications are available (Mar-
ceti¢, 1950; Marceti¢, 1952 a,b; Marceti¢ and Babi¢, 1954).

Figure 1. Title page of the first Wolny’s Centuria

Conservation and legal protection of the collection

Until the end of the 19'" century, the herbarium was continuously sup-
plemented, and almost 7,000 plant specimens were collected and deposited.
Only a small part of the material was collected by Wolny himself, an esti-
mated 800 exsiccates. The rest was collected by later professors and probably
by students. Among the material, there are specimens collected by Josif Pancic,
as well as material obtained by exchange, which came from the Botanical
Garden in Vienna. Due to its historical and cultural significance, the collection
has been under state protection since 1950 as a cultural monument Herbarium
Andprije Volnija (Decision No. 279/50, Institute for the Protection of Cultural
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Monuments of Serbia). The declaration as a cultural monument was preceded
by the process of cataloguing a cultural monument, and a catalogue book and
a microfilm of this catalogue were prepared in the following ten years (Peri¢
et al., 2012). The book is kept together with the collection in the Grammar
School, while the microfilm is kept in the Institute for Nature Conservation of
Vojvodina Province (pers. comm. Vida StojSi¢).

In the process of legal protection, the herbarium was divided into sub-collec-
tions: 1) Ceremonial Herbarium (ceeuanu xepbapujym in Serbian), 2) Collection
of Josif Panci¢, 3) Fungi, Lichens, Algae, 4) Bryophytes, 5) Monocotyledons,
6) Dicotyledons, and 7) Material obtained by exchange. These sub-collections
are kept in 54 cardboard boxes following this arrangement. The index cards
are kept with the collections. However, the exsiccates are sorted differently
and divided into two sub-collections: 1) Wolny, and 2) General Herbarium.

Regarding the original collection, Centuria II was not preserved, and there
are several assumptions about its disappearance. It is not known whether it was
destroyed, or its trace was lost. Part of the material from the herbarium of An-
dreas Wolny is now kept in the Institute for Nature Conservation of Vojvodina
Province (PZZP). These boxes were found in underground premises at the Petro-
varadin fortress, which were used as depots, where they were probably kept
during the World War II. Due to the age and origin of the material, it was assumed
that they also belonged to the collection of the Sremski Karlovei Grammar
School (pers. comm. Ranko Peric).

Collectors in the Herbarium of Andreas Wolny

Andreas Wolny spent 22 years in Sremski Karlovei, where he worked first
as a professor and later as the director of the Grammar school. The importance of
his work and his influence on the following generations are undeniable. At the
same time, they are a confirmation of his significant contribution to the beginnings
of the development of natural sciences among Serbs and the knowledge of the
nature of Srem. Wolny was and is one of the most famous professors and collec-
tors. Therefore, it is justified to honour him by naming the collection after him.

Even though the collection of the Grammar School in Sremski Karlovci is
named after Andreas Wolny, he is not the only collector, nor the only professor
of this institution who made a significant contribution to the herbarium. The
first among them to continue his work was his successor in the position of the
director of the Grammar School (1816—1821) — Karl Georg Rumy. It is not known
whether and how many plants he collected during this period. However, it is
known that he was in contact with Metropolitan Stratimirovi¢ and visited this
place several times. His interest in botany is proven by his published article,
although at the end of his life, in 1846, more than 20 years after he had left the
Grammar School and Sremski Karlovci (Rumy, 1846). This article consists of
botanical data collected by Wolny mainly in the vicinity of Sremski Karlovci
and Fruska Gora Mountain. The importance of this article is emphasized by
Niketi¢ et al. (2018), who states that it is one of the most important works from
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the beginnings of the development of botany in Serbia, which is less known
until today.

In the same year that Rumy left the Grammar School, Grigorije Lazi¢
became a professor of several natural science subjects. He remained in this
position until his death in 1842, during which time he collected plant material
and deposited it in the herbarium. In addition, in 1833 he published a special
Centuria entitled “Index vegetabilium sua sponte circa Carlovitium crescentium”
(Lazi¢, 1833). In this publication he listed 100 plant species from the surround-
ings of Sremski Karlovci and Petrovaradin, together with their vernacular
names in German and Serbian. His total contribution to this collection is un-
known to this day, but it is important to emphasize that he was a member of
the Botanical Society in Regensburg, as Andreas Wolny had been before him.

The successors of Grigorije Lazi¢ in terms of herbarium and plant col-
lecting, were Dimitrije Petrovi¢ and Teofil Dimi¢. Almost 20 years after them,
Jovan K. Borjanovi¢ collected exsiccates.

Dimitrije Petrovi¢, together with Wolny and Lazi¢, collected an important
part of the material. Josif Panci¢ himself, according to the information in the
index cards, revisited some of his material. The name Petrovi¢ is also found
on the labels of Josif Pan¢i¢’s material (Peri¢ et al., 2012). The year of his death,
1854, also marks the end of the era of collecting plants on Fruska Gora Moun-
tain, 60 years after Wolny had started it.

Teofil Dimi¢ ‘s contribution to the Herbarium, as far as it is known from
the analysis of the index cards, consists of numerous materials obtained by
exchange in the middle of the 19" century. He himself brought some of the
material from the Botanical Garden in Vienna, while it is assumed that he was
in correspondence with other botanists of the time, together with Dimitrije
Petrovi¢, and that he received specimens from other parts of Europe and the
world. His contribution to botany, as well as to zoology, was recognized outside
Sremski Karlovci, and he was a member of the scientific society Zoologisch-
botanische Gesellschaft.

A few decades after them, in the 1880°, Jovan K. Borjanovi¢ collected a
significant number of specimens. At this time, it is not apparent how many
specimens he collected. However, he published a book that contained a great
knowledge in the field of fruit and viticulture and showed his great botanical
knowledge (Borjanovi¢, 1887).

The goal beyond creating a scientific collection

According to the dates in the herbarium cards, the plants were deposited
in the herbarium of the Grammar School in Sremski Karlovci between 1797
and 1886. In this period almost 7,000 exsiccates were mounted. The specimens
were collected in Sremski Karlovci and its surroundings, with many plants
collected on Fruska Gora Mountain. Dimi¢ enriched the collection with plant
material collected in the Botanical Garden in Vienna. In addition, as was cus-
tomary at the time, numerous sheets entered the herbarium through material
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exchange with botanists from all over Central Europe. Part of the material
originated from outside Europe.

The composition and structure of the stored plant material suggests that
the herbarium was intended primarily as a learning collection. That is, the goal
was to enrich the collection with various representatives of different plant
families, life forms, habitats and regions. This approach opens the possibility
for students to become familiar with many representatives of different groups
and regions. This assumption is supported by the information on the labels in
Centuria I and II, where information on habitat, use, and flowering time is given,
while the exact date is missing. Bunke (1995) points out this consistency with
Wolny and adds that he was aware of the importance of giving the exact loca-
tion and date (this is noted on some labels in the Herbarium Wolnyanum at BP),
but his greater interest was in passing on knowledge about these plants rather
than recording their distribution. It must be emphasized at this point that a system
of recording data in collections was established at this time, and museum col-
lections (including herbaria) evolved into scientific collections that served to
classify and interpret the world.

The preliminary analysis of the stored material revealed that Wolny and
his successors aimed to educate the citizens from the surroundings of Sremski
Karlovci, whose main activity was agriculture (viticulture, fruit growing, farming).
Therefore, today the collection contains data relevant to modern agriculture,
namely traces of old varieties grown in gardens, fields and orchards.

Finally, all the above-mentioned professors and collectors in the herbar-
ium have spent a lot of time collecting vernacular plant names. Considering
the fact that the first decades of education were in German and Latin, and the
use of Serbian language was forbidden, collecting and publishing these names
in a herbarium or in publications is a significant step in the history and culture
of the Serbian people in the Habsburg Monarchy and later in the Austro-
Hungarian Empire. The multidisciplinary importance of the collection is also
reflected in the scientific work, which, in addition to a systematized overview
of medicinal plants, also provides an overview of the language fund of the 18™
century (Tutus, 2019).

CONCLUSION

Contemporary natural history collections involve the organization and
maintenance of exsiccates in a specific systematic or geographic order, with
fulfilled labels integrating the date and the location of sampling. Old historical
collections that were part of school inventories usually do not contain all of
these data. Nevertheless, their importance cannot be neglected. In most of these
collections, such as in the Herbarium of Andreas Wolny in Sremski Karlovci,
the first data on the distribution of plants in a given region are found, along
with important etymological references. Within them, data can be found that
support and enrich the national cultural and historical heritage. Finally, they
can be used as a source of knowledge for various fields of study.
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[TpuponHo-MaTeMaTHuKH (HaKyJITET,
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PE3UME: Xepbapujymu, kao 60TaHHYKEe 30HUPKe, UMajy 3aHUMJbUB HCTOPH)CKI
pa3Boj. OHo 1mTo ce y 20. BeKy cMaTpasio TpaauIlMOHATHOM U IpeBa3ul)eHOM HayKOM,
Ha [oYeTKy 21. BeKa IoCcTallo je IIeHTap HHTepecoBamba HayKe caBpeMeHor 100a, yCKo
IIOBE3aHO ca OMOJUBEP3UTETOM, PA3BOjeM MOJIEKYJIAPHUX METOAA U MHOTUM JIPYTUM.
[Iparehu TpeH MOHOBHOT OTKpHBabha My3ejcKIX 30UpKH, Mel)y Koje cniazia u xepoapu-
JyM, Kao O0TaHMYKa KOJIEKIIH]ja, CPIICKa HayYHA 3aje/IHUIIA je yiaraia y mpolec yrno3Ha-
Bama, 00HaBJbakba U IPEACTaB/bamba 30MPKH Ol HALIMOHAIHOT 3Ha4aja. XepOapujym y
Kaprnosaukoj rumuasmuju y Cpemckum Kaprnosiinma, 3amruhen mox Ha3suBoM Xepoa-
pujym Angpuje Boanot, Hajerapuja je xepbapeka 36upka y Cpbuju, koja morude us 18.
Beka. Hacraua je ka0 KoJeK11ja HEeONX0/(Ha y NIPOLECY U3BOherba OUUTTICAHE U MPaK-
THYHE HAacTaBe, a MPEeBa3UIILIa je OBE OKBHpE, 3aXBasbyjyhu nojanuma koje 4yyBa, a
KOjH Cy Pe3yJITaT NPBUX CHCTEMATCKUX OTKprha OnbHuX BpeTa Cpema n Opyiuke rope.
Hajmosnaruju neratop u ocHUBa4 Konekuuje je Anapeac Boxuu. Ocum mro je 6uo
npodecop U AUPEKTOP, OH je 0cTao 3arnamheH U Kao MPBU HAYYHHUK KOJH j€ CaKyIlJbao
nogatke o OuspHOM cBeTy DpylIke rope, anu 1 cTeHa U MuHepaia. [lopen mwera, 3Ha-
YajHH HACTaBHUIH, KOjH Cy ICTOBPEMEHO OCTABHIIM CBOj TPar y pa3Bojy xepoapujyma
cy bophe Pymu, I'puropuje Jlazuh, Jumurpuje [lerposuh, Teodun Jumuh n JoBan
K. Bopjanosuh. Maxo je manu Opoj nmonataka of (GJIOPUCTHYKOT 3Ha4aja (T0AaIH KOjH
YKJbY4yjy U IPELU3HE NOAATKE O JIOKAIMUTETY U JJATYyMy CaKyIlbaiba), HEMa CyMibe
Jia KOJIeKLMja UMa 1 GOTaHMYKHU U KyJITy PHO-UCTOpHjcKH 3Haua). [IpoyuaBamem cae-
00yXBaTHUX I0/1aTaKa KOjH CC HaJIa3e y OBO]j KOJIEKLUjH, OHA Aaje npernen gorabaja y
OKBHPY KOjHX C€ pa3BHjajia MPOCBETA U IIPBE HayJHE U My3ejcke 30upke y CpOmju TokoM
18. u 19. Bexa 1 Kao TakBa IpeACTaBJba 3HAYajaH KYJITYPHO-UCTOPH]CKH JOKYMEHT,
3akoHOM 3amtuhen ox 1950. ronune.
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tpononut Crpatumupouh, Pyma, Cpouja, Cpemcku Kapiosiu, Bonxnu

37






306opHuk Martwuie cpricke 3a nmpupojue Hayke / Matica Srpska J. Nat. Sci. Ne 144, 39—50,
2023

UDC 635.656: 631.53.027(497.113)
https://doi.org/10.2298/ZMSPN2344039T
ORIGINAL SCIENTIFIC PAPER

Gordana D. TAMINDZIC'3", Janko F. CERVENSKI?,
Slobodan A. VLAJIC?, Dragana N. MILOSEVIC!?,
Zorica T. NIKOLIC"3, Sanja Lj. VASILJEVIC?,
Maja V. IGNJATOV?’

! Laboratory for Seed Testing, Institute of Field and Vegetable Crops,

Maksima Gorkog 30, Novi Sad 21000, Serbia

2 Department of Vegetable and Alternative Crops, Institute of Field and Vegetable Crops,
Maksima Gorkog 30, Novi Sad 21000, Serbia

3 Centre of Excellence for Legumes, Institute of Field and Vegetable Crops,

Maksima Gorkog 30, Novi Sad 21000, Serbia

QUALITY OF GARDEN PEA (Pisum sativum L.)
PRIMED SEED

ABSTRACT: The objective of this study was to examine the effects of different priming
treatments on seed quality and initial growth and development of garden pea. For this purpose,
three garden pea cultivars, developed at the Institute of Field and Vegetable crops, Novi Sad
were examined. The laboratory experiment was conducted under optimal conditions. Seeds
were primed in water (hydropriming), 0.5% KNO; solution, and -0.49 MPa PEG solution
for 24 hours; non-primed seeds were controls. The results showed that the percentage of
germination, shoot and root length, and mean germination rate significantly increased after
the tested priming treatments, while the percentage of abnormal seedlings and mean germi-
nation time were significantly decreased after the priming treatments compared to the control.
The increase of fresh and dry seedling biomass was significant only in cv.1 and cv.2. Despite
the genetic diversity of pea cultivars, the results indicated that the examined seed priming
treatments enhanced seed quality and vigour of garden pea cultivars.

KEYWORDS: garden pea cultivar, seedling growth and biomass, seed priming, seed
quality

INTRODUCTION

Garden pea (Pisum sativum L.) is an important legume, rich in proteins,
dietary fibres, starch, carbohydrates and micronutrients, including vitamins and
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minerals. With up to 35% of proteins and essential amino acids, such as lysine
and tryptophan (Elzebroek and Wind, 2008), the garden pea is an important
legume in human nutrition. According to Petrovi¢ et al. (2016), together with
other legumes, it provides one-third of the required amount of protein in human
consumption. The annual global production of green pea seeds is approxi-
mately 21.7 million tons (FAOSTAT, 2021), while Serbian production amounts
to approximately 38,000 tons and has a rising trend.

Seed germination is the most critical stage in plant growth and develop-
ment, ultimately determining the success of crop production (Kathare and Hug,
2021; Almansouri et al., 2001). Rapid and uniform seedling emergence is the
key factor of crop performance, because slow germination exposes plants to
adverse environmental conditions, strong weed competition and soil-borne
diseases (Paparella et al., 2015; Vidak et al., 2022). Seed quality has become a
priority, while seed priming has proven to be a well-established treatment for
seed quality enhancement (Adhikari et al., 2021; Cokkizgin, 2013; Paparella
et al., 2015). Seed priming is a water-based technique that allows controlled
seed rehydration and triggers metabolic processes normally activated during
pre-germinative metabolism, while preventing seed transition towards full
germination.

Beneficial effects on seed germination of various seed priming techniques,
such as hydropriming and osmopriming, have been reported in many crops.
However, information on the effects of these seed pre-treatments on the seed
quality of the domestic garden pea is lacking. In this context, the aim of the
research was to evaluate the effects of hydropriming and osmopriming on
garden pea seed quality and initial development.

MATERIALS AND METHODS
Experimental (Plant) materials

The seeds of three garden pea cultivars were obtained from the Institute
of Field and Vegetable Crops, the National Institute of the Republic of Serbia,
Novi Sad.

Priming treatments

Before priming, garden pea seeds were disinfected with 5% (w/v) sodium
hypochlorite for 5 min and then rinsed thoroughly with distilled water thrice.
Seeds were immersed keeping the ratio of seed weight and solution volume 1:5
(w/v) in a 0.5% KNOs solution, a polyethylene glycol PEG-6000 solution (-0.49
MPa) and water at 25 °C for 24 h in dark. Thereafter, treated seeds were rinsed
with distilled water thrice and dried back near to their original moisture content
at room temperature.
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The germination test

Working samples consisted of 3 x 100 seeds. Primed and non-primed
seeds were placed in plastic boxes 240 x 150 mm with double-layer filter paper
moistened with distilled water. The samples were incubated for 8 days in a
germination chamber at 20 °C. Germination, abnormal seedlings, as well as
shoot and root length, and fresh seedling weight of ten seedlings were deter-
mined eight days after seed placement in the germination chamber. To obtain
the dry seedling weight, pea seedlings were oven-dried at 80 °C for 24 h. Mean
germination time was calculated using the equation of Ellis and Roberts (1981):
MGT=XDn/Zn, where n is the number of germinated seeds on day D and D is
the number of days. The mean germination rate was calculated as the recipro-
cal value of the mean germination time (Ranal et al., 2009).

Statistical analysis

The data were subjected to analysis of variance using Statistica 10 (StatSoft,
Inc., 2007) software package. Mean values followed by standard deviation were
separated using Duncan’s multiple range test at probability level p<0.05.

RESULTS AND DISCUSSION

Analysis of variance showed that the germination percentage of cv.l was
significantly influenced by all the tested seed priming treatments (Figure 1).
However, other tested pea cultivars responded differently to priming treatments.
Germination of pea cultivar cv.2 was significantly increased by priming with
KNO; and PEG solution up to 7.28% and 4.41%, respectively. In cv.3, a ben-
eficial effect on germination percentage was observed after hydropriming
(74.6%) and priming with PEG solution (88.0%) compared to the control
(72.3%). Garden pea cultivars also responded differently to priming treatments
in terms of abnormal seedling percentage. In cv.1, no significant difference in
the percentage of abnormal seedlings was observed between primed seeds and
control. Hydropriming significantly increased the percentage of abnormal
seedlings (4.7%) of cv.2 compared to control, while all the tested treatments
led to a significant decrease of abnormal seedlings in c¢v.3 compared to control.
The results are in agreement with the findings of Yanglem et al. (2016) and Kuar
et al. (2015). Sachan et al. (2016) also found that hydropriming significantly
increases pea seed germination. However, a higher percentage of abnormal
seedlings in cv.2 after hydropriming could be due to a higher rate of radical
protrusion and imbibitional injury, and a rapid inflow of water into the fast-
absorbing legume seed embryonic cells, which led to physical disruption of
the cell membrane (Powell and Matthews, 1977; Sachan et al., 2016). Moreover,
similar increases in the germination of alfalfa (Mouradi et al., 2016a), soybean
(Miladinov et al., 2018), wheat (Baque et al., 2016), and rice (Ruttanaruangboworn
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et al., 2017) through priming with water, KNO; and PEG were reported in
previous research. Seed priming most likely contributes to the repair of mem-
brane damage caused by deterioration, which results in better germination and
higher vigour level compared to non-primed seed (Jisha et al., 2013).

The shoot length of pea seedlings varied among the pea cultivars, ranging
between 25.9 mm and 29.5 mm in control (Figure 2). However, the shoot length
of pea cultivars was significantly affected by all the tested seed priming treat-
ments. The results revealed the maximum shoot length (41.6 mm) in pea cul-
tivar cv.1 primed with water (hydropriming). Pea cultivars cv.2 and cv.1 had a
similar performance after the seed priming treatments, while the shoot length
of cv.3 was increased up to 16.3% by priming with PEG. Beneficial effects of
hydropriming and PEG priming on shoot length were also reported by Cok-
kizgin (2013) and Yanglem et al. (2016) on pea, and Baque et al. (2016) on
wheat. Furthermore, the root length of cv.1 and cv.2 was significantly improved
after all the tested seed priming treatments compared to the control, while cv.3
responded positively only to priming with KNO;. According to Yanglem et al.
(2016), a significant improvement in shoot and root length in primed seeds
might be due to the involvement of priming agents in cell elongation or cell
division and meristem growth.

However, pea cultivars responded differently to priming treatments in
terms of fresh and dry biomass accumulation (Figure 3). All the tested pea
cultivars had similar fresh and dry seedling weights in control. A significant
increase in fresh and dry seedling weight was recorded in cv.1 after all the seed
priming treatments, and in cv.2 after hydropriming, while no significant dif-
ferences were observed in cv.3 compared to the control. Maximum values of
the fresh and dry weight of seedlings were observed in cv.1 primed with KNOs.
The results are in accordance with the findings of Ali et al. (2021), who con-
firmed KNO; effectiveness in improving the fresh and dry weight of seedlings.
Furthermore, a positive effect of hydropriming on fresh and dry seedling biomass
was also observed in chickpea (Sarwar et al., 2006), sunflower (Catiempo et al.,
2021) and other plant species. Contrary to our results obtained in cv.3, where
the increase in fresh and dry seedling weight was not statistically significant
compared to the control, Barique et al. (2016) reported that the maximum dry
weight of seedlings was recorded in seeds primed with PEG solution. These
results are in accordance with the results of Mouradi et al. (2016b), obtained
on alfalfa under optimum conditions.

Analysis of variance showed that MGT and MGR were significantly af-
fected by the seed priming treatments (Figure 4). In general, all the seed prim-
ing treatments significantly decreased MGT and increased MGR 1in all the
tested pea cultivars compared to the control. The reduction in MGT ranged
between 19.4% (cv.3 primed with PEG) and 46.7% (cv.3 primed with KNO;)
depending on the pea genotype and the seed priming treatment. A similar
pattern of increase in MGR following a priming treatment was observed.
Osmopriming also caused MGT reduction in soybean (Sadeghi et al., 2011),
wheat (Abnavi and Ghobadi, 2012), sugar beet (Hosseini and Koocheki, 2007),
and maize (Ahammad et al., 2014). Seed priming with KNO; and PEG has
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beneficial effects on germination speed and uniformity (Ruttanaruangboworn
et al., 2017), as well as supporting the early stages of the germination process
by the mediation of cell division in germinating seeds (Nasri et al., 2011), which
in turn results in positive effects on MGT and MGR. Moreover, seed priming
changes the activity of enzyme o-amylase (Farooq et al. 2006) and other hy-
drolytic enzymes (Szopinska and Politycka, 2016) in prlmed seeds, which leads
to better germination and seedling growth.

CONCLUSION

The obtained results confirmed the positive effects of the tested seed priming
treatments on seed germination and initial growth of garden pea cultivars. The
positive effect of the tested seed priming treatments on biomass accumulation
was less pronounced in cultivar 3 compared to the other garden pea cultivars.
The findings indicate that priming seeds with a solution of KNO; and PEG could
efficiently improve the quality of garden pea seeds and initial plant development.
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OPUTUHAJIHU HAYYHU PA{

KBAJIMTET CEMEHA IIOBPTAPCKOI' 'PALLIKA (Pisum sativum L.)
HAKOH ITPAJMHHTA

Topnana JI. TAMUHIINR', Janko ®. YEPBEHCKN?,
Cno6onan A. BTAJUR?, [iparana H. MUJIOIIEBHUR'?, 3opuna T. HUKOJIUR'?,
Cama Jb. BACUJBEBUR®, Maja B. UT lIhATOB*?

"MucTuTyT 32 paTapcTBO M HOBPTAPCTBO,
Jlabopatop¥uja 3a HCIUTHBAKE CEMCHA,
Maxcuma I'opkor 30, Hoeu Cax 21000, Cpouja
2VIHCTUTYT 3a PaTapcTBO U NOBPTAPCTBO,
Opnespeme 3a MOBPTAPCKE U adTepHATUBHE OMJBFHE BPCTE,
Maxcuma I'opkor 30, Hosu Cax 21000, Cpouja
3 MHCTHTYT 32 paTapcTBO U TIOBPTAPCTRO,
LlenTap U3y3eTHUX BPEAHOCTH 32 JIETyMHHO3E,
Maxkcuma I'opkor 30, Hosu Cax 21000, Cpouja

PE3MME: [{nss oBor HCTpakuBama 01O je /1a ce NCIUTAjy €peKTH pa3smuIuTHX
TpPeTMaHa MPajMHUHTA Ha KBAJINTET CEMCHA U MOYCTHH PACT M Pa3BOj MOBPTAPCKOT
rpamka. Y Ty CBpXy HCIIHTaHE Cy TPH COPTE MOBPTAPCKOT I'palka cTBopeHe y Muctu-
TYTY 3a paTapcTBo u nosprapctBo y HoBom Cany. JlabopaTopujcku ories je u3BeacH
y OIITUMAHUM ycioBuMa. CemMe je moranaHo y Bogy (xuaponpajMuHr), 0,5% pacTBop
KNO; 1 -0,49 MPa pactBop PEG Tokom 24 caTa; HeTpeTHpaHO ceMe je OUIo KOHTPO-
na. PesynraTu cy mokasanu ja cy ce npoLeHaT Kiujamba, Jy>KHHA HaJ[3eMHOT Jiesia U
KOpeHa n3JaHaka, Kao U Cpeilba CTola KJIMjamka 3Ha4ajHo noBehaau y HCIUTHBAaHUM
TpeTMaHKUMa IIPajMHUHIa, JIOK Cy C€ MPOLEHAT aTUIIHYHUX U3JaHaKa U CPENIbe BpeMe
KJIMjamba 3Ha4yajHO CMabUIIN Y TpeTMaHUMA [IPajMUHTa Y opehemy ca KOHTPOIOM.
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[Noehame cBeske u cyBe OrnoMace u3aHaka OUJIo je 3Ha4ajHO caMo KOJ| COpTH cv.1 u cv.2.
VYIpKoc TeHETCKO] Pa3HOIMKOCTH COPTH I'palllKa, OBU PE3YITATH Cy [TOKAa3ajH Ja Cy
WUCIIUTUBAHU TPETMaHU MpPajMUHTA ceMeHa eKacHe MEeToJie Y cMuciy noBehama
KBaJIMTETa ¥ BUTOPa CEMEHA COPTHU IIOBPTAPCKOT TpalliKa.

KJbYYHE PEUYM: copTe nmoBpTapcKor rpaiika, pacT u onomaca Ousbaka, mpajMuHT
ceMeHa, KBaJIUTET CeMeHa
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ABSTRACT: Rare earth elements (REEs) are widely distributed in low concentrations
in all parts of the biosphere. REEs are not at all rare, their concentration in the earth’s crust
is close to 0.015%. REEs include the elements scandium, yttrium and the lanthanides from
lanthanum to lutetium. REEs show similar physical and chemical properties. Today REEs are
applied in industries and technologies, in agriculture as microfertilizers and feed additives
and they are also used in medicine. REEs are dispersed especially as accessory minerals in
pegmatites, granites and associated metamorphic volcanic rocks. Out of more than 250 kinds
of minerals containing REEs, only bastnaesite and monazite are of economic importance.
Their concentration in the soil varies widely and depends on their presence in parental
materials, soil texture, organic matter content, pedogenetic processes and anthropogenic
activities. REEs are found in small concentrations in surface stagnant and flowing waters
as well as in underground waters. They are found in water in both suspended and dissolved
form. REEs enter the atmosphere from various sources, largely owing to human activities.
The majority of REEs in the atmosphere are carried by microscopic particles. The uptake
and consequently accumulation of REEs in plants are affected by numerous biotic factors,
such as plant species and genotype, and abiotic factors such as their concentration in the soil
and some chemical and physical soil characteristics. They can enter plants via both root and
foliage tissues. There are plant species called hyperaccumulators that are able to accumulate
significant amounts of REEs without adverse consequences. RREs are not biogenic for
higher plants or for other living organisms, but can influence their life processes. Experi-
ments show that REEs can be beneficial for growth, yield and biochemical composition of
cultivated plants. They can also alleviate some ecological stress in plants. It is not clear
enough how they affect human and animal health. The wide-spread application of REEs in
different industries as well as in agriculture lead to a constant increase of the concentrations
of these elements in the environment. Therefore, studies on the uptake, accumulation, dis-
tribution of REEs in cultivated plant species and their entrance into the food chain as well
as their stimulating or toxic effect on living organisms, can be very significant in the future.

KEYWORDS: rare earth elements, environment, plants, physiological processes, growth

* Corresponding author. E-mail: putnikdelic@polj.uns.ac.rs

51



INTRODUCTION

Rare earth elements (REEs) are trace metals, natural parts of the environ-
ment, which demonstrate similar chemical and physical properties. There are
over 250 minerals which contain REEs. They are widely used in various in-
dustries and agriculture. Global production of REEs has increased exponen-
tially in the recent decades. Their economic, biological and ecological influence
is thus gaining importance. Numerous research papers, reviews on REEs, were
published during the last decades (Kastori et al., 2010; Haneklaus et al., 2015;
Aide, 2019; Kovarikova et al., 2019; Kotelnikova et al., 2021). REEs include the
lanthanides group with 14 elements from cerium to lutetium in the periodic
system: cerium (Ce), praseodymium (Pr), neodymium (Nd), promethium (Pm),
samarium (Sm), europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium
(Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb) and lutetium
(Lu). REEs or terrae rarae (TR), beside lanthanides, comprise also lanthanum
(La), yttrium (YY) and scandium (Sc). Lanthanum is associated with the REEs
because of its periodic table position and its trivalent chemical affinity. Yttrium
is frequently associated with the REEs because of its small ionic radius (Aide,
2019). The lanthanides are divided into two groups (Walters and Lusty, 2011):
the light rare earth elements (LR EEs) with atomic numbers from 57 to 63 (La
to Eu) with a lower mean atomic mass than 153 and a larger effective radius
than 95 pm and the heavy rare earth elements (HREEs) with atomic numbers
from 64 to 71 (Gd to Lu) and with a higher atomic mass than 153 and a lower
effective ion radius than 95 pm. Some authors separately consider the middle
rare earth elements (MREEs) comprising the elements with medium atomic
mass and ion radius, from Sm to Dy. This subgroup is rarely well defined
(Tyler, 2004). Compounds containing light lanthanides are more soluble than
compounds containing heavier ones. Yttrium has properties more similar to
the HREEs and is often included in this group.

REEs demonstrate an affinity for oxygen and they occur in nature pre-
dominately in +3 valence, except for Ce and Eu that have variable valences
(Ce* and Ce**; Eu*" and Eu®") in the environment. The lanthanides electron
configuration determines their interaction with other elements. Complexation
of the REE elements involves coordination with primarily anionic species.
Common inorganic complexing species with RRE*" include: NO;, CI, F,
SO4*, COs* and HPO4* (Aide, 2018). The lanthanides were named after the
element lanthanum, with which they are placed together in special section of
the periodic table. Lanthanides are often denoted by the common symbol Ln.
They are very similar in chemical and physical properties. Lanthanides are
called rare elements, which is not completely true. Namely, the amount of Ce
in the Earth’s crust is slightly higher than the amount of lead, copper and zinc,
and the amount of Lu and Tm is higher than cadmium and selenium. How-
ever, lanthanides are rarely found concentrated in one place.

Rare earth elements have found wide application in various fields of industry,
especially in the production of modern electronic devices, energy technologies
and in agriculture (Balaram, 2019). In the production of REEs, China plays a
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dominant role with approximately 95% of global production (Jaireth et al., 2014).
Their largest deposits are in China and the total reserve there is estimated 43
million tons (Hu et al., 2004). The annual global consumption of rare earth
oxides is estimated at 150,000 t (Ganguli and Cook, 2018), and the growth for
the period between 2017 and 2021 is 13.7%. Among other things, REEs are used
in the production of electric motors, wind turbines, car catalysts, solar panels,
mobile phones, digital cameras, energy-efficient lighting, batteries, laptops,
lasers, fiber-optics magnetic resonance tomography, new drugs (Kovarikova
et al., 2019), in agriculture as plant fertilizers (Ren et al., 2016) and in medicine
(Balaram, 2019). Their application as microfertilizers in plant production is also
constantly growing, and they are also used as feed additives (Tommasi et al.,
2021). The increased use of REEs in industry and in some regions in agricul-
ture in order to increase the productivity of cultivated species increases their
entry into the biosphere. Bearing in mind the abovementioned, these elements
are receiving increasing attention from the point of view of application and
thus from the scientific and ecological aspects.

RARE EARTH ELEMENTS IN THE ENVIRONMENT
REEs in parental material

The concentration of REEs in soil depends on their presence in parental
materials, soil texture, organic material contents, pedogenic processes and
anthropogenic activities. The average REEs concentration in the Earth’s crust
is close to 0.015% and amounts to 189 mg/kg, and is present in smaller quanti-
ties near the Earth’s surface (Dobransky, 2013), since REEs are concentrated
into mineable ore deposits. Taylor and McLennan (1985) state the following
values for the content of certain light lanthanides in the earth’s crust (in mg/kg):
La 30, Ce 64, Pr 71, Nd 26, Sm 4.5, Eu 0.8, Ce 66, Nd 40, La 35 and Tm 0.5,
and Y 24 (Wedepohl, 1995). REEs are found in concentrated form in phospho-
rites as well as argillaceous sediments (Alina and Henryk, 1984). Most REE
parent material compositions range from 0.1 to 100 mg/kg (Aide, 2019). REEs
are widely dispersed especially as accessory minerals in pegmatites, granites
and associated metamorphic volcanic rocks (Tyled, 2004). More than 250 sorts
of minerals containing REEs are known, among which the best known are:
bastnaesite, monazite, xenotime, loparite, euxenite and parisite. Only bast-
naesite and monazite are of economic importance (Saveleva, 2011).

REEs often include elements from the scandium group: Y, La and Sc.
Yttrium is known to be incorporated mainly as Y>" in several minerals, of
which silicate, phosphate and oxide forms are the most frequent ones. Yttrium
is naturally present in minerals gadolinite and xenotime, mostly in the form of
YPO,. Lanthanum is not a rare element. There is more of it in the Earth’s crust
than lead. The main natural source of La is the mineral monazite. It is a phos-
phate that, in addition to La, contains different proportions of light lanthanides
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(Ce, La, Nd, Pr) also in the form of phosphates. Sc is usually considered to be
one of the rarest elements. Scandium occurs in the lanthanide minerals mona-
zite and gadolinite, and in the very rare silicate thortvetite. REE transfer from
bedrock to soil depends on the chemical properties of the rocks. According to
Brioschi et al. (2013) for the limestone, the average soil/bedrock transfer factors
were about 2 for most REE and for the granite about 1.

REEs in the soil

REEs enter the soil mainly from parent materials and anthropogenic
sources, primarily from phosphoric mineral fertilizers and atmospheric depo-
sition. The content of REEs in the soil depends first of all on the characteristics
of the parent material. REEs content in parent material decreases in the fol-
lowing order: granite > basalt > purple sandstone > red sandstone (Zhu and
Liu, 1988). Soils originating from lime rock, loess, sand-shell stone, neutral
endogenous rock, purple sandstone demonstrate a lower REE concentrations,
between 137 and 190 mg/kg. Acid endogenous rock, sediment rock and shale,
laterite, basic igneous rock and sandstone tend to contain higher concentrations
of REE, between 196 and 219 mg/kg (Liu, 1996). Most often, the lowest con-
centrations of REEs are reported for ultramafic and calcareous rocks (Kabata-
Pendias, 2000).

According to Bohn et al. (1985), content of REEs in the soil is in the range
30-700 mg/kg. Hu et al. (2006) stated, on the basis of the results of the ex-
amination made by a number of authors, that in the various soil types of China,
in the examined 1,225 samples, the concentration of REEs was on average 181
and ranged within wide limits from 68 to 629 mg/kg. The same authors state
that in soils of different origin from the examined REEs, the most abundant
elements were Ce and Nd, as well as that the presence of LREEs was signifi-
cantly higher than HREEs. Most geological processes lead to the redistribution
of REEs, changing the LREE/HREE ratio. Redling (2006) states that the share
of individual REEs elements in the soil has the following sequence: Ce > La
>Y >Sc>Nd>Pr>Sm>Gd>Dy>Er>Yb>Eu>Tb>Ho>Tm>Lu
(Redling, 2006).

Depending on the physico-chemical properties and biological activity,
REEs are found in different chemically bound forms in the soil (Zhu and Xing,
1992a; Rogova et al., 2022). Adsorption and desorption of REEs in the soil
depends on the physical and chemical properties of the soil and especially on
the cation exchange capacity (CEC). The following fractions of REEs were
found by extraction with different solvents: water soluble, exchangeable, car-
bonate bound and adsorbed, bound to organic matter, bound to Fe/Mn oxide,
bound in crystalline Fe-oxides, amorphous Fe-oxide bound, bound to no-labile
organic matter/sulphides. Zhu and Xing (1992b) state the following average
representation of certain fractions of REEs in different soil types of China (%):
water soluble 0.2, exchangeable 1.3, carbonate and specifically adsorbed 9.2,
organic matter bound 4.5, Fe-Mn oxide bound 15.0, residual 69.9. It is clear
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from the above data that the water soluble and exchangeable fractions are by
far the least represented. The water-soluble fraction is directly accessible to
plants and microorganisms and undergoes translocation processes in the soil.
Representation of the exchangeable fraction of REEs, depending on the type
of soil, varies within wide limits. Calcium minerals (apatite, augite, hornblende,
fluorite) can bind most REEs in the Earth’s crust through hydatogenetic and
magmatism processes, therefore a significant part of REEs in the soil is in the
form of carbonates. Calcium oxyphosphate fertilizers and apatite change the
speciation and bioavailability of exogenous REEs in the soil-plant system (Wu
et al., 2001). REEs bound in colloidal form as Fe-Mn oxides are not fully acces-
sible to plants. In reducing conditions, their reduction and release may occur.
REEs can be bound in organic matter in the form of chelates or organic sulfides.
They can be released from these forms only under severe oxidizing conditions
(Hu et al., 2006). Common organic complexes include lower molecular weight
organic acids (oxalic acid, malic acid) and humus components contain fulvic
and humic acids. Humic and fulvic acids mainly accumulate LREEs (Aide and
Aide, 2012). The residual form of REEs is not accessible to plants, it is bound
in the lattices of minerals.

The vertical distribution of certain rare earth elements in the soil is dif-
ferent due to their different adsorption and thus leaching from the soil (Mihaj-
lovic et al., 2014, Aide, 2019). Certain types of soil and minerals are characterized
by different REEs adsorptlon capacity (Ladonin, 2019). Soil organic matter
and its pH value play a significant role in the adsorption of REEs. As the pH
value increases, their adsorption increases as well (Hu et al., 2006). Fodotov
et al. (2019) state that metal-organic complexes are sink for REESs in the soil.

REESs in water bodies

The wide application of REEs in various branches of industry and agri-
culture leads to a constant increase in their concentration in the environment,
which, among other things, leads to endangerment of water systems (Balaram,
2019). Numerous research results indicate that REEs can be significantly mo-
bilized during weathering, alteration and diagenesis and thereby be included
in geochemical cycling (Haley et al., 2014; Crocket et al., 2018). According to
Brioschi et al. (2013) the REEs concentration in soil water was mainly con-
trolled by solubility and not by the REEs concentrations in the soil. REEs are
found in water in both suspended and dissolved form. They are easily attached
to suspended colloidal material, especially to Fe-Mn-oxyhydroxide, and the
dissolved part is in the form of free ions or as complexes. Part of the REEs is
dissolved in river water and suspended material is included in the REEs cycle
of seawater and in the continental crust (Goldstein and Jacobsen, 1988). The
solubility of REE:s is strictly controlled by pH. At a pH lower than 6, the total
concentration of REEs in ground waters is higher than at a higher pH. Citing
the results of other authors, Smedley (1991) states that: in close to neutral to
alkaline conditions, complexing of REEs with carbonate or bicarbonate anions
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is significant; in acidic water, sulphate ligands are significant; in waters rich in
organic matter, complexing w1th organic matter is dominant; in hydrothermal
systems complexing with COs*, CI', SO,* and F- 11gands Heavy rare earth
elements form more stable complexes with inorganic and organic ligands than
the light rare earth elements (Ding et al., 2006). Most of the lanthanides have
+3 valence. When dissolved, some of them are in +2 and +4 oxidation states
(Walters and Lusty, 2011).

According to investigations by Smedley (1991), the concentration of REEs
in groundwater was in many cases below the detection level, although in some
cases it reached 229 ng/L. The concentration of REEs in groundwater depends
on the pH value and increases when it decreases to pH <6. According to Wang
et al. (2001) in the suburb of Beijing, China, the concentration of soluble REEs
was 0.69 pg/L in rainwater, 5-7 pg/L in surface runoff, as well as 1-4 ug/L
in soil water. Foliar application of different doses of REEs did not affect their
concentration in the mentioned waters. Annual input of REEs by rain to the
experimental plot was 4 g/ha, which is significantly less than the amount used
annually in agriculture (160 g/ha). The concentration of REEs in seawater is
significantly lower than in river water and is present in the pH range (Nozaki,
2001). According to Al-Qutob and Al-Rimawi (2016) the concentration of REE
III in harvested rainwater in Gaza Strip was 32.27 pug/L, and in Ross See was
detected to be 10.3 ng/L (Turetta et al., 2017). According to Zicari et al. (2018)
Lemna minor is potentially a useful tool for biomonitoring of Ce-polluted
freshwater.

REEs in the atmosphere

REEs enter the atmosphere from numerous sources and anthropogenic
activities. Due to their increasing application around the world, their emission
into the atmosphere is increasing. REEs from the atmosphere reach the soil,
surface water and plants through precipitation. The production of phosphorus
fertilizers can be a significant pollutant of the atmosphere with REEs, and
snow is a perfect depositing medium. The concentration of the REEs — La, Ce,
Nd, Sm, Eu, Tb, Dy, Yt and Lu in snow in the environment of the phosphorus
fertilizer production factory was 1,333.7 mg/L. The majority of REEs is carried
by microscopic particles up to 8 um in size (Volokh et al., 1990). According
to Wang et al. (2000) in atmospheric particulate matter in the western part of
the Netherlands, the total REEs concentration, the light-REEs (LREE) and
heavy-REEs (HREE) were 0.22-33.0, 0.21-30. 68 and 0.01-2.32 ng/m’ respec-
tively. The variation in the concentration of REEs depended on the direction
of the wind, and especially on meteorological conditions and anthropogenic
activities. The uptake of REEs from atmospheric deposition is positively re-
lated to a high ionic charge and atomic mass. The influence of the application of
REEs on their concentration in the atmosphere is indicated by the research by
Wang et al. (2001). During the foliar application of 16, 32 and 64 mg/m? REEs,
the concentration of REEs in air particles with a diameter <10 pum increased
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from 35.7 ng/m? before application to 93.5 ng/m? after application of REEs in
the area surrounding the plots. The concentration of REEs in air particles depends
on their size and finer particles have lower concentrations of REEs (Wang et al.,
2000).

PHYSIOLOGICAL EFFECTS
OF RARE EARTH ELEMENTS ON PLANTS

Uptake and long-distance transport of REEs in plants

REEs can enter plants via both root and foliage tissues. REEs uptake by
plant roots from soil solution is not only controlled by the plants themselves,
but depends on their concentration, exchangeable fractions and solubility in soil,
soil water pool and texture, organic matter content, anthropogenic activities,
presence of other elements, mycorrhizis, and some chemical and physical soil
characteristics (Brioschi et al., 2013). From the point of view of bioavailability of
REEs, redox potential, organic matter content, soil texture, and pH value are
particularly important. Absorption of REEs by plants tends to be higher at a
low pH. Organic and inorganic ligands play a significant role in the uptake of
REEs. Humic, fulvic, malic, and citric aids or ethylene diamine tetra acetic
acid (EDTA) change bioaccumulation of REEs in plants. Organic ligand EDTA
increases the uptake of REEs by promoting their desorption from soil particles.
Amino acids as chelators may have a positive effect on the uptake of La and Y
(Wu et al., 2013).

Plants mainly absorb REEs from soil water in the form of ions and less
often as a soluble complex. The concentration of REEs is higher in small roots,
which is in agreement with the hypothesis that REEs predominantly accumu-
late in the primary cell wall during the early phase of root cell growth (Brioschi
et al., 2013). After uptake, the transport of REEs in the root takes place in two
ways: by apoplastic or symplastic pathway. By apoplastic pathway, REEs move
into the cell wall passively based on the diffusion gradient. The symplastic
way comprises passing through the plasma membrane and entering the cyto-
plasm of the cell. For the uptake and movement of REEs towards the central
cylinder of the root, the endoderm of the root represents a barrier due to the
existence of the ion-selective cell wall, the Casparian strip (Hu et al., 2004;
Brioschi et al., 2013). The affinity of plasma membrane affects uptake of indi-
vidual REEs elements (Hu et al., 2004). According to Wang et al. (2014) REEs
can activate endocytosis in plant cells and facilitate their deposition. Arabi-
nogalactan protein-rare earth element complex activates plant endocytosis
(Wang et al., 2019). However, the known role of ion channels, carriers and
pumps located in plant cell membranes in the transport of REEs through mem-
branes is insufficient.

Organic ligands contribute to the long upward transfer of REEs in xylem.
The transpiration stream also influences the acropetal transport of REEs. REEs
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elements differ by their mobility in plants. In the xylem saps of the Phytol-
acca americana, citric acid facilitates the transport of HREEs rather than
LREEs (Yuan et al., 2017). In the xylem sap of soybean, the majority of REEs
are combined with certain ligands (Ding et al., 2007). A significantly higher
concentration of REEs in the roots than in the aerial parts of plants indicates
their inefficient ascending translocation, probably caused by their efficient
filtering by the endoderm, owing to the Casparian strip (Biroschi et al., 2013).
Some REEs were immobilized during transport in xylem mainly by phosphate
particles and cell wall absorption.

As mentioned earlier, certain REEs are characterized by different mobility
in plants. The transfer factor represents the relationship between the accumula-
tion of an element in the plant and its concentration in the external environment.
It depends on its concentration in the external environment, the mobility of the
element, plant organ and plant species. For example, transfer factor of Y in
sunflower was much higher in root than in stems and leaves, since its uptake
from the external environment by the root is more intense than translocation
from the root to the aerial part (Maksimovi¢ et al., 2012). In citrus, the leaf/
soil ratio of La was 0.62—1.09 (Turra et al., 2013). Translocation factor of REEs
(leaves/root) in Boehmeria nivea was lower at a concentration of 1.6—80 umol/L
REEs (0.01-0.09) than when applying 160—800 pmol /L (0.08—0.16) (Liu et al.,
2022).

DISTRIBUTION, ACCUMULATION AND INTERACTION
OF REES WITH OTHER ELEMENTS

The distribution is specific for certain elements in plants. Knowledge on
the distribution of elements in plants is important from an ecological point of
view, since their accumulation in the edible part of cultivated plants can allow
their entrance in the food chain and thus may have adverse health consequences.
The largest part of REEs (68%) is found in the form of REE-pectin complex
in the cell wall of plants. It can be generally said that distribution of RREs in plant
organs is as follows: root > leaf > stem > flower > fruit. The large accumula-
tion of REESs in the root probably is not the result of the life activity of the root
tissue, but primarily of their adsorption onto the surface of the root system.
For example, yttrium concentrations in young maize plants increased with the
increase in Y concentration in nutrient solution. The largest was found in the
root, then in the leaf and the smallest in the shoot, according to Maksimovi¢
et al. (2014). A similar distribution was found when applying Nd. Application
of Nd in rapeseed indicated distribution in the following order: root > stem >
leaf (Wei, 2001). According to Wu et al. (2002), after application of REEs
containing fertilizer, the concentration of individual REEs in maize decreased
in the following order: root > leaf > stem > grain. Roots of maize plants can
accumulate approximately 60% more La than shoots (Durate et al., 2018). The
Ce concentrations in rice were higher in roots than in shoots (Ramirez-Olivera
et al., 2018).
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Plants can also take up REEs through aerial organs. The method of their
application affects their distribution in plants. According to Liang et al. (2005)
in the case of foliage-dressing wheat with REEs, their greater accumulation was
found in the leaves and roots, while their presence was not found in the grain.
According to Rodrigues et al. (2020), the La applied to the leaf surface of
soybean was translocated to seeds. The content of La in the grains depended on
the dose, but the translocation rate was not linear. Only 3.2% of total La applied
was translocated form leaf to grains in the case of 2000 mg La/L and 2.5%
at 200 mg La/L. Cerium foliar application at 20 mg/L prevents UV B-induced
stress in soybean seedlings (Turra, 2018). According to Tyler and Olsson (2006)
the uptake of REEs from atmospheric deposition is positively related to a high
ionic charge and atomic mass.

Plant species that are able to accumulate significant amounts of REEs —
hyperaccumulators — have the ability to accumulate REEs without undesirable
consequences. These include, among others, Dicranopteris dichotoma (Wang
et al., 2003), Pronephrium simplex (Lai et al., 2006), Phytolacca americana
(Wu et al., 2013; Yuan et al., 2017), Boehmeria nivea (Liu et al., 2022). They
can be used for phytoremediation of REEs-contaminated soils.

In numerous experiments, the interaction of REEs with other elements
via antagonistic or synergistic mechanisms was established. Elements with
similar chemical properties can compete with each other for the same binding
site, e.g. Ca and REEs. With the increase in the concentration of Ca*" and EDTA,
a change in the concentration of HREE and LREE in leaves was recorded (Ding
et al., 2007). It is thought that Eu can replace Ca in plants especially in soils
with increased Eu/Ca ratio (Shtangeeva and Ayrault, 2007). According to Lian
et al. (2019), treatment with LaNO; improves phosphorus use efficiency under
P-deficiency and alleviates negative effects of P-deficiency on chlorophyll
content and photosynthesis in Vigna angularis seedlings. Wu and Wang (2007)
REEs improved P-uptake and corn yield. The addition of REEs, especially
under 80—800 pumol/L, decreases the concentrations of Ca, Mn, K, Mg, Cu
and Zn, and increases the concentration of P. in Boehmeria nivea L. (Liu et al.,
2022). Increasing the doses of nitrogen and potassium fertilizers increased the
uptake of REEs and the application of phosphate decreased the uptake of REEs
(Hu et al., 2004).

REEs and water relations

The water regime of plants includes the uptake, transport and release of
water. The mentioned processes depend on the development of the roots and
shoots, their structure and physiological activity. REEs, depending on their
concentration, can have a favourable or inhibitory effect on certain elements
of water regime. The root has a significant role in the uptake of mineral sub-
stances and water as well as in the upward transport of the absorbed water. REEs
can favourably influence root growth. Cerium application in common bean
plants alleviated drought-induced stress and increased water use efficiency.
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Plants treated with 8.1 pmol/L Ce** displayed an increase of about three-fold
in root dry matter in relation to the control and an increase of about elght times
in water use efficiency (Salgado et al., 2020). It is assumed that Ce*" increases
the water content in cells under stressful conditions by protecting the plasma
membrane from the harmful effects of reactive oxygen species by reducing
their formation under stressful conditions (Wu et al., 2014). The favourable
effect of REEs on the growth of root, an important organ in supplying plants
with water, is also explained by their influence on the increased translocation
of products of photosynthesis to the roots. According to Ramirez-Olivera et al.
(2018) the concentration of total sugars increased in the roots in rice with the
application of 50 uM Ce. The favourable effect of REEs on root growth was
determined in different plant species by other authors in sunflower (Bai Bao-
Zhang et al., 1990), soybean (Kastori et al., 1990), Arabidopsis thaliana (Ruiz-
Herrare et al., 2012), rice (Liu et al., 2013), Pseudostellaria heterophylla (Ma
et al., 2017). The development, morphological and anatomical structure of the
leaf also has a significant effect on water relations, above all on water release
through transpiration and its upward transport. Application of a lower concen-
tration of Sc and lanthanide groups increased the leaf area of young sunflower
plants (Bai Bao-Zhang et al., 1990) and soybean (Kastori et al., 1990). Total
leaves area, water content in roots and leaves of young sunflower were sig-
nificantly reduced in the presence of 10* mol/L Y. (Maksimovi¢ et al., 2012).
The presence of Y in young maize plants reduced their leaf area, transplratlon
stomatal conductance of water vapour, length and width of stomata and in-
creased stomatal density (Maksimovi¢ et al., 2014).

Increase in stomatal density and reduction of their size are xeromorphic
changes induced by water deficiency. Shan and Zhao (2015) reported an im-
provement of water capacity after lanthanum application on Lilium longiflorum
cut flowers. According to Liu et al. (2008) under conditions of calcium deficiency,
application of Ce in spinach increased water uptake. REEs may influence gas
exchange, especially stomatal conductance. Zhou et al. (2011) concluded that
by increasing La concentrations, there was higher stomatal conductance and
transpiration in Salvia miltiorrhiza. According to Durate et al. (2018) the La
concentrations of 25 and 50 uM led to an increase in both maize biomass and
chlorophyll index, although increases in photosynthetic rate, transpiration and
somatal conductance were not verified.

Effects of REEs on photosynthesis

The influence of REEs on the growth and organic production of plants is
primarily based on their influence on photosynthesis. Numerous works point
to the positive effect of REEs on photosynthesis. It is believed that REEs can
act through different mechanisms on the regulation of photosynthetic rate by
chlorophyll formation, chloroplast development, increasing the light absorption
efficiency, regulating the excitation energy distribution of FSI and FSII, pro-
moting Hill reaction, as well as activity of Rubisco and alleviating different
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stresses (Liu et al., 2012; Salgado et al., 2020; Ma et al., 2022). Their effect
primarily depends on the applied concentration, the features of a particular
REEs and the method of application. The influence of REEs on photosynthesis
was mostly studied by Chinese researchers. Based on a large number of papers
published in Chinese, Hu et al. (2004) state that the application of REEs in-
creases photosynthesis intensity and net photosynthetic rate by 11.5-31.2%.
The effect of La on photosynthesis has been particularly intensively studied.
Lanthanum is known to affect different aspects of photosynthesis. Zeng et al.
(2010) state that the application of a suitable concentration of La™ can affect
the activity of photoelectron transport in the chloroplasts of cucumber leaves.
Lanthanum can increase the enzymatic activity of Rubisco in tobacco (Chen
et al., 2001), and in spinach it can induce the formation of a complex of Rubisco
and Rubisco activase (Hong et al., 2005).

A number of authors have recorded the positive effect of lower and unfa-
vourable effect of higher concentrations of La on the content of photosyn-
thetically active pigments (Nicodemus et al., 2009; Ma et al., 2017; Durate et al.,
2018; Cui et al., 2019). Similar results were found when applying Y (Maksimovi¢
et al., 2014) and Ce (Hong et al., 2002; Wang et al., 2012; Salgado et al., 2020).
Pre-sowing treatment of sunflower (Bao-Zhang et al., 1990) and soybean seeds
(Kastori et al., 1990) with low concentrations of Sc and lanthanides groups
increased chloroplast pigments content in leaves. Ramirez-Olvera et al. (2018)
state that the addition of 100 uM Ce decreased the chlorophyll a and b by over
60% in rice. Zicari et al. (2018) also reported a decrease in the content of chlo-
rophyll and carotenoids when applying a higher concentration of Ce 0.5 and
1 mM in Lemna minor. An increase in the concentration of photosynthetically
active pigments in most cases was accompanied by an increase in photosyn-
thesis. Lanthanides could enter the chloroplast and bind easily to chlorophyll
and substitute Mg>" ion in the chlorophyll molecule and coordinate the por-
phyrin ring in pheophytin to form a lanthanide — chlorophyll (Chl)-a complex
(Rezanka et al., 2016). According to Wang et al. (2003) in hyper accumulator
species Dicranopteris dichotoma 8% of the total REEs content in leaves was
located in chloroplast, one half located in the chloroplast membrane and the
other half in thylakoids. The chloroplast has gained more rounded instead of
ellipsoidal shape, and the thylakoids were disorderly arranged in the rice leaves
when exposed to 1.0 mM Ce*" (Liu et al., 2012).

Effects of REEs on plant enzymes and hormones

The regulation of enzyme activity represents one of the most important
pathways of metabolic activity of the cell. Therefore, the metabolic potential
of plants can best be monitored by studying their enzymes. It has been estab-
lished that REEs can influence the activity of numerous enzymes and thus
metabolic processes, organic production and chemical composition of plants.
Hu et al. (2004), citing the results of research by Chinese authors in their paper,
state the influence of REEs on the activity of sucrose-transform-enzyme in
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sugar beet leaves as well as nitrate reductase in soybean and cotton leaves.
Rico et al. (2013) indicated that cerium oxide nanoparticles modify the anti-
oxidative stress enzyme activities in rice seedlings and that the 62.5 mg/L
nanosized cerium oxide reduced the H,O, generation in roots; 125 mg/L en-
hanced lipid peroxidation and 500 mg/L increased the H,O, concentration in
roots. According to Liu et al. (2012) effects of Ce** on the growth and anti-
oxidant metabolism were found in the roots and shoots of rice. The addition
of LaCl; was found to increase the activities of antioxidants, including super-
oxide dismutase (SOD), catalases (CAT) and peroxidases (PX) in maize plants
(Cui et al., 2019). Lanthanum (III) was found to be an efficient inducer of the
enhancement of laccase activity in mycellium cultures of Shiraia bambussicola
(Wang et al. 2022). Luo et al. (2008) found that Nd** influences the activity of
indole-3-acetic acid oxidase and cytokinin oxidase during enhanced adventi-
tious rooting of Dendrobium densiflorum shoot cuttings. REEs increase the
photosynthetic rate of spinach through the increase in carboxylation activity
of Rubisco, and activities of Mg?'-ATPase and Ca’'-ATPase (Ze at al., 2009).
Numerous biotic and abiotic factors can cause oxidative stress in plants, i.e.
disturbance in the balance that exists between prooxidative processes and the
antioxidant system of plants. According to Liang et al. (2006), Ce*" improved
photosynthesis, growth and antioxidant enzyme system including SOD and
CAT in rape seedlings under UVB radiation. Under potassium deficiency, salt
stress and combined stress of potassium deficiency and salt stress addition of
Ce*" could significantly promote seedling growth, and alleviate morphological
and structural damage of leaf, decrease oxidative stress and increase antioxida-
tive capacity in maize leaves (Hong et al., 2017). Application of REEs can
alleviate cadmium toxicity in rice seedlings by increasing light utilization
efficiency, improving photosynthesis, suppressing accumulation of oxidative
species and elevating an adequate antioxidant enzymes (Wu et al., 2014). The
results of Wang et al. (2009) indicated that La®" alleviated the oxidative dam-
age induced by UVB radiation in soybean plants by reacting with reactive
oxygen species (ROS) directly or by improving the defense system of plants.
Lanthanum nitrate treatments in tomato plants induced an increase in some
antioxidant systems, but this stimulation does not improve the plant responses
to the drought stress (Ippolito et al., 2011).

Hormones are biologically active compounds that regulate growth and
development and influence the direction and intensity of plant metabolic pro-
cesses. Hence, their content and ratios between different types of hormones in
plants are very important. Numerous papers indicate that REEs can affect
hormone activity. It is considered that these influences are particularly related
to the synergistic action of REEs with hormones. Sheng and Zhang (1994)
reported an increase in the content of endogenous IA A in wheat when La was
applied. Lanthanum increases IA A content by stimulating tryptophan, which
is precursor for IAA synthesis, and/or by inhibiting the activity of enzymes
that degrade IAA (Hu et al., 2004). Lanthanum can increase the resistance of
soybean to UVB radiation by increasing IAA and gibberellic acid content and
decreasing ABA and acetic acid oxidase activity, so as to alleviate damage to
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plants under UVB stress (Peng and Zhou, 2009). Lanthanum (III) could also
decrease the ROS content by regulating the ethylene content in the soybean
seedlings (Yang et al., 2014). According to Ciu et al. (2019) content of gibber-
ellic acid and indoleacetic acid increased while malondialdehyde and abscisic
acid contents markedly decreased upon LaCl; application in maize.

Effects of REEs on germination and growth

In plants that are propagated by seeds, growth begins by germination of
seeds. Effects of REEs on germination were established through measures of
total percent germination and speed of germination of selected crops and native
plant species (Thomas et al., 2014). However, the results of studies on the influ-
ence of REEs on seed germination are often contradictory. Seed treatment with
REEs did not affect germination and germination energy of soybean and sun-
flower seeds. Exceptions were the treated soybean seeds which exhibited a
significant increase in germination in the accelerated growth test (Zhang et al.,
1988). Fashui (2002) and Fashui et al. (2003) reported positive effects of Ce
and La on germination of aged rice seeds. Pre-soaking of Triticum durum seeds
with low concentrations of La and REEs had no effect on seed germination,
whereas higher concentrations significantly decreased seed germination
(d’Aquino et al., 2009). Ramirez-Olvera et al. (2018) reported that Ce stimu-
lated rice seed germination.

Numerous studies have established the beneficial effect of REEs on
growth. The growth and physiological activity of the roots directly affect the
growth and development of the whole plant. REEs stimulate the growth of the
root system by promoting the formation of adventitious roots and affecting cell
differentiation and root morphogenesis (Zhang et al., 2013). Seed treatment
with REEs favourably affected the accumulation of dry matter and growth of
the above-ground parts and roots of soybean, sunflower, and sugarbeet seedlings
(Zhang et al., 1988). When La(NOs); (1.0-3.0 uM) and Eu(NO;); (2.0-3.0 uM)
were added to the rooting medium of Eriobotrya japonica, rooting rate and
root fresh weight in vitro significantly increased and root elongation was pro-
moted (Zhang et al., 2013). Cerous nitrate at 1-15 mg/L promoted callus growth
and formation of adventitious roots on the stem of Dioscorea zingiberensis
(Wang et al., 2010). According to Lou et al. (2008), Nb*" significantly increased
the rooting rate of stem of Dendrobium densiflorum which was possibly in-
duced by an increase in the level of endogenous IAA. A large number of authors
did not record the beneficial effect of REEs on the vegetative growth of plants.
Diatloff et al. (2008) did not observe a favourable effect on the growth of corn
and mungbean treated with lanthanum and Ce**. According to El-Ramady, no
difference was found in the growth of 4. thaliana treated with 0.5 to 50 umol/L
Ce(NOs)s. Salgado et al. (2020) also did not observe a significant effect on the
growth of common bean when applying increasing doses of Ce(NOs);. Ap-
plication of Y in concentrations of 10, 10 or 10~ mol/L reduced shoot and
root length and total leaf area of young maize plants (Maksimovic et al., 2014).
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Hu et al. (2014) cite numerous results, primarily by Chinese authors, on the
beneficial effect of REEs on the yield of cultivated species. Based on the results
of the research on the influence of REEs on the growth and organic production
of plants, it can be concluded that it can be ineffective, stimulating or inhibi-
tory depending on the type of element, the applied concentration, the plant
species as well as on the method of their application and environmental condi-
tions. Further research is needed to gain a better insight into the mechanisms
of action of REEs on the life processes in plants and thus on their growth and
development.

CONCLUSION

Rare earth elements (REEs) are a group of chemical elements that ex-
hibit similar chemical and physical properties. They are widely distributed in
nature in low concentration. Those concentrations in the Earth’s crust are close
to 0.015%, in the parent material from 0.1 to 100 mg/kg, and in soils 30—700
mg/kg, but most often <100 mg/kg. REEs concentration in water bodies is in
the pug/L range, and in the atmosphere it is in the ng/m® range. There is no
indication that REEs might be essential for any form of life. Their effects on
plants range from growth stimulation to inhibitory effects depending on their
concentration, some ecological factors and plant species. The REEs do not
have a highly toxic effect on plants. Plants can take up REEs both through
roots and shoot parts. The intensity of uptake depends on numerous internal
factors linked to the plant species, genotype, age and on ecological conditions,
physical and chemical properties of the soil, primarily on their concentration
in the soil and its pH, as well as on the content of organic matter and the pres-
ence of some other elements. The concentration of REEs in plant organs follows
the order: roots > leaves > stems > grain. Owing to low accumulation of RREs
in the grain, the consumption of products deriving from grains may contribute
very little to the entering of REEs into food chain. In the group or individually,
REEs at certain concentrations can favorably influence certain physiological
processes of plants like enzyme activity and hormone content. In addition, they
may stimulate antioxidant systems and thereby increase the tolerance of plants
to environmental stress conditions; they can stimulate photosynthesis and
germination of seeds, or influence water relations in plants. Due to the above-
mentioned, their stimulating effect on the yield of cultivated species, as well
as their influence on the chemical composition of plant products, was record-
ed in numerous experiments. REEs are used both in medicine and as feed
additives. There are plant species called hyperaccumulators that are able to
accumulate REEs to a greater extent without adverse consequences. They can
be used for phytoremediation at REEs contaminated soils. The exploitation
and application of REEs in various areas of industry and agriculture have been
growing rapidly in recent decades, which increases the risk of their accumula-
tion in various parts of the biosphere and thereby entering the food chain. In
order to better understand the impact of REEs on the life processes of living
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organisms and thus the effect of their application in agriculture, the impact on
human and animal health and ecosystems, further fundamental research is
needed in various areas. Therefore, an increased interest of researchers lately
for this group of elements is understandable.
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MPETJIEAHU HAYYHU PA ]

EJIEMEHTU PETKMX 3EMAJbA 1 BB XOBO JEJCTBO
HA BUWJBKE — IIPETJIEAHU HAYYHU PA /[

Pynond P. KACTOPU, Msana B. MAKCUMOBUh, Mapuna U. ITY THUK-JIEJIL'h

VYuusepsurer y HoBom Cany, [TossonpuBpennu dakyirer
Tpr Hocuteja O6pamosuha 8, Hosu Cax 21000, CpOuja

PE3UME: Enementn perkux 3emasba (EP3) mupoxo cy pacnpocrpamenu y
npupoau. tbuxosa koHueHTpanuja y 3eMibHHOj Kopu n3HocH oko 0,015%. Y enemen-
T€ PEeTKHUX 3eMalba yopajajy ce CKaHAMjyM, UTPUjyM U JaHTAaHUAM (OI JaHTaHA JI0
nyTtenujyma). OHU ¢y 1O XeMHjCKUM U (pu3nuKuM ocoOnHama Beoma cianuHu. EP3
HAILUIM Cy IPUMEHY Y Pa3InYUTUM T'paHamMa IPUBPEAE, TOCEOHO y eIeKTPOMHIYCTPH]H,
MOJBONIPUBPEIN (Ka0 MUKPO-yOpHBO), MENUIIMHY U JJOAAIIIMa KPMUBY HIIA CTOYHO]
xpaHu. IbuxoBa KOHLEHTpalKja y 3eMJBHILTY Kpehe ce y mupokum rpanunama og 30
1o 700 mg/kg, najuenthe <100 mg/kg 1 3aBUCH O/ IMXOBOT TIPUCYCTBA Y MATUYHOM
CYIICTpPATY, CTPYKTYPE 3€JbHINTA, CAAPKaja OPraHCKE MaTepHje, MeJTOreHETCKHIX MPO-
1ieca ¥ akTHBHOCTH YoBeka. EP3 ce y MaiuM KOHIIGHTpaliijaMa Hajla3d y IOBPITHHCKIM
ctajahium u Tekyhum Boama, MoJ3eMHOj BOJHM Kao 1 atMocdepu. buibke Mory a ycBa-
jajy EP3 mpeko kopeHa 1 Haj3eMHUX OpraHa. IHTeH3uTeT ycBajarba 3aBUCH O]l YHY Tpa-
LIBUX YUHUIIALA, TPe CBera 0/ OMJbHE BPCTE, TEHOTUIIA U CTAPOCTH, aJId H O €KOJIO-
mKUX ycrnoBa. OcuM TOra 3aBHCH M 01l PU3MYKUX U XEMH]CKHX 0COOMHA 3€MJBHIITA,
BUXOBE KOHLEHTpPAaLHKje y 3eMJbUIITY, pH BpeaHOCTH, Kao U OJ caapiKaja OpraHcke
MarepHje U IPUCYCTBa HEKUX APYTHX eneMenara. [loctoje OnsbHe BpcTe — XunepakyMyJia-
TOPH — KOje CC OJUIMKY]y MHTCH3MBHIM HaKynsbarmbeM EP3 6e3 HeratnsHuX nocneauua.
Oxe Mory 1a ce KopucTe y Uuiby (puTopeMenujaluje 3ara)eHnx CTaHUIITa eICMEHTHMA
peTkux 3eMasba. EP3 ce y pa3nuuuToj Mepu HaKyIJbajy y I0jeANHUM OpraHuMa Ouiba-
Ka, y Hajeehoj MepH y KopeHy (KOpeH > JIMCTOBH > cTa010 > 3pHO). 3axBasbyjyhu Tome
He JocneBajy y Behoj Mepu y sanan ucxpane. Ckynuaa EP3 kao v lMXOBH 110jeMHH
€JIEMEHTH IMPH OApel)eHUM KOHIIEHTpaldjaMa U HAYMHUMA IIPUMEHE MOTY TIOBOJEHO
Jla yTU4y Ha nojeinHe (GU3N0JIoNIKe 1 OHOXEMHU]jCKE MPOoIlece, a TUME U Ha pacT Ouba-
ka. OHM MOTy J1a yTH4Yy Ha aKTUBHOCT TI0je/IMHUX CH3UMAa, CaJIpiKaj XOPMOHaA, yCBajambe
eJIeMeHara, Jia IoJCTHYy 00pa30Bame aHTHOKCHIAHTHUX CHCTeMa U THUMe Ja rosehajy
TOJIEPAHTHOCT OMJbaKa MpeMa eKOJOUIKUM CTPECHUM YCIOBUMA, MOTY Ja TOACTUYY
(oToCHHTE3Y U KJIHjarbe CEMEHa, Ja yTHYY Ha BOIHH PeXHUM OuJbKe. 3axBasbyjyhu HaBe-
JICHOM, y OPOjHHM OIJIe/IuMa je yTBijeHo MX0BO [TOBOJBHO JIEjCTBO HA MPUHOC T'ajeHUX
BpCTa, Kao U BbUXOB YTHLIA] HA XEMH]CKH cacTaB Ousbaka. Ekcrioarauuja n npumena EP3
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y Pa3IuIUTUM 00JIaCTUMA UH/TYCTPHUjE U MOJbOIPUBPEIH MOCEIHUX JICLIEHU]a HATJIO
pacre, unmMe ce noBehaBa OMacHOCT OJ1 lUXOBOT yJlaXeHa y JiaHal ucxpane. OHU cy
y nopehemy ca HEKUM TEIIKUM MeTalrMa Mambe TOKCHUHU. Ha 0CHOBY mocaianimbix
ca3Hama MOXe ce 3akJbyuuTHu na EP3 Mory ma yTudy Ha ’KUBOTHE MpOLECe JKUBUX
opraHusama, ajiu Jia Hucy HeornxojHu. [la 6u ce 6osbe pazymeo yrunaj EP3 Ha sxuBoT-
HE MPOLeCe KUBUX OPraHU3aMa U THME eekar BUXOBE IPUMEHE y TOJOIIPUBPEIH,
YTHUIIaj Ha 3paBJbe JbYAH U JKUBOTHHA M EKOCHCTEMA, TOTpeOHa cy Jasba GpyHaIaMeH-
TallHa ¥ IPUMEHCHA UCTPAKUBabha, Kako O ce 00Jbe carieao MexaHu3am BbUXOBOT
JIeJI0Bama.

KJbYUHE PEUU: eneMeHTH pETKHUX 3eMaJba, )KUBOTHA CPeArHA, OUIbKe, (hHU3UO0-
JIOIIKH MTPOLIECH, PACT
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WHEAT STRAW DELIGNIFICATION BY
Bjerkandera adusta (Willd.) P. Karst. 1879:
THE EFFECT ON ENZYMATIC HYDROLYSIS

SUMMARY: The use of lignocellulosic materials in the production of biofuels and
biochemicals holds a huge prospect since wood and agricultural residues represent the most
abundant global source of renewable biomass. However, delignification is an inevitable step
in lignocellulose pre-treatment rendering the cellulose and hemicellulose more exposed to
enzymatic saccharification. The aim of this study was to assess the potential of different
Bjerkandera adusta strains to enhance the efficiency of enzymatic saccharification of wheat
straw after solid-state culturing. Three white-rot fungal strains of Bjerkandera adusta (Willd.)
P. Karst. 1879, (BEOFB1601, BEOFB1602 and BEOFB1603) were used for partial deligni-
fication of wheat straw during solid-state cultivation. Activity of ligninolytic enzymes were
measured spectrophotometrically while wheat straw residues were used for determination
of hemicelluloses, cellulose and lignin contents. Enzymatic hydrolysis of pre-treated wheat
straw was conducted using commercial cellulase in loadings of 60 U g™ of solid substrate.
The content of reducing sugars was measured calorimetrically using 1,4-dinitrosalycilic acid.
Enzymes predominantly responsible for lignin degradation by tested fungal strains were per-
oxidases. The highest rate of lignin degradation was noticed in samples pre-treated with the strain
BEOFBI601 (42.3 + 3.7%). The highest reducing sugars yield (8.6 + 0.3 gGE L") was achieved
after enzymatic saccharification of samples pre-treated with the strain BEOFB1601, as the
most selective lignin degrader. The obtained results suggest that fungal culturing as a bio-
logical pre-treatment method can be significantly strain specific. A key mechanism which
enhances convertibility of carbohydrates is selective lignin degradation of the biomass.

KEYWORDS: Bjerkandera adusta, Ligninolytic enzymes, Wheat straw, Fungal pre-
treatment, Saccharification

INTRODUCTION

The increase in consumption and reduction of fossil fuels lead to a higher
demand for alternative renewable energy sources. Bioethanol, biogass and

* Corresponding author. E-mail: b3027 2020@stud.bio.bg.ac.rs
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several other biochemicals can be considered as a possible solution when ob-
tained from lignocellulosic residues such as rice and wheat straw, sugar cane,
bamboo, cotton stem as well as other residues from forestry, waste material
from paper industry or as a part of communal waste (Pauly and Keegstra, 2008;
Ummalyma et al., 2019).

Lignocellulosic material represents a complex of three main structural
components: lignin (10%—-24%), cellulose (40%—-60%) and hemicellulose
(20%—40%) which are interconnected into plant cell walls (Putro et al., 2016).
Therefore, the production of bioenergy from lignocellulosic biomass feedstock
requires biorefinery processing chain composed of pre-treatment, hydrolysis,
fermentation and separation. Two crucial operations in this process are delig-
nification as an inevitable step in lignocellulose pre-treatment rendering the
cellulose and hemicellulose more exposed to enzymatic saccharification, and
bioconversion from cellulose/hemicellulose into fermentable hexoses and pentoses,
then into ethanol by fermenting microorganisms (Kapsokalyvas et al., 2018).

Recently, several biorefinery concepts have been established for convert-
ing renewable biomass to ethanol, in which the pre-treatment step still remains
as physical, physico-chemical and chemical ways. These methods are not suc-
cessfully applied in the biorefinery demonstration and even considered as the
major barriers for commercialization of ethanol production from lignocellulose
biomass (Silveira et al., 2015). Biological pre-treatment method is a new concept
and deserves attention as it is safe, environmentally friendly and less energy in-
tensive (Ding et al., 2019). This approach is based on the usage of microorganisms,
such as fungi and bacteria and their extracellular enzymes (Sun and Cheng,
2002). Among them, white-rot fungi are the most important because they can
degrade all components of lignin, hemicellulose and cellulose to a lesser or
greater extent (Al-Haj Ibrahim, 2012; Sarkar et al., 2012; Rajala et al., 2015).
However, the rate of pre-treatment process and the consequent hydrolysis reac-
tion is relatively low using the biological pre-treated biomass. A great improve-
ment on biological pre-treatment method is required before it is practically used
for biorefinery process technology. Biological pre-treatment method and the
consequent hydrolysis and fermentation will create a basis for further develop-
ment of commercial production of the second-generation bioethanol from ligno-
cellulose material to achieve higher tolerance, productivity and yield (Maurya
et al., 2015). Thus, the aim of this study is to focus towards achievement of
better delignification with minimum holocellulose loss using three Bjerkandera
adusta isolates during solid state cultivation on wheat straw as carbon source.

MATERIALS AND METHODS

Organism
Cultures (three) of studied Bjerkandera adusta isolates BEOFB1601
(KP794073, 100%), BEOFB1602 (MW175891, 98.09%) and BEOFB1603
(MH605076, 100%) were obtained from the Culture collection of the Institute
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of Botany, Faculty of Biology University of Belgrade, Serbia (BEOFB) and
maintained on Malt agar medium (MA) at +4 °C. Identification of fungal isolates
was confirmed by /7S gene sequencing and the PCR amplification of this region
has been done according to Savkovi¢ et al. (2021). Gene bank accession num-
bers and homology percentages are given in brackets for each fungal isolate.

Lignocellulosic material and inoculums preparation

Wheat straw was washed with warm distilled water (t=50 °C), dried in a
heating oven at 65 °C, to constant weight, grounded in the laboratory mixer
and sieved to obtain pieces of 0.5-2.0 cm.

Fungal inoculum was prepared in synthetic medium and was incubated
in a rotary shaker as described by Knezevi¢ et al. (2017). Obtained biomass
was further used for inoculation of wheat straw.

Cultivation conditions, determination of ligninolytic enzyme activities
and polymer contents

Fungal solid-state cultivation was carried out at 25°C in 250 mL flasks
containing 6.0 g of wheat straw and 30.0 mL of the modified synthetic medium
(without glucose). Samples were harvested after 5, 10, 15 and 19 days of cul-
tivation and further used for ligninolytic enzyme extraction and determination
of enzyme activities spectrophotometrically, as described by Knezevi¢ et al.
(2017). Enzyme activity was determined for Mn-dependant peroxidises (MnP),
Mn-independent peroxidise (MnIP) and laccase (Lac). The residues were used
for determination of hemicelluloses, cellulose and lignin contents as described
by Knezevic et al. (2013).

Enzymatic hydrolysis and reducing sugars content determination

Solid phase remained after the extraction was dried in a drying oven at
65 °C to constant weight and sieved to separate fraction of 0.2—0.5 mm. Sac-
charification was carried out in flasks containing 2 g of pre-treated wheat straw
in 60 mL of acetate buffer (pH 4.8) and commercial cellulase (Cellulase from
Trichoderma reesei, C2730-50ML; Sigma-Aldrich) in loading of 60 U g of
substrate, (180 rpm, 50 °C, 72 h) as defined by Lu et al. (2012). Immediately
after hydrolysis, samples were immersed in boiling water for 5 min to inactivate
the enzymes and were further used for determination of reducing sugar content
calorimetrically, using 1,4-dinitrosalycilic acid, according to the method of
Miller (1959). Reducing sugars were expressed as g of glucose equivalent (gGE)
per L of hydrolysate, using equation of calibration curve for glucose.

Chemical pre-treatment of wheat straw, as a positive control, was performed
with 1% (w/v) NaOH at 121 °C for 90 min and the solid phase was further used
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for enzymatic hydrolysis Han et al. (2012). Autoclaved untreated wheat straw
was used as a negative control.

Statistical analyses

The assays were carried out in three replicates and results are expressed
as mean =+ standard error. One-way analysis of variance (ANOVA) was per-
formed to test any significant differences among means and statistical sig-
nificance was declared at p < 0.01.

RESULTS AND DISCUSSION

During 19 days of solid-state cultivation on wheat straw as substrate, all
the tested Bjerkandera adusta isolates demonstrated ability to produce ligni-
nolytic enzymes at various levels, depending on the period of cultivation and
studied isolate (Figure 1). Isolate B. adusta BEOFB1601 exhibited continuously
high ligninolytic enzyme activity during studied period of cultivation, in com-
parison with two other strains. The highest level of MnP activity was detected
in B. adusta BEOFB1601 (1678.5 + 102.2 UL™) after ten days of cultivation
while the highest level of MnIP activity was noticed in B. adusta BEOFB1603
(1305.0 £ 164.7 UL™") after 19 days of cultivation on wheat straw. The maximum
of laccase activity was noticed in B. adusta BEOFB1602 (1023.9 = 247.49 UL™)
after 19 days of cultivation (Figure 1).

The lowest potential of MnP and MnlIP production characterized B. adusta
BEOFBI1602 while the weakest producer of laccase was B. adusta BEOFB1603.

Although it has been shown that Bjerkandera adusta is a good producer
of ligninolytic enzymes, many factors affect its synthesis and the activity, such
as type of ligninolytic material, nutrient composition, culturing conditions, type
of strain etc. (Gomez et al., 2012; Fang, 2013; Rodriguez-Couto, 2017). Rodriguez-
Couto (2017) points out that the ability of enzyme production varies between
different strains of the same species under the same conditions, as it was shown
in this study. The weak laccase activity of B. adusta during cultivation on
lignocellulosic substrate was also documented in previous studies (Dinis et al.,
2009). Based on the values of Mn-oxidizing peroxidases in this study, ranged
between 6001600 UL, all studied strains can be characterized as good per-
oxidase producers, that was in accordance with results of Sanchez (2009) and
Pinto et al. (2012).

The contents of three main polymers in wheat straw used for fungal cul-
tivation were as follows: lignin (9.0 & 0.4%), hemicelluloses (32.8 = 0.6%) and
cellulose (47.6 + 1.1%), and proportions for all of them in pretreated samples
varied after 19 days of fungal culturing (Table 1). Delignification occurred
continuously during fungal culturing, with the highest delignification rates
after 19 days, in all tested isolates. The same trend was observed for hemicel-
luloses and cellulose. The highest lignin degradation was noticed after pretreatment
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with B. adusta BEOFB1601 (47.9 + 0.5%) still keeping the loss of hemicellu-
loses (41.9 £ 0.9%) and cellulose (34.3 + 1.1%) at the lowest level comparing
to other two strains (Table 1).

Unlike biological pretreatment, chemical pretreatment with NaOH was
significantly more efficient in lignin removal (57.1 + 0.9%) but the loss of
hemicellulose was very high (68.8 + 0.5%). The minimal loss of cellulose was
achieved after pretreatment with NaOH (6.0 £ 0.7%).

Table 2. Effect of biological pretreatment with Bjerkandera adusta isolates on degradation
of wheat straw polymers

Species/ Code of Per‘iod .of ToFal dry matter Degraded fibers (%)
Sample strain cultivation  weight loss after Lignin Hemi- Cellulose
(day) pretreatment (%) cellulose

5 9.6+0.2 209+13 126+15 19.8+0.8
BEOFB1601 10 16.0+0.5 267+19 298+15 346+15
15 19.6 £ 0.6 373+£22 403+33 349+13
19 20.0+£0.5 479+05 419+09 343+1.1
5 11,4+ 1,6 75+1,9 37,5+1,7 9,9+ 1,7
Bjerkandera 10 17,8 £ 0,4 12,6 1,8 48,1+£1,0 16,9+ 1,1
adusta BEOFBI602 15 21,1+ 1,6 3714£2,5 395462 36,1+19
19 26,6 £0,5 373+4,3 50,8+1,0 375+1,2
5 10,1 £ 0,9 37+09 400+3,0 83+14
10 16,9 + 0,4 162+14 464423 17,1+1,0
BEOFBI603 15 21,7405 183+ 1,1 37,5423 34,5+0,0
19 257+0,8 248+29 478414 349+18

Untreated wheat straw — — — — —
NaOH pretreated wheat - 360400 571409 688405 6.0+07

Results of this study showed that tested B. adusta isolates were good lignin
degraders but the selectivity of lignin degradation was lower than in chemical
pretreatment. Previous researches showed that the selection of species and
strains that degrade lignin selectively can be performed in order to keep holo-
cellulose at the low level of degradation (Nazarpour et al., 2013). Dinis et al. (2009)
in their work indicated that different white rot fungal species can degrade lignin
between 2% and 65% during cultivation. Similar results to these, with slightly
increased cellulose degradation in wheat straw using B. adusta, were obtained in
study of Salvachua et al. (2011). Finally, Fernandes et al. (2020) clearly demon-
strated high delignification capacity of B. adusta correlated with enzyme activity.

Enzymatic hydrolysis of wheat straw samples showed that the concentra-
tion of released reducing sugars increased during the period of hydrolysis, with
maximum values recorded after 72 h (Figure 2).

The concentration of reducing sugars after hydrolysis of untreated wheat
straw as a control sample was 6.0 = 0.1 g L, at the end of the reaction. Com-
paring to this, samples pretreated with B. adusta BEOFB1602 and B. adusta
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BEOFBI1603 isolates released lower amounts of reducing sugars, 1.2 and 2.9
gGE L™, respectively. However, the amount of released sugars after enzymatic
hydrolysis of samples pretreated with B. adusta BEOFB1601 was higher than
in the control (8.5 + 0.1 gGE L), which clearly suggests that the highest del-
ignification rate and relatively lower holocellulose loss is directly correlated with
more efficient hydrolysis process. Comparing to this, chemical pretreatment
of wheat straw was the most beneficiary for the level of sugars release (18.2 &
0.2 gGE L™).

Enzymatic saccharification was directly affected by fungal pre-treatment
and studied fungal isolates exhibited low effectiveness in increasing sacchar-
ification, except in the case of B. adusta BEOFB1601. This probably happened
due to different physiological response of strains (Viniegra-Gonzalez et al.,
2003). However, the positive effect of pre-treatment with white-rot fungi has
been observed by other authors (Dias et al., 2010; Pinto et al., 2012). The ex-
planation for the increased hydrolysis yields after fungal delignification is a
better accessibility of polysaccharides. One of the reasons for more successful
saccharification after chemical pretreatment could be the partial holocellulose
consumption during fungal culturing on lignocellulosic substrate (Salvachta
et al., 2011).

CONCLUSION

Result showed that fungal culturing as a biological pretreatment can be
effective in terms of higher sugar yields released during enzymatic sacchari-
fication of wheat straw, compared with untreated samples. This process is strain
specific and with lower efficiency in comparison with chemical pretreatment.
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OPUTUHAJIHU HAYYHU PA{

JEJINTHUOUKALIMIA IIIIEHUYHE CJIAME U30JIATUMA
Bjerkandera adusta: EOEKAT IIPETPETMAHA
HA EH3UMCKY XUAPOJIN3Y

Wgana 3. BPOKNH, Anexkcangap 3. KHEXEBUA,
XKeswxo JI. CABKOBUR, Jenena 5. BYKOJEBUR|

VYuusep3urer y beorpany, buonomku daxynrer,
TakoBcka 43, beorpaxa 11000, Cpouja

PE3MME: Ynorpe6a JIMTHOLETYIO3HUX CHPOBUHA Yy TPOU3BOH OUOTOpHBA 1
XEMHKaJIHja IpyKa BEINKY MEPCIIEKTHBY, TOIITO APBO U MOJHOIPUBPEIHH 0TI Ha [JIO-
0aJTHOM HUBOY MPECTaBIbajy HAj3aCTYIIJbEHUjH H3BOP OOHOBIbMBE OMoMace. Mehytum,
JISNTUTHU(PUKALIM]a TPECTaBIba HEM30EKaH KOPAK y PETPEeTMaHy JIMTHOIEITYJI03€,
YHMe ce IIOCTHXKEe 00Jba TOCTYIHOCT LIENTYJI03€ U XEMHILIENYJI03€ IpoLiecuMa eH3UMCKe
caxapudukanuje. [{nsb oBor ucTpaxkuBama Oua je mpoleHa MOTeHIKjata pa3InIuTHX
usonara Bjerkandera adusta ja no6ossiajy epuKaCHOCT CH3UMCKe caxapudukanuje
IIICHHYHE CllaMe HAKOH KYITHBALKje y YBPCTUM yciioBuMa. sonaru Bjerkandera
adusta (BEOFB1601, BEOFB1602 u BEOFB1603) xopuuthenu cy 3a napuujajisy Jeiaur-
HU(UKAIH]y MIIICHAYHE CJIAME Y TOKY YBPCTE KYJITHBAIH]je. AKTHBHOCT JTUTHHHOJIHUTHY-
KHX eH3HMMa je onipejuBaHa criekTpo(hOTOMETPH]CKH, JIOK CY 32 MEPEH-E caJipiKaja XeMHU-
IeITyJI03€, [eNTyI03€¢ U JINTHIHA KOPUITNeHN OCTay MIICHUIHE cIaMe. 3a CH3UMCKY
XHJIPOIIH3Y IPETPETUPAHE MIICHITHE Cllame kopuirheHa je KomeplmjaiHa neryinas3a
y konnentpanujama og 60 U g uspctor cyncrpara. Caapskaj penykyjyhux mehepa
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oapehuBaH je KonopuMeTpHjckH, ynorpedbom 1,4-nuHUTpOocanuimine kucenune. Kox
TECTHpaHMX U30JIaTa IJbUBa MEPOKCHIa3e cy Onie TOMUHAHTHO 3acy’KHE 3a pa3rpa-
wy nmurauHa. Hajseha croma nerpanaiyje nuranna 3a0enexeHa je y y3opiuma TpeTH-
panum u3onarom BEOFB1601 (47,9 + 0,5%). Hajsehu npunoc peaykyjyhux mehepa
(8,6 0,3 gGE L) mocTuruyT je HakoH eH3uMcKe caxapuukaluje y3opaka TpeTupa-
Hux n3oiarom BEOFB1601, xoju je 610 HajceleKTUBHU]U Y pa3rpadmby JUrHuHA. J{o-
OujeHn pe3yaTaru yKasyjy Ha TO Jia je KyJTHBaIHja IbHBa, Ka0 METOJ OHMOJIOIKOT TTpe-
TpeTMaHa, yCIoBJbeHa KopulitheHnM u3os1aroM. KibyuHu MexaHW3aM Koju noBehapa
KOHBEP3HUjy YIIbeHUX XHUJpaTa U3 OMoMace je CeIeKTHBHA pa3rpaliiba JINTHUHA.

KJbYUHE PEYU: Bjerkandera adusta, TATHUHOJIUTHYKYA CH3UMH, MMIICHAYHA
cllama, mpeTpeTMaH ribuBama, caxapudukaimja
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PHOTOLYSIS OF FUMONISIN B, UNDER SIMULATED
SOLAR IRRADIATION IN AQUATIC ENVIRONMENT

ABSTRACT: Given that the presence of fumonisin as a potentially carcinogenic com-
pound in the aqueous medium was confirmed, it is very important to find a method for its
effective removal. In this study, the degradation efficiency of fumonisins in aqueous media
was investigated by direct and indirect photolysis under simulated solar irradiation (SSI).
The initial pH value had a significant effect on the kinetics of fumonisin B, (FB;) degrada-
tion, with the highest efficacy observed at pH 4.0 (88%), and the lowest at pH 10.0 (21%)
during the 180 min of irradiation. Under these experimental conditions, FB, photolysis in
the first degradation period follows pseudo-first-order kinetics. In comparison to direct
photolysis, indirect photolysis using H,O, had an inhibitory effect on the degradation of FB;.
Namely, 24% of FB, was degraded during 180 min of irradiation at pH 8.0, while 74% was
degraded by direct photolysis for the same period of time. In the case of the application of
indirect photolysis using S,03™ at pH 4.0, the degradation efficiency of FB, (91%) was
similar as in the case of direct photolysis (88%), at the same pH, as well as for the same
period of time. Considering the degradation efficiency, it was concluded that in both cases
only direct photolysis was performed, probably because SSI does not contain suitable wave-
lengths for sulfate radical (SO;) formation. Based on this, we can conclude that direct
photolysis at pH 4.0 is practically the most suitable treatment for FB; removal under SSI.

KEYWORDS: advanced oxidative processes, mycotoxins, photodegradation, water

INTRODUCTION

The B-series fumonisins produced by Fusarium verticillioides and Fusari-
um proliferatum, cause different toxicological effects in both humans and
animals (Soriano and Dragacci, 2004). Consumption of feed contaminated with

* Corresponding author. E-mail: ivana.dabic@yahoo.com
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fumonisins causes a number of mycotoxicoses, including leukoencephalomala-
cia in horses (Gelderblom et al., 1988), pulmonary oedema in pigs (Harrison
et al., 1990; Haschek et al., 2001) and exhibits cytotoxic and nephrotoxic effects
(Gelderblom et al., 1988). Fumonisins, due to their high structural similarity
to sphingosine and sphinganine, affect sphingolipid metabolism by inhibiting
the key enzyme ceramide synthase during sphingolipid biosynthesis (Norred
et al., 1997; Solfrizzo et al., 2004). The structural formula of fumonisin B,
(FBy) is shown in Figure 1. Although FBs are soluble in water, research on their
presence in natural water samples is rare. According to literary data, the pos-
sibility of fumonisins production in the water matrix was confirmed (Oliveira
et al., 2018), as well as their presence in different types of water (Waskiewicz
et al., 2015). Waskiewicz et al. (2015) were the first to report results on the pres-
ence of FB, in various aquatic systems. The highest concentration of FB, was
detected in the postharvest season (September to October) at 48.2 ng/dm?, and
the lowest in winter and spring at 21.9 ng/dm’. FB, and FB; in water samples
were not detected.

CH, OH NH,

X
O
O i

N ©

0
HO

Figure 1. Structural formula of fumonisin B,

Previous studies on mycotoxins have mainly focused on their production
and presence in cereals (Streit et al., 2013; Fromme et al., 2016). Recently, more
attention is addressed to studying fungi in drinking water, where mycotoxins
and their metabolites have been increasingly regarded as hazardous pollutants,
changing its taste and smell (Hedayati et al., 2007; Al-gabr et al., 2014). In the
field of improving water treatment, advanced oxidative processes (AOPs) have
been developed for the degradation of organic pollutants (Chiron et al., 2000).
Several AOPs methods were used to remove mycotoxins from the aquatic
environment: direct photolysis, photocatalysis using simulated solar and UV
radiation, photolysis using pulsed and y-radiation and electrochemical oxidation
(Abramovic et al., 2017; Jevti¢, 2022).
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Solar irradiation is ecologically and economically acceptable method for
the removal of pollutants (Tawfik et al., 2022). The study of the efficiency of
solar irradiation in laboratory conditions is usually performed using different
types of simulated solar sources. Solar degradation may occur either by direct
or indirect photolysis (Emidio et al., 2017). Direct photolysis occurs when the
pollutant directly absorbs photons of a certain energy simulated solar irradia-
tion (SSI), causing its degradation (Chowdhury et al., 2010). Furthermore, the
application of SSI may lead to self-sensitization via reactive oxygen species
(ROS) (Ma et al., 2014). Namely, it was reported that certain organic pollutants
absorbed photons and transferred energy as electrons to other chemicals (i.e.,
0,) with the formation of ROS, which subsequently oxidized and degraded the
pollutants. On the other hand, indirect photolysis occurs via light absorption by
photosensitizers, some of the most important being dissolved organic matter
nitrate/nitrite ions, and Fe(II1)/Fe(Il)-organic substance complexes and humic
acid (Zhan, 2009; Zhang et al., 2022; Yang et al., 2022). These compounds pass
into an excited state by absorbing SSI and then generate free radicals that
further degrade pollutants (Chowdhury et al., 2010).

This paper focuses on the removal of FB, from the aquatic environment
using SSI. The aim of the present study was to investigate the efficiency of
direct and indirect photolysis in the degradation of FB, in an aqueous medium.
The influence of initial pH on the photodegradation efficiency was investi-
gated. Even though, according to previous research, fumonisins were found in
waters in small quantities, long-term exposure can negatively affect human
health. To the best of our knowledge, this is the first study of the photochemical
behavior of FB, in an aquatic environment under SSI.

MATERIALS AND METHODS

Chemicals and solutions

A stock solution of FB, was prepared by dissolving 1 mg of solid FB;
(approx. 98% TLC, Sigma-Aldrich, St. Louis, MO, USA F1147, from F. monili-
forme) in 100 cm® of ultrapure water at a concentration of 100 pg/cm?. Working
solutions were prepared by dilution of the toxin stock solutions with ultrapure
water to a concentration of 1.39x107¢ mol/dm? for FB,. This aqueous solution
of FB, was found to be stable for more than 500 days in the dark at a tem-
perature from 4 °C to 8 °C (Jevtic et al., 2021). Methanol (HPLC gradient grade,
Fisher Scientific, Merelbeke, Belgium) and 0.1 mol/dm® NaH,PO, (extra pure,
Merck KGaA, Darmstadt, Germany) were used as components of the mobile
phase, where the pH 3.35 was adjusted with H;PO, (p.a., Centrohem, Stara
Pazova, Serbia). To prepare the derivatization agent, o-phthaldialdehyde (OPA;
min. 99%, Sigma-Aldrich, St. Louis, MO, USA), 0.1 mol/dm?® Na,B,0- (p.a.,
Zorka, Sabac, Serbia), and 2-mercaptoethanol (MCE; min 99%, Serva, Haidel-
berg, Germany) were used. H,O, (30%, p.a., Sigma-Aldrich, St. Louis, MO,
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USA) and (NH,4),S,05 (= 95%, Merck-Alkaloid, Skopje, North Macedonia) were
also used. The solutions used to adjust the pH of the irradiation solution were
obtained by dilution of 70% HCIO4 (99.999% trace metals basis, Merck-Alka-
loid, Skopje, North Macedonia), and 30% NaOH (suprapur, Sigma-Aldrich, St.
Louis, MO, USA). All chemicals were used without further purification.

Photodegradation and analytical procedures

Degradation of FB; was performed in a photochemical cell (total volume
about 40 cm?, liquid layer thickness 35 mm) with a plain window on which the
light beam was focused (Abramovi¢ et al., 2011). In order to examine the ef-
ficiency of the indirect photolysis process, as well as the influence of H,0,
and S,0% " on the efficiency of fumonisins degradation, an appropriate volume
of H,O,/(NH,4),S,0g solution was added to the reaction mixture. The photo-
chemical cell was placed on a magnetic stirrer (with continuous stirring in a
stream of O,, 3.0 cm*/min) and thermostated at 25.0 = 0.5 °C. As a source of
solar radiation, we used a halogen lamp (Philips, Amsterdam, Netherlands, 50 W)
intensity 63.85 mW/cm? in the visible area and 0.22 mW/cm? in the UV area.
The radiation energy fluxes were measured using a Delta Ohm HD 2102.2 (Pa-
dova, Italy) radiometer fitted with the LP 471 UV (spectral range 315-400 nm)
and LP 471 RAD (spectral range 400—1,050 nm) sensors.

To adjust the pH values, the aqueous solution of NaOH or HCIO4 (0.10
mol/dm?) was added before photodegradation. Changes in the pH during the
degradation were monitored by using a combined glass electrode (pH-Electrode
SenTix 20, WTW, Thermo Fisher Scientific, MA, USA) connected to the
pH-meter (pH/Cond 340i, WTW).

Aliquots of the reaction mixture (0.4 cm®, allowed volume change up to
10%) were taken before the start of irradiation and at certain time intervals
during irradiation to monitor the photodegradation kinetics of FB; by liquid
chromatography with fluorescence detection (HPLC—FLD). For fumonisin
derivatization prior to HPLC-FLD determination, an aliquot of 0.1 cm? of the
reaction mixture was mixed with 0.1 cm® of OPA-MCE reagent, at room tem-
perature, with stirring for 1 min. The derivatized solution was filtered through
a PTFE syringe filter (ESF-PT-04-022; 0.22 um; 4 mm; Kinesis Ltd. Cam-
bridgeshire, UK) directly into a 200 pl insert vial (Supelco, Bellefonte, USA).
Ten pl of the derivatized solution were injected into the HPLC—FLD system.
Use was made of an HPLC Dionex UltiMate 3000 Series system with a FLD
3100 (Thermo Scientific, Germany), consisting of an autosampler WPS-3000,
degasser, quaternary pump, and Hypersil GOLD column (150%3 mm, particle
size 3 pm). The system was controlled by Chromeleon® 7 software (Thermo
Scientific). The mobile phase was MeOH—0.1 mol/dm? NaH,PO, (75+25, v/v)
adjusted to the pH 3.35 with H;PO, (Jaksi¢ et al., 2015).
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The calibration curve for determining of FB, concentration during pho-
todegradation is shown in Figure 2 together with the straight-line equation. As
can be seen, the correlation coefficient was 0.998.

5%10° To = (Poak area - 2895.9)/ 2221266
1r=0.998
4x10°7
© ]
o 5]
s 3x10
~ 4
©
$ 2x10°7
1x10°7]

0 T T T T T T T T
0.0 0.5 1.0 1.5 2.0
Concentration FB, (ng/cm®)

Figure 2. Calibration curve for the determination of the OPA derivative of FB; by
the HPLC—FLD method and the straight-line equation. Mobile phase composition:
MeOH—0.1 mol/dm?® NaH,PO, (77:23, v/v), pH 3.35; flow rate 0.8 cm*/min.

RESULTS AND DISCUSSION

Figure 3 shows the chromatograms obtained during the photolysis of FB,
for the first 180 min irradiation using SSI at pH 4.0. As can be seen, the applica-
tion of this treatment results in the degradation of FB,, but even after 180 min
of irradiation, the degradation of FB, was not complete.

The effect of initial pH on the rate of FB, degradation using SSI was
examined at pH 4.0; 8.0, and 10.0 (Figure 4). Examining the effect of pH in the
interval from 4.0 to 10.0 on the photolysis efficiency of FBy, the highest effi-
ciency was observed at pH 4.0, while the lowest was at pH 10.0. At pH 4.0 and
8.0, the values of the apparent first-order degradation rate constants were 0.011
and 0.007 min™, respectively, with a correlation coefficient higher than 0.99 for
the first 60 min of irradiation in both cases. The apparent first-order degrada-
tion rate constant decreased significantly at pH 10.0 and was 0.0009 min™,
while the linear correlation coefficient was 0.959. The change in pH value was
also monitored during the direct photolysis of FB; and it was found that the
pH had no significant changes, except at pH 10.0, when the pH value decreased
by about one pH unit during 180 min of irradiation.
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Figure 4. Effect of initial pH on the efficiency of direct photolysis of FB; using SSI:
1) pH 4.0; 2) pH 8.0; 3) pH 10.0.

To test the effectiveness of SSI/H,0, treatment, 0.278 mmol/dm?® concen-
tration of H,O, solution was used, since this concentration proved to be optimal
under UV radiation (Jevti¢ et al., 2021). To simulate natural conditions, the pH
value used in this treatment was about 8.0, which is usually the pH of natural
waters. Figure 5 shows the kinetic curves of direct photolysis of FB, (curves 1
and 2) as well as indirect photolysis with the addition of H,O, (curve 3) and
S,0%" (curve 4) obtained using SSI. As can be seen, in the presence of H,0,,
the efficiency of FB; degradation was lower compared to direct photolysis.
Namely, 74% of FB, was degraded in 180 min by direct photolysis, while with
the addition of H,O, only 24% of this fumonisin was degraded. The inhibi-
tory effect of the presence of H,O, on the efficiency of FB, degradation was
unexpected. Since UV/S,03 treatment has been shown to be very | effective in
the degradation of FB; (Jevti¢ et al., 2021), the efflcacy of SS1/S,03 treatment
with the addition of optimal concentration of S,03 was also examined (0.140
mmol/dm?; Figure 5, curve 4). By comparing the obtained results, it can be
concluded that the degradatlon efficiency was higher at pH 4.0, regardless of
whether it was direct (Figure 5, curve 2) or indirect (Figure 5, curve 4) pho-
toly51s Efficiency of indirect phot01y81s was slightly higher in the presence of
S,0% (Figure 5, curves 3 and 4). During the first 30 min, the same percentage
of degradation was observed (about 25%), and after 180 min of irradiation the
difference in efficiency was very low (3%). Namely, after 180 min of irradia-
tion in direct photolysis using SSI at pH 4.0, 88% of FB, was degraded, while
using SSI/S,05 treatment efficiency was 91% (Figure 5, curves 2 and 4). When
comparing direct and indirect photolysis, SSI/H,0O, treatment proved to be the
least effective (Figure 5, curve 3). The obtained results of indirect photolysis
were expected, since H202, and S,03" were not subject to photolysis in the
visible part of the spectrum, and in both cases only direct photolysis was per-
formed because SSI did not have the appropriate wavelengths that would lead
to the formation of radicals.
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Figure 5. Effect of different treatments on the degradation efficiency of
FB; (1.39x107° mol/dm?): 1) SSI, pH 8.0; 2) SSI, pH 4.0; 3) SSI/H,0,,
c(H,0,) = 0.278 mmol/dm?, pH 8.0; 4) SSI/S,08", ¢(S,08") = 0.140 mmol/dm?, pH 4.0.

CONCLUSION

Given the potential danger of fumonisins presence in water, it is very
important to pay attention to the development of methods for their removal.
AOPs have proven to be efficient processes for the purification of waters that
contain pollutants, most often with their complete mineralization. Based on
the obtained results, we can conclude that FB, is most efficiently degraded
using SSI at the pH 4.0 during the indirect (SSI/S,03") or direct photolysis.
The obtained results can be significant for the development of technological
methods for water purification from fumonisins as possibly carcinogenic con-
taminants. Moreover, these results allow us to conclude that degradation by
solar irradiation can be possible way of removal of FB, in natural waters.
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OPUTUHAJIHU HAYYHU PA{

OOTOJIM3A ®YMOHU3NHA b, IIOMORhY CUMVYJIMPAHOI
CYHYEBOI 3PAYHEBA Y BOAEHOJ CPEIUHU

Wgana JI. JEBTUR!, busana ®. ABPAMOBHR!, Mapua M. CABAHOBUR',
Cannpa M. JAKIIINR?

"'Vuusepsurer y Hosom Cany, [Ipupoano-mateMaTuuku haxysiTer,
JlemapTMaH 3a xeMujy, OMOXeMH]y U 3aIUTUTY KUBOTHE CPEIHHE,
T}gr JHocureja O6panosuha 3, Hosu Cax 21000, Cpouja
Hayunu unCTUTYT 3a BeTepuHapcTso ,,HoBu Can”,
Pymenauku myT 20, HoBu Caz 21000, Cpouja

CAXETAK: IlojaBa ¢hyMOHM3MHA Y BOJICHO] CPEAMHU MTPECTaBIba aKTYEITHU ITPO-
Onem 3aralema xuBoTHE cpenuHe. DyMOHU3MHU y BOACHY CPEAMHY MOTY AOCIIETH
CIIMPAaBEM ca KOHTAMUHHUPAHUX J)KUTAPHILIA Y MIOJBY, @ MOTY UX ITPOIYKOBATH U TLIICCHU
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Yy BOJIeHOM MaTpHKey. [lowmro ¢y pyMOHU3HHY CTAOUIIHU y BOACHOM PACTBOPY, BajKHO
Je nponahu HajeuKacHuje METOZE 3a BUXOBO yKIamae. Hanpeanu npouecn okcya-
Lyje MMajy IMPOKY NpuMeHy y npeuninhasary BoAa Koje caapke opratcke 3arabyjyhe
MaTepuje jep yIJIaBHOM J0BOJE /10 BbUXOBE IIOTIYHe MUHEpaIu3anuje. ¥ oBoj CTyauju,
e(uKacHOCT pa3rpaime GyMOHU3MHA Y BOACHO] CPEINHU je HCIUTUBAHA TUPEKTHOM
Y UHJUPEKTHOM (OTOJIM30M TIOMOhy cuMyupaHor cyH4eBor 3pauema (CC3). [ToueTna
pH-BpeaHOCT MMana je 3Ha4YajaH yTUIa) Ha KHHETHUKY pasrpaime pymonusuna by (Ob)),
rpu uemy je Hajeeha eukacuoct 3abenexxena npu pH 4,0 (88%), a najumka ipu pH 10,0
(21%) ToxoMm 180 MuUHYTa 03padyrBarma. Y OBUM CKCIICPUMEHTATHUM YCIOBUMA, (POTO-
n3a OB, y mpBoM neproy pasrpaamke IpaTi KHHETHKY MICEyI0-TIPBOT pea. Y mope-
hemwy ca qupexTHOM (HOTOIU30M, HHAMPEKTHA PoTonu3a y3 nogarak H,O, umana je
MHXHOUTOPCKU edekar Ha pasrpanmwy Ob,. Haume, nmpu pH 8,0 cBera 24% DB, je pas-
rpaheno TokoM 180 MuHyTa 03paunBarba, 10K je AMPEKTHOM (POTOIN30M 32 HCTO BpeMe
pasrpalheno 74% 0BOI' MMKOTOKCHHA. ¥ Clly4ajy NPUMEHE HHAMPEKTHE GoTonn3e y3
nonarax S,03 nipu pH 4,0, eduxacnoct pasrpaame OB, (91%) je ciudna Kao y ciiyuajy
JOUpPEKTHE OoToNn3e (88%) npu uctoM pH u 3a ucto Bpeme o3paunBama. C 003upom
Ha e()MKACHOCT pas3rpalibe, 3aKJbyUeHO je 1a ce y 00a cilydaja BPIIU IPAKTHYHO CAMO
qupekTHa (otonusa, BepoBaTHo 3ato mto CC3 He canpku oarosapajyhe tajgacHe jiy-
x)uHe 3a hopmupame cyidarHor pagukaia (SO; ). Ha ocHOBY oBora Moe ce 3aKJbyYH-
TH J1a je qupekTHa ¢oTtonnsa Ha pH 4,0 mpakTHUHO HAJIIOrOIHU]U TPETMaH 3a YKJIabhamhe
@b, nprmvenom CC3, mako je u ipu pH 8,0 eprkacHocT 3anoBospaBajyha 6e3 morpebe 3a
nozeraBareM pH. JloOnjern pe3ynTaTti Mory OUTH 3HAaUajHH 32 PA3B0j TEXHOIOMIKIX
MeToa 3a npeunirhasame Boga o1 pyMOHN3MHA Ka0 MOIyhuX KaHLEpOreHuX 3ara-
hyjyhnx marepuja koje MOry OMTH IPHCYTHE y BOJCHO] CPEAHHH.

KJbYYHE PEYU: Hanpeaau nporecH OKCHAAIHje, MUKOTOKCHHH, (hOoTOpas3rpa-
Ba, Boja
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