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CHAPTER 1

LIFE IN SOLAR SYSTEM
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Introduction

Life outside of the Earth is an intriguing concept; seeking life in space
is a fascinating topic for scientific research throughout history. This con-
cept has taken our attention from ancient myths to modern science fiction.
In the dawn of humanity, we were busy discovering our planet and did not
worry about the out of it. With technological developments and increas-
ing possibilities of advanced research methods, our knowledge about our
planet increased exponentially. Then we started to question what outside
of the planet is like and discover the universe. After discovering exoplan-
ets, stars, and galaxies, searching for life in our solar system has become a
pressing scientific endeavor.

History of Searching Life in the Solar System

The search for life in the solar system can be traced back to Galileo
and Cassini’s observations about planets and moons. Galileo, the father of
observational astronomy [1], discovered the most significant four of Ju-
piter’s moons (Ganymede, lo, Europa, and Callisto). Cassini discovered
Saturn’s four moons (Rhea, Tethys, Dione, and Lapetus) [3]. These discov-
eries show that not all celestial bodies orbited around the Earth [2] and the
possibility of life exists around the Solar System because it was seen that
other worlds that might support life beyond Earth.

Speculations emerged about the possible life potentials on Mars and
Venus at the beginning of the 19th and 20th centuries. Scientists made
these speculations based on their apparent similarities to Earth [4]. In the
middle of the 20th century, with the first successful missions to the Moon,
Mars, and Venus, a new era for discovering and exploring the solar system
started. These missions are:

1) Mission Luna 1: the first spacecraft that attained Moon and flew by
it in 1959. The Soviet Union launched it. [6]

2) Mission Venera 3: Venera 3 landed on Venus in 1965. It was the
first spacecraft that succeeded this. The mission was unsuccessful due to
the failure to transmit data back to Earth. However, this mission is still
considered a milestone in exploring the solar system. The Soviet Union
also launches Venera 3. [7]

3) Mission Mariner 4, 1964, the first spacecraft-Mariner four flown
by Mars. Moreover, Mariner 4 was able to transmit images back to Earth.
NASA launched it. [8]

Nevertheless, space missions’ main objective was the search for life
in the solar system in the 1970s. Since the launch of the Viking missions
to Mars [5], many experiments and missions that aim to find traces of life
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in the solar system have been conducted. These experiments and missions
included Mars, Europa, Enceladus, and Titan.

Nowadays, investigating traces of life in the solar system is still an
ongoing process, leaving question marks in scientists’ heads. Moreover,
the possibility of life outside of Earth (both for humans and aliens) is an
exciting concept for science and popular culture, movies, and comic books.
Scientific inquiry and exploration history have helped us better understand
this subject and prepared the groundwork which enables simpler explora-
tion and discovery processes in the future.

Theoretical Aspects of Life in the Solar System

Theoretically, the possibility of life outside our Earth can be explained
by life in extreme conditions. For example, life exists in a variety of ex-
treme environments such as deep ocean vents (temperature can rise about
400 degrees Celsius), deserts (extreme temperature changes and drought),
areas near to south and north poles (temperature can decline to -60, -70
degree Celsius) and even in the presence of radiation (hazardous for any
life form known by now). Theoretically, these examples of life in extreme
conditions encourage the possibility of life existing on other planets. Also,
they provide a method to evaluate the possibility of the existence of life on
other planets and moons by helping to set boundaries existence of life [9].

According to theoretical models, the most essential criteria for the
sustainability and existence of life are the presence of liquid water, or-
ganic compounds, and energy sources [10]. The existence of these three is
necessary, but more is needed to prove that life exists. Liquid water is the
primary solvent of all living organisms we have ever known. Although it
is theoretically possible that a living organism can use a different primary
solvent, such as liquid methane, there is no instance such that life form is
observed. Moreover, the rock-liquid water interactions are known to be
essential for abiogenesis (origin of life). Even if there is no observation
of living organisms on some planet/moon at some point, it is theoretical-
ly possible that this rock-liquid water interaction caused abiogenesis, and
hence life exists. Therefore, liquid water is one essential determinant in
evaluating a planet or Moon’s life support potential. The existence of or-
ganic compounds is also an important concept. All living organisms use
organic compounds and produce. Therefore, if a life form exists on some
planet or Moon, it must contain organic matter. However, it is also im-
portant to emphasize that some inorganic processes produce some organic
compounds, so a planet or Moon that includes organic matter but does
not support life can exist. The energy source is another essential thing for
living organisms. Since living organisms need energy to maintain their
metabolic activities, an energy source must exist for the survival of living
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organisms. Some possible energy sources are: Sun (for living organisms
that make photosynthesis), Oxygen (for aerobic respiration), methane (for
anaerobic respiration), Sulfur dioxide (for anaerobic respiration)

In addition to these three, many other factors are essential to
evaluate the possibility of life in the solar system. These factors
are related to the main three factors’ existence and also affect

the maintenance of life rather than existence. Such factors are
temperature, pressure and atmospheric conditions, terrestrial or gas
environment, and distance from the Sun. Temperature and pressure
are essential for liquid water and affect organisms’ metabolism.

A terrestrial planet generally offers a more stable environment for
living organisms to survive and evolve than gas giants, given that
other conditions are the same. When this theoretical information

is combined with observational information, it is seen that many
candidates support life in the solar system. A more detailed
discussion about these candidates is made in the next part.

Observational Aspects & Discussion about Life in Solar System

In this part, some celestial bodies in the solar system are evaluated
based on their support of life, providing some observational aspects that
are related to the possibility of the existence of life on these planets and
moons.

a) Planets

1. Mercury

Mercury is a rocky planet with extreme temperature changes due to its
slow rotation around its axis and thin atmosphere. The days’ temperature in
Mercury can reach 426 °C and -179 °C on the nights despite its proximity
to the Sun. According to the current information, life is impossible in mer-
cury [11]. Although some water ice exists in the craters of Mercury, which
is detected by MESSENGER, and this may support microbial life, there is
no strong evidence about it [12].
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2. Venus

Venus is a terrestrial planet whose surface temperature is about 464 °C
[13]. Although Venus is the second closest planet to the Sun, it is the hottest
planet in the solar system due to the greenhouse effect of its thick cloudy
atmosphere. The surface of Venus is highly hostile to any potential life
because of the extreme temperature, high pressure due to the thick atmo-
sphere, and intense volcanic activity. Despite the hostile surface, the upper
atmosphere of Venus (50-70 km above the surface) has a temperature of
about 0-50 °C, and atmospheric pressure is much lower.

These more friendly conditions convinced some scientists that thermo-
acidophile extremophile microorganisms may exist in this region [14]. The
fact that Venus’ atmosphere contains mostly carbon dioxide and contains
water which enables photosynthesis supports this idea. Moreover, there are
some recent observations have made supports microorganisms’ existence
in this region. Astronomers reported significant long-term absorbance and
albedo changes observed, which seemed almost identical to the light absor-
bance of microorganisms in Earth’s clouds in Venus’ atmosphere in 2019
[15][16]. Some phosphine gas was also detected in the same region (50-70
km above the surface). According to the current knowledge about Venus,
no chemical process produces phosphine in Venus [17]. Therefore, the dis-
covery of phosphine is excellent evidence that supports life because this
gas is the output of some organic chemical processes.

Nowadays, the investigation of life on Venus continues rapidly. To
sum up, life on Venus is only limited to microorganisms that live in clouds
50-70 km above the surface.
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3. Mars

Mars and Venus are the closest planets to the Earth. Mars is a rocky
planet with a thin atmosphere similar to the Earth in terms of composition,
size, and location in the solar system (proximity to the Sun). These analo-
gies between Earth and Mars significantly encourage scientists to investi-
gate whether life exists and the habitability potential of humans in the Red
Planet and caused many speculations about life on Mars (like Venus) [4].

The surface conditions of Mars are hostile. Temperature varies from
-110 °C to 35 °C (in the equator at Mars summer) [18]. Moreover, dust
storms occur often, which are the most significant dust storms and are
harmful to potential living organisms. Although the surface conditions are
harsh on Red Planet, there is a strong possibility, supported by evidence,
that liquid water may exist underground and, at earlier times, may have
existed on its surface. It is known that water ice exists on Mars, which
was observed and reported by NASA in 2016 [19]. Unfortunately, liquid
cannot exist on the surface due to low atmospheric pressure. However, the
geographic conditions on Mars suggested that liquid water existed on the
surface. The canals on Mars show a similar pattern to the rivers on Earth.
So, these structures can be created by the liquid water flowing in the past.
Moreover, some organic compounds and methane were discovered on the
Red Planet recently, further encouraging the speculations about life possi-
bility on Mars [20]. Nevertheless, these findings are necessary but not suf-
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ficient to say that life exists on the Red Planet because some non-biological
processes can be responsible for creating those compounds.

Studies and discovery missions have been continuing to uncover mys-
teries about Mars’ potential for life. Multiple Missions were made for this
objective. For example, in February 2021, the Mars 2020 Perseverance
rover landed on the Red Planet’s surface. The rover’s main objective is
to investigate the signs of microorganisms and collect samples to make
further analysis on Earth [21]. Additionally, there are some plans for the
ExoMars mission made by the European Space Agency, sending a rover
that contains a drill that is able to dig up to 2 meters beneath the surface to
investigate traces of potential life on Mars [22].

Furthermore, despite the harsh conditions on the Red Planet, Mars
should be the first candidate for the Moon. For human colonization con-
sidering its proximity to Earth and conditions are more suitable compared
with other planets/moons in the solar system. There are many ongoing
plans and projects about the terraforming and colonizing of Mars. One
example of such a project is Elon Musk’s SpaceX Mission to Mars, which
is the most popular Mars project recently [23].

In conclusion, although there are significant ongoing efforts made,
considering the hostility of Mars’ surface conditions, high levels of ra-
diation due to the lack of a global magnetic field that protects the planet
from cosmic and solar radiation, extreme temperature changes, and a thin
atmosphere that fails to protect from cosmic rays; Survival of complex
life forms on the surface is improbable. Nevertheless, no hard evidence
that prevents microbial life may exist in subsurface environments, such as
underground aquifers or hydrothermal vents.

4. Jupiter

Jupiter is the most giant planet in the solar system. The fact that Jupiter
has no solid surface significantly discourages potential life. Jupiter’s upper
atmosphere is around -145°C and the extreme atmospheric conditions even
further make potential life difficult. Moreover, the atmosphere of Jupiter
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is composed primarily of hydrogen and helium, and organic molecules do
not exist. The pressure is approximately above 100 atmospheric pressure
of Earth.

Although conditions on the surface are incredibly hostile, there is the
possibility that life could exist in the upper clouds of the atmosphere of
Jupiter, similar to Venus, according to some scientists. For example, one
theory suggests that if a living organism could utilize the chemical energy
from hydrogen-like some bacteria on Earth and methane, it would sur-
vive in the upper regions of the atmosphere of Jupiter. Moreover, potential
living organisms use Sun as an energy source; Jupiter is the fifth closest
planet to the Sun, and it is still close enough to use Sun as an energy source
for potential living organisms. Nevertheless, the possible life on Jupiter
is only on a speculation level; no concrete evidence (organic molecules,
energy source, liquid water) implies possible life on Jupiter. The extreme
conditions also create an extremely hostile environment for any possible
life forms.

In summary, since there is no hard evidence and enough missions and
research about life on Jupiter, the possibility of life is just about scien-
tists’ speculation. More detailed exploration operations are needed to make
comments or discuss the probability of life on Jupiter.

5. Saturn

Saturn is the second planet in the solar system, a gas giant without a
solid surface. Saturn’s surface temperature is about -176°C and the pres-
sure near the surface and upper atmosphere is significantly high but slight-
ly lower than Jupiter’s [49]. Saturn’s atmosphere is also similar to Jupi-
ter’s, mainly consisting of hydrogen, but it also includes small amounts
of organic molecules such as acetylene, ethane, propane, phosphine, and
methane [51].

Because conditions on Saturn are much similar to Jupiter, if life exists
there, it would be the same as the life possibilities in Jupiter. Therefore,
there are similar theories for Saturn that there is the possibility of life in
the upper clouds of the atmosphere for potential living organisms which
utilize chemical energy from methane and hydrogen or use the Sun as an
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energy source. Although conditions in Jupiter and Saturn are analogous,
the chance of Saturn’s support of potential life is higher than Jupiter’s be-
cause of the detection of organic molecules, which implies some organic
activities and reactions.

In short, as with Jupiter, the extreme conditions of Saturn’s atmo-
sphere make any potential life form’s survival difficult. Moreover, the fact
that there is no solid surface considerably deteriorates the development
process of potentially complex life forms. The possibility of life in Saturn
is also at only a speculative level. The only research about the potential
life on Saturn can be the detection of organic materials in the atmosphere
by the Cassini Spacecraft. However, this spacecraft was sent to something
other than Saturn for this specific purpose [50]. More detailed research
processes and more space missions on Saturn are required to make more
solid statements about life on Saturn.

6. Uranus

Uranus is another gas giant in the solar system. The atmosphere of
Uranus is mainly composed of hydrogen and helium but also includes lit-
tler amounts of methane and ammonia which are very similar to Saturn’s
atmosphere. The surface temperature is about -197°C and the upper atmo-
sphere is even colder, which is about -224°C [52]. In addition, the pressure
is exceptionally high Similar to other gas giants in the solar system. Given
the extreme conditions in Uranus’ atmosphere, it is not very likely that
complex life forms as we know them could survive. Although conditions
are even more unfriendly for potential life than Jupiter and Saturn, there
are still some speculations about potential life in Uranus. Some theories
suggest that similar to the theories about Jupiter and Saturn, some microor-
ganisms are utilized to use hydrogen and methane as an energy source for
the Sun. However, the possibility of these ideas is even lower compared
the Saturn and Jupiter because Uranus is far more distant than Sun. More-
over, the thick clouds in Uranus’ atmosphere make it even more difficult
for photons to penetrate and make the environment colder, which makes it
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far more unfriendly.

In conclusion, there is no concrete evidence of life in Uranus or its
atmosphere. The lack of a solid surface and extreme atmospheric condi-
tions (winds, rapid pressure changes) deteriorate the survival and evolv-
ing potential of possible living organisms. There currently needs to be a
planned mission for researching the possible traces of life in Uranus. More
research and exploration processes in detail are needed to obtain a precise
evaluation of the situation in Uranus. However, it is also important to em-
phasize that the possibility of life is far lower than in Jupiter and Saturn.
Therefore, according to current knowledge, exploring these two gas giants
makes more sense.

7. Neptune

Neptune is a gas giant whose atmosphere is composed primarily of
hydrogen and helium with little traces of methane, similar to the other
three gas giants. The surface temperature is about -201, and the upper at-
mosphere can be as low as -218 with an extremely high pressure analogous
to the other three gas giants in the solar system [53].

Given these extreme conditions, the possibility of complex life forms
could survive in Neptune’s atmosphere, according to today’s knowledge.
Nevertheless, like the case of the other three gas giants, some researchers
have theorized that microorganisms can use hydrogen and methane as en-
ergy sources or directly use the Sun. could survive within the atmosphere
of Neptune. However, Neptune is even more distant from Sun than Uranus
and receives meagre sunlight. Moreover, similar to the case in other gas
giants, lacking solid surface and extreme atmospheric conditions (winds
and rapid pressure changes) make the environment more hostile. There
are no missions to search for potential life in Neptune; more information
is needed to analyze possible life here. However, examining Saturn and
Jupiter first is more favourable because Neptune’s conditions are similar
to these 2. However, it is a much even more unfriendly version of them.
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b) Moons

8. The Moon (Luna)

The Moon is the Earth’s natural satellite. Luna is a rocky world with
extreme temperatures (ranging from 140 °C to —171 °C). Due to its low
gravitational force, the Moon has no atmosphere, so the temperature
change between day and night is high. The Moon is not a good candidate
for life as we know it.

The detection of water ice [54] in some of the Moon’s craters encour-
aged life possibility in our only Moon. However, the lack of air (any gas)
and organic compounds makes this possibility unlikely. Moreover, there
is much research about the Moon, and they need help finding evidence of
traces of life.

On the other hand, this water can serve as a potential resource for fu-
ture human colonization. Additionally, there are many plans for colonising
the Moon, and many options are developed to protect humans from the
harsh environment and radiation with underground bases in some craters.
Although the Moon may not have the conditions for life to exist naturally,
it may still be a good candidate for human colonization to explore the solar
system.



12 - E. Nijhal ERCAN

9. Ganymede

Ganymede is the largest Moon of Jupiter and the solar system, even more
significant than Mercury. It has a thin atmosphere compared to mostly Oxygen
and includes more water than all of Earth's oceans combined, which makes it
one of the strong potential candidates for the existence of life. It has its magnetic
fields apart from other Galilean moons. It is the only Moon that contains global
liquid water ocean in the solar system [24] despite the surface temperature of
-163 °C [25].

The subsurface ocean of Ganymede is placed about 150 km below the surface
(primarily crusts of ice) and is estimated to be 100 km deep. The reason that
water stays as liquid can be explained by the heat generated by tidal forces

from Jupiter s gravitational pull and the ice crust layer above the ocean, which
isolates the ocean from the -163°C surface. An energy source that potentially

supports life can be generated by the interaction of the ocean and the Moon s

rocky mantle, according to scientists [25].

The subsurface ocean may also have a layer of ice which separates the
ocean and the rocky seafloor, like Europa's ice crusts. Nutrients and organic
compounds may be trapped and accumulate in this layer, creating an
environment that enables microbial life and even more complex fish/amphibia-
like life forms.

In addition, the Oxygen in Ganymede s atmosphere, produced by the breakdown
of water molecules by solar radiation, offers a resource utilization option for
human colonization. However, the atmosphere is thin and hence cannot protect
any life form from the radiation, but below the surface is safe.

There are many missions planned/made to explore Ganymede. For example, the
Galileo mission in the 1990s [26] and the upcoming Europa Clipper and JUICE
(Jupiter et al.) missions [27]. These missions reveal significant details about the
Ganymede's geology, composition, and potential for life.
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10. Europa

Europa is another moon of Jupiter that has the potential to support
life. Europa is similar to Ganymede. It is a much smaller, smoother surface
containing mostly ice crust with a temperature of about —160 °C [28] and a
subsurface ocean containing liquid water. The reason water stays liquid is
the same as the Ganymede [29]. Europa has a geologically active surface
which contains geysers. Some organic compounds are detected on Euro-
pa’s surface that may come from an asteroid or geyser [30]. Also, there is
a significantly high probability that the ocean floor contains hydrothermal
vents, an energy source supporting living organisms like deep-ocean hy-
drothermal vents on Earth [31].

There were several missions to investigate potential Life on Europa,
and new missions are planned. The most critical development is Europa
Clipper Mission [32]. This mission conducts a detailed reconnaissance of
Europa to study its ice shell, subsurface ocean, and geology and search for
traces of life.

Compared to Ganymede, Europa’s possibility to support life is more
remarkable because of a much thinner ice crust that allows easier access to
subsurface oceans, more geologically active surface may enable that dy-
namic and potentially habitable environment and is thought to have more
chemical energy sources.
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11.Callisto

Callisto is another of 4 biggest Jupiter moons similar to Europa and
Ganymede. The surface is covered by craters and contains mainly ice and
rock. There are no geological activities in Callisto compared to Ganymede
and Europa [33]. Callisto can also have a subsurface ocean, but currently,
there is no direct evidence for it. Because tidal forces are lower in Callisto
than Europa and Ganymede, there are fewer energy sources for heating
[34]. In short, if Callisto supports life, it would be like life in Ganymede
and Europa. However, the possibility of supporting life is significantly
lesser than in Ganymede and Europa [35]. There is no planned mission for
searching for possible life in Callisto.

12. Enceladus

Enceladus is a moon of Saturn. It is much smaller than Ganymede
and Europa, with its 500 km diameter [36]. Enceladus’ surface is mainly
covered with cleaner, fresher ice than Ganymede and Europa, and Ence-
ladus consists of mostly ice and rock similar to Ganymede and Europa.
Its surface temperature is about —198 °C far colder than Jupiter’s moons
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because of the reflective ice-covered surface, and it has lots of geysers like
Europa [38]

There is hard evidence about a subsurface ocean about 10 km deep
that contains liquid water discovered by NASA in 2014 [37]. In addition,
there are observations about the geysers which eject salted water and some
organic compounds [39]. Some examples of these organic compounds are
methane (CH4), propane (C3HS), acetylene (C2H2) and formaldehyde
(CH20). These discoveries imply a great possibility of an energy source
for hydrothermal activities in Enceladus’ subsurface ocean [40].

If current information about Enceladus is evaluated, considering the
existence of complex organic compounds that are interacting with the
Moon’s rocky core, the existence of a source of energy and patterns of
ocean circulation [41], it could be said that Enceladus is a great candidate
for extraterrestrial life, especially for microorganisms that metabolize mo-
lecular hydrogen to methane (like methanogen bacteria) [42].

Global Ocean on
Saturn's Moon : lce crust
ENCELADUS -

Glebal ocean

- Rocky core

South polar region
with active jets

Enceladus and Europa are more likely to support life compared to
Ganymede due to their more active surface features, which indicates a
more dynamic process like an ecosystem and enables us to discover more
evidence like ejaculated materials from geysers that enables us to gain in-
formation about inner layers of moons. Therefore, the research and space
missions are focused on these two moons compared to others.

Life Investigation For Enceladus, Journey to Enceladus and Titan, En-
celadus Explorer, Enceladus Life Finder, and Enceladus Life Signatures
and Habitability are some of the examples of proposed missions that aim
to explore habitability and the possibility of potential life in Enceladus.
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13. Titan

Titan is the largest Moon of Saturn and the second-largest Moon of
the solar system after Ganymede. Titan is the only Moon with a dense at-
mosphere in the solar system. Its atmosphere mainly includes nitrogen and
a surface temperature of about -179 °C. Titan mainly consists of rock and
water ice like Ganymede, Europa, and Enceladus. It includes liquid hydro-
carbon rivers and lakes (predominantly methane and ethane), observed in
the Cassini-Huygens mission in 2004 [46].

- tita

Fuilly i whed dernse-geean madel

Titan is an exciting candidate for extraterrestrial life because of its rich
organic chemistry, complex atmosphere, and hydrocarbon lakes and seas.
Although there is no direct evidence of the existence of liquid water, there
is a high possibility that the subsurface ocean contains liquid water [43].
Moreover, Titan is extremely rich in complex organic compounds differ-
ent from Ganymede, Europa, and Enceladus [44]. This rich environment
is considered suitable for abiogenesis, allowing exotic life forms to exist.
For example, suppose a life form uses a hydrocarbon as a primary solvent
instead of water. In that case, Titan is an appropriate environment for cre-
ating more complex organic molecules and hence such living organisms’
existence [45]. Because such a life form does not depend on water, the lack
of direct evidence of liquid water on Titan is no longer a problem for the
existence of life.
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Titan is in a unique position in the possibility of life compared to other
planets and moons in the solar system. Because Titan includes the most
complex organic molecules in the solar system (excluding Earth) without
the existence of liquid water is proven. If the existence of liquid water
were somehow proven in Titan (like a subsurface ocean), then Titan would
become the first candidate to support possible life (but not habitability of
humans due to distance, atmospheric conditions and harsher surface con-
ditions).

14. Ceres

Ceres is the largest object in the asteroid belt between Mars and Jupi-
ter. Ceres have a surface temperature of about -105 and a diameter of about
940 km [47]. Organic compounds and water are observed in Ceres, and the
conditions are suitable for some organic reactions [48]. A subsurface ocean
possibly exists in Ceres, but no direct evidence exists.

Ceres is not mentioned in the context of potential extraterrestrial life
candidates such as Europa, Enceladus, Titan and Mars. It is a reasonably
good candidate to explore. However, the lack of atmosphere and hence
high radiation levels significantly discourage potential life. Further re-
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search may reveal more information about Ceres, but currently, Ceres is
behind the possibility of supporting life compared to other alternatives.
Lastly, Ceres is a good alternative for human colonization because it con-
tains lots of water and is close to Earth.

Conclusion

The solar system is not about the eight planets. It includes many dwarf
planets and hundreds of moons. Although there is no concrete evidence
implying the existence of a life form in the solar system, many planets
and moons have the potential to support life or, in the future, become con-
venient for life. Moreover, the fact that a planet/moon does not support
life does not mean that the planet/moon is not suitable for potential hu-
man colonization in the future. The habitability of these planets/moons can
be advantageous for humans to explore the universe and utilize resources
such as finding alternative energy sources or water. Even though detecting
complex life forms like us is more accessible, many microorganisms can
hide in the solar system. To sum up, further research and explorations are
needed to understand the solar system’s potential life better. It would not
be surprising to find exotic fishes or amphibians in Europa or Enceladus
someday.

All figures are taken from NASA-related web pages, so their credit
belongs to NASA.

NASA Photojournal (https://photojournal.jpl.nasa.gov/

I would like to thank one of my undergraduate students, Mert Nardal,
for his help in preparing the manuscript.
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INTRODUCTION

Hyssopus officinalis L. is a plant species belonging to the Lamiaceae
family (Giiner et al., 2012). It is popularly known as “hyssop grass, hyssop
grass, hyssop grass” (Ozer et al., 2006). The extract of thyme is used in the
beverage and food industry. (Akgiil, 1993). In Giimiishane and Erzurum
regions, mint is added to soups and dishes to add flavor. (Baytop, 1991).
It has an antiviral effect due to the tannin contained in its extract, and an
antioxidant property due to rosmarinic acid.. It is consumed in the form of
tea or mouthwash for throat infections, cough, lung, digestive and chest
disorders, intestinal diseases and menstrual irregularities. Externally di-
aphoretic, it is used for skin irritations, crushes, frostbite and also for the
treatment of tumors. (Leung and Foster, 1996).

Salinity, along with population growth, is one of the environmental
factors that threatens productive agriculture worldwide and severely limits
food production. (Botella et al., 2005). Salinity can be divided into two
groups as primary and secondary salinity according to the reasons for its
formation. The weathering of bedrock, climatic factors and the oceans are
the causes of primary salinity (Munns and Tester, 2008). The causes of sec-
ondary salinity are; the rise of groundwater rich in various salts to the soil
surface, overgrazing, intensive irrigation in agricultural areas, opening of
agricultural lands by destroying the natural vegetation of a region and con-
tamination of soils with various chemicals (Pessarakli and Szabolcs, 1999;
Demir, 2018 ). Most of the salty soils in the world are salty soils caused by
Na2S04 and NaCl. (Pessarakli and Szabolcs, 1999).

Salinity shows its direct effect on plants by creating osmotic and ion
stress, while its indirect effect is manifested by the structural deterioration
of the plant as a result of these stress factors and the synthesis of toxic com-
pounds (Botella et al., 2005; Hong et al., 2009; Demir 2021).

In this study, it was aimed to contribute to the salt stress that hyssop
faced in our soils with increasing salinity, to determine the physiological
responses of the seedling development stage, based on limited opportuni-
ties and limited criteria. In the study, root length (cm), shoot length (cm),
root dry and fresh weight (g), shoot dry and fresh weight (g), number of
branches ( number of leaves (number/plant) and leaf diameter (mm) were
determined, and it was tried to reveal the salt stress mechanism in the ma-
terial based on the interactions between these criteria.

MATERIAL AND METHOD

The experiment was carried out in the greenhouse of Kirsehir Ahi
Evran University, Faculty of Agriculture, Department of Field Crops in the
spring-summer period of 2022. In the research, hyssop (Hyssopus officina-
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lis L.) seeds were used as plant seedling material. The salt dose was used in
the form of sodium chloride (NaCl) in the study. The research was carried
out as a three replication pot experiment at 4 different dose salt concentra-
tions (0 mM, 50 mM, 100 mM, 150mM, and 200 mMNacCl), according to
a single factor randomized plot design.

In the study, hyssop grass was planted in 3-liter plastic pots filled with
a mixture of 1/3 peat, 1/3 perlite and 1/3 soil (sand, burnt barn manure, gar-
den soil) during the seedling period when they had 4-5 real leaves. The soil
used in the experiment was obtained from the field crops of Ahi Evran Uni-
versity, and some of the physical and chemical properties of the soil used
are as follows; pH (8.01), lime (12%), total soluble salt (0.01%), organic
matter (0.34%), useful P (kg/da) (1.95ppm), useful K (kg/da) (105.9 ppm).
The soil used in the experiment does not have a feature that restricts the
cultivation of the plant materials in question. In the study, soil was placed
in 3-liter pots and the seedlings were planted at the end of May with one
plant in each pot. 14.61 g of NaCl to 50 mM, 29.22 g of NaCl to 100mM,
43.83 g of NaCl to 150 mM and 58.44 g of NaCl to 200 mM were added to
each 5-liter water scale. The plants were watered every day from October,
and irrigation was carried out every other day with salt application. When
the plants reached a certain maturity (10th day), salt stress applications
were started with 250 ml of solution per plant. Plants were collected for
necessary analyzes 40 days after planting and the experiment was stopped.
In order to determine root, seedling and leaf yields in the experiment, 10
randomly selected plants from each salt dose application were harvested
during flowering. Root length (cm), shoot length (cm), root dry and fresh
weight (g), shoot dry and fresh weight (g), number of branches, number of
leaves and leaf diameter (mm) were measured at the end of the experiment.
Measurement of the length of plant roots and seedlings; after the harvest,
the plants were washed and cleaned with tap water and the root lengths and
seedling lengths of the plants were measured and recorded. Root length is
determined by the distance from the bottom of the soil structure to the root
collar, where it meets the soil and the part from the root collar to the apex
was recorded as the seedling length of the plant. Fresh weights were deter-
mined by weighing the root and seedling parts of the plants separately. To
determine the dry weight, it was dried in an oven at 70°C for 48 hours until
it reached a constant weight and its dry weight was measured. (A¢ikgoz et
al., 2004; Demir 2022).

Data Analysis: The research was carried out in 3 repetitions in accor-
dance with the “factorial trial” trial design. The data obtained from the re-
search were evaluated with the statistical package program SPSS (version
16.0). The LSD test, which is one of the multiple comparison tests, was
used to determine the differences between applications. p<0.05 was con-
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sidered statistically significant in the analysis. In addition, the mean and
standard errors of 3 replications are given in the tables (Tablel- Table 10).

RESULTS AND DISCUSSION

Salt (NaCl) applied at different concentrations, root length (cm), shoot
length (cm), root dry and fresh weight (g), shoot dry and fresh weight (g),
number of branches, number of leaves and leaf diameter (mm) of hyssop
) are given in Table 1. There were statistically significant differences be-
tween salt concentrations at the 5% probability level in terms of all investi-
gated properties (Table 1). Images of hyssop seedlings, shoots and roots at
different salt concentrations are given in Figure 2., Figure 3. and Figure 4.

Table 1. Root length (cm), shoot length (cm), root dry and fresh weight (g), shoot
dry and fresh weight (g), number of branches (number/plant), number of leaves
(number/plant) in hyssop of different salt doses ) and leaf diameter (mm) values

NaCl Root Root Shoot Shoot Root Shoot Number Number Leaf
Rates Length Fresh  Length Fresh Dry Dry of of Leaves Diameter
(mM) (cm) Weight (cm) Weight Weight Weight Branches (adet/ (mm)

(2) (®) (® (® (Adet/ bitki)

bitki)

0 mM 31.2*  0.0365* 60.8* 0.0175 5.27°* 3.83* 24¢% 2522 991¢
50 mM 27.7* 0.0295* 46.4° 0.0l6 283> 1.79° 12° 127° 8.32°
100 mM 182°% 0.012° 327¢ 0.022 130¢ 091¢ 8° 65 ¢ 6.64°¢
150 mM 0 0 0 0 0 0 0 0 0
200 mM 0 0 0 0 0 0 0 0 0
Ort. 25.7 0.026  46.63 0.0185 3.13 2.18 14 148 8.29
Significant * * * * * * * *
Degree

* Correlation 1s significant at the 0.05 level (p<0.05) The difference between the averages denot-
ed by the same letters is insignificant.

The variance analysis values of the effects of different salt doses on
the root length of hyssop (H.officinalis) is given in Table 2. The effect of
different salt doses on the root length of the was found to be statistically
significant at the rate of 5%.
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Table 2. Variance analysis results for root length

VS df Sum of Squares Mean Square F
Salt Doses |2 905 452.5 28.32
Error 27 431.3 15.97 -
Total 29 1336.3 - -

VS: Variation Sources

The averages of different salt doses over the root length of the hyssop
plant are shown in Table 1. The average root length value determined by
the study is 25.7 cm. Root length values in the study varied between 31.2-
18.2 cm. The effect of different salt dosage applications on the root length
of the plant was found to be statistically significant at the p<0.05 level.
The lowest root length was obtained with 18.2 cm from the salt dose of
100 mM, and the highest root length as 31.2 cm was obtained from the 0
mM salt dose.

The variance analysis values of the effects of different salt doses on the
root fresh weight of the hyssop (H.officinalis) is given in Table 3. The ef-
fect of different salt doses on root fresh weight was found to be statistically
significant at the rate 5%.

Table 3. Variance analysis results regarding root wet weight

VS df Sum of Squares Mean Square F
Salt Doses 2 0.003 0.002 8.136
Error 27 0.005 0 -
Total 29 0.008 - -

VS: Variation Sources

The average values of different salt doses over the root fresh weight
of the hyssop plant are shown in Table 1. The average root fresh weight
value determined by the study is 0.026 gr. Root fresh weight values in the
study varied between 0.0365-0.012 g. The effect of different salt dosage
applications on the fresh weight of the plant was found to be statistically
significant at the p<0.05 level. The lowest root fresh weight was obtained
with 0.012 gr from the salt dose of 100 mM, and the highest root fresh
weight as 0.0365 gr was obtained from the 0 mM salt dose.

The variance analysis values of the effects of different salt doses on the
shoot length of the hyssop (H.officinalis) is given in Table 4. The effect of
different salt doses on shoot length was found to be statistically significant
at the rate 5%.

+ 27
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Table 4. Variance analysis results on shoot length

VS df Sum of Squares Mean Square F
Salt Doses 2 3948.86 1974.43 38.29
Error 27 1392.1 51.55 -
Total 29 5340.96 - -

VS: Variation Sources

The averages of different salt doses over the shoot length of the hyssop
plant are shown in Table 1. The average shoot length value determined by
the study is 46.63 cm. In the study, shoot length values varied between
60.8-32.7 cm. The effect of different salt dosage applications on the shoot
length of the plant was found to be statistically significant at the p<0.05
level. The lowest shoot length was obtained with 32.7 cm from the salt
dose of 100 mM, and the highest shoot length as 60.8 cm was obtained
from the 0 mM salt dose.

The variance analysis values of the effects of different salt doses on
the shoot fresh weight of the hyssop (H.officinalis) is given in Table 5. The
effect of different salt doses on the shoot fresh weight was not found to be
statistically significant.

Table 5. Variance analysis results on shoot fresh weight

VS df Sum of Squares Mean Square F
Salt Doses 2 0.000195 0.0000975 0.672
Error 27 0.003913 0.000145 -
Total 29 0.004108 - -

VS: Variation Sources

The averages of different salt doses over the shoot fresh weight of
the hyssop plant are shown in Table 1. The average shoot fresh weight
value determined by the study is 0.0185 gr. In the study, shoot fresh weight
values ranged from 0.0175 to 0.022 g. The effect of different salt dosage
applications on the shoot fresh weight was not found to be statistically
significant. The lowest shoot fresh weight was obtained with 0.022 gr from
the salt dose of 100 mM, and .the highest shoot fresh weight as 0.0175 gr
was obtained from the 0 mM salt dose.

The variance analysis values of the effects of different salt doses on
root dry weight in hyssop (H.officinalis) is given in Table 6. The effect of
different salt doses on root dry weight was found to be statistically signif-
icant at the rate 5%.
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Table 6. Variance analysis results for root dry weight

VS df Sum of Squares Mean Square F
Salt Doses 2 80.52 40.26 11.52
Error 27 94.29 3.49 -
Total 29 174.81 - -

VS: Variation Sources

The averages of different salt doses over the root dry weight of the
hyssop plant are shown in Table 1. The average root dry weight value de-
termined by the study is 3.13 gr. Root dry weight values in the study varied
between 5.27-1.30 g. The effect of different salt dosage applications on the
root dry weight of the plant was found to be statistically significant at the
p<0.05 level. The lowest root dry weight was obtained with 1.30 g from
the salt dose of 100 mM, and the highest root dry weight as 5.27 g was
obtained from the 0 mM salt dose.

The variance analysis values of the effects of different salt doses on
shoot dry weight in hyssop (H.officinalis) is given in Table 7. The effect
of different salt doses on shoot dry weight was found to be statistically
significant at the rate 5%.

Table 7. Variance analysis results for shoot dry weight

VS df Sum of Squares Mean Square F
Salt Doses 2 44.64 22.32 31.24
Error 27 19.28 0.71

Total 29 63.92

VS: Variation Sources

The averages of different salt doses over the shoot dry weight of the
hyssop plant are shown in Table 1The average shoot dry weight value de-
termined by the study is 2.18 gr. In the study, shoot dry weight values
varied between 3.83-0.91 g. The effect of different salt dosage applications
on the shoot dry weight of the plant was found to be statistically significant
at the p<0.05 level The lowest shoot dry weight was obtained with 0.91 gr
from the salt dose of 100 mM, and the highest shoot dry weight as 3.83 gr
was obtained from the 0 mM salt dose.

The variance analysis values of the effects of different salt doses on the
number of branches in the hyssop (H.officinalis) is given in Table 8. The
effect of different salt doses on the number of branches was found to be
statistically significant at the rate 5%.

© 29
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Table 8. Variance analysis results regarding the number of branches

VS df Sum of Squares Mean Square F
Salt Doses 2 1233.8 616.9 29.79
Error 27 559 20.70 -
Total 29 1792.8 - -

VS: Variation Sources

The averages of different salt doses over the the number of branches
of the hyssop plant are shown in Table 1. The average number of branches
value determined by the study is 14. The number of branches in the study
varied between 24 and 8. The effect of different salt dosage applications on
the the number of branches of the plant was found to be statistically signifi-
cant at the p<0.05 level. The lowest number of branches was obtained with
8 from the salt dose of 100 mM, and the highest number of branches as 24
was obtained from the 0 mM salt dose.

The variance analysis values of the effects of different salt doses on
the number of leaves in the hyssop (H.officinalis) is given in Table 9. The
effect of different salt doses on the number of leaves was found to be sta-
tistically significant at the rate 5%.

Table 9. Variance analysis results regarding the number of leaves

VS df Sum of Squares Mean Square ~ F
Salt Doses 2 181543.5 90771.73 73.04
Error 27 33553.2 1242.71 -
Total 29 215096.7 - -

VS: Variation Sources

The averages of different salt doses over the the number of leaves of
the hyssop plant are shown in Table 1. The average number of leaves value
determined by the study is 148. The number of leaves in the study ranged
from 252 to 65. The effect of different salt dosage applications on the the
number of leaves of the plant was found to be statistically significant at the
p<0.05 level. The lowest leaf number was obtained with 65 from the salt
dose of 100 mM, and the highest leaf number as 252 was obtained from
the 0 mM salt dose.

The variance analysis values of the effects of different salt doses on
leaf diameter in hyssop (H.officinalis) is given in Table 10. The effect of
different salt doses on leaf diameter was found to be statistically significant
at the rate 5%.
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Table 10. Variance analysis results for leaf diameter

VS df Sum of Squares Mean Square F
Salt Doses 2 53.51 26.75 24.04
Error 27 30.04 1.11

Total 29 83.55 -

VS: Variation Sources

The averages of different salt doses over the leaf diameter of the hys-
sop plant are shown in Table 1. The average leaf diameter value determined
by the study is 8.29 mm. Leaf diameter values in the study ranged between
9.91-6.64 mm (Table 1). The effect of different salt dosage applications on
the leaf diameter of the plant was found to be statistically significant at the
p<0.05 level. The lowest leaf diameter was obtained with 6.64 mm from
the salt dose of 100 mM, and the highest leaf diameter as 9.91 mm was
obtained from the 0 mM salt dose.

Oztiirk et al. (2004) investigated the effects of 4 different salt doses
(0.25, 1.00, 2.00, 4.00 and 6.00 dSm-1) on lemongrass (Melissa officinalis
L.) and with the increase in salt doses, plant height, root length and root
dry weight decreased. reported to have arrived. It was observed that the
dry and fresh weights of the plants and the number of branches increased
by 1.00 dSm-1, and a decrease was observed as the salt doses increased.
As a result of the study, it was reported that the maximum root length was
obtained from the dose of 0.25 dSm-1 with 56.53 cm, and minimum value
was obtained from the dose 0f 38.93 cm with 6.00 dSm-1. The average root
length value is 49.96 cm, and it has been determined by us that it is consid-
erably higher than the root length value obtained from the study.

Shalan et al. (2006) applied 3 different salt doses (0 ppm, 2000 ppm,
4000 ppm and 6000 ppm) to marjoram (Majorana hortensis L.) plant in
their research. As a result of the application, it was stated that there were
serious decreases in plant length, the number of branches, and plant dry
weights and fresh weights due to increasing salt doses.

Khorasaninejad et al. (2010) in their study to determine the effect of 3
different salt doses (0, 50, 100 and 150 mM NacCl) on the mint component
(Mentha piperita L.), they found that increasing salt dose caused decreases
in root length, shoot dry weight, root fresh weight they detected. As a result
of the study, it was observed that the highest shoot dry weight occurred at
the dose of 11.86 g and 0 mM, and the lowest value was observed at the
dose of 0.8 g and 100 mM. The decrease caused by increasing salt doses
in the calculated values is consistent with our study. Shoot dry weight was
found to be 4.76 g on average, and it was revealed that the data was higher
than the shoot dry weight value obtained from the study.
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Mohammadzadeh et al. (2013) investigated the effects of 3 different
salt doses (0, 50, 100 and 150 mM) on 4 masses of native basil (Ocimum
basilcum L.) and it was stated that with increasing salt doses, the number
of branches, root fresh weight, root dry weight and shoot dry weight, de-
creased. The decrease caused by increasing salt doses in the calculated val-
ues is consistent with our study. It was reported that the highest fresh root
weight in plants was 10.62 g at the dose of 0 mM, and the lowest value was
at the dose of 4.58 g and 150 mM. Root fresh weight was determined as
7.58 g on average. It has been determined by us that these results are con-
siderably higher than the root wet weight value obtained from the study.

Kaya and Inan (2014) investigated the effect of 2 different salt dos-
es (25 and 50 mM NaCl) on basil (Ocimum basilicum L.) plant in their
study. As a result of the application, it was observed that fresh and dry herb
weights, number of branches, plant height decreased significantly with the
increase in salt doses. As the salt concentrations increased, less branch for-
mation was observed in the plants. The highest number of branches in the
plants was measured as 7.33 units/plant and 8.41 units/plant, respectively,
in the control groups (0 mM), while the lowest number of branches was
measured as 5.00 units/plant and 7.83 units/plant, respectively, at 50 mM
doses. The average number of branches was determined as 6 and 7 pieces/
plant, respectively, and it was observed that the data were less than the
number of branches obtained from the study.

CONCLUSION

Soil or water salinity is one of the important abiotic stress factors that
negatively affect plant growth and productivity. When the salinity in the
soil exceeds a critical level, water intake becomes very difficult and the
plant may die.

Reclamation of soils that are or may be affected by salinity is time
consuming and costly, so it is necessary to use species and cultivars with
high salinity tolerance in order to achieve efficient and successful produc-
tion in such areas. Determining the salt tolerance levels of plants will not
only provide benefits in terms of economy and time, but also will provide
the opportunity to have the desired chemical content.

In this study, it was determined that the increase in salt concentration
during the seedling development stage of hyssop root length (cm), shoot
length (cm), root fresh and dry weight (g), shoot fresh and dry weight (g),
number of branches (number/plant), leaf It has been shown that the number
(pieces/plant) and leaf diameter (mm) significantly decrease. In all data,
the lowest values were found at 100 mM NaCl dose, and the lowest value
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was obtained from 50 mM NaCl dose only in shoot wet weight. The lowest
values were obtained at a dose of 100 mM NacCl, and seedling growth did
not occur in 150 mM and 200 mM NaCl applications. As a result, there is
not much research on the hyssop plant, which has an important potential
for our country’s agriculture. As a result of this study carried out under
controlled conditions, it was determined that the tolerance of the examined
hyssop to different doses of chlorine salts varies, and it is recommended
that more comprehensive studies be conducted to examine the physiologi-
cal mechanism of salt tolerance.
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1. Introduction

Ecotoxicology is a scientific discipline that focuses on studying the
effects of pollutants, contaminants, and environmental stressors on ecosys-
tems, organisms, and populations. It involves assessing the potential risks
that these stressors pose to the environment, wildlife, and human health.
Ecotoxicology combines principles from ecology, toxicology, chemistry,
and other scientific fields to understand the complex interactions between
living organisms and their environment in the context of pollution and con-
tamination (Harborne, 1993; Paixao et al. 2008).

1.1. Environmental Contaminants

Ecotoxicology investigates a wide range of environmental contami-
nants, including pollutants from industrial activities, agricultural runoff,
urban development, and various human-made chemicals. These contam-
inants can be present in air, water, soil, and sediments, and they can have
diverse effects on different components of ecosystems (Zhou et al., 2020).

1.2. Biological Responses

Ecotoxicologists study the biological responses of organisms to envi-
ronmental stressors. This includes understanding how pollutants can affect
organisms at various levels, such as individual health, reproduction, growth,
behavior, and survival. The effects of contaminants can cascade through
food chains and impact entire ecosystems (Bauer and Herrmann, 1997).

1.3. Toxicology and Mechanisms of Action

Understanding the toxicological mechanisms through which contam-
inants affect organisms is a central component of ecotoxicology. This in-
volves investigating how pollutants interact with biological systems at the
molecular and cellular levels, leading to adverse effects on physiological
processes (Brandts et al., 2018; Batel et al., 2016).

1.4. Biomarkers and Bioindicators

Ecotoxicologists often use biomarkers and bioindicators to assess the
impact of contaminants on organisms. Biomarkers are measurable indica-
tors of physiological or biochemical changes that can reveal the presence
of stress or toxicity. Bioindicators are species or groups of organisms that
are particularly sensitive to environmental changes and can serve as indi-
cators of ecosystem health (Browne et al., 2013; O’Donovan et al., 2018).

1.5. Risk Assessment and Management

Ecotoxicology contributes to risk assessment and management strat-
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egies for pollutants. By understanding the potential impacts of contami-
nants on ecosystems and human health, ecotoxicologists help guide deci-
sions about pollution control, environmental regulations, and conservation
efforts. Beyond individual organisms, ecotoxicology also considers the
broader impacts of contaminants on ecosystems. This includes investigat-
ing how contamination can alter community dynamics, disrupt ecosystem
services, and influence overall biodiversity (Aylward et al. 2005; Pham et
al. 2019).

1.6. Environmental Monitoring and Modeling

Ecotoxicological studies often involve environmental monitoring to
assess the presence and concentration of contaminants in different envi-
ronmental compartments. Long-term monitoring helps track trends, identi-
fy emerging issues, and evaluate the effectiveness of mitigation measures
(Mkandawire et al. 2014).

Ecotoxicologists use computer models to simulate the behavior of
contaminants in the environment and predict their potential impacts. These
models can help researchers and policymakers make informed decisions
about pollution prevention and control (Blinova 2004; Gubbins et al. 2011).

Given the complexity of environmental systems, ecotoxicology re-
quires collaboration across disciplines. Ecologists, toxicologists, chemists,
statisticians, and other experts work together to gather data, analyze re-
sults, and provide holistic insights into the effects of contaminants (Lam
and Gray, 2003).

In summary, ecotoxicology is a multidisciplinary field that seeks to
understand the effects of pollutants and contaminants on ecosystems and
organisms. By investigating the interactions between environmental stress-
ors and living organisms, ecotoxicologists contribute to environmental
protection, conservation efforts, and the sustainable management of our
natural resources.

2. Biomarkers

Biomarkers are measurable indicators that reflect biological, biochem-
ical, or physiological changes occurring in organisms exposed to environ-
mental stressors, such as pollutants or contaminants. They can be used to
detect, quantify, and monitor the effects of these stressors on organisms.
Biomarkers play a crucial role in ecotoxicological evaluations of waste-
water treatment efficiencies by providing a quantitative assessment of the
impact of treated wastewater on aquatic organisms. These biomarkers can
indicate sublethal effects, physiological responses, and potential risks to
ecosystems (Aksmann and Tukaj, 2004).
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Biochemical biomarkers are crucial indicators used to assess the toxic
effects of wastewater on organisms. These biomarkers are derived from
changes in the biochemical and enzymatic processes within organisms
when exposed to pollutants present in wastewater (Lewis et al., 2001)

Here is detailed information about some common biochemical bio-
markers used to determine the toxic effects of wastewater:

2.1. Acetylcholinesterase (AChE)

An enzyme that plays a crucial role in the nervous system is AChE,
which breaks down the neurotransmitter acetylcholine (ACh) at synapses.
ACh is a chemical messenger that transmits signals between nerve cells
and from nerve cells to muscles, leading to muscle contractions and other
physiological responses. AChE’s primary function is to rapidly terminate
the action of ACh, allowing for precise control of nerve signals and pre-
venting overstimulation of target cells (Getman et al., 1992; Daniels 2007).

ACHhE acts on the neurotransmitter acetylcholine by catalyzing its hy-
drolysis into choline and acetate. This breakdown of acetylcholine into
its components is essential for terminating nerve impulses and ensuring
proper functioning of the nervous system. AChE is found at cholinergic
synapses, which are connections between nerve cells that use acetylcholine
as their neurotransmitter (Daniels 2007).

After a nerve impulse triggers the release of acetylcholine into the syn-
apse, it binds to receptors on the postsynaptic cell, transmitting the signal.
AChE quickly degrades the acetylcholine in the synaptic cleft, preventing
continuous stimulation of the postsynaptic cell. This degradation allows
for the termination of the nerve signal and the subsequent relaxation of
the muscle or cessation of nerve cell communication. AChE is particularly
important at neuromuscular junctions, which are synapses between motor
neurons and muscle cells. Here, acetylcholine released from motor neurons
triggers muscle contractions. AChE ensures that acetylcholine is rapidly
removed from the synapse, preventing continuous muscle contraction and
allowing muscles to relax between signals (Moriarity, 1999).

ACHhE is used as a biomarker in ecotoxicological and environmental
studies due to its sensitivity to certain classes of chemicals, particularly
organophosphate and carbamate pesticides. These chemicals inhibit AChE
activity by binding to the enzyme’s active site, resulting in the accumula-
tion of acetylcholine and prolonged nerve signal transmission. This can
lead to toxic effects in organisms, including neurological and behavioral
disturbances (Fuentes and Bouchot 2004; Lionetto et al., 2013).

As mentioned earlier, AChE inhibition can occur due to exposure to
certain pesticides. Symptoms such as muscle twitching, tremors, convul-
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sions, and, in severe cases, paralysis and death occur due to a buildup of
acetylcholine caused by this inhibition. Organophosphate and carbamate
pesticides, as well as nerve agents, are potent AChE inhibitors. AChE’s
role in terminating nerve signals and its sensitivity to chemical inhibi-
tion make it a valuable target for both medical research and environmen-
tal monitoring. Studying AChE activity provides insights into the health
of nervous systems in various organisms and helps assess potential risks
posed by pollutants in the environment (Sultatos and Kaushik 2007).

2.2. Catalase (CAT)

CAT is an antioxidant enzyme that helps convert hydrogen perox-
ide into water and oxygen, thereby preventing oxidative damage to cells.
Changes in CAT activity can indicate oxidative stress caused by waste-
water pollutants. An enzyme that plays a crucial role in protecting cells
from oxidative damage is catalase, which breaks down hydrogen peroxide
(H202), a reactive oxygen species (ROS), into water and oxygen. Due to
its involvement in antioxidant defense mechanisms, catalase is often used
as a biomarker to assess oxidative stress and the impact of various stress-
ors, including pollutants, on organisms (Halliwell and Gutteridge 2015).

Catalase is primarily located in the peroxisomes of eukaryotic cells
and in the cytoplasm of prokaryotic cells. Its primary function is to facili-
tate the breakdown of hydrogen peroxide, which is a byproduct of various
cellular processes. Hydrogen peroxide is potentially damaging to cells as
it can generate highly reactive hydroxyl radicals that can cause oxidative
stress and damage cellular components like proteins, lipids, and DNA.
Catalase is a critical component of the cellular antioxidant defense sys-
tem. Catalase helps prevent the accumulation of reactive oxygen species
that can lead to cellular damage by breaking down hydrogen peroxide into
water and oxygen. This process helps maintain cellular homeostasis and
protect cells from oxidative stress (Mhamdi et al., 2010).

Changes in catalase activity can serve as a biomarker to assess oxida-
tive stress in response to various stressors, including exposure to pollut-
ants, chemicals, and environmental contaminants. Increased catalase ac-
tivity is often indicative of a cell’s attempt to counteract increased levels of
ROS due to stressors. Conversely, decreased catalase activity can suggest
impaired antioxidant defense mechanisms and increased susceptibility to
oxidative damage. Catalase activity is commonly measured in ecotoxico-
logical studies to evaluate the impact of pollutants and contaminants on
organisms exposed to adverse environmental conditions. When organisms
are exposed to pollutants, oxidative stress can occur due to the generation
of ROS. Measuring catalase activity provides insights into the organism’s
response to this stress and its ability to mitigate oxidative damage (Darabi
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et al., 2022; denBesten et al., 2013).

Catalase activity is typically measured by assessing the rate of hy-
drogen peroxide decomposition over time. The enzyme’s activity is of-
ten reported in terms of micromoles of hydrogen peroxide broken down
per minute per milligram of protein (umol/min/mg protein) (Aebi 1984;
Chance and Maehly 1955).

In summary, catalase is an essential enzyme involved in antioxidant
defense mechanisms, and its activity can be used as a biomarker to assess
oxidative stress in response to environmental stressors, including pollut-
ants. Measuring catalase activity provides valuable insights into an organ-
ism’s ability to manage oxidative damage and its overall health in various
ecological contexts.

2.3. Superoxide Dismutase (SOD)

SOD is another antioxidant enzyme that neutralizes superoxide rad-
icals, which are highly reactive molecules. An increase in SOD activity
can indicate the presence of oxidative stress and the organism’s attempt
to counteract it. An enzyme that plays a vital role in protecting cells from
oxidative damage is SOD, which catalyzes the conversion of superoxide
radicals (O2e-) into less harmful molecules, namely hydrogen peroxide
(H202) and molecular oxygen (02). SOD is a crucial component of the
cellular antioxidant defense system, and its activity can be used as a bio-
marker to assess oxidative stress and the impact of various stressors on
organisms (Fridovich 1995).

Superoxide radicals (O,") are highly reactive and can cause oxidative
damage to cellular components. SOD accelerates the dismutation of super-
oxide radicals into hydrogen peroxide and molecular oxygen, which are
less reactive and less damaging to cells. There are different forms of SOD
found in cells, including copper-zinc SOD (Cu/Zn SOD), manganese SOD
(Mn SOD), and extracellular SOD (EC-SOD), each localized in specific
cellular compartments (Mishra and Imlay 2012).

SOD is a critical part of the cellular antioxidant defense system. It acts
as the first line of defense against superoxide radicals generated during var-
ious metabolic processes and stress conditions. By converting superoxide
radicals into less harmful molecules, SOD helps prevent oxidative damage
and maintains cellular health (McCord and Fridovich 1969).

Changes in SOD activity can serve as a biomarker to assess oxidative
stress and the impact of stressors, pollutants, and contaminants on organ-
isms. Increased SOD activity is often indicative of an organism’s response
to elevated levels of superoxide radicals caused by stress. Higher SOD
activity reflects the organism’s attempt to mitigate oxidative damage. SOD
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activity is frequently measured in ecotoxicological studies to evaluate the
impact of pollutants and environmental stressors on organisms. Exposure
to pollutants can lead to increased ROS production, including superoxide
radicals. Measuring SOD activity provides insights into how organisms re-
spond to oxidative stress and their ability to manage the associated damage
(Vlahogianni et al., 2007; Carvalho et al., 2012).

SOD activity is typically measured by assessing its ability to dismutate
superoxide radicals, often using colorimetric or spectrophotometric assays.
These assays quantify the rate of superoxide radical dismutation and are re-
ported as units of enzyme activity per milligram of protein (U/mg protein)
(Beauchamp and Fridovich 1971).

In summary, Superoxide Dismutase is a critical enzyme in the cellular
antioxidant defense system, and its activity can be used as a biomarker to
assess oxidative stress and the impact of stressors on organisms. Measur-
ing SOD activity provides insights into an organism’s ability to manage
oxidative damage and its overall health in various ecological contexts.

2.4. Glutathione-S-Transferase (GST)

GST is an enzyme involved in detoxification processes by catalyz-
ing the conjugation of glutathione to reactive compounds. Elevated GST
activity suggests exposure to xenobiotics and increased detoxification ef-
forts. Glutathione-S-Transferase (GST) is an enzyme that plays a key role
in cellular detoxification processes by catalyzing the conjugation of the
tripeptide molecule glutathione (GSH) to various electrophilic compounds.
GSTs are a diverse group of enzymes that are involved in the metabolism
of endogenous and exogenous compounds, including environmental pol-
lutants, carcinogens, drugs, and toxins. In the context of ecotoxicology and
environmental monitoring, GST activity is often used as a biomarker to
assess exposure to xenobiotics and the overall health of organisms (Hayes
and Pulford 1995).

GSTs comprise multiple isoforms that are classified into different
classes based on their structural and functional characteristics. Different
GST isoforms have specific substrate preferences, allowing them to me-
tabolize a wide range of compounds. GSTs are found in various tissues
and organs, and their distribution can vary depending on the organism and
environmental conditions (Hayes et al., 2005).

Increased GST activity is often observed in response to exposure to
xenobiotics, including pollutants, chemicals, and environmental contami-
nants. The upregulation of GST activity is an adaptive response to counter-
act the potential toxicity of these substances. Measuring GST activity can
provide insights into an organism’s exposure to xenobiotics and its ability
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to metabolize and eliminate them. GST activity is commonly used as a
biomarker in ecotoxicological studies to assess the impact of pollutants on
organisms. Increased GST activity indicates that organisms are responding
to the presence of potentially harmful compounds in their environment.
However, it’s important to note that the induction of GSTs can vary de-
pending on factors such as the type of pollutant and the species being stud-
ied (Dasari et al., 2018; Crane et al., 2002).

GST activity is typically measured using enzyme assays that monitor
the formation of glutathione-conjugated products. These assays are often
conducted in vitro using tissue or cell homogenates. The activity is report-
ed as micromoles of substrate conjugated to glutathione per minute per
milligram of protein (umol/min/mg protein)(Habig et al., 1974; Habig and
Jakoby 1981).

In summary, An enzyme involved in detoxification processes is GST,
and its activity serves as a biomarker for exposure to xenobiotics and pol-
lutants. Measuring GST activity provides insights into an organism’s re-
sponse to environmental stressors and its ability to metabolize and elimi-
nate potentially harmful compounds.

2.5. Glutathione peroxidase (GPx)

GPx is a critical component of the cellular antioxidant defense sys-
tem. It is involved in neutralizing hydrogen peroxide, a reactive molecule
that can cause oxidative damage to cellular components, including lipids,
proteins, and DNA. One of the primary functions of GPx is to detoxify
hydrogen peroxide by converting it into water and oxygen. This process
helps prevent the formation of highly reactive hydroxyl radicals, which can
cause extensive damage to cell structures. GPx is a selenoprotein, meaning
that it contains selenium in its active site. An essential trace element that
plays a crucial role in the antioxidant defense system is selenium. The ac-
tivity of GPx is closely linked to selenium availability (Floh¢é and Maiorino
2013; Flohé and Giinzler 1985).

Changes in GPx activity can serve as a biomarker for oxidative stress.
When organisms are exposed to pollutants or environmental stressors that
generate ROS, the activity of GPx may be altered as it responds to the in-
creased oxidative load. GPx is commonly used in ecotoxicological studies
to assess the impact of pollutants on organisms’ antioxidant defense sys-
tems. Exposure to pollutants can lead to oxidative stress and alterations in
antioxidant enzyme activities, including GPx (Ranjbar et al., 2002; Wang
et al., 2003).

GPx activity can be measured using various assays that involve moni-
toring the rate of hydrogen peroxide reduction. Spectrophotometric methods
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are often used to quantify the decrease in absorbance at a specific wave-
length over time (Flohé and Giinzler 1984; Shalwitz, and Sunde 2009).

In summary, Glutathione peroxidase (GPx) is an essential enzyme that
plays a crucial role in cellular antioxidant defense against oxidative stress.
It serves as a biomarker in ecotoxicological studies to assess the impact of
pollutants and contaminants on organisms’ antioxidant defense systems.
Measuring GPx activity provides valuable insights into an organism’s re-
sponse to oxidative stress and its potential susceptibility to oxidative dam-
age caused by environmental stressors.

2.6. Cytochrome P450 (CYP450)

A superfamily of heme-containing enzymes that play a key role in the
metabolism of a wide range of endogenous and exogenous compounds are
CYP450 enzymes. In ecotoxicology, CYP450 enzymes are often used as
bioindicators to assess the exposure of organisms to environmental pollut-
ants and contaminants. These enzymes are involved in the detoxification
of xenobiotics and play a crucial role in the biotransformation of various
chemicals, making them valuable indicators of exposure to contaminants
that can be harmful to organisms and ecosystems (Munro et al., 2018).

Exposure to certain chemicals can induce or inhibit the activity of
CYP450 enzymes. Induction occurs when the presence of a chemical in-
creases the expression and activity of specific CYP450 enzymes, enhanc-
ing the organism’s ability to metabolize the chemical. Conversely, inhibi-
tion occurs when a chemical suppresses the activity of CYP450 enzymes,
potentially leading to the accumulation of toxic compounds. Changes in
CYP450 enzyme activity can serve as bioindicators of exposure to envi-
ronmental contaminants. Increased or decreased enzyme activity can sig-
nal the presence of specific pollutants and their potential effects on an or-
ganism’s metabolism and detoxification processes. CYP450 enzymes are
used as bioindicators in ecotoxicological studies to assess the exposure of
organisms to pollutants and contaminants in their environment. Monitoring
changes in enzyme activity can provide insights into the presence of specif-
ic chemicals and their potential impact on organisms’ health (Guengerich
2008; Almeida et al., 2022).

CYP450 enzyme activity is typically measured using techniques that
involve assessing the rate of metabolism of a known substrate by these en-
zymes. These assays often use fluorescent probes or specific substrates that
are metabolized by CYP450 enzymes. The resulting products are quantified
to determine enzyme activity (Guengerich 2001; Omura and Sato 1964).

In summary, Cytochrome P450 (CYP450) enzymes serve as bioin-
dicators of exposure to environmental contaminants, reflecting an organ-
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ism’s ability to metabolize and detoxify xenobiotics. Monitoring changes
in CYP450 enzyme activity provides insights into pollutant exposure and
potential effects on an organism’s metabolism. Their use in ecotoxicologi-
cal studies contributes to our understanding of the impact of pollutants on
organisms and ecosystems.

2.7. Lipid Peroxidation

A process that involves the oxidative degradation of lipids, particu-
larly unsaturated fatty acids, resulting in the generation of reactive oxygen
species (ROS) and the formation of lipid peroxides is lipid peroxidation.
This process can cause damage to cell membranes and other cellular com-
ponents, leading to cell dysfunction and various health issues. Lipid perox-
idation is commonly used as a biomarker to assess oxidative stress and the
impact of environmental stressors on organisms (Halliwell and Gutteridge
2015; Ayala et al., 2014).

Lipid peroxidation starts with the attack of ROS, such as hydroxyl
radicals (*OH), on unsaturated fatty acids in cell membranes. This leads
to the abstraction of hydrogen atoms from the lipid molecules, generating
lipid radicals. These radicals initiate a chain reaction that results in the
formation of lipid peroxides, such as hydroperoxides. Lipid peroxides can
further degrade into various reactive aldehydes, such as malondialdehyde
(MDA), which is a common marker of lipid peroxidation. Lipid peroxida-
tion can lead to structural and functional damage to cell membranes. Cell
membranes are composed of lipids, and when lipid peroxidation occurs,
the membrane’s integrity can be compromised. This can result in increased
permeability, altered membrane fluidity, and impaired cellular functions
(Halliwell and Gutteridge 2015).

Lipid peroxidation serves as a biomarker for assessing oxidative stress,
which arises from an imbalance between the production of reactive oxygen
species (ROS) and the protective antioxidant mechanisms. Elevated levels
of lipid peroxidation products, such as MDA, indicate increased oxidative
stress and potential damage to cellular components. Lipid peroxidation is
commonly used in ecotoxicological studies to assess the impact of pollut-
ants, contaminants, and environmental stressors on organisms. Exposure
to pollutants can lead to increased ROS production and subsequent lipid
peroxidation. Measuring lipid peroxidation levels provides insights into an
organism’s response to oxidative stress and the potential damage caused by
pollutants (Comporti 1985; Valavanidis et al., 2009).

Lipid peroxidation is typically measured by quantifying the levels of
lipid peroxidation products, such as MDA, in tissues or body fluids. Vari-
ous methods, such as thiobarbituric acid reactive substances (TBARS) as-



Academic Studies in Science and Mathematics- 2023 October * 47

say, are used to measure MDA levels, which are often reported in terms of
concentration (e.g., nanomoles per milligram of protein) (Ohkawa 1979;
Draper and Hadley 1990).

In summary, lipid peroxidation is a process that reflects oxidative
damage to lipids in cell membranes and serves as a biomarker for oxida-
tive stress. Measuring lipid peroxidation levels provides valuable insights
into an organism’s response to environmental stressors and its potential
susceptibility to oxidative damage.

2.8. Metabolites and Biochemical Components:
2.8.1. Glutathione (GSH)

GSH is a tripeptide that acts as a major antioxidant and detoxification
molecule in cells. Its levels can be used as an indicator of the cellular re-
sponse to oxidative stress caused by wastewater contaminants. Glutathione
(GSH) is a tripeptide molecule composed of three amino acids: cysteine,
glycine, and glutamic acid. It is a critical antioxidant and detoxification
molecule in cells, playing a central role in maintaining cellular redox bal-
ance, protecting against oxidative stress, and participating in various bio-
chemical processes. Glutathione is used as a biomarker to assess the cellu-
lar response to oxidative stress, exposure to pollutants, and overall health
of organisms (Wu et al., 2004; Townsend et al., 2003)

Glutathione plays a pivotal role in detoxification processes, specifical-
ly in the conjugation of electrophilic compounds with glutathione, forming
more water-soluble and readily excretable molecules. This process helps
neutralize and eliminate various xenobiotics, including pollutants, drugs,
and environmental contaminants. Changes in glutathione levels can serve
as a biomarker to assess oxidative stress. Under conditions of increased
ROS production or exposure to stressors, glutathione levels may be de-
pleted as it is consumed to neutralize ROS. Decreased glutathione levels
can indicate oxidative stress and potential damage to cellular components
(Hayes and McLellan 1999; Sies 1999).

Glutathione is commonly used as a biomarker in ecotoxicological
studies to assess the impact of pollutants, contaminants, and environmental
stressors on organisms. Exposure to pollutants can lead to oxidative stress
and the depletion of glutathione as it is utilized to neutralize ROS generat-
ed by the stressor (Ercal et al., 2001; Pereira et al., 2013).

Glutathione levels can be measured directly in tissues, cells, or body
fluids using various assays. Different forms of glutathione, including re-
duced glutathione (GSH) and oxidized glutathione (GSSG), can be mea-
sured individually or in combination to assess the redox state of cells. As-
says often involve colorimetric or spectrophotometric methods (Anderson
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1985; Griffith 1980 ).

In summary, Glutathione is a crucial antioxidant and detoxification
molecule in cells, and its levels are used as a biomarker to assess oxidative
stress, cellular redox balance, and exposure to environmental stressors.
Measuring glutathione levels provides insights into an organism’s antioxi-
dant defense response and its ability to mitigate oxidative damage.

2.8.2. Endocrine Disruptors

Some wastewater pollutants can mimic or interfere with natural hor-
mones, leading to endocrine disruption. Biomarkers related to reproduc-
tive hormones, such as estradiol, testosterone, and vitellogenin, are used
to assess the effects of wastewater on the endocrine system of aquatic or-
ganisms. Chemicals known as endocrine disruptors have the ability to in-
terfere with the regular operations of the endocrine system, responsible for
hormone production and regulation within the body. These chemicals can
mimic, block, or alter the actions of hormones, leading to various physio-
logical and developmental effects in organisms. Endocrine disruptors can
serve as biomarkers in ecotoxicological studies to assess the impact of en-
vironmental contaminants on the endocrine system of organisms (Diaman-
ti-Kandarakis et al., 2009; )

Endocrine disruptors can affect the endocrine system through various
mechanisms. They can bind to hormone receptors, leading to inappropriate
activation or inhibition of signaling pathways. Some disruptors can interfere
with hormone synthesis, secretion, transport, metabolism, and elimination.
Endocrine disruptors can impact a wide range of hormones, including estro-
gen, androgen, thyroid hormones, insulin, and more. They can disrupt vari-
ous endocrine pathways, leading to effects on growth, reproduction, devel-
opment, metabolism, and immune function (Gore et al., 2015).

In ecotoxicology, the effects of endocrine disruptors on organisms’
endocrine systems can be used as biomarkers to assess exposure to pollut-
ants and contaminants. These effects can include alterations in hormone
levels, changes in reproductive behaviors, developmental abnormalities,
and disruptions in the balance of sex-specific characteristics. Reproductive
hormones such as estradiol, testosterone, and vitellogenin are commonly
used as biomarkers of endocrine disruption. For example, altered levels of
these hormones can indicate disturbances in reproductive processes and
the potential effects of endocrine disruptors on an organism’s ability to
reproduce. Endocrine disruptors are studied in ecotoxicological research to
understand how pollutants and contaminants impact organisms’ endocrine
systems. These studies can provide insights into potential reproductive and
developmental effects, population-level impacts, and the overall health of
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ecosystems (Jobling et al., 2006; Beausoleil et al., 2017).

Biomarkers of endocrine disruption can be measured using various
methods, including enzyme-linked immunosorbent assays (ELISAs) for
hormone quantification and histological examinations to assess changes in
gonadal morphology (Sosa-Ferrera et. al., 2013).

In summary, endocrine disruptors are chemicals that interfere with
hormone signaling in organisms, leading to a range of effects on develop-
ment, reproduction, and health. Biomarkers related to reproductive hor-
mones and endocrine pathways serve as valuable tools for assessing the
impact of endocrine disruptors on organisms and ecosystems, contributing
to our understanding of environmental health and regulatory decisions.

3. Conclusion

In the field of ecotoxicological evaluation, biochemical biomarkers
have emerged as invaluable tools for assessing the impact of pollutants,
contaminants, and environmental stressors on organisms and ecosystems.
These biomarkers provide a window into the intricate biochemical and
physiological responses of organisms when exposed to various stressors.
By examining changes in enzyme activities, oxidative stress biomarkers,
metabolites, and endocrine disruption indicators, researchers gain insights
into the health, resilience, and adaptive capacities of organisms in the face
of environmental challenges.

Enzyme activities, such as acetylcholinesterase (AChE) inhibition,
catalase (CAT) activity, and glutathione-S-transferase (GST) induction,
offer crucial information about the effects of pollutants on neurological
function, oxidative stress defense, and detoxification processes. Lipid per-
oxidation and total antioxidant capacity (TAC) serve as biomarkers that
shed light on the balance between oxidative damage and antioxidant de-
fense mechanisms, providing a glimpse into cellular health under stress.

Furthermore, endocrine disruptors and their impact on reproductive
hormones present a deeper understanding of how pollutants can interfere
with hormonal balance and disrupt reproductive processes in organisms.
These biomarkers contribute to unraveling the intricate interactions be-
tween pollutants and the endocrine system, highlighting potential risks to
reproductive success and population sustainability.

The utilization of these biochemical biomarkers is not only confined
to the laboratory but extends to ecotoxicological studies in natural environ-
ments, enabling researchers to assess the health of ecosystems as a whole.
These biomarkers assist in identifying early warning signs of environmen-
tal degradation, guiding regulatory measures, and fostering a greater un-
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derstanding of the intricate relationships between pollutants, organisms,
and the environments they inhabit.

However, it’s crucial to acknowledge that the interpretation of bio-
chemical biomarkers requires a holistic approach that considers spe-
cies-specific variations, physiological responses, and potential interactions
between multiple stressors. The use of multiple biomarkers in combination
enhances the accuracy and reliability of assessments, offering a compre-
hensive view of the complex dynamics involved.

In conclusion, biochemical biomarkers play an indispensable role in
ecotoxicological evaluations, providing essential insights into the physio-
logical, cellular, and biochemical responses of organisms to environmental
stressors. These markers bridge the gap between laboratory research and
real-world ecosystems, fostering a deeper comprehension of the intricate
connections between pollution, ecological health, and the sustainability of
our natural world. As the study of ecotoxicology continues to evolve, bio-
chemical biomarkers stand as crucial allies in safeguarding the delicate
balance of life in the face of anthropogenic impacts.
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Introduction

Saturn is the 6™ and second-largest planet in the Solar System. Like
Jupiter, it is also a gas giant that is mainly composed of hydrogen and heli-
um. It also has a complex structure of rings and a lot of moons. Compared
to Earth, the mass of Saturn is 95 times greater. However, its density is only
one-eighth of the Earth, also it is less dense than water.!'! Also, Saturn’s
radius is 9.5 times greater than Earth’s radius.””! So, its volume is 755 times
greater than that of the Earth. The most known space mission that is study-
ing Saturn is the Cassini-Huygens. With the help of the Cassini-Huygens
mission, astronomers hope to find answers to questions about the internal
structure of Saturn, its magnetic field, moons, rings, etc. The origin of the
name is Roman mythology. It was one of the Roman gods that is known as
the god of agriculture and wealth. It was also the father of Jupiter. One of
the days’ names Saturday is also named for the Roman god (Saturn’s day).
BI Also, in astronomy, every planet has a symbol. Saturn’s symbol is h.

In this short review article, we will study the general aspects of Saturn
as well as the observational and possible theoretical scenarios related to it.

General Characteristics
Its Size, Mass, and Distance:

Saturn is the second largest and second most massive planet in our
Solar System. Its diameter is almost 120.000 km, almost nine times wider
than the Earth. Since it has no solid surface, its diameter is measured at a
level where the atmospheric pressure is 1 bar, which corresponds to the
pressure measured on Earth at sea level.™ Saturn’s diameter is nine times
greater than that of Earth. Its mass is also roughly 95 times greater than
Earth’s mass./”! The total mass of Jupiter and Saturn makes up %92 of the
total mass of the planets in our Solar System.”! Saturn’s average density is
almost equal to 70 percent of the density of water whereas Earth’s density
is 550 times and Jupiter’s is 130 times that of the density of water.[> Sat-
urn is known to be the only planet in our Solar System that has a smaller
density than water.™®

Saturn is approximately 9.5 astronomical units away from the Sun,
which is 9.5 times farther than the Earth. The sunlight travels roughly 80
minutes to arrive at Saturn from the Sun.

Composition:

Saturn is a gas giant and is mainly composed of helium and hydro-
gen. At the innermost layer, it has a solid core.®! However, it is entirely
composed of gases other than the core. Its core is composed of metals like
iron and nickel. These metals are surrounded by a solid compound. This
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solidity is because of the extreme pressure and temperature conditions. The
core is surrounded by liquid metallic hydrogen. Saturn’s core looks like the
core of Jupiter, but it is much smaller.

Formation:

Saturn formed from the solar nebula nearly 4.5 billion years ago. Gas
and dust turned out to be this gas giant due to the gravitational effects.
There are some theories about how Saturn is formed. The most known
theories are the core accretion and the disk instability theories.

Almost 4 billion years ago, Saturn was in its current position. It is the
sixth planet from the Sun, located in the outer Solar System, after Jupiter.

History:

Saturn can be seen from the Earth using only the naked eye. The name of
the planet is given by the Romans, the god of the harvest. Also, it corresponds
to the Kronos, in Greek mythology. The ring of the planet is first discovered
by Galileo Galilei by using a telescope. He thought that he was observing the
moons of the planet. After Galileo, Christian Huygens used a better telescope
and realized that they are the rings of the planet, not the moons. He also dis-
covered the largest moon of Saturn, Titan. Then, Jean-Domanique Cassini ob-
served four other moons of Saturn which are lapetus, Rhea, Tethys, and Dione.

Bigger discoveries about Saturn were made after the spacecraft mis-
sions. The first spacecraft that visited Saturn is Pioneer 11. After that, Voy-
ager 1 visited Saturn, and Voyager 2, one year after. Major observations
are made after the Cassini spacecraft arrived at Saturn in 2004. Cassini ob-
served mainly the moons of the planet and discovered four new ones. Also,
the liquid hydrocarbon seas on the moon Titan are first seen by Cassini.

Figure 1. Credit : NASA Photojournal (https://photojournal jpl.nasa.gov/
targetFamily/Saturn)
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Potential For Life:

The composition of Saturn is not suitable for organisms to live. There
is no water which is essential for known life formations. The atmospheric
conditions of Saturn are too extreme. The temperatures and pressures are
not convenient for adaptations of the known organisms.

Because of these unfavorable conditions, the environment of Saturn is
not suitable for life. However, these conditions are not the same for many
of its moons. Titan and Enceladus are the ones that are possibly known as
good candidates to support life other than Earth.

Figure 2. NASA Photojournal (https://photojournal jpl.nasa.gov/targetFamily/
Saturn)

Observational Aspects

The Atmosphere and Cloud Layers:

The outer atmosphere of Saturn is mainly composed of molecular hy-
drogen and helium. By volume, the atmosphere includes almost %96.3
hydrogen and %3.25 helium, and by mass, approximately %6 helium, %91
hydrogen, and %3 other molecules.!'” Except for hydrogen and helium,
Saturn’s atmosphere contains small amounts of methane, ammonia, and
other gases.!'"! Also, it is thought to be lower parts of Saturn’s atmosphere
including small amounts of hydrogen sulfide and water vapor. With the
help of some information on spacecraft missions, one can say that Saturn
has the most hydrogen-containing atmosphere in our Solar System.[!?!



Academic Studies in Science and Mathematics- 2023 October * 61

The surface of Saturn is mainly composed of clouds.!! The compo-
sition of these clouds changes with pressure and depth. The highest layer
of the clouds is mostly made of crystals of frozen ammonia. In the deep
layers, there are thought to be clouds which are made of ammonia droplets
and water ice crystals.!'?!

In spacecraft images, Saturn’s clouds look golden yellow/brown.
However, in 2005 the Cassini spacecraft took images of Saturn’s clouds
that appeared blue in the northern hemisphere and yellow/brown in the
southern hemisphere. These colors are thought to be because of Rayleigh’s
scattering.['%]

Like Jupiter, Saturn also has brighter and darker bands of clouds that are
changing continuously due to winds. They also have swirling storm which
appears as red, white, and brown ovals. These storms happen almost every
thirty years. Also, at the north and south pole of Saturn, there are huge cy-
clones. The one at the north pole is also covered by a hexagonal pattern. This
was first observed with an image taken by Voyager.'> Saturn’s atmosphere
always hosts storms. One of the long-lived storms which is called the Drag-
on Storm flares up from time to time in Saturn’s atmosphere.

Figure 3. NASA Photojournal (https://photojournal jpl.nasa.gov/targetFamily/
Saturn)

Magnetosphere:

Saturn’s magnetic field is much stronger than the Earth’s magnetic
field, but it is less strong than Jupiter’s. Like Jupiter’s magnetic field, the
orientation of the poles is opposite of Earth, that is if one uses a compass in
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Saturn’s magnetic field it would point south. The magnetic field of Saturn
covers a region in space which is called the magnetosphere. It is roughly
1.200.000 km from the planet which looks like a teardrop.

Like Jupiter, its magnetic polarity is opposite that of the Earth’s po-
larity, that is if one places a compass, it points south pole of Saturn.!'” The
magnetic field lines in Saturn pass from the south pole to the north pole.
Also, both Saturn’s and Jupiter’s magnetic fields are dominated by dipole
components. Saturn’s magnetic field is aligned with its rotation axis, unlike
the other planets in our Solar System.!'®!

2017 Aug 26 05:24:0%.000 (UTC)

Figure 4. NASA Photojournal (https://photojournal. jpl.nasa.gov/targetFamily/
Saturn)

Some of the moons of Saturn orbit in the edges of the magnetosphere
of Saturn. One of the most famous moons which is called Titan orbits at the
edge of the magnetosphere. It sometimes moves in and sometimes moves
out of it depending on its position.

When solar wind ions or ions from the moons follow the magnet-
ic field lines of the planet, they create auroras which are light due to the
energy of the accelerated particles. Saturn’s aurora is unique in our Solar
System. It displays both dark and bright auroras.
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Figure 5.NASA Photojournal (https://photojournal.jpl.nasa.gov/targetFamily/
Saturn)

Saturn’s Rings:

Saturn’s rings are the broadest and brightest ring system in our So-
lar System. They can be easily seen from Earth, and it is the first discov-
ered ring system. The first observations were made by Galileo in 1610,
but he failed to name them as rings. Instead, he thought that he observed
the moons of Saturn. He also described them as “’Saturn’s ears”. In 1655,
Christian Huygens was able to see a ring around the planet with a more
developed telescope.l'® In 1857, James Clark Maxwell mathematically
proved that the rings cannot be solid, but they are composed of countless
small particles, orbiting Saturn.!'”!

The diameter of the main rings is roughly 270.000 kilometers. The
outer rings may extend farther but they are fainter than the main ring. The
rings are thin, but their thickness is almost 100 meters. They consist of
small particles, mostly water ice, and dust.*” They orbit around Saturn
like its moons. With the help of radio signals, scientists can determine the
distribution of these small particles.The ring system of Saturn consists of
three groups. They are called A ring, B ring, and C ring from farthest to
closest to the planet, respectively. One can see these three main groups
with a telescope from Earth. The broadest, brightest, and thickest ring is
the B ring. A and C have lower densities than that of B. After the C ring,
there is also the D ring which is closer to Saturn. Also, F, G, and E rings
are after the A ring. From A to E, the ring system almost covers 1.000.000
kilometers.
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Encaladus Tathys

(1o Titan)

Figure 6. Saturns moons. NASA Photojournal (https.://photojournal jpl.nasa.gov/
targetFamily/Saturn)

Also, there are some gaps between the rings. One of the major gaps
is called the Cassini division which is located between A and B rings. 2!

By Voyager 1, dark radial structures in the rings are discovered which
are called the spokes.??! They are 8.000 km long and 2.000 km wide. They
develop rapidly and then disappeared. The spokes travel with the rotation
of the rings. They look dark in reflected light and bright in the scattered
light. Since Saturn’s rings are very bright one can say that they are com-
posed of fresh material that is geologically young. Since small particles in
the rings can move by magnetic forces, one can conclude that the D, E, F,
are G rings have short lifetimes.

The Moons:

Saturn has 145 moons.? In addition to this number, there are also
many moonlets in the rings. The major moons of Saturn are Mimas, Ence-
ladus, Tethys, Dione, Rhea, Titan, Hyperion, lapetus, and Phoebe, in the
order of increasing distance from the planet.?*!

Saturn’s inner moons orbit around a nearly circular path. For this rea-
son, they are called regular. Inner moons include all the major moons above
except Phoebe. The outer moons have tilted orbits and they are called ir-
regular moons. They are much farther from Saturn.

Titan is the largest moon of Saturn. It is also greater than the planet
Mercury. It is the second largest moon in our Solar System after Jupiter’s
moon Ganymede. Its atmosphere is rich in nitrogen which is similar to
that of the Earth. **) However, its atmosphere is much denser than Earth
and its surface pressure is almost 1.5 times greater than Earth’s. Titan’s
atmosphere also contains methane. This gas might play a role like water
vapor on Earth.[3!
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Figure 7. NASA Photojournal (https://photojournal.jpl.nasa.gov/targetFamily/
Saturn)

Titan was first discovered by Christian Huygens in 1655.2% Eight of
the moons of the planet were discovered with the help of optical telescopes.
After that, Tethys, Dione, Rhea, and lapetus were discovered by Cassini.
In 1789, Mimas and Enceladus were discovered by William Herschel.[?”!
Later, Hyperion was discovered in 1848.[2%

Later, additional moons were discovered with the help of spacecraft.
Voyager discovered three new satellites: Atlas, Prometheus, and Pandora
in 1980.°1 Also, the Cassini discovered three more new moons in 2004 and
observed other moons but didn’t confirm. 3%

Orbit and Rotation:

Saturn orbits around the Sun almost in 10.759 days which is equal
to 29.5 Earth years.*? Tts distance from the Sun is almost 9 astronomical
units. Also, one day takes only 10.7 hours on Saturn which is the second

closest day in our Solar System. It orbits around the Sun roughly at a speed
0f 9.69 km/s.

Like Earth’s tilted axis, Saturn’s axis is also tilted at approximately
26.73 degrees. This tilted angle proves that Saturn experiences seasons
like Earth.

Parts of the planet have different rotational rates as can be seen from
the Earth. These different rates depend on latitude. There are different rota-
tion periods in different regions of the planet.



66 * E. Nihal ERCAN

Figure 8. NASA Photojournal (https://photojournal.jpl.nasa.gov/targetFamily/
Saturn)

Theoretical Aspects

The Shape of the Globe:

The rotation of the planet causes it to have a flattened appearance. This
flattened shape is obvious even with a small telescope. It is flattened at the
poles and bulging at the equator.

This was first observed by William Herschel in 1789. He gave the
ratio of 11:10 to the equatorial to the polar diameter. Later, he made de-
tailed measurements and concluded that the planet is also flattened at the
equator like it is flattened at the poles. This gives a square-shouldered look
to Saturn.

He also observed irregularities in the shape of the ring shadow. At that
time, it is thought to be the rings were solid. And it was assumed that the
shadow irregularities were due to real irregularities in the rings. It would
be probably wrong to conclude that the rings are completely uniform, but
the irregularities couldn’t be observed from the Earth.
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Figure 9. NASA Photojournal (https://photojournal.jpl.nasa.gov/targetFamily/
Saturn)

Features of the Disc:

The disc of Saturn is not an easy subject to work on because the fea-
tures of the disc are not that common. There is also the Great White Spot
and known as Great White Oval like Jupiter’s Great Red Spot. These spots
are continuous storms that can be seen from the Earth by telescope. The
white spots on Saturn are observed to have shorter lifetimes than that of
Jupiter’s. These storms are periodic at 28.5-year intervals.

These seasonal storms on Saturn were first discovered by Cassini.
With the help of Cassini, the composition and temperature of the planet’s
atmosphere were studied. Cassini also provided information about plasma
and radio waves to the scientists. Almost every 28 years, mega-storms oc-
cur on the surface of Saturn. Cassini detected flashes in a giant storm in
2011.

Saturn’s rotational axis around the Sun is tilted like the Earth. This
effect causes the seasons to form almost each of the seasons is seven Earth
years long. Also, a 28-year storm is an annual fact for Saturn.
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The Nature of Saturn:

Early observations showed that outer planets are not like the Earth. They
are much bigger, and they don’t have a solid surface. With their gaseous sur-
faces and great size, they are thought to be miniature stars. The low surface
temperatures are thought to be explained by the miniature-sun theory.?4

Since Hydrogen is the most abundant element in the universe, it is rea-
sonable to expect that Saturn must contain a huge amount of it. Later, it is
observed that it is true. Besides the great amount of Hydrogen, it also con-
tains methane and some ammonia which are also compounds of Hydrogen.
13 Tn addition, in the miniature-sun theory, the essential characteristics are
provided: the rocky core, the ice layer, and the hydrogen-rich atmosphere.

Later another theory was proposed that the planet contains a huge
amount of Hydrogen, but it is most likely to be in liquid form. Also, even
if the core of Saturn is extremely hot, its outer layers are extremely cold.

Changing Aspects of the Rings:

The reason why the giant planets have rings is first proposed by Edu-
ard Roche. The planet and its moons are under the effect of gravitational
force. Our moon causes ocean tides by pulling opposite sides of the Earth.
These forces also affect the moon. If the moon comes so close to the planet,
these tidal forces may overcome the gravitational forces between the moon
and the planet, and the moon may form a ring. The minimum distance be-
tween the planet and its moon is called the Roche limit which is roughly
2.5 times the planet’s radius from the centre of it.?¥ That is why the giant
planets have rings.

During the observations of the Cassini spacecraft scientist concluded
that the rings of Saturn

Figure 10. NASA Photojournal (https.//photojournal.jpl.nasa.gov/targetFamily/
Saturn)
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are constantly changing. Particles in the rings are continually pushed
around each other. All these observations represent that the rings are short-
lived. Every second almost 40 tons of ice from the rings of Saturn rain
down on the planet’s atmosphere.

Discussion and Conclusion

Saturn is the second-greatest planet in the Solar System, and it is a
gas giant. It is a massive, giant planet mostly made up of hydrogen and
helium. It has dozens of satellites and rings around it. Even if it is not the
only planet that has rings in our Solar System, its ring system is the most
complex and magnificent. Its average distance from the Sun is roughly 9.5
astronomical units, that is the sunlight reaches the surface of Saturn in 80
minutes. It is almost 10 times wider than the Earth; more than 700 Earth
can fit inside it. One Saturnian day takes 10.7 hours, which is the second
shortest day in our Solar System. Also, it takes 29.5 years to orbit around
the Sun.

Saturn’s rotational axis is tilted at 26.73 degrees which causes seasons
to happen. This effect is similar to the Earth’s 23.5 tilted degree for its orbit
around the Sun.

Saturn has 83 moons. Titan, the most famous moon of Saturn, is the
only place in our solar system to have liquids in the form of lakes on its
surface.

Saturn has the most complex and magnificent ring system. They are
made of billions of ice, rock, and dust. The size of these particles is main-
ly from dust-like small particles to house-like particles. Rings may con-
tain mountain size giant particles, too. Each ring orbits at different speeds
around Saturn.

Saturn’s formation is roughly 4.5 billion years ago. Also, it is in its
current location almost 4 billion years ago. Observations about the planet,
its satellites, and its moons are made for a long time. Dragonfly is planned
spacecraft which will search for the moon of the planet, Titan. The studies
are about the possible discovery of life and investigations of habitability.

I would like to thank Zeynep Cakirogullari, one of my undergraduate
students for her help in this review.
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INTRODUCTION

Perovskite solar cells (PSCs) have emerged as a revolutionary develop-
ment in photovoltaic (PV) energy over the past decade. Using materials with
a perovskite structure in the active layer offers potential cost and efficiency
benefits over traditional silicon-based solar cells (Kojima et al., 2009). De-
fined by a common chemical formula ABX,, where A and B are metal or
metalloid ions and X is typically an oxygen or halogen ion, perovskites are
favored in solar cells for their optoelectronic properties (Kojima et al., 2009).
Under lab conditions, PSCs have achieved conversion efficiencies nearing
26.1% (NREL, 2023). One significant benefit associated with perovskites
is their capacity to undergo processing at low temperatures, hence leading
to a reduction in production expenses. Additionally, PSCs can be printed on
flexible substrates, paving the way for flexible PV panels. However, PSCs
face challenges, including sensitivity to moisture, heat, and UV light. Some
perovskites also contain lead, raising environmental concerns. In essence,
while PSCs offer transformative potential for PV energy, their commercial
success hinges on overcoming these challenges.

The scientific community has shown keen interest in the optoelectron-
ic properties of methylammonium lead iodide (MAPbDI,) perovskites (Sha-
rif et al., 2023; Celik, 2023). These hybrid organic-inorganic compounds
are ideal for photovoltaic devices and other optoelectronic applications.
Factors like substrate composition can influence the development of per-
ovskite crystals (Olthof and Meerholz, 2017). MAPbI3-based perovskites
have shown promise in photodetection and have been integrated into elec-
trical circuits (Soriano et al., 2023). However, concerns about their stabil-
ity in ambient conditions persist. Various attempts have been undertaken
to enhance stability and efficiency, including the development of 2D/3D
heterostructured films (Hu et al., 2018). Despite their advantages, chal-
lenges remain in ensuring their long-term stability and optimizing device
performance.

Efforts to enhance the efficiency of MAPbI -based PSCs have been nu-
merous (Moyez and Roy, 2018; Jamal et al., 2019). Yet, stability concerns,
especially regarding moisture sensitivity and degradation, persist (Jena et
al., 2019). Formamidinium lead tri-iodide (FAPbI,) offers better thermal
stability and an energy band gap conducive to efficient solar absorption.
A significant challenge with MAPbL, is its phase transition around 56°C,
problematic since solar cells often operate at temperatures up to 85°C. This
transition can alter its photovoltaic efficiency. Consequently, researchers
are exploring alternatives like FAPDI,, which offers better stability and
doesn’t exhibit this phase transition. Other potential replacements include
ammonium ions (NH,"), Cs" ions, and Rb" ions, making CsPbl, and RbPbl,
relevant to this discussion.
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Perovskite materials hold promise across optoelectronics, photonics,
and energy sectors. The APbI, perovskites, where A can be MA", FA",
NH,’, Cs’, or Rb", are particularly intriguing due to their efficiency, af-
fordability, and superior electrical properties. To fully understand these
materials, a robust theoretical framework is essential. The problem at hand
can be addressed through the utilization of the Density Functional Theory
(DFT) framework. This chapter aims to delve into the electrical and struc-
tural attributes of APbI, perovskites using DFT, focusing on how different
A cations influence these properties and comparing the resulting changes.
Through this, I hope to deepen understanding and spur further develop-
ment of perovskite materials.

METHODS

The computational calculations in this study were conducted using the
CASTEP software (Clark et al., 2005). CASTEP is a computational soft-
ware tool that utilizes ab initio quantum mechanical methods, specifically
density functional theory (DFT), to investigate the electronic structure and
predict physical properties of materials in materials science research. The
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional, a variant
of the generalized gradient approximation (GGA), was employed across
all calculations. The BFGS minimization strategy was utilized to optimize
the crystal structures of APbl,, where ‘A’ symbolizes MA", FA", NH,
Cs*, or Rb" (Pfrommer et al., 1997). The kinetic energy cutoff value used
in the calculations is 490 eV for compounds containing MA”", FA*, NH4"
and 250 eV for compounds containing Cs* and Rb*. The Monkhorst-Pack
k-point grid used to sample the Brillouin zone is 6x6x6 (Monkhorst and
Pack, 1976). Convergence thresholds were set at 1.0x10° eV for energy
and 0.05 eV/A for forces. The electronic band structures of the optimized
structures were determined by evaluating along high-symmetry k-points
within the Brillouin zone. To facilitate a more comprehensive exploration
of the electrical characteristics of the materials, a more precise the densi-
ty of states (DOS) calculation was performed by employing a 13x13x13
k-point grid, thereby ensuring a higher level of accuracy. Norm-conserving
pseudopotentials were employed for all chemical elements. The Tkatch-
enko-Scheffler approach was integrated into the calculations to accurately
account for the van der Waals interactions within the system, providing a
semi-empirical dispersion correction (McNellis et al., 2009; Tkatchenko
and Scheffler, 2009).
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RESULT AND DISCUSSION

MAPbI, Compound

The optimized structure of the MAPbI, perovskite structure is shown
in Figure 1. The starting structure used in the calculations is cubic. The
cubic structure was slightly distorted due to the effect of the relatively
large MA™ cation in the optimized structure. On the side of the molecule
where the H ions are bonded to the N ion, the I ions moved towards the
molecule, leaving the Pb-I-Pb line under the influence of the molecule.
The calculated lattice parameters are 6.38 A, 6.34 A and 6.37 A for lattice
parameters a, b and ¢, respectively. The angles between the lattice vectors
are calculated as approximately 90 degrees. The room temperature phase
of MAPbI, is generally known as the tetragonal perovskite phase (Ong et
al., 2015). However, an important point to note is that the phase stability
of this material is quite sensitive to temperature, humidity and other envi-
ronmental factors. In experimental study, the reported lattice parameter for
the cubic phase of MAPbI, is approximately 6.30 A. (Bonomi et al., 2020).
However, it’s important to note that this value can vary slightly in different
studies. In comparison to the estimated values, the experimental and theo-
retical values exhibit a notable degree of proximity.

Figure 1: Optimized MAPbI, compound.
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Figure 3: Electronic band structure obtained for MAPDI,.

Density of states (DOS) patterns and band structure were obtained to
examine the electronic structure. The DOS pattern depicted in Figure 2 is
presented. In the valence bands, the energy levels of the I ion are dominant.
Although there is a contribution from Pb ions at the valence band edge,
it is weak compared to I ions. The energy levels of the MA* organic cat-
ion are below the valence band maximum (VBM). In the conduction band
minimum (CBM), the energy levels of Pb ions are more dominant than the
Iion. Like VBM, CBM consists of Pb-I hybrid energy levels. The energy
levels of the MA™ organic cation are situated higher than the CBM. Figure
3 shows the resulting band structure. MAPDI, has a semiconductor char-
acter. The lowest band gap occurs at the R symmetry point. The band gap
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value here is approximately 1.59 eV. The value obtained from this study
closely approximates the experimental value of around 1.61 eV (Yamada et
al., 2014). The lowest band gap is around the symmetry point R and the na-
ture of the transition is direct. However, the manner in which the transition
occurs might be either direct or indirect, contingent upon the molecule’s
location (Celik, 2023).

FAPbI, Compound

The FAPbI, undergoes a phase transition between the a-phase and
o-phase. The a-phase is the photoactive form, while the o-phase is a
non-perovskite form that forms at low temperatures. Considerable efforts
have been undertaken to achieve the stabilization of the a-phase of FAP-
bl, at ambient conditions (Han et al., 2016). The alpha phase is the cubic
phase and the lattice parameters value is about 6.36 A (Weller et al., 2015).
Nevertheless, the findings derived from the computations conducted in this
investigation indicate that there exist modest variations in the lattice pa-
rameters. Figure 4 depicts the optimized structure derived for FAPbL,. The
values for the lattice parameters a, b, and ¢ that were determined by the
calculations were, respectively, 6.52, 6.34, and 6.37 A. Due to the size of
the FA™ cation molecule, an elongation occurred in the lattice parameter
a. Apart from this, the calculated values of b and c lattice parameters are
highly close to the experimental value.

Figure 4: Optimized FAPbI, compound.
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Figure 6: Electronic band structure obtained for FAPbI

The Figure 5 shows the DOS pattern obtained from the calculations.
In the valence band, I ion energy levels dominate. The VBM is comprised
of hybrid energy levels involving the interaction between Pb and I ions.
The energy levels of the FA* cation remain below VBM. Pb energy levels
dominate at the the conduction band edge. A peak dominated by the FA*
cation occurs approximately 1 eV above the CBM. Figure 6 illustrates the
electronic band structure of FAPbIL,. The lowest band gap occurs around
the R symmetry point. The calculated band gap is 1.47 eV. The optical
analysis of FAPDI, thin films revealed that experimental band gap is in the
range from 1.55 to 1.57 eV (Mari-Guaita et al., 2021). The calculated value
is close to experimental values.
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NH,PbI, Compound

The initial structure of NH,Pbl, used in the calculations is cubic. The
optimized structure is depicted in Figure 7. The value of the calculated
lattice constant is approximately 6.29 A. During the optimization process,
the angles of the lattice vectors differed from their initial values of 90 de-
grees. The values of B, o and y angles were calculated as approximately 84,
94 and 86 degrees, respectively. The NH," cation molecule was initially
positioned near the middle of the inorganic lattice, attracted the I ions on
the side found by the three closest hydrogens bound to the N ion during
the optimization process, causing the I ions to move towards the molecule
from the Pb-I-Pb direction. The likely explanation for this situation is the
presence of a greater number of H-I hydrogen bonds on one side compared
to the other. The aforementioned circumstance significantly influences the
degradation of the cubic configuration.

Figure 7: Optimized NH Pbl, compound.
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Figure 8: The partial and total DOS patterns were acquired for the NH Pbl
compound.
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Figure 9: Electronic band structure obtained for NH Pbl .

The electronic properties of materials primarily stem from their elec-
tronic structures. An in-depth analysis for NH,Pbl, provides significant
insights into its electronic behavior, as presented in the DOS model in
Figure 8. The valence band is predominantly shaped by the electron en-
ergy levels of I ions. As commonly observed in other similar structures,
the VBM prominently includes hybrid energy levels arising from the Pb-I
bond where Pb energy levels dominate. This hybridization may play a cru-
cial role in enhancing the charge transfer capabilities of the material. The
role of the NH," molecule is noteworthy. Its energy levels are positioned
below the VBM, suggesting that NH,” may not directly participate in the
material’s primary charge transport processes but might be necessary for
other structural or stability reasons. Shifting our focus to the CBM, we can
see it is primarily composed of Pb-I energy levels. Energy states associated
with Pb dominate this region. This dominance might have implications on
the material’s conductivity properties and its response to external stimuli,
like light. The energy level of the NH," cation is found above the CBM,
hinting at its potential active participation in some high-energy processes.
The electronic band structure of NH,Pbl, is displayed in Figure 9. One
of the key observations is the location of the Fermi energy level; it is lo-
cated above the VBM. This positioning underscores the semiconducting
character of the material, which is fundamental for potential applications
in devices like solar cells or photodetectors. A significant attribute of any
semiconductor material is its band gap, which determines most of its op-
toelectronic properties. The smallest band gap for NH,PbI, has been iden-
tified near the R symmetry point. With a calculated value of 1.38 eV, this
band gap can make NH Pbl, suitable for specific applications, especially in
cases where this energy range is critical for device performance.
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CsPbl, Compound

Cesium lead iodide, commonly represented as CsPbl,, belongs to the
category of halide perovskites, a family of materials that has attracted con-
siderable interest among researchers due to its promising applications in
the field of photovoltaics. The compound CsPbl, exhibits distinct phase
transitions in response to variations in temperature and humidity levels.
The a-phase, characterized by a cubic structure, is highly favored for so-
lar cell applications at standard room temperature. This preference stems
from the possession of a direct bandgap and a notably high absorption
coefficient. However, this phase is metastable at room temperature and can
transition to the yellow d-phase, which has an orthorhombic structure and
is not suitable for photovoltaic applications. Efforts are ongoing in the re-
search community to stabilize the black a-phase at ambient conditions. For
this reason, the initial structures of CsPbl, used in this section are cubic.

Figure 10: Optimized CsPbl, compound.

The optimized structure, as depicted in Figure 10, retains its cubic
form with lattice parameters measuring approximately 6.30 A. Experi-
mental measurements have reported lattice parameter values close to this,
around 6.29 A (Trots and Myagkota, 2008). This close alignment between
computational and experimental findings underscores the correctness of
the modeling techniques used. Compared to organic-inorganic hybrid per-
ovskites like MAPbI,, CsPbl, offers better thermal and air stability. How-
ever, like other perovskites, CsPbl, is sensitive to moisture. For this reason,
the use of shielding measures, such as encapsulation, is crucial in the man-
ufacturing of devices to ensure their longevity and maximum performance.
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Electronic band structure obtained for CsPbl.,
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The DOS for CsPbl, is presented in Figure 11. The valence band pre-
dominantly features Pb-I hybrid energy levels, with I ions playing a signif-
icant role. On the other hand, the conduction band is mostly distinguished
by energy levels that originate from Pb ions. The Cs ion energy levels are
found below the VBM and above the CBM. The electronic band structure,
shown in Figure 12, reveals a direct bandgap. While the calculations made
in this study suggest a bandgap of 1.35 eV, experimental measurements
typically report values closer to 1.73 eV for CsPbl, (Beal et al., 2016). The
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determined band gap value exhibits a discrepancy with the observed exper-
imental value. This larger bandgap in the experimental findings means that
CsPbl, may absorb light up to approximately 700 nm, rendering it a very
viable candidate for utilization in solar cell technologies. The disparity be-
tween computed and experimental bandgap values is a recognized obstacle
in the area of computational materials science, which can be ascribed to
several variables, including the inherent constraints of density functional
theory (DFT) in accurately forecasting band gaps.

RbPbI, Compound

RbPbL,, or rubidium lead iodide, is a member of the halide perovskite
family. Like its counterpart CsPbl,, RbPbl, has shown potential for pho-
tovoltaic applications due to its favorable electronic properties. The initial
structure of RbPbI, considered in this study is cubic, similar to that of CsP-
bl,. The optimized structure, depicted in Figure 13, retains its cubic form.
The calculated lattice parameters for RbPbl, measure approximately 6.32
A. Given the ionic radii of Cs* and Rb" ions, it’s noteworthy that Rb* has
a slightly smaller ionic radius than Cs*. In contrast to initial expectations
based on the smaller size of Rb* ions, it is seen that the lattice parameter of
RbPbI, is slightly bigger than that of CsPbl,, with a difference of around
0.02 A. This suggests a slight elongation in the lattice structure of RbPbI,
compared to CsPblL..

1 PR

g e

Figure 13: Optimized RbPbI, compound.



Academic Studies in Science and Mathematics- 2023 October

I v I

— Total DOS
— Rb
Pb

1 2 3
Energy (eV)

Figure 14: The partial and total DOS patterns were acquired for the RbPbI,

compound.
6
4k
— 2t
J
= oF 4
o
2 = /é\_
BV /_%
-4 ]
-6
r x ™ r R X

Figure 15: Electronic band structure obtained for RbPbI .

The Density of States (DOS) for RbPbl, is presented in Figure 14. The
energy levels of the I ion predominantly occupy the valence band, similar
to other perovskite structures. The VBM is characterized by Pb-I hybrid
energy levels, with a pronounced contribution from I ions. Energy levels
associated with the Rb" ion are positioned below the VBM. The conduc-
tion band, on the other hand, is primarily formed by Pb-I hybrid energy
levels, with Pb ions playing a dominant role. The energy levels of the Rb*
ion are found above the CBM. The electronic band structure of RbPbl, is
illustrated in Figure 15. The band gap is direct and is identified around the
R symmetry point, with a calculated value of 1.37 eV. This band gap is
slightly larger than that of CsPbl,, but the difference is minimal, suggesting
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that both materials have similar optical properties and potential for photo-
voltaic applications.
Comparison of Compound

The Goldschmidt Tolerance Factor plays a crucial role in the study
of crystalline materials, particularly in perovskite structures. It provides a
geometric metric to predict the stability of perovskite configurations based
on the ionic radii of its constituents. Given by the formula:

r oy
V205 +13)

Where:

T4 represents the ionic radius of the A-site cation.

+ T8 is the ionic radius of the B-site cation.

+ Tx is the ionic radius of the anion.

The key ionic radii and their respective values in pm are:
o Tuya+ =217 pm

o Tpat =233 pm

o Te+ =167 pm

e Tyt =152pm

[ ]

rygy = 148 pm

The derived values indicate:

e A value around 1 is indicative of a likely stable cubic perovskite
structure.

e Between 0.8 and 1.0, distorted perovskite structures may form.

e Values significantly outside this range suggest instability.

Table 1 shows calculated tolerance factors. Based on the tolerance fac-
tors, MAPbIL, and FAPbI, seem inclined towards a stable perovskite struc-
ture. Notably, FAPbIL, closely approaches the upper limit, emphasizing its
potential for optimal perovskite formation-ideal for applications such as
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solar cells. Conversely, the tolerance factor of CsPbl, is close to the lower
bound. The values of RbPbl, and NH,PblI, fall outside the optimal range,
indicating potential instability. In particular, the tolerance factor of NH,P-
bl, raises concerns regarding its compatibility with the perovskite struc-
ture.

Upon examination of Table 2, it becomes apparent that the tolerance
factor exhibits a correlation with the structural characteristics derived from
the computations. The tolerance factors of FAPbI,, MAPbI, and CsPbl,
structures are in the range of 0.8-1, showing that these structures can form
the perovskite structure. As I mentioned before, a tolerance factor close to
1 indicates the formation of a cubic perovskite structure. However, since
the FA™ molecule does not have equal dimensions in all directions and
is longer in one direction, the a lattice parameter is longer than the other
lattice parameters. This situation disrupts the cubic structure slightly. A
similar situation applies to the MA™ molecule, although it is not as large
as FA™. CsPbl, is cubic with a Cs™ ion at its center. However, interestingly,
although the tolerance factor of RbPbl, is outside the range of 0.8-1, the
structure is cubic. This may be due to the fact that it has an ion-centered
structure like the CsPbl, structure.

Table 1: Tolerance factors for various perovskite compounds

Compound Goldschmidt Tolerance Factor ()
FAPbI, 0.9866
MAPbDI, 0.9115
CsPbl, 0.8072
RbPbI, 0.7760
NH,Pbl 0.7676

Table 2: Lattice parameters (a,b,c), angles between lattice vectors (o, f, y) and
energy band gaps (E g) of compounds containing different cations. The units of
length, angle and band gap are A, degree and eV respectively.

Compound a b c o [ v E

FAPbI 6.52 6.34 6.37 90 90 90 1.47
MAPbi3 6.38 6.34 6.37 90 90 90 1.59
CsPbl 6.30 6.30 6.30 90 90 90 1.35
Rbelj3 6.32 6.32 6.32 90 90 90 1.47
NH_Pbl, 6.29 6.29 6.29 94 84 86 1.38

The tolerance factor of the NH,Pbl, structure is below 0.8, like Rb-
Pbl,. However, due to the fact that NH," is structurally different from the
Rb" ion, its ionic diameter is small, and the effect of hydrogen bonds, the
angles between the lattice vectors could not maintain 90 degrees during
the optimization process of the structure. This result is compatible with
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the tolerance factor value. This indicates that NH,Pbl, is unlikely to form
a perovskite structure.

As mentioned at the beginning of the chapter, the starting structures
used in this study are cubic. In these optimized structures, the roles of Pb
and I ions in the valence band and conduction band are similar. Although
the A™ cations change in the structures, the energy levels of the A* cations
occur below the VBM and above the CBM. Accordingly, it can be said
that the effects of A* cations on the electronic structure are indirect. As can
be seen when Table 2 is examined, the calculated band gap values are not
proportional to the radius of the A* cation. It is mostly related to how the
A" cations shapes the Pb-I cage.

CONCLUSIONS

The study explored various halide perovskite structures, focusing on
MAPbDI,, FAPbIL,, CsPbl,, RbPbl,, and NH, Pbl,. The optimized structures,
electronic properties, and structural stability of these materials were criti-
cally examined. The role of the A-site cation in the structure, especially its
size and geometry, was evident in determining the final optimized lattice
parameters. Larger cations like MA™ and FA™ led to slight distortions from
the ideal cubic structure. In contrast, Cs* and Rb* formed nearly perfect cu-
bic structures, with the surprising observation that RbPbl, retained a cubic
structure despite having a tolerance factor outside the typically accepted
range. The NH,Pbl, structure, with its unique molecular geometry and hy-
drogen bonding capabilities, diverged significantly from the cubic form.

In the electronic properties domain, it was observed that while the
A-site cation introduced different energy levels, the principal electronic
characteristics (like the primary contributors to the valence and conduction
bands) remained largely consistent across the different materials. The A*
cations’ energy levels were consistently found below the VBM and above
the CBM, suggesting an indirect influence on the electronic structure.

The Goldschmidt Tolerance Factor provided a valuable metric to
gauge the structural stability of the perovskites. As anticipated, values
close to 1 favored a stable cubic structure, while values significantly de-
viating from this range indicated potential instability. This was especially
evident in NH,Pbl,, which demonstrated a clear departure from the cubic
form, in line with its tolerance factor.

In conclusion, the inherent properties of the A-site cation in halide
perovskites play a pivotal role in dictating both the electronic and structur-
al properties of the material. While the study illuminated several interest-
ing relationships and behaviors across the different perovskite materials,
it also underscored the complexity and multifaceted nature of these com-
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pounds. The insights gained can be invaluable in designing and optimizing
perovskite materials for specific applications, especially in the burgeoning
field of solar cell technology.
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Introduction

Myxomycetes are known as true slime molds, plasmodial slime molds
or Myxogastrea. Myxomycetes are multinuclear single-celled organisms
that can produce one or more spores (Stephenson & Stempen, 1994). Myx-
ogastrea fruitbodies could develop spontaneously in the nature. Further-
more, especially after identification with the moist chamber technique,
they could be detected especially on plant surfaces (Harkénen & Ukkola,
2000). Myxomycetes can be found on different substrata such as living
and dead plants and animals on the forest floor and in the canopy on bark
of living trees and vines. Myxogastrea species are abundant in cool, moist
and shaded areas such as rotten tree trunks, branches, alive or dead bark,
decayed fruit or fruit scraps, decayed leaves and leaf debris. Myxomy-
cetes are thus often considered “microbial predators” (Keller et al., 2008).
Myxomycetes live in the environment by feeding on other microorgan-
isms (bacteria, yeasts, fungus hyphae, blue-green bacteria and green algae)
(Farr, 1981; Ziimre et al., 2019).

The number of known Myxomycetes species is 1098 taxa globally
(Lado, 2023). 309 taxa were identified in Turkey (Ergiil et al., 2005a; Ergiil
et al., 2005b; Ergiil et al., 2011; Ocak and Konuk, 2018; Baba et al., 2018;
Baba and Sevindik, 2018; Baba and Sevindik, 2019; Baba and Atay, 2019;
Baba et al., 2019; Baba and Sevindik, 2020a; Baba et al., 2020a; Baba
et al., 2020b; Baba, 2021; Baba and Sevindik, 2021; Baba et al., 2021a;
Baba et al., 2021b; Baba et al., 2021c; Baba and Sevindik, 2022a, Baba
and Sevindik, 2022b, Baysal and Eroglu, 2022; Eroglu, 2021; Baba and
Sevindik, 2023).

Myxomycetes are fungi-like organisms that are very common in ter-
restrial ecosystems. The fascinating protists; myxomycetes life cycle is il-
lustrated in detail, including trophic stages (myxamoebae, swarm cells and
plasmodia), and dormant stages (spores, microcysts, sclerotia, and fruiting
bodies) (Keller et al., 2008). The fruiting body contains the spores and
serves as the reproductive unit of the myxomycete life cycle. Spores are a
dormant stage, usually visible as a powdery mass, disseminated by wind,
and less often by insects, raindrops, or through hygroscopic and drying
action of capillitial threads. Individual spores range in size from 5 to 20
pum in diameter. Spores germinate and produce one of two types of sexual
gametes, myxamoebae or swarm cells. The myxamoeba is amorphous, di-
vides by mitosis and gives rise to a population of cells capable of changing
shape as they move across the substratum feeding on bacteria and other mi-
croorganisms. Swarm cells do not divide by mitosis and have two unequal,
whiplash flagella attached at the anterior end that result in a distinctive
corkscrew, rotating, or gyrating swimming movement (Keller et al., 2008).
Unfavorable environmental conditions, such as desiccation or lack of nu-
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trients, often result in the conversion of myxamoebae, and possibly swarm
cells, into a dormant stage called a microcyst. Fusion of haploid gametes
results in a diploid zygote, creating a large, multinucleate slime stage
called a plasmodium. This amorphous, protoplasmic mass is surrounded
by a cell membrane and gives the myxomycetes their common name, the
“true or plasmodial slime molds”. When favorable conditions plasmodium
crawls out, continues feeding, matures, and then produces fruiting bodies.
The plasmodial stage gradually forms mature fruiting bodies over a 24- to
48-hour period or sometimes longer in the case of larger sporophores.

Plasmodium formation and subsequent haploid chromosome num-
ber spores include one or more fructification. Plasmodium is formed by
germination of spores. In the sporulation phase, these organisms form a
distinctly formed spore mass within the membranous spore sac secreted
by the protoplasm. The spore sacs also contain a system of non-cellular,
mostly free or reticulated yarns capillitium or pseudocapillitium. Some
groups have systematically important characteristic lime deposits inside,
outside, or both places in the spore sac. Some species are very common,
while others live in certain habitats. Myxomycetes are sensitive to light,
moisture and temperature as well as the property of the substrate on which
they develop. Mycetozoa members are abundant in cool, damp and shady
environments such as decaying stumps, branches, live or dead tree bark,
rotten fruit or fruit residues, dead leaves and leaf debris. In addition, some
organic materials were collected as exceptional from herbivorous animal
feces and rocks. By collecting materials that may contain spores and plas-
modium from the natural environment, sporophore development is provid-
ed by the Moist chamber technique in the laboratory. The fruiting bodies
of myxomycetes can occur anywhere under optimum conditions (proper
humidity, heat and sufficient rotting organic matter). Many myxomycetes
species have small fruit stems and it is only a few millimeters in diameter.
Myxomycetes have four fruiting body forms or types, sporangium, plas-
modiocarp, aethalium and pseudoaethalium. The most common fruiting
body forms are a stalked sporangium (Sevindik and Akgiil, 2019).

The mature fruiting body is the life cycle stage used to identify a
myxomycete to species. It is primarily the combination of morphologi-
cal characters inside the fruiting body such as the columella, capillitium,
and spores (ornamentation, size, and color in mass), which are important
in myxomycete classification and used in keys to different taxa (Martin
and Alexopoulos, 1969). Fruiting bodies are based on the presence or ab-
sence of a peridium, calyculus, capillitium, pseudocapillitium, columella,
pseudocolumella, stalk and hypothallus (Figure 1). Fruiting bodies are usu-
ally composed of 6 parts: hypothallus, stalk, columella, peridium, capilli-
tium and spores. In some fruiting bodies a pseudocolumella or a pseudo-
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capillitium may be present. Not all of these components are present in all
fruiting body types.

Peridium «——

Figure 1. Fruiting bodies of a Myxomycetes (from Garcia-Cunchillos et al.,
2022)

A stalk may or may not be present as part of all sporangium. The pri-
mary function of the stalk is to support and elevate the spores above the
substratum, protecting the sporangium from excessive moisture, and also
aiding in the dissemination of the dry, powdery spore mass. The stalk may
be useful in identifying myxomycetes such as in the Physarales where the
stalk contains CaCO3 and in the Stemonitales where the stalk is either hol-
low or filled with fibrous strands. The hypothallus is found at the base of
the stalk and may be transparent or opaque (Gray and Alexopoulos, 1968;
Martin and Alexopoulos, 1969; Stephenson and Stempen 1994; Keller and
Braun, 1999; Keller et al., 2008).

Material and methods

Myxomycetes are obtains by collected from the natural environment or
obtained in the laboratory using by moist chamber technique. Natural myx-
omycete samples were collected from natural area, similar to macrofungi.
For moist chamber technique different substrates; woods, barks, leaf, debris,
organic plants and animal material samples were transported to the labora-
tory in small carton boxes. Furthermore, after the field studies, myxomycete
fructifications were obtained from the moist chamber culture in laboratory.
For moist chamber culture; live or dead plant materials (forest floor litter,
aerial litter, wood and bark from living or dead trees) were obtained at a
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number of localities. Moist chambers cultures consisted of disposable plastic
petri dishes lined with filter paper. The sample material in each dish was
moistened with distilled water. After a period of approximately 24 -48 hours
(in summer 48 hours, in winter 24 hours), excess water in each dish was
removed. Cultures were kept at room temperature (24°C) in diffuse daylight.
Examined with a stereomicroscope on a regular basis for a period of up to
two months in order to detect plasmodia or fruiting bodies. When necessary,
a small amount of water was added to each culture to maintain moist con-
ditions. The moist chamber with the developing myxomycete samples was
allowed to dry and the myxomycetes were dried for one week (Baba et al.,
2021b). Myxomycete plasmodia or fruiting bodies were noted and record-
ed. Each time the cultures were checked. All fruiting bodies were removed.
Air-dried and glued in small pasteboard boxes for permanent storage. The
samples were photographed and identified.

The samples were identified under stereomicroscope and light mi-
croscopy. General structure, plasmodium type, fructification type, shape,
colour, macroscopic measurements, the presence or absence of stalk, lime
or the color and shape of the samples were examined with the stereomi-
croscope. In light microscopy, the capillitium, spore, shape, color, size,
ornamentation, branching shape, features was observed. Samples were ar-
ranged as fungarium material and kept in the Biology Department’s labo-
ratory of Hatay Mustafa Kemal University Hatay-Turkey.

Results and discussion

The Myxomycetes are typically divided into six orders Ceratiomyx-
ales, Echinosteliales, Liceales, Trichiales, Physarales and Stemonitales
(Schnittler & Spiegel 2012). Stalk structure shows different characteris-
tics in different taxonomic groups. As there are sessile groups and stalked
groups, in some groups both sessile and stalked species, sometimes with
short and long stalk structures, can be found in the same group.

The Ceratiomyxales (consist of 1 Family Ceratiomyxaceae) produce their
spores on the exterior of the sporophore (exosporous) and differs consider-
ably from the other types which are endosporous. In this type Ceratiomyxa J.
Schrét. the sporophore consists of a matrix of highly vacuolated amorphous
material that forms simple pillar-like to coralloid structures upon which the
individually stalked spores are borne (Figure 2). In some Ceratiomyxa large
colonies of stalked, 2.5—4 mm high fructifications cover often several square
metres of large, decaying logs. In Ceratiomyxa fruticulosa (O.F. Miill.) T.
Macbr. the plasmodium moves to the surface of its substrate to forms a matrix,
consisting of highly vacuolated amorphous material that dries to form the basic
structure of the sporophore, which is considered, by some, to be homologous
to the hypothallus of other species (Clark and Haskins, 2014).
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Figure 2. Exosporous sporophores of Ceratiomyxa fruticulosa

Stipes are apparently ancestral traits in the myxomycetes they would be
especially useful in spore dispersal in these minute sporocarps (Clark and
Haskins, 2014). The stipe in the Echinosteliales (consist of 2 Family Clasto-
dermataceae and Echinosteliaceae) is a smooth hollow tube stuffed with
granular debris in the lower region, and it is composed of fibrillar elements
that start in the small hypothallic region and extend into the sporotheca as
a generally solid columella (Clark and Haskins, 2014). Stalk in Echinosteli-
um de Bary (Echinostelium minutum de Bary), 120-150 um long, in trans-
mitted light white, yellow to pale ochraceous in the lower section, colourless
and translucent under the microscope, filled with a few dirt granules in the
lower third, about two thirds of length filled with darker granules, diameter
10-15 um on base, tapering to 2.5-3.5 um on top (Figure 3).

Figure 3. Stalk and capillitium of Echinostelium minutum

Clastoderma debaryanum A. Blytt stalk is erect or sometimes bent,
oval swelling about % up, black and granular below the swelling, thin
above swelling (Figure 4). Stalk brownish, filled with granular materi-
al bellow, translucent and tapering abruptly upwards after a droplet-like
swelling. In Barbeyella Meyl. stalk 66% of total height, reddish brown and
transparent at the base, black and opaque at the apex, tubular, stuffed near
the base with refuse matter, tapered upwards.
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Figure 4. Stalk of Clastoderma debaryanum

In the Liceales (consist of 4 Family Cribrariaceae, Dictydiaethaliace-
ae, Liceaceae, Reticulariaceae), the three families apparently vary consid-
erable in terms of the presence and morphology of the stalk. All species of
Cribrariaceae are stipitate (Figure 5), although Lindbladia tubulina Fr. is
generally a sessile, aethalium with occasional vestigial stipes (Figure 6a).
The Cribraria Pers. species have different stipes, although some speci-
mens may appear sessile. The stipe which has a small hypothallus and gen-
erally lacks a columella, is usually slender, dark, somewhat furrowed and
continuous with the peridium and its surface net (Fiore-Donno et al. 2005),
having more coppery brown sporothecae with a deeper, more urn-shaped
calyculus comprising half of the height of the sporothecae and relatively
longer stalks. Stalk dark brown or nearly black, slender, furrowed, 0.6-1.8
mm. long, shiny purple-brown, under transmitted light translucent-opaque
red-brown, fibrous.

Figure 5. Stalk of Cribraria.

Dictydiaethaliaceae family has 1 genus Dictydiaethalium Rostaf. Dic-
tydiaethalium plumbeum (Schumach.) Rostaf. fruiting bodies pseudoae-
thalium and sporocarps sessile concrescent to coalescent, closely compact-
ed in a palisade layer, cylindrical (Figure 6b).
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Figure 6a. Stalk of Lindbladia tubulina  Figure 6b. Stalk of Dictydiaethalium
plumbeum

Liceaceae generally have small sessile sporangia with occasional
constricted bases or distinct stipes. The stipe, when present, appears to be
continuous with the peridium and contains amorphous materials, and thus
may have a developmental system similar to that found in the Trichiales
(Wrigley de Basanta & Lado 2005; Clark and Haskins, 2014). Reaching
just over two-thirds of the diameter of the entire sporotheca, the hypothal-
lus forms a stalk-like structure. Licea Schrad. sporotheca (40) 60—80 pm
in diameter, almost spheroid. It is on a thick extension of the hypothallus,
sometimes sessile, 40—45 pm at the base and 35-40 um wide above, on a
stalk-like structure (Figure 7). Stalk dull, dark, nearly black, grooved, con-
taining refuse matter, up to 33% of the total height, 20-30 pm diam., with a
membranous, ochraceous wall, closed above, filled with particles.

»
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Figure 7. Stalk of Licea

Reticulariaceae family has a stipe in genera Alwisia Berk. & Broome
and Tubifera J.F. Gmel. Tubifera ferruginosa (Batsch) J.F. Gmel. stipe is
united into small groups or pseudoaethalial clusters. These stalks are also
continuous with the peridium and may also be similar to the Trichiales.
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Tubifera ferruginosa pseudoaethalium, sessile or borne upon a spongy, sul-
cate, often stalk-like hypothallus, 2-6 mm tall (Figure 8). Alwisia Berk. &
Broome stalks cylindrical, rugose, furrowed, 2.5 mm high, 0.15 mm wide,
adhering in clusters of 4-12, brownish-purple, orange-red and translucent.
Stalks erect, ochraceous brown, dark rust-brown in the upper portion, thin,
sinuous, irregularly gyrose, free, interlaced or partially fused with one an-
other, forming an irregular tuft with free sporothecae at the top. Individual
stalks may fuse and then separate again several times throughout its length.

Figure 8. Stalks of Tubifera ferruginosa; united into small groups

Order Trichiales; (composed of 4 families Arcyriaceae, Dianemata-
ceae, Minakatellaceae and Trichiaceae) when the stipe is present it never
has a columella and the stalk tube often expands into a cup-shaped peridial
calyculus. This order apparently has a general system of lower hypothalic
development, in which the outer stalk wall continues with the peridium.

Family Arcyriaceae stalk is filled with spore-like cells, has much
smaller sporocarps on longer stalks that reach 1-1.5 times the length of
the almost spherical sporotheca. Arcyria F.H. Wigg. stalks very different
in length and slender: 0.4-1.5 mm long, (18-) 23-55 (100) pm wide at the
base and on top 50-70 pm wide, roughly the same diameter on top (Figure
9). Stalk often twisted, arising from a very small, disk-like hypothallus, the
whole lumen densely filled with spore-like cells, these often deformed by
mutual pressure, globose to ellipsoid and (9-)15-20 (23) pm diam. Stalks
gradually merging into the calyculus, the latter concolorous with the spo-
rotheca colour, slender, black. The genus Arcyria, which can be defined by
mostly stalked sporocarps with “cellulate” stalks and a netforming capil-
littum without spiral bands. Arcyriatella Hochg. & Gottsb. stalk 3-6 mm
long, 1-1.5 mm in diameter, robust, orange gray, formed by several strands,
which emerge from the hypothallus and continued as veins on the base of
the aethalium. Perichaena Fr. stalk when present, erect, cylindrical, stout,
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blackened, dark brown to black, more rarely white, with calcium deposits,
roughened, stuffed with granular matter, 0.1-0.7 mm long.

Figiire 9. Stalk of Arcyria

Family Trichiaceae sometimes sessile. Stalk more or less elongated,
usually resting on a hypothallus, showing the typical opaque stalk. Hemi-
trichia Rostaf. stalk when present, ochraceous, up to 0.3 mm tall, filled
with spore-like cells (Figure 10a). Metatrichia Ing stalk cylindrical hollow,
compressed laterally, longitudinally grooved, 1.6-2.1 mm long, 0.08-0.2
mm wide, dark brown toward the apex dark red to black, red (Figure 10b).

Figure 10a. Stalk of Hemitrichia Figure 10b. Stalk of Metatrichia

Oligonema Rostaf. stalk weak, flattened, longitudinally grooved,
0.8-1.2 mm long, 0.1-0.15 mm wide, yellow. Prototrichia Rostaf. sporo-
carps sessile on a constricted base or less commonly short-stalked, rarely
subplasmodiocarpous. Trichioides Novozh., Hooff & Jagers stalk 2/3 of
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the total height of the sporocarp, straight, brownish black, nearly black by
reflected light, slightly flared at the base merging at the top into the disc-
shaped sporangial base, filled with amorphous material. Trichia Haller
stalk when present sometimes cylindric, dull yellow or dark reddish or
purplish-brown, dark brown or black, opaque, filled with amorphous ma-
terial, sometimes long, slightly curved or straight, gradually merging into
the sporotheca, plicate (Figure 11). Thin, erect, furrowed, usually short,
occasionally up to 50 % of the total height gradually merging into the spo-
rotheca, plicate, 0.4—0.7 mm long, 0.1-0.2 mm wide, brown, filled with
spore-like bodies of 15—17 pum in diameter.

Figure 11. Stalk of Trichia

Order Physarales consist of 3 families, Didymiaceae, Elacomyxaceae
and Physaraceae. The species in the order Physarales have a typical subhy-
pothallic developmental stipe (Guttes & Rusch 1961), and the stipe is not
generally used as higher level taxonomic character other than its presence
or absence. However, there appears to be useful stalk variations that can be
used at the species level (Clark and Haskins, 2014).

In Didymiaceae family has sessile or different stalk structure. Dider-
ma Pers. stalk when present cylindrical, sometimes common to several
sporocarps and then laminar and giving the appearance of being an exten-
sion of the hypothallus, erect or slightly curved, short, 0.1-0.7 mm long x
0.09-0.4 mm wide, longitudinally striate, calcareous, whitish to brownish
pink. Lepidoderma de Bary ex Rostaf. stipe when present, stout, dark, pale
to medium brown at the base, blackish above, subcylindrical, rugulose, 0.6
mm long, 0.3-0.6 mm diam. Matsumoto (1999) has shown, in Didymium
Schrad., that such stipe characteristics as fiber tube shape (heavily pleated
or not), fiber tube thickness (thick to absent); core size and materials (pres-
ent, absent, lime present or absent); and exterior lime (present or absent),
can be used to help define and group the species. Didymium stalk distin-
guishing features are the rather long, ochraceous but internally limy stalks
combined with an aerolate peridium (Figure 12a). Sometimes sessile stalk
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when present short, buff coloured, longitudinal groove with lime crystals,
and widely attached to the substrate (Clark and Haskins, 2014). Genera
having lime on the stipe: Diachea Fr. sometimes sessile when present, usu-
ally short and stout, but sometimes over half the total height, furrowed,
calcareous, with calcareous crystals throughout, wrinkled, erect, slender,
attenuate upwards, reddish orange to pinkish red, white, black in the lower
half, orange-red above (Figure 12b). Physarina Hohn. stalk conical or
somewhat swollen above the middle, dull, rough, flesh-coloured or whit-
ish, filled with lime granules, continuing into the sporotheca as a stalked,
subglobose or hemispherical columella.
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Figure 12a. Stalk of Didymium  Figure 12b. Stalk of Diachea

In Physaraceae family has sessile or different form stalks. Craterium
Trentep. stalk short, erect, longitudinally plicate, rising from a small hy-
pothallus, 0.08-0.4 mm tall, up to 0.2 mm wide, black, furrowed, yellow to
orange, brownish toward the base (Figure 13).

Figure 13. Stalk of Craterium
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In Leocarpus Link genera Leocarpus fragilis (Dicks.) Rostaf. stalk
flat, weak, pale ochraceous to pale orange, variable in length, but usually
much shorter than the sporangium. In Physarella Peck genera Physarella
oblonga (Berk. & M.A. Curtis) Morgan stalk, when present, terete or flat-
tened, hollow, usually long, red, translucent, arising from an inconspicuous
hypothallus. Protophysarum M.Blackw. & Alexop. stalk slender, subulate,
stuffed with granular matter, brown, darker at the apex. Physarum Pers.
has sessile or stalked species, colonies of small mass sporocarps on slen-
der stems with a spherical sporotheca. Stems emerging from a very small,
discoid hypothallus, slender and slender, but straight, 0.4-0.6 mm long
and uniformly thick (45-55 um) over the entire length, white, grey, brown,
straw-colored, paler with passing light but uniformly coloured, fibrous,
chalky or non-calcareous, with little dirt granules (Figure 14a). Badhamia
Berk. has sessile or stalked sporophores (Figure 14b). If stalk present, can
be short and black, sometimes reduced to merely a blackish base to the
sporangium, expanding at the base into a small hypothallus. Sometimes
thick, dark brown, lime-free, filled with granular refuse matter and almost
opaque or packed with yellow lime, covered by a bright yellow membrane
dotted with lime and which merges into the peridium, flaccid, very short to
2.5 mm long, mostly very pale ochraceous to white, but ochraceous at the
base and colourless at the apex.

i

Figure 14a. Stalk of Physarum Figure 14b. Stalk of Badhamia

Order Stemonitidales consist of 1 family Stemonitidaceae charac-
terized by their epihypothallic stipe development, all have rather similar
stipes. A dark hollow or solid tube with a hypothallus and a columella
consisting of extensions of the stalk fibers (Nannenga-Bremekamp et al.
1984). In a major taxonomic rearrangement of this order, Genera having
hollow stipes (Clark and Haskins, 2014): Stemonitis Gled. stalk 1.5-6 mm
long, cylindrical, dark reddish, shining black (Figure 15a), opaque (hav-
ing a surface capillitial net). Stemonaria Nann.-Bremek., R. Sharma & Y.
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Yamam. stalk long, nearly black, opaque, vaguely longitudinally striate,
20-60% of the total height (lacking a surface net). Symphytocarpus Ing &
Nann.-Bremek. mostly sessile or short-stalked and stalk up to 0.2 mm tall,
black (pseudoacthalial with no net). Macbrideola H.C. Gilbert stalk 0.1-
0.3 mm in length, slender, hollow, tubular, widening into the hypothallus,
brownish black, with a paler area, orange-yellow to yellowish brown at the
base (Figure 15b). 75%-80% of the total height, attenuate upwards, black,
red-brown below and opaque above, indistinctly longitudinally striate be-
low, (scanty capillitia not forming a net). Stalk hollow, not fibrous at the
base, emerging from a membranous, discoid hypothallus.

Figure 15a. Stalk of Stemonitis Figure 15b. Stalk of Macbrideola

Genera having solid stipes (Clark and Haskins, 2014): Comatricha
Preuss stalk 0.5-1 mm tall, black, red or red-brown, occasionally very dark
brown in the lower half, slender, usually less than half the total height,
flattened and light brown at base, extending into the sporotheca as a col-
umella (Figure 16). 50-66% of the total height fibrous at the base, with
an inconspicuous hypothallus, turning to olivaceous-yellow at the base,
extending into a columella equalling one to two thirds of the height of the
sporotheca (stalk tube of interwoven fibers, capillitium may form a partial
net), especially at the base.
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Figure 16. Stalk structure, columella and capillitium of Comatrichia
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Paradiacheopsis Hertel stalk subulate with a broad, fibrous yellowish
base, dark and slender above, continuing to the centre of the sporotheca
as a columella, long, 0.5 mm awl-shaped, reddish brown, subulate with
a broad, fibrous yellowish base, dark and slender above, tapered upwar-
ds and continuing to the centre of the sporotheca as a columella (Figure
17a), (stalk tube of interwoven fibers, capillitia dichotomously branching
only). Stemonitopsis (Nann.-Bremek.) Nann.-Bremek. stalk black, shining,
33-50% of the total height, black, polished (Figure 17b), (stalk tube of in-
terwoven fibers only at the base).

Sl _ e

Figure 17a. Stalk of Paradiacheopsis ~ Figure 17b. Stalk of Stemonitopsis

Collaria Nann.-Bremek. stalk rigid, black, 66-75% of the total height,
shining, very slender and long, up to 3 mm, arising from a small, membra-
nous, brownish hypothallus (Figure 18a) (stalk tube fibers not interwoven,
peridial collar on stalk). Lamproderma Rostaf. sessile or stipe almost 50%
of the total height, black, shining, smooth, slightly swollen at the base,
tapered upwards (Figure 18b), (stalk tube fibers not interwoven, peridi-
um persistent), 0.5-0.6 mm in length, as long or only slightly longer than
the sporotheca, opaque black by transmitted light, 60—100 um wide at the
base, 2040 um wide at the apex, continuing into a short, slightly clavate
and blunt columella.
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Figure 18a. Stalk of Collaria Figure 18b. Stalk of Lamproderma

The remaining genera having very short or no stipes: The stalk in En-
erthenema Bowman black, continued into the sporotheca as a columella
and tipped by a small, shining, discoid cup from which the capillitium
arises, a genus with capillitium arising only from an apical cup, was not
discussed. While some of these stalk characteristics are supported by DNA
phylogeny others have not yet been addressed or they are contradicted
(Fiore-Donno et al. 2009). The division of the genera into hollow and solid
stalked groups is highly supported by these studies (a possible family lev-
el character); however, the absence of a stalk is not supported as a genus
level character. Leptoderma G. Lister stalk short, stout, dark from enclosed
refuse matter, spreading below into a dark hypothallus. Meriderma Mar.
Mey. & Poulain sessile or stalk weak, black shining, often flattened, to 0.6
mm high up to I mm. 4rcyodes O.F. Cook sessile or shortstipitate, Calo-
myxa Nieuwl. sessile or sub-sessile on a small base, Calonema Morgan
stalk absent if present, up to 300 um long, filled with cysts, Echinosteliop-
sis D.J. Reinh. & L.S.Olive stipitate. The stipe-less genera Amaurochaeta
Rostaf., Badhamiopsis T.E. Brooks & H.W. Keller, Brefeldia Rostaf., Col-
loderma G. Lister, Cornuvia Rostaf., Diachaeopsis Meyl., Dianema Rex,
Elaeomyxa Hagelst., Fuligo Haller, Kelleromyxa Eliasson, Licaethalium
Rostaf., Listerella E. Jahn, Minakatella G. Lister, Mucilago P Micheli ex
Adans., Paradiachea Hertel, Semimorula E.F. Haskins, McGuinn. & C.S.
Berry, Siphoptychium Rostaf. Thecotubifera Leontyev, Schnittler, S.L.
Stephenson & Novozh, Trabrooksia H. W. Keller and Willkommlangea
Kuntze.

Conclusion

The stalk or stipe is an important identification character. The combi-
nation of molecular and morphological data indicate that the stalk of the
myxomycete fruiting body is far less reliable as a taxonomic marker than
has long been thought to be the case. The stalk may vary in length and
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color and texture. In some species the stalk is opaque, while in others it is
translucent. The stalk may also be coated with lime or filled with granular
or sporelike structures.
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Introduction

Traditional or alternative medicine, unlike modern medicine, is a meth-
od in which many natural products are used to prevent and combat diseases
(Mohammed et al., 2020b). Since ancient times, people have tried natural
products to combat many diseases (Mohammed et al., 2022). Among these
natural products, plants have a very important position (Sevindik et al.,
2017). Plants have been used by humans for different purposes such as
fighting against diseases, as food, as heating, as shelter, as tools and equip-
ment (Mohammed et al., 2020a; Korkmaz et al., 2021). They have become
indispensable elements of people’s diet lists. In addition to these features,
they are also medically important natural products. Many studies have
shown that plants have different biological activities such as antiallergic,
antioxidant, antimicrobial, anticancer, anti-inflammatory, antiproliferative,
antiaging, hepatoprotective, and DNA protective (Mohammed et al., 2018;
Pehlivan et al., 2018; Mohammed et al., 2019; Mohammed et al., 2021;
Comlekcioglu et al., 2022; Unal et al., 2022; Kalkan et al., 2023; Sevindik
et al., 2023a; Uysal et al., 2023). In this context, determining the biological
activities of plants is very important in terms of their use. In this study, the
intended use and biological activities of species belonging to the Adonis
genus reported in the literature were compiled.

It is assumed that the emergence of the name of the genus Adonis is
based on the legendary character Adonis, who was the lover of the goddess
Aphrodite or Venus. It is a perennial herbaceous plant in the Ranuncula-
ceae family. Its general distribution areas include the temperate regions of
the northern hemisphere. It also spreads in European and Asian regions.
When we look at the morphological characteristics, the lower stem leaves
are generally scaly and the upper stem leaves are alternate and divided
into palmate or pinnate. The flowers are radially symmetrical, bisexual
and usually red, orange or yellowish. Petals vary between 5 and 30. It
has numerous stamens and spirally arranged pistils, linear filaments, and
single-ovulated ovaries with persistent styles and small stigma (Abducha-
midov et al., 1971; Heyn and Pazy, 1989; Gostin, 2011; Shikov et al., 2014;
Al-Snafi , 2016; Shang et al., 2019).

Usage Areas

It is seen that different parts of many plants in the Adonis genus are
used in different areas. Among these areas of use, pharmacological proper-
ties are at the forefront. It has been reported that the preferred conditions in
the field of health include the fight against edema formation, spasmolysis,
cardiovascular conditions, insomnia, epilepsy, kidney disorders, cough and
malaria treatment (Bae, 2000; Wagler, 2001; Al-Quran, 2008; Al-Snafi,
2016; Shang et al., 2019).
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Biological activities

Plants are natural products responsible for many biological activities.
Having different biological activities makes plants important for use (Mo-
hammed et al., 2023a). In this study, the biological activities of species
belonging to the Adonis genus reported in the literature were compiled. It
has been observed that extracts such as ethyl acetate, methanol, dichloro-
methane, diethyl ether, water, ethanol, crude extract, butanol and alcoholic
were used in in vitro and in vivo biological activity studies on species
belonging to the Adonis genus. Biological activity studies of some species
belonging to the Adonis genus are shown in table 1.

Table 1. Biological activity of genus Adonis

Plant species | Biological activities | Extraction Geographic |References
regions
Adonis Cytotoxic, Crude extract, |Iran, Japan, |(Kubo et al.,
aestivalis L. | antimicrobial, methanol Turkey 2012; Hosseini et
antioxidant, al., 2019; Karahan
antiproliferative et al., 2022)
Adonis Antimicrobial, Methanol Turkey (Karahan et al.,
aleppica antioxidant, 2022)
Boiss. antiproliferative
Adonis Cytotoxic Crude extract | China (Yan et al., 2022)
amurensis
Regel &
Radde
Adonis Cytotoxic, anti- Methanol China (Dai et al., 2020;
coerulea inflammatory, Shang et al.,
Maxim. antioxidant, 2020; Dai et al.,
acaricidal, 2022)
acetylcholinesterase
Adonis Antiglycation, Etil asetat, Egypt (Abd-Alla et al.,
microcarpa antiproliferation, methanol, 2021)
DC. antidiabetic, diklorometan,
cytotoxic diethyl ether,
water
Adonis Cytotoxic Ethanol, South Korea |(Jung et al., 2015)
multiflora diklorometan,
Nishikawa & etil asetat,
Koji Ito butanol, water,
methanol
Adonis Antioxidant, Methanol, Turkey (Mustafa, 2023;
paryadrica antimicrobial ethanol Ugiincii et al.,
Boiss. 2020)
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Adonis Antioxidant Aqueous, China (Guo et al., 2022)
ramosa ethanol,
Franch. methanol
Adonis Allelopathic, Water, Bulgaria, (Gupta et al.,
vernalis L. antihyperlipidemic, | alcoholic, Pakistan, 2007; Lateef
anticancer, anti- aqueous, Iran, India etal., 2012;
inflammatory methanol Dragoeva et al.,
2015; Sattari et
al., 2020)

Antioxidant activity

Reactive oxygen species are free radicals produced as a result of met-
abolic activities in living organisms (Krupodorova and Sevindik, 2020).
While these compounds do not cause negative effects at low levels, they
can cause significant harm at high levels (Bal et al., 2019). The antiox-
idant defense system functions in reducing or suppressing the effects of
free radicals (Akgiil et al., 2020). When the antioxidant defense system
is inadequate, oxidative stress occurs. As a result of oxidative stress, seri-
ous diseases such as cancer, cardiological disorders, Parkinson’s, Alzhei-
mer’s, and multiple sclerosis may occur in humans (Selamoglu et al., 2020;
Eraslan et al., 2021; Saridogan et al., 2021). Supplementary antioxidants
may be important in preventing these diseases and reducing the effects
of oxidative stress (Akgiil et al., 2022). In our study, antioxidant activity
studies of the Adonis species reported in the literature were compiled. In a
study conducted in Turkey, the antioxidant status of methanol extract ob-
tained from Adonis aestivalis and Adonis aleppica samples was analyzed
using the DPPH test. As a result of the study, it was reported that the LC50
value of both plant samples used was 3.6 pg/mL (Karahan et al., 2022).
In a study conducted in China, the antioxidant status of methanol extract
obtained from Adonis coerulea sample was investigated. As a result of the
study, at 100 ug/mL concentrations, SOD activities were 47.12 U/mg Prot
(p <0.001), respectively, 50.68 U/mg Prot at 10 pg/mL, similar to the posi-
tive agent Ve (p <0.001), 50 and CAT activity at concentrations of 100 g/
mL was also reported to be significantly increased compared to the model
group ( Dai et al., 2022 ). In a study conducted in Turkey, the antioxidant
properties of the methanol extract obtained from the Adonis paryadrica
plant were examined using the CUPRAC test. As a result of the research, it
was reported that it showed the highest copper reducing antioxidant power
(CUPRAC) effect with 80.28 umol TE (trolox equivalent)/g dw (Mustafa,
2023). In a study conducted in Turkey, the antioxidant status of ethanol
extract obtained from the Adonis paryadrica plant was examined using
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DPPH, FRAP, CUPRAC, ABTS and TPC tests. As a result of the study,
it was reported that the DPPH SC50 value was 0.144-0.312 mg/mL, the
FRAP value was 945.24-4078.57 uM, the CUPRAC value was 2.052-
5.781uM, the ABTS SC50 value was 0.350-0.630 mg/mL and the TPC
value was 333.26-465.56 pg/mL (Ugiincii et al., 2020). In a study conduct-
ed in China, the antioxidant status of different extracts of Adonis ramosa
was examined through hydroxyl and superoxide radical scavenging abili-
ties copper chelating abilities, copper-reducing antioxidant capacity, iron
chelating activity, HCIO- and nitrite scavenging abilities, reactive oxygen
species-scavenging abilities, iron-reducing antioxidant and [-carotene
bleaching tests. As a result of the study, it was reported that the aqueous
extract exhibited the highest hydroxyl and superoxide radical scavenging
abilities, copper chelating abilities and copper reducing antioxidant capac-
ity, while the ethanol extract showed the highest iron chelating activity and
HCIO- and nitrite scavenging abilities. It has also been reported that meth-
anol extract shows high radical and reactive oxygen species scavenging
abilities and is the best iron reducer (Guo et al., 2022).

Antimicrobial activity

In recent years, the increase in mortality from diseases caused by mi-
croorganisms has become visible (Baba et al., 2020). In particular, the emer-
gence of resistant microorganisms has rendered the effects of the antimi-
crobial drugs used insufficient (Mohammed et al., 2023b). In this context,
researchers’ interest in new antimicrobial drugs has gradually increased.
Plants have high antimicrobial activities due to the many microorganisms
they encounter in the ecosystem (Bal et al., 2017; Islek et al., 2021; Sevindik
et al., 2023b). In our study, antimicrobial studies reported in the literature on
some species belonging to the Adonis genus were compiled. In a study con-
ducted in Turkey, the antimicrobial status of methanol extract obtained from
Adonis aestivalis and Adonis aleppica samples was examined. At the end of
the study, it was reported to be effective against Candida krusei, Candida
parapsilosis, Staphylococcus aureus, Bacillus cereus, Enterococcus faeca-
lis, Escherichia coli, Pseudomonas aeruginosa and Klebsiella pneumoniae
(Karahan et al., 2022). In a study conducted in Turkey, the antimicrobial
properties of methanol extract obtained from the Adonis paryadrica plant
were examined. As a result of the research, it was reported that among the
strains used, it showed the strongest antibacterial activity against Bacillus
subtilis with a zone diameter of 16.1 mm (Mustafa, 2023).

Other activity

Adonis species have been shown to have many biological activities
other than antioxidant and antimicrobial activity studies reported in the
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literature. In a study conducted in Iran, the cytotoxic activity of digitox-
in, a cardiac glycoside contained in Adonis aestivalis extract, was exam-
ined against cervical cancer cell (HelLa) lines and human lymphocytes.
As a result of the study, it was reported that the half-maximal inhibitory
concentration values for cervical cancer and lymphocyte cells were 5.62
and 412.94 pg/mL, respectively (Hosseini et al., 2019). In another study
conducted in Japan, it was reported that the cardenolide compound ob-
tained from Adonis aestivalis extract showed cytotoxicity against malig-
nant tumor cell lines (Kubo et al., 2012). In a study conducted in China,
the cytotoxicity of pregnane glycoside A to G obtained from the extract of
the Adonis amurensis plant was investigated on HepG2, Caco-2 and A549
cell lines. As a result of the study, it was reported that A—C and E showed
inhibitory effects on the growth of HepG2 cells with LC50 values of 15.6
and 48.7 uM, and A, D and F showed inhibitory effects on the growth of
A549 cells with IC50 values of 18.8, 12.4 and 30.4 pM, respectively (Yan
et al., 2022). In a study conducted in China, the cytotoxicity of ACAP’s
methanol extract of Adonis coerulea against RAW 264.7 cells was evaluat-
ed and it was reported that ACAP provided in vitro safety at concentrations
of 0-1,000 pg/mL (Dai et al., 2022). In a study conducted in Egypt, it
was reported that the cytotoxic CC50 value of many different extracts ob-
tained from the Adonis microcarpa sample on the normal lung cell line was
57.44 uM (Abd-Alla et al., 2021). In a study conducted in South Korea, it
was reported that many different extracts obtained from Adonis multiflora
specimen had cytotoxic effects against six human cancer cell lines (HCT-
116, HepG2, HelLa, SK-OV-3 and SK-MEL-5 and SK-BR-3) (Jung et al.,
2015). In a study conducted in Turkey, the antiproliferative status of meth-
anol extract obtained from Adonis aestivalis, Adonis aleppica samples on
HL-60, HCA-7 and HUVEC human cells was examined. As a result of the
study, on HL-60, HCA-7 and HUVEC human cells, respectively; It was re-
ported to be 2.05 ug/mL and 36.40 pg/mL, 36.01 pg/mL and 44.21 pg/mL,
158.10 pg/mL and 184.16 pg/mL (Karahan et al., 2022). In a study con-
ducted in China, it was reported that methanol extract of Adonis coerulea
significantly inhibited NO release after ACAP treatment (Dai et al., 2022).
In another study conducted in China, it was reported that the methanol
extract of Adonis coerulea had an acaricidal effect on Psoroptes cuniculi
with IC50 values ranging between 2.38-0.56 pg/mL (Shang et al., 2020).
In another study conducted in China, it was reported that silibinin, querce-
tin and corillagin obtained from the methanol extract of Adonis coerulea
could inhibit AChE activity with IC50 values of 40.11 pg/mL, 46.15 pg/
mL and 50.98 pg/mL, respectively (Dai et al., 2020)). In a study conducted
in Egypt, it was reported that many different extracts obtained from Adonis
microcarpa had antiglycation, antiproliferation and antidiabetic activities
(Abd-Alla et al., 2021). In a study conducted in Bulgaria, it was reported
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that the water extract of Adonis vernalis had an allelopathic effect (Dra-
goeva et al., 2015). A study conducted in Pakistan reported that alcoholic
extract of Adonis vernalis showed a significant reduction in serum choles-
terol and triglycerides compared to control triton-induced hyperlipidem-
ic control (TIC) and triton-induced positive control (TIPC) (Lateef et al.,
2012). In a study conducted in Iran, it was reported that silver nanoparti-
cles (AgNPs) of the aqueous extract of Adonis vernalis showed anticancer
properties on breast cancer (Sattari et al., 2020). In a study conducted in
India, it was reported that methanol extract of Adonis vernalis significantly
inhibited tumor necrosis factor-a (TNF-a) production by whole blood cul-
tured cells (Gupta et al., 2007).

Conclusion

In this study, the biological activities and general characteristics of
Adonis species reported in the literature were compiled. According to the
findings, it has been observed that different Adonis species have biological
activities such as antioxidant, antimicrobial and anticancer. In this context,
it is thought that Adonis species can be an important natural material in
pharmacological designs.
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1. INTRODUCTION

Critical metals are characterized by supply risks and are expected to
become steadily more dearth in the near future, especially given their high
economic importance in key sectors such as environmental technologies,
automotive, aerospace, defense, healthcare, electronics, and others. De-
mand for critical metals used in the manufacture of advanced technological
devices is steadily increasing, while high-strength minerals are rapidly run-
ning out. Technological advances, industrial processes, rapid consumption,
and the accumulation of significant quantities of valuable materials, in-
cluding critical metals, in landfills have led to the emergence of a growing
global industry known as “urban mining”(European Commission, 2023;
Arya and Kumar, 2020; Venkata Mohan et al., 2020).

The heterogeneous and complex nature of solid waste is the major
obstacle to metal recovery from waste. In addition, the varying degree
of contamination of different types of waste makes it difficult to separate
metals from each other and from non-metallic components. While organic
matter in wastewater can be removed from the environment by various
methods, the tendency of metals to dissolve and form complexes makes
them difficult to separate from the environment. Traditional methods of
metal recovery from waste involve pyrometallurgical and hydrometallur-
gical processes. While data suggest that hydrometallurgical methods are
more effective compared to pyrometallurgical methods, these approaches
require substantial energy and chemical consumption and necessitate the
use of gas collection and dust removal systems (Krishnan et al., 2021). Due
to the economic and environmental disadvantages of traditional methods,
effective, environmentally friendly, cost-efficient, and sustainable biotech-
nological methods are preferred for metal recovery from waste (Wang and
Gaustad, 2012).

2. BIOLEACHING

Microbial organisms, especially their role in the biological transfor-
mation of elements, biogeochemical cycles of metals and minerals, metal
and mineral transformations, decomposition, biological degradation, and
the formation of soil and sediments in the biosphere, play a significant role
(Bertrand et al., 2015; Jing and Kjellerup, 2018). All microorganisms, in-
cluding prokaryotes and eukaryotes, as well as complex organisms known
as “higher organisms,” can actively contribute to geomicrobial processes
centered on the transformation of metals and minerals. While the activi-
ties of microorganisms in the transformation of organic and inorganic ma-
terials are known to microbiologists, there has been an increased aware-
ness among researchers in geology, mineralogy, geochemistry, and related
fields about the geochemical importance of microorganisms (Banfield and
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Nealson, 1997; Macalady and Banfield, 2003; Warren and Haack, 2001;
Gleeson et al., 2007; Konhauser, 2007; Bottjer, 2005; Gadd, 2008a; Uroz
et al., 2009).

“Bioleaching” is the process of making metals in ores soluble in wa-
ter through certain microorganisms naturally present in the environment
(Atlas and Bartha, 1997). In these processes, metals present in ores as sul-
fides and oxides are dissolved in the leaching environment as metal cations
(Rohwerder et al., 2003).

2.1. History

The origins of biomining date back to ancient times. In ancient civ-
ilizations, microorganisms were used for copper extraction. In the 18th
century, silver was extracted from the Rio Tinto mine in Seville, Spain,
and copper was mined during the Roman period. Rio Tinto (red river) is
red in color due to the high concentration of ferric iron in its water, a result
of natural microbial activity. It does not support fish and is not drinkable
(Rawlings, 2002). The formation of acidic mine waters, a common occur-
rence in nature due to the breakdown of sulfide minerals during mining
activities, was first attributed to the influence of microorganisms, giving
rise to the field of “biohydrometallurgy” with the application of biotech-
nological methods in hydrometallurgy (Colmer and Hinkle, 1947). The in-
dustrial-scale application of biohydrometallurgy began in the 1950s with
the bioleaching of low-grade chalcopyrite copper ore by Kennecott Copper
Corporation (Utah, USA) and served as a model for many other opera-
tions. In 1986, bioleaching was applied as a pretreatment step for refracto-
ry gold-containing concentrates at the Fairview Gold Mine (South Africa)
before cyanide leaching (Brierley and Brierley, 2001). Bioleaching pro-
cesses are currently used in copper and cobalt recovery, pre-treatment of
gold before cyanidation, and coal desulfurization (oxidizing pyrite in coal
to soluble ferric sulfate) (Dresher, 2004). Bioleaching has been pilot-tested
for uranium recovery (McCready and Gould, 1990), and it is estimated that
approximately 20% of copper, 5% of gold, and smaller amounts of nickel,
cobalt, uranium, and zinc are extracted through biomining processes (Bri-
erley and Brierley, 2013).

2.2. Advantages

The reasons for the increasing use of biomining methods in metal re-
covery can be summarized as follows:

1. The limited of high-grade ore reserves on Earth and the interest in
obtaining metals from ores with low metal content have led to increased
attention in biomining. Compared to traditional methods that require high
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temperature and pressure, bioleaching is economically favorable, requires
low capital investment, low energy consumption, and is suitable for small-
scale operations. It has made it economical to obtain metals from ores with
a metal content of less than 0.5%, as well as from industrial wastes such as
sludges (Watling, 2006; Bosecker, 1997; Brierley and Brierley, 2001).

2. Biomining allows the transformation of wastes into metals in a
process closely resembling the natural biogeochemical cycle, reducing the
demand for resources such as energy or storage space (Kreps et al., 1997).

3. It allows operation under conditions close to ambient pressure
and temperature. The leaching solution is produced naturally by micro-
organisms, creating a microclimate around the particles due to the high
concentration of leaching materials during this process (Kreps, 1997). It
is low cost because it does not require a sub-process cost for the use of
concentrated acid/base, and there is no additional cost for the management
of resulting acidic wastes. Similarly, high-temperature and high-pressure
equipment is not required, making it cost-effective (Asghari et al., 2013;
Bradwaj and Ting, 2013; Srichandan et al., 2014a).

4. The smelting processes used in classical pyrometallurgy result in
emissions of harmful gases (e.g., SO,), which lead to environmental pol-
lution and contribute to global warming, as well as causing the loss of a
significant portion of the metals in mineral residues. Bioleaching, on the
other hand, does not cause such pollution, as it converts sulfur and reduced
sulfur compounds in minerals into sulfate (Vera et al., 2013).

5. The waste generated at the end of physical-chemical processes re-
sults in the creation of acid in the atmospheric environment, causing the
dissolved metals in the waste to threaten the environment (acid mine drain-
age). On the other hand, the waste generated at the end of bioleaching
causes significantly less acid mine drainage compared to waste generated
by physical-chemical processes (Bouffard and Dixon, 2004).

6. Useful oxidants, such as ferrous (Fe III), naturally present in the
process, are continuously regenerated by microorganisms (Srichandan and
Mishra, 2019).

2.3. Disadvantages

1. Bioleaching is a slower process compared to physical-chemical
methods (Watling, 2006).

2. Toxic metals in the minerals can negatively affect microbial activ-
ity (Bryan et al., 2015).

3. Bioleaching is less effective in the recovery of metals from high-
grade ores (Jalali et al., 2019).
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4. In some cases, bioleaching yields can be low due to the refractory
properties of ores/wastes (Pradhan et al., 2010).

5. Slow diffusion of oxidants to the ore surface due to the formation
of jarosite and iron hydroxides on the ore surface can result in low metal
yields (Zhao et al., 2017; Nazari et al., 2014).

6. Without a well-defined scientific strategy in material grinding,
process setup, and operation, bioleaching may not be economical (Srichan-
dan and Mishra, 2019).

2.4. Bioleaching Mechanisms

The interaction of microorganisms with minerals occurs through vari-
ous mechanisms (Rawlings et al., 1999):

Indirect Interaction: During the growth of microorganisms, metab-
olites such as organic acids are produced, which can affect the mineral or
metal compounds in the environment.

Contact Interaction: Microbial cells can attach themselves to the ore
mineral within an extracellular polymeric substance (EPS). They can then
mobilize metals from the mineral into the solution as metal cations.

Collaborative Bioleaching: Microbial cells attached to the ore and
free microbial cells in the suspension work together to leach metals into
the solution.

When a mineral or metal compound comes into contact with micro-
organisms, it undergoes metabolic reactions based on three fundamental
principles:

Acidolysis

In a process also known to as proton-induced metal solubilization,
organic acids secreted by microorganisms bind protons (H* ions) to the
mineral surface. This weakens critical bonds and results in the detachment
of metal ions from the solid surface (Brandl et al., 2001).

MeO + 2H*— Me* + H,0 (1)
Complexolysis

Ligand-induced metal dissolution involves the complexation of metals
that have already passed into the solution through acidolysis. This stabiliza-
tion occurs through complexation reactions between metal ions and organic
acids. Organic ligands with two or more binding sites are more effective.
This process also reduces metal toxicity towards microorganisms (Brandl et
al., 2001; Burgstaller and Schinner, 1993). Amino acids secreted by microor-
ganisms can also provide protons and participate in complexation reactions.



130 - Bengii ERTAN

Me* + CH,0, — Me(C H,O,) + 3H" (2)
Redoxolysis

In this process, metals are microbially oxidized or reduced. The mo-
bility of metals depends on their type and oxidation state. For instance, as
seen in fungal leaching of manganese, the solubility of metal may result
from the enzymatic reduction of highly oxidized metal compounds.

MnO, +2e~ + 4H* — Mn* + 2H,0 3)

Soluble metals are actively transported through the cell membrane and
accumulate within cells in solid particle form. This disrupts the balance be-
tween solid and dissolved metal, leading to continuous metal dissolution.
Fungal cell walls, in particular, contain various functional groups such as
hydroxyl, carboxyl, phosphate, amine, and sulfate groups that bind metal
ions. Filamentous fungi, such as those belonging to the Aspergillus and
Penicillium genera, have been reported to have a high capacity for binding
heavy metals (Simate et al., 2010; Burgstaller and Schinner, 1993).

3. SECONDARY SOURCES

Secondary sources of metals can be found in electronic waste, mine
waste, magnets, fluorescent lamps, optical glass, glass polishing powders,
catalysts, sludge, slag, bottom ash, and fly ash. These secondary sources
emerge as byproducts of processes like mining, steel processing, metal-
lurgical operations, energy generation, and the manufacturing of electrical
and electronic devices, as well as waste management. Solid waste mate-
rials containing metals are significant secondary sources of critical met-
als, and sometimes, it has been demonstrated that recovery of metals from
secondary sources is more economically and environmentally sustainable
compared to extraction from ores (Das et al., 2011; Karim and Ting, 2021;
Krishnan et al., 2021).

Table 1 listed the performance achieved over different metals contain-
ing secondary sources, types of microorganisms used, and extracted metal
during the bioleaching operation.



Academic Studies in Science and Mathematics- 2023 October * 131

Table 1. Selected literatiire studies on bioleaching metals from secondary

sources.
Secondary Sour- Microorganisms Extracted metal References
ces

Spent  automobile Aspergillus niger (strain Ce, Al, La Hosseinzadeh et
catalyst ZRS14) al., 2021
Waste Electrical Acidithiobacillus Ce, Eu, Nd, La, Y. Marra et al., 2018
and Electronic equ- thiooxidans
ipment (WEEE)
Waste  Phosphors Gluconobacter oxydans. REE Reed et al., 2016a
and Cracking Ca-
talysts
Cellphones Aspergillus niger Li, Al Alavi et al., 2021
Batteries Aspergillus

tubingensis
Waste LCD Aspergillus niger In Cui et al., 2021
(liquid crystal
display) panels
Brake pad Acidithiobacillus Cu, Zn Zhang et al., 2019
waste thiooxidans, Aci-

dithiobacillus

ferrooxidans

Leptospirillumferriphi-

lum (mixed)
Boron waste Aspergillus niger Li, Rb, Cs Ertan, 2023
Mine tailings Mesophilic ~ microbial As Borja et al., 2019

culture
Sulfidic mine tai- Acidithiobacillus (At.) Co, Cu Zhang et al., 2020
lings ferrooxidans and At. thi-

ooxidans
Egyptian mo- Aspergillus ficuum, REE Hassanien et al.,
nazite Pseudomonas  aerugi- 2014

nosa
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Mobile phone prin- Aspergillus fumigatus Cu, Ni Patel ve Lakshmi,
ted circuit board A2DS 2021
Spent  lithium-ion Aspergillus niger Cu, Li, Ni, Mn Horeh et al., 2016

mobile phone bat-
teries

Spent automobile Pseudomonas fluores- Pt, Pd, Rh Karim and Ting,
catalyst cens and Bacillus mega- 2022.
terium.
Steel industrial slag Acidithiobacillus thio- Mg, Zn, Cu Hocheng et al.,
oxidans,  Acidithioba- 2014
cillus ferrooxidans, and
Aspergillus niger

REE (Rare Earth Element), cerium (Ce), aluminum (Al), lanthanum (La), europium
(Eu) and neodymium (Nd), yttrium (Y), lithium (Li), aluminium (Al), indium (In), copper
(Cu), zinc (Zn), rubidium (Rb), cesium (Cs), arsenic (As), cobalt (Co), manganese (Mn),
palladium (Pd), nickel (Ni), platinum (Pt), thodium (Rh), magnesium (Mg)

4. CONCLUSION

Biohydrometallurgical methods have the potential to provide high se-
lectivity and affinity in the recovery of metals from various waste catego-
ries. Furthermore, this approach is considered a reliable strategy with sig-
nificant advantages over traditional leaching methods due to its simplicity,
environmentally sensitive approach, and minimal energy input. In the near
future, metal deposits will continue to deplete, and supply chains for in-
dustrial sectors will face challenges due to metal scarcity. The bioleaching
method should be considered for the extraction of not only critical metals
but also metals that do not have their own minerals, such as rubidium (Rb),
from sources with low metal content, owing to its selective and economic
nature. The recovery of metals from secondary sources, including waste,
is not only crucial for conserving primary resources but can also serve as a
resource for countries lacking primary sources of metal. Studies in biotech-
nology-based metal recovery from secondary sources are promising. More
findings related to metal-microbe interactions, further research on the de-
termination and optimization of parameters for the bioleaching process,
can help in developing efficient, environmentally friendly, and cost-effec-
tive methods for industrial-scale metal recovery from secondary sources.
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1. Nanoparticle and Nanotechnology

The term “nano” has its roots in the Greek word “nanos”, which de-
notes a measure of length at the scale of one billionth of a meter (Boholm,
2016). However, the term “nano” itself does not signify a specific unit of
measurement. Rather, it is used for all units of measurement, but usually in
units of length, mass, and time. It is worth noting that a nanometer scale is
80,000 times smaller than the diameter of a human hair, 7,000 times small-
er than red blood cells, and hundreds of times smaller than the common
cold virus (Raffa et al., 2010). Nanotechnology is the technology achieved
with particles ranging in size from 1 to 100 nanometers. The concept of
nanotechnology was initially introduced in 1959 through a conference led
by the renowned scientist, Richard Feynman. In this lecture, Feynman in-
troduced the concept of individually controlling atoms and molecules using
sensitive instruments while discussing nanotechnology. This gave rise to
the possibility of creating materials of new sizes, possessing distinct phys-
ical and chemical features (Demir, 2021). Nanotechnology was initially
coined in 1974 by Norio Taniguchi, a Japanese professor at Tokyo’s Norio
Taniguchi University. The term aimed to identify objects with exceptional
accuracy and minimal size. The scanning tunneling microscope was the
historic launch and revolution of the nanoworld when it was invented in
1981 by two scientists, Gerd Bing, and the scientist Henrik Rohr, who won
the Nobel Prize in Physics in 1986 for this great invention. Subsequently,
the progression and evolution of nanotechnology persisted, culminating in
the invention of the atomic force microscope, an improved instrument that
enables the investigation of applications of nano-objects with dimensions
ranging from 1 to 100 nanometers (Dosekova et al., 2017).

Nanotechnology has emerged as a key and highly complex techno-
logical domain requiring extensive research and study. Nanotechnology
has emerged as a promising technology with applications in many critical
areas such as biology, chemistry, and physics (Abdulkadeer, 2016; Oztiirk
et al., 2016). The superior properties of nanoparticles, over bulk materi-
als, are attributable to their increasingly augmented surface area relative to
particle size. The significant differences between nanomaterials and bulk
materials lie in their melting point, electronic structure, conductivity, and
temperature properties (Yokoyama et al., 2008).

Nanotechnology finds its application in diverse fields, ranging from
medicine, optoelectronics, defense, environment, food, to agriculture.
Biomedical applications of nanotechnology include tissue engineering,
assisting in vaccine development, treating wounds, burns, and diabetes
patients, along with manufacturing dental fillings, prostheses, conducting
drug delivery, and bioimaging. Nanoparticles prove vital in bioscience in



Academic Studies in Science and Mathematics- 2023 October * 141

their anti-cancer and anti-bacterial properties (Xu et al., 2020). They find
use in disciplines, including computers, diodes, solar cells, fuel cells, and
energy in optoelectronic applications. Besides, they have applications in
fields such as textiles, cosmetics, paints, spacecraft, and aircraft. More-
over, they are employed in environmental applications such as desalination
of drinking water and air purification. Their use can be seen in agriculture
and the fertilizer industry, as well as soil and food processing and packag-
ing (Bavasso et al. 2016).

In nanotechnology, nanoparticles are categorized into semiconduc-
tors, metals, and polymers based on their chemical composition. Chemical
nano-manufacturing techniques, including the sol-gel, vapor condensation,
and mechanical grinding methods are commonly employed; however, they
can be costly (Shankar et al., 2004). Zinc oxide has received particular
attention from researchers due to its unique properties, which have been
further emphasized by recent developments in nanotechnology. Due to
its unique optical and electromagnetic properties, it serves as an antibody
against fungi and cancer. Additionally, it acts as a catalyst in numerous
vital cellular interactions, thereby playing a significant role in medical ap-
plications (Padalia and Chanda, 2017).

In recent years, significant advances have been made in nanotechnology
for generating diverse nanomaterials using advanced techniques and materi-
als. Environmental pollution resulting from the use of hazardous chemicals
is a significant issue when producing nanoparticles using chemical methods.
Therefore, biological techniques for nanoparticle synthesis have been pro-
posed as an alternative to their chemical counterparts (Jafarirad et al., 2016).
The green synthesis method for nanoparticle production, however, offers an
environmentally friendly alternative due to its safety and lack of collateral
damage, low cost, energy efficiency, and speed. As a result, it has captured
the attention of researchers in recent years (Abd-Elsalam 2021).

2. Zinc Oxide Nanoparticles

Zinc oxide is an inorganic compound with the chemical formula ZnO
that is insoluble in water. It is biodegradable and has low toxicity, making
it a valuable substance. Due to its unique properties, this oxide is consid-
ered one of the most important among semiconductor metals. In materials
science, its distinct chemical and physical properties generate significant
interest for various applications. In addition to this, zinc oxide particles are
favoured for their ease of manufacture, low cost, and lightweight nature
(Shaba et al. 2021). Zinc oxide exhibits many properties similar to those
of titanium dioxide TiO2, including chemical stability at room temperature
and transparency in the visible and infrared spectra (Janotti and Van de
Walle, 2009). Zinc oxide nanoparticles are available in a powdered form,
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featuring high-temperature resistance, high toughness, a very large surface
area, and large photocatalytic activity. The substance is non-harmful and
exhibits considerable stability across different environmental circumstanc-
es. Additionally, it possesses a sizeable band gap of 3.36 eV (Padmavathy
and Vijayaraghavan, 2008).

Zinc oxide belongs to the group (II-VI) of semiconductors, which are
situated between ionic and covalent semiconductors. Zinc oxide can exist
in various structures including one-dimensional (1D) formations such as
nanolines, nano-helices, nanobelts, and nanowires, two-dimensional (2D)
structures such as nanoplates and nanospheres, as well as three-dimensional
(3D) structures such as flowers. Among these, one-dimensional structures
are the most common (Kotodziejczak-Radzimska and Jesionowski 2014).
Zinc oxide is a material that exhibits excellent optical properties owing to
its high spectral response in both the visible and ultraviolet regions. These
characteristics can be altered by introducing impurities or forming the sub-
stance into granules. Zinc oxide also possesses notable electrical conduc-
tivity and n-type conductivity. The some important properties of zinc oxide
in Table 1 (Dakua and Afzulpurkar 2013).

Table 1. Main properties of ZnO (Dakua and Afzulpurkar 2013)

Properties Values
Piezoelectric coefficient 12 pC/N
Exciton binding energy 60 MeV
Refractive index 2.008
Energy band gap 336 eV
Intensity 5.606 g.cm™
Melting point 1975 °C
Boiling point 2360 °C
Static dielectric constant 8.75
Molecular weight 81.38
Lattice energy 964 kcal/mole
Colour White

3. Zinc Oxide Nanoparticle Applications

Zinc oxide (ZnO) nanoparticles have gained significant attention in var-
ious fields due to their unique properties and wide range of applications.
One of the key areas where ZnO nanoparticles have been extensively studied
is in biomedical applications (Jiang et al., 2018). ZnO nanoparticles have
shown excellent biocompatibility, low toxicity, and economic viability, mak-
ing them suitable for use in various biomedical applications (Jiang et al.,
2018). They have been explored for drug delivery systems, biosensors, and
as antimicrobial agents (Jiang et al., 2018). In fact, ZnO nanoparticles have
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demonstrated potent bactericidal activity against both Gram-positive and
Gram-negative bacteria (Azam et al., 2012). Studies have shown that ZnO
nanoparticles exhibit significant growth inhibition against a broad spectrum
of microorganisms (Jones et al., 2008). Apart from biomedical applications,
ZnO nanoparticles have also found applications in agriculture. They have
been used in the development of nanofertilizers and as a means to enhance
plant growth and productivity (Sabir et al., 2014).

ZnO nanoparticles have also been investigated for their potential in
revolutionizing agriculture through their use in gas sensors, optical devic-
es, and solar cells (Sabir et al., 2014). In addition, ZnO nanoparticles have
been utilized in the field of nanotechnology. They have been used in the
fabrication of nanorods, which have shown promise in various applications
such as cosmetics, polymer films, and chemical sensors (Sotiriou et al.,
2014; Khun et al., 2013). ZnO nanoparticles have also been studied for
their photocatalytic activity and have been used in the synthesis of Ag-dec-
orated ZnO nanoparticles for enhanced photocatalysis (Khan et al., 2020).
Furthermore, the unique properties of ZnO nanoparticles have led to their
use in environmental applications. They have been investigated for their
potential in reducing DNA damage and for their UV absorption properties,
which make them suitable for use in transparent UV protection films (So-
tiriou et al., 2014). Overall, ZnO nanoparticles have shown great potential
in various fields including biomedical applications, agriculture, nanotech-
nology, and environmental applications. Their excellent biocompatibility,
antimicrobial activity, and unique properties make them a versatile mate-
rial with a wide range of applications. Fig. 1 shows schematic diagram of
ZnO nanoparticles application areas.
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Figure 1. Application areas of ZnO nanoparticles
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3.1. Medical and biological applications

Zinc oxide particles possess unique physical, chemical, and biological
properties that render them applicable in medical and biological settings.
They can eliminate the bacterial cell membrane, making them ideal for an-
tibacterial, antifungal, and antiviral applications. Their large surface area in
proportion to their size makes them useful for delivering drugs in smaller
amounts and with enhanced safety and efficacy. Owing to its unique optical
and magnetic characteristics, it has diverse applications in bio-imaging and
disease diagnosis equipment (Jiang et al. 2018).

3.2. Dental applications

Zinc oxide nanoparticles are a suitable material for traditional dental
treatments and to mitigate complications associated with such treatments.
It is worth noting that the utilization of nanotechnology in dental practice
has many promising applications that ensure efficient oral care. In ortho-
dontics, nanoprobes are utilised to effectively manage the tissue encom-
passing the tooth, adjust and manoeuvre the tooth with ease, and increase
the longevity of nano fillings (Moradpoor et al., 2021). Fig. 2 shows gen-
erally dental applications of ZnO nanoparticles.
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Figure 2. The dental applications of ZnO nanoparticles

Dental nanotechnology encompasses nanomaterials and tissue en-
gineering techniques, which are employed to alleviate chronic dentinal
hypersensitivity by using biological nanomaterials. In orthodontic proce-
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dures, it offers a painless and superior alternative to conventional methods
during the manipulation of gingival tissues. Nanobots constitute a further
application of nanomaterials within dental practices. Nanobots possess the
capability to navigate through delicate human tissues using certain kinet-
ic methods. They are also capable of developing a technology resilient
enough to operate under such conditions, penetrate cells securely, and ob-
serve nerve impulse movements of nerve cells. Nanobots may be controlled
and modified by programming them with pertinent information using par-
ticular computers, or by utilising specific notifications directly transmitted
by the dentist using audio signals. Additionally, a nano-toothpaste is man-
ufactured, converting the organic matter that is stuck on the gums into a
harmless and odourless vapour. Ivory robots are employed to exterminate
and eradicate bacteria that cause diseases inside the teeth (Patil et al. 2008).

3.3. Industrial applications

Zinc oxide nanoparticles have a multitude of industrial applications.
Furthermore, light-emitting diodes (LEDs) are implemented in the pro-
duction process of electronic devices, solar cells, lasers, rubber, ceramics,
paints, textiles, cosmetics, and other industrial productions, resulting in
an immersive range of uses. It is worth noting that the use of materials
and devices containing nanoparticles imparts increased durability, reduced
weight and size, and greater utility within electronic devices, as substanti-
ated by Hahn (2011).

3.4. Food applications

Zinc oxide particles have potential applications in enhancing food
products, treatment, protection against rapid spoilage, and preservation
through antioxidant coatings. Furthermore, antimicrobial agents can be
added to food packaging to boost its quality and safety (Espitia et al. 2016).

3.5. Agricultural applications

Zinc oxide nanoparticles serve as a substitute for various harmful
chemicals used in agricultural goods. They have multiple applications in
the agricultural field, as they are suitable for enhancing the quality of prod-
ucts while reducing their costs. By undergoing processes such as filtration
and hydrolysis, these nanomaterials facilitate the production of exceptional
plant nutrients for crops in minimal quantities without causing any adverse
effects (Sabir et al. 2014).

3.6. Water desalination applications

Zinc oxide nanoparticles can be employed in desalinating drinking
water, purging industrial waste from it, and converting toxic chemicals
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into non-hazardous substances (Rambabu et al., 2021). The past few years
have witnessed an upsurge in research activity pertaining to this aspect.
Exploiting the photocatalytic nature of ZnO nanoparticles results in the
production of highly effective photocatalysts. Exploiting the photocatalyt-
ic nature of ZnO nanoparticles results in the production of highly effective
photocatalysts.

3.7. Space applications

Zinc oxide nanoparticles find extensive usage in space technology,
with their applications being varied and diverse. Specifically, they have
proven to be valuable in the manufacturing It makes spacecraft lighter and
thus increases fuel efficiency. Furthermore, their nanocoating on space ve-
hicles allows for the construction of more heat-resistant crafts, thereby fur-
ther enhancing their utility (Shirshneva-Vaschenko et al., 2019).

3.8. Energy applications

Zinc oxide nanomaterials have numerous applications in renewable
energy, including solar and wind energy. For instance, nanomaterial-based
solar cells exhibit greater energy density, durability, and efficiency in com-
parison to conventional solar cells (Imran et al., 2017). The usage of nano-
materials in this domain is highly innovative. Ongoing research is being
conducted on devices that are capable of generating more electrical energy
than mechanical energy, while also possessing faster speeds and increased
durability.

3.8. Nanomedicine

Nanomedicine is a crucial and foremost application of nanotechnolo-
gy due to its intimate association with human life and health. It constitutes
the implementation of medical nanotechnology into biological sensors and
devices that employ nanomaterials whose dimensions approach those of
various biological molecules. Such nanomaterials offer utility in many re-
search and medical domains. The incorporation of nanomaterials into bi-
ology has resulted in considerable progress in diagnostic devices, physical
therapy, contrast agents and analytical tools (Nayak et al., 2018).

Recent progress in nanotechnology has facilitated the development
of novel medical and therapeutic techniques, distinct from those currently
employed in disease diagnosis and treatment. For instance, nanotechnolo-
gy operates through innovative means of drug delivery in the human body,
with remarkable precision to target cells throughout. In addition to combat-
ting life-threatening conditions like cancer, nanomedicine and its potential
uses are being investigated extensively by research establishments world-
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wide. The US Food and Drug Administration approved Doxil as the first
nanomedicine for cancer treatment. In 1995, it was utilized to remedy adult
carcinomas comprising ovarian cancer, multiple myeloma, and Kaposi’s
sarcoma, which are infrequent malignancies that target immunocompro-
mised individuals like those who have HIV (Wibroe et al. 2016).

Early detection devices are used for nano-diagnosis of various diseas-
es that can potentially be fatal to the human body. This type of diagnosis in-
volves preparation and recovery from molecular and cellular diseases. The
implementation of medical nanotechnology can significantly enhance the
accuracy of disease diagnosis within the human body by introducing sensi-
tive nanodevices with the advanced ability to study and detect illnesses at
an early stage. Furthermore, these devices offer objective data on identify-
ing harmful particles, quantifying their concentration, detecting cancerous
cells, and facilitating their treatment. Nanomaterials possess unique attri-
butes such as distinctive structures, optical properties, magnetic behaviour,
and chemical reactivity, which render them valuable in diagnostic imaging
and tumour localization within the human anatomy. Nanoparticles differ
from non-nanoscale materials due to their significantly larger surface area
relative to their size and enhanced adaptability. These properties result
from the modified quantitative effect of the nanoscale (Souri et al., 2022).

Nanotechnology has facilitated novel drug delivery approaches,
demonstrating the remarkable potential of targeting human cells with
nanoparticles. Such methods can significantly mitigate the consumption
of drugs and related side effects by administration of minuscule amounts
of active substances to precise areas of affliction, eliciting short-lived bio-
chemical reactions. Nanotechnology facilitates drug administration to a
particular region of the body over a set duration while yielding low con-
sumption and biological savings through molecular targeting nano-device
technology. A key advantage of the implementation of nanoparticles in
medical devices is the production of minute nano-devices that can be im-
planted into the human body. These devices function faster and are more
responsive than traditional methods of drug delivery. Nanomedicine en-
deavours to offer significant novel research equipment and gadgets with
the possibility of clinical implementation in the forthcoming future. The
National Nanotechnology Initiative anticipates a wide range of applica-
tions in drug development, encompassing novel modes for delivering ther-
apies and medications, and imaging techniques like magnetic resonance
and ultrasound (Roco 2003).

3.9. Cancer applications

Cancer is a top cause of death in the United Kingdom, and its incidence
is on the rise. Nanotechnology is poised to play an important role in can-
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cer treatment, particularly in magnetic resonance imaging, due to the unique
properties and small size of nanoparticles. A high number of functional
groups are linked to nanoparticles due to their large surface area, relative to
their size. Nanoparticles have different collecting patterns at the tumor site.
Research in the field of nanotechnology is focused on developing nanoparti-
cles capable of both carrying drugs to the tumor site and imaging the tumor
non-invasively. It has been discovered that nanoparticles between 10 and
100 nanometers in size can traverse blood vessels, break through capillary
barriers and ultimately reach cancerous cells (Wang et al., 2008).

3.10. Medicines delivery

Nanotechnology is focused on enhancing the therapeutic effectiveness
of drug molecules within medicine. Medical technology places significant
importance on accurately delivering drugs through biological processes in
the body using drug carriers. Investigations into the interaction of drug
molecules with cells center around modulating the size and shape of these
molecules and the chemical traits of their surfaces. Researchers in high-pre-
cision nanomaterial nanomedicine technology are currently focusing on
drug delivery to body tissues. There is also an emphasis on controlling
these molecules, which enables high efficacy, minimal side effects, low
drug consumption, and low treatment cost. Nanoparticles, nanotubes and
nanocapsules are the most promising forms of drug delivery, as they have
a myriad of applications. They are particularly efficient at delivering small
drug particles and a variety of biomolecules, including plasmid DNA, pro-
teins and peptides. Fig. 3 illustrates the nanoparticle-mediated drug release
mechanism as described by Goldberg et al. in 2007 (Goldberg ef al. 2007).
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Figure 3. Continuous mechanisms of drug release from nanoparticles (Souri et
al. 2022)
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3.11. Medical imaging and diagnostics

Early disease detection is a key aim of nanotechnology, enabling
prompt intervention and reducing complications and additional symptoms.
The key factor for making these determinations is molecular imaging and
the detection of cellular processes. Nanoparticles are particularly useful
in creating contrast and combining multiple features. New designs of mo-
lecular imaging contrast media comprise materials appropriate for creat-
ing contrast, including fluorescent and paramagnetic, super magnetic, or
electron-dense materials. Nano-mediated imaging permits the monitoring
of all motilities that materialize in the living tissues of the human body,
allowing medical professionals to accurately supervise the progression of
medicines in the patient’s tissues.

It can be challenging to study certain cells within the body. This has
led scientists to utilise coloring techniques to identify them. Additionally,
cells emit light waves at various wavelengths, meaning they do not func-
tion in a consistent or uniform manner. These factors present a range of
obstacles for medical imaging and diagnosis. However, researchers em-
ployed nanoparticles to overcome this challenge. Molecules exhibit di-
verse responses to wave frequencies owing to their intrinsic properties.
The application of nanotechnology has facilitated the production of biolog-
ical tests that can measure the activity of lab equipment with utmost swift-
ness, precision, and adaptability. To identify particular microbes, magnetic
nanoparticles were employed as markers in combination with antibodies.
For instance, certain gold nanoparticles are utilized in conjunction with a
DNA section to comprehend gene sequence in some samples. The integra-
tion of nanoholes in DNA analysis has facilitated the conversion of its unit
array into electrical signals. The use of nanoparticles as a contrast agent
has further improved the quality and dispersion of ultrasound and magnetic
resonance images. Additionally, surgeons can easily locate tumors during
surgical operations thanks to the shiny nanoparticles, making the eradica-
tion process more efficient (Cormode et al., 2009).

3.12. Anti-microorganism

Excessive and unintentional use of antibiotics causes the development
of genetic factors that heighten resistance, leading to amplification in bac-
terial numbers. This, in turn, increases bacterium resistance to drugs and
promotes the spread of biofilms, endangering public health. Antimicrobi-
al agents in the form of nanoparticles or nanocomposites at sizes below
100 nanometers have recently been introduced. Owing to its size, the large
surface area of the object results in enhanced interaction with microorgan-
isms, which leads to an improvement in its antimicrobial activity. Certain
studies suggest that nanoparticles attack gram-negative bacteria, penetrat-
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ing the cell wall and altering the cell membrane’s permeability. As a result,
an increase in the permeability of the cell membrane has been observed.
Controlling the entry of substances through the cytoplasmic membrane is
challenging and inevitably fatal for bacterial cells. Nanotechnology bio-
film applications combat microbes by destroying their cell membranes,
transmitting electrical charges, mechanically killing them, and preventing
the emergence of superbugs. Biofilms are formed by a cluster of elongat-
ed atomic chains capable of penetrating the cell wall. These chains carry
substantial positive charges that draw negatively charged bacteria towards
them (Natan and Banin, 2017).

3.13. Surgical operations

Nanorobots are an additional application of nanotechnology in the
medical field. In surgical practice, these tiny robots aid doctors during crit-
ical and hazardous surgeries. By means of a specialized device, the physi-
cian can easily guide and operate the nanorobot with significant accuracy
and efficiency. This technique is superior, more precise and less risky com-
pared to conventional surgical methods. The surgical technique involves
the use of a manipulative stick by the surgeon to operate the robot’s arm
which comprises of sensitive instruments and a miniature camera. The
stick facilitates the conversion of a large movement into a smaller one,
delivering a high level of surgical precision. Fig. 4 illustrates a surgical
procedure where each step can be executed, and the video is regularly up-
dated during the cell dissection process (Song et al., 2012).
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Figure 4. Mechanism of surgery with a nanorobot (Song et al. 2012)
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3.14. Tissue engineering

Medical nanotechnology has an important application in tissue engi-
neering. Growth factors based on suitable nanomaterials are used to pro-
duce, repair and remodel damaged tissues. Tissue engineering could re-
place conventional treatments like artificial implants or organ transplants.
Nanoparticles such as graphene and carbon nanotubes are used as rein-
forcing agents to make polymeric nanocomposites with high strength and
are mechanically biodegradable for bone tissue engineering applications.
When added to the polymer matrix at reduced concentrations (~ 0.2 wt %),
these nanoparticles notably enhance the compressive and bending mechan-
ical properties of the polymeric nanocomposites (Lalwani et al., 2013).
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ANAEROBIC FUNGI IN THE RUMEN MICROBIOTA

The main stored carbon source in nature is plant cell walls and plant
cell wall material is the main food of many ruminants (Akin, 1993). There-
fore, the rumen is highly adapted for the fermentation of plant cell walls.
The cell walls of forage plants that make up the diet of ruminants are com-
plex because they contain protein and many structural carbohydrates. In
addition, the structure of the plant cell wall varies greatly depending on the
plant species, plant part, tissue type, age of the plant, as well as environ-
mental factors such as temperature, photoperiod, moisture and soil miner-
als in the plant (Weimer, 1992). Rumen contains one of the most complex
microbial ecosystems in nature, and there are bacteria, archaea, protozoa,
fungi and bacteriophages in rumen ecosystem (Itabashi, 2004).

Rumen fungi have a very important role in the breakdown of plant
cell wall elements by rapidly colonizing and secreting hydrolytic enzymes
(Dehhaghi et al., 2020). Rumen fungi are more advantageous than other
microorganisms in the degradation of lignocelluloses with the effective en-
zymes they produce and the rhizomycelium they have. Therefore, rumen
fungi play an important role in the degradation of lignocellulosic biomass
in rumen (Liang et al., 2020). Most of the enzymes that degrade polysac-
charides are localized in the rhizoids, rhizomycelium, but are also secreted
extracellularly (Lowe et al., 1987). It has also been reported that anaerobic
fungal zoospores produce polysaccharide-degrading enzymes (Williams
and Orpin, 1987). Immunofluorescence techniques have shown that en-
zymes are localized in vesicles, rhizoids, and cell wall surface of ribo-
some-rich vegetative cells, starting from the germination of zoospores. En-
zyme production decreases considerably at the time of sporulation (Breton
et al., 1995).

The surface substances of lignin are effectively removed by rumen
fungi, thereby significantly increasing the accessibility of degradable cel-
lulose and hemicellulose, so that efficient degradation of lignocellulos-
ic biomass by other rumen microorganisms can be achieved (Yue et al.,
2013). The polysaccharide-degrading enzyme activity of anaerobic rumen
fungi was approximately 3-6 times higher than that of aerobic fungi such
as Trichoderma reesei, T. viridae and Aspergillus oryzae used in many in-
dustrial processes (Lee et al., 1999). Additionally, rumen fungi are better
than rumen bacteria at breaking down structural barriers in plants because
of their ability to extensively degrade some lignified tissues, partially de-
grade and weaken more resistant tissues, and penetrate the cuticle barri-
er in forages (Akin and Borneman, 1990). Scanning electron microscope
(SEM) photographs in Figure 1 show intensive colonization of wheat straw
by Neocallimastix sp.
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Figure 1. The SEM micrographs of wheat straw incubated for 72 h with
Neocallimastix sp. Antibiotic mix added to the culture to inhibit the bacterial
growth. Wheat straw was extensively colonized with rhizomycellium (a-b),
and sporangia (c-d) of Neocallimastix sp. Colonization of anaerobic fungi on
plant fragments showing development of sporangia of Neocallimastix sp. (e-f).
The fungal culture was prepared in the Biotechnology laboratory of Biology
Department in Kahramanmaras Sutcu Imam University. The SEM micrographs
were taken at Research Center for University and Industry Collaboration of
Kahramanmaras Sutcu Imam University.

XYLAN AND XYLANASES

The plant cell wall contains three basic polymers. These are cellulose,
hemicellulose, and lignin. These structures are generally called lignocellu-
lose (Thomson, 1993). Xylan is the main hemicellulose component of the
plant cell wall and is the second most abundant polysaccharide on earth
after cellulose (Kulkarni et al., 1999). The amount of xylan varies accord-
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ing to the plant. Xylan protects cellulose against enzymatic degradation.
When xylan is removed from the plant, cellulose is more susceptible to
cellulolytic hydrolysis (Donev et al., 2018). Hemicellulose comprises 15%
to 35% of lignocellulosic biomass and differs from cellulose due to its
diverse forms, shorter chains, and branching. Like cellulose, it consists
of 1,4-linked B-D-pyranol residues such as glucose, mannose, and xylose.
The extent of branching and functional groups varies based on the feed-
stock source. Hemicellulose, a heteropolymer, comprises monosaccharides
like pentose, hexoses, acetylated sugars, and uronic acids, with variations
used in plant classification (Naidu et al., 2018).

Xylanases (EC 3.2.1.8) are key enzymes for the degradation of xylan
and act on the xylan backbone, randomly cleaving the B-1,4-glycosidic
bonds between xylopyranosyl residues (Katahira et al., 2004; Malgas et
al., 2019). Xylanases have been classified mainly as glycosyl hydrolase
family (GH) 10 and 11 based on their amino acid sequence similarity and
hydrophobic cluster analysis of the catalytic domains. Compared to xy-
lanases in other GH families, GH11 xylanases are advantageous for many
biotechnological applications due to their high substrate selectivity and
diverse properties such as high catalytic activity, small size and a range of
optimum pH and temperature values (Walia et al., 2017).

Xylanase production has been reported from many organisms such as
fungi, bacteria, yeast, marine algae, but the main sources of xylanases are
fungi and bacteria. Microbial xylanases have received great attention for
application in the feed, food, bioenergy and paper-pulp industries over the
past few decades (Wang et al., 2015). Anaerobic fungi have a wide variety
of enzymes, for example Orpinomyces sp. C1A has been reported to have
357 glycoside hydrolases, 24 polysaccharide lyases, 92 carbohydrate ester-
ases in its genome (Youssef et al., 2013). It was observed that the xylanase
is the most active enzyme among all the endo-polysaccharide hydrolase
enzymes of anaerobic fungi studied (Borneman et al., 1989).

XYLANASES OF ANAEROBIC FUNGI

Enzymes required to degrade xylan are produced at high levels in both
monocentric and polycentric rumen fungi (Comlekcioglu et al., 2011).
Xylanase production have been reported for species belong to the gen-
era of Neocallimastix (Mountfort and Asher, 1989), Piromyces (Dagar et
al., 2018; Paul et al., 2010), Orpinomyces (Dagar et al., 2018; Ljungdahl,
2008), Anaeromyces (Dagar et al., 2018; Novotna et al., 2010), Caeco-
myces (Matsui and Ban-Tokuda, 2008), Cyllamyces (Comlekcioglu et al.,
2011), Liebetanzomycespolymorphus (Joshi et al., 2018), and Pecoramy-
ces (Hanafy et al., 2017). Rumen fungi have xylanases both from GH10
and GH11 (Gruninger et al., 2018). Rumen fungi mostly secretes the xy-
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lanase enzyme into the culture medium, and only a small amount (<10%)
has been reported to be associated with fungal rhizoids (Gomez de Segura
et al., 1998; Mountfort and Asher, 1989), while there are also species with
significant cellular activity (Lowe et al., 1987).

Although xylan is an important inducer for xylanase production of
rumen fungi, xylanase has also been produced in media containing differ-
ent carbon sources such as wheat straw, cellulose, cellobiose, glucose or
xylose (Comlekcioglu U. et al., 2012; Mountfort and Asher, 1989). Ac-
cording to this result, it could be concluded that xylanase is produced at
basal level by rumen fungi and increases with the presence of xylan (Lowe
et al., 1987). On the other hand, some reports demonstrated the decrease in
enzyme production of rumen fungi in the presence of glucose (Henske et
al., 2018; Morrison et al., 1990; Williams et al., 1994).

Studies have shown that the xylanases of Neocallimastix sp. and Or-
pinomyces sp. are endo-hydrolytic, producing mainly xylobiose, xylotriose
and slightly higher xylo-oligosaccharides as products (Comlekcioglu et al.,
2014; Liu et al., 2005; Mountfort and Asher, 1989). The subsequent deg-
radation of xylo-oligomers into xylose showed that xylan hydrolysis first
started with xylanase and then continued with B-xylosidase (Pearce and
Bauchop, 1985). Although most of the B-xylosidase enzyme of Neocalli-
mastix sp. is inside the cell, a significant amount is also released outside
the cell (Comlekcioglu et al., 2011; Gomez de Segura et al., 1998). For
efficient enzyme production of rumen fungi, it is important to keep the con-
centration of fermentation products, especially acetic acid, at a low level to
avoid inhibition of fungal growth and enzyme production using continuous
or repeated batch culture systems (Srinivasan et al., 2001). Co-cultures can
be a solution to remove fermentation products, for example, the co-cul-
ture of N. frontalis and Methanobrevibacter ruminantium showed high xy-
lanase activity (Wei et al., 2016).

XYLANASE CODING GENES OF ANAEROBIC FUNGI

The detailed characterization of the enzyme systems of anaerobic fun-
gi has been achieved by cloning the enzyme genes. As a result of sequence
analysis, horizontal transfer of genes between bacteria and anaerobic fungi
in rumen was proposed because of the significant homology between ru-
men fungal and bacterial xylanases and concluded as xylanase genes of
rumen fungi have prokaryotic origin (Comlekcioglu et al., 2010; Gilbert et
al., 1992; Zhou et al., 1994). Additionally, it has been observed that rumen
fungi carry various catalytic domains with the same or different catalytic
properties on a single polypeptide (Gilbert et al., 1992; Xue et al., 1992).
The xyl4 gene of N. patriciarum contains 2 highly homologous catalytic
domains (Gilbert et al., 1992). The catalytic domains of this enzyme were
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examined separately in terms of enzyme production in E. coli and it was
observed that the second domain produced more enzymes than the first
domain or the full enzyme carrying two domains (Xue et al., 1995).

Besides catalytic domains, dockerin domains play an important role
in the formation of the cellulosome complex known in rumen fungi and
the presence of dockerin domain was found in the genes of xynAd of N.
patriciarum, xynllA and xynliB of N. frontalis, xynA of O. joyonii, and
xynA of Orpinomyces sp. (Garcia-Vallvé et al., 2000). Dockerin domains
allow polysaccharidases to attach to the scaffolding protein and form cellu-
losome complexes (Raghothama et al., 2001). Dockerin domains in rumen
fungal genes can be found single or in pairs. It was found that the double
dockerin domain binds to the cellulosome complex more tightly than the
single dockerin domain (Nagy et al., 2007). It has been reported that op-
timum temperature and thermal stability increase when dockerin domains
are removed from xynliA and xynliB genes isolated from N. frontalis
(Huang et al., 2005), on the other hand, deletion of non-catalytic domains
of xynC from N. patriciarum reduced xylanase activity (Liu et al., 1997).

Unlike other rumen fungal xylanases, the XynC enzyme also showed
carboxymethylcellulase activity (Liu et al., 1999). Another bifunctional xy-
lanase enzyme was XynS20E from N. patriciarum which has axetylxylan
esterase and xylanase activities (Pai et al., 2010). As observed in XynC and
XynS20E, multiple catalytic activities can be found in an enzyme, on the
other hand, multiple enzyme production can be achieved by constructing
co-expression vectors. xynA-7 of Neocallimastix sp. and the bifunctional
celA-5 of Orpinomyces sp. were co-expressed on a single vector in E. coli
and thus E. coli produced xylanase, carboxymethylcellulase and lichenase
enzymes (Comlekcioglu et al., 2017).

The crystal structure of XynCDBFV of N. patriciarum revealed that
this xylanase had a typical GH11 B-jelly-roll fold, but had an extended
N-terminal region consisting of 11 amino acids which is found unique
among GH11 xylanases (Cheng et al., 2014b). Mutant xylanases generated
using directed evolution of the XynA of Orpinomyces sp. PC-2 showed
higher thermostability than wild-type XynA (Trevizano et al., 2012). Addi-
tionally, a large increase in the specific activity of the XynA of Orpinomy-
ces sp. PC-2 was achieved by removing the 27 amino acid residue from the
N-terminal of XynA (Ventorim et al., 2018). On the other hand, thermo-
stability of XynCDBFV of N. patriciarum was improved based on C-ter-
minus replacement using site-directed mutagenesis (Han et al., 2017). The
xylanase (Xyn1B) of Neocallimastix sp. GMLF1 was firstly expressed and
characterized in Escherichia coli (Comlekcioglu et al., 2010), then Xyn1B
found to be resistant to xylanase inhibitor protein (XIP), and authors sug-
gested that XIP-resistant xylanase may have an advantage in saccharifica-
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tion of barley malt (Zhu et al., 2020).

The xylP, xynF'1 and xylAr10 (isolated from Piromyces finnis, uncul-
tured ruminal fungus and Anaeromyces robustus, respectively) were ex-
pressed by cloning into Pichia pastoris (Kalinina et al., 2020; Leng et al.,
2018; Wen et al., 2021). xynliB of N. frontalis was expressed both in P,
pastoris and P. methanolica, and it was suggested that the purification of
xylanase would be easier with the P. pastoris while P. methanolica pro-
duced more xylanase (Tsai and Huang, 2008). xynR$§ of an uncultured ru-
men fungus was cloned and expressed in Lactococcus reuteri which was
isolated from the gastrointestinal tract of broiler chickens (Liu et al., 2005).
Then, two truncated XynR8 with different lengths were expressed by L.
reuteri, and it was found that the specific activity of these truncated XynR8
enzymes were higher than the wild type XynRS8 (Cheng et al., 2014a). Also,
residues N41 and N58 which are important in stabilizing two loops and the
structure of XynRS, were mutated to D, and as a result, while N41D muta-
tion improved the tolerance of XynR8 to pH2.0, N58D mutation enhanced
both the activity and acid tolerance of XynR8 (Chen et al., 2012).

INDUSTRIAL POTENTIAL OF ANAEROBIC FUNGAL
XYLANASES

The xylanase activity of the rumen fungus Piromyces is more than
three times higher than the enzymes produced by Trichoderma reesei and
Aspergillus nidulans, which are widely used for enzyme production in in-
dustry today (Solomon et al., 2016). All anaerobic fungi carry at least a
xylanase gene but can also carry genes encoding xylanases with different
characteristics (Comlekcioglu, 2023), however, the research on the indus-
trial usage of rumen fungal xylanases is remained limited.

Cellulase-free xylanase enzymes has significantly gained attention
during recent years for enhancing brightness during paper-pulp process-
ing (Dutta et al., 2020). A few research was made for pulp bleaching us-
ing rumen fungal xylanases. The bleaching of eucalyptus kraft pulp with
XynA16 of Orpinomyces sp. was resulted with decrease in kappa number,
increase in brightness and release of chromophores (Comlekcioglu et al.,
2014). The total relative active chlorine savings of the pretreatment of eu-
calyptus kraft pulp with the xylanase of Orpinomyces sp. PC-2 over the
acid pretreatment was found to be nearly 23% (Meng et al., 2015). The
effects of Orpinomyces sp PC-2 xylanase treatment on the fiber surface
properties of high yield pulp were investigated and an increase in the atom-
ic oxygen-carbon ratio, a decrease in lignin content and an improvement
in the physical strength-related properties of the pulp were observed (Liu
et al., 2016).
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A recent study demonstrated the utilization of ArXynl0 originating
from the anaerobic rumen microorganism Anaeromyces robustus in bread
making as an application prospect in food industry. In this study, ArXyn10
improved the quality by reducing the hardness and chewiness of the bread
(Wen et al., 2021). A novel glycoside hydrolase family 10 (GH10) xy-
lanase gene, ArXyn10c20 obtained from A. robustus, has been effective-
ly synthesized and expressed in Pichia pastoris GS115. Its application in
bread production led to remarkable improvements: a significant reduction
in bread hardness (by 42.2%), gumminess (by 45.3%), and chewiness (by
55.4%), accompanied by an 18.7% increase in reducing sugar content.
These findings underscore the immense potential of the newly discovered
ArXynl10c20 xylanase in the food industry (Liu et al., 2022). In summa-
ry, anaerobic fungal xylanases represent a promising and unexplored asset
that holds significant potential for a wide array of biotechnological appli-
cations.

CONCLUSION

Rumen fungi are beneficial microorganisms for ruminants, therefore,
a better understanding of the enzyme systems of anaerobic rumen fungi is
significantly important for the gut health of the ruminants. Furthermore,
the rich enzymatic variety of rumen fungi possess a significant application
potential for different industries such as feed, food, paper, textile, pharma-
ceuticals, and biofuels. However, studies on regulation, function, produc-
tion, structures, and functional mechanisms of complex enzyme system
of rumen fungi are still limited. In more than 40 years since the discovery
of anaerobic fungi, culture-based studies on rumen fungi have resulted in
the discovery of new species, and 20 genera have been reported for rumen
fungi: Aestipascuomyces, Agriosomyces, Aklioshbomyces, Anaeromyces,
Buwchfawromyces, Caecomyces, Capellomyces, Cyllamyces, Feramyces,
Ghazallomyces, Joblinomyces, Khoyollomyces, Liebetanzomyces, Neo-
callimastix, Oontomyces, Orpinomyces, Paucimyces, Pecoramyces, Piro-
myces, and Tahromyces (Stabel et al., 2021). Although the rumen fungi
species discovered in the last decade have increased, there is not enough
information about the enzymatic properties of many of them. Moreover,
metagenomic studies have revealed that there are undiscovered rumen fun-
gal species yet (Edwards et al., 2017; Rabee et al., 2019). Recent advances
in molecular techniques can isolate the enzyme genes of rumen fungi with-
out the need for culture techniques and enable them to be expressed het-
erologously in different hosts. However, it is also necessary to culture the
rumen fungi and carry out detailed research on their enzyme systems for
sustainable livestock production by reducing the environmental footprint.
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1. Introduction

Zadeh introduced the application of fuzzy set theory to mathematical
programming in 1965 (Zadeh, 1965). In 1970, Bellman and Zadeh
proposed aggregation algorithms to enhance the optimization of fuzzy
collections (Bellman & Zadeh, 1970). Zimmermann (1978) was the first
to successfully employ fuzzy set theory in multi-objective optimization,
marking a significant milestone in this field. In 1991, Zimmermann
coined the term "fuzzy-valued optimization" to describe the modeling of
real-world problems with fuzzy parameters (Zimmermann, 1991). These
issues encompass constraints, objective functions, or a combination of
both, and numerous approaches have been developed to address them
(Zimmermann, 1991).

Fuzzy function-based optimization is a complex subfield of fuzzy
optimization, and it involves optimization problems where the objective
function and/or constraints exhibit fuzzy values. This specialized area
was pioneered by Wu in 2007, who extensively explored the intricacies
of fuzzy function-based optimization (Wu, 2007). Wu (2009a) made
substantial advancements by introducing Karush-Kuhn-Tucker (KKT)
optimality criteria specifically tailored to this category of fuzzy
optimization problems. Furthermore, in 2009, Wu (2009b) extended this
line of research by incorporating level-wise differentiability and
Hukuhara differentiable fuzzy functions into the framework. Rufian-
Lizana et al. (2012) further contributed to the advancement of knowledge
in this domain by conducting comprehensive research on fuzzy function-
based optimization challenges, building upon the foundational work.

Chalco-Cano et al. (2013a) delved into the complexities of differential
calculus for functions with fuzzy interval values and employed the
generalized Hukuhara differentiability paradigm for a thorough
examination of optimization problems featuring interval-valued objective
functions. They introduced KKT conditions based on generalized
Hukuhara derivatives, capable of handling two distinct order relations
within the interval space (Chalco-Cano et al., 2013b). Moreover, Chalco-
Cano et al. (2016) proposed KKT-type optimality criteria for non-
differentiable functions within fuzzy optimization contexts, with a focus
on improving the understanding of fuzzy optimization with interval-
valued objectives. Their work centered on the sophisticated concepts of
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Generalized Hukuhara (GH) differentiability and pseudo-invex fuzzy-
valued functions, as detailed in their studies (Chalco-Cano et al., 2013a,
2013b, 2016).

It's noteworthy that there has been extensive research on fractional
optimization problems (Pop & Stancu-Minasian, 2008). Dinkelbach
(1967) developed a parametric approach for transforming fractional
optimization into non-fractional optimization, while Jagannathan (1966)
explored the relationship between parametric and fractional optimization.
Su and Hang (2022) investigated non-smooth multi-objective fractional
optimization problems with set, generalized inequality, and equality
constraints, providing conditions for local weak minimizers with primary
and secondary optimality constraints. In 2023, Thuy and Su addressed an
uncertain  non-smooth  multi-objective  fractional  semi-infinite
optimization problem with resistant Karush-Kuhn-Tucker optimality
constraints. Su and Hang (2023) established second-order optimality
requirements for both rigorous and weak local Pareto minima in a local
Lipschitz multi-objective fractional optimization problem with inequality
constraints.

Recently, Agarwal et al. (2023) successfully tackled Fuzzy-valued
Interval Fractional Optimization Problems (FVIFOPs) by leveraging
level-wise differentiability and Hukuhara differentiable fuzzy functions.
Additionally, Chalco-Cano et al. (2016) outlined a methodology for
addressing fuzzy-valued optimization problems, delving into the
properties of fuzzy-valued functions in various scenarios with a focus on
their behavior at specific points. The study brings attention to the
underexplored research area of Fuzzy Valued Interval Fractional
Optimization (FIVFOP). Consequently, this investigation concentrates on
FIVFOP to identify effective solutions based on the findings of Chalco-
Cano et al. (2016). Using a scalar weighting technique, FIVFOP is
initially transformed into a Fractional Optimization Problem (FOP).
Subsequently, the FOP is converted into a single-objective non-fractional
optimization problem utilizing the Dinkelbach (1967) method. The
efficient solution is derived by presenting KKT conditions using the
Lagrange multipliers method within the Maple 2023 program. Finally, a
numerical example is presented to demonstrate the accuracy of the
proposed solution methodology.
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2. Preliminaries

The symbol K. r denotes the set of closed intervals on the real number

line, which is defined as:
K. ={[a",a" 1l a",a" €] ,a" <a"}.

Definition 1: A fuzzy set on [ " can be defined in mathematics as a
mapping p that assigns a value between 0 and 1 to each element in [ ”.
The set of all items in [1 " whose assigned value by p is larger than or
equal to a , and is referred to as the « - level set of a fuzzy set p and is
denoted as [p]”. A fuzzy set's support p is the set of all elements in [] "

whose given value by p is positive, and is denoted as supp(p).

Definition 2:
A fuzzy interval is defined as a fuzzy set p on the real number line [] ,

which must adhere to the following criteria: p is a continuous function

that assigns membership values between 0 and 1 to elements in the real
number universe [ . The membership function is required to exhibit
upper semi-continuity and possess a peak value of 1 at some specific

point x,. This condition implies that the membership function must

satisfy a particular type of triangle inequality. Moreover, the set of points
characterized by a positive membership function must be compact, and

[p]° also must be compact.
2.1. Operations on Fuzzy Intervals
Let F. represent the set of all fuzzy intervals. For any p in F., [p]”

is a member of K. for « values ranging from 0 to 1, both inclusive.

The fuzzy intervals p and € in F_., represented by [pi,pi} and

[eé ,e‘f] respectively, may be combined together to form p+e¢, and

scalar multiplication Ap can be defined for any real number A :
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(p+e)(x) = sup min{p(y),e(2);

y+z=x

(f] if 40
o) =1"\a) "7
0, if 4 =0.
Moreover Vo €[0,1]:
[p+e = pr+e' . 0" +e", [=] pL+et. pf+e ] (1)
[ﬂp“} = [min{ﬂpé,/’tpf},max{ﬂpj,ﬂpﬁ}} )

Definition 3: Stefanini (2010) developed the concept of generalized
Hukuhara (GH) difference between two fuzzy intervals. If the GH-

difference between p and € exists (denoted by p O, € =w), it exists
only if w is a real number. This notion is an expansion of Hukuhara's

(1967) Hukuhara difference. According to Stefanini and Bede (2009) and
Stefanini (2010), the GH-difference between two intervals can be written

using a -levels as [pQ,, €]” =[p]* O, [€]”. The phrase [p O, €]*
is defined as [min{pé +e, pf +€fy, max{p’ +¢., p¥ +e§}} for all

a<[0,1].

Wu (2007) developed the notion of level-wise differentiable fuzzy
functions by depending on endpoint function differentiability at all levels.
However, Chalco-Cano et al. (2016) revealed that Wu's 2007 definition is
not universally applicable. In other words, they demonstrated that,
contrary to popular belief, certain fuzzy-valued functions are not convex
and lack derivatives at their endpoint positions. As a result, they
presented a broader method, arguing that even though endpoint functions
cannot be identified at particular points, their overall behavior may still
be studied.

Two fuzzy functions GH-differentiable, F and G, they can be

represented by interval-valued functions F, and G, that are also GH-
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differentiable for any « in the closed interval [0, 1]. In this case, the
following relationship holds:

[F@]"=F,x) and [§®)] =G,(x) 3)
where the GH-differentiability is defined.

The fuzzy interval-valued function F —v-G is also GH-differentiable if
F and G are GH-differentiable fuzzy functions and v is any real
number.

Lemma 1: A real-valued function for these fuzzy interval functions:
(F () + F (%) =v+(G; (%) + G (%)) : K > 1] (4)

is differentiable at x, for each a € [0, 1], if F and G are both GH-
differentiable at x;, and v is any real number. Furthermore, the following
equality holds:

AFy () =v-G, () + 7 () =v- G (%)) _ O(F, (x) + B (3) =v-(G, (x) + G (%)) (5)
ox, ox,

i i

Proof: The given statement is defined for o €[0,1], so we will prove it
for a specific « . According to the GH-differentiability definition (see
Bede and Stefanini (2013)), both F and G are GH-differentiable at x,

for the chosen a (see Chalco-Cano et al. (2016)). This implies the
following:

[F )] =F. ) and [G0)] =G, ()

Now, let's take the derivative of both sides of the equation with respect to
X;:

i

ai(f%xo) V-G (5)+ R () =v-GF () =
0

(2 O+ T ) = v (G (70) + G ()

l
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It is worth noting that if F and G are GH-differentiable at x,, then
oF

0
—(x,) and a—(xo) is a fuzzily defined interval (see Chalco-Cano et
X,

Ox,

1 1

al. (2013)). Therefore, the equation can be written as follows:

a(ﬁ(xo)_v'ga(xo)) 0 (

Ox, Ox,

l

Fof () + Ff () = v+ (G (%) + G2 (%))

The proof is completed by demonstrating that the left-hand side and right-
hand side of this equation for any real valued v are equal to each other.

3. Problem Formulations and Methods

In this section, information is provided regarding the transformation of
fuzzy fractional optimization problems into single-objective classical
optimization problems.

3.1.Fuzzy Fractional Optimization (FFOP)

The fuzzy fractional optimization problem (FFOP) is a type of
optimization problem where the objective function is a ratio of two fuzzy
functions. The FFOP is defined as follows:

min(}—(x)J
g(x)
FFOP : w,(x)<0, i=1,...,m, (6)
subjectto Kfj(x)=0, j=L...,r,
xeX

where v, and é ; are real-valued functions defined on the set K.
The feasible set of FFOP (6) is denoted as:
X ={xeKly,(0)<0,£x)=0,(j=1,...ni=1...r)}.

Definition 4 (Efficient Solution): In the context of FFOP (6), a practical

solution denoted by x" is classified as an efficient solution if there exists
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x) . .
) ,in the set X that is

no alternative solution, based on the function )
X

superior to x . In other words, if there is no x” € X \{x'} such that
F(x%) < F(x)
G(x*) - G(x)

Proof: Assume that x is an efficient solution, and there exists an
F (xo)_<,7: (x*)
G(x") - G(x")

alternative solution x° in the set X \{x'} such that

F(x') _FK)
g(x)  G(x7)

better than x according to the objective function. However, this

This implies that , which means that x° is strictly

contradicts the definition of x~ as an efficient solution, which states that
there should be no alternative solution superior to x . Therefore, our
assumption that there exists an alternative solution x° that is better than

x s incorrect, and as a result, x" is indeed an efficient solution.
Definition 5 (Strongly Efficient Solution):

A feasible solution to FFOP (6) is called a strongly efficient solution if
there is no solution x° in the set X that is strictly better than x
F(x)

. That s, if no x° € X \{x'} exists
(x)

according to the same function

F(x)  F&)
G(x)  G(x")

such that

Proof: Assume that x  is a strongly efficient solution, and there exists an
F(x%) < F(x')
g(x")  G(x")

alternative solution x° in the set X \{x'} such that

F(x)  F&)
G(x)  G(x)’

better than x according to the objective function. However, this

This implies that which means that x° is strictly
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contradicts the definition of x* as a strongly efficient solution, which

states that there should be no alternative solution strictly better than X .

In conclusion, the definitions of efficient and strongly efficient solutions
in the FFOP are established, and the proof demonstrates that these
solutions are characterized by the absence of alternative solutions that are

F(x)

better or strictly better according to the objective function ( .

G(x)

3.2.Fuzzy Valued Interval Fractional Optimization Problem
(FVIFOP)

The problem given above is a fuzzy problem, and this problem can be
easily transformed into the following FVIOP using the provided
equations:

[f(XO)]a =7, (x)= I:faL (xo)afaR (xo )] (7
and
[g(xo)]a =G, (x)= [gé (xo )’g(f (xo )] )

This transformation allows us to work with a FVIOP in the context of
fuzzy optimization.

min| 2T :mm(MJ:min([f;(x),ff(x)]] 9
FIVFOP: [G(0)]" g,(x) [gf(.gf1) @

subject to  {constraints of FFOP (6)

where ¥, and fj are real-valued functions defined on the set K.

3.3. Fractional Optimization Problem(FOP)

The problem given in (9) is a multiobjective fuzzy-valued, interval-based,
and fractional optimization problem. Furthermore, even after a partial
ordering, endpoint functions may not have level-wise derivatives at some
places, or if they do, the function may not be convex. In this instance, the
derivative of the sum of endpoint functions rather than the individual
derivatives of endpoint functions may be required (Chalco-Cano et al.,
2016). This allows us to convert the problem with interval functions into
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a Fractional Optimization Problem (FOP) with a single real-valued
objective function.

Jo (X)+ 1o (%)
min
FOP: g, (x)+g5 (x)
subject to  {constraints of FFOP (6)

(10)

3.4.Single Objective Optimization Problem (SOOP)

Dinkelbach's 1967 technique allows for the translation of FOP (11) into a
SOOP, as follws:

min((faL (x)+faR (x))—V(gé (x)+g§ (x)))

ssubject to {constraints of FFOP (6)

SOOP: (11)

We may use KKT conditions to get the optimal solution to SOOP (11)
because it is a real valued single-objective optimization problem. To
begin, consider the following Lagrange function that corresponds to
SOOP (11):

L, (6 ) = (( £ () + 12 (%)) =v(E (%) + 5 (%)) )+ 1 (@) () + 7, (@) € ) (12)
where « represents a parameter between 0 to 1, x is the decision
variable, ,u(a) and 77(05) are Lagrange multipliers, faL, faR, gi , and
g{f are functions associated with the left and right endpoints, and ¥, (x)
and f/ (x) represent constraint functions.

KKT conditions are key equations and restrictions that aid in determining
the optimality and feasibility of solutions to mathematical optimization

problems. The following statements describe these conditions, which are
based on the Lagrange function:

1. To ensure that a solution is optimal, the gradient of the Lagrange
function with respect to the decision variable x must be equal to
zero:

V.L, (x*, u(a),r (a)) =0
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2. The Lagrange multipliers must be greater than or equal to zero:

w(a)=0, i=l...m

3. The constraint functions of an optimization problem must satisfy
the constraints equations:

W, (x)<0,i=1,...,m,

E(xN=0j=1...r

4. The relationship between the Lagrange multipliers and inequality
constraint functions is demonstrated through the KKT
complementarity conditions:

*

y7 (a)-l/'/i(x)zo, i=1,....m

By utilizing the KKT conditions, we can readily assess the optimality and
feasibility of solutions in mathematical optimization problems. The
generalized KKT conditions are stated in the subsequent theorem.

Theorem 3: Suppose the real-valued constraint functions ¥,(x) and
gé (x) for SOOP (11) are both convex and differentiable on K. Assume
that the fuzzy functions F:K = F. and G:K — F. are GH-
differentiable, and the real-valued functions ( fh+ R )and v.( gl + gg)
are convex on K for all o €[0,1]. If there exist non-negative real-
valued values (@) and 7,(«) for i=1,...,m, and j=1,...,r, then
the following KKT conditions hold:

Ly sy vlat )0+ Sk @V )+ X @VE () =0, vaelon)

J=1

2 3K @V, =0.

Then, x  is an optimal solution to SOOP (11).
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Proof: If both F and G are functions that possess GH-differentiability,
and if v is a real scalar, it follows that the objective function of problem
(11) exhibits differentiability across the entire domain X for all
a €[0,1]. The satisfaction of Conditions (1) and (2) consequently

establishes that x° represents a KKT point within the context of SOOP
(11) for all @ €[0,1].

Given the convex and real-valued nature of both the objective and

constraint functions defined on the set K within SOOP (11), x emerges
as an optimal solution for this problem across the entire range of
a €[0,1]. Moreover, since SOOP (11) serves as a weighted scalar

formulation of the more general FVIOP (9), featuring strictly positive
weighting coefficients, it logically follows that x  embodies a Pareto-
efficient solution for FVIOP (9) over the entire span of & €[0,1]. In

accordance with Definitions 4 and 5, x" attains the status of an efficient
solution within the domain of FFOP (6).

4. A Numerical Example

Consider the following optimization problem, which corresponds to
FFOP (6):
[ 3x,+2x2
Z(x,,x,) = mm(uj
X
(13)

(x,—2)" +x; —4<0,

XX, € X

subjectto : {

where 3=(2,3,5) and 2=(1,2,4) denote triangular fuzzy numbers.

Here, F(x,,x,)=3x+2x2, G(x)=2x, [2]° =[1+a,4-2a] and
[3]” =[2+a,5—2a] for all & <[0,1].

We derive from equations (1) and (2)
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((2+0¢)x1 +(+a)x,(5-2a)x, +(4—2a)x22), ifx, 20,x, €ll;

[F(‘x]9‘x2)]a = 2 2 .
(6-20)x +(1+@)x),2+a)x +(4-2)%3 ), ifx <0,x, 0.
and
I+a)x,(4-2a)x,), ifx 20;
[G(x)]* = (), ( ) . % for any a between 0 to
((4—2a)x1,(l+a)xl), if x, <0.
1.

Then comes the depiction of the first function's end point:

Q+a)x, +(1+a)x; x,20,x,ell,

fa (%) ={ (14)

(5-2a)x, +(+a)x: x <0,x,ell.

and

14 (x)= (15)

(5-2a)x,+(4-2a)x; x,20,x,€l],
Q+a)x, +(4-2a)x; x,<0,x,el],

as well as the end point representation of the second function:

(I+a)x, ifx, 20;

8. ()= {(4 “2a)x, ifx, <0. (16)

and

R (4-2a)x, ifx, 20;
g, (%)= (17)

(I+a)x, ifx <O.

It is obvious that [ (x) f,(x) gi(x) and g (x) are not
differentiable at x = (0,0) and convex. As a result, /FandG cannot be
differentiated level-wise, and FandG is also not convex at x = (0,0).

Nonetheless, the sum of end point functions

Ja @)+ £ () =(T-a)x +(5-a)x; (18)
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and

gé (x)+ gg ) =06-a)x (19)
are differentiable and convex (see Chalco-Cano et al. (2016)).

Since  fr(x)+ fX(x)and  gi(x)+g¥(x)are differentiable  at
x= (0, 0), then for FFOP (13), the real valued multiobjective

optimization problem corresponding to FVIFOP (9) is as follows:

Je . f2 (")j,a c[0.1]
g, (%), g, (%)
(x,—2)" +x; —4<0,

x,x,€X

Z,(x,x,)= min(
(19)

subjectto: {

As a result, we write the real valued objective function of the preceding
multiobjective optimization problem in equal weighted method as
follows:

Za(xlaxz) Zmin(Mj:min{U—Q)xl +(5—a)x22j.

€. (%) + g5 (x) G-a)x
(20)
FFOP (10) is transformed into the following nonlinear fractional
optimization problem depending on the & parameter, and FOP (10)
matches to this.
([ (T-a)x, +(5—a)x]
Z ,(x,,x,) =min (7= +G-a)x, ,a €[0,1]
S-a)x, 1)

subjectto: {constraints of problem (19)

The problem in (19) was solved using Maple 2023 software with the «
parameter set to 0.2. The objective function value of the fractional
nonlinear optimization problem was determined to be 1.417, with

x,=0.896 and x, = —2.34299373514663%x107"°. The surface and

point plots for & = 0.2 are also shown in Figures 1 and 2, respectively.
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2(x1,x2)

Figure 1: Surface of the fractional Figure 2 Points of the fractional
nonlinear optimization problem nonlinear optimization problem
(21) for ¢ =0.2. (21) for ¢ =0.2.

L_alpha 50

Figure 3: Surface of non- fractional problem (24) for & = 0.2 and

=243,
2
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Moreover, using Dinkelbach's (1967) technique, we may convert it to a
non-fractional nonlinear function corresponding to SOOP (11) as:

(£ + £5)-v(gk +&2))(x) = (T + (5-)3 ) —v((5- ),
(22)

FFOP (10) can thus be reduced to a single objective nonlinear
optimization problem as follows:

Z,(x,x,)= min((7 —a)x, +(5—a)x; ) —v((5-a)x,) )
subjectto  {constraints of problem (19)

where v is any real number.

alpha=0.2 apha=02

Figure 4: Surface of FVIOP(19) at  Figure 5 Contour of FVIOP (19)
a=0.2. at @ =0.2.

The Lagrange multipliers approach can be used to achieve the KKT
requirements given in Theorem 3 for problem (23), and the Lagrange
function by setting v =1 can be defined as follows:

L, (x. 1) =((12-2a)x, + (5 —a)? )+ (@) (x, ~2) + 2 —a)forall & € [0.1]. (@4
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The following are Lagrange function (24) definitions for the KKT
requirements stated in Theorem 3:

oL, :12—205—2,u(05)+4y(05)x1 =0
Ox,
oL
6xj =2ax,-2u(a)x,=0 (25)
oL
?=(x,—-2)+x;-4=0
6[!(&) 1 2

When system (25) with constraints of SOOP (11) is solved using Maple
2023, the solution is generated based on the value of the & parameter,
as shown below. Figure 3 depicts Lagrange function (24) for o = 0.2

{,u(a):-%+3,x] =0,x, :0}

When these values are put into (23), the value of becomes

Z (x,,x,)=0. In addition, Figures 4 and 5 show the surface and contour

for (problem (19)) the real-valued functions f" (x), IR (x) , gk (x) ,

a

and g* (x) at ¢ =0.2.

After examining the fractional optimization problem obtained following
the transformations (21) with the surfaces provided in Figure 1 and
Figure 2, it is evident that this problem does not possess a convex
structure. Additionally, by employing the Maple 2023 software, the

objective function value was found to be Z,(x;,x,)=1.417 for the

value ¢ =0.2.

Problem (21) has been transformed into a non-fractional optimization
problem (23) using Dinkelbach's method (1967). This transformation,
aided by the Lagrange function, has resulted in an unconstrained
optimization problem (24). Through the utilization of the Lagrange
function, the unconstrained optimization problem (24) obtained a convex
region at the point & = 0.2, as shown in Figure 3. This indicates that, by
employing the first-order optimality condition, global optimal points can
be obtained for problem (23).
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Subsequently, utilizing the unconstrained problem (24) and the KKT
conditions provided in Theorem 3, equation system (25) was derived.
This equation system was solved by incorporating the inequality
constraint of the problem. The results of this process, calculated for the

value o =0.2, yielded an objective function value of Z_(x,,x,) equal

to 0 for the non-fractional problem (23).

Furthermore, graphs obtained using the value a =0.2 for FVIOP (19)
are presented in Figure 4 and Figure 5, revealing that problem FVIOP
(19) is a convex optimization problem.

These findings demonstrate that transforming the fractional and non-
linear optimization problem (21) into the non-fractional optimization
problem (23) using Dinkelbach's method yields superior results.
Moreover, this transformation converts the domain of the fractional
problem, which is concave, into a convex region, confirming the accuracy
of the information provided in Lemma 1.

Finally, when the values of the parameter & are divided into 10 equally
spaced intervals between 0 and 1, it is observed that negligible changes
occur in the objective function for all values.

The purchase of such a solution resulted in the acquisition of an optimal
solution for problem (23). Furthermore, this solution is Pareto efficient
for problem (19). Furthermore, function (22) always fulfills the
differentiability and convexity conditions stated by Chalco-Cano et al.
(2016) for any real value of v. Another interesting aspect is that v can be
a fuzzy valued number while still meeting these constraints.

5. Conclusions

The utilization of the equal weighting method facilitated the conversion
of a FVFOP into a non-fractional FOP, thereby transforming it into a
single-objective optimization problem. This transformation was carried
out by employing Lagrange multipliers and KKT conditions to optimize
the desired objectives. An illustrative problem was then solved using
Maple 2023 software, and the results were presented graphically to
underscore the convexity of the problem and the level of numerical
precision achieved.

The solution procedure used in this study can be readily extended to
problems with multiple objective functions, known as FVIOP.
Furthermore, after obtaining the fractional optimization problem from
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FOP using transformations, this problem can be solved using both
intelligent and numerical optimization algorithms. It can also be easily
converted to an unconstrained optimization problem using penalty
methods and the Lagrange function, and solutions can be obtained with
various algorithms.

In future research, an attempt will be made to obtain a dynamic system,
also referred to as a neural network, for solving FVIOP problems. The
changes in decision variables over time for optimization problems with
fuzzy and static structures will be investigated.
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