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Abstract: Soil microbial ecology in the Irish wetlands is still poorly understood, although it is crucial
in introducing effective rewetting schemes to restore and conserve the Irish peatlands. As an initia-
tive, peatlands with distinct land-use types (cutaway, raised semi-degraded, unimproved grassland
and grassland) were collected from farms in the midlands to analyse various microbial populations.
Peat was homogenized and serially diluted to culture on a range of specific and non-specific culture
media. Culture isolation and microbial enumeration were performed. Gram staining and other mi-
croscopic observations of morphologically distinct microorganisms were performed, followed by
isolation procedures. The numbers of total viable bacteria of cutaway bog and unimproved grass-
land were 4.23 x 10° CFU g™ and 9.81 x 107 CFU g}, respectively, with a significant statistical differ-
ence (p < 0.05). Raised semi-degraded bogs comprised low values of both aerobes and fungal popu-
lations. Penicillium spp. and Trichoderma spp. were common in many vegetation types. Phosphate-
solubilizing bacteria were present in the majority of the study sites. This indicated that the soluble
form of phosphorus was being assimilated by plants. Cutaway peat contained the bacteria with the
highest phosphate-solubilizing index (3.167). Overall, the number of culturable microbial groups in
cutaway and raised semi-degraded peatlands exhibited significant differences, while the rest did
not show drastic changes according to land-use type. This study provides baseline data to continue
studies on bog microbiology, which provides a new outlook for restoration. Future work should
consider microbial interaction with environmental variables in different land-use types.

Keywords: aerobes; fungi; anaerobes; phosphate solubilization; raised bog; grassland

1. Introduction

Irish peatlands cover about 20% of the land surface across the Republic of Ireland [1].
Peatlands are a class of wetlands [2] that act as a massive pool of sequestered carbon [3].
Peat formation in these lands is an important ecological process that mitigates the effects
of climate change and minimizes greenhouse gas (GHG) emissions. Energy production,
horticultural production [4] and aesthetic purposes [5] are a few remarkable benefits of
these lands. Unfortunately, due to land use for peat extraction, agricultural practices and
forest management [6], a significant proportion of the peat area (approximately 80%) has
been damaged. The remainder (peatlands in a natural state) are subjected to slow degra-
dation [7]. Natural peatlands can mostly extract carbon from the atmosphere and pool it
within peat [8]. Therefore, implementing proper rewetting schemes to restore degraded
peatland ecosystems [9] has received much attention. A recent study from Germany
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showed the risk of grassland renewal on GHG emissions (about 9-35% of European peat-
lands are grasslands). The study targeted a drained grassland. The study concluded that
factors such as mechanical grassland renewal, water level increase and a lack of grass
cover lead to severe GHG emissions [10].

Rewetting every drained peatland is challenging as it requires a proper understand-
ing of the terrestrial carbon cycle, the plant community and the soil microbial community.
Moreover, the soil microbial community greatly impacts the carbon cycle since part of
carbon sequestration is carried out by it [3]. Although several research studies have been
conducted in the context of Irish peatlands [9,11-13], investigating the role of microorgan-
isms present in Irish peat has not been carried out more broadly. One such infrequent
study was based on the western Atlantic coast of Ireland [14]. The study explored the bio-
mass of different types of decomposers and consumers in three differently vegetated peat-
lands. Nevertheless, only viable bacteria and fungi were studied under microflora in that
particular study. A recent study conducted on a montane blanket bog illustrated the ef-
fects of restoration on bacterial community structure in two seasons. The season appeared
to be influential on bacterial community structure [15]. However, a descriptive image of
the microbial groups could have been portrayed. Recently, the impact of water table level
and the addition of fertilizers on microbial community structure was investigated on a
drained peatland in Ireland. However, it was noted that the microbial communities re-
mained unchanged against the treatments [16]. The presence of nitrogen-fixing bacteria in
peat has been also focused on in the literature [17]. Both the grassland and peatland tested
in that study contained only anaerobic nitrogen-fixing bacteria, indicating that anaerobic
organisms in peat are crucial in the nitrogen cycle. In addition, the vegetation type of peat
has an undeniable influence on the bacterial and fungal communities in peat. In a recent
review, the unique characteristics of Sphagnum mosses, which promote the growth of en-
dophytic bacteria and fungi, were demonstrated [18]. The importance of understanding
the peat microbiome turned out to be a key emphasis of that study.

Apart from Ireland, previous research about peatland microbial communities in the
world was principally based on methanogenic organisms [19]. Other groups of microor-
ganisms in the peat ecosystem were not targeted in the research in a wider context. Some
microbiology-based studies on peat have been carried out in the United States, Canada,
Thailand and Australia [17-20]. It is still at a rudimentary level in Ireland. One of our re-
cent pilot studies was conducted to collect preliminary data on distinct microbial groups
present in Irish bogs in the midlands. The study analyzed whether microbial groups
change according to temporal variation. The data collected from that study give valuable
future directions that will pave the way to the establishment of promising rewetting
schemes to reduce greenhouse gas emissions [21]. There is a paucity of soil microbiology-
based studies in Irish peatlands. Microbes in drained peatlands might differ from their
pristine conditions (the pristine condition of a peatland in its original state often refers to
a ‘near-natural’ condition). This finding also came out from a peatland study in Australia
where they discovered that fungal and prokaryotic richness was greatly reduced after
peatland degradation [20]. It is considered that degraded peatlands reach ‘near-pristine
conditions’ through restoration. Monitoring restoration success is important to assess how
effective existing restoration practices (e.g., rewetting) are. The data obtained for different
‘land-use’ types can be employed as bio-indicators to monitor the progress of restoration
in the near future. Currently, the availability of microbial data in Western Europe is inad-
equate [22]. Considering this knowledge gap, this pilot study was initiated to fulfil the
following aims and objectives: (i) to collect baseline data on culturable microbial popula-
tions across four ‘peatland-use’ types; (ii) to make comparisons between the microbial
numbers in each site; and (iii) to demonstrate the future possibility of microbial commu-
nities to act as an environmental measure for peatland restoration.

Our study hypothesized that microbial numbers and communities could differ ac-
cording to the land-use types and pH. Therefore, culture isolation as the conventional
method was employed in the study to find bio-indicator organisms. Finding bio-indicator
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organisms is a long-term goal. It involves screening existing or new microbial strains. Iso-
lation of prominent categories like total viable bacteria, aerobic bacteria and fungi is cru-
cial for a basic understanding of an ecological niche. Specific groups like fungi, anaerobes
and actinomycetes can be important in terms of finding bio-indicators. Phosphate-solubil-
izing bacteria imply the possibility of bio-fertilizers in land applications. Also, these
groups were not studied extensively under bog microbiology. Our study initiated the first
step that is required for this process through culture isolation. Although the current study
collected data on six types of microbial groups across four different land-use types (grass-
land, unimproved grassland, cutaway bogs and raised semi-degraded bogs), this is the
first time this type of pilot microbiological study has been conducted in the Republic of
Ireland. Grasslands are considered to be a vital part of pasture-based systems in Ireland
[12]. A characteristic grass cover and other plant species can be observed in grasslands.
Unimproved grassland is another basic category of grasslands. But, they are only sub-
jected to traditional land-management practices or ploughing. Artificial fertilizers were
not added to these lands [23]. Cutaway peatlands are lands used for mechanical peat har-
vesting. As a result, the vegetation is destroyed in cutaway sites. Prior to harvesting, they
are classified as bogs [24]. Raised semi-degraded bogs are concentrated in the midlands.
This habitat type can be restored to ‘active raised bogs’ via proper land-management prac-
tices. Bog moss layers, such as Sphagnum species, are prominent in these lands [25].

2. Materials and Methods
2.1. Sample Sites and ‘Peatland-Use’ Types

The study sites were located in the midlands (Figure 1a) of the Republic of Ireland,
specifically in (i) County Offaly (53°9'46” N 7°39'10” W) and (ii) County Laois (53°9'49” N
7°37'18” W). Average monthly precipitation in Co. Offaly and Co. Laois are approximately
65 mm and 68 mm, respectively. Peat across four ‘peatland-use’ types was collected, in-
cluding cutaway rough grazing, raised semi-degraded bogs, grassland (Figure 1b) and
unimproved grassland (Figure 1c) sites. All the samples were collected on 14 April 2022.

(b) (c)

Figure 1. (a) Map of the Republic of Ireland indicating the sampling venues in the midlands; (b) the
satellite view of the grassland site located in Co. Laois. Sampling points (n = 10) are illustrated in
red triangles; (c) the satellite view of unimproved grassland site located in County Offaly. Sampling
points (n = 10) are illustrated in yellow circles.

2.2. Sample Collection

The “peatland-use’ type was taken into consideration during the sample collection.
Each site was divided in the form of zigzags to collect samples. A composite sample was
made from each site by collecting ten replicate samples (1 = 10) from each site. The purpose
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of replicating the sample points was to minimize the errors in sample collection. Peat soil
was collected between the depth ranged from 0 to 15 cm (0 cm refers to the surface of the
peat). The relevant soil depth was measured, and peat was dug using a standard soil knife.
Approximately 250-300 g of peat was collected and packed into sterile airtight containers.
Samples were transported to the laboratory and kept in refrigerator at 4-6 °C.

2.3. Isolation of Distinct Groups of Culturable Microorganisms

2.3.1. Isolation and Enumeration of the Total Viable Bacteria (TVB) and Aerobic
Bacteria (AB)

Isolation and enumeration of TVB and AB was carried out according to the method
described by [21] Gouri et al. (2023). Composition of culture media was described in the
supplementary material. Small stones, fauna and plant debris in peat samples were re-
moved by sieving through a pore size of 2 mm. Fresh peat (10.0 g) was suspended in 90.0
mL of sterile maximum recovery diluent. It was dispersed in a homogenizer at 140 rpm
for 1 h. A total of 1 mL of initial suspension was serially diluted by 10-fold stages. The
serial dilutions 10-'-10-7 were pour-plated (1 mL aliquots) in triplicate on nutrient agar for
the enumeration of the total viable bacteria. The pH of the medium was 7.0 + 0.2. Likewise,
the serial dilutions were used to perform the spread plate (0.1 mL aliquots) technique on
nutrient agar (Condalab, Madrid, Spain) and tryptic soy agar (TSA) (Condalab, Madrid,
Spain) plates for the detection of aerobic bacteria. The plates were incubated at 37 + 1 °C
in an inverted position for 48-72 h. Colony counts were reported after the incubation pe-
riod. This procedure was repeated on peat soil from the four different sites separately.
Bacterial numbers in Log CFU g (CFU = colony forming units) of AB and TVB were used
to produce the ratio of AB vs. TVB in each site. The most accurate dilution was taken for
colony counting. Microbial culturing was performed in triplicate, and triplicate colony
counts were obtained at each case. Microbial data were reported as CFU g1. They were
converted into logarithmic form and used for the statistical analysis in triplicate values.

2.3.2. Isolation and Enumeration of the Culturable Fungal Population

Serial dilutions (10-'-107), performed as described in Section 2.3.1., were pour-plated
on a half-strength Czapek-Dox (Condalab, Madrid, Spain) agar medium. Filter-sterilized
streptomycin (50 pg/mL) was added to the agar to inhibit the bacterial growth. The plates
were incubated for 2-3 weeks at 25 =1 °C, and colony counts were reported. Single fungal
colonies with different morphologies were subcultured (transferring a colony or cells to
fresh media to purify) on new half-strength Czapek-Dox agar media by dissecting each
fungal colony with a sterile scalpel and forceps. In parallel, fungal slides were prepared
to observe fungal spores, conidia, hyphae and sporangia under the light microscope. Fun-
gal isolates were primarily identified according to the descriptions and mycological keys
by Gams and Bissett (1998) and the Textbook of Fungi [26,27]. This method was performed
on peat from four land-use types separately.

2.3.3. Isolation and enumeration of Anaerobic Bacteria

The serial dilutions (10'-107), as described in Section 2.3.1., were used to carry out
the pour-plate technique on anaerobic agar (Condalab, Madrid, Spain). The plates were
incubated at 25 + 1 °C for 2-3 weeks under anaerobic conditions. An anaerobic jar was
used for this purpose. Microbiology Anaerocult® A, a reagent for the creation of an anaer-
obic medium, was kept inside the anaerobic jar. The colony counts were reported follow-
ing the incubation period. To obtain pure cultures, morphologically distinct colonies were
chosen and streaked three consecutive times. Gram-negative and Gram-positive bacteria
were differentiated by Gram staining. This procedure was repeated on peat soil samples
from all the study sites separately.

2.3.4. Isolation of Phosphate-Solubilizing Bacteria (PSB)
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Pikovskaya medium was prepared according to the method described by [21].
Pikovskaya agar was initially prepared without adding dextrose (glucose) to avoid sugar
caramelization. Dextrose solution was sterilized using a 0.45 um filter membrane and
added to the sterile Pikovskaya agar separately. The phosphate substrate concentration
was 5.0 g/L, maintained at pH 7. The serial dilutions (10-'-1077) as described in Section
2.3.1. were spread (0.1 mL) on Pikovskaya agar. The control was set up by spreading 0.1
mL of sterile maximum recovery diluent onto Pikovskaya agar. The plates were incubated
at 30 + 1 °C for three weeks. Colonies with halozones were detected. Halozones are the
‘halo’ or clear zone around the colony due to the phosphate solubilization of bacteria. The
diameters were measured using a standard ruler. The reading error for a standard ruler
with mm increments was +/-0.1 mm under optimal conditions. The uncertainty value was
indicated for the diameter lengths in centimetres [28]. The following equation was used
to compute the phosphate solubilization index (PSI) for each colony:

Phosphate-solubilising index (PSI) = {(Diameter of the halozone + colony) cm/(Diameter of the colony) cm}

2.3.5. Isolation of Actinomycetes

Serial dilutions (10-'-1077), as described in Section 2.3.1., were used to carry out the
pour-plate technique on starch casein agar (SCA). The plates were incubated at 25 + 1 °C
for 2-3 weeks. After the incubation period, morphologically different colonies were
picked and streaked (subculture) on sterile nutrient agar plates. Three successive streak
isolations were performed to obtain pure actinomycete cultures. Plates that contained ha-
lozones were treated with an iodine solution to observe whether starch hydrolyzed. In
parallel, Gram staining was performed for the purified isolates.

2.3.6. Glycerol Stock Preparation

The purpose of preparing glycerol stocks was to preserve the isolated microbial cul-
tures for further studies. A stock solution (200 mL) of glycerol (40% v/v) was prepared by
mixing glycerol (80 mL) with de-ionized water (120 mL). The stock solution was auto-
claved. Pure culture isolates from bacterial groups (total viable bacteria, aerobic bacteria,
anaerobes, phosphate-solubilising bacteria and actinomycetes) were inoculated in nutri-
ent broth separately by transferring a single colony to the medium. Fungal colonies were
inoculated in Czapek-Dox modified broth. Broth cultures were incubated overnight.
Overnight pure culture (500 pL) was aseptically banked in a sterilized 40% (v/v) glycerol
solution (500 pL) in sterile cryovials. Cryovials were gently mixed and labeled. They were
stored at —80 °C.

2.4. Measuring the Soil pH

The pH in each study site was measured using the soil survey standard test method.
The pH meter was calibrated prior to obtaining the readings. A total of 10.0 g of peat was
weighed into a clean Duran bottle and 50 mL of de-ionized water was added into it to
prepare a 1:5 soil: water suspension (w:v). The soil suspension was mechanically shaken
for 1 h at 15 rpm (LABWIT, ZWYR-D2402, Shanghai, China). The electrode was immersed
into the soil suspension, and triplicate measurements of pH were recorded.

2.5. Statistical Analysis

Prism version 9.4.0 Graph pad Software, Inc. was used to produce the graphs and the
statistical analysis. Samples in each land-use type were separately analyzed in three inde-
pendent replicates. Triplicate values were converted to logarithmic form. They were used
for the statistical analysis. Microbial numbers were verified for normality by Kolmogo-
rov-Smirnov and Shapiro-Wilk tests (p < 0.05). The data were checked for homoscedas-
ticity by Levene’s test (p < 0.05). Due to non-homogeneous variances in data, differences
between microbial numbers were analyzed by the Kruskal-Wallis H test (p < 0.05). Peat
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microbial numbers were converted to logarithmic base 10. Error bars of all figures were
presented using the mean with standard deviation (SD). Multiple-comparison analysis
was performed by Dunn’s multiple-comparisons test unless otherwise stated. Group com-
parisons between total viable bacteria and aerobic bacteria in four study sites were per-
formed by the Friedman test.

3. Results
3.1. Total Viable Bacterial (TVB) Counts across Vegetation Patterns

Figure 2a shows the population of total viable bacteria in four types of peat soil, in-
cluding cutaway bogs, unimproved grassland, raised semi-degraded and grassland. Mi-
crobial numbers of total viable bacteria were the greatest in unimproved grassland (9.81 x
107 CFU g) compared to the rest, while cutaway peat recorded the lowest quantity of
total viable bacterial population (4.23 x 10° CFU g) (Figure 2a). The number (9.81 x 107
CFU g) was also higher by four magnitudes than the cutaway land. There is a statistically
significant difference between the total viable bacterial quantity between the unimproved
grassland and cutaway site (p < 0.0001). But the difference in microbial number between
other sites were not significant (p 2 0.05) (Figure 2a). Overall, it was evident that there was
not a significant difference in the microbial content across the four study sites, except for
the cutaway bog and the unimproved grassland. According to Table 1, the temperatures
of each land-use type ranged from 6-7 °C. Cutaway (5.35 + 0.04 pH) and raised semi-de-
graded bog (4.52 + 0.1 pH) were comparatively more acidic than the unimproved grass-
land (6.19 + 0.07 pH) and grassland (6.08 + 0.06 pH).

Table 1. Physiological factors of each ‘land-use” type on the date of collection.

Land-Use Types Average pH of the Peat Soil Temperature (°C)
Cutaway 5.35+0.04 6
Unimproved grassland 6.19 +0.07 7
Raised semi-degraded 4.52+0.1 6
Grassland 6.08 = 0.06 7

(a)

-
o
1

©
1

Log CFU g-'

Figure 2. (a) Number of total viable bacteria across four study sites. ns, not significant (p > 0.05); * p
< 0.05; (b) typical viable bacterial pure culture isolated from the cutaway bog; (c) typical viable
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bacterial pure culture isolated from the raised semi-degraded bog; (d) aerobic bacterial isolate
grown on nutrient agar from unimproved grassland sample; (e) aerobic bacterial culture isolated
from raised semi-degraded bog.

3.2. Comparison of TVB and Aerobic Bacterial (AB) Counts and the AB/TVB Ratio

Aerobic bacterial counts were obtained from the spread plate technique. Figure 3a
shows that cutaway bog represented the highest number (1.53 x 10° CFU g) of aerobic
bacterial count than the rest, although it contained the lowest total viable bacteria. Group
comparisons of the Friedman test revealed that differences between TVB and AB counts
in the four study sites were not very prominent (p > 0.05), as shown in Figure 3a. However,
aerobic bacterial counts between the cutaway bog and the raised semi-degraded bog were
significantly different (p < 0.05). Overall, AB typically ranged from 3.81 x 10* to 1.53 x 10¢
CFU g, with the smallest number given from raised semi-degraded bog. The ratio of
AB/TVB was greater than 1 in both cutaway bogs and grassland sites (Figure 3b). This
could be an indication of higher proportions of aerobes present in these sites. Cutaway
had the highest ratio of AB/TVB, and unimproved grassland demonstrated the lowest ra-
tio.

AB- Aerobic bacteria

Bl Total viable bactaria TVB- Total viable bacteria

10- [ Aerobic bacteria 2.0-
8 ] 154 e
g
6
2 104 . =
4 2 .
0.5
2
0 T T . 0.0 : T T .
& § ¢ & S & & @
S A A A
[ Q{b . ® O{b I3 Q@ NS 0@
°&b af‘é\ OAQ’b 90'&\
.&Q‘ e,6 Q‘ Qb
o fb\‘g 6\ '&\‘J
© < N &

(a) (b)

Figure 3. (a) Comparison of total viable bacteria and aerobic bacteria; (b) the ratio of AB to TVB in
each peatland site.

3.3. Morphology of Bacteria under Light Microscopy

Pure bacterial isolates examined under the light microscope revealed that most of the
isolates were primarily Gram-positive rods (Figure 4a). This could be an indication that
Bacillus spp. endospore-forming bacteria were detected: (i) cells with central endospores
and (ii) cells with sub-terminal endospores. The proportion of Gram-negative (Figure 4b)
isolates was comparatively less than that of Gram-positive bacteria. Occasional Gram-pos-
itive cocci cells were detected. This observation was common in all the land-use types
tested in this study.
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Figure 4. Bacterial pure cultures examined under an oil immersion lens (10 x 100) of light micro-
scope. (a) Gram-positive bacilli; (b) Gram-negative rods; (c) Gram-positive cells of actinomycete iso-
late.

3.4. Fungal Populations

The diversity of peat fungi from each study site was high. This was observed from
the cultural and morphological evidence, along with the overall fungal population num-
ber in each study site. Similar to TVB microbiota, unimproved grassland contained the
highest quantity of fungi (4.79 x 10+ CFU g). In contrast, raised semi-degraded bog
showed the lowest fungal numbers (5.83 x 102 CFU g). According to Figure 5a, the fungal
count in raised semi-degraded bog significantly varied with the unimproved grassland (p
<0.0001). The rest of the peatland sites did not show prominent differences in their fungal
number (p 2 0.05).

(a) ns

Log CFU g-'
o o n & &

@ & ol
&6“ 99\0 Q}'bb &£
> >
¢ ebé "'be' o
o b""o
L )
& &
& Q.’b

Figure 5. (a) Fungal population across four study sites. ns, not significant (p > 0.05); * p < 0.05; (b)
Penicillium spp. colony morphology on Czapex—Dox agar; (c) image of Penicillium spp. conidia-bear-
ing structures under light microscope (10 x 100); (d) Trichoderma spp. colony morphology on
Czapex—Dox agar; (e) image of Trichoderma spp. spores under light microscope (10 x 100).

Colonies were observed to grow on the Czapek-Dox agar medium, while some orig-
inated from inside, spreading the hyphae towards the surface of the solid medium.
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Microscopic observation of fungal hyphae, conidia and characteristic conidia-bearing
structures revealed the presence of Penicillium (Figure 5b,c), which is an Ascomycete ana-
morphic fungus. It was detected in all the study sites. Interestingly, microfungi like Peni-
cillium spp. had faster growth rates than the other fungal isolates. However, it took ap-
proximately 2-3 weeks to dominate the plate by other slow-growing fungal species. An-
other feature exhibited by some fungal species is the formation of concentric rings when
they develop as a colony. This is important in identifying isolates like Trichoderma spp.
The colony formation and its microscopic appearance of asexual spores are shown in Fig-
ure 5d,e. One major observation, conducted through the microscopic details of every fun-
gal isolate, was that the mycelia contained green-color globular cells assembled inside the
hyphae. They could be an indication of algal cells migrating inside the fungal hyphae. The
association of motile bacteria with fungi was observed in all the isolates. Motility of motile
bacteria resembled Brownian movement.

3.5. Enumeration of Anaerobes across the Vegetation Types

The maximum level of depth in peat was 15 cm. Therefore, the quantities of anaer-
obes described in this case are only valid for the peat above 15 cm of depth. Green-color
colonies appeared after three weeks of incubation. Gas accumulation was observed at the
bottom of the Petri dishes. Some colonies grew at the bottom of the anaerobic agar layer.
Some colonies grew in the middle of the anaerobic agar layer. Few colonies developed on
the surface of the agar. The quantities of anaerobic bacteria across four study sites are
illustrated in Figure 6a. The grassland sample reported the highest number of anaerobes.
The number of anaerobes typically ranged from 2.16 x 10*-2.29 x 106 CFU g. These values
are markedly lower than that of the total viable and aerobic bacterial counts, irrespective
of the study site. As illustrated in Figure 6a, there was no significant difference between
the cutaway, unimproved grassland and the raised semi-degraded bog (p > 0.05), which
was dissimilar to the previously elucidated microbial groups. In contrast, anaerobes in
grassland were approximately two magnitudes higher than that in the raised semi-de-
graded sample. The values were statistically significant (p = 0.0003). The predominant or-
ganisms isolated were Gram-negative short rods. However, Gram-positive rods were ar-
ranged in chains. Occasional Gram-positive cocci isolates were detected. Some Gram-pos-
itive short rods showed swellings in the middle of the cell. Terminal endospores were
observed in rods. This observation was common in the land-use types listed in this study.

(a)

Log CFU g-'
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Figure 6. (a) Quantity of anaerobic population across four different sites. ns, not significant (p > 0.05);
* p £0.05; (b) Halozone developed by PSB isolated from cutaway bog on solid Pikovskaya medium;
(c) Halozone developed by PSB isolated from grassland on solid Pikovskaya medium; d = diameter
of the colony and the halozone.

3.6. Phosphate-Solubilizing Bacteria (PSB) and Phosphate-Solubilizing Index (PSI)

Phosphate solubilization was evaluated using the Pikovskaya medium, which con-
tained [(3-tri-calcium phosphate as the sole source of insoluble, inorganic phosphate. The
phosphate concentration and the pH of the medium were 5.0 g/L and pH 7.0, respectively.
Therefore, PSI was reported for the conditions at pH 7.0. The diameter of the halozones
(Figure 6b,c) increased as the diameter of the colonies increased. The maximum diameter
was reached after approximately 2-3 weeks. According to Table 2, PSB exhibiting a re-
markable ability to solubilize calcium phosphate was isolated from cutaway peat (SI =
3.167 and 3.000, respectively). However, raised semi-degraded bog was the only site
where no PSB was detected. It was noted that approximately 75% of the PSB isolates
demonstrated PSI values in the range of 1-2. Only 25% of the total PSB isolates illustrated
PSI values above 2. Comparatively, the weakest ability to solubilize the inorganic phos-
phates was demonstrated by the unimproved grassland (SI = 1.4).

Table 2. Phosphate-solubilizing index of PSB isolates in three land-use types.

Average Diameter of the Average Diameter of the Phosphate Solubili-

Study Site Colony (cm) Colony + Halozone (cm)  zation Index (PSI)
Cutaway 05+0.1 1.5+0.1 3.000

Cutaway 0.6+0.1 1.9+0.1 3.167

Cutaway 1.25+0.1 2+0.1 1.6

Unimproved 0.5+0.1 0.7+0.1 1.4

Unimproved 0.55+0.1 095+0.1 1.727

Grassland  1.1+0.1 1.55+0.1 1.409

Grassland  0.5+0.1 0.8+0.1 1.600

Grassland 0.4 +0.1 0.65+0.1 1.625

3.7. Detection and Isolation of Actinomycetes

Colony growth on SCA was observed after 2-3 weeks. Clear zones around the colo-
nies were detected. The clear zones remained colorless after the addition of iodine solution
(Figure 7a). The presence of substrate mycelium (Figure 7b) and aerial mycelium was ob-
served in some isolates. Some colonies were distinct from typical bacterial colonies in
terms of color, texture, shape and elevation. They appeared as ‘pellet’-like structures on
the surface of the agar. Figure 7b—f shows the pigmented (pink, grey, brown, maroon,
yellow and orange) isolates. Only a few colonies resembled typical bacterial colonies, with
a slimy and smooth texture. Gram-positive and clusters of branched filamentous bacteria
were detected. They resembled the microscopic view of filamentous fungi.
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Figure 7. (a) Clear zone around a possible actinomycete colony following the iodine treatment; (b)
development of substrate mycelium on SCA and pigmented colonies (maroon); (c) development of
pigmented colonies (yellow) on SCA agar; (d) streak isolation of a pigmented (pink) culture isolated
from unimproved grassland; (e) streak isolation of a pigmented (orange) culture isolated from cut-
away site; (f) streak isolation of a pigmented (yellow) culture isolated from grassland site.

4. Discussion

The diversity and function of microorganisms in peatlands is a vast topic to address.
Soil heterogeneity could be one of the many factors creating this enormous variation in
peat microbiota. In this study, six distinct microbial groups present in Irish peatlands have
been explored regarding their population, characteristics and land-use type. The sites
sampled were primarily classified as northern wetlands. It should be emphasized that mi-
crobial cultivation techniques in general cannot be expected to enumerate unculturable
cells in environmental samples. Therefore, this study solely represented a proportion of
culturable microbial populations and their elemental characteristics. The presented mi-
crobial numbers were strongly dependent on the culture conditions, such as temperature,
pH and nutrients in culture media. Therefore, laboratory culture conditions employed in
this study could limit the isolation of culturable bacteria in peat samples. Microbial num-
bers of total viable bacteria ranged from 1.26 x 10* CFU g to 9.81 x 107 CFU g' among the
four sites (Figure 2a). This was consistent with the previous literature where the total di-
rect bacterial counts are approximately 100-fold higher than the culturable bacteria due to
laboratory culture media [29].

Overall, the highest typical viable bacterial concentration was recorded in the unim-
proved grassland sample (9.81 x 107 CFU g). This result is in line with similar studies
carried out previously. Grayston and co-authors identified that the vegetation type could
greatly govern the soil microbial communities present in upland grasslands [30]. Since
unimproved grasslands are partially categorized as areas that have not been heavily fer-
tilized, their microbial population could be naturally higher than the other grassland
types, which was also seen in our study. Physiological factors, such as temperature and
pH of the peat soil, are important parameters that affect the microbial number. According
to Table 1, the pH of unimproved grassland (6.19 + 0.07) was much closer to the neutral
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condition of the agar medium. This could be a reason for the higher numbers of total via-
ble bacteria and fungi detected in the site. A slight pH difference in the peat soil and the
culture medium could increase the chance of microbial adaptation to artificial culture me-
dia. Cutaway bog demonstrated a significantly lower total viable bacterial count (Figure
2a) than the rest. The literature describes how cutaway bogs form when the peat has been
removed over several years. Therefore, the uniformity of the peat is disrupted, leading to
extensive changes in the soil’s physiological and chemical properties [31]. Therefore, col-
onization of cutaway bogs by microbes is not a rapid process. This can also be another
reason for the lower bacterial counts reported from cutaway than the rest in our study.
Raised semi-degraded bog was more acidic (4.52 + 0.1) than all the study sites mentioned
here. Acidopyllic microorganisms can thrive well under acidic conditions. But when they
were inoculated in a more neutral culture medium, growth might be restricted to a certain
extent. The bacterial and fungal numbers of the raised semi-degraded bog were compar-
atively lower than the rest of the sites. Another factor which could result in lower bacterial
numbers is the drawdown of the water table. It has the same effect on bacterial diversity
[32].

Little is known about fungal populations and their diversity across peatlands. Similar
to bacterial biomass and diversity, it is dependent upon the vegetation/land and the nu-
trient availability of the peatland [3]. As described in the results section, raised semi-de-
graded bog showed the lowest fungal count. Elliott and co-authors demonstrated reduced
fungal numbers in degraded peat in their study, which was also congruous with our study
(Figure 5a). Apart from the raised semi-degraded bogs, the relative variation of the fungal
numbers in cutaway grassland and unimproved grassland was not statistically significant
(p > 0.05). The identified fungal isolates in our study belonged to phylum Ascomycota,
which is in line with a recent study conducted in Australia. The study reported that mem-
bers of Ascomycota (73%) showed the highest abundance [20].

The anaerobic ecosystem is also a vital part of peatlands. The aerobic habitats might
well present opportunities for the growth of the native yet culturable microorganisms pre-
sent in cutaway and grassland peat (Figure 3a). A previous study on degraded om-
brotrophic peatland located in the Southern Pennines, UK found lower bacterial numbers
in degraded bare peat compared to any of the vegetated peatlands tested [29]. However,
raised semi-degraded bog was consistent with the lowest number of anaerobic bacterial
population. Preliminary attempts were taken in this study to explore the anaerobic bacte-
rial population residing in these sites. According to the literature, the acetogenic bacterial
group was hypothesized to be the most frequent anaerobes found in peatlands. Clostrid-
ium sp. is categorized under acetogens and converts CO2 into acetic acid, which is a key
role in the anaerobic environment [33]. Methanogens also have a predominant community
present in peat soils. The anaerobic process, which is governed by methanogenic archaea,
is not extensively studied. A scientific investigation was conducted to find how methano-
genic abundance varies during long-term drainage and rewetting. The study estimated
the time taken to retrieve the anaerobic microbial communities after hydrological re-
wetting [34]. However, our interest in the aspects of anaerobic bacteria was to find infor-
mation on whether the populations differ with the peat soil type.

The microhabitat associated with some of the higher plants had proven to influence
the anaerobic bacterial population in a study carried out in the Czech Republic [35]. If the
root system of the plant inhabitants can maintain good aeration, along with rhizodeposi-
tion, aerobic growth will be enhanced. Conversely, Sphagnum-dominated peat, such as in
raised bogs, can create anoxic conditions due to the high water table [35]. Sphagnum
mosses release substantial amounts of hydrogen, which facilitates the growth of methano-
genic organisms [36]. According to Figure 6a, a Sphagnum-rich site i.e., raised semi-de-
graded bog, showed an average number of 2.16 x 10* CFU g-! anaerobic bacteria, which
was lower than all the other sites mentioned. This contradicts previous findings [36], in
which Sphagnum creates a favorable microhabitat for anaerobic growth. This could be ex-
plained by most of the anaerobes present in our raised bog not being able to culture in
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artificial media. Also, the anaerobic medium is more neutral than the raised bog. It might
inhibit the growth of some anaerobes due to the difficulty of adapting to neutral culture
conditions. It may be possible to detect the unculturable population using diluted media
and long incubation periods. Setting up bioreactors to mimic the actual peat microenvi-
ronment is another promising method to isolate unculturable organisms. Our future as-
pects include developing bioreactors to isolate the unculturable microbial population and
combine metagenomic studies to obtain a better picture of peat microbiota.

Another key focus of our study was the isolation of phosphate-solubilizing bacteria
(Figure 6b). Continuous addition of phosphate (P) fertilizers into the soil has proven to
cause detrimental effects on the environment. Employing PSB as a tool to increase P avail-
ability in the soil would be a convenient alternative for commercial phosphate fertilizers.
Many studies have presented results in the scientific literature solely around the topic of
PSB isolated from tropical peatlands. A very recent study based on PSB revealed the po-
tential of PSB to use as a soil fertilizer. Staphylococcus sp., isolated from tropical peat,
demonstrated the ability to solubilize AIPOs at a pH of 5.54. The concentration range of
AIPOs tested was 36.88 to 39.65 ppm [37]. Our study’s key substrate was p-tri-calcium
phosphate. It was maintained in a constant substrate concentration (5005.71 ppm =~ 5.0 g/L)
at pH 7. Moreover, our study was able to determine the solubility indexes (SI) of PSB iso-
lates across four ‘land-use” types (Table 2). PSB from saprists peat soil was isolated, and
the SI of these isolates ranged from 2.48 to 5.23 [38]. This was slightly higher than the
values reported in our study. This suggests that our study sites with high PSB activity
(cutaway and unimproved grassland) might have the potency to act as a biofertilizer. Be-
fore the PSB isolates are recommended as a biofertilizer, pot culture experiments and field
trials should be carried out. A recent study used peat soil for pot culture studies as a me-
dium for PSB due its chemical properties [39]. However, the same study revealed the SI
of phosphate-solubilizing fungal isolates was significantly lower than the bacteria. Whilst
there could be a few bacterial mechanisms for phosphate solubilization, secretion of or-
ganic acids is considered the prime mechanism [40].

The actinomycetes group is vital for the decomposition process in the peatland eco-
system. In all the study sites, actinomycetes were morphologically and microscopically
detected. The colonies grew after a 14-day incubation period. They showed a characteristic
halo zone around the colonies. This could be due to the hydrolysis of the starch compo-
nent by the actinomycetes. This was confirmed after the addition of iodine into Petri
dishes. The SCA plate turned a blue color, while the halozone remained clear (Figure 7a).
Another basic morphological characteristic was the presence of substrate mycelium and
aerial mycelium [41], which were detected in isolates from our study sites (Figure 7b). The
emergence of colorful colonies could be due to the production of pigments (Figure 7d,e).
However, our study did not quantify the colonies on SCA as an overall actinomycete num-
ber because some colonies might represent saccharolytic organisms. Therefore, presum-
ing all the colonies were produced by actinomycetes would be inaccurate. Although acti-
nomycetes were not broadly studied earlier, the recent developments in next-generation
sequencing [42] have paved the way for many approaches to investigate the genome of
novel actinomycete species. One such instance was reported in Thailand, where a novel
actinomyecete strain was isolated from a peat swamp. It belongs to the family Actinomy-
cete. The study was based on this organism and detailed morphological, cultural, physio-
logical and molecular analyses were conducted [42]. Similarly, novel Streptomyces spp.
was extracted from peat swamp forest soil. Starting from the 16S rRNA gene analysis,
cultural biochemical characters and chemotaxonomy have been analyzed [43]. In another
study, which was carried out in China [44], the total concentration of the actinomycetes
was lower than bacteria, according to PLFA results. Other work has demonstrated the role
of actinomycetes in decomposition [45] when overall bacterial growth starts to decrease.
This is because as the decomposition takes place, the nutrients that are available for the
bacteria also decrease. Bacteria are mainly able to act as soil decomposers in peatlands at
the initial stages [46]. Actinomycetes carry out decomposition in the latter stage.
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According to the results discussed in Section 3, the aims and objectives of this pilot
study were achieved. Preliminary data were gathered to continue studies and initiate fu-
ture rewetting schemes. The microbial parameters mentioned here have the possibility of
being employed as early indicators to monitor restoration progress. Unculturable micro-
bial populations in these lands can be studied in the future by setting up bioreactors to
mimic the peat environments. Microbial respiration would be a promising future direc-
tion as it is an indication of microbial activity. Microbial activity can be compared in peat-
lands before and after the restoration process. Since drained peatlands contribute to green-
house gas emissions, nitrification genes of microbes can be quantified as it implies the
availability of oxygen in peatland. In addition to bacteria and fungi, prokaryotic commu-
nity structure in peatland can be studied as it is more responsive to the environmental
changes caused by ‘land use’. This pilot study does not anticipate being a conclusive study
of peatland microbiology, but the findings will pave the way for future directions in peat-
land microbiology.

5. Conclusions

According to this study, the tested Irish peatlands with different ‘land-use’ types con-
tained distinct numbers of culturable viable microorganisms (aerobes, fungi, anaerobes,
actinomycetes and phosphate-solubilizing organisms). There was a statistically significant
difference between the microbial numbers in unimproved grassland and raised semi-de-
graded bog. pH in peat samples could be one reason to obtain significantly different mi-
crobial numbers in cutaway and raised semi-degraded bog compared to the rest. Cutaway
bog contained the bacteria with the highest phosphate-solubilizing activity. However, ac-
tual microbial populations could be higher than the values presented in this study. Peni-
cillium spp. and Trichoderma spp. were common in all the sites. Overall, the microbial num-
bers in cutaway and raised semi-degraded bog statistically varied, while the rest of the
sites did not change drastically (p < 0.05) in their microbial numbers according to “peat-
land-use’ type. The fulfilled aims and objectives of this pilot study are also beneficial to
set up promising rewetting schemes to reduce greenhouse gas emissions because the out-
come of the rewetting and reclamation depends on how those practices enhance the inter-
action between microbial communities and environmental variables, such as temperature,
pore water pH and plant species richness. Aboveground vegetation greatly shapes micro-
bial function. Microbial community structure in combination with soil chemistry and bi-
ogeochemical process can provide better conclusions on how effective restoration prac-
tices can be. Agronomical and ecological advantages can be expected if this study contin-
ues. Furthermore, study gaps regarding soil and plant heath can be minimized in terms
of organic agriculture.
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