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Abstract

Understanding the relationship between water quality and algal diversity is crucial for
ecological health assessments. The current study aimed to assess the effects of environmental
variables on algal communities using multivariate statistical approaches. The study spanned six
administrative units and ten sampling stations, conducted over the summer and winter of 2019—
2020. Algal specimens were collected and preserved using standard methodologies, with detailed
analyses conducted under microscopes. The study identified a total of 54 species in summer and
61 species in winter. The number of Bacillariophyta species increased by 25.92% during summer
and winter, followed by Charophyta at 11.11%. Chlorophyta and Euglenozoa showed no change,
while Cyanophyta experienced a decrease of 16.6%. Temperature variations positively affected
Bacillariophyta but negatively impacted Cyanophyta. The highest abundance score was found at
the Ballogram sampling station, and the lowest was found at the Panjigram sampling station.
According to the canonical correspondence analysis (CCA), the total inertia in summer and winter
was 0.005. The findings indicate that temperature, pH, TDS, EC, resistivity, and salinity are the
strongest variables in summer, while temperature, pH, resistivity, and salinity significantly affect
the species number and distribution of various algal communities in winter. The different statistical
analyses revealed the variation in the algal communities in the different seasons. It was concluded
that the change in season leads to a quantitative change in the species. The study underscores the
need for regular monitoring and management of water quality to preserve the ecological balance
and biodiversity of the Swat River.

Keywords: Algal diversity, Variation, Correlation, Fresh water, Northern Pakistan.
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Introduction

Freshwater, the scarcest and most quantifiable resource, accounts for only a small portion
(2.5%) of surface water and is continually polluted from a variety of sources, including plastic
waste disposal, domestic wastewater, intensive agricultural practices, and industrial operations,
which are significant threats to both humans and other living organisms (Jehan S. et al., 2020).
Swat district has a rich hydrogeography. The great basin of the Swat Valley empties into the Swat
River, collecting water from numerous permanent and intermittent streams before flowing into the
Kabul River in Charsadda District (Fig. 1). The Swat River, located in the Malakand division of
Pakistan, is an incredibly important freshwater resource that serves as a lifeline for aquatic life and
provides essential resources for local communities (Ahmad H. et al., 2015). Unfortunately, in the
past few years, there has been growing concern about the declining quality of water in the Swat
River. This decline is largely attributed to human activities such as pollution and other pressures
on the environment (Khan A. et al., 2022). One noticeable effect of water quality degradation is
the predominant algal species change with spatial-temporal fluctuations, which is a signal of the
river's declining health and worsening water quality (Park Y. et al., 2014 and Giri S. 2021) .

Climatic factors such as temperature and precipitation strongly influence algal species
diversity. Temperature affects algal growth rates, with different species thriving in specific
temperature ranges (Grimaud G. M. et al., 2017). Warmer temperatures generally enhance
growth, while extreme temperatures can limit diversity (Barinova S. et al., 2015). Additionally,
temperature influences the distribution of algae across various habitats, with cold-adapted species
dominating in polar regions and warm-adapted species prevalent in tropical areas (Singh S. and
Singh P., 2015). Similarly, adequate precipitation provides the water necessary for algal growth
and reproduction, promoting diversity (Pires A. P. F. et al., 2017). However, excessive rainfall
can lead to nutrient runoff, altering water chemistry and favouring certain algal species over others.
Conversely, drought conditions can reduce water availability, leading to decreased algal diversity,
as only drought-tolerant species persist (Kokai Z. et al., 2023). Therefore, understanding the
intricate relationships among temperature, precipitation, and algal species diversity is essential for
effective environmental management and conservation efforts.

Various physicochemical properties play crucial roles in shaping algal communities. These
properties include pH, which measures the acidity or alkalinity of the water, influencing the
solubility of nutrients and metals critical for algal growth (Asadian M. et al., 2018). Redox
potential, a measure of the tendency of a chemical species to acquire electrons, affects the
availability of oxygen and other compounds essential for algal metabolism (Fuhrmann J. J.,
2021) . Turbidity, which indicates the clarity of water due to suspended particles, impacts light
penetration and, consequently, photosynthesis rates in algal populations (Boyd C. E., 2020).
Dissolved and suspended solids provide substrates for algal attachment and growth, while salinity
levels regulate the types of algae that can thrive in a particular aquatic environment (Coelho S.
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M., 2000). Alkalinity acts as a buffer against pH changes, influencing algal species composition
and diversity (Singh N. et al., 2024). Dissolved oxygen availability is vital for aerobic respiration
in algae, while carbon dioxide serves as a carbon source for photosynthesis (Morales M. et al.,
2018). Nutrients such as nitrogen and phosphorus are primary drivers of algal biomass production,
and their availability often determines the occurrence of algal blooms and community structure in
aquatic ecosystems (Wurtsbaugh W. A. et al., 2019). Understanding the interplay of these
physicochemical parameters is essential for managing and predicting algal dynamics in various
aquatic habitats, from freshwater lakes to marine ecosystems (Marrone B. L. et al., 2024).

Algae are fundamental components of aquatic ecosystems and play essential roles in nutrient
cycling, primary production, and food webs (Das M. et al., 2022). The productivity of aquatic
systems is influenced by the variety and quantity of algal communities, which are regulated by
nutrients, light availability, and flow patterns (Stevenson J., 2014). Algae are used as indicator
species in aquatic environments due to their occurrence and diversity patterns (Kadam A. D. et
al., 2020). Algae are suitable for evaluating water quality due to their nutrient needs, fast
reproduction, short life cycle, ability to absorb heavy metals, and quick response to changes in
water chemistry, including pollution from industrial sources ( Gokge D., 2016 and Ebrahimzadeh
G. et al., 2021). Compared with traditional animal indicators, algal indicators offer distinct insights
into ecosystem conditions because they occupy the base of aquatic food webs (Wu N. et al., 2017).

Research on algal diversity in the rivers of the southern Hindu Kush region is still in its early
phases. Our understanding of local algal diversity in Pakistan is incomplete, although some rivers
and parks have been better studied, albeit sporadically (Barkatullah FMS. 2013, Wu N. et al.,
2021 and Ullah N. et al., 2023). The Swat River, which is situated in a remote mountainous region,
has received inadequate research attention (Barkatullah FMS. 2013). Therefore, understanding
algal diversity helps scientists comprehend ecosystem functioning and resilience to environmental
changes (Mineur F. et al., 2015). In addition, determining the relationships between water quality
parameters and algal diversity is essential for effective river management and conservation efforts
(Singh H. et al., 2017). Therefore, this study employed multivariate analysis techniques to
investigate the complex interactions between various water quality parameters and algal diversity
in the Swat River. By elucidating these relationships, this study aims to provide valuable insights
into the ecological health of the river and contribute to informed decision-making for its
sustainable management and conservation.

Materials and methods

Swat is one of the greenest valleys in northern Pakistan. The main towns in the valley are
Mingora and Saidu Sharif. (Rahman, A. ef al., 2023). The Swat Valley was divided into six
different administrative units: Tehsil Babozai, Tehsil Behran, Tehsil Barikot, Tehsil Charbagh,
Tehsil Kabal and Tehsil Matta (Fig. 1).
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The geospatial location (latitude and longitude) of each sampling station was recorded using
the Garmin eTrex 10 global handheld GPS navigator (Table 1).

The sampling stations used for algae collection were Utror, Ushu, Asrait, Madyan,
Khwazakhela, Mingora, Ballogram, Panjigram, Barikot and Landakay. The data were collected
during the summer and winter seasons of 2019-2020. Specimens were collected by picking up,
scratching and squeezing objects. (Edler and Elbrichter, 2010). The collected samples were
immediately preserved in standard 100 ml and 500 ml jars with 5% formaldehyde, acetic acid and
alcohol (FAA) to avoid spoilage (Edler L. and Elbrichter M. 2010, Urbaniak J. and Gabka M.,
2014).
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Legend
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Figure 1. Study area map showing sampling stations and freshwater water channels (Barkatullah,
2013).
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Table 1. Research Sites and Geospatial Positions

Site Names Sampling tags Latitude Longitude
Asrait S 01 35.35889 72.60639
Ballogram S02 34.76639 72.31333
Barikot S 03 34.68333 72.21278
Khwazakhela S 04 34.93667 72.44944
Landakay S 05 34.66417 72.13472
Madyan S 06 35.14389 72.53556
Mingora S 07 34.79222 72.34528
Panjigram S 08 34.73472 72.27139
Ushu S 09 35.53389 72.65
Utror S 10 35.49639 72.4825

The samples from each location were labelled with the sampling site, collection season,
collection time, and ecosystem type. The micromorphology of the algae was studied by the wet
paste method of Edler L. and Elbriachter M. (2010). Slides were prepared from preserved algal
samples and then observed under the 10x, 20x, 40x and 100x% objectives of a YJD microscope.
Microphotographs of the taxa were taken using a microscope camera. Classification and
identification were carried out according to the standard methods of Prescott (1965). Algal species
abundance scores were recorded according to the 6-point scoring scale of Barinova et al.(2006)
and Barinova S. (2017) (Table 2). Multivariate analysis was used to measure species richness (R)
by the species richness index, heterogeneity by the information index and the dominance index,
and regularity (E) by the regularity index.

The main physicochemical variables of water quality (temperature, pH, electrical
conductivity, total dissolved solids, resistivity and salinity) were determined by usinga HANNAH
HI-98194 multiparameter water quality meter and CANOCO V. 4.5 software for canonical
correspondence analysis.

Results
Taxonomic diversity of algal species in summer and winter

In the present study, a total of 54 species in summer and 61 species in winter were recorded
from different freshwater sampling sites in the River Swat. During summer, 27 species of
Bacillariophyta were distributed in 11 families and 15 genera, while in winter, this phylum
increased to 34 species. There were 9 Chlorophyta species recorded in summer, spanning 3
families and 4 genera, with a slight increase to 11 species in winter. Charophyta, in summer, had
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9 species within 03 families and 4 genera, with a comparable increase to that of 10 species in
winter. Similarly, Cyanophyta maintained consistency with the other six species in the summer,
being distributed among 4 families and 4 genera, and with the remaining five species in the winter.
Notably, there was no seasonal variation observed in Euglenozoa, which maintained 1 species in
both summer and winter. The species contributions in the summer season were 51.92% for
Bacillariophyta, 17.31% for Charophyta, 21.15% for Chlorophyta, 7.69% for Cyanophyta and
1.92% for Euglenozoa (Table 2).

Table 2. Algal diversity in the summer and winter seasons

Summer Winter

Phylum Family Genus | Species | Family | Genus | Species
Cyanophyta 4 4 6 4 4 5
Bacillariophyta | 11 15 27 15 19 34
Charophyta 3 4 9 3 4 10
Chlorophyta 6 9 11 6 9 11
Euglenozoa 1 1 1 1 1 1

Total 25 33 54 29 37 61

In summer, Bacillariophyta 5 species of Surirella and Naviculazanonii, 3 species each of
Cocconeis placentula, Didymosphenia geminate, Encyonemaminutum, Fragilaria capucina,
Gomphonema sp. And Iconella linearis, Charophyta was dominated by 4 species of Mougeotia
sp., Spirogyra, Cosmarium cataractarum and Cosmarium subcostatum had 3 species each, 2
species each of Closterium moniliferum were also observed, Chlorophyta contained 5 species of
Tetradesmus obliquus, Stigeoclonium tenue and Pediastrum integrum contained 3 species each,
Merismopedia tenuissima of Cyanophyta dominated the class with 3 species, and Merismopedia
glauca, with Oscillatoria tenuis having 2 species, and Euglena hemichromata of Euglenozoa
contained 3 species (Table 3).

Similarly, in winter, Bacillariophyta (55.74%), Charophytes and Chlorophyta (16.39%),
Cyanophyta (18.03%), and Euglena (1.64%) were distributed (Table 4).

During winter, Navicularadiosa of Bacillariophyta was the dominant genus, with 6 species
according to the abundance score, followed by Navicula cryptotenella with 5 species and 4 species
each of Cymbellaturgidula, Fragilaria crotonensis and Navicula cryptocephala. Among the
Chlorophyta, Scenedesmus quadricauda contributed 4 species, Hydrodictyon reticulatum
contributed 3 species, and Desmodesmus denticulatus contributed 2 species. Charophytes were
predominantly represented by 4 species of Cosmarium - 6 -eave, followed by 3 species of
Cosmarium amoenum and 2 species each of Cosmarium bioculatum, Cosmarium subspeciosum,
and Spirogyra sp.
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R°L

§ g Table 3. Species distribution with their abundance scores in the summer season
% g é Algal Species Number Class

§ 38 Surirella sp 5 Bacillariophyta
EEZ

;E; g E;r Naviculazanonii 5 Bacillariophyta
; é ﬁf Cocconeis placentula 3 Bacillariophyta
g : 5: Didymosphenia geminata 3 Bacillariophyta
g Z % Encyonemaminutum 3 Bacillariophyta
é é;l ;‘T Fragilaria capucina 3 Bacillariophyta
;f% ; Gomphonema sp 3 Bacillariophyta
%é % Iconella linearis 3 Bacillariophyta
gi g‘; E Mougeotia sp 4 Charophyta

g %: g Spirogyra sp 3 Charophyta

'sg S & Cosmarium cataractarum 3 Charophyta

;‘f :': Cosmarium subcostatum 3 Charophyta

% % Closterium moniliferum 2 Charophyta

(i g Tetradesmus obliquus 5 Chlorophyta

g % Stigeoclonium tenue 3 Chlorophyta

g g Pediastrum integrum 3 Chlorophyta

gf Jg; Merismopedia tenuissima 3 Cynobacteria

g § Merismopedia glauca 2 Cynobacteria

%’r é: Oscillatoria tenuis 2 Cynobacteria

é ;2: Euglena hemichromata 3 Euglenozoa

In the Cyanophyta phylum, Oscillatoria sp. Contained 3 species, followed by
Merismopedia tenuissima and Oscillatoria tenuis and Merismopedia glauca. FEuglena
hemichromata of Euglenozoa contained 1 species according to the abundance score data (Table
4). In the summer season, temperature positively influences Bacillariophyta species while
negatively influencing Cyanophyta species.
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587 e . . .

§z¢ Table 4. Species distribution with their abundance scores in the winter season

£57

; g é‘g Algal Species Number Class

gzt

8Bz N N . .

5E 2 Navicularadiosa 6 Bacillariophyta

25

é §;="r Navicula cryptotenella 5 Bacillariophyta

Sto

58 Cymbellaturgidula 4 Bacillariophyta

s

§ 2 Fragilaria crotonensis 4 Bacillariophyta

£23 Navicula cryptocephala 4 Bacillariophyta

@ Qo o

ERa

= ie Scenedesmus quadricauda 4 Chlorophyta

fg g Hydrodictyon reticulatum 3 Chlorophyta

§c2

S 5 ;:Dr Desmodesmus denticulatus 2 Chlorophyta

ge Z Cosmarium leave 4 Charophytes

g § o Cosmarium amoenum 3 Charophytes

sE0 Cosmarium bioculatum, 2 Charophytes

c § i Cosmarium subspeciosum 2 Charophytes

:fi % § Spirogyra sp 2 Charophytes

Ky i. IS

5E g Oscillatoria sp 3 Cyanophyta

EEY

(g" g % Merismopedia tenuissima 1 Cyanophyta

sic

§ g g Oscillatoria tenuis 1 Cyanophyta
f:f Merismopedia glauca. 1 Cyanophyta
g :ZD Euglena hemichromata 1 Euglenozoa
g7 pH positively influences Cyanophyta and Euglenozoa species while negatively influencing
¢= Bacillariophyta species. Resistivity positively influences Chlorophyta species while negatively
E ci; influencing Charophyta species. EC, TDS, and salinity positively influence Charophyta species
¢ = while negatively influence Chlorophyta species (Fig. 2).
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Figure 2. Correlation of the water physicochemical properties with the different families of algae in summer.

Euglenozoa, Charophyta and Cyanophyta species were positively influenced by TDS and
negatively influenced by pH and resistivity. Salinity positively influences Chlorophyta species.
Bacillariophyta species were positively influenced by EC, pH and resistivity (Fig. 3).
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Figure 3. Correlations of the water physicochemical properties with the different families of algae in winter.
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Discussion
A comparison between the summer and winter distributions

A comparison between the summer and winter distributions revealed a consistent
dominance of Bacillariophyta in both seasons, with a slight increase from 51% in summer to
55.74% in winter. Charophytes in both seasons showed a slight change in the speed at which water
affected the colonies of the group, with 17.31% of the species affected in summer and 16.39% in
winter and Chlorophyta showed a large change in the species count, with 21.15% in summer and
16.39% in winter, indicating that low temperature affected the quantitative structure of this algal
class. A total of 7.69% of Cyanophyta in summer and 18.03% in winter experienced low water
speeds, low temperatures and low anthropogenic activity because of low pollution at the picnic
spots where fresh water helps this algal phylum grow and increase, and 1.92% of Euglena in
summer and 1.64% of Euglena in winter show that seasonal variation has a very low rank effect
on this class show minor variations in their contributions between the two seasons.

In terms of species diversity in terms of species count, Surirella sp. and Naviculazanonii
had 5 species each in summer. However, in winter, Navicularadiosa had more than one member
and had 6 abundance scores for the phylum Bacillariophyta. In summer, the Mougeotia sp.
domminiating Charophyta had 4 members, while in winter, the same phylum was dominated by
Cosmarium amoenum, with 3 species. Tetradesmus obliquus of chlorophyta had 5 members in
summer, while in winter; the Scenedesmus quadricauda had 4 species in winter. Merismopedia
tenuissima had 3 species of Cynophyta in summer, while in winter, Oscillatoria sp. domminiated
the class, with 3 species. The summer was the most suitable for the euglenozoa, with 3 species of
Euglena hemichromata, while in winter, the same species reduced to one only.

All showed remarkable variation in number and seasonal variation in the number of algal
colonies. The percentage of spores of the Bacillariophyta tiding over the water was mostly high in
both seasons, as it has the ability to resist environmental stresses. The numbers of all the different
phyla showed a remarkable variation with the change in the water quality during the different
seasons. The different marked changes in the quantitative study showed that high temperatures in
the summer accelerated the water flow because of the melting of ice on the different peaks of the
swat valley, accelerating the water, which disturbed the attachments of the algal species to the
substratum, leading to the destruction of the algal habitats; thus, the number of algal members
decreased beginning in the winter season. The analysis of the algal community of the Aragvi River
in Georgia revealed that the pattern of diversity distribution depends on local climatic conditions
and altitude, and pollution affects water physicochemical properties at moderate levels, thus
leading to changes in the number of algal species. This study revealed a correlation between the
current study of the River Swat Kp Pakistan and the Aragvi River in Georgia by Barinova et al.
(2014).
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Effects of seasonal variations on the algal distribution in the summer and winter seasons

The impacts of seasonal variations on the algal distribution in summer and winter were
analyzed. In summer, significant variations were observed in the quantitative analysis of the algal
communities. The highest abundance score of 137 was noted in S4, which contrasted with the
lowest score of 123 in S8. The Margalef Index peaked at 13.36 in S2 and reached its lowest value
at 12.45 in S7. Similarly, the Menhinick index reached its highest value of 5.66 in S2 and its lowest
at 5.36 in S7. The Shannon and Wiener indices were highest (4.37) in S2 and lowest (4.25) in S7
and S4. The Brillouin index ranged from 3.54 in S2 to 3.42 in S8. The Simpson index remained
consistent at 0.99 across all stations, whereas the Berger and Parker indices ranged from 0.04 at
multiple stations to 0.03 at S2, S8, and Barikot. Pielou'sevenness index reached its peak at 1.04 at
S2 and S8, with a low value of 1.03 at the other stations. The Brillouin evenness index varied from
1.17 in S2 to 1.12 in Utror.

Similarly, in winter, the statistical analysis of the algal communities at the sampling stations
revealed notable differences. The highest abundance score recorded was 146 in S2, while the
lowest was 117 in S8. The Margalef index was greatest at 13.44 in S2 and lowest at 12.77 in S7.
Similarly, the Menhinick index reached its peak at 5.63 in S2 and it’s lowest at 5.35 in S5. The
Shannon and Wiener index reached its highest value 0of 4.37 in S2, which contrasted with its lowest
value of 4.21 in S7. The Brillouin index ranged from 3.56 in S2 to 3.37 in S8. The Simpson index
remained constant at 0.99 across all stations, while the Berger and Parker indices varied from 0.04
in S1, S4, S6, S7, S9, and S10 to 0.03 in S2, S3, S8, and S5.

The analysis of seasonal variations in the algal distribution revealed significant differences
between summer and winter. In summer, diverse abundance scores were observed across all the
sampling stations (S1,S2,S3,54,S5,56,S7,S8,S9 and S10), with the highest score recorded in S4
and the lowest in S8, which clearly shows that erosion from hills during the Moon in the summer
and other anthropogenic activities (picnic spots, hotels, city sewage systems, etc.) affecting the
physicochemical properties and purity of water leads to changes in the quantitative parameters of
algal studies. The Evenness indices of Margalef, Menhinick, Shannon and Wiener, Brillouin, and
Pielou varied among the stations, indicating fluctuations in the algal community structure.
Similarly, in winter, differences in abundance scores were noted, with S2 having the greatest
difference (Table 5).

The entrance of a stream of fresh water originating from the elumpasses, which increases the
species richness of all the parameters of the quantitative algal structure, and the variation from S8
was the lowest due to local anthropogenic factors (e.g., the Marble industry) of physicochemical
disturbance in the algal habitat. The Evenness indices Margalef, Menhinick, Shannon and Wiener,
Brillouin, and Pielou displayed variations across the stations, reflecting changes in the algal

community composition. Despite these variations, Simpson’s index remained constant across all
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stations in both seasons, indicating consistent species dominance. Overall, the analysis highlights
the dynamic nature of algal communities in response to seasonal changes, with certain indices
showing distinct patterns across sampling stations.
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Correlations between physicochemical properties and the algal population

There was a significant correlation between the physicochemical properties and the algal
population, indicating the impact of water quality on algal diversity and habitat. In the summer
season, variations in water parameters were observed across the sampling stations. Higher
temperatures were noted in S5 at 26°C, and lower temperatures were noted in S10 at 16°C.

Table 5. Significant variations in the quantitative analysis of the algal communities
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Abundance Score (S) 130 | 140 | 131 | 137 | 135 134 134 123 132 | 133
Abundance Score (W) 137 | 146 | 137 | 135 | 143 131 139 117 132 | 142
Species Richness Indices
Margalef Index (S) 129 | 13 129 | 13 12.6 12.86 | 12.5 1247 | 12.7 | 12.88
Margalef Index (W) 13 13 128 | 13 12.7 1292 ] 12.8 1197 | 12.7 | 1291
Menbhinick Index (S) 561 [ 57 | 559 |54 |542 5.53 | 536 5.5 5.48 | 5.55
Menbhinick Index (W) 555156 | 54757 | 535 559 543 5.36 5.48 | 5.46

Information Indices
Shannon and Wiener Index (S) 429 | 44 [ 43 |43 | 4.26 429 | 4.25 4.26 4.29 | 4.28
Shannon and Wiener Index (W) | 4.3 44 | 43 43 4.26 4.29 4.27 4.21 4.28 | 4.28
Brillouin Index (S) 345 [ 3.5 | 346 3.5 | 346 347 | 3.44 3.42 346 | 3.45
Brillouin Index (W) 348 [ 3.6 | 349 | 35 3.48 3.46 | 347 3.37 3.46 | 3.48
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Dominance Indices

Simpson’s Index (S) 099 |1 099 | 1 0.99 0.99 | 0.99 0.99 0.99 | 0.99
Simpson’s Index (W) 099 |1 099 | 1 0.99 0.99 1 0.99 0.99 0.99 | 0.99
Berger and Parker Index (S) 0.04 |0 0.0310 0.04 0.04 | 0.04 0.03 0.04 | 0.04
Berger and Parker Index (W) 004 0 003 (0 0.03 0.04 | 0.04 0.03 0.04 | 0.04
Species Evenness Indices

Pielou's Evenness Index (S) 1.03 |1 1.03 | 1 1.03 1.03 1.03 1.04 1.03 | 1.03
Pielou's Evenness Index (W) 1.03 |1 1.03 | 1 1.03 1.03 1.03 1.04 1.03 | 1.03
Brillouin Evenness Index (S) .14 [ 1.2 | 1.15 ] 1.1 1.13 .14 | 1.13 1.16 1.15 | 1.12

Brillouin Evenness Index (W) .14 | 1.2 [ 1.15] 1.1 1.11 1.14 1.12 1.16 .14 | 1.11
*(S)=summer, (W)=winter
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Elevated pH levels were found in S6 at 8.05, indicating higher basicity, while S5 had a pH
of 7.02. The electrical conductivity (EC) was highest in S7 at 196°C and lowest in S10 at 70°C.
Total dissolved solids (TDS) peaked at S7 at 98°C, whereas the lowest TDS was recorded at S10
at 35°C. The resistivity was highest in S10 at 14490 and lowest in S6 at 5102. The salinity rates
varied, being highest in S3, S6 and S7 and lowest in S10 at 0.

Sukdo) 3ys

Positive correlations were observed between temperature and EC (0.4440), TDS (0.6769),
and salinity (0.6652), while negative correlations were found with pH (-0.5523) and resistivity (-
0.6024). pH showed a positive correlation with resistivity (0.2257) but a negative correlation with
EC (-0.0199), TDS (-0.2420), and salinity (-0.1448). EC was positively correlated with TDS
(0.9338) and salinity (0.9035) but negatively correlated with resistivity (-0.9510). The TDS was
positively correlated with salinity (0.9512) and negatively correlated with resistivity (-0.9670).
Resistivity showed a negative correlation with salinity (-0.9432) (Tables 7 & 8).

Table 6. Comparative Analysis of the Physicochemical Properties in the summer and winter Seasons

) 0 31pa1d 2jerrdordde 913 no.

“Paje)s ASIAIDYJO SSA[UN ‘DOTIE SIY} UT dqe[ieAk opew elep ayy o3 sarjdde (/' [/010z/urewop o1jqnd,/F10° SUOWIOd9ATJEAID //:d}IY) JOATEA UOIEIIPA(] UTBWIO(] JI[qNJ SUOWWO))

S

g Temp EC TDS | Resistivity Salinity

o Sampling stations Sampling tags pH
Eg [°C] [uS/em] | [ppm] | [Q-cm] [PSU]
=g Asrait (s) S1 19 |8 88 44 11630 0.04
? ; Asrait (w) S1 8 7 192 96 8281 0.09
=+ Ballogram (s) S2 2 |7 153 82 5701 0.06
} Ballogram (w) S2 15 | 7 137 78 5812 0.09

g Barikot (s) S3 24 7 176 89 5523 0.09
g § Barikot (w) S3 22 7 203 104 4782 0.06
;: ;f Khwazakhela (s) S4 21 7 160 80 6329 0.07
% g Khwazakhela (w) S4 16 8 68 34 14710 0.03
g § Landakay (s) S5 26 7 112 81 8260 0.07
ic Landakay (w) S5 20 | 7] 221 111 4525 0.1
g% Madyan (s) S6 22 8 186 98 5102 0.09
%_g Madyan (w) S6 16 8 125 63 8000 0.06
Mingora (s) S7 22 | 8 196 98 5128 0.09
423 é Mingora(w) S7 19 7 293 111 5612 0.12
E&% Panjigram (s) S8 23 8 178 89 5618 0.08
%; Panjigram (w) S8 23 7 208 104 4785 0.1
§ § Ushu (s) S9 18 8 165 83 6061 0.08
qg i Ushu (w) S9 9 7 315 157 3157 0.15
: Utror (5) 510 16 | 8| 70 | 35 | 1449 0
©z
Eg Utror (w) S10 5 7 313 159 3135 0.15
22 *(S)=summer, (W)=winter

Ricos Biology Journal ISSN 2959-3751 (Online), 2959-3743 (Print) -13 -

www.https:/ricosbiology.net contact info@ricosbiology.net



http://creativecommons.org/licenses/
http://www.https//ricosbiology.net
mailto:info@ricosbiology.net
http://www.ricosbiology.net/Vol.3(6)/June-2025/63

B Go gle d
Sc olar Recsss

Ricos Biology Journal, June, 2025, Vol. 3 (6) 1-20. www.ricosbiology.net/Vol.3(6)/June-2025/63

ukdo)

Table 7. Correlations among different variables of the water physicochemical properties in summer and winter

Sukdo) 3ys

5 Seasons | Variables Temperature | pH EC TDS Resistivity | Salinity
g Summer | Temperature | 1
£ pH -0.552 1
& EC 0.444 -0.020 | 1
g TDS 0.677 -0.242 1 0934 | 1
: Resistivity -0.602 0.226 | -0.951 | -0.967 1
% Salinity 0.665 -0.145 | 0.904 | 0.951 -0.943 1
3 Salinity 0.297 -0.405 | 0.997 | 0.994 -0.872 1
Winter | Temperature | 1
pH 0.095 1
EC -0.306 -0.709 | 1
TDS -0.398 -0.738 1 0.956 | 1
Resistivity 0.062 0.853 | -0.807 | -0.864 1
Salinity -0.474 0.741 | 0.920 0.924 | -0.789 1

Table 8. Positive and Negative Correlations along with Different Axis in Summer and Winter

[ 03 31pao djerrdordde 9413 nok p:

: Temperature pH EC TDS Resistivity Salinity

2 Axis-I (S) 0.1035 0.2229 -0 -0.1 -0 -0

& Axis-II (S) 0.1108 -0.1237 0.3 0.3 -0 0.3

é Axis-1 (W) 0.6746 -0.2346 -0 0 -0 -0
Axis-1I (W) -0.0373 -0.4794 -0 0.1 -0 0.3

In winter, similar trends were observed in the physicochemical properties of the water across
the sampling stations. The highest temperature of 23°C was recorded at S8 (Panjigram), and the
lowest temperature of 23°C was recorded at S10 (Utror). The pH varied, being highest at S4
(Khwazakhela) and lowest at S9 (Ushu), at 6.88. The EC peaked at 315 in S9 (Ushu) and was
lowest at 68 in S4 (Khwazakhela). The TDS was highest at S10 (Utror), at 159%, and lowest at S4
(Khwazakhela), at 34%. The resistivity was highest at S4 (Khwazakhela), at 14710, and lowest at
S7 (Mingora), at 5612. The salinity was highest at S5 (Landakay) and S8 (Panjigram), at 0.1, and
lowest at S4 (Khwazakhela), at 0.03.

“Paje)s ASIAIDYJO SSA[UN ‘DOTIE SIY} UT dqe[ieAk opew elep ayy o3 sarjdde (/' [/010z/urewop o1jqnd,/F10° SUOWIOd9ATJEAID //:d}IY) JOATEA UOIEIIPA(] UTBWIO(] JI[qNJ SUOWWO))

Positive correlations were noted between temperature and pH (0.0948) and between
temperature and resistivity (0.0615), while negative correlations were found with EC (-0.3062),
TDS (-0.3979), and salinity (-0.4735). pH showed a positive correlation with resistivity (0.8534)
but a negative correlation with EC (-0.7085), TDS (-0.7379), and salinity (-0.7410). EC was
positively correlated with TDS (0.9559) and salinity (0.9201) but negatively correlated with
resistivity (-0.8071). TDS correlated positively with salinity (0.9241) and negatively with
resistivity (-0.8643). Resistivity showed a negative correlation with salinity (-0.7894) (Fig. 3).
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The analysis of the physicochemical properties and algal populations in both the summer
and winter revealed significant correlations, indicating the influence of water quality on algal
diversity. In summer, variations in temperature, pH, EC, TDS, resistivity, and salinity were
observed across sampling stations, with positive correlations between temperature and several
parameters, such as EC, TDS, and salinity, while negative correlations were found with pH and
resistivity. Similar trends were observed in winter, with variations in temperature, pH, EC, TDS,
resistivity, and salinity across stations. Positive correlations between temperature and pH were
noted, along with negative correlations with EC, TDS, and salinity. These findings underscore the
importance of understanding the relationships between physicochemical parameters and algal
populations for the effective management of aquatic ecosystems. The relationship between the
composition of algal communities and climatic changes is not clearly understood The positive
correlation of the communities to any physicochemical factor revealed their tolerance or
importance. The negative correlation indicates that this factor is not favorable for the community,
as shown by Palmer (1980), who reported that Scenedesmusis positively related to eutrophic
water. It has been found that algal communities respond to changes in temperature conditions,
which was revealed using the bio indication method (Barinova S. ef al., 2014). The distributions
of the total number of phytoplankton species and the number of diatom species in the Yakutiya
and Chukotka Rivers in terms of the gradient of the GEO index are given in terms of correlation
indices by Barinova S. et al., (2014).

The use of statistical methods makes it possible to establish a relationship between climate
change and algae diversity. However, under conditions in the Far North, the development of
phytoplankton was negatively correlated and thus inhibited, as shown by our correlation index
studies. Climatic changes essentially influence the distributions of Bacillariophyta, Chlorophyta,
and Chrysophyta.

For example, for algae occurring in the basin of the Vakhsh River (Tajikistan), the
contribution of diatoms decreased with altitude. In this case, the contribution of algae from other
divisions remained almost unchanged (Barinova S. et al., 2015) because the different sampling
stations of the river swat had the same output. Current studies of freshwater river swat ecosystems
focusing on algal communities show a strong index of similarity with different discoveries
worldwide.

Conclusions

The study emphasized how swat river in Pakistan algal variety significantly impacted by
water quality factor such as PH, nitrate, phosphate and dissolved oxygen. While balanced
circumstances supported variety of communities, high nitrogen levels boosted algal biomass, but

decreased algal diversity, indicating eutrophication. Spatial patterns and important water quality-
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algae interaction successfully detecting using multivariate techniques (CA, PCA and RDA). In
order to preserve ecological equilibrium, the result highlight the necessity of routine water quality
monitoring. To get deeper understanding of these dynamics, future studies should concentrate on
long term evaluations as well as other biological and chemical components. In the order to protect
river biodiversity, sustainable management techniques are crucial.
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Abstract
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Phage therapy, the use of bacteriophages to combat bacterial infections, is
experiencing a significant resurgence driven by the escalating crisis of antibiotic
resistance. This review provides a comprehensive overview of the evolution of phage
therapy, from its early 20th-century origins and subsequent decline to its current status as
a promising alternative or adjunct to conventional antibiotics. We examine the
fundamental mechanisms of phage action, highlighting their specificity for bacterial
targets and their lytic capabilities against even multidrug-resistant strains, while often
sparing the host microbiota. Current applications are explored across various domains,
including the treatment of chronic and resistant infections in humans, personalized
medicine approaches, veterinary uses, and food safety applications. Key innovations,
fueled by advances in genomics and synthetic biology, such as phage engineering,
cocktail formulations, phage-derived enzymes (e.g., endolysins), and novel delivery
systems, arediscussed as crucial enhancers of therapeutic potential. Despite its promise,
phage therapy faces significant challenges, including complex regulatory pathways,
manufacturing and standardization hurdles, the potential for bacterial resistance to
phages, and host immune responses. Addressing these limitations through rigorous
clinical trials, standardized protocols, and continued research is essential. This review
underscores the critical need to integrate phage therapy into modern medical paradigms
as a vital tool in the global fight against antibiotic-resistant infections, outlining future
directions for research and clinical implementation.
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Introduction

The escalating crisis of antibiotic resistance (AMR) represents one of the most
significant global health threats of the 21st century. Decades of widespread, and often
inappropriate, use of antibiotics in human medicine, veterinary practice, and agriculture
have driven the selection and proliferation of bacteria resistant to multiple drugs,
rendering previously effective treatments obsolete (World Health Organization, n.d.).
Common infections are becoming increasingly difficult, and sometimes impossible, to
treat, leading to prolonged illness, increased mortality rates, and substantial economic
burdens on healthcare systems worldwide. The World Health Organization (WHO) has
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repeatedly warned that without urgent, coordinated action, the world is heading
towards a post-antibiotic era where common infections and minor injuries could once
again prove fatal. This alarming trajectory underscores the critical need for innovative
strategies and alternative therapeutic agents to combat bacterial infections, particularly
those caused by multidrug-resistant (MDR) pathogens.
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Amidst this challenge, there is a renewed and rapidly growing interest in a
therapeutic approach that predates the antibiotic era: bacteriophage therapy.
Bacteriophages, often simply called phages, are viruses that naturally infect and kill
bacteria. Discovered independently by Frederick Twort in 1915 and Félix d’Hérelle in
1917 (Summers, 1999), these bacterial predators are the most abundant biological
entities on Earth, playing crucial roles in shaping microbial ecosystems. Phages possess
remarkable specificity, typically targeting only particular strains or species of bacteria.
This high degree of specificity is a key advantage of phage therapy; unlike broad-
spectrum antibiotics which can disrupt the host's beneficial microbiota (leading to
dysbiosis and secondary infections like Clostridioides difficile), phages can selectively
eliminate pathogenic bacteria while leaving the commensal flora largely undisturbed
(Gorski et al., 2016; Sulakvelidze ef al., 2001). Furthermore, phages can replicate
exponentially at the site ofinfection as long as susceptible host bacteria are present,
essentially acting as self- amplifying drugs, and they possess diverse mechanisms to
overcome bacterial defenses.
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The concept of using phages therapeutically was pioneered by d'Hérelle shortly
after their discovery. He demonstrated their potential by successfully treating bacterial
dysentery and later applied them against other infections like cholera and typhoid fever
during the 1920s (Summers, 1999). Phage therapy gained considerable traction,
particularly in Eastern Europe and the former Soviet Union, where institutions like the
Eliava Institute in Tbilisi, Georgia, became centers for phage research and application,
continuing this practice even through the antibiotic age (Gorski ef al., 2016). However,
inthe Western world, the advent of penicillin and subsequent broad-spectrum antibiotics
in the 1940s overshadowed phage therapy (Principi et al., 2019). The perceived
reliability, ease of use, and broad applicability of antibiotics, coupled with
methodological shortcomings in some early phage therapy studies (lack of rigorous
controls, poor characterization of phage preparations, limited accessibility of research
published in non-English journals), led to its decline in most parts of the world (Principi
etal.,2019; Summers, 1999).
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Today, facing the stark reality of dwindling antibiotic efficacy, the scientific and
medical communities are revisiting phage therapy with renewed vigor. Driven by the
urgent need for alternatives to combat AMR, modern research is leveraging advances in
genomics, molecular biology, and synthetic biology to overcome the historical
limitations of phage therapy and unlock its full potential (Hatfull ez al., 2022).

Contemporary studies are exploring the use of naturally occurring phages, precisely
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characterized phage cocktails,and genetically engineered phages to treat a wide range of
challenging infections causedby MDR bacteria.

oLnsaIun

syizad yorym (/0 /4q /S9sua0I]/310°SUOWW09A L0 //:d)Y) 9SUSDIT [EUOHBUIAU] () UONNQLIIY SUOWIWO)) SAIEAI) Y} JO SULID) Y} JOPUN PAINLISIP ST A[ONE SIY ], SS90y uad() “s1oyny ayy 0} pauresar syySukdo) :ySukdo)

This review aims to provide a comprehensive overview of the evolution, current
status, and future prospects of bacteriophage therapy as a viable alternative and adjunct
to conventional antibiotic treatments. We will delve into the fundamental mechanisms
of phage action, explore their diverse applications in clinical settings, veterinary
medicine,and food safety, and discuss the cutting-edge innovations shaping the field.

Furthermore, we will critically examine the challenges and limitations that must be
addressed — including regulatory hurdles, manufacturing complexities, potential for
phage resistance, and host immune responses — to facilitate the successful integration of
phage therapy into mainstream medical practice. By synthesizing the historical context,
recent advancements, and ongoing research, this review seeks to highlight the significant
potential of phage therapy to contribute to the global fight against antibiotic resistance
and transform the management of bacterial infections.
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Mechanisms of Action

The therapeutic efficacy of bacteriophage therapy hinges on the intricate biological
mechanisms governing phage-bacteria interactions and the subsequent response within
the host environment. Understanding these mechanisms is fundamental to optimizing
phage selection, administration strategies, and predicting treatment outcomes
(Sulakvelidze ez al., 2001). Phages employ sophisticated strategies to infect, replicate
within, and ultimately destroy their specific bacterial targets.
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Central to phage activity are their distinct life cycles, primarily the lytic and
lysogenic cycles. The lytic cycle represents the aggressive, bacteria-killing phase most
relevant for direct therapeutic action. In this cycle, a lytic phage first adsorbs to a
susceptible bacterium by recognizing and binding to specific receptors on the bacterial
cell surface (e.g., lipopolysaccharides, outer membrane proteins, pili, flagella). This
binding event triggers the injection of the phage's genetic material (DNA or RNA) into
the bacterial cytoplasm. Once inside, the phage genome hijacks the host cell's machinery,
redirecting it towards the replication of phage DNA/RNA and the synthesis of phage
structural components (capsid proteins, tail fibers, etc.). Crucially, lytic phages often
produce enzymes like endolysins and holins late in the cycle. Holins create pores in the
bacterial cytoplasmic membrane, allowing endolysins access to the peptidoglycan layer
of the cell wall, which they degrade. This enzymatic breakdown weakens the cell wall,
leading to osmotic lysis — the rupture of the bacterial cell — releasing hundreds of newly
assembled progeny phages (Cahill and Young, 2019; Young, 1992). These newly released
virions can then infect surrounding susceptible bacteria, amplifying the antibacterial
effect locally. This rapid replication and bacterial killing make lytic phages the preferred
candidates for treating acute infections (see Figure 1).
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Figure 1: Comparison of lytic and lysogenic bacteriophage life cycles.

In contrast, the lysogenic cycle involves the integration of the phage genome (now
termed a prophage) into the host bacterium's chromosome, or its maintenance as an
extrachromosomal plasmid. The prophage replicates passively along with the bacterial
DNA during cell division, without immediately harming the host. Bacteria carrying a
prophage are termed lysogens. This state can persist for many generations, potentially
conferring new properties to the bacterium, such as resistance to infection by similar
phages (superinfection immunity) or even the production of virulence factors (lysogenic
conversion, e.g., diphtheria toxin, cholera toxin). Under certain environmental triggers
(e.g., UV radiation, chemical stress, nutrient depletion), the prophage can excise itself
from the bacterial chromosome and enter the lytic cycle, leading to phage replication and
lysis (Howard-Varona et al., 2017). While lysogenic phages are generally avoided for
direct therapy due to the potential for lysogenic conversion and the lack of immediate
bacterial killing, their study provides insights into phage-bacteria co-evolution, and
engineered temperate phages might hold future therapeutic potential.

The remarkable host specificity of phages is a defining characteristic and a major
therapeutic advantage. This specificity is primarily determined by the initial adsorption
step, requiring a precise molecular match between phage attachment structures (e.g., tail
fibers) and specific bacterial surface receptors (Labrie ef al., 2010). This lock-and-key
mechanism ensures that a given phage typically infects only a narrow range of bacterial
strains or species, leaving non-target bacteria, including beneficial members of the host
microbiota, unharmed. This contrasts sharply with the collateral damage often caused by
broad-spectrum antibiotics (see Figure 2).
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BACTERIOPHAGE HOST SPECIFICITY
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Figure 2: Bacteriophage host specificity. Only phages with matching receptors can bind
and infect the bacterial cell.

However, the interaction is not solely dictated by the phage. Bacteria have evolved
numerous resistance mechanisms to evade phage predation. These include modifying or
masking surface receptors to prevent phage adsorption, producing extracellular matrices
that block phage access, deploying restriction-modification systems that degrade foreign
DNA upon injection, and utilizing CRISPR-Cas adaptive immune systemsto recognize and
cleave phage genetic material based on previous encounters (Labrie et al., 2010). The
dynamic co-evolutionary arms race between phages and bacteria means that bacterial
resistance to specific phages can emerge, necessitating strategies like using phage
cocktails (mixtures of different phages targeting the same bacterium via different
receptors or mechanisms) to mitigate this risk (Chan et al., 2013) (see Figure 6).
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Finally, the interaction between phages and the host immune system adds another
layer of complexity. When introduced therapeutically, phages can be recognized as
foreign entities, potentially triggering innate and adaptive immune responses. The
production of neutralizing antibodies against phages can lead to their rapid clearance
from circulation, potentially limiting the efficacy of systemic phage therapy, especially
upon repeated administration (Hodyra-Stefaniak er al., 2015). The extent of this
immuneresponse depends on factors like the phage type, dosage, route of administration,
and the host's immune status. While often viewed as a hurdle, the immune response is
not always detrimental; in some cases, phage-induced bacterial lysis can release bacterial
antigens and pathogen-associated molecular patterns (PAMPs) that stimulate a beneficial
host immune response against the infection. Furthermore, some phages have evolved
mechanisms to persist despite host immune responses, such as encapsulation or
adaptation within the host environment, enhancing their ability to evade immune

@
e

-
o2
82
2 3
£ 3
© O
=
oy
. 2
R
e =
c o
Eﬂ)
s g
o 2
= o
D2
R E
2 o
z 5
S =
e =
50
D:T
o
o o
-
==Y
& @

Ricos Biology Journal ISSN 2959-3751 (Online), 2959-3743 (Print) -25-
www.https:/ricosbiology.net contact info@ricosbiology.net



http://creativecommons.org/licenses/
http://www.ricosbiology.net/Vol.3(6)/June-2025/64
http://www.https//ricosbiology.net
mailto:info@ricosbiology.net

B Go gle
&J Scholar

R°L

Ricos Biology Journal, June, 2025, Vol. 3 (6) 21-40. www.ricosbiology.net/Vol.3(6)/June-2025/64

detection and prolong their activity (Hodyra-Stefaniak et al., 2015). Understanding and
potentially modulating these phage-immune interactions is crucial for developing
effective and safe phage therapy protocols.

Current Clinical Applications

Phage therapy is increasingly being recognized and explored as a viable clinical
strategy,particularly for tackling challenging bacterial infections that are refractory to

conventional antibiotic treatments. Its applications span various medical fields,
demonstrating significant potential, although widespread adoption is still hindered by
regulatory and logistical challenges. The primary driver for its clinical resurgence is the
urgent need to address infections caused by multidrug-resistant (MDR) bacteria, where
treatment options are severely limited. One of the most notable uses of modern phage
therapy is in managing chronic and persistent infections, especially those involving
biofilms, which are notoriously difficultfor antibiotics to penetrate and eradicate. Phage
therapy has shown promise in treating chronic wounds, osteomyelitis (bone infections),
prosthetic joint infections, and chronic respiratory infections in patients with conditions
like cystic fibrosis (Fabijan et al., 2020) (see Figure 3).

For instance, successful case reports For instance, successful case reports detail the
use of phage therapy, often in combination with antibiotics, to resolve long-standing
infections caused by MDR pathogens like Pseudomonas aeruginosa and Staphylococcus
aureus. A case involving a Siamese cat with a surgical wound infected by multidrug-
resistant P. aeruginosa demonstrated complete healing after 14 weeks following
treatment with a combination of a specific phage and antibiotics, underscoring the
potential in both human and veterinary medicine (Fabijan ez al., 2020).
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Figure 3: Bacteriophages penetrating a bacterial biofilm and lysing embedded
bacteria.

Phage therapy is particularly suited for personalized medicine approaches. Given the
high specificity of phages, treatment often involves identifying the specific bacterial
strain causing the infection and then selecting or isolating phages that are effective
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against that particular strain. This tailored approach enhances therapeutic effectiveness
and minimizes disruption to the patient's beneficial microbiota (Pirnay et al., 2011).

Several centers, particularly in countries with a longer history of phage use like
Georgiaand Poland, as well as emerging programs in the US, Belgium, and Australia,
offer compassionate use or experimental phage therapy. These programs often involve
creating customized phage preparations (sometimes cocktails of multiple phages) for
patients with life-threatening or debilitating infections unresponsive to standard care.
While often conducted outside large-scale randomized controlled trials (RCTs), these
compassionate use cases provide valuable real-world evidence and case reports
documenting both successes and challenges.
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Clinical trials investigating phage therapy are gradually increasing in number and
rigor,although they still lag behind those for conventional drugs. Early trials and ongoing
studies are evaluating the safety and efficacy of phage preparations for various
conditions, including urinary tract infections, diabetic foot wulcers, burn wound
infections, and respiratory infections. For example, standardized phage cocktails
targeting E. coli, P. aeruginosa, and S. aureus have been tested. While some trials have
shown promising results regarding safety and bacterial load reduction, demonstrating
definitive clinical superiority over standard care in large RCTs remains a key objective
and challenge (Jault ez al., 2019). Regulatory pathways, such as the FDA's compassionate
use programs, allow access for some patients, but broader approval requires more
extensive clinical validation.
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Different routes of administration are employed depending on the site and type of
infection. Topical application is common for wound infections and skin conditions. Oral
administration is used for gastrointestinal infections or potentially for systemic effects,
although phage stability in the gut environment can be a concern. Intravenous
administration allows for systemic delivery to treat bloodstream infections or deep-
seated infections like osteomyelitis. Aerosolized phage delivery systems are being
explored for treating respiratory infections, allowing for localized treatment while
minimizing systemic exposure (Malik ef al., 2017). The optimal route and dosing
regimenoften need to be determined on a case-by-case basis.

The specific bacterial targets most commonly addressed in recent clinical
applications reflect the major AMR threats, including ESKAPE pathogens (Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter species). Tailored phage formulations and
cocktails are being developed and tested against these critical pathogens (Jault et al.,
2019; Rhoads et al., 2009). While the clinical application of phage therapy is still
evolving, the accumulating evidence from case studies, compassionate use programs, and
initial clinical trialsprovides a strong rationale for its continued development as a crucial
tool againstantibiotic-resistant infections.
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The potential of bacteriophage therapy extends significantly beyond human clinical
applications, offering promising solutions in veterinary medicine, food safety, and
agriculture, primarily driven by the need to reduce antibiotic use and combat resistance
in these sectors as well.

In veterinary medicine, phage therapy is increasingly considered a viable
alternative or adjunct to antibiotics for treating infections in both livestock and
companion animals (Jonczyk-Matysiak et al., 2021). Antibiotic resistance is a growing
concern in animal health, impacting treatment efficacy and potentially contributing to
the pool of resistant bacteria that can affect humans. Phage therapy has shown
effectiveness in managing conditions such as mastitis in cattle, salmonellosis in poultry,
and respiratory diseases inpigs. Studies indicate that phage treatments can significantly
reduce bacterial loads and prevent disease, enhancing animal health while decreasing
reliance on antibiotics (Jonczyk-Matysiak er al., 2021). Personalized approaches,
similar to those in human medicine, are also applicable. For instance, specific phages
have been applied topically to successfully treat antibiotic-resistant skin infections in
dogs, demonstrating how customization can improve outcomes and reduce collateral
damage to beneficial bacteria (Pirnay et al., 2011). The use of phages in veterinary
settings aligns with the 'One Health' approach, recognizing the interconnectedness of
human, animal, and environmental health in tackling AMR.
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Food safety represents another major area where phages hold considerable
promise. Phages can be used to specifically target and eliminate pathogenic bacteria that
contaminate food products, thereby improving safety and potentially extending shelf
life(Endersen et al., 2014). Phage preparations have been approved by regulatory agencies
like the FDA and USDA (and in the EU) for use as food processing aids, particularly
against pathogens like Listeria monocytogenes on ready-to-eat meat and poultry products
(e.g., Bacteriophage P100) (Goodridge and Abedon, 2003). Research has demonstrated
that phage treatments can effectively reduce the presence of pathogens such as
Salmonella and E. coli in various food items, including fresh produce, meats, and dairy
products. By incorporating phage treatments into food production and processing
protocols (e.g., spraying onto carcasses or adding to packaging), producers can mitigate
the risks associated with bacterial contamination, offering a natural and targeted
biocontrol method (Endersen ez al., 2014) (see Figure 4).
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Figure 4: Application of bacteriophages in food safety to reduce pathogens on food
products.

Challenges in this area Challenges in this area include ensuring phage survival and
activity in complex food matrices and varying environmental conditions (Goodridge
andAbedon, 2003).

In agriculture, phages are being explored as biocontrol agents to combat bacterial
diseases in plants. Phytopathogenic bacteria cause significant crop losses worldwide, and
resistance to traditional bactericides is emerging. Phages that specifically target plant
pathogens, such as Xanthomonas species (causing blights and spots) or Pseudomonas
syringae, offer an environmentally friendly alternative to chemical treatments (Jones et
al., 2007). Field trials are investigating the efficacy of phage applications in controlling
diseases in various crops. Key challenges include ensuring phage stability and
persistence in the agricultural environment (phyllosphere, rhizosphere) under fluctuating
conditions like UV radiation and desiccation (Jones ef al.,2007).
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These applications highlight the versatility of bacteriophages as targeted
antibacterial agents across diverse sectors, contributing to a broader strategy for reducing
antibioticdependency and managing bacterial threats in interconnected ecosystems.

Innovations and Advances in Phage Therapy

Innovations and advancements in phage therapy are significantly enhancing its
efficacyand expanding its potential applications, largely driven by progress in genomics,
molecular biology, and synthetic biology. Researchers are moving beyond simply
isolating naturally occurring phages to actively engineering and optimizing them for
improved therapeutic performance.
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One of the most promising areas is phage engineering. Scientists are manipulating
phage genomes to enhance desirable traits, such as improving their stability, broadening
their host range (to target more bacterial strains), increasing their potency, or boosting
their resistance to bacterial defense mechanisms (Pires et al., 2016). Techniques like
CRISPR-Cas9 gene editing are being utilized to modify phages, for example, to create
phages that can effectively combat antibiotic-resistant bacteria by directly targeting and
disrupting bacterial DNA or essential genes (Yosef ef al., 2015) (see Figure 5).
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Figure 5: Conceptual diagram of phage engineering using CRISPR-Cas technology to
modify phage DNA.

These engineered phages These engineered phages can be designed to overcome
specific bacterial resistance mechanisms or to express antibacterial proteins themselves.

Phage display technology has revolutionized the development of extensive libraries
ofgenetically engineered phages that can be screened for their ability to bind to specific
bacterial targets (Smith, 1985). This capability allows researchers to develop broad-
spectrum phage therapies by identifying and selecting phages targeting multiple bacterial
strains or species. Libraries with vast diversity (e.g., up to 10710 different variants)
enable the rapid identification of effective phages for therapeutic use.

Techniques like biopanning, involving repeated cycles of selection and
amplification, are crucial for enriching phage clones with high binding affinity to
targeted pathogens, thus enhancing the therapeutic arsenal against bacterial infections
(Pande et al., 2010).
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Beyond modifying whole phages, researchers are harnessing phage-derived
products, particularly lytic enzymes like endolysins and depolymerases. Endolysins are
enzymes produced by phages late in the lytic cycle to degrade the bacterial
peptidoglycan cell wall from within, causing lysis. When applied externally (as purified
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recombinant proteins), endolysins can rapidly kill Gram-positive bacteria and, with
modifications, Gram-negative bacteria as well. They offer advantages like high
specificity, low likelihood of resistance development (as they target essential conserved
structures), and the ability to kill antibiotic-resistant strains (Fischetti, 2005).
Depolymerases are enzymes found on some phages that degrade the capsular
polysaccharides or exopolysaccharides forming bacterial biofilms, helping phages
penetrate these protective layers or disrupting the biofilm structure directly.

Phage cocktails, mixtures containing multiple distinct phages targeting the same
bacterial species (often via different receptors or lytic mechanisms), are a key strategy to
combat the emergence of phage-resistant bacterial mutants and broaden the effective
host range of a therapeutic preparation (Chan et al., 2013). By presenting bacteria with
multiple simultaneous threats, cocktails make it significantly harder for resistance to
develop against all components concurrently.

Significant innovations are also occurring in phage delivery systems to overcome
challenges related to stability, bioavailability, and targeted delivery. Phages can be
sensitive to environmental conditions (e.g., pH in the stomach) and host immune
clearance. Encapsulation techniques using polymers, liposomes, or hydrogels can protect
phages from degradation, control their release kinetics, and facilitate delivery tospecific
infection sites (Malik et al., 2017; Puapermpoonsiri et al., 2009) (see Figure 7).

PHAGE COCKTAIL

“PaJe)S OSIAMIAYJO SSI[UN ‘D[INMIE SIY) UI d[qe[IBAE dpew elep ayy 0} sarjdde (/' [/01oz/urewop o1jqnd/310°SUOWI0d9ANEaId //:d1IY) JOATEA UOTIEIIPA(] UTBWO(] JI[qNJ SUOWWIO)) dATIEI)

QU ], "opew 2IoM SOFUBYD JT 9JOIPUI  PUB DSUIII| SUOLIWIO)) JAIRAIY) 3} 0] JuI| B ap1aoid 9oInos ay) pue (s)ioyne [eursuo ay) o3 31pa1d derrdordde oA1S noA papraoid ‘wnipaw Aue ur uononpoidaIpue ‘UONNQLISIP ASN PAJOLISAIUN
syuiad yorym (/0 /Aq /S9SuadI] /10 SUOWII0dIAIBAIY//:d)IY]) 9SUDIT [BUOHRUIU] () UOHNGLINIY SUOWIO.) JAILID) 2} JO SULID) ) JOpUN paIngrysIp si J[onIe SIy], *$s200y uad( ““sioyny oy 0} paurejar syysukdo) :ysuido)

BACTERIAL POPULATION

Figure 6: A phage cocktail, consisting of diverse phages, used to target a bacterial
population.
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BACTERIOPHAGE ENCAPSULATION
FOR IMPROVED DELIVERY
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Figure 7: Encapsulation methods like liposomes and nanoparticles protect phages for
improved delivery.
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Nanoparticles are also being explored Nanoparticles are also being explored as
carriers for targeted phage delivery and even for combined diagnostic/therapeutic
(theranostic) purposes (Peng and Chen, 2021). Advancements in aerosolized phage
delivery systems are being investigated for treating respiratory infections, allowing for
localized treatment while minimizing systemic exposure (Malik ez al., 2017).

Synergistic approaches, particularly combining phages with conventional
antibiotics (phage-antibiotic synergy, PAS), are gaining considerable attention. Studies
have shown that sub-lethal concentrations of certain antibiotics can enhance phage
propagation or that phages can re-sensitize antibiotic-resistant bacteria to the drug. This
combination can lead to more effective bacterial clearance, reduce the required doses of
both agents, and potentially slow the development of resistance to both phages and
antibiotics (Comeau et al., 2007; Tagliaferri ef al., 2021). This synergistic effect is
being explored in various clinical settings, potentially leading to improved patient
outcomes, especially for difficult-to-treat infections (Chaudhry et al., 2017).

9ATIEAI)) Ay} 03 uI| & opraoid ‘90Inos ay) pue (s).

“PaJe)S OSIAMIAYJO SSI[UN ‘D[INMIE SIY) UI d[qe[IBAE dpew elep ayy 0} sarjdde (/' [/01oz/urewop o1jqnd/310°SUOWI0d9ANEaId //:d1IY) JOATEA UOTIEIIPA(] UTBWO(] JI[qNJ SUOWWIO)) dATIEI)

Ay, "opew a19M soSueyd JI 9JBIIPUI PUE ‘DSUIDI| SUO

Other emerging innovations include the development of phage-based vaccines,
using phages as platforms for antigen display or delivery (Clark and March, 2004), and
the exploration of oncolytic phages, engineered to specifically target cancer cells or
tumor- associated bacteria (Yacoby et al., 2007). While still in early stages, these areas
highlight the expanding versatility of phage-based technologies.

These innovations collectively aim to overcome the limitations of natural phages

Ricos Biology Journal ISSN 2959-3751 (Online), 2959-3743 (Print) -32-
www.https:/ricosbiology.net contact info@ricosbiology.net



http://creativecommons.org/licenses/
http://www.ricosbiology.net/Vol.3(6)/June-2025/64
http://www.https//ricosbiology.net
mailto:info@ricosbiology.net

OPEN
ACCESS

Ricos Biology Journal, June, 2025, Vol. 3 (6) 21-40. www.ricosbiology.net/Vol.3(6)/June-2025/64

and traditional antibiotics, paving the way for more effective, targeted, and sustainable
antibacterial strategies.
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7. Challenges and Limitations

Despite the considerable promise and renewed interest, the widespread clinical
implementation of phage therapy faces a complex array of challenges spanning
regulatory, developmental, biological, and logistical domains. Addressing these obstacles
is crucial for successfully integrating phage therapy into mainstream medical practice
(Verbekenetal.,2014).

One of the most significant hurdles is regulatory. Unlike chemically synthesized
small- molecule antibiotics, phages are biological entities capable of replication and
evolution. This unique nature does not fit neatly into existing regulatory frameworks
designed for conventional pharmaceuticals. Regulatory agencies like the FDA and EMA
require rigorous approval processes, typically involving standardized manufacturing,
preclinical safety data, and large-scale randomized controlled trials (RCTs) to
demonstrate safety and efficacy (Verbeken et al., 2014). Proving efficacy for phages can
be challenging giventheir high specificity (requiring precise matching to the infecting
bacteria) and the potential need for personalized or adaptable phage cocktails. Early
clinical studies often lacked adequate controls and employed crude preparations,
complicating the interpretation of historical data and necessitating modern, high-
quality trials (Merabishvili ez al., 2009). Establishing standardized protocols for phage
isolation, characterization, manufacturing (ensuring purity, potency, and freedom from
contaminants like bacterial toxins or antibiotic resistance genes), and storage remains a
critical need (Pirnay et al., 2011). The absence of universally accepted quality controls
and manufacturing standards (like Good Manufacturing Practice - GMP for phages)
creates significant barriers to large-scale production and clinical use.

&
=3
=
=4
ES
B
&
=
(=%
5
a

=l
=
]
(=9
=]
Q
=2
=
=
&
=

<
@
2
g

3

el
=
o
(<3
(=9

[eurdo ay) 01 31paio ojeridordde

Manufacturing and quality control present specific technical challenges. Producing
well-characterized, high-titer phage preparations free from bacterial debris, endotoxins,
and potentially harmful phage-encoded genes (e.g., toxins, antibiotic resistance genes)
requires sophisticated purification and quality assessment methods. Ensuring the stability
and maintaining the viability of phage preparations during storage and transport is also
essential but can be difficult, as phages can be sensitive to physical and chemical
conditions (Pirnay et al., 2011). Scaling up production to meet potential clinicaldemand
while maintaining strict quality standards is another major logistical and economic
challenge.
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Biological challenges primarily revolve around bacterial resistance to phages and
host immunogenicity. Just as bacteria evolve resistance to antibiotics, they can also
develop resistance to phages through various mechanisms (e.g., receptor modification,
CRISPR-Cas systems) (Labrie ez al., 2010). While the use of phage cocktails can mitigate
this, the potential for resistance necessitates ongoing surveillance and the continuous
discovery or engineering of new phages. The immunogenicity of phages is another
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concern. The host immune system can recognize phages as foreign and mount an immune
response,primarily through antibody production, which can lead to rapid phage clearance
and reduced therapeutic efficacy, particularly upon repeated administration (Hodyra-
Stefaniak et al., 2015; Lusiak-Szelachowska et al., 2014). While this response is not always
detrimental and can sometimes be leveraged, minimizing adverse immune reactions
through careful phage selection, purification, dosing strategies, and potentially phage

engineering is important for safety and effectiveness (Lusiak- Szelachowska et al.,
2014).

Furthermore, the narrow host range of most phages, while advantageous for
specificity, can also be a limitation. It requires accurate and rapid diagnosis of the
causative bacterial agent and susceptibility testing to select effective phages. This
contrasts with the empirical use often possible with broad-spectrum antibiotics.
Developing rapid diagnostic tools and extensive, well-characterized phage libraries is
essential to overcome this practical challenge.
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Finally, issues related to pharmacokinetics and pharmacodynamics (PK/PD) — how
phages distribute within the body, reach the infection site at sufficient concentrations,
and interact with bacteria over time — are still not fully understood and require further
investigation to optimize dosing regimens and administration routes (Malik et al., 2017).
Ethical considerations surrounding the use of self-replicating biological agents also need
careful consideration and public discourse.

Overcoming these multifaceted challenges will require concerted efforts from
researchers, clinicians, regulatory bodies, and industry stakeholders to develop
standardized protocols, conduct rigorous clinical trials, and establish clear pathways for
the safe and effective use of phage therapy.

8. Future Directions and Perspectives

The trajectory of phage therapy research and development points towards an
increasingly important role in combating bacterial infections, particularly in the face
ofescalating antibiotic resistance. However, realizing this potential requires addressing
the current challenges and capitalizing on recent scientific and technological
advancements. Several key future directions are emerging.

First and foremost is the critical need for large-scale, rigorously designed
randomized controlled trials (RCTs). While case studies and compassionate use provide
valuable anecdotal evidence, robust RCTs are essential to definitively establish the safety
and efficacy of phage therapy for specific indications compared to standard-of-care
treatments. These trials need to address complexities such as appropriate control groups,
standardized phage preparations, defined clinical endpoints, and strategies for handling
phage specificity and potential resistance development. Generating high- quality clinical
evidence is paramount for gaining regulatory approval and acceptance by the broader
medical community.
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Developing standardized protocols and regulatory pathways is another crucial area.
Collaboration between researchers, industry, and regulatory agencies (like FDA, EMA) is
needed to establish clear guidelines for phage manufacturing (GMP standards), quality
control, characterization, preclinical testing, and clinical trial design specifically
tailoredto the unique nature of phages. Harmonizing regulations internationally would
also facilitate broader development and access.

Continued advancements in phage engineering and synthetic biology hold immense
promise. Future research will likely focus on creating phages with enhanced properties:
broader host ranges, reduced immunogenicity, improved stability and delivery
characteristics, enhanced biofilm penetration capabilities, and mechanisms to actively
combat bacterial resistance. Engineering phages to deliver specific payloads (e.g.,
enzymes, toxins targeting bacteria) or to work synergistically with the host immune
system are also exciting avenues. Synthetic biology approaches may enable the de novo
design and construction of phages with precisely defined characteristics.
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Further exploration of phage-microbiome interactions is warranted. Understanding
how therapeutic phages interact with the complex microbial communities in the human
body (e.g., gut, respiratory tract) is important for predicting efficacy and potential off-
target effects. Leveraging phages to selectively modulate the microbiome for therapeutic
benefit is an emerging field.

Optimizing phage discovery and selection processes is also key. Developing high-
throughput methods for isolating and characterizing phages against clinically relevant
pathogens, including MDR strains, is essential. Building extensive, well-curated phage
libraries, potentially linked to rapid diagnostic tools that identify the causative agent
andits phage susceptibility profile, will be vital for implementing personalized or readily
available phage therapy.
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Improving delivery systems to ensure phages reach the site of infection at adequate
concentrations and remain active remains a priority. Research into advanced
formulations, encapsulation methods, and targeted delivery strategies will continue.
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Finally, educating clinicians, policymakers, and the public about the potential and
limitations of phage therapy is necessary to foster acceptance and facilitate its integration
into clinical practice. Phage therapy is unlikely to completely replace antibiotics but
rather will serve as a valuable alternative or adjunct, particularly for difficult-to-treat
infections. Its successful integration will likely involve its use in

combination therapies (e.g., phage-antibiotic synergy) and within specific clinical
nicheswhere antibiotics fail.
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The path forward requires sustained investment in research, interdisciplinary
collaboration, and a flexible yet rigorous approach to regulation to translate the promise
of phage therapy into tangible clinical benefits in the fight against AMR.
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Conclusions
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The era of antibiotics, while revolutionary, is facing an unprecedented challenge
due tothe global rise of antimicrobial resistance. As conventional therapies lose their
effectiveness against increasingly resilient pathogens, bacteriophage therapy is re-
emerging from its historical roots as a highly promising and scientifically validated
alternative and adjunct strategy. Its inherent specificity allows for the targeted
elimination of pathogenic bacteria while preserving the host's beneficial microbiota, a
distinct advantage over broad-spectrum antibiotics. Furthermore, the ability of phages to
self-replicate at the site of infection and their potential to overcome existing resistance
mechanisms offer unique therapeutic benefits.
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Significant progress has been made in understanding phage biology, developing
methods for phage characterization and production, and exploring diverse applications
ranging from treating MDR infections in humans and animals to ensuring food safety.

Innovations in phage engineering, cocktail formulation, delivery systems, and
synergisticcombinations with antibiotics are continually enhancing the potential and
applicability of this therapeutic modality. Modern research, leveraging genomics and
synthetic biology, is actively addressing the historical limitations and paving the way for
more potent, reliable, and safer phage-based treatments.
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Despite this progress, substantial challenges remain. Regulatory frameworks
require adaptation, manufacturing processes need standardization and scaling, and issues
like bacterial resistance to phages and host immunogenicity must be effectively managed
through ongoing research and strategic development. Rigorous, large-scale clinical trials
are essential to provide definitive evidence of efficacy and safety, facilitating regulatory
approval and broader clinical acceptance.

In conclusion, bacteriophage therapy represents a critical component in the
multifaceted approach required to combat the AMR crisis. While not a panacea, its
unique mechanisms and adaptability offer a powerful tool, particularly for infections
where conventional antibiotics have failed. Continued investment in research,
interdisciplinary collaboration, robust clinical validation, and the development of
supportive regulatory pathways are imperative to fully realize the potential of phagesand
successfully integrate them into 2 1st-century medicine as a vital weapon againstbacterial
infections.
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Abstract

Radiation pollution, stemming from both natural and anthropogenic sources, poses
significant environmental and health risks due to the damaging effects of ionizing radiation on
biological systems. Microorganisms, ubiquitous in diverse environments, exhibit remarkable
resilience and unique mechanisms to interact with radionuclides. This review article explores
the multifaceted impact of radiation pollution on microbial communities, detailing how it alters
their diversity, composition, and induces DNA damage and cellular stress. We delve into the
sophisticated mechanisms employed by microorganisms to interact with radionuclides,
including bioreduction (direct and indirect), biomineralization/bioprecipitation, biosorption,
and bioaccumulation, which collectively transform mobile radioactive elements into less
hazardous forms. Furthermore, the article highlights the extraordinary adaptations of
microorganisms to radioactive environments, such as extreme radiation resistance through
efficient DNA repair and antioxidant systems, and metabolic versatility, including the use of
radionuclides as electron acceptors. Finally, we discuss the promising applications of these
microbial capabilities in bioremediation, particularly through the use of naturally occurring and
genetically engineered microorganisms for radioactive waste management. While significant
progress has been made, challenges remain in scaling up these solutions and understanding
long-term stability. Future research should focus on leveraging 'omics' technologies to further
unravel microbial dynamics in radioactive environments and integrate microbial approaches
with other remediation strategies to develop comprehensive and sustainable solutions for
radiation pollution.
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Introduction
Radiation pollution, a pervasive environmental concern, refers to the presence of
radioactive substances in the environment, posing significant threats to living organisms
and ecosystems. These substances, known as radionuclides, emit ionizing radiation as they

undergo radioactive decay.

The sources of radiation pollution are diverse, ranging from natural occurrences to
anthropogenic activities.

Natural sources include cosmic rays and naturally occurring radioactive isotopes in the
Earth's crust, such as uranium, thorium, and potassium-40.
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Anthropogenic  sources, however, contribute significantly to environmental
contamination and include nuclear weapons testing, nuclear power plant operations,
radioactive waste disposal, and medical and industrial applications of radioactive materials
(Wikipedia).

The general impact of radiation pollution on the environment is multifaceted and
severe. lonizing radiation can cause direct damage to biological molecules, particularly
DNA, leading to mutations, cellular dysfunction, and even cell death. At the ecosystem
level, chronic exposure to radiation can compromise the diversity and composition of

SUOWUIO)) .

microbial communities, disrupt ecological processes, and affect the health and survival of
various organisms (Chapin et al., 2023).

Given the persistent nature of many radionuclides and their long half-lives, the
environmental consequences of radiation pollution can endure for extended periods,
necessitating effective remediation strategies. Microorganisms, ubiquitous and highly
diverse, play crucial roles in nearly all biogeochemical cycles on Earth. Their rapid growth
rates, metabolic versatility, and adaptability to extreme environments make them key
players in environmental processes, including the cycling of nutrients, decomposition of
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organic matter, and detoxification of pollutants. In the context of radiation pollution,
microorganisms exhibit remarkable resilience and possess unique mechanisms to interact
with and respond to radioactive substances. This review article aims to provide a
comprehensive overview of the impact of radiation pollution on microorganisms, delving
into the mechanisms by which they interact with radionuclides, their fascinating
adaptations to radioactive environments, and the promising applications of these microbial
capabilities in bioremediation efforts. By understanding these intricate relationships, we
can harness the power of microorganisms to mitigate the adverse effects of radiation
pollution and develop sustainable solutions for environmental cleanup.
Impact of Radiation Pollution on Microbial Communities

Microbial communities, the foundation of many ecosystems, are profoundly affected
by the presence of radiation pollution. The impact manifests in various ways, from
alterations in community structure and diversity to direct cellular damage and long-term
evolutionary pressures. Chronic exposure to pollutants, including ionizing radiation, has
been shown to compromise the diversity and composition of microbial communities
(Chapin et al., 2023). This disruption can lead to significant shifts in ecosystem function,
as different microbial groups play distinct roles in nutrient cycling and other vital processes.
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One of the most direct and well-understood impacts of ionizing radiation on
microorganisms is DNA damage. lonizing radiation possesses sufficient energy to break
chemical bonds, leading to single- and double-strand breaks in DNA, base modifications,
and cross-linking. These molecular lesions can impede DNA replication and transcription,
ultimately leading to cellular dysfunction or death. Beyond direct DNA damage, radiation
exposure can also induce oxidative stress through the generation of reactive oxygen species
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(ROS), which further contribute to cellular damage (PMC, 2024). The ability of
microorganisms to repair this damage is crucial for their survival in contaminated
environments. Long-term exposure to radiation pollution can exert selective pressures on
microbial populations, favoring the survival and proliferation of radiation-resistant strains.
Studies have indicated that radiation can change soil microbial community structure and
function (ResearchGate, 2024). While some microbial communities may experience a
decrease in overall diversity, others might see an increase in the abundance of specific taxa
that possess enhanced DNA repair mechanisms or antioxidant defenses. For instance, low-
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dose radiation has been observed to increase the diversity of soil microbial communities
and alter the metabolic capacity of carbon (Frontiers in Ecology and Evolution, 2023). This
highlights the complex and sometimes counterintuitive responses of microbial ecosystems
to chronic radiation exposure, where adaptation and resilience can emerge over time.
Mechanisms of Interaction between Microorganisms and Radionuclides
Microorganisms employ a variety of sophisticated mechanisms to interact with
radionuclides, often transforming them into less mobile or less toxic forms. These
interactions are fundamental to the potential of microorganisms in bioremediation
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strategies.

A. Bioreduction

Bioreduction is a key mechanism where microorganisms alter the oxidation state of
radionuclides, typically reducing them from a more soluble and mobile form to a less
soluble and immobile one. This process often involves the transfer of electrons to the metal
ions. For example, problematic radioactive elements like plutonium or uranium can be
precipitated through microbial reduction, making them easier to collect and dispose of
(ASM, 2023). This can occur through two primary pathways:

1. Direct Reduction In direct reduction, microorganisms directly utilize the oxidized
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form of a radionuclide as an electron acceptor during anaerobic respiration. A notable
example includes Geobacter metallireducens GS15 and Shewanella oneidensis, which are
capable of reducing soluble oxidized plutonium (Pu(VI/V)) to its insoluble Pu(IV) form
(ASM, 2023).

2. Indirect Reduction Indirect reduction occurs when a microorganism reduces a non-
radioactive element, and the resulting reduced product then facilitates the reduction of a
radioactive element within the microenvironment. For instance, ferric iron [Fe(IIl)]-
reducing bacteria, such as G. metallireducens and S. oneidensis, can indirectly reduce
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uranium U(VI) during their anaerobic growth. The insoluble forms of these radionuclides
are then more amenable to chemical and physical waste disposal technologies, as they
reduce the overall volume of the waste (ASM, 2023).

B. Biomineralization/Bioprecipitation

Microorganisms can also remove radionuclides from solution through
biomineralization, a process that leads to the formation of insoluble mineral precipitates.
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This mechanism involves the enzymatic generation of ligands, such as sulfides,
carbonates, phosphates, and hydroxides, within the microbial cell wall. These ligands then
bind with metal ions, leading to their crystallization and precipitation. For example, a

Deinococcus radiodurans strain engineered with the phoN gene from Salmonella enterica

was able to liberate inorganic phosphate, which subsequently mineralized uranium,
precipitating over 90% of uranium from a uranyl solution (ASM, 2023).

C. Biosorption

Biosorption involves the passive uptake and binding of radionuclides to the surface
structures of microbial cells. This process is typically rapid and does not require metabolic
energy. The cell walls of bacteria, fungi, and algae contain various functional groups (e.g.,
carboxyl, hydroxyl, amino, phosphate) that can act as binding sites for metal ions,
including radionuclides (Wikipedia).

D. Bioaccumulation

Bioaccumulation refers to the active, metabolically-dependent uptake of
radionuclides by microorganisms into their intracellular compartments. This process is
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slower than biosorption and is influenced by factors such as temperature, pH, and the

presence of other metal ions. Once accumulated, radionuclides can be sequestered,

transformed, or even incorporated into cellular components (Wikipedia).

Adaptations of Microorganisms to Radioactive Environments

Microorganisms inhabiting radioactive environments have evolved remarkable
g adaptations to survive and even thrive under conditions that are lethal to most other life
% forms. These adaptations involve sophisticated molecular and cellular mechanisms that
g enable them to cope with the damaging effects of ionizing radiation and utilize available
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resources.
A. Radiation Resistance Mechanisms
One of the most striking adaptations is the development of extreme radiation resistance.
Microorganisms such as Deinococcus radiodurans are renowned for their extraordinary
ability to withstand extremely high doses of ionizing radiation, far exceeding those
tolerated by other organisms. This remarkable resistance is attributed to a combination

of potent antioxidants that scavenge damaging reactive oxygen species and highly
efficient DNA repair mechanisms. D. radiodurans, for instance, possesses multiple
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copies of its genome and an intricate system of DNA repair enzymes that can rapidly
and accurately repair hundreds of DNA double-strand breaks induced by radiation
(Frontiers in Ecology and Evolution, 2023; ASM, 2023).
B. Metabolic Versatility and Alternative Electron Acceptors

Beyond direct radiation protection, microorganisms in radioactive environments

often exhibit significant metabolic versatility. In anoxic conditions, where oxygen is
scarce, many microbes can utilize alternative electron acceptors for respiration.
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Notably, some can even use radioactive elements themselves as electron acceptors,
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effectively coupling their metabolic processes with the transformation of radionuclides.
This metabolic flexibility allows them to derive energy from their environment while
simultaneously influencing the speciation and mobility of radioactive contaminants
(ASM, 2023).
C. Extremophilic Microorganisms

Many radiation-resistant microorganisms are also extremophiles, capable of
thriving in other harsh conditions such as extreme temperatures, pH, or salinity. This
co-occurrence of extremophilic traits often provides a synergistic advantage in
radioactive environments, which can also be characterized by other extreme conditions.
The study of these extremophilic microorganisms provides valuable insights into the
limits of life and offers promising avenues for novel bioremediation strategies.

Applications in Bioremediation of Radioactive Waste

The unique capabilities of microorganisms in interacting with and adapting to
radioactive environments have paved the way for their application in bioremediation,
offering environmentally friendly and cost-effective solutions for radioactive waste
management.

A. Overview of Microbial Bioremediation

Microbial bioremediation leverages the natural processes carried out by
microorganisms to detoxify or immobilize contaminants. In the context of radioactive
waste, this involves converting soluble and mobile radionuclides into insoluble and less
mobile forms, thereby reducing their spread in the environment and facilitating their
removal or long-term containment. Compared to traditional physicochemical methods,
which often involve excavation, transport, and costly disposal, bioremediation offers a
more sustainable and in-situ approach (Wikipedia). The various mechanisms discussed
earlie—bioreduction, biomineralization, biosorption, and bioaccumulation—form the
foundation of these bioremediation strategies. For instance, the ability of certain microbes
to precipitate radionuclides like uranium and plutonium makes them invaluable for
containing contamination in groundwater and soil (ASM, 2023).

B. Genetically Engineered Microorganisms for Bioremediation

The advent of genetic engineering has significantly expanded the potential of microbial
bioremediation. By modifying the genetic makeup of radiation-resistant microorganisms,
scientists can enhance their ability to interact with specific radionuclides or even introduce
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new metabolic pathways for contaminant degradation. A prime example is the genetic
engineering of Deinococcus radiodurans, a bacterium known for its exceptional radiation
resistance. This microbe has been successfully engineered to express genes that enable it
to metabolize various toxic compounds often found alongside radioactive waste. For
instance, D. radiodurans has been modified to convert toxic mercuric [Hg(II)] ions into less
harmful elemental mercury, demonstrating the potential for addressing mixed contaminants
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(ASM, 2023). Such engineered microbes can be tailored to specific contamination
scenarios, offering highly targeted and efficient remediation solutions.
Case Studies and Examples
Numerous studies and field applications have demonstrated the efficacy of microbial
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bioremediation in radioactive environments. For example, the use of Geobacter species in
uranium-contaminated sites has shown promising results. These bacteria can reduce soluble
uranium to an insoluble form, effectively immobilizing it in the subsurface (NSF, 2021).
Another area of active research involves the application of sulfate-reducing bacteria to

precipitate radionuclides as insoluble metal sulfides. These and other ongoing projects
highlight the practical viability and growing importance of microbial approaches in
addressing the challenges posed by radiation pollution. The continued exploration of
microbial diversity in naturally radioactive environments also promises to uncover new
species with novel bioremediation capabilities.

Conclusion and Future Perspectives
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Radiation pollution poses a significant and enduring threat to environmental and human
health. However, the remarkable capabilities of microorganisms offer a powerful and
sustainable avenue for mitigating its adverse effects. This review has highlighted the
diverse mechanisms by which microorganisms interact with radionuclides, including
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bioreduction, biomineralization, biosorption, and bioaccumulation. Furthermore, it has

underscored the extraordinary adaptations, such as extreme radiation resistance and
metabolic versatility, that enable certain microbial species to thrive in highly radioactive
environments.
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Summary of Key Findings
Microorganisms play a dual role in the context of radiation pollution: they are
susceptible to its damaging effects, experiencing alterations in community structure and
DNA damage, yet they also possess inherent abilities to transform and immobilize
radionuclides. The understanding of these microbial processes is crucial for developing
effective bioremediation strategies. From the direct reduction of soluble uranium by
Geobacter species to the biomineralization of radionuclides by engineered Deinococcus
radiodurans, the potential of microbial solutions is immense.
Challenges and Limitations
Despite the promising advancements, several challenges and limitations remain in the
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widespread application of microbial bioremediation for radiation pollution. The

complexity of contaminated sites, often characterized by mixed contaminants and
heterogeneous environmental conditions, can hinder the effectiveness of microbial
interventions. Furthermore, the long-term stability of immobilized radionuclides and the
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potential for remobilization under changing environmental conditions require careful
consideration. Scaling up laboratory-based successes to field-scale applications also
presents significant engineering and logistical hurdles.
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A. Future Research Directions and Potential Applications
Future research should focus on a deeper understanding of microbial community dynamics
in radioactive environments, including the intricate interactions between different
microbial species and their responses to varying radiation doses. Advances in 'omics'
technologies (genomics, proteomics, metabolomics) will be instrumental in uncovering
novel genes and pathways involved in radionuclide transformation and resistance. The
development of more robust and efficient genetically engineered microorganisms, capable
of targeting a broader range of radionuclides and operating under diverse environmental

conditions, is also a critical area. Beyond direct bioremediation, exploring the potential of
microbial processes for resource recovery from radioactive waste streams, such as the
extraction of valuable metals, could offer additional benefits. Ultimately, integrating
microbial bioremediation with other conventional and emerging technologies will be
essential for developing comprehensive and sustainable solutions to the global challenge
of radiation pollution.
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