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The conversion of tropical peat swamp forests to oil palm plantations has 
become a focal point in relation to global change. However, it is difficult to 
understand the ecological consequences of this conversion because little is 
known about how the microorganisms in these ecosystems respond to land-
use conversion. Therefore, in this study, we assessed the microbial community 
structures of tropical peatland under two land uses, peat swamp forest and 
oil palm plantation (OP), to investigate how changes in  local environmental 
conditions due to the conversion from forest to OP may have affected the 
microbial communities. For each land use, the microbial communities were 
assessed at three depths (0–5  cm, 20–25  cm, and 40–50  cm) using meta-16S 
amplicon analysis with Illumina Miseq. We found that the microbial communities 
under both land uses were dominated by anaerobes and fermenters, such 
as Acidobacteriota, Proteobacteria and Actinobacteria, which accounted for 
80%–90% of the total abundance. There were strong similarities between the 
microbial communities in the 0–5  cm forest samples and the OP samples at all 
depths. However, the microbial communities in the 20–25 cm and 40–50 cm 
forest samples were different from the other samples. The differences in the 
deeper forest samples were likely related to water table and peat quality. CO2 
fluxes from the forest were significantly higher than from OP, with mean fluxes 
of 190  ±  66.92 and 57.86  ±  33.66  mg  m−2  h−1, respectively (p  <  0.05). However, 
there were no differences in either CH4 or N2O fluxes between the forest and 
OP. We detected nine microbial taxa that characterized the differences in the 
microbial communities between the forest and OP (p  >  0.05); Bathyarchaeia, 
Dadabacteriales, Syntrophobacter, and Subgroup_13 were significantly 
more abundant in the forest, especially in the deeper peat layers, whereas 
Acidobacter, Bryobacter, 11–24, Leptospirillum, and WPS-2 were significantly 
more abundant in the OP (p  >  0.05). This study helps improve our understanding 
of the differences in microbial community structures between peat swamp 
forests and OP systems.
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1 Introduction

Tropical peatlands are different from most northern peatlands in 
that they are typically forested and rich in carbon both above and 
below ground (Dargie et al., 2017). There are various kinds of tropical 
peatland forest systems characterized by differences in peat thickness, 
hydrology, and nutrient supply (Ribeiro et al., 2021). Southeast Asian 
peatlands, the second-largest tropical peatlands, are predominantly 
domed, nutrient-poor ombrotrophic bogs that receive nutrients solely 
from precipitation due to their raised shape, with relatively narrow 
flooded minerotrophic margins close to rivers (Newbery et al., 1999). 
Southeast Asian peatlands store about 69 Gt of carbon and absorb 
about 2.6 t CO2 per hectare per annum (Miettinen and Liew, 2010). 
However, these peatlands have experienced high rates of deforestation 
and have rapidly declined from 76% (11.9 Mha) of swamp forest cover 
in 1990 to 29% (4.6 Mha) in 2015, with the majority of the forest cover 
being converted to plantations and secondary vegetation (Miettinen 
et al., 2016). In Malaysia, there are approximately 2.7 Mha of peatlands, 
with about 1.7 Mha in Malaysian Borneo (Melling, 2016) and 1.0 Mha 
in peninsular Malaysia, out of which more than 1 Mha have already 
been converted to oil palm, and the total converted area is expected to 
rise to 2.3 Mha by 2030 (Miettinen et al., 2016). This conversion from 
a multi-layered heterogeneous canopy tropical peatland forest system 
into a monocrop open–cover oil palm system can severely impact soil 
moisture content, nutrient availability, organic matter quality, and 
above- and below-ground biodiversity (Luskin and Potts, 2011; Posa 
et al., 2011; Tonks et al., 2016; Too et al., 2018; Dhandapani et al., 
2019b, 2020; Azizan et al., 2021).

Peatland microorganisms play an important role in the formation 
of peat, directly influencing the carbon turnover and nutrient 
mineralization required to support high primary production, which 
affects the overall function and sustainability of the ecosystem 
(Andersen et al., 2013). Substrate availability and redox potential vary 
with peat depth, while moisture and oxygen levels can influence the 
structure and diversity of microbial communities in peatlands 
(Birnbaum et al., 2022; Zhao et al., 2022). Microbial communities in 
deeper peat layers are essential for driving the carbon and nitrogen 
cycles throughout the peat profile, for example, carrying out anaerobic 
ecosystem functions like methanogenesis (Wendlandt et al., 2010) and 
ammonia oxidation (Hu et al., 2011; Oshiki et al., 2016). A study by 
Dhandapani et al. (2020) found that microbial diversity is highest in 
intermediate depths due to the co-existence of oxic and anoxic layers, 
with a subsequent decrease in diversity in deeper peat layers.

Forested swamp ecosystems typically have high carbon content, 
nutrient-poor, acidic and water-logged conditions, and contain a 
variety of soil microbial communities (Kanokratana et  al., 2011; 
Dhandapani et al., 2019b; Dom et al., 2021). Recent advances in high-
throughput sequencing, such as next-generation sequencing (NGS) 
and bioinformatics, have enabled higher-resolution assessments of the 
microbial compositions in such complex tropical peatland ecosystems 
(Jackson et  al., 2008; Kanokratana et  al., 2011; Kwon et  al., 2013; 
Tripathi et  al., 2016; Too et  al., 2018; Dom et  al., 2021). These 
assessments include studies on how differences in swamp forest system 
characteristics affect microbial community structure, including 
characteristics such as high acidity (Jackson et al., 2008; Dom et al., 
2021), nutrient gradients (Sjögersten et al., 2011), peat dome variation 
(Dom et  al., 2021), as well as the influences of different trees or 
vegetation types (Too et al., 2018; Girkin et al., 2020a,b). However, 

there have been no microbial studies related to land-use change in 
tropical peatlands using NGS, although there have been a few studies 
on microbial composition in drained tropical peatlands using methods 
like Polymerase chain reaction/denaturing gradient gel electrophoresis 
(PCR-DGGE) and enzyme activities (Nurulita et al., 2016), chloroform 
fumigation (Könönen et  al., 2018) and phenotypic structure by 
phospholipid fatty acid (PLFA; Dhandapani et al., 2020). Therefore, this 
study aimed to utilize advanced high-throughput sequencing methods 
to compare microbial communities in peat swamp forests and drained 
oil palm plantations to assess how changes in microbial communities 
may affect biogeochemical cycling. We hypothesized (1) that shifts in 
microbial communities due to changes in land use are associated with 
water table, nutrient availability and GHG emissions, (2) that microbial 
communities in peat swamp forests differ significantly with depth due 
to changes in moisture content, oxygen content, redox potential, and 
substrate availability, and (3) that in oil palm plantations, microbial 
communities do not change significantly with depth, because the OP 
peat quality is less varied with depth due to a low water table, peat 
subsidence, and higher long-term decomposition rates.

2 Materials and methods

2.1 Study area

This study was conducted from August to September 2019 (end 
of the dry season to early in the wet season) on sites under two land 
uses: (1) peat swamp forest (3°26′20.29 N” 101°20′02.28″ E) and (2) 
oil palm plantation (3°25′29.92″ N 101°20′10.47″ E; Figure 1). The 
forest sites are located in Raja Musa Peat Swamp Forest Reserve 
(PSFR), Malaysia, which is part of the North Selangor Peat Swamp 
Forest (NSPSF), comprising 23,486 hectares out of the total 81,304 
hectare NSPSF area.

The Raja Musa PSFR is an ombrotrophic peatland that was 
partially logged in the 1980s and is considered to be a secondary forest 
that has a high water table and is mainly flooded during the wet season 
(Dhandapani et al., 2019b; Azizan et al., 2021). Currently, more than 
50% of Raja Musa PSFR is a mix of high- (trees more than 25-m tall) 
and medium-height (trees 15–25-m tall) forest with 50%–80% forest 
density (Selangor State Forestry Department, 2014). The dominant 
tree species in most of Raja Musa PSFR are Kempas (Koompassia 
malaccensis), Kedondong (Santiria spp.), and Kelat (Syzgium spp.).

The oil palm plantation sites (hereafter called OP) are part of a 
mature smallholder plantation on a former peat swamp forest, i.e., 
10–15-year-old oil palms in first crop rotations, located adjacent to the 
Raja Musa PSFR (Figure 1). The OP trees were 8–12-m tall and had 
been under drainage and fertilization since the cultivation started. The 
main fertilizers used in the OP sites were urea-based fertilizers, 
applied at rates of 50–kg/palm/year (based on observation during the 
fieldwork and personal communication by the smallholder).

2.2 Sampling design and field data 
collection

Three sites were established within each land use (forest and OP), 
with distances between the sites of approximately 300 m for the forest 
sites and 700 m for the OP sites. Peat samples were collected from 
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three depths (0–5 cm, 20–25 cm, and 40–50 cm) at each site using a 
peat auger (Royal Eijkelkamp, Giesbeek, The Netherlands). The peat 
auger was washed with ddH2O and carefully sterilized with ethanol 
before each sample collection. The peat samples were carefully placed 
in sterilized 50-ml falcon tubes using a sterilized spatula. A total of 
nine samples were collected from each land use (forest and OP) for 
microbial and nutrient analysis.

Gas sampling was performed with two-part static chambers 
consisting of a blue PVC base collar (30-cm height × 15-cm radius) 
and a top chamber (Petersen et al., 2012). At each site, three replicate 
collars were inserted 5-cm deep into an un-vegetated area of the peat, 
with approximately 10–15 m distance between each collar. The collars 
were installed on 1 August 2019, 3 weeks prior to the first flux 
measurements, and remained in the same position throughout the 
entire study period. The detachable top chamber was sealed to the 
collar during each gas flux measurement. Gas samples (30 mL) were 
taken at 0, 10, and 20 min after sealing the top chamber, using a 
syringe to withdraw the gas from a sampling port fitted to the top of 
the chamber, and transferred into an evacuated vial. Gas fluxes were 
measured at three-day intervals for 1 month (540 gas samples). On 
each measurement date, gas sampling was conducted between 10:00 
and 12:00 at the forest sites and between 13:00 and 16:00 at the OP 
sites. All peat and gas samples were kept in an ice box away from direct 
sunlight prior to transport to the local laboratory (MJIIT, Malaysia). 
In the local laboratory, the peat and gas samples were stored at −80°C 

and 4°C, respectively, until transport to Japan on 29 September 2019, 
for further analysis.

In-situ field data measurements were carried out for one and a half 
months (8 August–26 September 2019). Data loggers (Em50, Decagon 
Devices, United States) were installed at one forest site and two OP 
sites to measure soil temperature (5 and 30-cm), soil volumetric water 
content (VWC; 5 and 30-cm), and water table (WT). Manual WT 
measurements were also conducted at the other sampling sites. The 
WT was measured by installing perforated PVC pipes (15-cm 
diameter × 2-m height) and using the following equation: WT 
(cm) = H1–H2, where H1 is the height from the top of the pipe to the 
water surface inside the pipe, and H2 is the height from the top of the 
pipe to the ground surface outside the pipe. An average reading was 
obtained from measurements taken at three different points around 
the circumference of the pipe.

2.3 Peat physicochemical properties and 
GHG fluxes

The pH and nutrient availabilities of each peat sample were 
measured as follows. The peat samples were air-dried for 24 h, then 
sieved and ground. Then, 10 mL of ultra-pure deionized water was 
added to approximately 1 g of each peat sample, and the mixture was 
shaken for 24 h. The pH of each sample was measured using an 

A

B C

FIGURE 1

Sampling locations for the two land uses (A) and surface cover conditions in the peat swamp forest (B), and oil palm plantation (C).

https://doi.org/10.3389/ffgc.2024.1305491
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org


Azizan et al. 10.3389/ffgc.2024.1305491

Frontiers in Forests and Global Change 04 frontiersin.org

MM60R Water Quality Checker (DKK-TOA, Tokyo, Japan). Then the 
samples were filtered by syringe filter (0.2 μm), and the sample extracts 
were analyzed for the following nutrient availabilities using an Ion 
analyzer IA 300 (DKK-TOA, Tokyo, Japan) fitted with an ICA-200AS 
autosampler: NO3

−, PO4
−, SO4

−, Na+, NH4
+, K+, Mg2+, and Ca2+.

All gas samples were analyzed by gas chromatography (Agilent 
Technologies 6890, California, SC, United  States) using a flame 
ionization detector (FID) for CH4 and CO2 and an electron capture 
detector (ECD) for N2O. The ppm data were converted to gas 
concentration values in mg m−3 using the ideal derivative gas law 
equation, W = MVP/RT. This equation was derived from PV = nRT, 
where P is pressure (1 atm), V is volume (ppm), n is the number of 
moles of gas, R is the universal gas constant (0.082 ATM L mol−1 K−1), 
and T is temperature in degrees kelvin (K). Hence, n = W/M, where W 
is the weight of the gas (mg m−3) and M is the molar mass of the gas 
(g mol−1). The gas emission from each chamber on each sampling 
occasion was then calculated using the linear regression equation 
F = Δc/Δt × h (Levy et al., 2011), where F is the gas flux (mg m−2 h−1), 
Δc/Δt is the change in gas concentration inside the chamber during 
the sampling period and h is the height inside the chamber above the 
peat surface (m).

A mixed-model ANOVA was used (1) to examine differences in 
the peat physicochemical properties between different depths and 
land uses and (2) to compare the physicochemical properties, in-situ 
environmental variables and GHG emission data between the land 
uses. All statistical analyses were conducted in Datatab,1 and the 
significance value was set at p < 0.05 throughout the study.

2.4 Metabarcoding protocols and analyses

2.4.1 Extraction of eDNA
DNA was extracted from each peat sample (3 sites × 3 depths for 

each land use) using the ISOIL for Beads Beating DNA Extraction Kit 
(NIPPON GENE CO., LTD), following the manufacturer’s 
instructions. Then, the three DNA samples for each depth at each site 
were combined into a single pooled sample. Each pooled DNA sample 
was subjected to sequencing analysis using a Next Generation 
Sequencing GENEWIZ (Genomics Japan Corp., Tokyo, Japan).

2.4.2 Library preparation and Illumina sequencing
The DNA concentration of each pooled sample was quantified 

using an Equalbit dsDNA High Sensitivity Assay Kit. Then, 20–30 ng 
of DNA was used for PCR amplification using a panel of proprietary 
primers (designed by GENEWIZ) aimed at relatively conserved 
regions bordering the V3 and V4 hypervariable regions of bacteria 16S 
and Archaea 16S rDNA. Also, the samples were prepared for NGS 
sequencing by adding a linker with an index to the end of the 16S 
rDNA PCR products. The library was purified with magnetic beads, 
and then the concentration was measured by a microplate reader, with 
the fragment size assessed by agarose gel electrophoresis. The library 
was quantified to 10 nM, and PE250/FE300 paired-end sequencing 
was performed using Illumina MiSeq/Novaseq (Illumina, San Diego, 
CA, United States).

1 https://datatab.net/

2.4.3 Sequencing data processing
There were 331,014–405,206 raw sequences in the forest peat 

samples and 256,740–278,922 raw sequences in the OP peat 
samples. Quality control was performed by Cutadapt (v1.9.1) and 
QIIME (1.9.1), while chimera sequence removal was performed by 
VSEARCH (1.9.6). Then, sequences with low-quality scores (<20) 
were removed before sequences with a final base-pair length of 
more than 200 were processed. The number of retained sequences 
for the forest peat samples ranged from 151,274–185,509 with an 
average length of 441.9 bp, while for the OP peat samples, there 
were 117,553–130,377 sequences with an average length of 441.3 bp. 
Hence, a total of 502,704 and 371,591 high-quality gene sequences 
were obtained for community analyses of the three pooled forest 
peat samples and three pooled OP peat samples, respectively. All 
optimized sequences were clustered into operational taxonomic 
units (OTUs) with a 97% similarity using VEARCH (1.9.6). 
Representative sequences of each OTU were classified to different 
levels (phylum, class, order, family, genus, and species) against 
SILVA database v.138 to obtain the community composition of each 
sample using the Ribosomal Database Project (RDP) classifier v.2.2 
(Cole et al., 2014).

2.4.4 Sequencing data analysis
Sequences were rarefied to 80,000 reads (Supplementary Data 1) 

prior to the calculation of alpha and beta-diversity statistics. Alpha 
diversity indices (e.g., Shannon, Simpson, Chao1, and ACE) were 
generated for each sample based on the OTU table using QIIME 
(1.9.6), which reflected the species richness and evenness at 
different depths of each land use. In addition, box plots of the 
Shannon and Chao1 alpha diversity indices were generated for each 
land use using R (v3.3.1). The differences in Alpha diversity indexes 
between the land uses were assessed using the Wilcoxon rank-sum 
test (p < 0.05). Non-metric multidimensional scaling (NMDS) with 
999 permutations was performed for beta diversity based on 
unweighted UniFrac and Bray–Curtis dissimilarity across the 
samples. A stress value of less than 0.2 indicated that the NMDS 
analysis was reliable. A one-way analysis of similarity (ANOSIM) 
was performed to determine differences in microbial communities 
between the land uses (Clarke et al., 2008), after which intra-group 
and inter-group beta distance boxplot diagrams were generated. The 
NMDS and ANOSIM were produced using R (v3.3.1). Linear 
discriminant analysis effect size (LefSe) was performed to rank the 
most abundant taxa (modules) in each of the forest and OP samples. 
A size-effect threshold of 2.0 on the logarithmic LDA score was 
used for s for discriminative functional biomarkers (OTUs). LefSe 
was performed online using the Galaxy workflow framework. 
Furthermore, metastats gap analysis, together with Fisher’s exact 
test, was used to identify differences in microbial community 
abundance (genus level) between the two land-use groups.

3 Results

3.1 Peat properties, in-situ environmental 
variables and GHG fluxes

The physicochemical properties of the peat samples for each 
depth and land use are listed in Table 1. The forest peat acidity 
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was similar at all depths, but in the OP, the deeper layers were 
more acidic. There was little effect of depth on nutrient 
availability, except in the forest where available NH4

+ at 0–5 cm 
depth was significantly higher than at the other depths (p < 0.05). 
While the available SO4

− in OP at 40–50 cm depth was higher 
than other depths, the large variation between samples meant 
that the difference between depths was not statistically 
significant. Comparison of the pooled data across all depths for 
each land use showed that the OP had significantly more  
available NO3

− and Ca2+, but significantly lower Na+ and Mg2+ 
(p < 0.05).

The in-situ temperature and moisture content (VWC) of the 
peat under each land use, as well as the GHG fluxes, are shown in 
Figure 2. In the forest, there were no significant differences in soil 
moisture or soil temperature between the 5-cm and 30-cm depths, 
but in OP, the temperature at 30-cm depth was 2–3°C higher than 
at 5-cm (p <  0.05). There was no significant difference in 
temperatures between depths in OP. There was also no difference in 
WT between the two land uses, although the WT level 
measurements in the forest were more variable.

The CO2 fluxes from the forest were significantly higher than 
from OP, with mean fluxes of 190 ± 66.92 and 
57.86 ± 33.66 mg m−2 h−1, respectively (p < 0.05). Notably, 90% of 
the measured CO2 fluxes at the forest were at least 20% higher 
than the OP fluxes on the same day (Supplementary Data 2). 
Although there were no significant differences in CH4 and N2O 
fluxes between the forest and OP sites, the CH4 fluxes were more 
variable in the forest (−0.91 to 0.54 mg m−2 h−1) than in the OP 
(−0.13 to 0.26 mg m−2 h−1), whereas the N2O fluxes were more 
variable in the OP (0.56–4.09 mg m−2  h−1) than in the forest 
(0.02–1.65 mg m−2 h−1; Figure 2).

3.2 Analysis of 16S-rRNA gene sequencing 
results

A total of 247 OTUs were obtained at a sequence-similarity 
level of 97%, with more than 50% of the OTUs being 

taxonomically unclassified at the genus level. The rarefaction 
curves (Wang et al., 2007) for the OTUs detected in this study 
showed that the quantity of observed OTUs increased as the 
sequencing depth increased (Supplementary Data 1). The ends of 
the rarefaction curves tapered off with increasing numbers of 
sequences per sample, as is commonly observed with sequencing 
data. The detected bacteria were classified into 22 phyla, 30 
classes, 51 orders, 55 families, and 59 genera, while the archaea 
were classified into three phyla, three classes, four orders, four 
families, and five genera.

3.3 Relative abundance of microbial 
communities and differences between land 
uses

High-quality sequences were identified for 25 microbial 
phyla, 29 orders, and 30 genera based on their relative abundance, 
and these were compared across the different land uses and 
sampling depths (Figure  3). Overall, the four most dominant 
phyla, each accounting for more than 3% of the mean relative 
abundance of all microbial communities, were Acidobacteriota, 
Proteobacteria, Thermoplasmatota, and Actinobacteriota. The 
most abundant phyla at 0–5 cm and 20–25 cm depths of both 
sites were Acidobacteriota (also known as Acidobacteria), but at 
40–50 cm depth, Proteobacteria were equally abundant as 
Acidobacteriota. The most important Proteobacteria classes in 
this study were Alphaproteobacteria and Gammaproteobacteria, 
and these were most abundant in the deeper peat samples 
(Supplementary Data 3). Thermoplasmatota were present at both 
sites but were only recorded at the phylum level. The proportions 
of Actinobacteriota were similar at all depths of both sites.

Cyanobacteria and Nitrospirota phyla were closely clustered 
and mainly found in the deepest peat sample layers in both the 
forest and OP (Figures  3A,D). Some taxa were only found in 
major abundance in one of the sites. For example, while 
Desulfobacterota (phylum) were found in all forest layers, with 
the highest abundance at 40–50 cm, they were virtually absent in 

TABLE 1 Peat physicochemical properties of forest and OP peat samples.

Land-use average Different land use and soil depth

Forest OP Forest 
(0–5  cm)

Forest  
(20–25  cm)

Forest  
(40–50  cm)

OP 
(0–5  cm)

OP  
(20–25  cm)

OP  
(40–50  cm)

pH 3.00 ± 0.09 3.1 ± 0.24 3.04 ± 0.15 2.95 ± 0.04 3.02 ± 0.03 3.45 ± 0.43 2.93 ± 0.10 2.92 ± 0.08

NO3
− (mgL−1) 6.71 ± 4.92* 17.77 ± 9.67* 10.20 ± 5.44 4.94 ± 2.39 4.97 ± 3.29 13.85 ± 11.75 21.49 ± 2.49 17.97 ± 8.71

PO− (mgL−1) 17.61 ± 12.95 11.19 ± 15.36 22.97 ± 8.7 7.23 ± 5.11 22.63 ± 13.51 13.74 ± 18.71 10.62 ± 9.97 9.2 ± 13.01

SO4
− (mgL−1) 13.65 ± 6.44 23.85 ± 37.30 13.93 ± 1.81 11.43 ± 5.12 15.57 ± 8.51 8.96 ± 6.87 12.36 ± 10.20 50.23 ± 50.09

Na+ (mgL−1) 4.76 ± 1.65* 2.5 ± 0.99* 3.52 ± 1.24 5.33 ± 1.36 5.42 ± 1.27 2.28 ± 0.30 1.80 ± 0.34 3.55 ± 0.86

NH4
+ (mgL−1) 1.27 ± 1.59 1.16 ± 1.41 3.23 ± 0.44a 0.60 ± 0.84b 0.00 ± 0.00b 0.00 ± 0.00 1.46 ± 1.03 2.03 ± 1.44

K+ (mgL−1) 12.65 ± 7.56 8.46 ± 2.35 18.80 ± 6.58 9.94 ± 4.98 9.22 ± 5.26 7.87 ± 2.11 7.83 ± 1.59 9.68 ± 2.35

Mg2+ (mgL−1) 2.73 ± 0.96* 1.31 ± 0.42* 3.02 ± 0.18 2.71 ± 1.01 2.48 ± 1.12 1.20 ± 0.19 1.35 ± 0.48 1.38 ± 0.43

Ca2+ (mgL−1) 4.85 ± 3.81* 11.19 ± 7.17* 3.45 ± 0.59 3.54 ± 1.56 7.55 ± 4.98 9.29 ± 4.15 14.91 ± 9.06 9.37 ± 4.15

NO3
−, nitrate; PO4

−, phosphate; SO4
−, sulfate; Na+, sodium; NH4

+, ammonium; K+, potassium; Mg2+, magnesium; Ca2+, calcium. a and b represent significant differences (α = 0.05) between 
depths for each land use. *Significant differences (α = 0.05) between land uses.
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all OP samples (relative abundance <0.01%). Similarly, 
Syntrophobacterales, (order), Burkholderiales (order), 
Syntrophobacter (genus), and Sutterellaceae (family) were only 
present at 40–50 cm in the forest. Other taxa were only found at 
the OP. WPS-2 (order and genus levels) was abundant at all OP 
depths, but virtually absent in the forest. Also, the 11–24 (order 
and genus levels), micropepsales (order) and micropepsaceae 
(family) were only found at 0–5 cm in the OP, while Leptospirillum 
(genus) was only present at OP  40–50 cm, while Acidibacter 
(genus) was present at both OP 20–25 cm and 40–50 cm.

FDR metastats gap analysis shows differences in microbial 
relative abundance (at genus level) between the forest and OP. The 
relative abundance of Subgroup_13 (member of phylum 
Acidobacteriota) and Syntrophobacter (member of phylum 
Desulfobacterota) genera were significantly higher in the forest than 
in the OP (Figure 4, p < 0.05). In contrast, Acidibacter (member of 
phylum Proteobacteria, class Gammaproteobacteria), Bryobacter 
(member of phylum Acidobacteriota), and WSP-2 (member of 
phylum WPS-2) genera had significantly greater relative abundance 
in the OP than in the forest (Figure 4, p < 0.05).

LefSe analysis was performed to rank the most important 
features of the microbial communities in the forest and OP. As 
shown in Figure 5A, 27 microbial clades (taxa) had statistically 
significant LDA scores of >2 (Figure 5B). Notably, 14 of these 
enriched microbial taxa were in the forest, and 13 were in the 
OP. At the genus and family levels, the most differentially 
abundant bacterial taxa in the forest were Dadabacteriales 
(family), Syntrophobacter (genus), and Subgroup_13 (genus), 
while in the OP it was Leptospirillum (genus), 11–24 (genus), and 
WPS-2 (genus). In the archaea (kingdom), the representative 
taxon in the forest was Bathyarchaeia (genus).

3.4 Diversities and dissimilarities in 
microbial communities

Alpha-diversity indices (Ace, Chao 1, Simpson, and Shannon; 
Figure 6; Table 2) and beta-diversity indices were calculated for 
the forest and OP peats. Alpha diversity did not vary significantly 
with peat depth for either land use (Table 2). Also, there was no 
significant difference in richness index (Chao 1; 218.48 ± 2.64, 
225.88  ±  7.77) or diversity index (Shannon; 6.15  ±  0.18 and 
6.12 ± 0.29) between the forest and OP peats (Figure 6). Beta 
diversity was used to analyze the spatial and depth changes in 
species composition in order to assess any differences between 
the two land uses. Although there were no statistically significant 
differences in the inter-group or intra-group beta distances 
between the microbial communities of the forest and OP groups 
(Figure  7), the NMDS analysis revealed dissimilarity in the 
microbial communities at different depths and sites (Figure 8). 
The microbial communities at all depths in the OP peat showed 
strong similarity to the 0–5 cm layer of the forest. The microbial 
communities in the 20–25 cm and 40–50 cm layers of the forest 
were closely related to each other but were different from the  
0–5 cm layer and all OP layers.

FIGURE 2

In-situ peat conditions, water table and GHG fluxes at the forest 
(F) and oil palm plantation (OP). VWC: volumetric water content (soil 
moisture); WT, water table. * represents significantly different 
(p  <  0.05).
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4 Discussion

Although, in recent years, there have been some microbial studies 
in tropical peatlands (Jackson et al., 2008; Tripathi et al., 2016; Too 
et al., 2018; Dhandapani et al., 2020; Dom et al., 2021), there is still 
much less than the amount of research on northern peatlands. 
Therefore, in this study, we  used 16S-rRNA gene Illumina HiSeq 
sequencing to investigate microbial community composition in a 
tropical peatland in peninsular Malaysia, comparing the peat profiles 
of a peat swamp forest with that of an adjacent oil palm plantation 
(OP). While the peat swamp forest and OP soil physicochemical 
properties were similar to those in other tropical peatland studies 
(Sjögersten et al., 2011; Swails et al., 2018; Dhandapani et al., 2019a), 
there were some differences between the peat swamp forest and OP 
(Table 1). For example, while peatlands are generally nitrate-limited, 
the drainage and application of fertilizers in the OP likely contributed 
to the significantly higher NO3

− and Ca2+ in the OP peat, as well as the 
lower Na+ and Mg2+ (p < 0.05). However, there was little variation in 
depth in either land use.

4.1 Microbial abundance in peat swamp 
forest and oil palm plantation

The major operational taxonomic units (OTUs) identified in this 
study are associated with bacterial communities of Acidobacteriota, 
Proteobacteria, Actinobacteria, and the archaeal communities of 

Thermoplasmata and Crenarchaeota. The most dominant phyla were 
Acidobacteriota and Proteobacteria which appear widely in most 
peatland ecosystems (Williams and Crawford, 1983; Kanokratana 
et al., 2011; Lin et al., 2012; Tsitko et al., 2014; Tripathi et al., 2016; 
Urbanová and Bárta, 2016; Espenberg et al., 2018; Too et al., 2018; 
Dom et al., 2021; Chen et al., 2022). Acidobacteriota has a diverse set 
of transporters for absorbing various substrates and can adapt to 
organic-rich oligotrophic conditions with low nutrients and pH (Lin 
et al., 2011; Trivedi et al., 2016; Zhang et al., 2016). On the other hand, 
Proteobacteria are known to be associated with high organic C soils 
(Lin et al., 2011) and play an important role in the carbon, sulfur and 
nitrogen cycles (Kersters et al., 2006). The ratio of Acidobacteriota to 
Proteobacteria has been used as an indicator for different types of 
peatlands (Urbanová and Bárta, 2016) and also for the nutrient status 
in soil ecosystems (Smit et  al., 2001). In our study, the ratio of 
Acidobacteriota to Proteobacteria decreased with depth in both land 
uses, suggesting relatively low nutrient availability but high organic 
carbon in the deeper peat layers.

In the current study, Acidobacteriota comprised 30%–60% of the 
relative abundance in both the peat swamp forest and OP 
(Figures 3A,D). Acidobacteriota roles in soils include biopolymer 
decomposition and participation in global carbon, iron (Fe), and 
hydrogen (H) and sulfur cycling, but this list of functional 
capabilities is far from complete and is attributed to only a few 
sub-groups of this phylum (Ivanova et al., 2020). Metagenome data 
analysis has shown that Acidobacteriota, particularly members of 
sub-divisions SD1, SD3, and SD4, dominate the microbiota in oxic 
and anoxic soil layers of many wetlands (Dedysh et al., 2011). The 

A B C

D E F

FIGURE 3

Relative abundances of microbial communities at phylum (A), order (B), and genus (C) levels in the forest (F) and OP peat profiles. Taxa clustering is 
shown in the heatmap at phylum (D), order (E), and genus (F). * c__ and f__ indicate class and family levels, respectively.

https://doi.org/10.3389/ffgc.2024.1305491
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org


Azizan et al. 10.3389/ffgc.2024.1305491

Frontiers in Forests and Global Change 08 frontiersin.org

major orders found in this study, such as Acidobacteriales, 
Bryobacterales, and 11–24, are affiliated with SD1, SD3, and SD4, 
respectively. Members of Acidobacteriota SD1 and SD3 are 
characterized as acidophilic (acidotolerant), mesophilic, 
psychrotolerant, and chemo-heterotrophic bacteria that use a variety 
of sugars and polysaccharides and have a wide range of hydrolytic 
abilities (Dedysh and Yilmaz, 2018). Other studies have suggested 
that cultivated Acidobacteriota of SD1 and SD3 are potentially 
aerobes or facultative anaerobes (Dedysh et al., 2006; Kulichevskaya 
et al., 2010; Dedysh et al., 2017) and may able to dissimilate inorganic 
and/or organic sulfur compounds (Hausmann et  al., 2018; 
Woodcroft et al., 2018). Furthermore, members of Acidobacteriota 
SD4 have been characterized as aerobic, mesophilic or thermophilic, 
chemo-heterotrophic bacteria that specialize in the breakdown of 
complex proteinaceous substances (Huber et al., 2017).

In the current study, Proteobacteria comprised 23–26% of the 
microbial relative abundance in both the peat swamp forest and OP, 
which is similar to the findings in other tropical peatland studies, 
Southeast Asian peat (Too et al., 2018; Dom et al., 2021) and Central 
American peat (Troxler et al., 2012). The dominant classes in the 
current study were Alphaproteobacteria and Gammaproteobacteria 
(Supplementary Data 3), which are typical heterotrophic bacteria 
that play important roles in the degradation of organic nitrogen 
(Elliott et al., 2015; Truu et al., 2020; Prasitwuttisak et al., 2022). The 

order Rhizobiales from Alphaproteobacteria was more abundant in 
the peat swamp forest than in OP (Figure  3B), and it has been 
reported to be associated with the nitrogen cycle (Prasitwuttisak 
et al., 2022). Within the same order, Methylovirgula spp., which 
belongs to the family Beijerinckiaceae, was most prominent in the 
40–50 cm layer of the peat swamp forest (Figure 3F). They have 
been categorized as methanotrophic and methylotrophic aerobic 
bacteria in a genus that is obligately acidophilic and mesophilic 
(Marín and Arahal, 2014). Its presence in the deepest sample layer 
of the peat swamp forest peat suggests it utilizes the carbon 
substrate while decomposing fallen woody materials and plant 
debris (Warneke et al., 1999) and is also potentially involved in 
CH4 oxidation.

The Actinobacteria phylum is involved in the degradation and 
mineralization of plant and humic materials in soil (Lewin et al., 2016) 
and is associated with the decomposition of organic compounds such 
as cellulose in peat (Pankratov et  al., 2006). In the current study, 
Actinobacteria was relatively abundant at 0–5 cm in the peat swamp 
forest and at all depths in the OP (Figure 3A), suggesting that these 
are the locations where more intense peat decomposition occurs. 
A study by Zhou et al. (2017) also found a relatively high abundance 
of Actinobacteria in a rubber plantation tropical soil.

Two phyla of archaea were found in this study, Thermoplasmata 
and Crenarchaeota. In the peat swamp forest, there was a higher 

FIGURE 4

Relative abundance distributions of the five genera with the largest differences between the forest and OP (p  < 0.05). The names of the five strains are 
shown on the X-axis, with the relative abundance shown on the Y-axis.
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relative abundance of Thermoplasmata in the 0–5 cm and 20–25 cm 
layers, whereas in OP, they were more abundant in the 20–25 cm and 
40–50 cm layers (Figure 3A). However, the order of Thermoplasmata 
found in this study was classified as uncultured. Other studies have 
identified members of Thermoplasmata in coniferous forest soils 
(Truu et al., 2020) and boreal acidic forest soils (Kemnitz et al., 2007), 
and they have been associated with Fe and sulfur (S) cycling (Jin et al., 
2017), and with methanogenesis (Iino et al., 2013). The other archaea 
phyla found in the current study, Crenarchaeota, have typically been 
found in deeper peat layers of tropical peatlands (Dom et al., 2021), 
subtropical peatlands (Espenberg et al., 2018) and boreal peatlands 
(Bomberg et  al., 2010; Sun et  al., 2014) and they are thought to 
be crucial for carbon cycling in deeper peat layers (Lin et al., 2014). In 
the current study, the Crenarchaeota phylum was also most abundant 
in the 20–25 cm and 40–50 cm layers of both the peat swamp forest 
and OP. The major classes found in this study were Nitrososphaeria 
and Bathyarchaeia (currently reclassified into the phylum 
Bathyarchaeota; Supplementary Data 3).

4.2 Land use and depth affect microbial 
community structure, GHG emission and 
peat properties

There were significant differences in microbial composition at 
different depths in the forest peat, as has been previously reported in 
earlier studies conducted in the same North Selangor Peat Swamp 
Forest (Jackson et  al., 2008; Too et  al., 2018). NMDS analysis 
demonstrated differences in microbial community composition 
between the peat swamp forest and OP sites and between depths 
(Figure  8), suggesting that the compositions of the microbial 
communities at each land use site and depth may be related to WT, 
and the availability and quality of labile carbon (Könönen et al., 2018). 
The microbial community structure at 0–5 cm in the peat swamp 
forest was similar to that in all three sampled peat layers in OP, 
suggesting similarly high availability of labile carbon and similar peat 
decomposition processes (Yule and Gomez, 2009; Kwon et al., 2013). 
The different microbial community structures found at 20–25 cm and 

A

B

FIGURE 5

Linear discriminant analysis effect size (LEfSe) analysis to identify differences in the abundant taxa of the forest (F) and OP. (A) Cladogram representing 
statistically significant differences in microbial clades between the forest and OP identified by Wilcoxon rank-sum test. Circles in the diagram are 
shaded with either red (F), green (OP), or yellow (no significant difference between them represents the abundances of the taxa in the respective 
groups). (B) Microbial groups in the forest and OP with LDA score  >  2.
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40–50 cm depths of the peat swamp forest may relate to anoxic 
conditions in deeper peat that are known to accumulate recalcitrant 
carbon (Cooper et al., 2019).

Contrary to our expectation, there were no statistical differences 
in overall microbial diversity and evenness between land uses 
(Figures  6, 7). However, we  detected nine microbial taxa that 
characterized differences in the microbial communities between the 
peat swamp forest and OP (p > 0.05). Taxa of Syntrophobacter, 
Dadabacteriales, Bathyarchaeia, and Subgroup_13 were significantly 
more abundant in the peat swamp forest, whereas Bryobacter, 11–24, 
Acidobacter, Leptospirillum, and WPS-2 were more abundant in the 
OP (Figures 4, 5, p > 0.05).

The genus Syntrophobacter belonging to the phylum 
Desulfobacterota, had significantly greater relative abundance in 
the peat swamp forest than in OP (Figures  4, 5), especially at 
40–50 cm depth (Figure 3F). Syntrophobacter is known to oxidize 

organic matter incompletely and produce acetate as the 
end-product, which is the most common intermediate in 
anaerobic decomposition of organic matter and is an essential 
substrate for methanogens to produce CH4 (Liu et  al., 2018). 
However, since no methanogens were found in any forest sample, 
we hypothesize that this member of sulfate-reducing bacteria may 
use all the products of primary fermentation and oxidize them to 
CO2 coupled to sulfate reduction (alternative anaerobic 
degradation processes; Muyzer and Stams, 2008; Plugge et  al., 
2011). This could explain the low CH4 production coupled with 
significantly higher CO2 emissions in the peat swamp forest 
(p < 0.05; Figure 2). Furthermore, the absence of Syntrophobacter 
in OP may indicate that this taxon favored anaerobic, acidic, and 
sulfate-depleted habitats (Pankratov et al., 2011; Too et al., 2018), 
which could also explain their higher abundance in the forest 
peat, which had low SO4

— (Table 1). In the current study, there was 
also a significantly high abundance of the family Dadabacteriales 
in the peat swamp forest (Figure 5). Dadabacteriales belong to the 
phylum Dadabacteria and are characterized as sulfate-reducing 
bacteria. They have been detected in marine ecosystems (Graham 
and Tully, 2020). To our knowledge, this is the first study that has 
recorded Dadabacteriales in a peatland ecosystem. This taxon 
together with Syntrophobacter could be the key drivers in sulfate 
recycling in peat swamp ecosystems.

The archaeal genus Bathyarchaeia, formerly known as the 
Miscellaneous Crenarchaeotal Group (MCG) but now assigned to the 
phylum Bathyarchaeota based on the Genome Taxonomy Database 
(Rinke et al., 2021; Hou et al., 2022), has previously been detected in 
peatland ecosystems (Xiang et  al., 2017; Truu et  al., 2020; 
Prasitwuttisak et  al., 2022). Several studies have suggested that 
Bathyarchaeia are organotrophic and are able to utilize lignin as an 
energy source for acetogenesis (Yu et  al., 2018), leading to the 
degradation of a variety of organic carbon compounds such as acetate 
and complex hydrocarbons (He et al., 2016). Also, some members of 
Bathyarchaeia may be able to undergo anaerobic methane production 
(Evans et al., 2015). The higher abundance of Bathyarchaeia in the peat 
swamp forest than in OP (Figure 5, p < 0.05), especially in the deeper 

FIGURE 6

Chao1 and Shannon index values of the forest (F) and OP (p  < 0.05).

TABLE 2 Alpha diversity indices in the forest and OP at different peat 
depths.

Richness index Diversity index

Sample Ace Chao1 Shannon Simpson

Forest (0–5 cm) 216.97 216.00 6.37 0.98

Forest (20–25 cm) 217.85 218.20 6.07 0.97

Forest (40–50 cm) 222.19 221.25 6.03 0.97

OP (0–5 cm) 217.45 217.20 6.38 0.98

OP (20–25 cm) 224.75 232.20 6.19 0.98

OP (40–50 cm) 229.48 228.25 5.80 0.96

The Ace and Chao indices were used to estimate the number of taxonomic units (OTUs) in 
samples and are commonly used in ecology to estimate the total number of species. The 
Shannon index and Simpson’s diversity index are standard measures of diversity, which 
reflect the richness and evenness of the samples. The good’s coverage value in our study 
approached 99%, showing that that the sequencing effort was sufficient to detect most of the 
OTUs.
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sample layers (Figure 3F), suggests a preference for anaerobic water-
logged peat with recalcitrant organic material (Xiang et al., 2017). 
Also, the absence of Bathyarchaeia in the OP suggests that the 
displacement of this taxon could be  related to changes in 
environmental factors such as WT and organic matter content.

Three taxa belonging to the phylum Acidobacteriota characterize 
the differences between the peat swamp forest and OP. Subgroup_13 
was significantly more abundant in the peat swamp forest, while 
Bryobacter and 11–24 were significantly more abundant in OP 
(Figures 4, 5). Subgroup_13, belonging to SD3 in the Acidobacteriae 
class, is associated with carbon degradation, especially hemicellulose 
degradation (Ivanova et  al., 2020). Bryobacter belonging to SD3 
Acidobacteriota from the order Bryobacterales, is characterized by the 
ability to grow under anoxic conditions and to reduce Fe and NO3

−. 
They are active in plant-derived polymer degradation (such as 
cellulose) and in N and Fe cycling (Küsel et al., 2008; Eichorst et al., 
2011). The significant abundance of Bryobacter in OP suggests greater 
peat degradation and active N transformation pathways in the peat 
under this land use. This result could explain the high NO3

− (Table 1) 
and the low C/N measured at the same sites in an earlier study (Azizan 
et  al., 2021). Another study that found differences in relative 
abundances of Bryobacter depending on soil carbon was a study by 
Eichorst et al. (2011) in Michigan, United States, who found higher 
proportions of Bryobacter in arable soils with lower carbon than in 
grassland soils with higher carbon.

The third taxon, 11–24 from the class Blastocatellia, belongs to 
SD4 Acidobacteriota and was also present in OP, but their function 

remains unknown. Blastocatellia has been characterized as an aerobic, 
mesophilic or thermophilic, chemo-heterotrophic bacteria 
specializing in the breakdown of complex proteinaceous substances 
(Huber et al., 2017). It has been reported to be associated with habitats 
that are dry and low in organic matter (Ivanova et al., 2020). Therefore, 
since 11–24 belongs to the class Blastocatellia, it suggests that this 
taxon may be associated with aerobic heterotrophic metabolism.

Another taxon that had a different abundance in the peat swamp 
forest and OP is the genus Acidibacter from class Gammaproteobacteria 
of the phylum Proteobacteria. They were significantly more abundant 
in OP than in the peat swamp forest (Figure 4). They are acidophilic 
bacteria that have the capacity to employ ferric iron (Fe3

+) as an 
alternate electron acceptor to oxygen when growing in anaerobic or 
microaerobic environments (Falagán et al., 2014). Previous studies 
have reported Acidibacter in a pit lake at an abandoned metal mine 
(Falagán et al., 2014) and in acid mine drainage from an abandoned 
gold mine (Bonilla et al., 2018).

The genus Leptospirillum, from the class of Leptospirallales 
belonging to phylum Nitrospirota, also had significantly different 
abundance between the peat swamp forest and OP. This genus has 
been reported to have the ability to live in strongly acidic environments 
(acidophilic bacteria), and they are also known to be  aerobic Fe 
oxidizers (González-Toril et al., 2003) and nitrogen fixers (Méndez-
García et al., 2015). Some studies have reported that Leptospirillum is 
always found together with highly active sulfur-oxidizing species in 
conditions with large amounts of sulfide minerals (Acosta et al., 2017; 
Bulaev et al., 2017). Other studies have reported that Leptospirillum is 
mostly found in limited N environments such as acid mine drainage 
(Parro and Moreno-Paz, 2004; Méndez-García et al., 2015). However, 
in the current study, this taxon was only significantly abundant at the 
40–50 cm depth of the N-rich OP (Figures 3F, 5). Therefore, we suspect 
that the abundance of this taxon in this location may also be associated 

FIGURE 8

Non-metric multidimensional scaling (NMDS) analysis. Each point on 
the graph represents one sample, and each color represents a 
different land use group. The distance between points represents the 
level of difference. A stress level lower than 0.2 indicates that the 
NMDS analysis is reliable. The closer the proximity of the samples in 
the graph, the higher their similarity.

FIGURE 7

Box plot of inter-group and intra-group Beta distances for the forest 
(F) and OP (ANOSIM analysis). The x-axis represents the grouping, 
and the y-axis represents the distance calculated by Unweighted_
unifrac. R-value range (−1, 1): an R-value ≤ 0 represents no 
significant difference between the inter-group and intra-group, while 
an R-value of >0 indicates that inter-group differences are greater 
than intra-group differences. The p-value represents the confidence 
level of the statistical analysis; p  < 0.05 reflects a statistically 
significant difference. Boxes represent the interquartile range (IQR) 
between the first and third quartiles (25th and 75th percentiles, 
respectively), and the horizontal line inside the box defines the 
median. Whiskers represent the lowest and highest values within 1.5 
times the IQR from the first and third quartiles, respectively.
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with the much higher SO4
− concentrations (50.23 ± 50.09 mgL−1) 

recorded in the 40–50 cm OP layer than in the other layers or the 
forest peat (Table 1).

WPS-2 has been detected in cold, moss-associated acidic peat 
environments, including in temperate and Arctic peatlands, where 
their abundances correlate well with the abundance of methanotrophs 
(Holland-Moritz et al., 2018; Woodcroft et al., 2018; Sheremet et al., 
2020; Kolton et al., 2022). Cold, moss-associated WPS-2 is thought 
likely to be involved with anoxygenic phototrophs that are capable of 
carbon fixation via RuBisCo and utilizes byproducts of 
photorespiration (Holland-Moritz et al., 2018; Kolton et al., 2022). 
However, in this study, the high abundance of WPS-2 in the aerobic 
conditions at the OP (Figures 4, 5) could suggest a different potential 
ecological function of this taxon. Cross-referencing of analysis (Single- 
and Metagenome-amplified genomes) suggests that WPS-2 have a 
predominantly aerobic organoheterotrophic lifestyle, possibly based 
on parasitizing or scavenging amino acids, nucleotides, and complex 
oligopeptides, together with a lithotrophic capacity for thiosulfate 
(Sheremet et  al., 2020). However, since the function of WPS-2 in 
tropical peatlands remains unclear, further studies are needed to 
understand this versatile taxon.

5 Conclusion

This study helps to improve our understanding of the differences 
in microbial community composition between peat swamp forest and 
oil palm plantation systems. Although there were no statistically 
significant differences in overall microbial diversity and evenness 
between the two different land uses, there were differences in the 
abundances of nine specific microbial taxa between the peat swamp 
forest and the OP. The absence of Syntrophobacter and Bathyarchaeia 
in the OP suggests that these taxa may be disappearing from converted 
swamp forests, which could serve as an indicator of swamp forest 
conversion. Nevertheless, we  recommend that further studies on 
microbial ecology should be conducted in converted and recovering 
tropical peatlands to confirm this. Also, we suggest that more attention 
be paid to the organic layers in studies of the belowground microbiome 
(e.g., using meta-transcriptomic technologies) during periods of 
agricultural conversion in tropical peatlands (e.g., clearance burning, 
early-stage oil palm planting), particularly with regard to S, C, N and 
phosphorus cycling since these processes are fundamental to the 
maintenance of this type of ecosystem. In addition, we think that 
further research is needed for specific taxa such as WPS-2 because 
there is no information about this taxon in tropical 
peatlands ecosystems.
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