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Abstract
The meadow violet (Viola pumila Chaix) is an endangered species which is regionally extinct in many 
European countries. This is a stenobiontic species with a very limited distribution in Bulgaria. Only a 
few populations have been detected, and they consist of several tens to several hundreds of specimens. 
The meadow violet has limited reproductive abilities and weak competitiveness. The species is exposed to 
various anthropogenic threats, as the most significant of them are related to ploughing, conversion of the 
mesophilic meadows into arable lands, changes in the water regime of the habitats, the expansion of highly 
competitive species from the group of tufted cereal grasses and infrastructure construction. To date, infor-
mation concerning the relocation of rare and endangered plant species in Bulgaria is rather scarce. In the 
present study we provide a protocol on our activities during a successful establishment of a new locality as 
part of our effort to successfully relocate one particular population of the meadow violet. The observations 
made after the relocation of the species over a two-year period (2020 and 2021) provided data on the suc-
cessful relocation, and the creation of a new locality for the species. We discuss the conservation measures 
needed for this rare and endangered species, and efforts to increase its population, as well as the measures 
needed for effective management of the habitats of V. pumila (mainly 6510 “Lowland hay meadows”).
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Introduction

The extinction of plant species is a well-recognized global problem. In the last 250 
years about 571 plant species have become extinct (Humphreys et al. 2019) and that 
means that two or three plant species have been lost every year. The extinction of one 
particular plant species may directly impact other related organisms and even entire 
ecosystems (GBIF 2021). In recent decades, some plant species registered a dramatic 
decline in their population numbers. Several taxonomically closely related species of 
the genus Viola L. fall into this category: V. elatior Fr.,V. pumila Chaix and V. persici-
folia Roth (= V. stagnina Kit.). These species are among the most endangered plants in 
Central Europe (Eckstein et al. 2006; Holzel 2003). Due to the loss of suitable habi-
tats or changes in their hydrological regime, these species have become extremely rare 
(Korneck et al. 1996) and are the subject of restoration programs in several European 
countries (Pullin and Woodell 1987). The meadow violet is suffering a severe decline 
in Europe. Reports attest to a diminishing number of this species (Eckstein et al. 2006) 
and this is the reason why the species is included in the red lists of several European 
countries: Switzerland (Info flora); Czech Republic (Grulich 2012); Italy (Buldrini and 
Dallai 2011) and also Bulgaria (Petrova and Vladimirov 2009).

V. pumila is a hemicryptophyt, in which the regenerative buds are located below 
the soil surface. The species is a representative of the spring ephemeroids and begins 
its growth in the early spring. It develops in a short time, but only by favorable soil 
moisture and scant competition for light by the syntopic species. According to Eck-
stein et al. (2006), V. pumila has a special type of life cycle and reproduction. The 
mechanisms of distribution of the species were not well studied. Pollination takes place 
in the flowers, but that mechanism has not been understood to date. Most likely, the 
species is a self-pollination (cleistogamic) plant, which is characteristic of members of 
the Violaceae family. This violet is a myrmecochor plant – ants are partially responsible 
for dispersal of the seeds, which is indicated by the presence of elaismosom in the seeds. 
During cracking, the seed boxes shoot the seeds at a distance of up to 1.19 m. In the 
soil, the scattered seeds are located in the 5 cm soil layer, where they undergo a period 
of stratification before beginning their active life cycle. The end of the growing season 
of V. pumila is in autumn, when the above ground parts of the plant dry out and the 
plant prepares for overwintering.

V. pumila has a Eurasian-continental distribution in the temperate climate zone 
(Buldrini et al. 2013). Populations of the species have been registered in Western Eu-
rope (Aeschiman and Burdet 1994), Central Europe (Danihelka et al. 2009) as well as 
in Eastern Europe (Gejdeman 1986). In Bulgaria, the species was considered extinct 
for a prolonged period, however, in the 1990s, the species was rediscovered by Andreev 
(1993). There were six known localities of the species, however two of them have disap-
peared in recent years (Apostolova and Meshinev 2015). In Bulgaria, the species can be 
found at altitudes between 500 and 1000 a.s.l. Currently, the largest populations are 
located around the villages of Kokalyane and Tsraklevtsi, as well as in the vicinity of 
Aldomirovsko and the Dragoman marshes (Apostolova and Meshinev 2015).
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In the case of our study, a population of the meadow violet was threatened with 
direct annihilation during the construction of a motorway. The situation demanded 
fast and precise actions for localization of a possible new habitat, selection of relocation 
tactics and procedures for transporting and planting the violets, as well as developing 
a plan for sustaining the new local populations. Our activities resulted in a successful 
relocation of one particular population of V. pumila. To our knowledge this is the first 
successful establishment of a new locality following the relocation of an endangered 
plant species on the territory of Bulgaria. We discuss the necessary conservation meas-
ures for the habitat of V. pumila (mainly 6510 “Lowland hay meadows”).

Materials and methods

The most complete morphological description of the species V. pumila was provided 
by Eckstein et al. (2006) and from Buldrini and Dallai (2011). The species is a peren-
nial herbaceous plant, with a rhizome up to 30 cm long and a root thickness of 0.5 to 
1 cm. The stem is erected, with a height of between 5 and 20 cm. The leaves have 0.3 
to 0.6 mm long hairs; the leaf length is 2–6 cm and their width is 1–2 cm; the edges 
are shallowly serrated. The flower stalks are 5–10 cm long, the petals are purple at the 
beginning of flowering and later they become pale purple to whitish, with cilia at the 
base and 3–5 dark longitudinal lines. The fruit box is elongated, with yellow to brown 
coloration with a 10 mm length and width of 6–7 mm. One box may contain 24 seeds 
which are brownish and about 1 mm in length. Flowering occurs in the period April–
May, and fruit formation and fruiting is in the period May–June (Table 1).

In the late spring of 2019 we provided the first on spot field survey for identifica-
tion of the exact position and ranges of the population of meadow violet, as well as 
the number of the plants that had to be relocated. We inspected the terrains along the 
road Sofia-Kalotina between the km. 21 and km. 22. The field study was performed by 
the use of the transect method. The transects were repeated three times in three days 
by three qualified experts with the necessary experience. The species identification was 
performed according to Delipavlov 1979, Delipavlov et al. (2011).

Table 1. Phenological peculiarities in V. pumila.

Period of the year Developmental phase
1. Beginning of April Appearance of the first aboveground stalks
2. Middle of April to the end of the month Buttonization phase – forming of the flower buds
3. End of April – beginning of May Beginning of blooming
4. First half of May Mass blooming
5. Second half of May End of the blooming phase
6. End of May to the middle of June Gradual ripening and cracking of the seed boxes
7. Middle of June End of mass dissemination
8. October The aboveground parts dry out and the plant prepares to overwinter

* Depending on the specific meteorological conditions during the year, the phenophases during which V. 
pumila passes, may occur at different times
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In the processing of the digital data for the identification of the most suitable sites 
for relocation, the layer with the distribution of the natural habitat within the Natura 
2000 site SCI BG0000322 Dragoman (in “shape” format) was intersected with the 
layer containing the boundaries of the national protected area “Aldomirovsko Blato” 
and the layer of the municipal property in the protected area. The data processing and 
statistical analyzes were performed with the standard tools of ArcGIS 10 and the cor-
responding extensions of the used software.

Two satellite images from the Sentinel-2A L2A satellite (https://apps.sentinel-hub.
com/eo-browser/) were used to determine the boundaries of the fire that occurred in 
2019. In accordance with the period of the fire, the images used were selected respec-
tively before the fire (September 21, 2019) and immediately after its end (October 26, 
2019). Standard Arc GIS 10 tools were used for drawing the boundaries of the burned 
area, as well as for the map visualization.

The violets were manipulated in the morning or late afternoon, when the intensity 
of sunshine is not very high and the temperatures are lower. With the use of suitable 
tools the plants were dug up along with the adjacent soil around their rhizomes (in a 
radius of 25 cm. from its center). The plants were then immediately placed in vegeta-
tion containers with a depth of 30 cm and some water was added (Fig. 1). The speci-
mens were covered with a transparent foil to preserve the soil moisture and the fresh-
ness of the plants. In this form, the violets were transported to their new locality. The 
specimens were planted in pre-prepared and moistened pits – 3 holes of the size of the 

Figure 1. Technology for the relocation a identification of the plant b extraction of a rhizome c replace-
ment of the rhizomes in container d preparation of the rhizomes for transportation.
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rhizomes in a raw in 10 m distance, to ensure enough space for the root system. The 
rhizomes were carefully positioned in the pits and the soil was compacted afterwards 
for reduction of the soil air (Fig. 2). We then watered the plants with 60 cl to prevent 
further water stress, as well as for faster adaptation.

After planting the violets in the new location, special care was taken in situ until 
their full adaptation (3–6 months) and subsequent two-years monitoring was carried 
out. During this period, the following activities were performed: watering (monthly); 
mowing around the localities in periods of three months; monitoring of the seed dis-
persal; observation of the flowering of the specimens during the next vegetation cycle; 
monitoring for pressures (fire, pollution, ploughing). All of our activities were coordi-
nated with the competent authorities.

Results

The population of V. pumila, which was the focus of the present study, was endangered 
by a large linear infrastructure project. The project envisages the enlargement of an 
existing road section in the Sofia-Kalotina direction and its restructuring in “Europe 
Motorway”. To protect the specimens, it was necessary to relocate the plants away from 
the route of the future motorway (Fig. 3), to create a new locality and to identify ap-
propriate measures for its new habitats.

Figure 2. Implementation of the Action plan for permanent relocation of the species to a suitable habi-
tat: a preparation of the relocation pits b planting of the rhizoms c stuffing of the soil around the newly 
planted rhizome.
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During our field surveys we identified a total of 50 individuals of V. pumila formed 
in 8 tufts. The other species detected around the violets were: Alopecurus pratensis, Des-
champsia cespitosa, Lysimachia vulgaris, Molinia caerulea and Potentilla reptans.

The identification of a suitable new location was performed with the idea that it 
had to be identical to the current habitat of the plants. The new habitat had to possess 
similar physical characteristics, species composition, soil-climatic conditions and the 
water regime had to be similar to those of the original habitat. Several possible variants 
of suitable terrains were considered for creating the new habitat for the violets.

As a result of the analysis of all collected data, we calculated that possible sites 
for relocation of the species were the following four areas from the territory of the 
village of Aldomirovtsi: land properties with the following numbers 00223.257.32, 
00223.257.62, 00223.257.68 and 00223.257.186. These terrains were municipal 
property and were managed by the municipality of Slivnitsa. All four land properties 
fall within the boundaries of the Aldomirovsko Blato protected area. The area was de-
clared for the purpose of preserving the natural habitats of protected and rare species 
of waterfowl and 40 species of higher plants. The land properties also fall within the 
boundaries of a Natura 2000 site (SCI BG0000322 Dragoman). Another land property 
was identified as a possible variant – 00223.257.294 from the territory of the village 
of Aldomirovtsi. In this sector is located one of the most numerous populations of V. 
pumila in the country. However, the crucial disadvantage of this land was that it is pri-
vate property and falls outside the boundaries of the Aldomirovsko Blato protected area.

Figure 3. Plan for reconstruction of the existing road as part of Europe Motorway and position of two 
localities of V. pumila.
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After geodetic and ecological field surveys were performed, we selected as the most 
suitable property for the relocation of V. pumila – 00223.257.68 from the territory of 
the Aldomirovtsi village (Fig. 4). That terrain met the requirements of the meadow 
violet concerning the conditions of the soil, the vegetation and the water regime. We 
selected floodplain meadows, which were moist as water was retained above the soil 
surface in the local depressions. The soil in the habitat was of “meadow-swamp” type. 
It was covered by hydrophilic, mesophilic and xeromesophilic grass communities.

Part of the selected terrain was occupied by natural habitat 3150 “Natural eu-
trophic lakes with Magnopotamion or Hydrocharition”, and another part by natural 
habitat 6510 “Lowland hay meadows” (Fig. 5). Because we worked with a very rare 
plant species with few remaining localities in the country, as well as because of the 
small population subject for relocation (only 50 specimens), we decided not to divide 
the individuals and provide experiments to grow them in different conditions. We 
identified the most optimal suited location and planted all specimens together.

The other three potential land properties from the territory of the Aldomirovtsi 
village were occupied only by a natural habitat “3150 Natural eutrophic lakes with 
Magnopotamion or Hydrocharition” and were flooded almost all year round. On that 
basis, we assessed them less suitable for the relocation of the violets.

A key step in the initial phase of our efforts was the coordination of our actions 
with the local municipality. The new habitat was in a municipal property, which al-
lowed for regular grooming of the terrain and monitoring of the plants. With the next 

Figure 4. Sites of relocation of V. pumila.
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step we prepared an Action plan for all activities. The plan and the technology for the 
permanent relocation of the species were reconciled by the relevant competent authori-
ties and implemented in full scale.

The relocation of the V. pumila specimens was accomplished before the end of the 
vegetation period – in our case before the full rupture of the seed boxes (Table 1). We 
aimed the rupture of the seed boxes and the dissemination to occur on the spot of the 
new location in order to improve the chance of successful seed generation and devel-
opment of the next vegetation (see Volis 2019). According to Eckstein et al. (2006), 
the vegetation period of the species ends in the October – November period when the 
upper sections of the plant die out and the violets prepare for overwintering.

After the establishment of the new locality, we performed in situ care until the 
complete adaptation of the plants. This included watering and mowing around all of 
the three new micro- localities. In the first month after the relocation (June), regular 
watering was carried out (every 3 days), and during the next two months (July and Au-
gust) – every 7 days. Mowing was carried out on an area of 4 square meters around each 
of the micro-localities in the middle of July. The two-year follow-up monitoring of the 
new sites and adjacent areas of habitat 6510 “Lowland hay meadows” showed success 
in preserving the relocated specimens and also their successful reproduction (Fig. 6)

In October 2019, a large-area fire was detected within the Natura 2000 site SCI 
BG0000322 Dragoman and it reached the territory of the new locality of V. pumila 
(Fig. 7 and Fig. 8). None of the three plots with relocated plants was affected by that fire.

Figure 5. Location of the new habitats of V. pumila in natural habitat 6510 Lowland hay meadows.
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Volis (2019) described two main successive stages that plant species go through 
after reintroduction to a new location. The first stage begins with the flowering of a 
mature (relocated) plant. The second involves the establishment of an entirely new 
reproductive individual at the site of transmission (reintroduction). The second stage 
consists of smaller phases associated with the appearance of reproductive organs, feed-
ing flowers and seeds, scattering the seeds in places, with conditions for germination 
and survival of the young plants. In V. pumila we detected flowering in a mature adult 
in the year after reintroduction – the first stage indicated by Volis was successfully 
completed. The implementation of the second stage began in the year of relocation 
(2019) with the scattering of seeds from the seed boxes of the transferred adults. The 
full completion of the second stage required more time due to the specific features of 
the species V. pumila. The fact that there are flowers from adults a year after reintroduc-
tion, (Fig. 9), as well as cracked seed boxes in the year of reintroduction (Fig. 6b), gives 
us hope for the successful completion of the second stage.

In the early summer of 2021 (early July) we started the monitoring of the new 
locality of the violets in the second year after relocation. We identified new juvenile 
specimens with different heights from 2 to 7 cm, which were in the vegetation phase 
between the first and third pair of true leaves (Fig. 10). They all sprouted after the 
plants were relocated. All of the young plants were found at relocation points 2 and 
3 (Fig. 4) – in point 2 there were found seven young specimens, and in point 3 there 
were two young specimens. The young plants were located outside the main tuft.

Figure 6. Condition of the relocated plants: a successful replanting b rupture of the seed boxes c dis-
semination.
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Figure 7. Map of the fire in the area of the new locality of V. pumila.

Figure 8. Pictures of the three working polygons of the new locality which are not affected by the fire: 
a picture of polygon number 1 represented on Figure 07 b picture of polygon number 2 represented on 
Figure 07 c picture of polygon number 3 represented on Figure 7.
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Figure 9. Photograph of blooming (late phase) in V. pumila detected in the spring after the fire.

Figure 10. New young plants obtained from seeds of different heights and vegetation phases.
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Discussion

The cycle of regeneration of the species at the new location (including transfer from 
the original location to the new one) included several successive stages. The process 
started with the planting of the mature adult specimens in a new location and ended 
with the establishment of a new reproductive local population. Intermediate phases in 
the establishment of that new locality included: production of living pollen, building 
of knots, development of seeds, dissemination and growing of a viable young plant 
(Volis 2019). With the discovery of juvenile (young) specimens of V. pumila at the site 
of relocation, it can be considered that the second (final, concluding) phase described 
by Volis (2019) has been successfully completed.

The newly established localities of V. pumila were saved from the fire in 2019 (see 
results) due to the special algorithm of the cultivation of the relocated plants and, es-
pecially, measures related to mowing the habitat.

The fires are often related to the functioning of the entire ecosystems. They can 
start spontaneously or may have anthropogenic origins. The fires impact the biodiver-
sity and may change the structure of the ecosystems and the landscape (Whelan 2009, 
Argañaraz et al. 2015). In 2000, a bulletin was published for Australia, which deter-
mined the impact of fires on wetland flora (similar to that of the habitat of V. pumila). 
According to Allen (2000), the plants can survive the effects of fires by regenerating 
dormant buds from stems or roots, while fire can cause the germination of seeds of 
some plants stored in the soil. If a fire occurs during an inappropriate growing season, 
it would result in the loss of stocks of seeds or mature plants. The strength and intensity 
of the fire depends on the season of occurrence, which affects the plant communities 
inhabiting the wetlands. Fires in this type of habitat may destroy a significant part of 
the existing dry biomass, which is above the water level, as well as nearby terrains with 
mesophilic vegetation. It should be noted that due to the cares taken during the first 
year of reintroduction (cleaning of the area and mowing around the nests with the 
reintroduced plants) the fire’s boundaries (demonstrated on Fig. 7) did not affect the 
violets, but all of the vegetation in the vicinity was burned out (Fig. 8 a,b,c). We can 
conclude that taking proper measures for the plants in the first year of their relocation 
is key to both their successful adaptation and the prevention of damage.

We selected to relocate the saved plants in one particular habitat of type 6510 
“Lowland hay meadows”, which has good representativeness and degree of conserva-
tion in SCI BG0000322 Dragoman.

However, at biogeographical level, the habitat 6510 is not in good condition due 
to anthropogenic threats (Eionet CDR 2020). In the RUHD (2015) for Bulgaria, 
no habitats were reported to be in “Unfavorable – Bad” condition. According to the 
second report for Republic of Bulgaria concerning the period 2013–2018 (RUHD 
2020a), for the Continental Biogeographic Region (CON) the assessment of the con-
servation status of three grassland habitats was “Unfavourable – Bad” (U2) and one 
of these habitat was habitat 6510 “Lowland hay meadows”. Because of the poor as-
sessment of the condition of the habitat 6510 “Lowland hay meadows” in RUHD 
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(2020b), concerning the parameters “Future perspectives”, the conservation measures 
have to be focused on the reduction of the pressures and the threats.

According to Apostolova and Meshinev (2015) the most important threats for the 
habitats of V. pumila are related to the conversion of mesophilic meadows into arable 
land through habitat drainage. As necessary measures, the authors pointed out the 
maintenance of the haymakingregime in the sites and maintaining a moderate degree 
of disturbance within populations. Tzonev and Gusev (2020) identified the following 
main threats to habitat 6510 “Lowland hay meadows”: the abandonment of haymak-
ing, overgrazing, the ploughing for arable land, and changes in the water regimes. The 
measures they offer for the conservation of the habitat are related to the restoration 
of the haymaking use, change of the mowing terms and the reduction of the grazing 
intensity. Brzank et al. (2019) reported that the mowing delay or sporadic mowing 
lead rapidly to significant changes in species composition in the habitat. The drying 
of marshy soils leads to fast mineralization, carbon dioxide and nitrogen release, en-
croachment of nitrophilous plants, and the disappearance of peat earth layer. Accord-
ing to Martin et al (2018), pressures such as agricultural intensification, abandonment, 
lack of mowing and the application of natural fertilizers (such as slurry) are the largest 
threats to the conservation of the habitat 6510

“Lowland hay meadows”. As appropriate conservation measures, the authors pro-
pose implementation of management plans and targeted agri-environment schemes, 
and engagement with landowners and other stakeholders.

Our results indicate that the most important conservation measures which are es-
sential for the management and protection of habitat 6510 “Lowland hay meadows” 
in the CON Biogeographical Region (incl. the Natura 2000 site SCI BG0000322 
Dragoman) are as follows: i) regulation of the haymaking regime of the meadows; ii) 
regulation of grazing of farm animals; iii) conversion of abandoned arable land into 
meadows; iv) restoration of the water regime of the meadows where it was disturbed; 
v) creation and implementation of incentives and compensatory mechanisms for the 
owners of private lands in which the habitat is distributed; vi) fire prevention; vii) 
surveillance of the status of the meadows and data collection on the structure and func-
tion of the habitat in the particular Natura 2000 sites; viii) updating of the information 
in the Standard Data Forms (SDFs) of Natura 2000 sites; ix) raising the awareness of 
the stakeholders by conducting regular information campaigns aimed at the local pub-
lic, as well as by providing publicly available up-to-date information by the competent 
authorities, and scientific and environmental non-governmental organizations.

Conclusions

The successful relocation and the creation of new habitats for rare and endangered 
plant species can be achieved by adhering to a certain algorithm of actions. By setting 
the site specific conservation objectives (Commission note, 2012) and the necessary 
conservation measures for habitat 6510 “Lowland hay meadows” in SCI BG0000322 
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“Dragoman”, the original and the new localities of V. pumila should be taken into 
consideration. The determination of the site specific conservation measures in SCI 
BG0000322 “Dragoman” and the territories where they will be applied (the specific 
landfills / properties) should be implemented with the active participation of the rel-
evant stakeholders (Commission note 2013). The management plans for Natura 2000 
sites could represent an appropriate tool for this (NEC 2019). The availability of reli-
able up-to-date information on the distribution and condition of V. pumila and its 
habitats is crucial in order to implement proper management and conservation policy.
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Abstract
The Bulgarian members of Chenopodiaceae are mainly ruderal and weed species; another part are 
halophytes. Over the last two decades, phylogenetic molecular studies have led to a number of taxo-
nomic changes in the above mentioned family. Changes have also occurred in one of the largest genera 
– Chenopodium. The aim of the present study is to review the research on Bulgarian members of the 
Chenopodiaceae family. The data available in the literature on the taxonomic composition, chorology, 
morphological features and karyological variability of the species from their Bulgarian populations has 
been studied. A review of the phytochemical studies of Chenopodiaceae plants from their Bulgarian popu-
lations has been made. The systematized data is presented in chronological order, which allows for tracing 
the current level of study on the family in Bulgaria and opportunities for new research.

Keywords
Bulgaria, Chenopodiaceae, chorology, karyology, morphology, phytochemical investigations

Introduction

The family Chenopodiaceae is relatively large and worldwide it numbers about 1600 
species belonging to more than 100 genera, spread more widely in the moderate and 
subtropical regions (Kühn et al. 1993; Kadereit et al. 2003).

The greater part of the Bulgarian members of the family belongs to the group 
of the highly movable ruderal plants and weeds with habitats in the central and 

BioRisk 18: 17–34 (2022)

doi: 10.3897/biorisk.18.78548

https://biorisk.pensoft.net

Copyright Vanya Stoyanova Boneva & Nadezhda Traycheva Petkova. This is an open access article distributed under the terms of the Creative 
Commons Attribution License (CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original 
author and source are credited.

REVIEW ARTICLE BioRisk
A peer-reviewed open-access journal



Vanya Stoyanova Boneva & Nadezhda Traycheva Petkova  /  BioRisk 18: 17–34 (2022)18

southern part of the continent but having successfully spread in Bulgaria’s thermal 
zone and in the western parts of its territory (Stefanov 1943). Their wide distri-
bution is related to the ability of most species to grow under extreme conditions 
such as high air and soil temperature (Ilyin 1936). Some of the species are North 
American, North African or Australian and have spread over the territory of the 
country due to human activity. The last part is the number of species belonging to 
the Mediterranean and Boreal floral element, as well as those distributed on most of 
the continents. Another part of the Bulgarian members of the family are halophytes 
inhabiting the periodically flooded, muddy and sandy terrains on the periphery of 
the hyperhaline and, less frequently, the brackish Black Sea lakes. They form the 
communities of the annual halophytes in the Black Sea salt lakes (Tzonev and Gus-
sev 2015). The globalization we have witnessed over the last two decades has led 
to the penetration of many foreign species, and molecular research has led to new 
taxonomic changes and decisions in the family.

The objective of the present study is to review the chorological, morphological, 
karyological, and phytochemical studies regarding the Bulgarian members of the fam-
ily Chenopodiaceae.

Data about the taxonomic composition and distribution of the bul-
garian members of the family Chenopodiaceae

Available literature from the last decades of the 19th century

The first data about the distribution of the Bulgarian members of the family Chenopodi-
aceae was published in the 19th century by: Bornmüller (1888), Georgiev (1889), Yava-
shev (1890), Toshev (1895), and Urumov (1897). The information there occurring has 
been summarized by Velenovský (1891, 1898) in the two editions of his Flora bulgarica.

The 1st edn. of Flora bulgarica (Velenovský 1891) listed 28 Chenopodiaceae species 
belonging to 9 genera. Concerning Chenopodium, the following 12 species were reported: 
C. bonus-henricus L., C. rubrum L., C. glaucum L., C. polyspermum L. C. hybridum L., 
C. murale L., C. urbicum L., C. album L., C. ficifolium Sm., C. opulifolium Schrad., 
C. vulvaria L., C. botrys L. For Atriplex 4 representatives were reported, i.e. A. rosea 
L., A. laciniata L., A. patula L., and A. hastata L. The genus Kochia is represented by 
4 species in Velenovský’s work: K. scoparia Schrad., K. prostrata Schrad., K. arenaria 
Roth., and K. sedoides Schrad. Two species of Camphorosma (C. monspeliaca L. and 
C. ovata WK.) and two of Suaeda (S. maritima Dumort. and S. altissima Pall.) were 
recognized. Finally, just one species was given for four genera: Beta trygina B. K, Blitum 
virgatum L., Salicornia herbacea L, Salsola kali L.

In the 2nd edn. of Flora bulgarica Supplеmentum (Velenovský 1898) new infor-
mation concerning the distribution has been included regarding: 6 species from ge-
nus Chenopodium – C. bonus-henricus, C. hybridum, C. urbicum, C. botrys, C. vulva-
ria, C. album; 3 species belonging to genus Atriplex – A. rosea, A. patula, A. tatarica; 
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2 species from genus Beta – B. trygina, B. maritima and 1 species from each of genus 
Blitum (B. virgatum), Kochia (K. scoparia), Suaeda (S. heterophylla), Salsola (S. kali).

Therefore, a total of 32 Chenopodiaceae species were reported for Bulgaria in the 
19th century, including data about the distribution in the country.

Available literature from the 20th century

In the first two decades of the 20th century the main source of information about the 
Bulgarian Chenopodiaceae species was works by Urumov (1901, 1904, 1905, 1906, 
1908a, 1908b, 1908c, 1909, 1913, 1917, 1923), Kovachev (1903), Davidov (1904, 
1905), Neichev (1905), Petkov (1907), Stranski (1921), and Yordanov (1923–1924).

The gathered chorological information was summarized in the 1st edn. of Flora of 
Bulgaria (Stoyanov and Stefanov 1924), where family Chenopodiaceae is presented 
by 44 species and 13 genera. Cyclolobae C. A. Mey. comprises members of the 
following genera: Atriplex (7), Bassia (2), Beta (2), Camphorosma (3), Chenopodium 
(12), Corispermum (3), Kochia (3), Polycnemum (3 species), Salicornia (1), Spinacia (1). 
Spirolobae comprises 3 genera – Petrosimonia (1), Salsola (3), Suaeda (3).

In the period prior to the publication of the 2nd edn. of Flora of Bulgaria (Stoyanov 
and Stefanov 1933), data about the Chenopodiaceae plants was published mainly by 
Urumov (1926, 1928, 1929a, 1929b, 1930).

The 2nd edn. of the Flora of Bulgaria (Stoyanov and Stefanov 1933) reports 39 
Chenopodiaceae species (13 genera): Atriplex (7), Bassia (2), Beta (2), Camphorosma 
(2), Chenopodium (12), Corispermum (3), Kochia (3), Petrosimonia (1), Polycnemum 
(3 species), Salicornia (1), Salsola (2), Spinacia (1), Suaeda (2).

From the members of the family included in the 1st edn. of Flora of Bulgaria 5 of 
the species were removed: Camphorosma ruthenicum M.B., Corispermum canescens Kit., 
Corispermum orientale Lam., Salsola toseffi Urumov, and Suaeda heterophylla Bunge.

Later chorological data about the species in the family was published by Rechinger 
(1933), Urumov (1935), and Baev (1947) which were included in the 3rd edn. of the 
Flora of Bulgaria (Stoyanov and Stefanov 1948). Forty one species of Chenopodiaceae 
are mentioned, belonging to 13 genera: Atriplex (7), Bassia (2), Beta (2), Camphorosma 
(2), Chenopodium (13), Corispermum (2), Kochia (3), Petrosimonia (1), Polycnemum 
(3), Salicornia (1), Salsola (2), Spinacia (1), Suaeda (2). In the same edition 2 new 
species of Bulgarian flora are included in family Chenopodiaceae – Chenopodium 
opulifolium Schrad. and Corispermum hyssopifolium L. C. opulifolium was mentioned 
as a ruderal plant widely spread in the country, while the second one was discovered 
in an area on the sands of the Danubian islands from the Belene group (isle of Milka 
and isle of Persina).

In subsequent years new data about the distribution and the ecology of Cheno-
podiaceae was found in works by Stoyanov et al. (1954), Kiryakov et al. (1951), and 
Kolev (1956, 1959).

The next edition (4th) of Flora of Bulgaria (Stoyanov et al. 1966) the author re-
ported one new genus and species for Bulgaria, i.e. Ceratocarpus arenarius.
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The most exhaustive information about the family Chenopodiaceae in our country 
was given by Yordanov et al. (1966) in Flora of the People’s Republic of Bulgaria. A total of 
48 Chenopodiaceae species were reported, belonging to 15 genera: Atriplex (7), Bassia (2), 
Beta (2), Camphorosma (2), Ceratocarpus (1), Chenopodium (15), Corispermum  (2), 
Halimione (2), Kochia (3), Petrosimonia (1), Polycnemum (3), Salicornia (2), Salsola (2), 
Spinacia (1), Suaeda (3). Members of the family are 4 cultivated species as well as Atriplex 
hortensis, Spinacia oleracea, Beta vulgaris, Kochia scoparia. Chenopodium ambrosioides was 
published as new species for the country and it was reported for the first time for the 
sands near Varna and the experimental field in Ovcha kupel.

Following the publication of Flora of the People’s Republic of Bulgaria floristic 
reports have been presented supplementing the data about the family Chenopodiaceae 
in Bulgarian flora (Delipavlov and Dimitrov 1973; Panov 1975, 1987; Delipavlov and 
Cheshmedzhiev 1984; Cheshmedzhiev 1988; Meshinev et al. 1994).

Summarized studies about the family during that period are presented in the Field 
Guide to the vascular plants in Bulgaria (Andreev 1992), where Chenopodiaceae 
is represented by 48 species (14), as follows: Atriplex (8), Bassia (2), Beta (2), 
Camphorosma (2), Ceratocarpus (1), Chenopodium (16), Corispermum (2), Halimione (2), 
Kochia (2), Petrosimonia (1), Polycnemum (3), Salicornia (2), Salsola (2), Suaeda (3).

It is noted that Bassia sedoides distribution in Bulgaria has not been confirmed by 
Andreev (1992). The publication does not mention any cultivated species. Concern-
ing the genus Chenopodium, a new record from the Northern Black Sea coast has been 
reported, i.e. Chenopodium chenopodioides (L.) Aellen. (= C. botryoides Sm.; see e.g., 
Iamonico 2014). Among the representatives of genus Atriplex two new species have 
been added to the national flora, i.e. A. micrantha (= A. heterosperma) and A. halimus. 
The first species is indicated as in doubt, whereas A. halimus has been reported for the 
Northern Black Sea coast. Philipova-Marinova et al. (1997) indicated C. botryoides as 
new for the country from the territory of Shabla Lake.

The summarized data from the studies about the Bulgarian members of the fam-
ily Chenopodiaceae in the 20th century showed that the species diversity of the family 
comprised 48 species belonging to 14 genera.

Available literature from the new millennium

Chorological studies of the members of Chenopodiaceae from the end of the 20th 
century and the beginning of the 21st century have been published by Delipavlov and 
Cheshmedzhiev (2011). Fifty species have been listed for the family (15), as follows: 
Atriplex (8), Bassia (1), Beta (2), Camphorosma (2), Ceratocarpus (1), Chenopodium (17), 
Corispermum (2), Halimione (2), Kochia (3), Petrosimonia (1), Polycnemum (3), 
Salicornia  (2), Salsola (2), Spinacia (1), Suaeda (3). The composition of the genus 
Chenopodium comprises the 16 species indicated by Andreev (1992) and 1 of the species 
published by Panov (1987) – C. acuminatum – confirmed for the Northern Black Sea 
coast. Bassia sedoides has been excluded from the genus Bassia. Four cultivated species 
were reported - Atriplex hortensis, Spinacia oleracea, Beta vulgaris, Kochia scoparia.
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Conspectus of the Bulgarian vascular flora by Assyov and Petrova (2006) registered 
50 species of Chenopodiaceae belonging to 13 genera: Atriplex (9), Bassia (1), Beta (2), 
Camphorosma (2), Chenopodium (18 species), Corispermum (2), Halimione  (2), 
Kochia (3), Petrosimonia (1), Polycnemum (3), Salicornia (2), Salsola (2), Suaeda (3). 
The composition of genus Chenopodium included 1 new species for the country, 
C. schraderianum Schult.

Five Chenopodiaceae species are protected by the Biological Diversity Act (2007): 
Bassia hirsuta, Halimione pedunculata, H. portulacoides, Petrosimonia brachiata, 
and Suaeda heterophylla. The Red Data Book of the Republic of Bulgaria (Peev et 
al.2015) includes 4 species, i.e. B. hirsuta, Corispermum marschalii, P. brachiata, and 
S. heterophylla. B. hirsutа and C. marschalii have been referred to the IUCN category 
EN (endangered), whereas P. brachiata and S. heterophylla are assessed as CE (critically 
endangered). B. hirsuta, P. brachiatа and S. heterophylla are part of the communities of 
annual halophytes in the salty lakes along the Black Sea coast. The annual halophyte 
communities are among the protected natural habitats pursuant to Directive 92/43/
EEC (1992). The habitat is included in Annex 1 of Biological Diversity Act (2007) 
and in the Red Data Book of the Republic of Bulgaria by Tzonev and Gussev (2015) 
in the category “endangered” habitat. The data about B. hirsutа, P. brachiata, and 
S. heterophylla populations are found in some works concerning the Black Sea coast 
vegetation and in the protected area management plans of Burgas wetlands (Michev et 
al. 2003; Grozeva et al. 2004; Grozeva 2004, 2005; Tzonev et al. 2008; Stoyanov 2009; 
Todorova et al. 2014).

In the last decade the genus Chenopodium has been subject to a number of 
studies resulting in changes in the species composition of both the genus and the 
family Chenopodiaceae. Grozeva (2007a) reported a new species for the country 
Chenopodium pumilio. Based on a taxonomic revision Grozeva (2009) suggested 
Chenopodium acuminatum to be deleted from the members of the Bulgarian flora as 
incorrectly identified. This change was later recorded by Assyov et al. (2012).

Six new species and one subspecies from the genus Chenopodium (C. strictum Roth, 
C. striatiforme Murr, C. album subsp. pedunculare (Bertol.) Arcang., C. pratericola 
Rydb., C. probstii Aellen, and C. missouriense Aellen) have been reported for the 
Bulgarian flora by Grozeva (2009, 2010a, 2010b, 2012a, 2012b).

The changes that had occurred in the taxonomic composition of Chenopodiaceae 
have been recorded in the 4th edn. of Conspectus of Bulgarian vascular flora (Assyov 
et al. 2012), where 56 species (14 genera) are listed as follows: Atriplex (9), Bassia (1), 
Beta  (2), Camphorosma (2), Ceratocarpus (1), Chenopodium (23), Corispermum (2), 
Kochia (3), Petrosimonia (1), Polycnemum (3 species), Salicornia (2), Salsola (3), 
Spinacia (1), Suaeda (3).

The Euro+Med Plant Base (Uotila 2011) reported 53 species and 19 genera for 
Bulgaria: Atriplex (8), Bassia (4), Beta (2), Blitum (2), Camphorosma (2), Ceratocarpus (1), 
Chenopodiastrum (2), Chenopodium (6), Corispermum (2), Dysphania (4), Halimione (2), 
Lipandra (1), Oxybasis (4), Petrosimonia (1), Polycnemum (3 species), Salicornia (2), 
Salsola (2), Spinacia (1), Suaeda (3). The differences in the composition of genus 
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Chenopodium between Conspectus of Bulgarian vascular flora (Assyov et al. 2012) and 
The Euro+Med Plant Base (Uotila 2011) are because Euro+Med Plant Base (Uotila 
2011) gives the composition of Chenopodium s. str., including the genera Blitum, 
Chenopodiastrum, Dysphania, Lipandra, Oxybasis, while Conspectus of Bulgarian 
vascular flora (Assyov et al. 2012) presents Chenopodium s. lat.

From data by Grozeva (2018b) the family Chenopodiaceae is represented in Bulgar-
ian flora by 51 species and 2 subspecies [Chenopodium strictum subsp. striatiforme (Murr) 
Uotila and C. album subsp. pedunculare (Bertol.) Arcang.] and the author does not in-
clude the cultivated species Bеta vulgaris and Spinacia oleracea in the species composition.

The summarized data about the taxonomic composition of family Chenopodi-
aceae is presented in Table 1.

Morphological studies on members of Chenopodiaceae in Bulgar-ia

Detailed studies on the morphology of Chenopodiaceae in Bulgaria were conducted, 
mainly on Chenopodium s. lat. In particular, the following species were investigated: 
Chenopodium album and Dysphania botrys from 18 populations (Grozeva and Cvetano-
va 2008), Blitum bonus-henricus from 10 populations with ecological notes (Grozeva 
and Cvetanova 2011) and distribution in the country (Grozeva 2011), C. pratericola 
(Grozeva 2012a), the genus Dysphania (Grozeva and Cvetanova 2013), C. probstii and 
C. missouriense (Grozeva 2014), Blitum virgatum (Grozeva and Cvetanova 2016). Fur-
ther taxa studies were Bassia hirsutа (Grozeva and Todorova 2014) and Petrosimonia 
brachiata (Grozeva et al. 2019a).

Karyological studies on Chenopodiaceae in Bulgaria

The first karyological data about Chenopodiaceae in Bulgaria was published by Mark-
ova (1968) on Dysphania multifida (population from the Danubian plain) resulting in 
a tetraploid chromosome number 2n = 36. These data was later confirmed by Grozeva 
and Stoeva (2006) on populations of the species from Sredna Gora Mountain, the East-
ern Rhodopes and the Thracian lowland and by Grozeva and Cvetanova (2013) on pop-
ulations from the Central Stara planina, the Danubian plain and the Thracian lowland.

Kožuharov and Kuzmanov (1969) specified for Suaeda altissima diploid chromo-
some number 2n = 18 for populations from the Southern Black Sea coast and these 
data were confirmed by Grozeva (2010a, 2015a, 2015b).

Cheshmedzhiev (1976) published for Beta trigyna populations from Eastern Stara 
planina hexaploid chromosome number 2n = 54.

Popova and Ceschmedjiev (1978) reported for Kochia scoparia population from 
the experimental field of Agricultural University of Plovdiv diploid chromosome num-
ber 2n = 18. These data were confirmed by Grozeva (2015a, 2015b) for a population 
of the species from the Thracian lowland.
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Van Loon and Van Setten (1982) reported for Blitum bonus-henricus population 
from Rila mountain tetraploid chromosome number 2n = 36. These data were con-
firmed by Grozeva and Stoeva (2006) for populations from the Western Rhodopes, Pirin 
and Central Stara planina and by Grozeva and Cvetanova (2011) for populations from 
the Central Rhodopes, Western Stara planina, Rila, Slavyanka, and Vitosha mountains.

Van Loon and Van Setten (1982) reported for Blitum virgatum populations from 
Shipka, Central Stara planina diploid chromosome number 2n = 18. These data were 

Table 1. List of members belonging to the family Chenopodiaceae, according to literature dates.

Genus Species References for nomen-
clature

1. Beta Beta trigyna Waldst. & Kit., Beta vulgaris L. subsp. maritima (L.) Arcang.  Iamonico (2019)
2. Bassia Bassia hirsuta (L.) Asch., Bassia laniflora (S.G.Gmel) A. J. Scott. (≡ Salsola 

laniflora S.G.Gmel), Bassia prostrata (L.) Beck (= Kochia prostrata (L.) Schrad.), 
Bassia scoparia (L.) A. J. Scott (= Kochia scoparia (L.) Schrad.)

Uotila (2011)

3. Camphorosma Camphorosma annua Pall., Camphorosma monspeliaca L. subsp. monspeliaca Uotila (2011)
4. Atriplex Atriplex prostrata DC. (= А. hastatа L.), A. micrantha Lebed. (= A. heterosperma 

Bunge) subsp. micrantha, A. hortensis L., A. sagittata Borkh. (= A. nitens Sch-
kuhr), A. oblongifolia Walds. & Kit., A. patula L., A. rosea L., A. tatarica L.

Kadereit et al. (2010), 
Uotila (2011)

5. Blitum Blitum bonus-henricus (L.) Rchb. (= Chenopodium bonus-henricus), Blitum 
virgatum L. (= Chenopodium foliosum (Moench) Asch.)

Fuentes-Bazan et al. 
(2012)

6. Ceratocarpus Ceratocarpus arenarius L. Uotila (2011)
7. Chenopodiastrum Chenopodiastrum murale (L.) S.Fuentes, Uotila & Borsch (= Chenopodium 

murale), Chenopodiastrum hybridum (L.) S. Fuentes, Uotila & Borsch. (= Che-
nopodium hybridum L.)

Fuentes-Bazan et al. 
(2012)

8. Chenopodium Chenopodium vulvaria L., Chenopodium ficifolium Sm.,
Chenopodium pratericola Rydb., Chenopodium betaceum Andrz. (= C. strictum 
Roth s.lat.), Chenopodium opulifolium Schrad. ex W.D.J.Koch & Ziz, Chenopo-
dium missouriense Aellen, Chenopodium probstii Aellen, Chenopodium album 

L., Chenopodium album subsp. pedunculare (Bertol.) Arcang. (= C. pedunculare)

Fuentes-Bazan et al. 
(2012) Mosyakin (2018, 
for C. Betaceum) Iamo-

nico & Mosyakin (2018, 
for C. album subsp. 

pedunculare)
9. Corispermum Corispermum nitidum Kit. Ex Schult.
10. Dysphania Dysphania ambrosioides (L.) Mosyakin et Clements L. (= Chenopodium ambro-

sioides L.), Dysphania botrys (L.) Mosyakin et Clements (= C. botrys L.), Dyspha-
nia multifida (L.) Mosyakin et Clements (= C. multifidum L.), Dysphania pumi-
lio (R. Br.) Mosyakin et Clements (= C. pumilio R. Br.), Dysphania schraderiana 

(Schult.) Mosyakin et Clements (= C. schraderianum Schult.)

Fuentes-Bazan et al. 
(2012)

11. Halimione Halimione pedunculata (L.) Aellen (basionym?), Halimione portulacoides (L.) 
Aellen (basionym?)

Kadereit et al. (2010)

12. Lipandra Lipandra polysperma (L.) S. Fuentes, Uotila & Borsch (=Chenopodium polysper-
mum L.)

13. Oxybasis Oxybasis chenopodioides ( L. ) S. Fuentes, Uotila & Borsch
(= Chenopodium chenopodioides L.), Oxybasis glauca (L.) S.Fuentes , Uotila & 

Borsch (= C. glaucum L.), Oxybasis rubra ( L.) S.Fuentes, Uotila & Borsch (= C. 
rubrum L.), Oxybasis urbica

( L.) S.Fuentes , Uotila & Borsch (= C, urbicum L.)

Fuentes-Bazan et al. 
(2012)

14. Salicornia Salicornia europaea L. subsp. europaea, Salicornia perennans Willd. subsp. 
perennans

Kadereit et al. (2012)

15. Petrosimonia Petrosimonia brachiata Bunge Uotila (2011)
16. Salsola Salsola tragus L. (= S. ruthenica Iljin), Salsola soda L. Akhani et al. (2007)
17. Suaeda Suaeda altissima (L.) Pall., Suaeda maritima (L.) Dumort.,

Suaeda heterophylla Bunge
Uotila (2011)

18. Polycnemum Polycnemum arvense L., Polycnemum heuffelii Lang., Polycnemum majus 
A.Braun

Masson & Kadereit 
(2013)

19. Spinacia Spinacia oleracea L.
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confirmed by Grozeva and Stoeva (2006) for other populations of the species from 
Central Stara planina, Western Rhodopes and Tundzha hilly country by Grozeva and 
Cvetanova (2016) as well as for populations from Rila, Western and Central Rho-
dopes, Belasitsa, Tundzha hilly country.

Grozeva and Stoeva (2006) published for the first time chromosome numbers for 
4 species from the family Chenopodiaceae, as follows: diploid chromosome number 
2n = 18 for Bassia hirsuta and Corispermum nitidum for populations from the Southern 
Black Sea coast and for Dysphania botrys from the Danubian plain, North-Eastern 
Bulgaria and Central Stara planina; tetraploid chromosome number 2n = 32 for 
Dysphania ambrosioides populations from the Danubian plain and the Thracian lowland.

Grozeva (2007b) reported for the first time diploid chromosome number 2n = 18 
from the Bulgarian populations of 8 species: Oxybasis chenopodioides from the 
Northern Black Sea coast; Chenopodiastrum hybridum from the Southern Black Sea 
coast; Danubian plain and the Eastern Rhodopes; O. glauca from the Northern Black 
Sea coast and the Danubian plain; C. murale from Central and Eastern Stara planina; 
O. rubra from North-Eastern Bulgaria; Lipandra polysperma from Eastern Sredna gora, 
Strandzha and Thracian lowland; C. ficifolium from the Northern Black Sea coast, 
North-Eastern Bulgaria and Thracian lowland; Atriplex tatarica from the Southern 
Black Sea coast (Grozeva 2007b). For the newly established species Dysphania pumilio 
diploid chromosome number 2n = 18 was published (Grozeva 2007b) and for the 2 
new for the country North American species Chenopodium missouriense and C. probstii 
– hexaploid chromosome number 2n = 54 (Grozeva 2010a). The chromosome number 
for 3 species was reported for the first time: A.hastata 2n = 18 from the Danubian 
plain and the Thracian lowland, A. patula 2n = 36 from the Eastern Rhodopes and 
Eastern Sredna Gora, Suaeda maritima 2n = 36 from the Southern Black Sea coast 
(Grozeva 2010a).

Grozeva (2010b) published for the first time data about the chromosome number 
of 7 species from the genera: Atriplex (A. nitens, A. rosea, A. hortensis, A. oblongifolia), 
Chenopodium (C. opulifolium, C. urbicum, C. vulvaria) and Oxybaisis (O. urbica). 
Diploid chromosome number 2n = 18 was established for populations of: A. nitens 
from the Eastern Rhodopes; A. rosea from the Southern Black Sea coast and the 
Thracian lowland; A. hortensis from the Danubian plain and the Thracian lowland; 
O. urbica from North-East Bulgaria; C. vulvaria from the Eastern Rhodopes. Tetraploid 
chromosome number 2n = 36 was registered for populations of A. oblongifolia from 
the Thracian lowland and hexaploid chromosome number 2n = 54 for C. opulifolium 
populations from North-Eastern Bulgaria and the Thracian lowland.

For the newly established for the Bulgarian flora species Chenopodium pratericola 
diploid chromosome number 2n = 18 was reported (Grozeva 2012a).

Grozeva (2012b) reported for the first time data about the chromosome num-
ber of Chenopodium album subsp. album, C. album subsp. pedunculare, C. betaceum 
(sub. C. striatiforme and C. strictum), and Suaeda heterophylla. For C. album popula-
tions from the Northern Black Sea coast, Eastern Rhodopes and the Thracian lowland 
and for C.  album subsp. pedunculare from the Northern Black Sea coast hexaploid 
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chromosome number 2n = 54 was reported. For C. betauceum populations from the 
Southern Black Sea coast, Danubian plain and the Eastern Rhodopes tetraploid chro-
mosome number 2n = 36 was established. For S. heterophylla population from the 
Southern Black Sea coast diploid chromosome number 2n = 18 was reported.

Grozeva and Cvetanova (2013) registered for the first time diploid chromosome 
number 2n = 18 for Dysphania schraderiana population from the Eastern Sredna gora 
mountain. Data about the karyotype of 27 populations of the species from genus Dysphania 
(D. ambrosioides, D. botrys, D. multifida, D. pumilio and D. schraderiana) was published. 
Polyploidy and disploidy are cited as basic evolutionary mechanisms in the genus.

Grozeva (2013) reported karyological data about 14 Chenopodiaceae species from 
their Bulgarian populations. For the first time the chromosome number of the species 
Bassia laniflora, Salsola tragus and Salicornia europaea subsp. europaea was reported 
for their populations from the Southern Black Sea coast. For S. tragus tetraploid 
chromosome number 2n = 36 was registered and for B. laniflora and S. europaea diploid 
chromosome number 2n = 18. The chromosome numbers known from literature data 
about 11 species (Atriplex oblongifolia, A. tatarica, Bassia hirsuta, Chenopodium album 
subsp. album, C. betaceum (sub. C. Strictum), Corispermum nitidum, Dysphania pumilio, 
Lipandra polysperma, Oxybasis chenopodioides, O. rubra, O. urbica) were confirmed 
(Grozeva 2013).

Grozeva (2015a) reported for the first time data about the chromosome number 
from the Bulgarian populations of 4 species (Atriplex heterosperma, Bassia prostrata, 
Salicornia perennans, and Salsola soda). For A. heterosperma population from the South-
ern Black Sea coast chromosome number 2n = 36 was registered. For B. prostrata popu-
lation from the Thracian lowland and for the S. perennans and S. soda populations from 
the Southern Black Sea coast diploid chromosome number 2n = 18 was reported. The 
chromosome numbers known from literature data from the Bulgarian populations of 
two species (Suaeda heterophylla and S. maritima) were confirmed.

Grozeva (2015b) reported for the first time diploid chromosome number 2n = 16 
for a Petrosimonia brachiata population from the Southern Black Sea coast and 
confirmed the chromosome number known from Bulgarian populations of Blitum 
virgatum, Chenopodium album subsp. pedunculare, C. probstii, C. pratericola, Salicornia 
europaea subsp. europaea, Suaeda altissima, S. maritima. Data about the karyotype of 
the species from genus Bassia (B. hirsuta, B. laniflora, B. prostrata, and B. scoparia) was 
published (Grozeva and Gospodinova 2016).

The karyological variability was traced and the karyotype of Blitum virgatum 
(Grozeva and Cvetanova 2016), of the species from genus Salsola (Grozeva et al. 2018) 
and genus Atriplex (Grozeva 2018a) was established.

Grozeva and Atanassova (2019) studied the karyotype of Chenopodiastrum murale 
and Ch. hybridum from their Bulgarian populations. Grozeva et al. (2019b) established 
diploid chromosome number 2n = 16 and described the karyotype of Petrosimonia 
brachiatа from populations of the species from the Southern Black Sea coast. Diploid 
chromosome number 2n = 18 and data about the karyotype of Oxybasis chenopodioides, 
O. glauca and O. urbica were reported (Grozeva et al. 2019b).
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For the members of family Chenopodiaceae from their Bulgarian populations dip-
loid (2n = 16, 18), tetraploid (2n = 32, 36) and hexaploid (2n = 54) chromosome num-
bers and two types of chromosomes – metacentric and submetacentric – were found 
(Grozeva 2018b). Basic chromosome numbers х = 9 and х = 8 were registered with 
the diploid ones being the dominant, followed by tetraploid and hexaploid species 
(Grozeva 2018b). According to data by Petrova and Vladimirov (2020), 80.4% of the 
Chenopodiaceae species have been studied karyologically. The data about the chromo-
some number of the studied species has been systematized in Chromosome atlas of the 
Bulgarian vascular plants (Petrova and Vladimirov 2020).

The karyological review showed that until 2021 data about the chromosome 
number and the karyotype of Beta vulgaris subsp. maritima, Camphorosma annua, 
C. monspeliaca, Ceratocarpus arenarius, Halimione pedunculata, H. portucaloides, 
Polycnemum arvense, P. heuffelii, P. majus, and Spinacia oleracea from their Bulgarian 
populations was lacking.

Phytochemical studies of Chenopodiaceae in Bulgaria

According to the Medicinal Plants Act (2000), 11 species of Chenopodiaceae are 
considered as medicinal plants: Atriplex rosea, Blitum bonus-henricus, B. virgatum, 
Camphorosma monspeliaca, Chenopodium album subsp. album, C. vulvaria, Dysphania 
botrys, Lipandra polysperma, Oxybasis rubra, Salicornia europaea, Salsola tragus.

Data on the phytochemical composition of medicinal plants of the family Che-
nopodiaceae so far are known from the Bulgarian populations of two species, i.e. 
B. bonus-henricus and B. virgatum.

The phytochemical investigations of genus Chenopodium revealed many com-
pounds with a vast variety of structural patterns. The chenopods contained minerals, 
primary metabolites- carbohydrates, amino acids, nonpolar constituents, proteins, aro-
matic cytokinins, hormones and secondary metabolites – flavonoids, saponins, terpe-
nes, sterols, alkaloids and vitamins (Nedialkov and Kokanova-Nedialkova 2020).

The aerial parts of Blitum. bonus-henricus are a rich source of bioactive compounds. 
Among them thirty-six compounds were distinguished including twenty-two saponins of 
eight sapogenins (phytolaccagenin, bayogenin, medicagenic acid, 2β-hydroxygypsogenin, 
2β-hydroxyoleanoic acid, 2-hydroxy-30-nor-gypsogenin, 2-hydroxyakebonic acid and 
akebonic acid), twelve flavonoid glycosides of 6-methoxykaempferol, isorhamnetin, 
patuletin, spinacetin and two ecdysteroids (20-hydroxyecdysone and polypodine B). 
It was reported that glycosides of spinacetin and patulenin were the predominant 
compounds in the aerial parts of C. bonus-henricus (Kokanova-Nedialkova et al. 2020; 
Kokanova-Nedialkova and Nedialkov 2021). The occurrence of sapogenins 2-hydroxy-
30-nor-gypsogenin, 2-hydroxyakebonic acid, and akebonic acids was also detected. The 
flavonoid and saponin-rich fractions showed in vitro hepatoprotective and antioxidant 
activity comparable to those of flavonoid complex silymarin (60 μg/mL) in a model of 
metabolic bioactivation, induced by CCl4. (Kokanova-Nedialkova et al. 2020). Nine 
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flavonol glycosides of patuletin, 6-methoxykaempferol and spinacetin were reported to 
reduce lipid damage, showed antioxidant activity, neuroprotective, anti-α-glucosidase, 
and lipase activities and possessed no toxic on the HepG2 cell line (Kokanova-Nedialkova 
and Nedialkov 2021). B. bonus-henricus possessed emollient, laxative, anthelmintic, 
antianemic and vermifuge properties. It is used also as expectorant and for the treatment 
of inflammated wounds (Kokanova-Nedialkova et al. 2016; Kokanova-Nedialkova et al. 
2009). The MeOH extract (60 μg/ml) of the aerial parts of C. bonus-henricus showed 
hepatoprotective and antioxidant activities comparable to those of flavonoid complex 
silymarin in an in vitro model of metabolic bioactivation, induced by tetrachloromethane. 
Along with the decreased MDA quantity and increased level of GSH, seven days 
pre-treatment of rats with the MeOH extract (100  mg/kg/daily) also prevented the 
tetrachloromethane-caused oxidative damage by increasing antioxidant enzyme activities 
(CAT, SOD, GPx, GR and GST) (Kokanova-Nedialkova et al. 2016). Extracts from roots 
of C. bonus-henricus L. radix showed radical scavenging activity evaluated by DPPH assay 
as IC50 was above 200 μg/ml (Nikolova et al. 2011).Moreover, ecdysteroids (especially 
20-hydroxyecdysone, derivatives of makisterone A and polypodine B), triterpene saponins 
(3-O-β-D-glucopyranosyl-phytolaccagenin-28-α-L-arabinopyranosyl ester, 3-O-β-
glucuronopyranosyl-bayogenin-28-O-β-glucopyranosyl ester, 3-O-β-glucopyranosyl-
bayogenin-28-α-L-arabinopyranosyl ester, 3-O-β-glucuronopyranosyl-medicagenic 
acid-28-β-xylopyranosyl(1→4)-α-rhamnopyranosyl(1→2)-α-arabinopyranosyl ester), 
6-methoxyflavonol glycosides(6-methoxykaempferol 3-O-[β-apiofuranosyl(1→2)]-β-
glucopyranosyl(1→6)-β-glucopyranoside), flavonoid glycosides (spinacetin 3-O-[β-
apiofuranosyl(1→2)]-β-glucopyranosyl(1→6)-β-glucopyranoside and spinacetin 
3-O-gentiobioside) were found in the roots of B. bonus-henricus (Kokanova-Nedialkova 
et al. 2009; Kokanova-Nedialkova et al. 2013; Kokanova-Nedialkova et al. 2015). 
Spinacetin 3-O-gentiobioside possessed stronger DPPH and ABTS radical scavenging 
activity (IC50 0.44± 0.008 mM and 0.089 ± 0.002 mM) (Kokanova-Nedialkova et 
al. 2015). Fifteen saponins of six sapogenins were identified in roots of this plant, as 
saponins bonushenricoside A, 3-O-β-D-glucuronopyranosylbayogenin-28-O-β-D-
glucopyranosyl ester, 3-O-β-Dglucuronopyranosyl-medicagenic acid-28-O-β-D-
xylopyranosyl (1 → 4)-α-L-rhamnopyranosyl(1 → 2)- α-Larabinopyranosyl ester, 
3-O-β-D-glucuronopyranosyl2β-hydroxygypsogenin-28-O-β-D-glucopyranosyl 
ester (4), 3-O-α-L-rabinopyranosyl-bayogenin-28-O-β-Dglucopyranosyl ester and 
bonushenricoside B deminstrateds possessed antioxidant and hepatoprotective effect 
(Kokanova-Nedialkova et al. 2019). Due to their root bioactive compounds infusions 
from them were used for the treatment of bronchitis, laryngitis, rheumatism, gout, 
constipation, dermatitis, eczema (Kokanova-Nedialkova et al. 2013). Moreover, 
the hepatoprotective activity of MeOH extracts from the roots of C. bonus-henricus 
as reported (Kokanova-Nedialkova et al. 2013). The glycosides of phytolaccagenin, 
bayogenin, medicagenic acid, 2β-hydroxygypsogenin, 2β-hydroxyoleanoic acid and 
oleanoic acid are a promising and safe class of hepatoprotective agents (Kokanova-
Nedialkova et al. 2019). In plant material of B. bonus-henricus also sterols and vitamins 
were detected, especially vitamin C (Kokanova-Nedialkova et al. 2009).
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Preliminary phytochemical screening of the aerial parts of Blitum virgatum shows the 
presence of carbohydrates, flavonoids, phytosterols, saponins and alkaloids/amins. Mois-
ture content (6.05%) and total ash (12.19%) of aerial parts were also determined (Ko-
kanova-Nedialkova et al. 2014a). The main secondary metabolites found in B.virgatum 
were terpenes (Kokanova-Nedialkova et al. 2009). This group of monocyclic hydrocar-
bon monoterpenoids includes limonene, α-terpinene and its γ-isomer, α-terpinоlen, 
β-phellandrene and three related derivatives that were found in this plant. It contains also 
aromatic monoterpenoid p-cymene, carvacrol, tymol, α-pinene and β-pinene, camphor 
and camphene, monocyclic sesquiterpenoids as β-caryophyllene (Kokanova-Nedialkova et 
al. 2009) and the oleanane triterpene 30-normedicagenic acid (Kokanova-Nedialkova et al. 
2014b). The aerial parts of this plant also contain phenolic compounds. New flavonol gly-
cosides were detected as 6-methoxy kaempferol-3-O-β-gentiobioside, gomphrenol-3-O-
β-gentiobioside and gomphrenol-3-O-[6-O-(β-Dglucopyranosyl)-β-D-glucopyranoside], 
as well as the already known compounds patuletin-3-O-β-gentiobioside and spinacetin-
3-O-β-gentiobioside. The decoction prepared from C. foliosum was evaluated as a poten-
tial source of flavonoids with a radical-scavenging activity. The highest radical-scavenging 
activity evaluated by DPPH and ABTS methods were patuletin-3-O-β-gentiobioside and 
6-methoxykaempferol-3-O-βgentiobioside, which were comparable with those of classic 
antioxidant ascorbic acid (Kokanova-Nedialkova et al. 2014a). The new acylated flavonol 
triglycoside namely gomphrenol-3-O-(5’’’-O-E-feruloyl)-β-D-apiofuranosyl-(1→2)[β-D-
glucopyranosyl-(1→6)]-β-D-glucopyranoside was also identified in the aerial parts of the 
plant collected from Beglika, Western Rhodopes, Bulgaria. This compound demonstrated 
low activity radical scavenging activity evaluated by DPPH and ABTS radicals and lack of 
antioxidant activity evaluated FRAP assay and inhibition of lipid peroxidation (LP) in the 
linoleic acid system by the ferric thiocyanate method. However, in combination with CCl4, 
gomphrenol-3-O-(5’’’-O-E-feruloyl)-β-D-apiofuranosyl-(1→2)[β-D-glucopyranosyl-
(1→6)]-β-D-glucopyranoside reduced the damage caused by the hepatotoxic agent and 
preserved cell viability and GSH level, decreased LDH leakage and reduced lipid damage 
at the highest concentration (100 μg/mL) (Kokanova-Nedialkova et al. 2014b).
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Abstract
Background: Recognising effects of static magnetic field (SMF) of varying flux density on flora and fauna 
is attempted. For this purpose, the influence of static magnetic field upon molecules of lower alkanols 
i.e. methanol, ethanol, propan-1-ol, propan-2-ol, butan-1-ol, S-butan-2-ol, isobutanol and tert-butanol 
is studied.
Methods: Computations of the effect of real SMF 0.0, 0.1, 1, 10 and 100 AFU (Arbitrary Field Unit; 
here 1AFU > 1000 T) flux density were performed in silico (computer vacuum), involving advanced 
computational methods.
Results: SMF polarises molecules depending on applied flux density, but it neither ionises nor breaks va-
lence bonds. Some irregularities in the changes of positive and negative charge densities and bond lengths 
provide evidence that molecules slightly change their initially fixed positions with respect to the force lines 
of the magnetic field. Length of some bonds and bond angles change with an increase in the applied flux 
density, providing, in some cases, polar interactions between atoms through space.
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Introduction

Modern technologies and technical solutions in several areas of our everyday life result in 
considerable environmental pollution with magnetic fields (Hamza et al. 2002; Rankovic 
and Radulovic 2009; Committee to Assess the Current Status and Future Direction of 
High Magnetic Field Science in the United States 2013; Bao and Guo 2021; Tang et al. 
2021). Recent studies showed an eminent effect of the static magnetic field (SMF) upon 
various micro-organisms, also on the colonising organisms of flora and fauna (Jaworska 
et al. 2014; Jaworska et al. 2016; Jaworska et al. 2017; Beretta et al. 2019). Numerous 
studies of the origin and mechanisms of observed effects pointed to a generation of free 
radicals which could interact with biological systems (Steiner and Ulrich 1989; Kohno et 
al. 2000; Woodward 2002; Buchachenko 2009; Buchachenko et al. 2012; Buchachenko 
2014). The role of metal ions was also taken under consideration (Andreini et al. 2008; 
Rittie and Perbal 2008; Buchachenko 2016; Letuta and Berdinskiy 2017). It was found 
that SMF polarised molecules depending on the applied flux density, but causes neither 
ionisation nor breaking valence bonds of those molecules (Ciesielski et al. 2021).

Our former preliminary studies on the effect of SMF-treated water upon en-
tomopathogenic organisms (Jaworska et al. 2017) and on functional properties of se-
lected cosmetics (Zamiatała et al. 2013) suggest a necessity of an insight into the role of 
SMF in a modification of the molecular structure of simple molecules and interaction 
taking place in their combinations. For that purpose, numerical simulations of the 
real effect SMF of 0.0, 0.1, 1, 10 and 100 T were performed in a computer vacuum 
for single and grouped-in-three molecules of oxygen, nitrogen, water, carbon dioxide, 
ammonia and methane. Additionally, in this paper, T (Tesla) values were employed as 
commonly accepted units of the SMF flux density. However, since the response of the 
applied computational programme to the magnitudes of applied flux density remained 
unknown, the flux densities were expressed in terms of Arbitrary Field Units (AFU).

Organisms belonging to flora and fauna contain, amongst others, compounds 
bearing the hydroxyl groups bound to the sp3 carbon atoms. They are alcohols. These 
in the flora organisms spread into sugar alcohols (Lewis and Smith 1967), fatty alco-
hols (Rowland and Domerque 2012) and steroid alcohols (Dinan et al. 2001). Similar 
types of alcohols reside in the fauna including human organisms.

Under normal conditions in the human organism, up to 0.15 ppm of so-called 
physiological ethanol is formed mainly through fatty acid synthesis, glycerolipid me-
tabolism and bile acid biosynthesis pathways (Woronowicz 2003; Wade 2021).

In this paper, the effect of SMF of flux density from 0 to 100 AFU is recognised 
upon simple primary, secondary and tertiary C1 to C4 alkanols as the model compounds 
for the alcohols of more complex structure residing in the flora and fauna organisms. 
For this purpose, advanced numerical simulations of the effect were employed.
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Numerical computations

Molecular structures were drawn using the Fujitsu SCIGRESS 2.0 software (Froimow-
itz 1993; Marchand et al. 2014,). Their principal symmetry axes were orientated along 
the x-axis of the Cartesian system. Molecules of alcohols were situated inside of a 
three-axial elypsoid. The longest axis of that elypsoid was accepted as the x-axis and the 
shortest quasi-perpendicular axis considered as the z-axis. The magnetic field was fixed 
in the same direction, along the x-axis with the south pole from the left side. Thus, the 
methanol molecule was so orientated along its C-O bond and the remaining alcohols 
along their longest carbon chain. The magnetic field was fixed in the same direction 
with the south pole from the left side. Subsequently, involving Gaussian 0.9 software 
equipped with the 6-31G** basis (Frisch et al. 2016), the molecules were optimised 
and all values of bond length, dipole moment, heath of formation, bond energy and 
total energy for systems were computed.

In the consecutive steps, the influences of the static magnetic field (SMF) upon opti-
mised molecules were computed with Amsterdam Modelling Suite software (Farberovich 

Figure 1. Alkanols under consideration and applied numbering of atoms in particular molecules.
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and Mazalova 2016; Charistos and Muñoz-Castro 2019) and the NR_LDOTB (non-
relativistically orbital momentum L-dot-B) method (Glendening et al. 1987; Carpenter 
and Weinhold 1988). Following that step, values of bond length, dipole moment, heath 
of formation equal to the energy of dissociation and charges at the atoms were calculated 
using Gaussian 0.9 software equipped with the 6-31G** basis (Marchand et al. 2014).

Results

Numerical simulations were performed for alkanols presented in Fig. 1.
Table 1 presents values of heat of formation and dipole moments for those alkanols 

placed in the SMF of flux density ranging from 0 (control sample) to 100 AFU.
Subsequent Tables contain computed values of charge density at particular atoms 

and bond lengths between atoms in methanol (Tables 2, 3), in ethanol (Tables 4, 5), 
in propan-1-ol (Tables 6, 7).

Table 1. Effect of SMF of increasing flux density upon heat of formation and dipole moment of alcohols.

Alcohol Heat of formation [kJ·mol-1]
at SMF flux density [AFU]

Dipole moment [D]
at SMF flux density [AFU]

0 0.1 1.0 10 100a 0 0.1 1.0 10 100a

Methanol -201.8 -195.3 -158.2 -114.2 -103.5 (49%) 1.94 2.03 2.15 2.36 3.01 (55%)
Ethanol -238.8 -230.5 -219.8 -203.5 -151.1 (37%) 1.81 1.83 1.90 2.11 2.68 (42%)
Propan-1-ol -251.7 -248.6 -231.2 -205.6 -171.6 (32%) 1.87 1.89 1.99 2.18 2.38 (27%)
Propan-2-ol -271.5 -270.6 -263.8 -249.2 -199.3 (27%) 1.92 1.95 1.99 2.08 2.22 (16%)
Butan-1-ol -276.1 -271.1 -253.6 -214.3 -161.1 (42%) 1.79 1.83 1.99 2.07 2.25 (26%)
S-Butan-2-ol -302.8 -298.5 -278.2 -264.5 -211.6 (30%) 2.10 2.13 2.26 2.48 2.79 (33%)
iso-butanol -285.1 -283.3 -279.2 -263.4 -183.3 (36%) 1.98 2.03 2.09 2.18 2.32 (17%)
tert-Butanol -312.7 -310.2 -281.6 -231.6 -184.7 (41%) 1.91 1.93 2.08 2.16 2.37 (25%)

aThe final increase (in %) in the reported value at applied SMF of 100 AFU is given in parentheses.

Table 2. Distribution of the charge density [a.u.] at particular atoms of the methanol molecule depend-
ing on the applied SMF flux density [AFU].

Atom Charge density [a.u.] at SMF flux density [AFU] 
Tendencyb 0 0.1 1.0 10 100

C1 V -0.127 -0.105 -0.162 -0.137 -0.077
O2 RH -0.739 -0.737 -0.688 -0.671 -0.610
H(3–5) V 0.156 0.146 0.161 0.151 0.120
H6 V 0.398 0.404 0.367 0.355 0.326

aData taken for drawing the average value for two or more either atoms or bonds are given in bold. bAbbreviations: 
RH – regularly increasing, RL - regularly decreasing, IH - irregularly increasing, IL - irregularly decreasing, V - lack of 
any regular tendency.

Table 3. Bond lengths [Ǻ] in the methanol molecule depending on the applied SMF flux density [AFU].

Bond Bond length [Ǻ] at applied SMF flux density [AFU]
Tendency 0 0.1 1.0 10 100

C1-O2 IL 1.430 1.393 1.365 1.353 1.354
C1-H(3–5) RH 1.090 1.167 1.178 1.213 1.328
O2-H6 IH 0.960 1.055 1.033 1.073 1.137

aSee Table 2 for notation.
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Table 4. Distribution of the charge density [a.u.] at particular atoms of the ethanol molecule depending 
on the applied SMF flux density [AFU].

Atom Charge density [a.u.] at SMF flux density [AFU] 
Tendency 0 0.1 1.0 10 100

C1 H -0.079 -0.062 -0.024 0.053 0.196
C2 V -0.662 -0.570 -0.548 -0.587 -0.550
O3 L -0.684 -0.692 -0.702 -0.725 -0.753
H(4–5) L 0.181 0.176 0.158 0.120 0.051
H(6–8) IL 0.210 0.197 0.190 0.187 0.190
H9 H 0.374 0.381 0.390 0.407 0.434

aSee Table 2 for notation.

Table 5. Bond lengths [Ǻ] in the molecule of ethanol depending on the applied SMF flux density [AFU].

Bond Bond length [Ǻ] at applied SMF flux density [AFU]
Tendency 0 0.1 1.0 10 100

C1-C2 IL 1.540 1.520 1.500 1.495 1.528
C1-O3 L 1.430 1.418 1.394 1.389 1.252
C1-H(4–5) H 1.090 1.098 1.142 1.222 1.352
C2-H(6–8) IH 1.090 1.143 1.171 1.178 1.155
O3-H9 H 0.960 0.963 0.986 1.021 1.130

aSee Table 2 for notation.

Table 6. Distribution of the charge density [a.u.] at particular atoms of the propan-1-ol molecule de-
pending on the applied SMF flux density [AFU].

Atom Charge density [a.u.] at SMF flux density [AFU] 
Tendency 0 0.1 1.0 10 100

C1 IH -0.047 -0.091 -0.015 0.155 0.129
C2 IL -0.449 -0.441 -0.441 -0.411 -0.467
C3 IH -0.594 -0.573 -0.567 -0.597 -0.483
O4 L -0.687 -0.696 -0705 -0.733 -0.785
H(5–6) IL 0.178 0.176 0.172 0.088 0.169
H(7–8) IL 0.223 0.215 0213 0.193 0.201
H(9–11) L 0.201 0.192 0.191 0.183 0.159
H12 H 0.373 0.378 0.386 0.415 0.438

aSee Table 2 for notation.

Table 7. Bond lengths [Ǻ] in the molecule of propan-1-ol depending on the applied SMF flux density [AFU].

Bond Bond length [Ǻ] at applied SMF flux density [AFU]
Tendency 0 0.1 1.0 10 100

C1-C2 IL 1.540 1.521 1.508 1.517 1.526
C2-C3 L 1.540 1.529 1.518 1.445 1.375
C3-O4 L 1.430 1.418 1.407 1.318 1.290
C1-H(5–6) H 1.075 1.088 1.093 1.299 1.161
C2-H(7–8) IH 1.090 1.125 1.128 1.252 1.186
C3-H(9–11) H 1.090 1.127 1.140 1.216 1.286
O4-H12 H 0.960 0.962 0.968 1.061 1.102

aSee Table 2 for notation.
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In propan-2-ol (Tables 8,  9), in butan-1-ol (Tables 10, 11), in S-butan-2-ol (Tables 12, 
13), in iso-butanol (Tables 14, 15) and in tert-butanol (Table 16, 17)

The visualisation of the shapes of those molecules at varying SMF flux density are 
presented in Figs 2–9.

Table 8. Distribution of the charge density [a.u.] at particular atoms of the propan-2-ol molecule de-
pending on the applied SMF flux density [AFU].

Atom Charge density [a.u.] at SMF flux density [AFU] 
Tendency 0 0.1 1.0 10 100

C1 H 0.064 0.077 0.093 0.097 0.136
C(2–3) IH -0.584 -0.542 -0.526 -0.537 -0.508
O4 IH -0.683 -0.686 -0.675 -0.672 -0.523
H5 V 0.191 0.177 0.170 0.182 0.174
H(6–8) L 0.208 0.190 0.190 0.175 0.171
H(9–11) V 0.199 0.188 0.178 0.201 0.191
H(6–8)&H(9–11) IL 0.203 0.189 0.184 0.188 0.181
H12 IL 0.373 0.381 0.365 0.358 0.192

aSee Table 2 for notation.

Table 9. Bond lengths [Ǻ] in the molecule of propan-2-ol depending on the applied SMF flux density [AFU].

Bond Bond length [Ǻ] at applied SMF flux density [AFU]
Tendency 0 0.1 1.0 10 100

C1-C(2–3) V 1.540 1.577 1.514 1.518 1.391
C1-O4 L 1.430 1.414 1.379 1.353 1.325
C1-H5 IH 1.090 1.142 1.164 1.152 1.189
C2-H(6–8) H 1.090 1.172 1.186 1.194 1.280
C3-H(9–11) IH 1.090 1.139 1.171 1.188 1.142
C2-H(6–8)&C3-H(9–11) H 1.090 1.155 1.179 1.191 1.211
O4-H12 IH 0.960 0.925 1.045 1.084 1.610

aSee Table 2 for notation.

Table 10. Distribution of the charge density [a.u.] at particular atoms of the butan-1-ol molecule de-
pending on the applied SMF flux density [AFU].

Atom Charge density [a.u.] at SMF flux density [AFU] 
Tendency 0 0.1 1.0 10 100

C1 H -0.050 -0.007 0.077 0.143 0.200
C2 V -0.425 -0.399 -0.404 -0.390 -0.405
C3 V -0.408 -0.396 -0.416 -0.393 -0.317
C4 V -0.574 -0.500 -0.532 -0.506 -0.521
O5 L -0.688 -0.699 -0.728 -0.766 -0.705
H(6–7) L 0.178 0.161 0.125 0.109 0.103
H(8–9) 0.221 0.205 0.204 0.191 0.175
H(10–11) IL 0.204 0.183 0.191 0.172 0.124
H(12–14) V 0.199 0.173 0.187 0.180 0.187
H15 IL 0.372 0.382 0.404 0.427 0.386

aSee Table 2 for notation.
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Table 11. Bond lengths [Ǻ] in the molecule of butan-1-ol depending on the applied SMF flux density [AFU].

Bond Bond length [Ǻ] at applied SMF flux density [AFU]
Tendency 0 0.1 1.0 10 100

C1-C2 V 1.540 1.516 1.512 1.536 1.576
C2-C3 L 1.540 1.529 1.504 1.448 1.378
C3-C4 IL 1.540 1510 1.489 1.486 1.491
C1-O5 L 1.430 1.405 1.344 1.291 1.256
C1-H(6–7) H 1.090 1.129 1.206 1.234 1.267
C2-H(8–9) H 1.090 1.155 1.158 1.219 1.297
C3-H(10–11) IH 1.090 1.178 1.168 1.205 1.372
C4-H(12–14) V 1.090 1.215 1.155 1.177 1.153
O5-H15 H 0.950 0.983 1.022 1.089 1.486

aSee Table 2 for notation.

Table 12. Distribution of the charge density [a.u.] at particular atoms of the S-butan-2-ol molecule 
depending on the applied SMF flux density [AFU].

Atom Charge density [a.u.] at SMF flux density [AFU] 
Tendencya 0 0.1 1.0 10 100

C1 V -0.575 -0.503 -0.513 -0.517 -0.553
C2 IL 0.086 0.087 0.067 0009 -0.176
C3 V -0.435 -0.397 -0.428 -0.477 -0.313
C4 V -0.601 -0.525 -0.545 -0.521 -0.538
O5 RH -0.689 -0.673 -0.665 -0.627 -0.589
H(6–8) V 0.207 0.183 0.188 0.186 0.217
H9 V 0.189 0.174 0.188 0.245 0.288
H10 V 0.203 0.183 0.202 0.198 -0.045
H11 V 0.223 0.202 0.212 0.211 0.285
H(12–14) V 0.198 0.190 0.179 0.189 0.207
H15 IL 0.383 0.383 0.379 0.355 0.366

aSee Table 2 for notation.

Table 13. Bond lengths [Ǻ] in the molecule of S-butan-2-ol depending on the applied SMF flux 
density [AFU].

Bond Bond length [Ǻ] at applied SMF flux density [AFU]
Tendencya 0 0.1 1.0 10 100

C1-C2 IL 1.540 1.521 1.505 1.466 1.494
C2-C3 V 1.540 1.555 1.583 1.569 1.382
C3-C4 V 1.540 1.501 1.478 1.502 1.459
C1-H(6–8) IH 1.090 1.200 1.171 1.186 1.307
C2-O5 RH 1.430 1.435 1.443 1.522 2.105
C2-H9 V 1.090 1.151 1.134 1.188 1.150
C3-H10 V 1.090 1.188 1.141 1.211 1.861
C3-H11 V 1.090 1.185 1.145 1.193 1.177
C3-H(12–14) IL 1.090 1.200 1.190  1.177  1.157
O5-H15 IH 0.960 0.968 0.990 1.081 0.933

aSee Table 2 for notation.
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Table 14. Distribution of the charge density [a.u.] at particular atoms of the iso-butanol molecule de-
pending on the applied SMF flux density [AFU].

Atom Charge density [a.u.] at SMF flux density [AFU] 
Tendency 0 0.1 1.0 10 100

C1 IH -0.020 0.064 0.083 0.127 0.069
C2 V -0.345 -0.391 -0.385 -0.374 -0.515
C(3–4) IH -0.550 -0.504 -0.513 -0.418 -0.251
O5 RL -0.688 -0.700 -0.719 -0.738 -0.756
H(6–7) V 0.178 0.132 0.133 0.140 0.203
H8 V 0.230 0.220 0.221 0.211 0.305
H(9–11) RL 0.202 0.197 0.190 0.172 0.089
H(12–14) RL 0.198 0.181 0.181 0.147 0.099
H(9–11)&H(12–14) RL 0.200 0.189 0.185 0.159 0.094
H15 RH 0.375 0.392 0.397 0.405 0.428

aSee Table 2 for notation.

Table 15. Bond lengths [Ǻ] in the molecule of iso-butanol depending on the applied SMF flux density [AFU].

Bond Bond length [Ǻ] at applied SMF flux density [AFU]
Tendency 0 0.1 1.0 10 100

C1-C2 V 1.540 1.518 1.512 1.538 1.551
C2-C3 V 1.540 1.536 1.534 1.494 1.440
C3-C4 V 1.540 1.532 1.515 1.471 1.500
C1-O5 RL 1.430 1.406 1.366 1.294 1.081
C1-H(6–7) IL 1.090 1.215 1.193 1.186 1.103
C2-H8 V 1.090 1.155 1.148 1.228 1.171
C3-H(9–11) IH 1.090 1.176 1.163 1.227 1.857
C4-H(12–14) IH 1.090 1.172 1.170 1.332 2.051
C3-H(9–11)&C4-H(12–14) IH 1.090 1.174 1.167 1.279 1.954
O5-H15 V 0.960 0.955 1.018 1.131 1.104

aSee Table 2 for notation.

Table 16. Distribution of the charge density [a.u.] at particular atoms of the tert-butanol molecule de-
pending on the applied SMF flux density [AFU].

Atom Charge density [a.u.] at SMF flux density [AFU] 
Tendency 0 0.1 1.0 10 100

C1 V 0.162 0.169 0.172 0.177 0.092
C(2–4) IH -0.551 -0.502 -0.516 -0.474 -0.373
O5 V -0.684 -0.683 -0.694 -0.696 -0.689
H(6–14) IL 0.200 0.183 0.189 0.174 0.100
H15 H 0.371 0.370 0.375 0.376 0.387

aSee Table 2 for notation.

Discussion

SMF turned negative values of heat of formation of alcohols less negative. It meant 
that SMF destabilised these molecules. That effect was accompanied with an increase in 
dipole moment (Table 1). The length of the carbon chain appeared to be crucial for the 
magnitude of those effects. Performed numerical simulations revealed that alcohols dis-
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Table 17. Bond lengths [Ǻ] in the molecule of tert-butanol depending on the applied SMF flux density [AFU].

Bond Bond length [Ǻ] at applied SMF flux density [AFU]
Tendency 0 0.1 1.0 10 100

C-C RL 1.540 1.533 1.530 1.524 1.504
C-H IH 1.090 1.166 1.163 1.229 1.542
C1-O5 IL 1.430 1.421 1.411 1.386 1.397
O5-H15 IH 0.960 0.984 0.969 1.006 1.013

aSee Table 2 for notation.
Methanol Ethanol Propan-1-ol
Propan-2-ol Butan-1-ol S-(+)-Butan-2-ol
iso-Butanol tert-Butanol

Figure 2. Visualisation of the conformational changes of the methanol molecule structure produced by 
SMF of increasing flux density.

tinguished from one another in their expressed heat of formation and dipole moment 
sensitivity to increased SMF flux density. It is shown by corresponding orders of those 
parameters arranged, based on the effect observed at SMF flux density at 100 AFU.

Order of sensitivity of heat of formation:

Methanol > Butan-1-ol > tert-Butanol > Ethanol > iso-Butanol > Propan-
1-ol > S-Butan-2-ol > Propan-2-ol

Order of sensitivity of dipole moment:

Methanol > Ethanol > S-Butan-2-ol > Propan-1-ol > Butan-1-ol > tert-
Butanol > iso-Butanol > Propan-2-ol
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Figure 4. Visualisation of the conformational changes of the propan-1-ol molecule structure produced 
by SMF of increasing flux density.

Figure 3. Visualisation of the conformational changes of the ethanol molecule structure produced by 
SMF of increasing flux density.
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Figure 5. Visualisation of the conformational changes of the propan-2-ol molecule structure produced 
by SMF of increasing flux density.

Figure 6. Visualisation of the conformational changes of the butan-1-ol molecule structure produced by 
SMF of increasing flux density.
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For instance, at 100 AFU, the heat of formation and dipole moment rose by ap-
proximately 49% and 55%, respectively. Under the same accepted conditions, these 
parameters for butan-1-ol rose by approximately 42% and 26%, respectively. Results of 
the simulations showed that the sensitivity of the alcohols to the applied SMF changed 
irregularly against the length of the carbon chain (Table 1). Such behaviour pointed 
to an involvement of complex factors. It is likely that they included changes in the 
conformation of the carbon chains, bond lengths and bond angles leading to repulsion 
of some fragments of the structure of those molecules away from the direction of the 
applied SMF. Such behaviour could evoke variable electrostatic and polar interactions 
through space, between particular atoms of the molecules.

These postulates were then recognised separately for particular alcohols under con-
sideration (Fig. 1).

In the methanol molecule, because of the polarisation of the C-H bonds, the C1 
atom took the negative charge. Its density changed irregularly with an increase in the 

Figure 7. Visualisation of the conformational changes of the structure of S-butan-2-ol molecule pro-
duced by SMF of increasing flux density.
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SMF flux density. Initially, at 0.1 AFU, it decreased possibly due to polarisation of the 
C-O bond caused by the electron accepting properties of the O2 atom. The highest 
negative charge density at the C1 atom was noted at 1.0 AFU and substantially de-
clined regularly up to 100 AFU (Table 2). Since the negative charge density at the O2 
atom fairly regularly declined with an increase in AFU, the observed regularity should 
result from the C1-H interactions. Due to free rotation around the C1-O2 bond all 
three hydrogen atoms (H3, H4 and H5) of the methyl group are, in fact, equivalent 
to one another. However, the rules accepted in situating that molecule in the magnetic 
field cancelled that equivalence. Therefore, in Table 2, computed values of the charge 
density of those atoms were not identical. In order to omit that in consequence, the 
average of those three parameters was discussed. The average positive charge density 

Figure 8. Visualisation of the conformational changes of the structure of iso-butanol molecule produced 
by SMF of increasing flux density.
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at the H3-H5 atoms and at the H6 atom irregularly decreased with an increase in the 
SMF flux density. These changes could originate from pushing particular hydrogen 
atoms out of the magnetic field. In Table 3, the bond lengths between particular atoms 
revealed a general tendency of the shortening the C1-O2 bond with an increase in 
applied SMF. This behaviour was observed in spite of simultaneous declining of the 
negative charge at those atoms. The length of the remaining bonds increased although 
slight irregularities in the case of the C1-(H3-H5) and O2-H6 bonds, in both cases 
taking place at 1 AFU were noted. The visualisation of the shapes of the molecule at 
varying SMF flux density (Fig. 2) confirmed that the irregularities could result from 
slight mobility of the molecule placed in the magnetic field and subtle changes of the 
bond angles.

In the ethanol molecule without SMF, both the C1 and C2 atoms were negatively 
charged (Table 4). As the applied SMF flux density increased, the charge density at 
both atoms declined. That at the C1 atom reached positive charge already at 10 AFU. 
It could rationalise the increase in the negative charge density at the O3 atom. Under 
SMF, the latter atom polarised not only the C1-O3, but also the O3-H9 bond. In 
consequence, the positive charge density at the H9 atom rose with an increase in the 
flux density. As the result of the decrease in the electronegativity of the C1 atom, the 
positive charge density at the H4 and H5 atoms declined. Declining with increasing 
flux density electronegativity of the C2 atom resulted in a gradual decrease of the posi-
tive charge density at the H6, H7 and H8 atoms. The latter irregularity was reflected 
by irregular changes in the C2-H6 bond (Table 5). Under the influence of SMF, the 
length of the C1-C2 and C1-O3 bonds declined with an increase in the applied flux 

Figure 9. Visualisation of the conformational changes of the structure of the tert-butanol molecule pro-
duced by SMF of increasing flux density.
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density. Simultaneously, the length of all C-H bonds and the O3-H9 bond increased 
with the flux density applied.

The visualisation of the ethanol molecule placed in SMF with increased flux den-
sity (Fig. 3) demonstrated the slight conformational changes in the initial position of 
the molecule out of the field. The essential change of the position of the H9 atom cor-
responded to observed irregularity in the C1-C2 bond length at 100 AFU.

In the charge density distribution in the propan-1-ol molecule SMF of increasing 
flux density generated many more irregularities. They were caused mainly by SMF of 
100 AFU although some irregularities were noted also in the charge density at the C1 
atom at 0.1 AFU, at the C3 atom at 10 AFU and the H(5–6) atom at 10 AFU (Ta-
ble 6). All three carbon atoms in this alcohol were negatively charged. In the SMF of 
increasing flux density, the negative charge density at all carbon atoms declined. The C2 
and C3 carbon atoms retained that charge also at 100 AFU, but the C1 atom turned 
into positively charged already at 10 AFU. Since with an increase in the flux density, 
the O4 atom turned more electron attracting, this phenomenon could be rationalised 
in a similar manner as presented for ethanol. The positive charge density at the H12 
atom regularly rose, likely as the consequence of increasing electronegativity of the O4 
atom. In contrast to that, the positive charge density declined with an increase in the 
flux density at the H(5–6), H(7–8) and H(9–11) atoms at the flux density up to 100 
AFU. In the two first cases, it declined solely up to 10 AFU and at 100 AFU it rose. In 
the case of the H(9–11) atoms, a possibility of their polar interaction with the O4 atom 
could eventually be taken into account, but visualisation of the shape of that molecule 
in the SMF (Fig. 4) did not support that assumption. The length of all C-C bonds, 
although irregularly in the case of the C1-C2 bond, decreased with an increase in the 
applied flux density (Table 7). The C3-O4 bond also shortened. All the C1-H(5–6) 
and C2-H(7–8) bonds regularly expanded up to 10 AFU in order to compress at 100 
AFU. The C3-H(9–11) and the O4-H12 were regularly elongated up to 100 AFU.

The visualisation presented in Fig. 4 confirmed that observed effects originated 
from small movements of the molecule at increasing SMF intensity and associated 
changes in bond angles.

The carbon chain in the molecule of propan-2-ol was more capable of various 
conformational transformations involving the methyl groups. On the other hand, in-
tervention of the intramolecular polar interactions was unlikely. It resulted in irregular 
responses of the charge density (Table 8) and bond lengths (Table 9) to the application 
of SMF and its increasing flux density. The C1 carbon atom holding the hydroxyl and 
two methyl groups was positively charged and the charge density regularly increased 
with an increase in the flux density. The C2 and C3 carbon atoms of both side methyl 
groups were negatively charged and these charges, even without SMF, were not identi-
cal. As the flux density rose, the charge density at both these atoms declined although 
it proceeded irregularly. This trend was accompanied by a fairly regular decrease of 
the negative charge density at the O4 atom. The positive charge density at the H5 
– H11 atoms generally, although irregularly, decreased with increasing flux density. 
These rather subtle irregularities were observed at 10 AFU. The charge density at the 
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H12 atom declined regularly against the increasing flux density. The C1-C(2–3) bond 
length at 0.1 AFU increased in order to decrease up 100 AFU and, at the same time, 
the length of the C1-O4 bond decreased regularly. All the C-H bonds [C2-H(6–8) & 
C3-H(9–11) av.] and O-4-H12 bonds increased their lengths with increasing flux den-
sity although the latter bond did it irregularly at 0.1 AFU. Fig. 5 demonstrates the ori-
gin of those irregularities. They were changes in bond angles and subtle re-orientations 
in the original position along the x-axis.

As in case of results of computations for ethanol and propan-1-ol, such computa-
tions for normal carbon chain butan-1-ol delivered the scope of data with very few 
irregularities in the flux density dependent on changes of charge density (Table 10) and 
bond lengths (Table 11).

Out of SMF, the C1-carbon atom holding the hydroxyl group was weakly nega-
tively charged. As the flux density of the applied SMF increased, the charge of that 
atom turned to positive and its value increased regularly with increasing flux density. 
All remaining carbon atoms of the chain were negatively charged and their charge 
density fairly regularly decreased with an increase in the flux density applied. Amongst 
them, the C3 atom was the least electronegative and, at 1.0 AFU, its electronegativity 
jumped considerably. The electronegativity of the O5 atom increased with an increase 
in the flux density up to 10 AFU and regularly decreased up to 100 AFU. The posi-
tive charge density at the H6 – H10 and H14 atoms fairly regularly decreased with 
an increase in the flux density, whereas the charge density at the H11-H13 atoms 
irregularly increased. The positive charge density at the H15 atom belonging to the 
hydroxyl group regularly increased up to 10 AFU and declined regularly up to 100 
AFU. The length of the C1-C2 bond, initially at 0.1, 1 and 10 AFU, decreased and 
then increased regularly up to 100 AFU. The length of C2-C3, C3-C4 and C1-O5 
bonds at that time declined. The bond length of all C-H bonds and the O5-H14 group 
increased with an increase in flux density. That increase became irregular in the case 
of the terminal methyl group (Table 11). The visualisation of the structural changes 
in the butan-1-ol molecule evoked by applied SMF (Fig. 6) points to the same factors 
rationalising the results of computations. Additionally, the polar interactions between 
the hydrogen atoms of the H10 atom, particularly at 100 AFU, seems to be likely.

Butan-2-ol called also sec-butanol exists in two, R and S enantiomers. The S en-
antiomer is more common. The asymmetry centre at the C2 atom did not influence 
the results of computations, thus, data collected in Tables 12, 13 were valid for both 
enantiomers. Due to the asymmetry centre located at the C2 atom, the H10 and H11 
atoms and the C3-H10 and C3-H11 were not equivalent to one another, respectively. 
Therefore, corresponding values were not average. Except for the C2 carbon atom, the 
remaining carbon atoms in that molecule carried a negative charge density although, 
at 100 AFU, the C2 atom also took the negative charge density. Increasing flux density 
decreased that negative charge. Additionally, the negative charge density at the O5 
atom behaved similarly. Except for the H10 atom which carried the negative charge 
density at 100 AFU, all remaining carbon atoms carried the positive charge density. 
Its value varied highly irregularly with increasing flux density (Table 12). These facts 
pointed to a considerable role of conformational changes within that molecule and 
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intramolecular polar interactions. Solely the C2-O5 bond length regularly increased 
with the flux density. The lengths of the other bonds varied irregularly (Table 13).

The visualisation of the structural changes in the S-butan-2-ol molecule evoked by 
applied SMF (Fig. 7) pointed to the same factors rationalising the results of computa-
tions. Additionally, the polar interactions between the hydrogen atoms of the H10 
atom, particularly at 100 AFU, seemed to be likely.

For the same reasons as mentioned in case of propanol-2-ol, computed changes 
in the charge density (Table 14) and bond length in the iso-butanol fairly irregularly 
changed with an increase in the SMF flux density. The residual electronegativity of the 
C1 atom in the molecule out of SMF ceased already at 0.1 AFU. The positive charge at 
that atom rose up to 10 AFU and slightly declined regularly up to 100 AFU. The elec-
tronegativity of the C2 increased with the flux density in contrast to that of the C3 and 
C4 atoms whose electronegativity was reduced. Simultaneously, the electronegativity of 
the O5 atom regularly increased. The flux density of 100 AFU considerably increased 
the positive charge density at the H8 and H15 atoms. The positive charge density at 
the remaining H- atoms, except for the H6 and H7 atoms, declined under the influ-
ence of lower flux densities (Table 14). There were also numerous irregularities in the 
influence of increasing flux density upon the bond lengths. The length of the C1-C2 
bond initially decreased in order to increase again at 10 AFU and the C2-C3, C3-C4 
and C1-O5 bonds were shortened. Simultaneously, all the C-H bonds expanded, some 
of them irregularly against increasing flux density (Table 15). The visualisation of the 
effects of SMF upon the structure of the iso-butanol molecule (Fig. 8) suggested pos-
sible intervention in the structure modification from intramolecular polar interactions 
involving the H10 hydrogen and O5 atoms.

The highly-branched carbon chain of tert-butanol provided three methyl groups. 
Potentially, they could change their orientation in SMF, controlled by the generated 
variable positive charge density located at a particular hydrogen atom at a given flux 
density. That factor could rationalise irregular changes of charge densities at particular 
atoms (Table 16) and bond lengths (Table 17) on increasing flux density. Thus, for 
instance, the positive charge density at the C1 atom rose up regularly to decline at 100 
AFU. The negative charge density at the equivalent C2, C3 and C4 atoms also declined 
with an increase in the flux density. Increasing flux density only slightly influenced the 
negative charge density at the O5 oxygen atom. The positive charge density of the 
carbon bound hydrogen atoms fairly regularly declined against increasing flux density, 
whereas the positive charge density located at the O5 atom bound to the hydrogen 
atom slightly, but regularly increased. These effects contributed to irregular changes of 
the bond lengths presented in Table 17. The observed irregularities could also result 
from perturbations in rotation of the vicinal groups caused by electrostatic repulsion 
of the hydrogen atoms through space. The length of the C-C- and C1-O5 bonds de-
creased with an increase in the flux density, whereas, simultaneously, the length of the 
C-H and O5-H15 bonds increased (Table 17). Fig. 9 presents conformational changes 
evoked by SMF in the molecule of tert-butanol.

A rigid molecule situated in respect to the direction of the magnetic field resulted 
in diamagnetic interactions with electrons of the bonds. Thus, these interactions could 
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be reflected by elongation of the bonds instead of moving in the space. This is known 
as a phenomenon of levitating living frogs observed in SMF on the level of 12–20T 
(Berry 1997) (≈ 0.012–0.02 AFU) and these remaining healthy after experiments.

In performed computations, a decrease in heat of formation of alkanols with an 
increase in applied SMF flux density accompanied with increase in dipole moments 
pointed to weakening the bonds and, at the same time, elongation of the bonds. It 
resulted from the destabilising effect of SMF upon spin-paired electrons. Inspection 
of the alkanols geometry changing with SMF arranged parallel to the long axis of 
the molecules showed that, in several cases, the effect of the bond elongation is the 
strongest when the bond and direction of the field force lines reached approximately 
the 45° angle. It was noted for the molecules of methanol, butan-1-ol, S-butan-2-ol, 
iso-butanol and tert-butanol.

Biological function of alcohols in organisms of flora and fauna chiefly involves the 
hydroxyl group. That group is attacked by various enzymes metabolising alcohols via a 
complex catabolic and metabolic pathway (US Department of Health & Human Ser-
vices 2007; Vaswami 2019). In the first step, the hydroxyl group of alcohol plays a role 
of the Lewis base. Hence the high negative charge density at the oxygen atom of that 
group favours the initial step of the alcohol metabolism. Simultaneously, elongation of 
the O-H bond should favour the contact of the alcohol with attacking enzymes. Tak-
ing these arguments into account, based on the insight in particular Tables, one could 
state that SMF declined the Lewis basicity, that is, inhibited reaction with enzymes in 
methanol, propan-2-ol and S-butan-2-ol. Except for methanol, the alkanols bearing 
their hydroxyl groups at the terminal CH2 group of the chain were stimulated by SMF 
to react with enzymes. Amongst the SMF stimulated alkanols, the tert-butanol was 
least sensitive. The length of the O-H bond increased in all cases.

Taking into account the chemical oxidation of alkanols, attention should be paid 
to the response of the positive charge density at the hydrogen atom bound to the car-
bon atom holding also the hydroxyl group to an increase in the applied SMF flux. One 
could see that, in the molecules of methanol, ethanol, propan-1-ol, propan-2-ol and 
butan-1-ol, the positive charge density decreased making that hydrogen atom less acid-
ic. Only in S-butan-2-ol and isobutanol, this charge density varied very chimerically. 
tert-Butanol did not possess such a hydrogen atom. A decrease in the positive charge 
at the geminal hydrogen atom made it more sensitive to the reactions of the free radi-
cal mechanism that is less susceptible to the reactions involving the ionic mechanism.

Conclusions

Static magnetic field of flux density increasing from 0 to 100 AFU destabilised the 
molecules of alkanol as shown by the increasing heat of formation of those molecules 
and their dipole moment.

SMF produced an increase in the negative charge density at the oxygen atom of the 
hydroxyl group and elongated the –O-H bond length. These results show that SMF 
facilitates metabolism of the alkanols.



Effects of static magnetic field on simple alkanols 53

Some irregularities in the changes of positive and negative charge densities and 
bond lengths provide evidence that molecules slightly change their initially fixed posi-
tions in respect to the force lines of the magnetic field. Length of some bonds and bond 
angles change with an increase in the applied flux density providing, in some cases, 
polar interactions between atoms through the space.

SMF flux density initially defined in T evoked much stronger effects than could 
be anticipated, based on the comparative analysis with experimental results of 
flux density. Computations were performed for extremely high intensity of SMF 
at which almost every molecule and every element of construction could be de-
stroyed. In natural Earth conditions, generated SMF of hardly 2 AFU destroyed 
electromagnetism within milliseconds. Thus, introduced AFU were at 1000 times 
higher than T. Hence, results of effects of SMF to humans predicted in this paper 
are purely theoretical in contrast to effects of alternating electromagnetic fields of 
much lower intensity.
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Abstract
Background: Recognising effects of static magnetic field (SMF) of varying flux density on flora and fauna 
is attempted. For this purpose, the influence of SMF upon molecules of α- and β-D-glucose, α- and β-D-
galactose, α- and β-fructopyranoses, α- and β-fructofuranoses and α- and β-D-xylofuranoses and α and 
β-D-xylopyranoses is studied.
Methods: Computations of the effect of static magnetic field (SMF) of 0.0, 0.1, 1, 10 and 100 AFU (1 
AFU > 1000 T) flux density were performed in silico for SMF changes distribution of the electron density 
in these molecules.
Hyper-Chem 8.0 software was used together with the AM1 method for optimisation of the conformation 
of the molecules of monosaccharides under study. Then polarisability, charge distribution, potential and 
dipole moment for molecules placed in SMF were calculated involving DFT 3-21G method.
Results: Application of SMF induced polarisability of electrons, atoms and dipoles, the latter resulting in 
eventual re-orientation of the molecules along the applied field of the molecules and the electron density 
redistribution at particular atoms. Increase in the field strength generated mostly irregular changes of the 
electron densities at particular atoms of the molecules as well as polarisabilities. Energy of these molecules 
and their dipole moments also varied with the SMF flux density applied.
Conclusions: Saccharides present in the living organisms may participate in the response of the living organ-
isms to SMF affecting metabolism of the molecules in the body fluids by fitting molecules to the enzymes. 
Structural changes of saccharide components of the cell membranes can influence the membrane permeability.
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Introduction

Carbohydrates (mono-, di-, oligo- and polysaccharides) serve several key functions 
in fauna and flora. Customarily, products of their physical, chemical and biological 
transformations are also accounted for in this group of compounds. Cellulose, a poly-
saccharide, is the most abundant carbohydrate all over the world. It is a structural 
component of the cell walls of plants including aquatic plants like algae. Green plants, 
which constitute about half of the living matter on the earth, also contain abundant 
number of mono-, di- and oligosaccharides. Some of them are found also in animals. 
Metabolism of those oligo- and lower carbohydrates provides energy and nutrients for 
the plants (Heldt and Piechulla 2010).

In organisms of fauna and their life, the role of carbohydrates is much more com-
plex than in plants. They co-build membranes of body cells and microorganisms colo-
nising the body, enzymes and elements of genetic code. Carbohydrates are present in 
systems protecting the cells from oxidative stress and participate in several reactions in 
the body (Maton et al. 1993; Campbell et al. 2006; Reynolds et al. 2019). Carbohy-
drates in various forms are delivered to the organisms as food components. The latter 
are either physically, chemically or enzymatically transformed (metabolised) or left 
intact playing the role of fibre. Fibre promotes a proper functioning of the excretory 
system and, as an adsorbent, removes toxins concentrated in the intestines. All kinds 
of physical, chemical and biochemical transformations are controlled by several fac-
tors, such as conformations of reacting molecules, equilibria, formation of transition 
molecule – enzyme transition states and mechanisms of the transformations which can 
be either reversible or irreversible. Their transformation can proceed following either 
ionic or radical mechanisms (Tomasik 1997; Tomasik 2007a, 2007b; Keung and Me-
hta 2015; Churuangsuk et al. 2018).

The effect of increasing environmental pollution with a magnetic field (Hamza et 
al. 2002; Rankovic and Radulovic 2009) and the role of the magnetic field in current 
and future technologies (Committee to Assess the Current Status and Future Direction 
of High Magnetic Field Science in the United States, Board on Physics and Astronomy 
2013; Bao and Guo 2021; Tang et al. 2021) evokes certain anxiety. Therefore, recently 
(Ciesielski et al. 2021) we presented a numerically-simulated effect of static magnetic 
field (SMF) on the structure and behaviour of simple molecules, that is, triplet and 
singlet oxygen, nitrogen, water, ammonia, carbon dioxide and methane (Ciesielski et 
al. 2021) and lower alkanols (Ciesielski et al. 2022). The results prompted us to study 
the effect of that field upon further molecules important in constituting and function-
ing organisms of flora and fauna.
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This paper presents results of numerical computations applied to selected 
monosaccharides, that is to α- and β-D-glucose, α- and β-D-galactose, α- and 
β-fructopyranoses, α- and β-fructofuranoses, α- and β-D-xylopyranoses and α- and 
β-D-xylofuranoses. They play essential roles in building structure and functioning of 
organisms of flora and fauna.

Numerical computations

Molecular structures were drawn using the Fujitsu SCIGRESS 2.0 software (March-
and et al. 2014). Their principal symmetry axes were orientated along the x-axis of the 
Cartesian system. A molecule of saccharide was situated inside of a triaxial elypsoid. 
The long axis of that ellipsoid was accepted to be the x-axis. The shortest axis quasi-
perpendicular to either the pyranose or furanose ring was considered as the z-axis. The 
y-axis was quasi-parallel to those rings plane. The magnetic field was fixed in the same 
direction, along the x-axis with the south pole from the left side. Subsequently, involv-
ing Gaussian 0.9 software, equipped with the 6-31G** basis (Frisch et al. 2016) i.e. 
equipped with multiple polarization functions (Frisch et al. 1984), the molecules were 
optimised and all values of bond length, dipole moment, health of formation, bond 
energy and total energy for the systems were computed.

In the next step, the tendency of the static magnetic field (SMF) influence, em-
ployed as Arbitrary Field Unit (AFU) (1 AFU > 1000 T), upon optimised molecules 
was computed with Amsterdam Modelling Suite software (Farberovich and Mazalova 
2016; Charistos and Muñoz-Castro 2019) and the NR_LDOTB (non-relativistically 
orbital momentum L-dot-B) method (Glendening et al. 1987; Carpenter and Wein-
hold 1988). Following that step, values of bond length, dipole moment, health of 
formation equal to the energy of dissociation and charges at the atoms, were calculated 
using Gaussian 0.9 software equipped with the 6-31G** basis (Frisch et al. 2016).

Visualisation of molecules in the coordinate system was performed involving the 
HyperChem 8.0 software (Froimowitz 1993).

Results

Numerical simulations were performed for both anomers of D-glucose (Fig. 1)
Both anomers of D-galactose (Fig. 2)
Both anomers of D-fructopyranoses and both anomers of D-fructofuranoeses (Fig. 3)
Both anomers of D-xylopyranoses and both anomers of D-xylofuranoses (Fig. 4)
Particular structures contain numbering atoms followed in further discussions.
Tables 1–3 provide data illustrating properties of the α- and β-D-glucose molecules 

situated along the x-axis of the Cartesian system in SMF of the flux density of 0 to 100 
AFU, distribution of charge density and bond lengths in those molecules, respectively.

Results of those computations are visualised in Fig. 5.
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Corresponding data computed for anomers of D-galactose are presented in Tables 
4–6. They are visualised in Fig. 6.

Tables 7–9 contain results of analogous computations for anomers of D-fructo-
pyranoses and visualisation of those data are visualised in Fig. 7.

Figure 1. Structure of α- and β-D-glucose (a and b respectively) and followed by numbering of atoms.

Figure 2. Structure of α- and β-D-galactose (a and b respectively) and followed by numbering of atoms.

Table 1. Properties of the α- and β-D-glucose molecules situated along the x-axis of the Cartesian system 
in SMF of the flux density of 0 to 100 AFU.

Property Anomer Flux density [AFU]
0 0.1 1 10 100

Dipole moment [D] α 8.68 8.69 8.77 8.89 9.06
β 8.34 8.44 9.75 10.12 14.52

Heat of formation [kcal/mole] α -1259.6 -1259.6 -1248.7 -1141.5 -985.8 
β -1246.6 -1245.8 -1223.5 -1095.3 -912.6
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Properties computed for anomers of D-fructofuranoses are given in Tables 7, 10 
and 11 and their visualisation can be seen in Fig. 8.

Corresponding data for D-xylopyranose anomers are provided in Tables 12–14 
and visualisation of those data are presented in Fig. 9.

Finally, computations for anomers of D-xylofuranoses are presented in Tables 12, 
15 and16. Visualisation of those data is given in Fig. 10.

Discussion

This study focused on recognising effects of SMF upon metabolism of monosaccha-
rides in the organisms of fauna and flora. Particular attention was paid to the effect 
of SMF of increasing flux density upon the charge density at the atoms being the 
reaction sites of the selected monosaccharide molecules responsible for initiating the 
metabolic processes.

Figure 3. Structure of α- and β-D-fructopyranoses (a and b respectively) and α- and β-D-fructofuranoses 
(c and d respectively) and followed by numbering of atoms.
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SMF could perturb the trajectory of bonds forming electrons involving the Lor-
entz force. Additionally, the stability of the lone and bonding electron pairs resulting 
from their oppositely-directed magnetic spins could be reduced. Such kind of electron 
pairs reside in valence bonds and in non-bonding lone electron pairs of the oxygen 
atoms. One of the two lone electron pairs of the latter atoms should be particularly 
sensitive to the effect of SMF. SMF could turn hybridisation of that atom from nearly 
sp2 to sp3 proportionally to an increase in the flux density. That effect would influence 
the electrostatic interactions through space within the molecules.

D-Glucose

This aldohexose resides chiefly in the cyclic form of α- and β-pyranose (Fig. 1). The 
thermodynamically less stable open-chain molecule spontaneously isomerises into 
one of two anomeric pyranoses (Tomasik 1997; Tomasik 2007a;, 2007b; Keung and 
Mehta 2015; Churuangsuk et al. 2018).

Both anomers of D-glucose, that is, α- and β-D-glucose are utilied in organisms 
of flora and fauna as a main source of energy (Domb et al. 2019). They are directly 

Figure 4. Structure of α- and β-D-xylopyranoses (a and b respectively) and α- and β-D-xylofuranoses 
(c and d respectively) and followed by numbering of atoms.



Effects of the static magnetic field on carbohydrates 63

Table 2. Charge density [a.u] at particular atoms of the α- and β-D-glucose molecules depending on 
SMF flux density [AFU].

Atom Fluxdensity[AFU]
Tendency 0 0.1 1.0 10 100

C1 H1 0.421 0.428 0.430 0.435 0.434
L2 0.466 0.442 0.425 0.398 0.375

C2 H3 0.094 0.108 0.126 0.148 0.156
H2 0.138 0.149 0.161 0.172 0.178

C3 V 0.135 0.137 0.129 0.050 0.053
V 0.108 0.108 0.079 0.050 0.093

C4 V 0.176 0.179 0.181 0.153 0.164
L1 0.192 0.192 0.187 0.166 0.163

C5 IL 0.121 0.121 0.124 0.076 0.067
IL 0.102 0.110 0.096 0.058 0.034

C6 H3 0.004 0.010 0.036 0.371 0.427
H 0.009 0.027 0.139 0.374 0.460

O7 IH -0.639 -0.636 -0.632 -0.620 -0.628
H2 -0.631 -0.620 -0.610 -0.598 -0.017

O8 L2 -0.697 -0.706 -0.715 -0.734 -0.736
H2 -0.727 -0.708 -0.702 -0.696 -0.688

O9 IH -0.706 -0.708 -0.708 -0.689 -0.683
H -0.752 -0.750 -0.740 -0.716 -0.696

O10 IH -0.752 -0.745 -0.721 -0.475 -0.551
H2 -0.745 -0.712 -0.580 -0.489 -0.634

O11 V -0.744 -0.741 -0.738 -0.724 -0.740
V -0.747 -0.740 -0.735 -0.728 -0.753

O12 V -0.711 -0.715 -0.716 -0.669 -0.651
H1 -0.708 -0.707 -0.702 -0.659 -0.600

H13 V 0.174 0.173 0.172 0.184 0.187
V 0.150 0.147 0.155 0.169 0.172

H14 L 0.182 0.178 0.175 0.174 0.175
V 0.192 0.191 0.161 0.201 0.201

H15 IH 0.200 0.201 0.204 0.241 0.240
V 0.155 0.153 0.164 0.172 0.134

H16 V 0.196 0.195 0.194 0.198 0.191
V 0.207 0.207 0.207 0.211 0.205

H17 IH 0.186 0.185 0.186 0.228 0.230
H1 0.161 0.162 0.179 0.214 0.221

H18 L3 0.155 0.130 0.075 -0.479 -0.493
L3 0.156 0.093 -0.087 -0.488 -0.434

H19 IH 0.186 0.183 0.185 0.256 0.278
H2 0.186 0.183 0.197 0.257 0.513

H20 H1 0.406 0.409 0.412 0.438 0.439
V 0.415 0.410 0.408 0.415 0.408

H21 V 0.395 0.396 0.393 0.393 0.396
L1 0.422 0.420 0.413 0.407 0.391

H22 L3 0.405 0.396 0.370 0.120 0.087
L2 0.423 0.395 0.285 0.187 0.133

H23 V 0.417 0.417 0.416 0.422 0.433
V 0.420 0.420 0.418 0.424 0.438

H24 H2 0.395 0.407 0.421 0.502 0.523
H2 0.397 0.418 0.451 0.500 0.513

aData in normal font and in italics are for α- and β-anomers, respectively. Data given in bold are related to the effects at atoms which 
could be interpreted in details as not perturbed by a free rotation. Notation: H - high, L - low, IH and IL- irregular high and irregular 
low changes, respectively and V – totally irregular changes of the values. Figures following symbol or L characterise intensity of the 
change: 1 –weak, 2 – moderate, 3 – very strong.
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Table 3. Bond lengths [Ǻ] in the α- and β-D-glucose molecules depending on the applied SMF flux 
density [AFU]a.

Bond Flux density [AFU]

Tendency 0 0.1 1 10 100

C1-C2 H1 1.530 1.536 1.554 1.579 1.587

H1 1.528 1.533 1.534 1.539 1.552

C1-O8 L1 1.413 1.413 1.408 1.389 1.394

L1 1.390 1.389 1.387 1.382 1.382

O8-H20 H1 0.972 1.011 1.048 1.041 1.045
V 0.972 1.058 1.020 1.062 1.028

C1-H13 H1 1.099 1.117 1.125 1.121 1.126

H1 1.100 1.194 1.169 1.164 1.156

C2-C3 H1 1.528 1.530 1.533 1.553 1.561

H1 1.526 1.532 1.545 1.552 1.547

C2-O9 H1 1.412 1.411 1.413 1.427 1.427

H1 1.412 1.416 1.417 1.424 1.431

O9-H21 V 0.972 1.007 1.004 1.004 0.993
V 0.972 0.989 0.983 0.955 0.969

C2-H14 H1 1.099 1.147 1.153 1.155 1.149

H1 1.099 1.187 1.170 1.152 1.155

C3-C4 V 1.527 1.518 1.514 1.525 1.523

V 1.527 1.514 1.517 1.530 1.534

C3-O10 V 1.412 1.416 1.423 1.381 1.397

V 1.412 1.419 1.3934 1.378 1.194

O10-H22 H3 0.972 1.198 1.389 3.084 3.685
H3 0.972 1.378 1.979 2.886 3.990

C3-H15 H1 1.099 1.115 1.132 1.127 1.134

H1 1.099 1.132 1.116 1.148 1.125

C4-C5 V 1.533 1.529 1.531 1.529 1.525

V 1.532 1.530 1.527 1.533 1.538

C4-O11 H1 1.412 1.422 1.434 1.461 1.476

H1 1.412 1.427 1.442 1.455 1.461

O11-H23 V 0.972 0.968 0.972 0.964 0.964
V 0.972 0.969 0.957 0.977 0.970

C4-H16 H2 1.099 1.161 1.169 1.176 1.171

H2 1.099 1.187 1.168 1.140 1.153

C5-C6 H1 1.528 1.531 1.540 1.556 1.570
H1 1.528 1.532 1.538 1.553 1.559

C6-O12 IL 1.412 1.392 1.368 1.292 1.298
IL 1.412 1.375 1.328 1.287 1.309

O12-H24 H 0.972 0.995 1.011 1.050 1.058
H 0.972 1.026 1.048 1.050 1.061

C6-H18 H2 1.099 1.148 1.150 1.168 1.169
V 1.099 1.184 1.204 1.175 1.189

C6-H19 H3 1.099 1.262 1.444 2.675 3.259
H3 1.099 1.410 1.771 2.656 3.742

C5-O7 V 1.433 1.431 1.429 1.429 1.437

V 1.434 1.430 1.430 1.435 1.467

O7-C1 L1 1.433 1.414 1.392 1.387 1.375

V 1.432 1.402 1.3942 1.400 1.403

aSee Table 2 for notation.
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Figure 5. Simplified visualisation of the effect of SMF upon conformation and bond length of α-D- and 
β-D-glucose anomers (a–c and d–f respectively), situated in the Cartesian system.
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metabolised in the body. In human organisms, that energy is generated chiefly from 
glycogen stored in the liver. Under specific cases, D-glucose is delivered into organ-
isms as a component of food, for instance, a spice and supplement of diet injected 
as an additional source of energy (World Health Organization 2019). D-Glucose is 
metabolised in enzymatic processes. The first step of that process involves its esterifica-
tion with adenosine-triphosphate (ATP) at the C6-OH group (Heinrich et al. 2014). 
Within the Entner-Doudoroff pathway operating in Gram-negative bacteria, certain 
Gram-positive bacteria and archaea begin at the same reaction site engaging the C1 
atom (Conway 1992).

One of the important enzymatic reactions of D-glucose, called the Maillard reac-
tion, is known as the enzymatic browning reaction. In the reaction of D-glucose with 
lysine and arginine, residues of the protein pentosidine are formed (Sell and Monnier 
1989). Pentosidine is formed most readily from pentoses, but glucose, fructose and 
other saccharides may also react in such a manner.

Performed computations showed that, based on the criterion of heat of formation, 
the α-D-anomer was slightly more stable than the β-D-anomer (Table 1). The stabil-
ity of both anomers decreased unevenly against the applied SMF flux density. The 
β-D-anomer reacted more strongly to SMF. It was also associated with a significantly 
stronger increase in dipole moment. These trends fitted results performed with density 
functional/ab initio computation in silico. The same computations for both anomers 
of D-glucose in water pointed to the α-D-anomer as more stable than the β-D-anomer 
(Facundo Ruiz et al. 2005). However, electrochemical oxidation of the α-D-anomer 
glucose and β-D-anomer on the anode surface showed that the β-D-anomer was much 
more reactive (Largeaud et al. 1995).

The charge density at particular atoms of both anomers varied irregularly with an 
increase in the flux density (Table 2). An increase in the SMF flux density produced a 
more remarkable decrease in the electron density at the 1,2,4,5,6,7,11,12,15 and 20 
atoms of the β-anomer than at the same atoms of the α-anomer. Extremely strong, 
but an opposite effect was noted at the C2 and H21 atoms. Both atoms were bound 
to one another and the C2 atom was in the vicinity to the endocyclic O7 atom. Thus, 
observed effects could result from electrostatic interactions through space involving a 
partially weakened lone electron pair of the oxygen atom. An increase in the electron 
density produced by SMF was observed at C1β (atom C1, β-anomer), C4β, C5, O8α 
and H14α atoms, whereas the electron density remarkably decreased at C1α, C2, O7α, 

Table 4. Properties of the α- and β-D-galactose molecules situated along the x-axis of the Cartesian sys-
tem in SMF of the flux density of 0 to 100 AFU.

Property Anomer Flux density [AFU]
0 0.1 1 10 100

Dipole moment [D] α 8.63 8.72 8.83 8.93 9.18
β 8.66 8.72 8.88 8.98 9.32

Heat of formation [kcal/mole] α -1286.3 -1285.2 -1267.4 -1206.5 -1128.4
β -1252.3 -1251.2 -1247.4 -1198.7 -1111.3



Effects of the static magnetic field on carbohydrates 67

Table 5. Charge density [a.u] at particular atoms of the α- and β-D-glucose molecules depending on 
SMF flux density [AFU].

Atom Flux density [AFU]
Tendency 0 0.1 1.0 10 100

C1 V 0.447 0.456 0.452 0.439 0.399
V 0.448 0.436 0.426 0.431 0.398

C2 H1 0.112 0.113 0.132 0.148 0.203
IH 0.191 0.197 0.200 0.185 0.210

C3 IL 0.102 0.131 0.086 0.040 0.099
L1 0.112 0.111 0.090 0.045 0.077

C4 IH 0.086 0.094 0.108 0.114 0.105
V 0.118 0.125 0.128 0.128 0.107

C5 L2 0.129 0.129 0.027 -0.044 -0.112
IL 0.107 0.112 0.080 0.002 -0.069

C6 H2 -0.038 -0.043 0.212 0.310 0.483
H2 -0.040 -0.062 0.001 0.249 0.476

O7 V -0.641 -0.641 -0.645 -0.637 -0.641
IL -0.629 -0.626 -0.622 -0.612 -0.623

O8 IL -0.714 -0.734 -0.749 -0.749 -0.745
H1 -0.698 -0.688 -0.669 -0.668 -0.646

O9 V -0.747 -0.746 -0.745 -0.742 -0.772
V -0.728 -0.721 -0.713 -0.700 -0.733

O10 V -0.747 -0.758 -0.607 -0.502 -0.712
V -0.719 -0.706 -0.665 -0.483 -0.692

O11 H1 -0.777 -0.769 -0.731 -0.679 -0.608
H1 -0.690 -0.685 -0.667 -0.660 -0.617

O12 H -0.758 -0.727 -0.677 -0.619 -0.534
H -0.724 -0.704 -0.674 -0.628 0.551

H13 V 0.183 0.184 0.184 0.195 0.181
V 0.156 0.146 0.144 0.150 0.163

H14 V 0.190 0.181 0.182 0.190 0.183
V 0.220 0.219 0.218 0.228 0.210

H15 V 0.196 0.202 0.217 0.233 0.150
V 0.167 0.167 0.170 0.183 0.110

H16 V 0.189 0.195 0.205 0.214 0.200
H1 0.185 0.186 0.192 0.205 0.209

H17 IH 0.204 0.233 0.302 0.354 0.353
H1 0.174 0.179 0.195 0.236 0.267

H18 H1 0.205 0.204 0.239 0.283 0.301
IH 0.182 0.166 0.169 0.214 0.283

H19 L2 0.181 0.093 -0.277 -0.496 -0.315
L2 0.163 0.158 0.040 -0.349 -0.376

H20 H1 0.431 0.436 0.443 0.451 0.457
V 0.395 0.396 0.394 0.408 0.388

H21 V 0.435 0.433 0.422 0.423 0.434
H1 0.411 0.412 0.412 0.413 0.420

H22 IL 0.445 0.449 0.443 0.209 0.078
IL 0.394 0.379 0.339 0.179 0.105

H23 L1 0.461 0.446 0.414 0.384 0.325
L1 0.398 0.394 0.382 0.374 0.339

H24 H1 0.425 0.438 0.455 0.480 0.487
H1 0.409 0.411 0.427 0.472 0.524

aSee Table 2 for notation.
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Table 6. Bond lengths [Ǻ] in the α- and β-D-galactose molecules depending on the applied SMF flux 
density [AFU]a.

Bond Tendency Flux density [AFU]
0 0.1 1 10 100

C1-C2 V 1.5120 1.528 1.551 1.542 1.551
V 1.540 1.543 1.560 1.556 1.551

C1-O8 V 1.404 1.412 1.110 1.411 1.401
V 1.430 1.421 1.400 1.388 1.366

O8-H20 V 0.978 0.974 0.962 0.974 0.966
IH 0.960 1.011 1.071 1.026 1.096

C1-H13 V 1.100 1.141 1.103 1.149 1.116
V 1.090 1.179 1.168 1.172 1.092

C2-C3 V 1.515 1.497 1.504 1.576 1.536
V 1.537 1.520 1.505 1.510 1.543

C2-O9 V 1.408 1.390 1.386 1.390 1.410
IL 1.430 1.416 1.394 1.386 1.424

O9-H21 V 0.979 1.003 0.962 0.991 0.955
V 0.960 1.013 1.014 0.998 0.972

C2-H14 V 1.100 1.189 1.171 1.212 1.166
IH 1.090 1.137 1.171 1.180 1.159

C3-C4 V 1.512 1.509 1.515 1.519 1.513
V 1.537 1.532 1.522 1.532 1.528

C3-O10 V 1.407 1.490 1.380 1.364 1.381
L1 1.430 1.429 1.427 1.374 1.370

O10-H22 H3 0.922 1.345 2.062 2.947 4.432
H3 0.960 1.191 1.439 2.279 3.963

C3-H15 V 1.100 1.145 1.140 1.143 1.154
IH 1.090 1.117 1.139 1.121 1.144

C4-C5 L1 1.539 1.525 1.521 1.512 1.509
IL 1.540 1.535 1.534 1.532 1.533

C4-O11 V 1.412 1.432 1.153 1.158 1.475
H1 1.430 1.433 1.445 1.452 1.467

O11-H23 V 0.982 0.932 1.005 0.932 0.972
V 0.960 0.938 0.995 0.927 0.960

C4-H16 V 1.101 1.137 1.121 1.141 1.135
IH 1.090 1.111 1.130 1.117 1.138

C5-C6 IL 1.534 1.489 1.448 1.437 1.479
V 1.540 1.516 1.439 1.477 1.529

C6-O12 V 1.100 1.543 1.099 1.210 1.123
V 1.090 1.167 1.127 1.182 1.132

O12-H24 V 0.975 1.013 0.988 1.033 1.000
V 0.960 1.021 1.031 1.080 1.081

C6-H18 L2 1.418 1.404 1.380 1.346 1.339
L2 1.430 1.417 1.374 1.314 1.274

C6-H19 H3 1.100 1.108 2.360 3.401 5.114
H3 1.090 1.201 1.659 2.450 4.717

C5-H17 V 1.100 1.227 1.222 1.260 1.235
V 1.090 1.158 1.177 1.434 1.152

C5-O7 V 1.432 1.437 1.440 1.439 1.432
V 1.433 1.434 1.437 1.434 1.429

O7-C1 V 1.431 1.420 1.419 1.428 1.430
V 1.433 1.430 1.427 1.442 1.456

aSee Table 2 for notation.
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Figure 6. Simplified visualisation of the effect of SMF upon conformation and bond length of α-D- and 
β-D-galactose anomers (a–c and d–f respectively), situated in the Cartesian system. (see Fig. 2 for notation).
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O7β, O8β, O9, O10 and H15α atoms. Small and irregular changes of electron density 
could be observed at C3, C4α, O11, H13, H14β, H15β and H16 atoms. Remarkable 
changes were noted at the C1, C5 and C2 atoms.

In fact, in a real molecule, all hydrogen atoms of the OH groups changed their 
positions by free rotation because of the practically identical energy between particular 
rotamers of those groups. This problem was well illustrated by the results of computa-
tion for the twin hydrogen H18 and H19 atoms. Due to accepted computation meth-
odology, the free rotation around the C5-C6 bond was eliminated. In consequence, the 
H18 atom holds a considerable negative charge, whereas the H19 atom took increased 
positive charge density. As a result, results of the computations for particular rotamers 
could not be interpreted in detail in this case as well as in the cases of subsequently 
discussed carbohydrates. For D-glucose, these restrictions were also valid for the H20, 
H21, H22, H23, H24 and O12 atoms. Results of detailed analysis of the remaining 
O7, O8, O9, O10, O11, C1, C2, C3, C4, C5, C6, H13, H14, H15 and H16 atoms 
are identified in Table 2.

Generally, atoms of the pyranose skeleton were moderately sensitive to SMF, al-
though increasing SMF flux density considerably decreased basicity of the ring O5 
atom in the β-anomer. The O and H atoms were the most and least sensitive, respec-
tively, to the effect of SMF. In the group bound to the C3 atom perpendicularly to the 
field, an increase in the flux density decreased the negative charge density at the O10 
atom and the positive charge density at the H22 atom. It suggested a decrease in the 
acidity of that group. In the quasi-parallel orientated O8-H20 group, SMF evoked the 
opposite effect. Thus, the accepted orientation of the molecule under consideration ap-
peared very essential. One of the biochemically most important OH group at the C6 
atom turned more acidic and that effect could noticeably influence the biochemistry 
of D-glucose.

Review of Table 2 also identified that increased positive charge density at the C1 
in the α-anomer favoured attacks of various Lewis bases at this position. Such reac-
tions were also important from the biochemical point of view. Simultaneously, the 
reactivity of the β-anomer involving this position was partly inhibited as the positive 

Table 7. Properties of the α- and β-D-fructopyranose and corresponding α- and β-D-fructofuranose 
molecules situated along the x-axis of the Cartesian system in SMF of the flux density of 0 to 100 AFUa.

Property Anomer Flux density [AFU]
0 0.1 1 10 100

Dipole moment [D] α-D-Frup 3.63 3.67 3.76 3.93 4.24
β-D-Frup 3.60 3.61 3.69 3.86 4.16
α-D-Fruf 3.68 3.69 3.87 3.92 4.16
β-D-Fruf 3.66 3.71 3.85 3.90 4.09

Heat of formation [kcal/mole] α-D-Frup -1193.2 -1190.4 -1153.8 -1140.6 -1096.5
β-D-Frup -1205.5 -1203.2 -1199.9 -1156.7 -1026.5
α-D-Fruf -1255.6 -1253.5 -1231.5 -1231.5 -1201.8
β-D-Fruf -1245.6 -1243.5 -1238.6 -1221.4 -1198.5

aUpper and lower values (in italics) are for α- and β-isomers, respectively.
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Table 8. Charge density [a.u] at particular atoms of the α- and β-D-glucose molecules depending on 
SMF flux density [AFU].

Atom Flux density [AFU]
Tendency 0 0.1 1.0 10 100

C1 H3 -0.049 -0.068 0.048 0.147 0.275
H3 -0.027 -0.036 -0.018 0.131 0.493

C2 H2 0.118 0.159 0.166 0.169 0.173
L2 0.103 0.098 0.098 0.062 -0.027

C3 V 0.098 0.051 0.052 0.050 0.052
V 0.130 0.145 0.146 0.131 0.089

C4 IL 0.160 0.084 0.076 0.071 0.096
V 0.175 0.185 0.144 0.117 0.179

C5 V 0.541 0.576 0.552 0.552 0.487
V 0.522 0.547 0.550 0.525 0.481

C6 IL 0.015 -0.068 -0.044 -0.046 -0.002
H1 -0.025 -0.021 0.015 0.027 0.032

O7 V -0.578 -0.578 -0.570 -0.561 -0.540
V -0.598 -0.598 -0.607 -0.586 -0.568

O8 L -0.699 -0.709 -0.733 -0.741 -0.758
IH -0.705 -0.701 -0.700 -0.691 -0.661

O9 H1 -0.751 -0.709 -0.688 -0.688 -0.683
H1 -0.748 -0.743 -0.715 -0.693 -0.668

O10 V -0.734 -0.463 -0.453 -0.472 -0.586
IH -0.752 -0.709 -0.563 -0.434 -0.572

O11 V -0.676 -0.635 -0.631 -0.643 -0.639
V -0.728 -0.744 -0.751 -0.740 -0.754

O12 H2 -0.691 -0.660 -0.662 -0.657 -0.540
IL -0.694 -0.697 -0.690 -0.713 -0.725

H13 H2 0.180 0.210 0.245 0.260 0.289
V 0.212 0.210 0.202 0.222 0.272

H14 L1 0.208 0.171 -0.048 -0.175 -0.260
IL 0.192 0.194 0.188 -0.011 -0.329

H15 H1 0.171 0.178 0.196 0.201 0.206
IH 0.169 0.161 0.162 0.184 0.212

H16 V 0.166 0.194 0.194 0.193 0.191
V 0.176 0.172 0.171 0.185 0.187

H17 V 0.228 0.234 0.235 0.240 0.229
IH 0.239 0.234 0.248 0.261 0.281

H18 V 0.165 0.157 0.149 0.146 0.179
V 0.121 0.094 0.089 0.133 0.174

H19 V 0.159 0.200 0.202 0.212 0.142
V 0.198 0.196 0.198 0.184 0.180

H20 H2 0.360 0.422 0.434 0.446 0.467
V 0.413 0.413 0.408 0.414 0.424

H21 V 0.386 0.413 0.411 0.423 0.420
V 0.415 0.421 0.415 0.417 0.428

H22 V 0.418 0.116 0.099 0.110 0.130
L2 0.405 0.359 0.195 0.045 0.024

H23 V 0.416 0.316 0.358 0.372 0.387
V 0.407 0.412 0.402 0.406 0.430

H24 V 0.390 0.363 0.372 0.372 0.375
H2 0.198 0.408 0.411 0.418 0.427

aSee Table 2 for notation.
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Table 9. Bond lengths [Ǻ] in the α- and β-D-fructopyranose molecules depending on the applied SMF 
flux density [AFU]a.

Bond Flux density [AFU]
Tendency 0 0.1 1 10 100

C1-C2 V 1.540 1.575 1.561 1.563 1.571
V 1.540 1.537 1.545 1.530 1.516

C1-H13 H3 1.090 1.562 2.053 2.481 3.678
H3 1.090 1.240 1.323 1.936 3.435

C1-H14 V 1.090 1.091 1.145 1.006 1.172
V 1.090 1.102 1.116 1.126 1.100

C2-C3 V 1.537 1.559 1.544 1.568 1.519
V 1.537 1.531 1.546 1.544 1.541

C2-O8 H1 1.430 1.433 1.437 1.437 1.439
H1 1.430 1.435 1.435 1.445 1.473

O8-H20 V 0.960 1.026 0.968 1.026 1.017
V 0.960 0.952 1.050 0.985 1.030

C2-H15 V 1.090 1.252 1.190 1.217 1.234
V 1.090 1.217 1.178 1.215 1.198

C3-C4 V 1.537 1.562 1.570 1.568 1.566
IH 1.537 1.546 1.564 1.571 1.524

C3-O10 V 1.430 1.470 1.415 1.394 1.389
IL 1.430 1.396 1.370 1.371 1.368

O10-H21 V 0.960 0.986 0.916 1.017 0.907
V 0.960 0.971 0.929 0.954 0.993

C3-H16 V 1.090 1.193 1.137 1.202 1.173
V 1.090 1.127 1.113 1.122 1.1103

C4-C5 H1 1.540 1.621 1.622 1.627 1.628
H1 1.540 1.547 1.560 1.575 1.598

C4-O11 V 1.430 1.547 1.527 1.522 1.517
V 1.430 1.447 1.446 1.427 1.444

O11-H22 H3 0.960 2.268 2.928 3.341 3.781
H3 0.960 1.333 1.972 2.847 4.491

C4-H17 V 1.090 1.137 1.110 1.137 1.116
V 1.090 1.099 1.410 1.087 1.083

C5-C6 V 1.540 1.638 1.596 1.580 1.526
IH 1.540 1.516 1.560 1.567 1.570

C5-O9 IL 1.430 1.374 1.364 1.354 1.356
V 1.090 1.430 1.458 1.456 1.445

O9-H23 V 0.960 1.035 0.910 1.016 0.897
V 0.960 1.013 0.913 0.982 1.022

C6-O12 V 1.430 1.556 1.471 1.435 1.423
IL 1.430 1.413 1.378 1.388 1.375

O12-H24 V 0.960 0.963 0.932 0.974 0.928
V 0.960 0.906 0.988 0.967 0.912

C6-H18 V 0.960 1.101 1.119 1.080 1.111
IL 1.960 1.134 1.083 1.163 1.167

C6-H19 H2 1.090 1.128 1.154 1.157 1.569
V 1.090 1.184 1.205 1.107 1.170

C5-O7 V 1.433 1.387 1.397 1.393 1.416
V 1.432 1.417 1.392 1.402 1.400

O7-C1 IH 1.433 1.467 1.477 1.485 1.462
V 1.433 1.454 1.481 1.470 1.470

aSee Table 2 for notation.
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Figure 7. Simplified visualisation of the effect of SMF upon conformation and bond length of α-D- and β-D-
fructopyranose anomers (a–c and d–f respectively), situated in the Cartesian system (see Fig. 2 for notation).
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Table 10. Charge density [a.u] at particular atoms of the α- and β-D-glucose molecules depending on 
SMF flux density [AFU].

Atom Flux density [AFU]
Tendency 0 0.1 1.0 10 100

C1 IL 0.521 0.528 0.523 0.499 0.464
H2 0.508 0.561 0.581 0.617 0.714

C2 L2 0.020 0.002 -0.012 -0.022 -0.037
IL 0.155 0.118 0.080 0.058 0.059

C3 V 0.129 0.129 0.124 0.121 0.189
IL 0.116 0.104 0.111 0.086 -0.005

C4 H1 0.115 0.122 0.128 0.130 0.140
L1 0.092 0.080 0.079 0.071 0.032

C5 IH 0.097 0.086 0.109 0.206 0.405
L2 0.034 0.015 -0.002 -0.023 -0.143

C6 IL 0.035 0.035 0.027 -0.016 -0.063
IL -0.006 -0.019 -0.038 -0.023 -0.038

O7 V -0.589 -0.597 -0.604 -0.511 -0.620
V -0.625 -0.634 -0.676 -0.658 -0.642

O8 H1 -0.656 -0.639 -0.628 -0.625 -0.560
V -0.711 -0.718 -0.665 -0.686 -0.469

O9 IL -0.712 -0.696 -0.670 -0.641 -0.680
H2 -0.741 -0.714 -0.686 -0.588 -0.380

O10 IH -0.711 -0.691 -0.677 -0.670 -0.680
IH -0.734 -0.712 -0.714 -0.699 -0.667

O11 H1 -0.674 -0.641 -0.620 -0.605 -0.580
H1 -0.700 -0.702 -0.690 -0.675 -0.607

O12 H2 -0.696 -0.682 -0.644 -0.500 -0.359
IH -0.743 -0.724 -0.709 -0.722 -0.699

H13 H1 0.217 0.219 0.222 0.228 0.245
IL 0.235 0.228 0.205 0.221 -0.218

H14 H1 0.180 0.182 0.184 0.188 0.189
IH 0.184 0.182 0.192 0.198 0.259

H15 H1 0.205 0.205 0.207 0.212 0.225
V 0.196 0.202 0.187 0.200 0.202

H16 H1 0.167 0.170 0.178 0.196 0.244
V 0.173 0.164 0.139 0.076 0.190

H17 L2 0.104 0.064 -0.004 -0.148 -0.470
H1 0.182 0.183 0.196 0.200 0.212

H18 VI 0.169 0.161 0.159 0.175 0.248
H 0.173 0.176 0.202 0.194 0.217

H19 V 0.148 0.142 0.143 0.154 0.171
V 0.173 0.159 0.174 0.162 0.179

H20 V 0.365 0.364 0.366 0.374 0.388
V 0.415 0.433 0.451 0.408 0.124

H21 H2 0.389 0.395 0.402 0.419 0.454
V 0.397 0.405 0.396 0.416 0.419

H22 L2 0.387 0.373 0.355 0.341 0.295
L2 0.401 0.394 0.385 0.304 0.244

H23 V 0.403 0.400 0.397 0.398 0.407
V 0.414 0.410 0.398 0.397 0.401

H24 L3 0.388 0.373 0.335 0.198 0.005
V 0.412 0.411 0.404 0.410 0.416

aSee Table 2 for notation.
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Table 11. Bond lengths [Ǻ] in the α- and β-D-fructofuranose molecules depending on the applied SMF 
flux density [AFU]a.

Bond Flux density [AFU]
tendency 0 0.1 1 10 100

C1-C2 H1 1.540 1.549 1.559 1.570 1.592
H3 1.539 1.624 1.847 2.084 2.422

C1-O8 V 1.413 1.408 1.406 1.406 1.409
V 1.430 1.365 1.273 1.304 1.225

O8-H20 H1 0.960 0.955 0.970 0.978 0.985
H3 0.960 0.994 1.155 1.183 1.783

C1-C5 L1 1.535 1.521 1.511 1.502 1.495
IL 1.540 1.527 1.509 1.473 1.485

C5-O11 IH 1.412 1.389 1.586 1.376 1.848
V 1.430 1.439 1.442 1.421 1.370

O11-H21 V 0.960 0.960 0.970 0.978 0.995
V 0.960 0.992 0.982 0.961 1.001

C5-H16 V 1.091 1.151 1.150 1.121 1.112
V 1.090 1.145 1.132 1.128 1.132

C5-H17 H3 1.091 1.365 1.586 1.936 2.922
V 1.090 1.337 1.242 1.358 1.255

C2-C3 V 1.523 1.514 1.513 1.519 1.541
IL 1.539 1.536 1.497 1.477 1.522

C2-O9 V 1.412 1.422 1.427 1.426 1.395
V 1.430 1.398 1.327 1.298 1.177

O9-H22 H3 0.959 1.173 1.322 1.487 2.036
H3 0.960 1.063 1.069 1.322 3.213

C2-H13 H1 1.092 1.109 1.120 1.124 1.153
V 1.090 1.172 1.142 1.131 1.153

C3-C4 IL 1.524 1.517 1.514 1.511 1.515
H1 1.540 1.544 1.596 1.601 1.610

C3-O10 IL 1.412 1.398 1.390 1.386 1.399
H2 1.430 1.945 1.533 1.577 1.614

O10-H23 V 0.960 1.000 1.000 0.983 0.946
V 0.960 0.971 0.986 1.001 0.995

C3-H14 H1 1.091 1.103 1.131 1.146 1.178
V 1.090 1.453 1.119 1.132 1.106

C4-O7 H1 1.414 1.416 1.425 1.441 1.465
V 1.431 1.421 1.420 1.420 1.432

C4-C6 IH 1.531 1.532 1.536 1.540 1.5397
V 1.540 1.558 1.539 1.561 1.557

C4-H15 H1 1.092 1.142 1.166 1.172 1.198
V 1.090 1.207 1.079 1.069 1.036

C6-O12 IL 1.411 1.417 1.410 1.391 1.360
V 1.430 1.450 1.580 1.499 1.505

O12-H24 H3 0.960 1.166 1.378 1.902 3.080
V 0.960 0.990 0.961 0.927 0.958

C6-H18 V 1.090 1.134 1.132 1.122 1.122
V 1.090 1.273 1.143 1.233 1.201

C6-H19 H2 1.098 1.190 1.246 1.257 1.290
IH 1.090 1.139 1.147 1.139 1.155

O7-C1 L1 1.421 1.420 1.420 1.417 1.409
V1 1.431 1.457 1.437 1.402 1.412

aSee Table 2 for notation.
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Figure 8. Simplified visualisation of the effect of SMF upon conformation and bond length of α-D- and β-D-
fructofuranose anomers (a–c and d–f respectively), situated in the Cartesian system (see Fig. 2 for notation).
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charge density at this atom declined under the influence of SMF. The SMF induced an 
increase in the positive charge density at the C6 atom. It was non-beneficial for enzy-
matic processes starting from esterification with adenosine-triphosphate (ATP) at C6-
O24 and the functioning of the Entner-Doudorff metabolic pathway (Conway 1992).

An insight into the effect of SMF upon the length of bonds in the molecules of 
both anomers (Table 3) suggested that these changes resulted from a deformation of 
the molecules and their deviation from the initially-established location of the mol-
ecules along the x-axis. Tendencies of the changes of computed values with an increase 
in the flux density (Table 3) pointed to a uniform increase in the length of the valence 
bonds, that is, to weakening their energy. Simultaneously, strongly polarised bonds, 
with participation of the C1 atom, were regularly shortened, whereas the length of the 
C3-C4, C3-O10, C3-C5 and C5-O7 bonds varied irregularly. Generally, in the 28 
analysed bonds in each anomer, 16 bonds were elongated, four bonds were shortened 
and the length of eight bonds varied irregularly against increased SMF flux density. 
These results supported the hypothesis on the weakening of the bonding electron pair. 
The SMF generated shortening of the C1-O8 bond and elongation of the O8-H20 
bond seemed to be the most important. This effect implied the increased susceptibil-
ity of the hemi-acetal ring to its opening. Hence, SMF should favour a shift of the 
mutarotation equilibrium towards the open chain form of D-glucose. This fact could 
promote the Maillard reaction which proceeds on the open chain forms of saccharides 
(Grandhee and Monnier 1991).

Visualisation of the data from Table 3 (Fig. 5) also includes non-analysable bonds. 
The conformation of particular anomers is presented in the form of superposition of 
the molecules without SMF (green colour) and molecules in the SMF of 100 AFU 
(blue colour). The oxygen atoms are marked red. Structures a and d are given as the 
projection along the y-axis, whereas the b and e structures are projections along the 
z-axis. Structures c and f are superpositions of the same molecules demonstrating the 
SMF flux density-dependent change in the bond lengths in the molecules under con-
sideration. Structures in Fig. 5 demonstrate a small effect of SMF upon the conforma-
tion of both anomers and a significant effect upon the bond lengths of some peripheral 

Table 12. Properties of the α- and β-D-xylose molecules situated along the x-axis of the Cartesian system 
in SMF of the flux density of 0 to 100 AFUa.

Property Anomer Flux density [AFU]
0 0.1 1 10 100

Dipole moment [D] α-D-Xylp 4.22 4.24 4.31 4.67 4.73
β-D-Xylp 1.22 1.23 1.29 1.37 1.47
α-D-Xylf 4.85 4.89 4.94. 5.15 5.69
β-D-Xylf 4.87 4.89 4.95 5.01 5.19

Heat of formation [kcal/mole] α-D-Xylp -1143.2 -1127.4 -1089.6 -1061.2 -1005.4
β-D-Xylp -1154.2 1147.3 -1110.3 -1089.5 -1021.8
α-D-Xylf -1076.2 —1075.4 -1069.4 -1041.3 -995.6
β-D-Xylf -1051.2 -1049.5 -1036.4 -1004.4 -952.3

aUpper and lower values (in italics) are for α- and β-isomers, respectively.
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Table 13. Charge density [a.u] at particular atoms of the α- and β-D-glucose molecules depending on 
SMF flux density [AFU].

Atom Flux density [AFU]
Tendency 0 0.1 1.0 10 100

C1 H2 0.388 0.400 0.424 0.450 0.460
V 0.474 0.476 0.460 0.478 0.492

C2 L2 0.093 0.085 0.035 -0.039 -0.059
L2 0.087 0.058 0.057 -0.032 -0.055

C3 V 0.191 0.191 0.130 0.142 0.134
V 0.119 0.117 0.108 0.110 0.109

C4 IH 0.142 0.145 0.161 0.172 0.167
IH 0.163 0.179 0.195 0.215 0.196

C5 H2 -0.042 -0.038 -0.029 0.010 0.125
H2 -0.059 -0.048 -0.058 -0.040 0.066

O6 V -0.602 -0.603 -0.568 -0.560 -0.605
V -0.590 -0.590 -0.585 -0.569 -0.577

O7 V -0.695 -0.697 -0.749 -0.682 -0.704
V -0.683 -0.665 -0.661 -0.653 -0.674

O8 H2 -0.735 -0.730 -0.649 -0.522 -0.508
H2 -0.726 -0.703 -0.684 -0.494 -0.485

O9 H1 -0.751 -0.745 -0.719 -0.717 -0.714
H1 -0.743 -0.727 -0.721 -0.706 -0.706

O10 V -0.728 -0.726 -0.725 -0.748 -0.768
V -0.730 -0.729 -0.731 -0.748 -0.765

H11 IH 0.160 0.161 0.166 0.193 0.190
V 0.160 0.160 0.156 0.166 0.172

H12 V 0.188 0.187 0.185 0.200 0.200
V 0.197 0.196 0.195 0.201 0.202

H13 V 0.191 0.191 0.194 0.206 0.201
V 0.176 0.175 0.173 0.186 0.190

H14 V 0.169 0.164 0.161 0.182 0.205
V 0.180 0.173 0.176 0.183 0.196

H15 V 0.228 0.224 0.234 0.071 0.258
V 0.208 0.206 0.208 0.194 0.239

H16 V 0.194 0.193 0.201 0.188 -0.062
V 0.181 0.168 0.177 0.105 -0.037

H17 V 0.410 0.405 0.373 0.386 0.396
V 0.367 0.355 0.345 0.353 0.369

H18 IL 0.398 0.392 0.335 0.238 0.230
L1 0.383 0.366 0.353 0.203 0.202

H19 V 0.415 0.415 0.413 0.407 0.412
V 0.419 0.416 0.414 0.411 0.413

H 20 IH 0.414 0.414 0.426 0.423 0.443
IH 0.417 0.415 0.420 0.435 0.445

aSee Table 2 for notation.

C-H bonds. They are the C6-H19 and O10-H22 bonds. An increasing flux density 
generated a considerable negative charge density at the H18 atom. It made the O12-
H24 bond relatively slightly polarised, that is, capable of interaction of electrons of 
that bond with SMF.
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D-Galactose

This aldohexose resides in two anomeric pyranose forms (Fig. 2) interconverting 
through an open-chain thermodynamically unstable structure. α-D-Galactopyranose 
(α-D-Galp) can be found in oligo- and polysaccharides, plant mucous and gums and 
plant glycosides (Maton et al. 1993; Tomasik 1997; Campbell et al. 2006; Tomasik 

Table 14. Bond lengths [Ǻ] in the α- and β-D-xylopyranose molecules depending on the applied SMF 
flux density [AFU]a.

Bond Flux density [AFU]
Tendency 0 0.1 1 10 100

C1-C2 V 1.540 1.559 1.553 1.538 1.573
V 1.540 1.555 1.535 1.567 1.562

C1-O7 V 1.430 1.476 1.603 1.523 1.497
V 1.430 1.433 1.430 1.409 1.416

O7-H17 V 0.960 0.965 0.952 0.956 0.953
V 0.960 0.971 0.968 0.964 0.951

C1-H11 V 1.090 1.119 1.149 1.097 1.124
V 1.090 1.146 1.160 1.149 1.153

C2-O8 V 1.430 1.500 1.516 1.388 1.425
V 1.430 1.504 1.523 1.403 1.431

O8-H18 H3 0.960 1.226 1.565 2.366 3.116
H3 0.960 1.220 1.358 2.532 3.116

C2-H12 V 1.090 1.128 1.159 1.124 1.139
H1 1.090 1.128 1.135 1.135 1.136

C2-C3 IH 1.538 1.542 1.580 1.511 1.584
IH 1.537 1.567 1.583 1.602 1.597

C3-O9 V 1.430 1.404 1.379 1.407 1.393
V 1.430 1.398 1.394 1.397 1.393

O9-H19 V 0.960 0.957 0.952 0.953 0.953
V 0.960 0.958 0.958 0.958 0.952

C3-H13 V 1.090 1.127 1.152 1.125 1.145
V 1.090 1.132 1.135 1.144 1.140

C3-C4 V 1.537 1.609 1.652 1.622 1.630
V 1.537 1.614 1.640 1.603 1.624

C4-O10 V 1.430 1.408 1.367 1.412 1.373
L1 1.430 1.418 1.392 1.380 1.366

O10-H20 H1 0.960 0.973 0.988 0.989 1.002
H1 0.960 0.977 0.978 0.997 1.002

C4-H14 H2 1.090 1.166 1.240 1.270 1.293
H2 1.090 1.169 1.189 1.295 1.309

C4-C5 V 1.540 1.553 1.555 1.498 1.519
V 1.540 1.563 1.568 1.492 1.513

C5-H15 H2 1.090 1.184 1.283 1.589 1.878
H2 1.090 1.188 1.221 1.637 1.897

C5-H16 V 1.090 1.110 1.108 1.180 1.085
V 1.090 1.118 1.115 1.162 1.104

C5-O6 V 1.432 1.559 1.482 1.233 1.394
V 1.432 1.372 1.446 1.371 1.390

C1-O6 V 1.432 1.385 1.233 1.439 1.369
V 1.432 1.414 1.392 1.419 1.403

aSee Table 2 for notation.
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Figure 9. Simplified visualisation of the effect of SMF upon conformation and bond length of α-D- and β-D-
xylopyranose anomers (a–c and d–f respectively) situated in the Cartesian system (see Fig. 2 for notation).
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2007a; Tomasik 2007b; Heldt and Piechulla 2010; Keung and Mehta 2015; Chu-
ruangsuk et al. 2018; Reynolds et al. 2019). Jointly with α-D-glucose, it constitutes 
lactose, known as milk sugar. In fauna organisms, it is hydrolytically liberated from 
lactose. In these organisms, it is converted into galactoso-6-phosphate involving ATP 
α-D-galactose. The latter reacts with galactoso-1-phosphate uridinyltransferase into 
UDP-galactose which is subsequently transformed with UDP-galactoso-4-epimerase 

Table 15. Charge density [a.u] at particular atoms of the α- and β-D-glucose molecules depending on 
SMF flux density [AFU].

Atom Flux density [AFU]
Tendency 0 0.1 1.0 10 100

C1 V 0.350 0.348 0.353 0.353 0.343
V 0.433 0.431 0.441 0.451 0.451

C2 H1 0.171 0.171 0.180 0.187 0.207
V 0.093 0.092 0.080 0.095 0.068

C3 IL 0.080 0.046 0.029 0.018 0.022
V 0.111 0.098 0.073 0.089 0.077

C4 V 0.152 0.178 0.158 0.115 0.029
L2 0.123 0.181 0.153 0.097 0.007

C5 H2 -0.018 -0.010 0.084 0.219 0.409
IH -0.044 -0.046 -0.026 0.092 0.342

O6 V -0.622 -0.627 -0.627 -0.618 -0.591
V -0.606 -0.609 -0.615 -0.600 -0.560

O7 H1 -0.680 -0.670 -0.670 -0.669 -0.669
IH -0.675 -0.673 -0.661 -0.647 -0.649

O8 IH -0.694 -0.671 -0.670 -0.665 -0.670
IH -0.705 -0.699 -0.668 -0.687 -0.634

O9 H2 -0.743 -0.721 -0.698 -0.675 -0.568
H2 -0.735 -0.729 -0.709 -0.681 -0.652

O10 H2 -0.742 -0.733 -0.717 -0.695 -0.527
H1 -0.736 -0.735 -0.726 -0.700 -0.661

H11 H2 0.183 0.182 0.184 0.187 0.201
V 0.201 0.200 0.195 0.192 0.199

H12 L1 0.193 0.185 0.176 0.176 0.170
V 0.192 0.191 0.172 0.150 0.164

H13 IH 0.199 0.191 0.195 0.205 0.219
V 0.187 0.185 0.184 0.195 0.205

H14 IH 0.193 0.190 0.198 0.205 0.238
V 0.180 0.181 0.178 0.185 0.214

H15 H2 0.177 0.170 0.179 0.190 0.237
V 0.183 0.181 0.176 0.205 0.227

H16 L3 0.172 0.145 0.021 -0.145 -0.506
L3 0.181 0.178 0.140 -0.037 -0.369

H17 V 0.399 0.396 0.397 0.398 0.411
V 0.387 0.388 0.387 0.376 0.384

H18 V 0.397 0.387 0.393 0.391 0.399
V 0.398 0.396 0.385 0.398 0.356

H19 L2 0.423 0.427 0.414 0.396 0.291
V 0.418 0.420 0.422 0.399 0.393

H20 H1 0.412 0.415 0.421 0.429 0.456
H1 0.400 0.413 0.419 0.428 0.439

aSee Table 2 for notation.



Wojciech Ciesielski et al.  /  BioRisk 18: 57–91 (2022)82

into UDP-glucose (Candy 1980). Microbiological oxidation of the CH2OH group of 
α-D-galactose provides galacturonic acid which essentially inhibits progress of athero-
sclerosis (Parikka et al. 2015).

Based on computed values of heat of formation, one could note that the α-anomer 
was more stable than the β-anomer independently of applied SMF flux density. How-
ever, as shown by changes of dipole moment (Table 4), the β-anomer was more po-

Table 16. Bond lengths [Ǻ] in the α- and β-D-xylofuranose molecules depending on the applied SMF 
flux density [AFU]a.

Bond Flux density [AFU]
Tendency 0 0.1 1 10 100

C1-C2 H1 1.525 1.555 1.593 1.619 1.666
H1 1.528 1.534 1.562 1.603 1.606

C1-O7 L1 1.420 1.404 1.398 1.391 1.374
V 1.411 1.404 1.395 1.429 1.424

O7-H17 V 0.960 1.037 0.966 1.031 0.972
V 0.960 0.954 0.979 1.010 0.975

C1-H11 V 1.090 1.143 1.123 1.143 1.178
V 1.091 1.103 1.137 1.106 1.124

C2-C3 V 1.528 1.530 1.530 1.536 1.555
V 1.532 1.531 1.536 1.548 1.599

C2-O8 L1 1.412 1.382 1.342 1.323 1.292
IL 1.412 1.408 1.369 1.319 1.330

O8-H18 V 0.960 1.101 1.080 1.185 1.187
IH 0.960 0.981 1.142 1.111 1.341

C2-H12 V 1.091 1.110 1.126 1.113 1.179
V 1.091 1.082 1.153 1.166 1.128

C3-C4 V 1.540 1.568 1.567 1.569 1.558
H1 1.537 1.542 1.581 1.676 1.659

C3-O9 V 1.413 1.372 1.370 1.375 1.391
V 1.413 1.405 1.359 1.397 1.307

O9-H19 H2 0.960 1.053 1.171 1.246 1.579
IH 0.960 0.981 1.047 1.321 1.267

C3-H13 V 1.091 1.222 1.225 1.200 1.121
V 1.091 1.111 1.231 1.100 1.231

C4-C5 IL 1.533 1.494 1.463 1.448 1.461
IL 1.533 1.523 1.475 1.434 1.449

C5-O10 IL 1.411 1.401 1.401 1.385 1.339
V 1.412 1.410 1.221 1.336 1.355

O10-H20 V 0.960 0.953 0.967 0.957 1.004
V 0.960 0.948 1.189 1.017 0.984

C5-H15 H3 1.090 1.284 1.681 2.068 3.362
H3 1.098 1.418 1.390 1.708 2.636

C5-H16 V 1.091 1.154 1.112 1.123 1.088
V 1.092 1.121 1.151 1.096 1.108

C4-H14 H2 1.091 1.115 1.119 1.123 1.153
V 1.092 1.085 1.142 1.142 1.128

C4-O6 H1 1.417 1.438 1.464 1.469 1.472
H1 1.414 1.416 1.454 1.485 1.473

O6-C1 V 1.413 1.418 1.417 1.414 1.421
V 1.412 1.412 1.428 1.447 1.417

aSee Table 2 for notation.
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Figure. 10. Simplified visualisation of the effect of SMF upon conformation and bond length of α-D- and 
β-D-xylofuranose anomers (a–c and d–f respectively), situated in the Cartesian system (see Fig. 2 for notation).
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larised with an increase in the flux density. As in anomers of D-glucose, the charge 
density at particular atoms irregularly varied with increasing flux density. In contrast 
to anomers of D-glucose, in anomers of D-galactose, the negative charge concentrated 
at the O7, C5 and C4 atoms and SMF flux density turned it more negative. The nega-
tive charge also concentrated at the C2-H14 atom bound to it (Table 5). The positive 
charge density was noted at the C3 and C1 atoms, as well as the H15 and H13 atoms 
bound to them, respectively. These effects generated an increase in the corresponding 
bond lengths (Table 5).

Due to an increase in the positive charge at the anomeric C6 atom, one could as-
sume a facilitating role of SMF in formation of galactoso-1- phosphate. In addition, 
the effect of SMF upon the charge density suggested favouring oxidation of D-galac-
tose into galacturonic acid.

Particular attention should be paid to the C5, C6 and H19 atoms. SMF remark-
ably changed their charge distribution. The negative charge shifted to the C5 and H19 
atoms, whereas the C6 atom lost this charge to a considerable extent. The strongest in-
fluence was evoked by SMF upon the bonds orientated under 45° to the field strength 
lines, that is, to the x-axis. Extremal elongation was observed for the C6-H19 and 
O10-H22 bonds (Table 6). Simultaneously, the C6-H18 bond distinctly shortened. It 
should be underlined that both H18 and H19 were twin atoms bound to the C6 atom. 
Thus, observed differences could not originate from different intramolecular electronic 
interactions and completely different situations by those atoms with respect to the 
SMF line should be responsible for it.

Unlike in D-glucose, the positive charge density at the C1 atom decreased with an 
increase in the flux density. Thus, reactions with any Lewis base would be obstructed. 
Simultaneously, the flux density up to 0.1 AFU increased the negative charge density 
at the C6 atom. It would favour phosphorylation at the vicinal hydroxyl group. How-
ever, higher flux densities turned the charge density at that atom to positive. Thus, the 
increase in the charge density with the flux density inhibited that reaction.

The susceptibility of D-galactose to the ring opening and to the Maillard reaction 
depended on its anomer. The C1-O8 bond in the α-anomer varied irregularly with the 
flux density but, generally, the susceptibility of that anomer to the ring opening was 
low. That bond in the β-anomer regularly decreased with an increase in the applied 
flux density. Simultaneously, the O8-H20 bond was shortened in the α-anomer and 
elongated in the β-anomer (Table 6).

Data shown in Table 6 allowed the visualisation of the effect of SMF upon ano-
mers of D-galactose. Structures in Fig. 6 demonstrate a slight effect of SMF upon the 
conformation of both anomers and significant effect upon the bond lengths of some 
peripheral C-H bonds. They were the C6-H18 and O10-H22 bonds. An increasing 
flux density generated a considerable negative charge density at the H22 atom making 
the C6-H18 bond relatively slightly polarised. Therefore, that bond was capable of 
interaction with the electrons of that bond with SMF. In the O10-H22 bond, both its 
partners carried negative charge. This effect and its origin was the same as that observed 
in D-glucose anomers.
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D-Fructose

D-Fructose, a ketohexose, is a typical monosaccharide of a floral provenance. In the free 
form, it resides in fruits, honey and flower nectar. In a bound form, it can be found in 
several di-, oligo- and polysaccharides, for instance, sucrose, raffinose and inulin, respec-
tively. Its presence in the organisms of fauna is a consequence of consumption of plant 
food. In mammals, free fructose is found in their semen (Maton et al. 1993; Tomasik 
1997; Campbell et al. 2006; Tomasik 2007a; Tomasik 2007b; Heldt and Piechulla 2010; 
Keung and Mehta 2015; Churuangsuk et al. 2018; Reynolds et al. 2019). Humans me-
tabolise D-fructose almost entirely in the liver, where it is directed towards replenish-
ment of liver glycogen and triglyceride synthesis. In muscles and fat tissues, D-fructose 
metabolism is initiated by phosphorylation with hexokinase at the O11 atom, turning 
it into fructose-1-phosphate. The latter enters the glycolysis pathway. In the liver, the 
metabolism of D-fructose is initiated by fructokinase which forms fructose-1-phosphtate 
engaging the O10 atoms, respectively (Maton et al. 1993; Tomasik 1997; Hames and 
Hooper 2004; Campbell et al. 2006; ; Tomasik 2007a; Tomasik 2007b; Heldt and Pie-
chulla 2010; Keung and Mehta 2015; Churuangsuk et al. 2018; Reynolds et al. 2019 ).

Alcohol fermentation and the Maillard browning reaction are other enzymatic 
processes common for D-fructose. In the Maillard reaction, the anomeric C1 carbon 
atom is first engaged (Grandhee and Monnier 1991).

D-Fructose resides in four mutually fast interconverting structures, including α-D-
fructopyranose (α-Frup), β-D-fructopyranose (β-Frup), α-D-fructofuranose (α-Fruf) 
and β- D-fructofuranose (β-D-Fruf) (Fig. 3). Computations of the heat formation 
(Table 7) pointed to α-D-Fruf and α-D-Frup being the most and least stable, respec-
tively, amongst the four anomers taken into account (Fig. 3). Applying SMF of 0.1 
AFU, the flux density did not change their positions in this group. At 1 AFU, based 
on that criterion, β-D-Fruf became the most stable, but a further increase in the flux 
density returned α-D-Fruf to the position of the most stable anomer. α-D-Frup holds 
the position of the least stable anomer at SMF up to 10 AFU. At 100 AFU, β-D-Frup 
became the least stable. The dipole moment of particular anomers also changed with 
an increase in the applied flux density. However, these changes were in no simple rela-
tionship to the stability of particular anomers. It suggested deformation of their initial 
structure by polarisation of particular bonds. They could also result from departure 
from their initial situation in the Cartesian system. This was confirmed by comput-
ed changes of charge density and bond lengths (Tables 8–11). Inspection of Table 8 
showed that, in α- and β-D-fructopyranoses, the negative charge density essential for 
the phosphorylation reaction at the O12 atom was lower in the α-anomer and it fairly 
linearly decreased against increasing flux density. Thus, that anomer should be more 
reactive than the β-anomer. The Maillard reaction required the positive charge density 
at the C1 atom. Without SMF, the β-anomer showed a more positive charge at that 
atom. It decreased against increasing flux density. The α-anomer carried considerably 
lower positive charge density which additionally decreased against the flux density up 
to 10 AFU and then increased regularly up to over twice at 100 AFU.
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The strongest changes in the electron density occurred at the C1, O12α, H13α, 
H22β and H24β atoms. Thus, both anomers are clearly distinguished from one another.

Structural deformations of the α- and β-D-fructopyranose molecules in SMF (Ta-
ble 9 and Fig. 6) resembled those observed for D-glucose and D-galactose anomers. 
Considerable elongations were observed for the C1-H13, O11-H22 bonds and C6-
H19α bonds, whereas the twin C6-H18 bond was only slightly shortened. It was an-
other illustration of the importance of the position of the bonds with respect to the 
SMF field.

In the case of D-fructofuranoses, comparison of the negative charge density (Table 
10) at the O12 and O11 atoms being potentially the reaction sites for the phospho-
rylation suggested that the β-anomer should react more readily than the α-anomer. 
An increase in the SMF flux density was not beneficial for this reaction as the value of 
the charge density at these atoms turned less negative. The positive charge density at 
the C4 and C1 atoms, being the potential reaction site for the Maillard reaction, were 
higher in the β-anomer and only slightly decreased with increasing AFU. SMF at 100 
AFU generated an essential increase in the positive charge density at the C1β, O9β, 
O12α and H21α atoms. At the same time, that charge decreased at the C2α, C5β, 
H17α, H24α and particularly at the H20β atom.

Anomers of D-fructofuranoses were less susceptible to structural deformations 
evoked by SMF (Table 11 and Fig. 8). In the α-anomer, the O12-H24, O9-H22 
and C5-H17 bonds were longer and that effect was noticeable just at 100 AFU. The 
β-anomer was deformed chiefly by elongation of the O9-H22, C1-C2 and O8-H20β 
bonds. Untypically, the ring was also deformed by the elongation of the C2-C1 bond.

D-Xylose

D-xylose, aldopentose, is a mono-sugar residing almost exclusively in plants. As a com-
ponent of hemicelluloses, it constitutes biomass. In the sphere of fauna, D-xylose was 
also found in some species of Chrysolinina beetles. It co-constituted cardiac glycosides 
of their defensive glands (David Morgan 2004).

Organisms of fauna receive xylose from their diet. Eukaryotic micro-organisms 
employ the oxidato-reductase pathway to metabolize D-xylose (Gabaldon et al. 2005). 
D-xylose is metabolised by humans involving protein xylosyltransferases (XYLT1, 
XYLT2) which transfer xylose from UDP to a serine in the core protein of proteogly-
cans (Stoolmiller et al. 1972; Gotting et al. 2000). Mammals metabolise D-xylose with 
D-xyloisomerase (Ding et al. 2009; Huntley and Patience 2018). Recently, a highly ef-
ficient low-temperature, atmospheric-pressure enzymatic process of the hydrogen pro-
duction from D-xylose was presented. It involved thirteen enzymes, including a novel 
polyphosphate xylulokinase (Del Campo et al. 2013). In another technically important 
reaction, D-xylose is used for production of furfural, a precursor for synthetic polymers 
and to tetrahydrofuran (Hoydonckx et al. 2007). In the initial step, hemicellulose is 
hydrolysed in an acid-catalysed process (Binder et al. 2010; Millán et al. 2019). That 
process starts from the protonation of the D-xylopyranose molecule at the O8 atom.
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It was also found that D-xylose could be useful in therapy of COVID-19 (Cheud-
jeu 2020). The latter interacts with D-xylose significantly stimulating the biosynthe-
sis of sulphated glycosylamineglycans (GAGs), particularly heparan sulphate (HS). 
GAGs, especially HS and D-xylose interact with oral non-steroidal anti-inflammatory 
drugs, active in lung infections.

D-Xylose resides in the form of α- and β-xylopyranoses (Xylp) (a and b), as well as 
α- and β-xylofuranoses (Xylf) (c and d) (Fig.4).

The heat of formation criterion pointed to β-D-xylopyranose as the most stable 
amongst four anomers of D-xylose (Table 12). It is distinguished from other anomers 
with a considerably low dipole moment. The increase in the SMF flux density regularly 
increased the dipole moment of all anomers and, at the same time, destabilised them in 
terms of their heat of formation values. In both D-xylopyranoses, the metabolic reac-
tions should be promoted by the high positive charge density at the O6 atom and low 
negative charge density at the O8 and O9 atoms. Data in Table 13 showed that the in-
fluence of SMF upon the O6, O9 and O8 atoms was negligible, noticeable and strong, 
respectively. A considerable increase in the positive charge density took place at the 
C1α, C5 and O8 atoms, whereas its decrease was observed at the C2 and H18β atoms. 
The SMF flux density promoted reactivity at the C1, especially the C1α atom, slightly 
promoted reactions at the O9 atom and strongly increased the reactivity of the O8 
atom. Taking these arguments under consideration, the α-anomer was more reactive 
at the C1 atom when residing without SMF and, in SMF, the β-anomer reacted more 
readily. The reactivity at the O8 atom in the β-anomer was slightly higher when SMF 
was applied and the reactivity at the O7 atom in the α-anomer was definitely higher.

As shown in Table 14 and Fig. 9, only the O8-H18 bond suffered considerable 
elongation in SMF. Less intense elongation was observed at the C4-H14 and C5-H15 
bonds in both anomers. That effect was in line with the preference for the elongation 
of the bonds orientated under approximately 45° with respect to the x-axis.

Metabolic processes in D-xylofuranose molecules involved the C1 and O10 atoms. 
The highly positive and highly negative charge densities, respectively, were beneficial 
for those reactions. Data in Table 13 showed that, in both anomers, SMF did not influ-
ence charge density at the C1 atom. SMF generated a decrease in the negative charge 
density at the O10 atom. It was particularly noticeable in the α-anomer. It pointed to 
an inhibition of the reactivity with Lewis acids in these centres. An increase in the posi-
tive charge density at the C5α, O9, O10α, H11, H15α and H19 atoms and its decrease 
at the C4β and H16 atoms confirmed the rule of the importance of 45° orientation of 
the bonds with respect to the SMF field. Data in Table 16 and Fig. 10 showed that, in 
both anomers, the C5-H15 bond reacted intensively to an increase in the flux density 
and the response from the C4-H14 and O9-H19α bonds was weaker.

Comparison of the relevant data for D-xylopyranoses and D-xylofuranoses re-
vealed that pyranose anomers metabolise more readily.

The SMF flux densities ranging from 100 to 10 000 T (0.1 to 100 AFU) employed 
in performed computations were very high. Experiments performed by Nakamura et 
al. Takeyama (Nakamura et al. 2018) with SMF of 1200 T (1.2 AFU) resulted in a 
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destruction of the generators within few microseconds. The pulse electromagnet con-
structed in 2012 at Los Alamos Laboratories remained stable, but producing a field 
with an intensity of only 100.75 T (approx. 0.1 AFU) (Nguyen et al. 2016). Therefore, 
only insignificant effects evoked by SMF of flux density of 0.1–100T (0.0001–0.1 
AFU) upon carbohydrates could be anticipated in a real life.

Conclusions

Performed numerical simulations showed the specific influence of static magnetic field 
(SMF) upon equilibrium constants between particular anomers of the saccharides 
under study. Their susceptibility to such enzymatic reactions essential for their me-
tabolism as phosphorylation with ATP at the CH2OH group, the Entner-Duodoroff 
metabolic pathway and the Maillard reaction, both also engaging the C1 ring carbon 
atom in reaction with enzymes and amino acids, is also controlled by SMF.

D-Glucose in SMF takes preferably the α-anomeric form. SMF stimulated its re-
activity involving the CH2OH group and the C1-atom.

D-Galactose in SMF takes preferably the α-anomeric form. The reactivity at the 
CH2OH group and C1 atom vary irregularly with an increase of the applied flux density.

D-Fructose in SMF takes preferably the α-D-Fruf form and D-xylose under such 
conditions takes preferably the β-D-Xylp form. Their susceptibility to the reactions 
important for their metabolism irregularly vary with the applied flux density.

Only insignificant effects evoked by SMF of flux density of 0.1–100T upon carbo-
hydrates could be anticipated in a real life.
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Abstract
Background: Recognizing effects of static magnetic field (SMF) of varying flux density on flora and fauna 
is attempted. For this purpose the influence of SMF upon the porphine molecule is studied.
Methods: Computations of the effect of static magnetic field (SMF) of 0.0, 0.1, 1, 10 and 100 AFU (1 
AFU > 1000 T) flux density were performed in silico for SMF changes distribution of the electron density 
in that molecule. HyperChem 8.0 software was used together with the AM1 method for optimization 
of the conformation of the molecule of porphine. The computations of polarizability, charge distribu-
tion, potential and dipole moment for molecules placed in SMF were performed for molecule situated 
subsequently in the x-y, y-z and x-z planes of the Cartesian system. The computations involved the DFT 
3-21G method.
Results: Static magnetic field (SMF) decreased stability of the porphine molecule. This effect depended 
on the situating the molecule in respect to the direction of SMF of the Cartesian system. An increase in 
the value of heat of formation was accompanied by an increase in dipole moment.
Conclusions: Observed effects resulted from deformations of the molecule which involved pyrrole rings 
holding the hydrogen atoms at the ring nitrogen atoms and the length of the C–H and N–H bonds. In a 
consequence that macrocyclic ring lost its planarity.
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Introduction

Although porphine itself (Fig. 1) does not occur in nature, numerous porphine deriva-
tives play an essential role in functioning in living organisms of flora and fauna.

Porphine is a macrocyclic compound of an aromatic character. It is formed of 
four pyrrole rings bound with four methine (-CH=) bridges. The macrocyclic ring 
is planar and only the N–H bonds are bent in opposite (trans) directions (Caughey 
and Ibers 1977; Kadish et al. 2000; Ortiz de Montellano 2008). Involving numer-
ous biosynthetic ways (Elder 1994; Aylward and Bofinger 2005), many porphine de-
rivatives are naturally formed from protoporhyrin IX, it being a precursor of several 
biologically important compounds. A biological activity of porphine derivatives is 
achieved when metal ions are coordinated within the macrocyclic ring (Caughey and 
Ibers 1977; Kadish et al. 2000; Ortiz de Montellano 2008). This course of study was 
developed as a consequence of considerable environmental pollution with magnetic 
fields generated by modern technologies and technical solutions in several areas of 
human everyday life (Hamza et al. 2002; Rankovic and Radulovic 2009; Committee 
to Assess the Current Status and Future Direction of High Magnetic Field Science in 
the United States 2013; Magnet Science and Technology 2021; Magnetism in real life 
2021). This paper follows a series of three recent papers of ours in which the effect of 
static magnetic field (SMF) upon small inorganic molecules (Ciesielski et al. 2021), 
lower alkanols (Ciesielski et al. 2022a) and monosaccharides (Ciesielski et al. 2022b) 
was recognized. In order to recognize the effect of SMF upon biologically important 

Figure 1. Structure of the porphine molecule with the system of numbering of the atoms followed 
throughout the discussion and situating axes of the Cartesian system.
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metalloporphyrines, in the present study we focused on the effect of SMF upon their 
free ligand, i.e. porphine itself.

As in our former papers (Ciesielski et al. 2021; Ciesielski et al. 2022a, b) the ef-
fect of SMF of flux density varying from 0 to 100 AFU was simulated with advanced 
numerical computations involving the in silico approach.

Numerical computations

DFT Molecular structures were drawn using the Fujitsu Scigress 2.0 software (March-
and et al. 2014). Their principal symmetry axes were oriented along the x-, y and z-
axes of the Cartesian system. The magnetic field was fixed in the same direction with 
the south pole from the left side. Z axis is directed perpendicularly to the porphine 
plane, the x and y axes are in the plane of the system, each of them along two nitrogen 
atoms. In the case of full mesomerism, because of the quaternary symmetry of z axis, 
the last two axes were undistinguished. When the nitrogen atoms differ from one 
another, the x axis crossed two nitrogen atoms substituted by hydrogen atoms and 
y axis crossed remained two unsubstituted nitrogen atoms. Thus, both x and y axes 
were distinguishable.

Subsequently, utilizing Gaussian 0.9 software equipped with the 6-31G** basis 
(Frisch et al. 2016), the molecules were optimized and all values of bond length, dipole 
moment, heath of formation, bond energy, HOMO/LUMO energy level for single 
molecules as well as HOMO/LUMO energy level and total energy for systems built of 
three molecules, were computed.

In the consecutive step, the influence of the static magnetic field (SMF) upon op-
timized molecules was computed with Amsterdam Modelling Suite software (Farber-
ovich and Mazalova 2016; Charistos and Muñoz-Castro 2019) and the NR_LDOTB 
(non-relativistic orbital momentum L-dot-B) method (Glendening et al. 1987; Car-
penter and Weinhold 1988). Following that step, using Gaussian 0.9 software equipped 
with the DFT with functional B3LYP 6-31G** basis (Frisch et al. 2016) the values of 
bond length, dipole moment, heath of formation equal to the energy of dissociation, 
bond energy HOMO/LUMO energy level for single molecules, were again computed 
using the single-point energy option key word.

Visualization of the HOMO/LUMO orbitals and changes of the electron density 
for particular molecules and their three molecule systems was performed involving the 
HyperChem 8.0 software (Froimowitz 1993; Mazurkiewicz and Tomasik 2013).

Results and discussion

Generally, SMF decreased stability of the poprhine molecule (Table 1). Heat of for-
mation increased with an increase in applied flux density. This effect depended on 
the positioning of the molecule in respect to the direction of SMF defined in terms 
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of the Cartesian system. The response of the molecule in the x-y, y-z and x-z planes 
did not parallel one another. An increase in the value of heat of formation was ac-
companied by an increase in dipole moment. Again, these changes did not parallel 
one another.

Thus, SMF destabilized porphine, increasing interatomic distances and separating 
their charges.

Heat of formation and dipole moments regularly, although to a different extent, 
increased with an increase in the applied SMF flux density. This effect was common 
for porphine molecule, regardless whether it was located in either the x-y, y-z or x-z 
plane. However, in terms of dipole moment, the strongest reaction to an increase in 
flux density was noted for the molecule situated in the x-y plane.

These total effects resulted from the distribution of the charge density at particular 
atoms, bond lengths, the deformation of the molecules and changes of their initial 
position in selected plane of the Cartesian system. Table 2 shows that, usually, charge 
density at particular atoms changed irregularly against an increase in the SMF flux 
density. The irregularity in associated bond lengths is shown in Table 3.

Table 2 revealed that the highest number of irregular changes of the charge distribu-
tion against changes of flux density was met in the molecule situated in the x-y and y-z 
planes, whereas the number of such irregularities in the x-z plane was minute. It should 
also be noted that several cases of a lack of sensitivity of the charge density to an increase 
in the flux density were observed when the molecule was oriented in the x-z plane.

The highest number of irregular changes of the bond lengths against an increase in 
flux density was observed for the molecule situated in the x-y plane.

Fig. 2 presents deformation of this molecule situated in the x-y, y-z and x-z planes 
of the Cartesian system.

One might see that, first of all, regardless of the positioning of the molecule in the 
Cartesian system, the deformation involved pyrrole rings holding the hydrogen atoms 
at the ring nitrogen atoms and the length of the C–H and N–H bonds. The magni-
tudes of the deformation are well illustrated by a variation of the charge density at 
particular atoms (Table 2) and corresponding bond lengths (Table 3). Particularly, but 
not solely, structures of the molecule situated in the y-z plane show that the macrocy-
clic ring lost its planarity. Porphine treated with external electric field behaved similarly 
(Mazurkiewicz and Tomasik 2013).

Table 1. Heat of formation [kJ.mol-1] and dipole moment [D] of the porphine molecule depending on 
its positioning in the Cartesian system and applied SMF flux density [AFU].

Orientation along the axes of 
the Cartesian System

Heat of formation [kJ·mol-1] 
at SMF flux density [AFU]

Dipole moment [D] 
at SMF flux density [AFU]

0 0.1 1.0 10 100 0 0.1 1.0 10 100
x-y -792 -782 -758 -731 -704 2.01 2.12 2.48 2.88 3.09
y-z -792 -789 -765 -742 -711 2.01 2.03 2.11 2.16 2.63
x-z -792 -781 -763 -715 -697 2.01 2.06 2.34 2.74 2.89
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Table 2. Charge density [a.u] at particular atoms of the porphine molecule depending on SMF flux 
density [AFU] positioning in the Cartesian system.

Atom SMF along indicated 
Cartesian axis 

Tendency*  Charge density [a.u] at SMF flux density [AFU] 
0 0.1 1.0 10 100

N1 X RH -1.119 -1.045 -0.987 -0.985 -0.937
Z RH -1.025 -1.017 -1.012 -0.934
Y IH -1.004 -0.789 -0.940 -0.545

N2 X IL -0.817 -0.807 -0.795 -0.813 -0.855
Z RH -0.783 -0.779 -0.772 -0.756
Y V -0.750 -0.684 -0.425 -0.725

N3 X IH -1.089 -1.025 -0.993 -0.948 -0.985
Z IL -0.988 -0.986 -0.991 -0.995
Y IH -1.035 -0.938 -0.978 -0.789

N4 X RH -0.817 -0.816 -0.795 -0.762 -0.754
Z IH -0.785 -0.779 -0.785 -0.765
Y V -0.662 -0.759 -0.503 -0.454

C5 X IH 0.492 0.454 0.359 0.447 0.572
Z IL 0.450 0.457 0.431 0.391
Y RL 0.474 0.282 0.152 0.070

C6 X IH -0.355 -0.351 -0.312 -0.317 -0.283
Z NC -0.354 -0.362 -0.350 -0.348
Y IH -0.370 -0.148 -0.121 -0.094

C7 X IL 0.393 0.362 0.310 0.354 0.285
Z NC 0.384 0.380 0.385 0.383
Y RL 0.332 0.269 0.163 -0.283

C8 X IH -0.283 -0.251 -0.267 -0.244 -0.197
Z NC -0.274 -0.272 -0.278 -0.273
Y IH -0.219 -0.077 -0.007 -0.163

C9 X RL -0.213 -0.214 -0.233 -0.249 -0.257
Z NC -0.226 -0.223 -0.221 -0.222
Y V -0.150 -0.150 -0.232 -0.059

C10 X RH 0.282 0.285 0.286 0.305 0.353
Z IL 0.281 0.278 0.254 0.262
Y IL 0.220 0.105 0.185 -0.088

C11 X V -0.253 -0.273 -0.227 -0.301 -0.298
Z V -0.296 -0.291 -0.273 -0.268
Y V -0.116 -0.202 -0.235 -0.001

C12 X V 0.434 0.418 0.330 0.425 0.476
Z V 0.389 0.392 0.371 0.409
Y IL 0.339 0.255 0.260 0.226

C13 X V -0.292 -0.305 0.018 0.338 0.470
Z V -0.266 -0.269 -0.241 -0.272
Y V -0.353 -0.207 -0.152 0.356

C14 X IH -0.292 -0.249 -0.309 0.037 0.023
Z V -0.269 -0.269 -0.282 -0.268
Y V -0.291 -0.372 -0.184 -0.348

C15 X V 0.434 0.354 0.419 0.247 0.209
Z IL 0.397 0.392 0.418 0.385
Y RL 0.410 0.389 0.290 0.094

C16 X IH -0.253 -0.221 -0.322 -0.139 -0.189
Z IL -0.295 -0.291 -0.303 -0.311
Y V -0.311 -0.073 -0.103 -0.089
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Atom SMF along indicated 
Cartesian axis 

Tendency*  Charge density [a.u] at SMF flux density [AFU] 
0 0.1 1.0 10 100

C17 X V 0.282 0.281 0.309 0.243 0.256
Z RL 0.278 0.278 0.277 0.257
Y RL 0.252 0.230 0.148 -0.051

C18 X NC -0.213 -0.201 -0.233 -0.206 -0.207
Z NC -0.224 -0.223 -0.224 -0.224
Y IH -0.197 -0.127 -0.095 -0.067

C19 X V -0.283 -0.272 -0.249 -0.274 -0.272
Z V -0.272 -0.272 -0.265 -0.274
Y IH -0.163 -0.183 -0.189 -0.124

C20 X RL 0.393 0.356 0.348 0.288 0.275
Z NC 0.388 0.379 0.393 0.400
Y V 0.235 0.243 0.263 0.113

C21 X V -0.355 -0.352 -0.360 -0.218 -0.095
Z NC -0.363 -0.359 -0.349 -0.375
Y IH -0.232 -0.238 -0.146 -0.123

C22 X RL 0.492 0.428 0.419 0.292 0.169
Z RL 0.470 0.456 0.456 0.442
Y IL 0.367 0.338 0.183 0.276

C23 X V -0.230 -0.210 -0.052 -0.175 -0.152
Z NC -0.241 -0.241 -0.242 -0.240
Y IH -0.133 -0.175 -0.129 -0.019

C24 X V -0.230 -0.160 -0.223 0.026 -0.032
Z NC -0.242 -0.241 -0.234 -0.232
Y V -0.288 -0.112 -0.140 -0.021

H25 X V 0.267 0.209 0.290 0.258 -0.071
Z NC 0.265 0.264 0.273 0.270
Y V 0.269 0.126 0.077 0.127

H26 X V 0.230 0.217 0.234 0.260 0.237
Z NC 0.239 0.235 0.232 0.233
Y IL 0.214 0.069 0.077 0.103

H27 X V 0.240 0.235 0.234 0.270 0.268
Z IL 0.239 0.241 0.235 0.232
Y V 0.179 0.175 0.179 0.151

H28 X NC 0.250 0.247 0.245 0.250 0.247
Z NC 0.246 0.246 0.249 0.251
Y IL 0.192 0.168 0.179 0.166

H29 X NC 0.254 0.248 0.259 0.260 0.258
Z NC 0.255 0.252 0.251 0.250
Y IL 0.170 0.197 0.151 0.075

H30 X V 0.237 0.247 0.018 0.234 0.188
Z NC 0.245 0.244 0.238 0.243
Y V 0.080 0.220 0.180 0.027

H31 X V 0.237 0.059 0.256 0.060 0.071
Z NC 0.243 0.244 0.237 0.238
Y IL 0.245 0.122 0.120 0.061

H32 X IL 0.254 0.242 0.253 0.218 0.206
Z NC 0.253 0.252 0.256 0.258
Y IL 0.261 0.149 0.114 0.099

H33 X V 0.250 0.237 0.250 0.233 0.189
Z NC 0.246 0.246 0.242 0.244
Y RL 0.216 0.174 0.167 0.132



Numerically simulated effects of the static magnetic field upon porphine 99

Atom SMF along indicated 
Cartesian axis 

Tendency*  Charge density [a.u] at SMF flux density [AFU] 
0 0.1 1.0 10 100

H34 X V 0.240 0.233 0.252 0.238 0.218
Z NC 0.241 0.241 0.244 0.247
Y V 0.159 0.169 0.288 0.179

H35 X V 0.230 0.232 0.248 0.233 0.244
Z NC 0.236 0.236 0.227 0.234
Y IL 0.126 0.139 0.099 0.055

H36 X V 0.267 0.257 0.054 0.339 0.244
Z NC 0.264 0.264 0.256 0.253
Y V 0.177 0.207 0.165 0.035

H37 X NC 0.474 0.474 0.479 0.481 0.441
Z IL 0.452 0.446 0.447 0.434
Y V 0.585 0.402 0.091 0.378

H38 X RH 0.461 0.485 0.489 0.492 0.530
Z RL 0.454 0.447 0.445 0.442
Y V 0.484 0.508 0.048 0.594

*Abbreviations used here and in next Tables: RHregularly increasing, IH - irregularly increasing, RL- regularly decreas-
ing, IL - irregularly decreasing, V - lack of any regular tendency, NC - nearly constant.

Table 3. Bond lengths [Ǻ] between particular atoms of the porphine molecule depending on SMF flux 
density [AFU] positioning in the Cartesian system. See Table 2 for notation.

Bond SMF along indicated 
Cartesian axis

Tendency* Bond length [Ǻ] at flux density [AFU] 
0 0.1 1.0 10 100

N1-C5 X IL 1.326 1.352 1.409 1.373 1.387
Z IH 1.385 1.402 1.390 1.463
Y IH 1.358 1.451 1.640 1.502

N1-C22 X RH 1.340 1.354 1.381 1.434 1.438
Z V 1.407 1.402 1.405 1.425
Y IH 1.417 1.430 1.552 1.432

N1-H37 X NC 1.010 1.112 1.040 1.055 1.108
Z V 0.990 0.990 0.975 0.985
Y IH 1.052 1.480 1.732 1.727

N2-C7 X V 1.325 1.357 1.392 1.357 1.345
Z V 1.432 1.337 1.321 1.320
Y IH 1.422 1.349 1.448 1.552

N2-C10 X V 1.401 1.410 1.374 1.411 1.379
Z V 1.432 1.425 1.433 1.431
Y IH 1.458 1.593 1.579 1.676

N3-C12 X IH 1.328 1.358 1.367 1.389 1.370
Z V 1.384 1.391 1.375 1.368
Y V 1.303 1.416 1.484 1.226

N3-C15 X RH 1.328 1.347 1.389 1.404 1.435
Z V 1.394 1.391 1.392 1.395
Y V 1.359 1.270 1.358 1.277

N3-H38 X NC 1.010 1.104 1.024 1.023 1.101
Z NC 0.990 0.993 0.987 0.995
Y V 0.978 0.824 1.494 1.436

N4-C17 X IL 1.401 1.383 1.411 1.371 1.361
Z IH 1.427 1.425 1.434 1.500
Y IH 1.486 1.407 1.500 1.896
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Bond SMF along indicated 
Cartesian axis

Tendency* Bond length [Ǻ] at flux density [AFU] 
0 0.1 1.0 10 100

N4-C20 X IH 1.325 1.368 1.383 1.382 1.381
Z V 1.339 1.337 1.326 1.320
Y IH 1.480 1.476 1.365 1.772

C5-C6 X RH 1.340 1.336 1.370 1.440 1.480
Z V 1.364 1.365 1.361 1.344
Y IH 1.246 1.432 1.457 1.582

C5-C24 X V 1.458 1.472 1.473 1.350 1.375
Z IH 1.488 1.492 1.499 1.453
Y RH 1.478 1.597 1.656 1.671

C6-C7 X RL 1.460 1.442 1.412 1.412 1.379
Z V 1.428 1.435 1.410 1.450
Y V 1.416 1.546 1.559 1.596

C6-H26 X V 1.080 1.198 1.123 1.107 1.209
Z IH 1.098 1.100 1.171 1.113
Y RH 1.262 1.706 1.854 1.891

C7-C8 X V 1.462 1.453 1.425 1.450 1.514
Z IH 1.490 1.495 1.493 1.500
Y V 1.568 1.398 1.429 1.671

C8-C9 X V 1.326 1.307 1.398 1.388 1.396
Z V 1.366 1.365 1.359 1.395
Y IH 1.459 1.454 1.461 1.696

C8-H27 X V 1.080 1.172 1.098 1.077 1.223
Z RH 1.084 1.086 1.094 1.124
Y RH 1.382 1.657 1.730 1.776

C9-C10 X RL 1.456 1.445 1.428 1.424 1.441
Z IH 1.492 1.491 1.497 1.500
Y IH 1.562 1.532 1.547 1.802

C9-H28 X V 1.080 1.129 1.094 1.091 1.150
Z IH 1.082 1.094 1.104 1.085
Y IH 1.459 1.499 1.408 1.911

C10-C11 X IH 1.340 1.351 1.419 1.364 1.381
Z V 1.357 1.358 1.348 1.329
Y IH 1.418 1.418 1.383 1.587

C11-C12 X V 1.460 1.407 1.397 1.428 1.417
Z V 1.426 1.430 1.433 1.429
Y V 1.452 1.463 1.341 1.778

C11-H29 X V 1.080 1.160 1.141 1.076 1.179
Z V 1.104 1.105 1.097 1.103
Y IH 1.535 1.433 1.604 2.068

C12-C13 X RH 1.337 1.380 1.380 1.382 1.480
Z V 1.435 1.430 1.426 1.430
Y IH 1.410 1.464 1.614 1.599

C13-C14 X NC 1.450 1.400 1.395 1.425 1.431
Z IL 1.483 1.410 1.480 1.401
Y V 1.418 1.416 1.537 1.070

C13-H30 X V 1.080 1.138 2.265 1.179 1.109
Z V 1.082 1.085 1.085 1.007
Y V 1.817 1.338 1.496 2.060
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Bond SMF along indicated 
Cartesian axis

Tendency* Bond length [Ǻ] at flux density [AFU] 
0 0.1 1.0 10 100

C14-C15 X V 1.337 1.342 1.408 1.403 1.401
Z RH 1.430 1.430 1.442 1.453
Y IH 1.406 1.392 1.507 1.620

C14-H31 X IH 1.080 1.798 1.120 3.640 6.799
Z IH 1.083 1.086 1.127 1.079
Y IH 1.130 1.739 1.860 1.753

C15-C16 X V 1.460 1.414 1.382 1.436 1.452
Z V 1.434 1.430 1.428 1.442
Y IH 1.378 1.454 1.495 1.633

C16-C17 X RH 1.340 1.384 1.368 1.428 1.452
Z IH 1.355 1.358 1.362 1.329
Y V 1.316 1.428 1.518 1.497

C16-H32 X IH 1.080 1.225 1.084 1.298 1.359
Z NC 1.104 1.105 1.098 1.103
Y RH 1.104 1.595 1.778 1.891

C17-C18 X V 1.456 1.435 1.435 1.424 1.445
Z V 1.493 1.491 1.476 1.500
Y RH 1.504 1.508 1.560 1.671

C18-C19 X V 1.337 1.357 1.320 1.418 1.417
Z IH 1.367 1.365 1.374 1.395
Y IH 1.387 1.527 1.482 1.696

C18-H33 X V 1.080 1.198 1.085 1.200 1.232
Z RH 1.084 1.086 1.094 1.095
Y RH 1.276 1.547 1.568 1.776

C19-C20 X V 1.452 1.448 1.453 1.386 1.384
Z RH 1.485 1.496 1.499 1.516
Y V 1.517 1.378 1.417 1.802

C19-H34 X V 1.080 1.138 1.077 1.073 1.223
Z RH 1.083 1.086 1.094 1.971
Y V 1.521 1.494 1.407 1.911

C21-C22 X V 1.340 1.364 1.389 1.365 1.344
Z IH 1.354 1.362 1.368 1.344
Y IH 1.401 1.324 1.656 1.770

C20-C21 X V 1.460 1.418 1.402 1.451 1.472
Z IL 1.366 1.362 1.358 1.329
Y V 1.459 1.432 1.457 1.633

C21-H35 X V 1.080 1.997 1.088 1.157 1.056
Z V 1.102 1.100 1.095 1.113
Y IH 1.567 1.465 1.614 2.068

C22-C23 X V 1.458 1.441 1.428 1.520 1.584
Z V 1.485 1.492 1.475 1.453
Y RH 1.500 1.544 1.656 1.599

C23-C24 X V 1.333 1.277 1.280 1.355 1.329
Z RH 1.357 1.362 1.368 1.397
Y IH 1.403 1.484 1.593 1.070

C23-H36 X V 1.080 1.225 1.733 1.082 1.214
Z V 1.097 1.088 1.073 1.129
Y IH 1.528 1.445 1.623 2.060

C24-H25 X IH 1.080 1.354 1.064 3.183 6.835
Z NC 1.084 1.088 1.083 1.096
Y IH 1.1591 1.689 1.839 1.753
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Conclusions

The planar molecule of porphine deforms when placed in the static magnetic field. The 
deformation depends on the situating the molecule against the field. The deformation 
engages pyrrole rings holding the hydrogen atoms at the ring nitrogen atoms. The 
length of the C–H and N–H bonds is also an essential factor.

Data availability

All data underlying the results are available as part of the article and no additional 
source data are required.

Figure 2. Deformation of the porphine molecule in SMF of flux density increasing from 0 to 100 AFU. 
The molecule was situated either in the x-y (a), y-z (b) or x-z (c) planes of the Cartesian system. SMF was 
applied along the x-axis.
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Abstract
This paper presents a study on the microbial status of different fish species and their habitats in the Bul-
garian Black Sea area. The samples were collected in the period of January 2021 until March 2021. The 
fish species we used in this study were Black Sea turbot (Scophthalmus maximus), round goby (Neogobius 
melanostomus), shore rockling (Gaidropsarus mediterraneus) and European anchovy (Engraulis encrasicolus). 
The BIOLOG system was used for microbiological determination. From the different fish species, differ-
ent species of microorganisms were isolated (using selective nutrient media). From the torbut, we isolated 
species Enterococcus villorum with 24 × 103 cells in 1 ml, Moraxella nonliquefaciens with 70 × 103 cells in 1 
ml and Pseudomonas synxantha with 123 × 103 cells. Pseudomonas putida was isolated from the round goby 
with 20 × 103 cells in 1 ml. The species Streptococcus entericus with 123 × 103 cells in 1 ml was isolated from 
the shore rockling. Pseudomonas fulva with 60 × 103 cells in 1 ml was isolated from the European anchovy. 
A total of 223 × 103 cells in 1 ml of Pseudomonas agarici were isolated from Trachinus draco. Pseudomonas 
tolaasii with 145 × 103 cells in 1 ml were isolated from Merlangius merlangus. A different species of bacteria 
of the genus Pseudomonas was found for each of the investigated species of Black Sea fish. Apparently, the 
species Pseudomonas is characteristic of marine Teleostei and is important for the life and metabolism of 
these vertebrates. These microorganisms probably are resident species and developed not as result of pol-
lution or environmental change.
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Introduction

Fish are consumed in large quantities throughout the world and are considered one of 
the main sources of protein. According to FAO (2007), fish are the most important 
single source of high quality protein providing about 16% of the animal protein con-
sumed by the world’s human population. Fish have high nutritional values and are a 
good source of saturated fats, omega-3 fatty acids that cannot be synthesised by the 
human body. Fish are known to be low in fat and cholesterol and are easily digested 
and suitable for infants, children and the elderly. Unlike other local products, the price 
of fish is much lower and more affordable for most people. The microbiology of fish is 
closely related to human health because it can represent a risk depository, as fish carry 
inside and on their surface different types of microorganisms. On the other hand, the 
microbiology of fish is closely dependent on the state of the environment and can be 
used as an indicator of the water quality. Several bacterial genera, such as Escherichia, 
Listeria, Pseudomonas, Klebsiella and Salmonella were isolated from fish and can indi-
cate multisource pollution (Sichewo et al. 2014; Manhondo et al. 2018). Banquero 
et al. (2008) described aquatic systems as genetic reactors or hotspots for AMR genes 
where significant genetic exchange and recombination can occur and can shape the 
evolution of future resistance profiles. Bacteria very quickly acquire resistance either 
through gene transfer or through mutations. In this way, antibiotic resistance genes can 
also be passed on. These processes occur mainly in the intestinal tract of fish (Levy and 
Marshall 2004). Random use of antimicrobials is associated with increased selection 
pressure on bacterial populations and favours the survival and reproduction of resist-
ant bacteria. In Bulgaria, Stratev et al. (2015) conducted a study of 161 samples of 
frozen fish products collected from retail markets. High numbers of total viable counts 
(TVCs) were found in Black Sea roach (7.28 log cfu/g) and horse mackerel (5.90 log 
cfu/g). High amounts of Aeromonas spp. were found in the Black Sea horse mackerel 
(2.68 log cfu/g). Aeromonas spp. was not found in the Black Sea roach.

After their death, fish undergo rapid bacterial and microbiological changes, which 
are determining factors in their consumption by humans (Stratevaa et al. 2021). The 
expiry period of fish is determined by the content of protein, fat, water (Velioğlu et al. 
2015) and the amount of microorganisms (Fengou et al. 2019). Fresh fish have a high 
water quantity and this may be the reason for their rapid spoilage (Zotta et al. 2019).

To date, data on the microbiota of fish in the Black Sea are very limited. Gaining 
information in this field is important as the sea can be a source of species of bacteria 
that are potentially dangerous to human health. The main goal of the present work was 
to study the microbiological composition of the intestinal tract in different species of 
Teleost fish from the Black Sea.

Place and duration of the study

The study was conducted at the Department of Biology, University of Shumen, Bul-
garia, January 2021 until March 2021. The samples were collected from the regions of 
Varna: 43.18 N, 27.91 E and Sozopol: 42.4317N, 27.70 E (Datum WGS 84) (Fig. 1).
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Collection of the samples

The fish individuals were randomly sampled from trawl catches using pelagic Midwa-
ter otter trawl (7 × 7 mm mesh size of the codend) from two localities of the Bulgarian 
Black Sea aquatory (Fig. 1). On board, the fish samples were shock frozen for best 
preservation and transported to the laboratory for further analyses.

Microbiological analysis

The fish were scrubbed free of dirt, washed in hypochlorite solution (20 mg/l), rinsed 
with sterile distilled water and shucked with a sterile knife. Tissue liquor samples 
(about 100 g) were homogenised (Maffei et al. 2009). Faecal coliforms (FC) were 
enumerated through a five tubes per dilution most probable number (MPN) series 
(Ignatova-Ivanova et al. 2018). After 3 h at 37 °C plus 21 h at 44 °C, gas positive tubes 
were recorded for FC. From each FC gas positive tube, 0.1 ml were transferred in tubes 
with 10 ml of Tryptone Water (Oxoid, Basingstoke, UK) and then incubated for 24 h 
at 44 °C. E. coli were enumerated by MacConkey agar (Merck, Darmstadt, Germany). 
The plates very incubated aerobically at 35–37 °C for 18–24 hours. E. coli developed 
matte dark pink to tile red, surrounded by an opaque area due to the precipitation of 
bile salts in this environment. Pseudomonas sp. were enumerated by Cetrimide Agar 
(Merck KGaA, 64271 Darmstadt, Germany).

Figure 1. Sampling locations at the Black sea coast.
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Microbial Identification Databases for the “BIOLOG” System

The microbial identification was performed by the BIOLOG Microbial Identifica-
tion System VIO45101AM. The isolated strains were screened on BL4021502 Tryp-
tic Soy Agar (TCA), cultured for 24 hours at 37 °C and then subjected to Gen III 
plaque identification to identify Gram positive and Gram negative aerobic bacte-
ria. The microscopic pictures were performed using the stereomicroscope OPTIKA 
(Italy) with a DinoEye, Eyepiece camera with 5 megapixels. The photographs were 
taken by using a Canon EOS 60D camera. The GEN III MicroPlate test panel pro-
vides a standardised micromethod using 94 biochemical tests to profile and identify 
a broad range of Gram-negative and Gram-positive bacteria. BIOLOG’s Microbial 
Identification Systems software (e.g. OmniLog Data Collection) is used to iden-
tify the bacterium from its phenotypic pattern in the GEN III MicroPlate. The BI-
OLOG system allows us to quickly and accurately identify more than 2900 species 
of aerobic and anaerobic bacteria, yeasts and fungi. BIOLOG’s advanced phenotypic 
technology provides valuable information on the properties of the strains, in ad-
dition to species-level identification. BIOLOG’s carbon technology identifies the 
environment and pathogenic microorganisms by producing a characteristic pattern 
or “metabolic fingerprint” of discrete test reactions performed in a 96-well micro-
plate. The culture suspensions are tested with a panel of pre-selected assays, then 
incubated, read and compared with extensive data-bases. https://www.biolog.com/
productsportfolio-overview/microbial-identification.

Results

Using some classical microbiological methods, we investigated probes from the 
gastrointestinal tract of different species of fish from the Bulgarian Black Sea aqua-
tory. After 24 h of cultivation on different media, the number of cells in 1 ml were 
obtained. The species of microorganisms were confirmed not only on selective 
media, but also by the results of the BIOLOG system. Data are represented in 
Table 1 and Fig. 2.

For the present study, fresh Black Sea fish were used, which were dissected in labo-
ratory conditions. The intestinal tract was used for microbiological analysis. Different 
species of microorganisms were isolated from the fish species using selective nutrient 
media (Table 1) – E. villorum species (Fig. 2a) were isolated from S. maximus with 
24 × 103 cells in 1 ml, M. nonliquefaciens with 70 × 103 cells in 1 ml and P. synxantha 
with 123 × 103 cells in 1 ml. The species P. putida was isolated from the Round goby 
with 20 × 103 cells in 1 ml. The species S. entericus with 123 × 103 cells in 1 ml was 
isolated from P. flesus. P. fulva with 60 × 103 cells in 1 ml was isolated from Sardine. 
A total of 223 × 103 cells in 1 ml of P. agarici (Fig. 2b) were isolated from T. draco and 
P. tolaasii with 145 × 103 cells in 1 ml were isolated from M. merlangus.



A study of the microbiology of fish from the Black Sea 109

Discussion

The probable explanation for the difference in the species of microorganisms that were 
isolated from the intestine of the different fish species indicated that this may be due 
to the different habitats of fishes and their diet. In the winter months, the round goby 
lives at a depth of less than 60 m. The turbot is a predator and is found at a depth of 80 
m buried in the sand. The flounder inhabits thin bottom layers at a depth of 50 m and 
feeds on crustaceans, worms and molluscs. The shore rockling feeds on “worms” and 
crustaceans, while the anchovy feed on plankton. According to Jorquera et al. (2001), 
some of the bacterial populations that inhabit the intestinal tract of fish include species 

Table 1. Number of cells in 1 ml on the different media.

Media/ fish Pseudomonas 
agar

Streptococcus 
selective agar 

Chromokult 
agar

MacConkey 
agar

strain  
BIOLOG

T26F1 Scophthalmus maximus –
turbot–Varna

24.103 Enterococcus 
villorum

Scophthalmus maximus – turbot 
– Varna

70.103 Moraxella 
nonliquefaciens

Scophthalmus maximus –  turbot 
– Varna

123.103 Pseudomonas 
synxantha

T26F3 Neogobius melanostomus – 
round goby –  Varna

20.103 Pseudomonas 
putida

20T29-30F7 Platichthys flesus – 
shore rockling – Varna

123.103 Streptococcus 
entericus

Engraulis encrasicolus – European 
anchovy Sozopol

60.103 Pseudomonas 
fulva

20T10-11F2 Trachinus draco – 
greater wever – Varna

223.103 Pseudomonas 
agarici

20T10-11F3 Merlangius merlangus 
– whiting–Varna

145.103 Pseudomonas 
tolaasii

Figure 2. Stereomicroscope picture of the colonies of the isolated species in this case a E. villorum on 
media Chromocult agar and b P. agarici on media Pseudomonas agar. The picture was taken using the ster-
eomicroscope OPTIKA (Italy) and DinoEye, Eyepiece camera, USB, 1.3 megapixsel, up to 5 megapixels.
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such as Vibrio, Pseudomonas, Acinetobacter, Photobacterium, Moraxella, Aeromonas, 
Micrococcus and Bacillus. The bacterial species that are part of the intestinal tract of fish 
depend, on the one hand, on the diet of the fish and, on the other hand, on the state of 
the marine environment. The microbiota found in marine organisms can be considered 
in two aspects – the so-called “resident” microbiota, which is stable and unaffected by 
the environment and the “transitional” microbiota, which depend on environmental 
conditions. There are very little data in literature on the microbiological composition 
of the intestine of Black Sea fish. Some data were recently published (Orozova et al. 
2010; Stratev et al. 2015; Stratevaa et al. 2021) and showed that these are mainly 
representatives of Aeromonas spp., which cause fish diseases, such as haemorrhagic 
septicaemia and ulcers. This may lead to large economic losses in fish farms. To date, 
mostly freshwater fish were studied, such as carp, trout and silver carp. A study on 
turbot conducted in Turkey showed that the total number of microorganisms isolated 
on day 0 was 3.3 log cfu/g, but no concrete species were identified (Özogul et al. 
2006). There are no data on the exact species composition of microorganisms in the 
intestinal tract of Black Sea fish to date.

The microbiota of fish may be influenced by many factors, both endogenous and 
exogenous. Endogenous factors include the origin of the fish host (Miyake et al. 2015), 
genotype and diet (Wu et al. 2012), parasitic load (Llewellyn et al. 2017), immuno-
logical condition (Pérez et al. 2010), but also lifestyle (Stephens et al. 2016). Exoge-
nous factors are habitat specific and include: environment condition, physicochemical 
parameters of water (Llewellyn et al. 2016; Sylvain et al. 2016) and bacterioplankton 
composition (Sylvain et al. 2017). Usually in fish intestines, microorganisms play a 
key role in nutrition, facilitating the breakdown and absorption of specific compounds 
present in the diet of the host fish.

According to data published very recently (Sylvain et al. 2020), the diverse mi-
crobiota community in fish skin mucus is suitable for the development of microbial 
biomarkers indicating the conditions of the environment, while the more stable and 
persistent intestinal microbiome is more suitable for studying long-term host-micro-
bial interactions. The different fish species and their habitats showed differences in 
the taxonomic structure of the microbial community and this was confirmed for all 
studied species.

Conclusion

The question whether host-related microbiomes are primarily species-specific or 
depend on environmental factors still remains open. Our study is one of the few to 
focus on the intestinal microbiome of Black Sea fish species. It is interesting to note 
that the phylogenetic structure of the microbial communities of different fish is formed 
by species and habitat-specific factors. A different species of bacteria of the genus 
Pseudomonas was found for each of the investigated species of Black Sea fish. Apparently, 
Pseudomonas species are characteristic of marine Teleostei and are important for the 
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life and metabolism of these vertebrates. These microorganisms are probably resident 
species and have developed not as result of pollution or environmental change. The 
presence of the species Enterococcus villorum and Moraxella nonliquefaciens, which are 
pathogenic species, may be due to pollutants of seawater, which settled in the sediment 
and infested the turbot in its natural habitat.
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Abstract
Background: An attempt to recognize the effects of a static magnetic field (SMF) of varying flux density 
on flora and fauna.. For this purpose the influence of static magnetic field upon molecules of Mg(II), 
Fe(II), Fe(III), Co(II), Co(III) and Cu(II) metalloporphyrins is studied.
Methods: Computations of the effect of real SMF 0.0, 0.1, 1, 10 and 100 AFU (Arbitrary Magnetic 
Field Unit; here 1AMFU > 1000 T) flux density were performed in silico (computer vacuum) involving 
advanced computational methods.
Results: The static magnetic field (SMF) decreased the stability of the metalloporphyrine molecules. This 
effect depended on the situation of the molecule in respect to the direction of the SMF of the Cartesian 
system. An increase in the value of heat of formation was accompanied by an increase in the dipole mo-
ment. It was an effect of deformations of the molecule which involved pyrrole rings holding the hydrogen 
atoms at the ring nitrogen atoms and the length of the C-H and N-H bonds. As a consequence, that 
macrocyclic ring lost its planarity.
Conclusions: SMF even of the lowest, 0.1 AMFU flux density influences the biological role of metal-
loporphyrines associated with their central metal atoms. This effect is generated by changes in the electron 
density at these atoms, its steric hindering and polarization of particular bonds from pure valence bonds 
possibly into ionic bonds.
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Introduction

Our previous paper (Ciesielski et al. 2022) described the effect of Static Magnetic Field 
(SMF) of 0.1 to 100 AMFU (Arbitrary Magnetic Field Unit. 1 AMFU > 1000 T) upon 
porphine. Porphine and its derivatives are precursors of several biologically important 
compounds. They are derivatives of protoporphyrine IX. (Kadish et al. 2000; Ortiz de 
Montellano 2008). A biological activity of porphine results from two ways of its modi-
fication. One of them is binding various functional groups as external substituents of 
protoporphyrin IX. For instance, in such a way proteins like cysteine which are bound 
via thioether bonds form C-type cytochromes essential for the life of virtually all or-
ganisms (Stevens et al. 2004). The second way of modification involves coordination 
of metal ions inside the porphine ring to form metalloporphyrines. One of the most 
common representatives of metalloporphyrines are chlorophylls containing Mg atom 
inside the porphine ring. In chlorophylls, its presence is responsible for the green color 
of those compounds. Chlorophyll is a group of 6 compounds which differ from one 
another with substituents of the macrocyclic ring. Two of them (chlorophylls a and b) 
exist in the photosystem (chloroplasts) of green plants and algae. They absorb sunlight, 
employing its energy to synthesize carbohydrates from CO2 and water. It is so-called 
photosynthesis. Several green chlorophyll pigments reside also in mesosomes of cyano-
bacteria. Animals and humans obtain chlorophyll as the component of their diet. Dur-
ing photosynthesis, plants take in carbon dioxide (CO2) and water (H2O) from the air 
and soil. Within the plant cell, the water is oxidized, meaning it loses electrons, while 
the carbon dioxide is reduced, meaning it gains electrons. This transforms the water 
into oxygen and the carbon dioxide into glucose. Magnesium in chlorophylls provides 
absorption of the blue and red potion of the electromagnetic spectrum, leaving the 
green portion of that spectrum non-absorbed. It does not constitute any particular reac-
tion site for water and carbon dioxide (Kadish et al. 2000; Ortiz de Montellano 2008).

In metalloporphyrines holding either Fe(II), Fe(III), Co(II), Co(III) or Cu(II) 
these central atoms of the complexes act as coordination sites. Porphine derivatives 
with Fe(II) and Fe(III) ions coordinated and chemically bound within the macrocyclic 
ring are called hem and hemin, respectively. They are red-coloured compounds con-
stituting the animal and human blood. Ferrous cation in heme can coordinate such 
as molecular oxygen, carbon monoxide, cyanide anion and other ligands. In hemin 
Fe(III) atom utilizes one of its valence bonds for binding chlorine atom. It is formed 
from a hem group, such as hem B found in the hemoglobin of human blood (Kadish 
et al. 2000; Ortiz de Montellano 2008).

Porphine derivatives coordinated to the Co(II) and Co(III) ions are known as vita-
min B12, (cobalamin). It is a cofactor in DNA synthesis, in both fatty acid and amino 
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acid metabolism. It is essential for the normal functioning of the nervous system and 
the maturation of red blood cells in the bone marrow (Kadish et al. 2000; Ortiz de 
Montellano 2008).

In the organisms of some invertebrates such as snails, lobsters and spiders, oxy-
gen is transported by hemicyanines containing Cu(II) atom instead of Fe(II)/Fe(III) 
ions. Such hemocyanines (hemolymph) carrying coordinated oxygen are blue colored. 
Hence these invertebrates have blue blood (Walter et al. 2010).

Recently, numerous synthetic derivatives of the parent porphine in the form of 
metalloporhyrines have found their application in the material sciences of engineering, 
chemistry, physics, biology, and medicine (Anderson et al. 1995; Kadish et al. 2000; 
Yella et al. 2011; Ptaszek 2013 Huang et al. 2015), particularly in anticancer photody-
namic therapy (Hodak and Pavlovsky 2015).

The subject of this paper focuses on the effect of SMF of 0.1 to 100 AMFU (Arbi-
trary Magnetic Field Unit) upon Mg (II), Fe(II), Fe(III), Co(II), Co(III), and Cu(II) 
porphyrines as the most essential and most common in functioning organisms of flora 
and fauna. The target is achieved involving in silico (computer vacuum) advanced 
computational methods.

Numerical computations

DFT (Density Functional Theory) Molecular structures were drawn using the Fujitsu 
Scigress 2.0 software (Marchand et al. 2014). Their principal symmetry axes were ori-
ented along the x, y and z-axes of the Cartesian system. The magnetic field was fixed in 
the same direction, with the south pole from the left side.

Z axis is perpendicular to the porphine plane, the x and y axes are in the plane 
of the system, each of them along two nitrogen atoms. Because of mesomerism only, 
due to quaternary symmetry z axis the last two axes are undistinguished and sym-
metry D4h is observed (Scheidt and Lee 1987). Since pairs of the nitrogen atoms 
differ from one another, the x axis cross two nitrogen atoms substituted by hydrogen 
atoms and y axis cross remains two unsubstituted nitrogen atoms and itself both axis 
x,y are distinguished.

Subsequently, involving Gaussian 0.9 software equipped with the 6–31G** basis 
(Frisch et al. 2016), the molecules were optimized and all values of bond length, dipole 
moment, total energy, heath of formation, bond energy and HOMO/LUMO energy 
level for single molecules.

In the consecutive step, influence of static magnetic field (SMF) upon optimized 
molecules were computed with Amsterdam Modelling Suite software (Farberovich 
and Mazalova 2016; Charistos and Munoz-Castro 2019) and the NR_LDOTB (non-
relativistic orbital momentum L-dot-B) method (Glendening et al. 1987; Carpen-
ter and Weinhold 1988). Following that step, using Gaussian 0.9 software equipped 
with the DFT with functional B3LYP 6–31G** basis (Charistos and Munoz-Castro 
2019) values of bond length, dipole moment, heath of formation equal to the energy 
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of dissociation, bond energy HOMO/LUMO energy level for single molecules were 
again computed using the single-point energy option key word.

Visualization of the HOMO/LUMO orbitals and changes of the electron density 
for particular molecules and their three molecule systems were performed involving 
the HyperChem 8.0 software (Froimowitz 1993).

Fig. 1 presents notation of particular atoms in metalloporphyrins.

Results and discussion

Based on the criterion of values of heat of formation (the stability of the system in-
creases with declining negative value) (Table 1) the stability of metalloporphyrines 
under consideration declined in the order:

Fe(III)+ > Co(III)+ > Fe(II) > Co(II) > Cu(II) > Mg(II)

SMF destabilized the Mg(II)porphyrine. The value of heat formation gradually 
turned into less negative against an increase in applied flux density (Table 1). In every case 
the magnitude of the changes depended on the orientation of the molecule in the Carte-
sian system. The strongest destabilization was noted in the molecule oriented along the 
X-axis followed by its orientations along Y- and Z-axes, respectively. The changes in the 
heat of formation were accompanied by an increase in the values of dipole moment of the 
molecule. It rose depending in the same manner on the orientation of the molecule in the 
Cartesian system. Deformed porphyrin skeleton could take one of four conformations, 
that is, saddle (B2u), ruffle (B1u), dome (A2u) or wave (Egx,y) (Kingsbury and Senge 2021).

Figure 1. Structure of a metallporphine molecule with the system of numbering of the atoms followed 
throughout the discussion. M symbolizes any metal.
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In Mg(II)porphyrine (Fig. 2), considered as very simplified model of chlorophyll, 
the central metal atom was not coordinated to the N2 and N4 ring nitrogen atoms. 
Planar structures (a) and (c) showed that one Mg-bound and one non-bound pyrrole 
rings were mostly responsible for the deformation of the molecule. Structures (b) re-
vealed that the deformation led to bending of the molecule.

The shape of the porphyrin skeleton differed from the flat one characterized by 
the point group D4h. It took the shape of a dome typical for the point group A2u. The 
increase in SMF ejected the magnesium atom from the center of the molecule because 
of increasing lengths of the Mg-N bonds.

Corresponding variations of the charge density on the N- and Mg(II) atoms and 
the Mg(II)-N bond lengths are reported in Tables 2 and 3, respectively.

Data in Table 2 indicate irregular changes of the charge density at the N1 and N3 
magnesium-bound atoms. Independently of the situating of the molecule against SMF, 
the charge at the N1 atom always remained negative. However, the charge density at 
the N3 magnesium bound atom situated along the Z-axis turned positive and also 
changed irregularly against applied flux density. The central Mg atom invariantly hold 
the positive charge density which irregularly rose with an increase in the flux density. 

Table 1. Heat of formation [kJ.mol-1] and dipole moment [D] of the metalloporphyrine molecules de-
pending on applied SMF flux density [AMFU] and their situating in the Cartesian system.

SMF along 
indicated 

Cartesian axis

Heat of formation [kJ·mol-1] at SMF flux 
density [AMFU]

Dipole moment [D] at SMF flux density [AMFU]

0 0.1 1.0 10 100 0 0.1 1.0 10 100
Mg(II)

X -803 -781 -772 -731 -698 2.06 2.10 2.15 2.19 2.31
Z -799 -794 -771 -726 2.09 2.10 2.11 2.18
Y -796 -781 -762 -716 2.10 2.14 2.20 2.29

Fe(II)
X -982 -972 -953 -911 -875 1.99 2.03 2.10 2.24 2.41
Z -979 -967 -932 -904 2.01 2.06 2.11 2.24
Y -979 -964 -936 -906 2.03 2.11 2.16 2.34

Fe(III)+
X -1125 -1038 -987 -894 -815 2.06 2.11 2.19 2.35 2.62
Z -1097 -1005 -974 -897 2.09 2.15 2.19 2.31
Y -1023 -1000 -971 -902 2.11 2.24 2.32 2.62

Co(II)
X -969 -942 -918 -781 -743 2.03 2.09 2.22 2.38 3.24
Z -952 -947 -932 -918 2.06 2.15 2.21 2.38
Y -946 -923 -761 -694 2.09 2.23 2.59 3.48

Co(III)+
X -1021 -1014 -997 -876 -831 2.03 2.09 2.22 2.38 3.04
Z -1006 -985 -934 -858 2.06 2.13 2.25 2.32
Y -1015 -995 -968 -885 2.08 2.23 2.42 2.97

Cu(II)
X -921 -892 -871 -811 -752 2.01 2.06 2.15 2.39 2.68
Z -918 -906 -893 -812 2.03 2.06 2.09 1.98
Y -885 -872 -803 -711 2.06 2.17 2.51 3.69
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The smallest changes were noted in the molecule oriented along the Z-axis. Increasing 
charge density at the Mg atom should be beneficial for bonding Lewis bases. That is, 
it should promote photosynthesis provided the reaction site is not obscured by steric 
hindrances.

In their character the Mg-N bonds were intermediate between ionic and atomic, 
making the binding electron pair essential. Under the influence of a high external SMF, 
the durability of such a pair, maintained by magnetic forces, decreased. Thus, the bond 
become weaker and longer (Table 3).

Figure 2. Deformation of Mg(II) porphyrine in SMF of 0 – 100 AMFU when the SMF direction is in 
(a–c) along X, Z and Y axes, respectively.
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The criterion of the heat of formation of Fe(II)porphyrine and Fe(III)porphyrine 
indicated that SMF destabilized these molecules.

The Fe(II) atom in Fe(II)porhyrine was tetracoordinated (Fig. 3).
Already out of SMF the molecule was non-planar and SMF considerably contrib-

uted to its deformation. In the molecule situated in the X-Y plane, particularly at 10 
and 100 AMFU, remarkable charge density (Table 4) and elongation of some C-H 
bonds (Table 5) could be observed. The positive charge density at the Fe(II) atom 
slightly decreased with an increase in the applied flux density when the molecule was 
oriented along the X axis but, simultaneously increased in the molecules oriented along 
the Z and Y axes. Such response of the molecule to SMF was beneficial for the accept-
ing Lewis bases, for instance, CO.

An elongation of the Fe-N was much less remarkable than that observed in Mg(II)por-
phyrine (Table 5). The mean value of the Fe-N bond length for all metalloporphyrines ori-
entations along the SMF directions remained approximately constant. As with magnesium, 
electron density decreased on the atoms of nitrogen bound to iron, as well as on the iron 
itself, so the growing SMF caused the electrons to move to the periphery of the molecule.

The Fe(III) atom of Fe(III)porhyrine cation was also tetra-coordinated. Deforma-
tions of the molecules by increasing flux density are presented in Fig. 4.

Table 2. Charge density [a.u] at particular atoms of the Mg(II)porphyrine molecule depending on SMF 
flux density [AMFU] situating in the Cartesian system.

Atom SMF along indicated 
Cartesian axis

Charge density [a.u] at SMF flux density [AMFU]
0 0.1 1.0 10 100

N1 X -0.219 -0.095 -0.045 -0.297 -0.021
Z -0.212 -0.122 -0.118 -0.083
Y -0.067 -0.135 -0.249 -0.153

N3 X -0.197 -0.192 -0.122 -0.255 -0.037
Z 0.051 0.179 0.167 0.172
Y -0.167 -0.174 -0.218 -0.136

Mg37 X 0.387 0.637 0.638 0.538 0.532
Z 0.521 0.546 0.556 0.577
Y 0.626 0.640 0.567 0.646

Table 3. Bond lengths [Ǻ] between particular atoms of the Mg(II)porphyrine molecule depending on 
SMF flux density [AMFU] situating in the Cartesian system.

Bond SMF along indicated 
Cartesian axis

Bond length [Ǻ] at flux density [AMFU]
0 0.1 1.0 10 100

N1-Mg37 X 1.917 2.161 2.286 2.125 2.438
Z 2.111 2.045 2.077 2.156
Y 2.096 2.140 2.066 2.136

N3-Mg37 X 1.898 2.169 2.298 1.944 2.459
Z 2.109 2.061 2.090 2.126
Y 2.106 2.126 1.910 1.155
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Figure 3. Deformation of Fe(II)porphyrine in SMF of 0 – 100 AMFU when SMF direction is in (a–c) 
along X, Z and Y axes, respectively.

Table 4. Charge density [a.u.] at particular atoms of the Fe(II)porphyrine molecule depending on SMF 
flux density [AMFU] situating in the Cartesian system.

Atom SMF along indicated 
Cartesian axis

Charge density [a.u] at SMF flux density [AMFU] 
0 0.1 1.0 10 100

N1 X -0.408 -0.379 -0.425 -0.252 -0.123
Z -0.384 -0.385 -0.375 0.004
Y -0.408 -0.425 -0.488 -0.439

N3 X -0.346 -0.397 -0.315 -0.249 -0.199
Z -0.350 -0.325 -0.336 0.165
Y -0.501 -0.503 -0.438 -0.497

Fe37 X 1.651 1.602 1.473 1.212 1.039
Z 1.734 1.685 1.661 1.019
Y 1.845 1.823 1.822 1.769
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Compared to Fe(II)porphirine the porphine skeleton localized along X and Z axes 
faced only slight deformation evoked by SMF.

Relevant charge density at particular atoms and bond lengths are collected in Ta-
bles 6 and 7, respectively.

An increase in applied SMF resulted in an irregular change of the positive charge 
density of the Fe atom. A general tendency in decrease of that charge was perturbed 
mainly in the molecules oriented against SMF along Z-axis. The same effect could 
be observed for negative charge density at the N1 and N3 atoms which, generally, 
decreased with an increase in applied SMF (Table 6). Thus, the flux density of 0.1 and 
1.0 AMFU should facilitate reactions of the Fe(III) atom with Lewis bases.

Such irregularities were accompanied with irregular changes of the N-Fe bond 
lengths. These bonds generally were elongated with an increase in applied SMF (Table 7).

An insight in Table 1 showed that SMF destabilized Co(II) and Co(III)porphy-
rines and negatively influenced their biological functions.

The Co(II) atom in Co(II)porphyrine remained bidentate. Its presence inhibited 
to a great extent the deformation of the molecule involving bending molecule typi-
cal for formerly mentioned metalloporphyrines (Fig. 5). Instead, a local deformation 
within the macrocyclic took place. Corresponding charge density and bond lengths 
computed for these molecule are presented in Tables 12 and 13, respectively.

The SMF acting along the Z- axis flatted the molecule. The increase in SMF 
changed the conformations in the order: dome-flat-flat-dome with simultaneous dis-
tancing of the cobalt atom from the plane of the molecule.

The action of SMF along the X or Y axis evoked a wave mode deformation, with a 
point group Egx,y (Kingsbury and Senge 2021).

The applied SMF atom always affected the negative charge density at the N-atoms 
and positive charge density at the Co-atom. These changes were chimerically depend-
ent on the orientation of the molecules against SMF (Table 8). However, always result-
ing charge density at the Co(II) atom increased in respect to that in the molecule out 
of SMF. Thus, the ability of the Co(II) atom to bind Lewis bases increased. Molecules 
oriented against SMF along the Y axis should react with Lewis bases the most readily.

The SMF also influenced and extended the length of both N-Co bonds and that 
effect was strongly dependent on the orientation of the molecule against the SMF 
(Table 9).

Table 5. Bond lengths [Ǻ] between particular atoms of the Fe(II)porphyrine molecule depending on 
SMF flux density [AMFU] situating in the Cartesian system.

Bond SMF along indicated 
Cartesian axis

Bond length [Ǻ] at flux density [AMFU]
0 0.1 1.0 10 100

N2-Fe37 X 1.893 1.994 2.170 2.047 2.109
Z 1.730 1.794 1.770 1.787
Y 1.782 1.658 1.763 1.801

N3-Fe37 X 1.898 1.926 2.170 2.214 2.644
Z 1.855 1.840 1.860 1.885
Y 1.689 1.692 1.738 1.772
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The Co(III) atom in Co(III)porphyrine cation also remained bidentate and, prin-
cipally, it also inhibited deformation of the molecule by bending. In comparison to 
Co(II) atom its presence in the macrocyclic ring favoured elongation of some C-H 
bonds to the extent suggesting their dissociation (Fig. 6).

The action of the SMF along each axis causes deformation of the flat system to 
corrugated, wave mode Egx,y (Kingsbury and Senge 2021).

The relevant changes of the charge density at Co and N atoms and the Co-N atom 
bonds are reported in Tables 10 and 11, respectively. As in the case of formerly presented 

Figure 4. Deformation of Fe(III)porphyrine in SMF of 0 – 100 AMFU when the SMF direction is in 
(a–c) along X, Z and Y axes, respectively.
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metalloporphyrines, these changes with an increase in applied flux density were irregular 
and strongly dependent on the orientation of the molecules against SMF. In contrast to 
Co(II)porphyrine where SMF facilitated reaction of the central metal atom with Lewis 
bases, SMF flux density decreased the ability of the Co(III) to bind Lewis bases.

SMF negatively perturbs biological functions of Cu(II)porphyrine as it increased 
its heat of formation (Table 1).

Inserting the Cu(II) atom into the porphine ring produced its deformation by 
bending already out of SMF.

An increase in SMF caused a change in conformation from the dome to the flat 
one. It distinguished Cu(II)porphyrine from those discussed above. The presence of 
the Cu(II) atom favored considerable elongation of the C-H bonds.

Charge density distribution in this molecule and relevant bond lengths are grouped 
in Tables 12 and 13, respectively.

Performed computations presented fairly unusual effects of insertion of Cu(II) 
atom into porphine. Thus, already in the molecule out of SMF both nitrogen atoms 
bound to the Cu(II) atom hold the positive charge density. Already SMF of flux den-
sity of 0.1 AMFU turned the charge density at the N1 atom into negative when the 
molecule was oriented along either X or Z axis. In the molecule oriented along the Y 
axis just the flux density of 100 AMFU developed negative charge density at that atom. 

Table 6. Charge density [a.u.] at particular atoms of the Fe(III)porphyrine molecule cation depending 
on SMF flux density [AMFU] situating in the Cartesian system.

Atom SMF along indicated 
Cartesian axis

Charge density [a.u] at SMF flux density [AMFU]
0 0.1 1.0 10 100

N1 X -0.354 -0.457 -0.465 -0.437 -0.065
Z -0.430 -0.382 -0.403 -0.423
Y -0.455 -0.452 -0.057 -0.082

N3 X -0.363 -0.400 -0.395 -0.329 -0.073
Z -0.352 -0.385 -0.396 -0.414
Y -0.451 -0.441 -0.149 -0.121

Fe37 X 1.696 1.767 1.765 1.429 0.928
Z 1.654 1.726 1.765 1.807
Y 1.787 1.797 1.154 1.199

Table 7. Bond lengths [Ǻ] between particular atoms of the Fe(III)porphyrine molecule cation depending 
on SMF flux density [AMFU] situating in the Cartesian system.

Bond SMF along indicated 
Cartesian axis

Bond length [Ǻ] at flux density [AMFU
0 0.1 1.0 10 100

N1-Fe37 X 1.917 1.802 1.820 1.997 2.173
Z 1.905 1.828 1.886 1.803
Y 1.822 1.835 1.912 1.945

N3-Fe37 X 1.873 1.823 1.809 2.140 2.126
Z 1.950 1.807 1.796 1.723
Y 1.897 1.798 1.863 1.835
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Figure 5. Deformation of Co(II) porphyrine in SMF of 0 – 100 AMFU when the SMF direction is in 
(a–c) along X, Z and Y axes, respectively.

Table 8. Charge density [a.u] at particular atoms of the Co(II)porphyrine molecule depending on SMF 
flux density [AMFU] situating in the Cartesian system.

Atom SMF along indicated 
Cartesian axis

Charge density [a.u] at SMF flux density [AMFU] 
0 0.1 1.0 10 100

N1 X -0.218 -0.094 -0.247 -0.149 -0.059
Z -0.226 -0.118 -0.144 0.085
Y -0.214 -0.281 -0.190 -0.129

N3 X -0.220 -0.149 -0.164 -0.259 -0.288
Z -0.034 -0.160 -0.126 -0.227
Y -0.201 -0.254 -0.094 0.131

Co37 X 0.509 0.584 0.705 0.611 0.878
Z 0.587 0.596 0.574 0.467
Y 0.605 0.754 0.596 0.971
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Table 9. Bond lengths [Ǻ] between particular atoms of the Co(II)porphyrine molecule depending on 
SMF flux density [AMFU] situating in the Cartesian system.

Bond SMF along indicated 
Cartesian axis

Bond length [Ǻ] at flux density [AMFU] 
0 0.1 1.0 10 100

N1-Co37 X 1.958 2.054 2.138 2.224 2.202
Z 2.011 2.064 1.889 1.925
Y 2.113 2.323 2.450 2.406

N3-Co37 X 1.945 2.036 2.123 2.142 2.394
Z 2.139 2.052 1.090 1.892
Y 1.862 2.230 1.926 2.745

Figure 6. Deformation of Co(III)porphyrine in SMF of 0 – 100 AMFU when the SMF direction is in 
(a–c) along X, Z and Y axes, respectively.
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The N3 atom appeared to be more susceptible to the conversion of its initial positive 
charge density into negative. In the molecule located along the X axis solely flux den-
sity of 0.1 AMFU could not convert that charge density into negative. In all remained 
cases the charge density at that atom readily converted into negative.

Applied SMF invariantly increased positive charge density at the Cu atom (Table 
12) what should facilitate coordination of Lewis bases. The length of both N-Cu bonds 
varied irregularly with an increase in the applied flux density and orientation against 

Figure 7. Deformation of Cu(II)porphyrine in SMF of 0 – 100 AMFU when the SMF direction is in 
(a–c) along X, Z and Y axes, respectively.
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SMF. The N-Cu bonds were the least sensitive to elongation when the molecule was 
oriented along the Z- axis (Table 13).

Thus, in summary, static magnetic field (SMF) decreased stability of the metal-
loporphyrine molecules. This effect depended on the situating of the molecule in re-
spect to the direction of SMF of the Cartesian system. An increase in the value of heat 

Table 10. Charge density [a.u] at particular atoms of the Co(III)porphyrine molecule cation depending 
on SMF flux density [AMFU] situating in the Cartesian system.

Atom SMF along indicated 
Cartesian axis

Charge density [a.u] at SMF flux density [AMFU] 
0 0.1 1.0 10 100

N1 X -0.243 -0.205 -0.048 -0.052 -0.017
Z -0.223 -0.200 -0.200 0.034
Y -0.303 -0.378 -0.303 -0.252

N3 X -0.304 -0.270 -0.004 -0.365 0.516
Z -0.258 -0.161 -0.147 0.134
Y -0.358 -0.312 -0.186 -0.337

Co37 X 1.223 1.247 1.220 1.018 0.651
Z 1.158 1.175 1.155 0.864
Y 1.206 1.110 1.188 0.946

Table 11. Bond lengths [Ǻ] between particular atoms of the Co(III)porphyrine molecule cation depend-
ing on SMF flux density [AMFU] situating in the Cartesian system.

Bond SMF along indicated 
Cartesian axis

Bond length [Ǻ] at flux density [AMFU] 
0 0.1 1.0 10 100

N1-Co37 X 2.052 2.181 2.471 1.979 2.497
Z 2.053 1.899 1.859 1.867
Y 2.049 1.892 1.967 1.930

N3-Co37 X 2.064 2.069 1.972 1.588 2.221
Z 2.106 1.910 1.921 1.956
Y 2.027 1.646 1.961 1.779

Table 12. Charge density [a.u] at particular atoms of the Cu(II)porphyrine molecule depending on SMF 
flux density [T] situating in the Cartesian system.

Atom SMF along indicated 
Cartesian axis

Charge density [a.u] at SMF flux density [AMFU] 
0 0.1 1.0 10 100

N1 X 0.202 -0.237 -0.259 -0.534 -0.473
Z -0.235 -0.260 -0.248 -0.202
Y 0.109 0.054 0.012 -0.241

N3 X 0.040 0.061 -0.227 -0.465 -0.413
Z -0.137 -0.258 -0.165 -0.124
Y -0.160 -0.084 -0.120 -0.302

Cu37 X 0.726 0.907 0.814 0.962 0.942
Z 0.967 1.003 1.076 0.911
Y 0.847 0.790 0.882 0.993
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of formation was accompanied by an increase in dipole moment. It was an effect of 
deformations of the molecule which involved pyrrole rings holding the hydrogen at-
oms at the ring nitrogen atoms and the length of the C-H and N-H bonds. As a conse-
quence that macrocyclic ring lost its planarity. Recently, (Kong et al. 2022) discovered 
in the Milky Way the Highest-energy CRSF from the First Galactic Ultraluminous 
X-Ray Pulsar Swift J0243.6+6124. It reached over 1.6 billion Tesla. The presence of 
multipole field components close to the surface of the neutron star confirms deteriorat-
ing effect of SMF of high density upon metalloporphyrines suggested by performed in 
silico computations described in this paper.

Conclusions

SMF even of the lowest, 0.1 AMFU flux density influences the biological role of metal-
loporphyrines associated with their central metal atoms. This effect is generated by chang-
es in the electron density at these atoms, its steric hindering and polarization of particular 
bonds from pure valence bonds possibly into ionic bonds. Regardless of its situation along 
x, y and z axis, SMF always destabilized the metalloporphyrine molecules. Evoked defor-
mation of particular molecules facilitated additional ligation of the central metal atom. 
Potentially, this effect could be used in synthetic modifications of metalloporphyrines.
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Abstract
Tiny pieces of plastic, or microplastics, are one of the emerging pollutants in a wide range of different 
ecosystems. However, they have, thus far, not been confirmed from phytotelmata – specific small water-
filled cavities provided by terrestrial plants. The authors confirmed microplastics (141 μm – 2.4 mm long 
fibres of several colour and blue and orange fragments with diameters of 9–81 μm) in quantities from 
101 to 409 per ml in Dipsacus telmata from two different periods. The phytotelmata, therefore, appear to 
be possible indicators of current and future microplastic pollution of the environment. However, further 
research is needed to obtain accurate information and verify the methodology for possible assessment of 
the local environmental burden of microplastics.

Keywords
plants, plastics, transport, telmata

Introduction

Microplastics (MPs) are becoming an important problem (e.g. Andrady 2011; 
Cole et al. 2011; Weber et al. 2021 etc.). They have been recorded in a wide range of 
different ecosystems, from terrestrial to aquatic (e.g. de Souza Machado et al. 2018; 
Weber et al. 2021; Yang et al. 2021) and even in food, bottled drinking water and the 
organs of various organisms, including humans (e.g. Carbery et al. 2018; Jin et al. 2021; 
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Ragusa et al. 2021). Most studies of MPs, or SAMPs (atmospheric MPs), are more 
focused on the marine and freshwater ecosystems (e.g. Panebianco et al. 2019; Weber 
et al. 2021; Yang et al. 2021) and we still do not have enough information about their 
impact on organisms (e.g. Al-Jaibachi et al. 2019).

To the authors’ knowledge, the presence of MPs has not yet been confirmed in 
phytotelmata, a wide range of generally non-permanent aquatic microecosystems in 
plants (e.g. Kitching 2000; Kanašová et al. 2020). Amongst the few phytotelmata in 
the temperate zone of Europe are dendrotelmata and phytotelmata provided by the 
teasel Dipsacus (e.g. Williams 1996, 2006; Kitching 2000; Oboňa et al. 2011; Oboňa 
and Svitok 2012; Kanašová 2017; Kanašová et al. 2020). Teasel phytotelmata (Fig. 1) 
are a relatively common, but overlooked aquatic microcosm with a very short-term 
occurrence of only 3 to 4 months (Kanašová et al. 2020). Dipsacus teasel has character-
istic opposite leaves that grow on the stem above each other in several levels (the oldest 
near the soil surface and the youngest are the highest), clasping the stem and forming 
cup-like structures that collect water (water axil or telmata).

The main purpose of the sampling was to describe the seasonal dynamics of organ-
isms living in teasel telmata. The detection of MPs in these samples was accidental and 
unexpected. The objective of this paper is to describe the first documented evidence of 
MPs in phytotelmata.

Materials and methods

Water samples with sediment from phytotelmata on teasel Dipsacus came from two ar-
eas of eastern Slovakia (see Map. 1) near the villages of Demjata (49°6'58.578231"N, 
21°18'47.3838982"E, Fig. 2) and Kapušany (49°3'12.6212568"N, 21°20'16.680325"E).

The samples were obtained from five plants at each of two sampling localities at 
the end of each of five 14-day long collection periods from all levels of leaf axils at 
examined plants. The collection was carried out using standard methods (see Kanašová 
et al. 2020) using sterile containers. Therefore, contamination of the samples from an-
other source is clearly excluded. These 50 sampled Dipsacus individuals provided 171 
functioning phytotelmata. Altogether, 4596 ml of water and sediments were analysed 
(see Table 1).

In the laboratory, the samples were examined using a microscope method after 
transfer to a sterile Petri dish. After first MP evidence, the examination was conducted 
following the microscopic method (see Yang et al. 2021). Positive samples were sepa-
rated and MPs photographed and measured. From positive samples, we analysed 3 ml 
of the total sample volume. For the greatest possible accuracy, we analysed this volume 
in increments of 0.5 ml, always after thorough mixing of the liquid. Quantitative data 
were then converted to 1 ml of sample. These examinations and measurements were 
conducted using a Leica M205MC stereomicroscope (magnification of 7.8–160×), 
equipped with a Leica DFC295 digital camera. The minimal size of particles captured 
and measured by this method and equipment used is 1 μm.
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Figure 1. Phytotelmata in the teasel Dipsacus.
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Results and discussion

Overall, MPs were detected in only in 6 of 171 examined samples (incidence 3.5%). 
MPs consisted, in particular, of blue, black, red and white 141 μm to 2.4 mm long 
fibres and blue and orange fragments with diameters of 9 to 81 μm. There were 101 to 
409 MPs in each positive sample (Table 2). Positive telmata were recorded only during 
two sampling periods (29.6.–12.7.2021 and 13.–26.7.2021) at different levels and 
always at both locations. These results are the first confirmation of evidence of MPs in 
phytotelmata on Dipsacus teasel (see Fig. 3).

These phytotelmata are very small and have a short lifespan (e.g. Kanašová et al. 
2020). The question is, therefore, how were they polluted with MPs? The most prob-
able contamination source is suspended atmospheric SAMPs. Fibres (Liu et al. 2019; 
Wright et al. 2020) and fragments (Allen et al. 2019) are the most prevalent shapes in 
SAMPs samples and they also dominated in phytotelmata. Our findings also support 
the idea that SAMPs could have an MP pollution source (Alfonso et al. 2021), whereas 
other paths for the spread of fibres and fragments into above-ground phytotelmata are 
unlikely to be possible. In the case of SAMPs’ contamination, the low number of posi-
tive phytotelmata may be explained by the density of the surrounding vegetation and 
by the position and orientation of the water-filled cavities on Dipsacus.

Map 1. Location of the study areas.
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Figure 2. Locality of the teasels in Demjata.

Figure 3. Microplastic fibre and fragments from a phytotelmata sample.
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Table 2. The detailed information about MPs in positive phytotelmata.
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7/12/2021 3 Demjata 8 5 3 11 8 3 3 1 0 0.2051 1.5790 98 58 40 0.0107 0.0718 2.7 32.7 275.19
7/12/2021 5 Demjata 9 7 5 6 4 2 2 0 0 0.1558 1.3092 159 45 114 0.0096 0.0695 1.3 53.0 408.87
7/12/2021 1 Kapušany 8 2 1 9 12 6 3 0 3 0.1955 2.1730 22 15 7 0.0122 0.0420 4.0 7.3 101.75
7/26/2021 1 Demjata 7 3 1 8 3 3 0 0 0 0.1414 0.8832 142 28 114 0.0096 0.0528 1.0 47.3 358.42
7/26/2021 1 Kapušany 8 5 2 40 13 8 2 3 0 0.1663 2.3937 59 33 26 0.0115 0.0808 4.3 19.7 225.65
7/26/2021 4 Kapušany 9 6 4 75 0 0 0 0 0 0 0 56 18 38 0.0088 0.0551 0.0 18.7 224.73

Figure 4. The presence of snail (Cepaea) on teasel leaves.
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The second possible pathway of contamination is zoonotic transport (active or pas-
sive) through snails (Fig. 4). Snails could transfer particles of MPs on or in their bodies 
(e.g. Panebianco et al. 2019). This theory can be supported by the frequent presence of 
living or drowned snails and their excrements in teasel phytotelma (see Fig. 5). Transmis-
sion by molluscs from soil and plant surfaces would indicate pollution from the earth’s 
surface. In any case, the surface of the landscape, soil and vegetation could only be con-
taminated by the atmosphere (SAMPs) at the sites examined in this study, as no other 
sources of contamination are present at the localities or in their immediate surroundings.

Based on these results, aims in our future research will be: (1) to find out whether 
the pathway of pollution (i.e. wind transport, active zoonotic transport, passive zo-
onotic transport) would influence the utility of phytotelmata as indicators of micro-
plastic pollution and (2) to test the hypothesis that the amount of microplastics in phy-
totelmata reflects their amount in the environment (i.e. more MPs in the environment 
mean more MPs in phytotelmata). Teasel phytotelmata are a relatively common, but 
overlooked aquatic microcosms (Kanašová et al. 2020). Due to their abundance and 
theoretical ability to capture MPs in several ways from the environment, they could be 
a good indicator of MPs occurrence (rather than directly measuring the environment). 
Moreover, the temporal character of phytotelmata and the succession of individual lev-
els serves as a natural “time-lapse” sampling with the possibility of identifying temporal 
differences in the intensity of contamination during the growing season.

Figure 5. Microparticles in snail excrement.
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MPs have become one of the emerging pollutants in a wide range of different 
ecosystems (e.g. de Souza Machado et al. 2018; Carbery et al. 2018; Yang et al. 2021; 
Weber et al. 2021; Jin et al. 2021; Ragusa et al. 2021). The occurrence of MPs has 
continued to expand on a global scale and has attracted widespread attention from 
scientists, policy-makers and the public (e.g. Jin et al. 2021). One of the basic prerequi-
sites for a solution and remediation is an understanding of the external forces that drive 
the transport and diffusion of these pollutants. Our findings point to the possibility of 
using phytotelmata (and/or artificial telmata) to determine the contamination of the 
environment by MPs and the relatively simple detection of seasonal/temporal changes 
in the atmospheric load of the studied sites by SAMPs. In any case, this topic and the 
bio-indicative potential of telmata in the environmental burden of MP assessment 
deserve further research and more attention.
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