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ABSTRACT
Eukaryotes are ubiquitous and play critical roles in food web dynamics, global carbon and nutrient cycle. 
Possessing multiple nutritional modes, eukaryotes play key roles as producers, decomposers, parasites, and 
predators. Little is known about the composition and diversity of eukaryotes in the different tropical peat 
ecosystems and how land-use change affect them. In this study, next generation sequencing was used for 
sequencing within the 18S rDNA gene to analyse the differences in the diversity and relative abundance of 
eukaryotes types.  The finding indicated, in the dry month of April 2012, the operational taxonomic unit for 
eukaryotic community for peatland at Maludam National Park was low (986), high for logged over peatland 
Cermat Ceria (1853) and 7 years old oil palm plantation (1677) at Durafarm, Sri Aman, Sarawak and 
decreased to 865 for 11 years old oil palm at Naman, Sibu, Sarawak, Malaysia. Similarly, the α-diversity 
of eukaryotic community indicated species per sample ID at Maludam was low (65), high (450) for logged- 
over peatland and Durafarm (400) and Naman (200). Total phyla was highest, 28 for oil palm plantation 
at Durafarm, 27 for logged-over peatland, 23 for Maludam and 20 for Naman. The taxonomic composition 
of eukaryotic community indicated the population at the peatlands comprised mainly of fungi and other 
unclassified eukaryotes. While under the matured oil palm plantations, the predominant eukaryotic kingdom 
was fungi. The common fungal phyla for all peat ecosystems were Ascomycota, Basidiomycota, Fungi incertae 
sedis and Chytridiomycota. Ustilaginomycota being dicot parasitic fungi, was found in the peatlands at 
Maludam and Cermat Ceria but absent in oil palm plantations. Blastocladiomycota was absent in Maludam 
National Park but present in all other peat ecosystems. While, Glomeromycota and Neocallimastigomycota 
were present in logged-over peatland. The fungal population increased in the oil palm cultivated areas 
because of the absence of water logged area, drainage system for water management, presence of abundant 
organic biomass, high rainfall, soil acidity and soil moisture content. On the contrary, the minor predatory, 
autothropic and parasitic Alveolata, Nuclearidae and Fonticula, Rhizaria, Stramenopiles and Amoebozoa 
decreased with drainage and cultivation of oil palm and reduction of aquatic flora and fauna. The impacts 
of human activities such as construction of drainage system, logging and cultivation of oil palm resulted 
in obvious increase in the eukaryotic biodiversity due to abundant organic biomass and reduction in water 
logged peat. As the oil palm reached the aged of 11 year the eukaryotic biodiversity declined, probably due to 
peat compaction and reduction of decaying organic matters. 
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INTRODUCTION

Tropical peat ecosystems respiration consists of 
heterotrophic and autotrophic respiration. The 
former is a process assisted by degrading microbes 
in the peat while autotrophic respiration is a process 
of respiration from plants and roots (Page et al., 2010). 
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Peat swamp forest has turned into a carbon source for 
economic development purposes, such as intensive 
logging, drainage and conversion to agricultural crop 
(Riley, 2011; Takashi et al., 2014; Yu, 2012). Peatland 
is an important area for global carbon cycle due to 
the large amount of carbon that can be stored and 
released to the atmosphere (Yu, 2012; Takashi et al., 
2014). This contributed to the beta diversity with their 
groups of specialised and unique plants and animals 
(Mac Nally et al., 2004) as well as in global climate 
regulation of methane (CH4) emissions (Couwenberg 
and Fritz, 2012; Kip et al., 2010).

Peatland management (e.g. drainage) was shown 
to change the physical and chemical properties of 
peatland as well as the vegetation communities, 
which, in turn, alters the microbial environment in 
peatland (Laine et al., 1995). The physical, chemical 
factors and land-use change will affect the structure 
of microbial communities in a habitat (Nacke et al., 
2011). In addition, the diverse litter input probably 
also has a great impact on the microbial community 
structure (Strakova et al., 2012) and soil types (Fierer 
et al., 2011) in the peatland. Recent study also 
suggested that local environmental conditions may 
be the determining factor for microbial community 
composition rather than geographical factor 
(Andersen et al., 2013).

Fungi are important decomposers in peatland 
and have received the most attention based on 
previous findings (Thormann, 2011; Myers et al., 
2012). Fungi play key roles in the environment, 
with particular importance in nutrient cycling, 
modulation of plant growth and overall ecosystem 
function and stability (Taylor and Sinsabaugh, 2014; 
Van Der Heijden et al., 2008). Estimates of global 
fungal species richness are in the millions (Taylor et 
al., 2014), while less than 2% have been formally 
described (Taylor et al., 2016). Long-term elevated 
CO2 significantly decreased overall relative 
abundance of Ascomycota, but increased relative 
abundance of Basidiomycota (Tu et al., 2015). 
However, the Basidiomycetous fungi activities 
are reduced due to the anoxic upper layers in 
different types of peatland (Winsborough and 
Basiliko, 2010).

For prediction of fungal community in an 
ecosytem, Illumina protocols with specially designed 
ITS primers, ITS1-F to ITS2 amplicon length of 530 
bp, revealed that it strongly underrepresented the 
fungal community (Taylor et al., 2016). ITS1-F also 
has mismatches with various fungi (Tedersoo et 
al., 2015). The newer primer FITS9 (Ihrmark et al., 
2012) is a strong match to plants, while the primer 
BITS was not designed to exclude non-fungal 
lineages (Bokulich and Mills, 2013). Next generation 
sequencing has gained increasing attention as a 
novel tool for studying microbial diversity and allow 
us to better understand the microbial community 
structure (Yuanyuan et al., 2014).

The Eukarya profiles in Artic soil microbiota 
were dominated by 18S rRNA fragments assigned to 
plants (Viridiplantae), primarily mosses. Other large 
taxa were the Metazoa, Alveolata, and Rhizaria, 
all of which decreased with depth (Alexander et 
al., 2014). A revised classification of eukaryotes 
(Adl et al., 2012) recognises five super groups 
namely, i. Archaeplastida (or Primoplantae), land 
plants, green algae, red algae, and glaucophytes, 
ii. SAR super group Stramenopiles (brown algae, 
diatoms, etc.), Alveolata and Rhizaria (Foraminifera, 
Radiolaria, and various other amoeboid protozoa), 
iii. Excavata which are various flagellate protozoa, 
iv. Amoebozoa which most lobose amoeboids and 
slime molds and v. Opisthokonta which include 
animals, fungi, choanoflagellates, etc. (Fierer et al., 
2007). They account for 11% of the cellular biomass 
in the soil community (Urich et al., 2008). Within 
eukaryotes, Holozoa (animals) and Holomycota 
(fungi) are more closely related to each other 
than either is to plants, since these Opisthokonts 
have fusion of carbamoyl phosphate synthetase, 
dihydrorotase and aspartate carbamoyl transferase 
that is not present in plants, while plants have 
fusion of thymidylate synthase and dihydrofolate 
reductase not present in the Opisthokonts (Torruella 
et al., 2012). These animals and fungi are also more 
closely related to amoebas than they are to plants, 
and plants are more closely related to the SAR 
super group of protists than they are to animals 
or fungi. The Opisthokonts include the most well 
studied kingdoms the metazoans and fungi as well 
as unicellular lineages the Nucleariids, Fonticula, 
Filastereans, Ichthyosporeans, Corallochytrium, 
and Choanoflagellates (Del Campo and Ruiz-Trillo, 
2013). 

Although eukaryotes are major players 
in soil fertility and strongly influence the 
prokaryotic community structure, their diversity 
and abundance has received comparably little 
attention in molecular studies. Knowledge on 
how logging and conversion of peatlands for 
cultivation of oil palm affect the eukaryotic 
biodiversity is lacking. In this study, the 
454-pyrosequencing of the 18S rRNA marker was 
used to analyse the diversity and community 
structure of eukaryotes in tropical peatlands at 
Maludam National Park, secondary logged-over 
peatland at Cermat Ceria and oil palm aged 7 
years at Durafarm, Sri Aman and 11 years at 
Naman in Betong, Sarawak, Malaysia.  

MATERIALS AND METHODS

Peat Sampling

Peat samples was taken in April 2012 from four 
different sites,  namely at tropical primary peatland 
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Maludam National Park  and secondary logged-
over peatland at Cermat Ceria, mature oil palm 
aged 7 and 11 years old at Durafarm and Naman, 
respectively, as shown in Figure 1. For each site, 
10 different GPS points and four different depths 
(top soil, midway between topsoil and water table, 
water table and below water table) were determined 
for sampling. In this study, the top soil was used 
to analyse the effect of human activities in the 
conversion of tropical peatland to oil palm on the 
eukaryotic biodiversity. The central point for the 10 
sampling spots at Maludam National Park, Cermat 
Ceria, Durafaram and Naman was 1° 37’ 45.4116 N 
and 111° 2’ 23.5644 E, 1° 23’ 56.4 N and 111° 24’ 21.6 
E, 1° 23’ 50.3808 N and 111° 24’ 49.6476 E, and 1° 37’ 
45.4116 N and 111° 2’ 23.5644 E, respectively. 

Experiment Overview

Metagenomics DNA for the peat samples were 
PCR amplified using specific 18S rRNA phylogenetic 
markers for analysis on the eukaryotic biodiversity.  
Amplified products were purified, quantified and 
quality checked prior to 454 Amplicon library 
preparation procedures. Amplicons were then 
sequenced using 454 FLX machine and data were 

analysed using QIME (Quantitative Insights into 
Microbial Ecology) pipeline (Caporaso et al., 2010).

DNA Extraction

GeneMATRIX soil DNA purification kit (Eurx 
Ltd, Gdansk, Poland) was used for total DNA 
extraction from peat samples. The amount and quality 
of DNA were measured using a nanophotometerTM 
P360 (Implen GmbH, Germany) with minimum 
concentration and purity of 10 ng μl-1 and OD260/280 
of 1.8, respectively. The extracted DNA was stored  
at -20°C in a freezer.

PCR Amplification and Purification

Twenty-five microlitre of PCR reaction mixture 
was prepared using FastStart high fidelity PCR 
System (Roche). The mixture contained 2.0 to 5.0 μl 
of 5 to 20 ng μl-1 of DNA sample, 0.25 μl of 5 U μl-1 
FastStart HiFi polymerase, 1.0 μl of 10 μM reverse 
primer, 1.0 μl of 10 μM forward primer, 200 ng of 
template, 1.0 μl of DMSO, 0.5 μl of 10 mM each of 
dNTP mix, 2.5 μl of 10 X FastStart high fidelity buffer 
containing MgCl2 and 13.75 to 16.75 μl of nuclease 
free water. The Multiplex Identifier (MID) fusion 

Figure 1. Map showing the sites of sampling for peat in Sarawak, Malaysia.
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primer pair, EF4 (GGAAGGGRTGTATTTATTAG) 
and fung5 (GGCCTTGGTCCTGAAAATG) (Smit 
et al., 1999) amplifies a small, 550-bp fragment. The 
polymerase chain reaction (PCR) reaction begun 
with template denaturation at 95°C for 5 min, 
followed by 25 cycles of template denaturation at 
95°C for 1 min, primer annealing at 63°C for 1 min 
and extension at 72°C for 1 min. Final extension was 
performed at 72°C for 5 min. A negative control 
reaction without template DNA was carried out 
under the same conditions.

Amplicon Purification and Quantification

Purification was done according to Beckman 
Coulter, Cat. No. A63882. A volume of 72 μl of 
AMPure bead was added into 20 tubes labelled 
according to the samples. DNA template: nuclease-
free water (NFW) were added in a ratio of 1.6:1. 
The tubes were vortex and incubated at room 
temperature (RT) for 10 min, then placed onto 
magnetic particle collector (MPC) and incubated 
for 5 min at RT, until the supernatant was clear. 
The supernatant was removed without disturbing 
the beads. Two hundred and fifty μl of 70% freshly 
prepared ethanol was added into each tube and 
vortex. The tubes were placed onto MPC until the 
supernatant became clear. Then, supernatant was 
removed without disturbing the beads. Ethanol 
was removed and the lid was opened to air-dry 
the excess ethanol. Fifteen μl NFW (heated on 65°C 
heat block) was added into the tubes then vortex. 
The tubes were placed onto MPC for 2 min until 
the supernatant (purified amplicon) was cleared. 
The purified amplicons were transferred into new 
tubes labelled accordingly and were ready for 
quantification using QuantiFluor (Promega, USA).

The low DNA mass ladder and amplicons 
were analysed with the DNA 7500 LabChip kit 
(Agilent Technologies) for sizing and quantification. 
Chips were prepared according to the instructions 
provided with the DNA 7500 (Agilent Technologies) 
and DNA 12000 LabChip kits (Agilent Technologies). 
The quantification was conducted using a standard 
curve prepared according to QuantiFluor®dsDNA 
System (Promega Corp). The DNA standard and 
PicoGreen reagent was thawed. Eight 1.5 ml tubes 
were labelled as 1 to 8.  The volume of 594 μl 1X TE 
was pipetted into tube 1 and 300 μl for tube 2 to 8. A 
volume of 6 ul of DNA standard was transferred to 
tube 1 and vortex for 10 s. Then, 300 μl mixture from 
tube 1 was transferred to tube 2 and vortex for 10 s, 
then serial dilution was continued by transferring 
300 μl from one tube into the next tube, vortex for 
10 s. Tube 8 or control contained no DNA. Hundred 
μl of each DNA standard dilution was transferred 
into the wells of a 96-well fluorometer plate. The 
assay was done by transferring 99 μl of 1X TE buffer 
into 40 wells. One μl of each purified amplicon 

DNA sample was transferred into each well. The 
samples were mixed by pipetting up and down four 
times. The assay was carried out as described by the 
manufacturer of the Quant-iT PicoGreends DNA 
Assay Kit (Promega Corp). The concentration of 
each amplicon was calculated in molecules/μl using 
the following equations:

	
Molecules/µl =

 	Sample concentration (ng μ-1) x 6.022 x 1023

                                 	565.6 x 109 x amplicon length (bp)

Each of the amplicon was diluted separately to 1 
x 109 molecules/μl, in 1X TE buffer. One μl of 107 
molecules/μl diluted amplicons was pooled to be 
sequenced together, i.e. within a region of a Pico 
Titer Plate. 
 
Preparation of EmPCR Amplification Reagents

The emPCR reagents box (Roche 454 Life 
Sciences, Branford, CT, USA) and kit components 
was thawed at RT, and the enzymes was kept at 
-20°C. The tubes of emPCR were vortex and heated 
at 55ºC for 15 min to dissolve the components. The 
kit components (including enzymes) were spun in a 
bench top mini centrifuge for 10 s. The enzyme was 
kept at -20°C and other kit reagents at RT.

The cups of emulsion oil (Roche 454 Life 
Sciences, Branford, CT, USA) was installed securely 
in the TissueLyser (Qiagen/Retsch), using the GS 
FLX titanium emPCR shaker adapters (Roche 454 
Life Sciences, Branford, CT, USA). The emulsion oil 
was shaken at 28 Hz for 2 min. 

Two ml of 5X mock amplification mix was 
diluted with 8 ml of molecular biology grade water 
(MBGW). Five ml of the diluted mock amplification 
mix at working solution was added to each cup of 
emulsion oil. The cups were inverted 2-3 times to 
mix, placed on the TissueLyser (Qiagen/Retsch). 
The TissueLyser (Qiagen/Retsch) was shaken at 28 
Hz for 5 min and the emulsion cups were removed 
from the TissueLyser (Qiagen/Retsch).

DNA Library Capture

The 1X capture bead wash buffer was prepared 
by mixing 1 ml of 10X capture bead wash buffer with 
9 ml of MBGW. The tubes of DNA capture beads 
were vortex. The beads were pelleted, by spinning 
at 180 rpm for 10 s. The supernatant was carefully 
discarded without disturbing the bead pellet. The 
tubes of beads was washed twice using 1 ml of 
1X capture bead wash buffer TW. The beads were 
suspended by vortex, spun and the supernatant 
was removed.  Rapid library method was used to 
denature the DNA, with the heated lid on at 95°C 
for 2 min, then 4°C on hold. Each tube of washed 
DNA capture beads was added with the correct 
volume of the DNA library that will provide optimal 
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isopropanol was added. This step was repeated 
twice. Thirty-five ml of enhancing fluid XT was 
added and vortex. The samples were centrifuged 
and the supernatant was discarded, leaving 
approximately 2 ml of enhancing fluid XT. The 
DNA bead suspension was transferred into two 1.7 
ml tubes for each emulsion cup processed. Samples 
were spun-rotated-spun before the supernatant was 
discarded. Each of the 50 ml collection tubes were 
rinsed with 600 μl of enhancing fluid XT, vortex and 
added into the 1.7 ml tubes. The tubes were spun-
rotated-spun and the supernatant was discarded. 
Each bead pellet was rinsed thoroughly twice using 
1 ml of enhancing fluid XT then spun-rotated-spun 
before the supernatant was discarded. A volume of 
1 ml of enhancing fluid XT was added to each bead 
pellet and vortex. 

Library Bead

The dry-block was heated at 65°C. The melt 
solution was prepared by mixing 125 μl of 10 N 
NaOH in 9.875 ml of MBGW. The tubes containing 
the beads were spun-rotated-spun, the supernatant 
was discarded before adding one ml of melt 
solution per tube of beads and vortex. The tubes 
were incubated for 2 min at RT then spun-rotated-
spun, before the supernatant was discarded. 
Subsequently, one ml of annealing buffer XT was 
added into each tube of beads, vortex then spun-
rotated-spun before the supernatant was discarded. 
Forty-five μl of annealing buffer XT and 25 μl 
enrichment primer was added into each tube. The 
tubes were placed in a heat block set at 65°C for 5 
min, and cooled on ice for 2 min. A volume of 800 
μl of enhancing fluid XT was added per tube and 
vortex. The tubes were subsequently spun-rotated-
spun before the supernatant was discarded. A 
volume of 1 ml of enhancing fluid XT was added 
per tube and vortex. The tubes were spun-rotated-
spun then the supernatant was discarded. A 
volume of 800 μl of enhancing fluid XT was added 
per tube and vortex.

 
Enrichment of DNA-carrying Beads 

The tube of enrichment beads was vortex for 
1 min to suspend its contents.  The enrichment 
beads were pelleted using MPC. The supernatant 
was discarded and 1 ml of enhancing fluid XT was 
added and vortex. The enrichment beads were 
pelleted using the MPC, before the supernatant 
was discarded. A volume of 160 μl of enhancing 
fluid XT was added into each emulsion cup and 
vortex. Eighty μl of washed enrichment beads was 
added into each tube of amplified DNA beads and 
vortex. The tubes were rotated at RT for 5 min  
before placing in the MPC for 3-5 min to pellet the 
enrichment beads. The MPC was inverted several 

amplification (e.g. per titration) to the bead pellet by 
using the following equation: 

	  		         Desired molecules per 
			   bead x 35 x 106 beads per tube
			           Library concentration 
			                (molecules/μl)

The tubes were vortex for 5 s prior to adding 
the library DNA mixtures for individual emulsion 
reactions. The captured library mixtures was 
transferred from their DNA capture beads tubes to 
individual 15 ml tubes, followed by addition of  3.75 
ml Live Amplification mix. One ml of the mixture 
was pipetted into the original DNA capture beads 
tubes which contained the captured library. Then, 
the solution was vortex and transferred back into 
the 15 ml tubes. This step was repeated twice.

Emulsification

The captured library in each 15 ml tube was 
poured into an emulsion cup. The cups were 
inverted three times for mixing before shaken in 
the TissueLyser at 12 Hz for 5 min. Hundred µl of 
emPCR amplification mixtures were dispensed into 
each 96-well thermocycler plates. The wells were 
capped and properly sealed. The plates containing 
the emulsified amplification reactions were placed 
in a thermocycler, and the amplification programme 
was run for 6 hr.

Emulsion Collection, Bead Washes and Recovery 

The enhancing fluid XT and the annealing 
buffer XT were retrieved at RT.  A 50 ml conical 
tube was attached to each of the two lids of the 
emPCR breaking kit LV/MV. The blue connector 
was inserted into the top opening of the eight-
pronged transpipette. The other end of the tubing 
was connected to a vacuum source (with liquid trap 
to capture the isopropanol waste). 

The emulsions from each emulsion cup was 
aspirated, 8 wells at a time and was collected in two 
50 ml collection tubes by using a slow circular motion 
of the transpipette tips at the bottom of the wells. 
After aspirating all the emulsions, the transpipette 
was turned upside-down to help drain as much 
material as possible into the collection tubes. The 
plates were rinsed twice with 100 μl of isopropanol 
per well. Each tube was vortex and the 50 ml 
collection tubes were mixed in pairs by transferring 
their contents back and forth. Isopropanol was 
added to a final volume of 40 ml in each collection 
tube and vortex. The beads were centrifuged 
at 2000 rpm for 5 min and the supernatant was 
carefully removed. A volume of 35 ml of enhancing 
fluid XT was added and vortex. The samples 
were centrifuged, supernatant discarded before 

μl of library per tube  =
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times. The supernatant was discarded from each 
tube using a 1000 μl pipette. 

The tubes of enriched beads were removed 
from the MPC and each bead pellet was suspended 
in 700 μl of melt solution.  The enrichment tubes 
were vortex for 5 s and placed in the MPC. The 
supernatant containing enriched DNA beads were 
transferred from each sample into a corresponding 
1.7 ml collection tube. Each 1.7 ml collection tube 
was spun-rotated-spun, before the supernatant 
was discarded. The above rinsing method was 
repeated. A volume of 1 ml of annealing buffer XT 
was added into each collection tube, vortex for 5 s, 
then spun-rotated-spun before the supernatant was 
discarded. Each bead pellet was suspended in 200 μl 
of annealing buffer XT. 

Sequencing Primer Annealing

Fifty μl of sequencing primer was added to 
each collection tube and vortex, before placing 
in a heat block at 65°C for 5 min and on ice for 2 
min. Eight hundred μl of annealing buffer XT 
was added per collection tube, vortex for 5 s, then 
spun-rotated-spun before the supernatant was 
discarded. One ml of annealing buffer XT was 
added to each bead pellet and vortex. Three µl 
of the beads was count with a particle counter to 
determine the percentage of bead enrichment by 
using the following equation:

  % Bead enrichment = Number of enriched beads  x 100
                                          35 x 106 beads/cup

Percentage of enrichment values should be 
between 5% to  20% which indicated libraries 
that yield good sequencing results. The beads 
were stored at 2°C to 8°C before sequencing. The 
amplicons were sequenced at the Malaysia Genome 
Institute using the 454 GS-FLX Titanium protocol 
(454 Life Sciences/Roche Diagnostics, USA), which 
yields reads length of 400 bp.

Post-run Analysis Using QIIME Pipelines 
(Caporaso et al., 2010)

The DNA sequence reads were filtered for 
quality. Operational Taxonomic Units (OTU) were 

picked based on sequence similarity within the 
reads, a representative sequence from each OTU 
was picked. The OUT were assigned to a taxonomic 
identity using reference databases (SILVA release 
108) (Quast et al., 2013). The OTU sequences were 
aligned and phylogenetic trees were constructed. 
The diversity metrics for each sample were 
calculated and the types of communities were 
compared using the taxonomic and phylogenetic 
assignments. The UPGMA, PCoA, 3D Bi-Plot and 
taxonomic composition were generated to visually 
depict the differences between the samples, and 
dynamically work with these graphs to generate 
publication quality figures.

RESULTS AND DISCUSSION

The average moisture content, pH and rainfall in 
April 2012 for the four peat ecosystems are as in Table 
1. The pH was most acidic, 3.3 for the 11 years old 
oil palm plantation at Naman, followed by 3.4 for 
7 years old oil palm plantation at Durafarm, 3.6 for 
Maludam National Park and was least acidic, 3.7 for 
the partially drained logged-over peatland at Cermat 
Ceria. Although total rainfall in April 2012 was 164 
mm for peatland at Maludam which was higher than 
Cermat Ceria, 101.5 mm but the average moisture 
content of the peatland in Maludam was 42.3% very 
much lower than 204.2% for the partially drained 
logged-over peatland at Cermat Ceria because of 
the dry season, absence of drainage system which 
led to irreversible drying in the primary peatland. 
As for the oil palm cultivated area at Durafarm and 
Naman, the rainfall was high, 257.5 mm and 241.5 
mm, respectively, more than double recorded at 
Cermat Ceria, 101.5 mm but the moisture content 
was well maintained at 181.1% and 139.38% for two 
oil palm plantations as compared to Cermat Ceria, 
204.2%  (Table 1). Sufficient water availability and 
management is important for palm growth and high 
yield. Insufficient or excessive water in the palm 
rooting zone will adversely affect nutrient uptake 
and FFB production (Lim et al., 2012). A  good  water  
management  system  for  oil  palm  on  peat  can 
effectively maintain water level of 50-75 cm from the 
peat surface (Lim et al., 2012), which is crucial for 
avoiding irreversible drying, reduce CO2 emission, 

TABLE 1. MOISTURE CONTENT AND pH FOR DIFFERENT PEAT ECOSYSTEMS

Sites		  Moisture content (%)	 pH	 Rainfall (mm3)

Maludam1	 42.3±8.2	 3.6±0.1	 164.0
Cermat Ceria2	 204.2±48.3	 3.7±0.1	 101.5
Durafarm3	 181.1±35.5	 3.4±0.1	 257.5
Naman4	 139.4±40.6	 3.3±0.1	 241.0

Note: 	1Maludam - peatland, 2 Cermat Ceria - logged-over peatland, 
	 3Durafarm - 7 years old oil palm, 4.Naman - 11 years old oil palm.           



EUKARYOTIC BIODIVERSITY IN MIXED PEAT ECOSYSTEMS IN SARAWAK, MALAYSIA

435

minimise peat oxidation and subsidence (Hooijer et 
al., 2012).  

Analysis of 454 Pyrosequencing Data  

A total of 176 228 16SrRNA raw sequencing 
reads was obtained for 10 samples subjected to 454 
pyrosequencing for Maludam National Park, 369 693 
raw sequencing reads for Cermat Ceria, 288 005 raw 
sequencing reads for Durafarm and 369 693 raw 
sequencing reads for Naman (Table 2). While the total 
number of sequences passing quality filters was  65 627 
for Maludam National Park, 152 266 for Cermat 
Ceria, 252 971 for Durafarm and 175 364 for Naman.  
The average high quality sequence read length was 
comparable, 428 bp for Maludam National Park, 
429 bp for Cermat Ceria, 426 bp for Durafarm and 
430 bp for Naman. Comparable average sequences 
passing quality filters (HQ) was obtained for all 
peat ecosystems, 394 for Maludam National Park, 
395 for Cermat Ceria, 392 for Durafarm and 396 for 
Naman. All chimeras and singletons were removed 
before further analysis. For the 10 samples, the 

total number and percentage sequences passing 
quality filters (HQ) or remained after quality control 
and chimera detection was 65 627 reads (37%) for 
Maludam National Park, 152 266 (41%) for Cermat 
Ceria, 252 971 (88%) for Durafarm and 175 364 (47%) 
for Naman (Table 2).

Operational Taxonomic Unit and Observed 
Species versus Sequence per Sample ID 

The operational taxonomic unit (OTU) was 
986 for Maludam, 1853 for Cermat Ceria, 1677 
for Durafarm and 865 for Naman (Table 3) which 
tallied with alpha diversity or the simplest measure 
of biodiversity which is species richness, which 
measure the number of species found in a given 
area, niche or habitat. Based on the OTU and 
α-diversity for the logged-over forest at Cermat 
Ceria showed the highest eaukaryotic biodiversity 
because it consistently showed the highest number 
of exclusive species for each of the ten samples 
(Figure 2b) followed by Durafarm (Figure 2c), 
Naman (Figure 2d) and Maludam (Figure 2a).  The 

TABLE 2. SAMPLE STATISTICS FOR PROCESSING DATA

Sample parameters	 Maludam Nat. Park	 Cermat Ceria	 Durafarm	 Naman

Number raw input sequences	 176 228	 369 693	 288 005	 369 693
Length outside bounds of 200 and 1000 bp	 4 533	 6 464	 5 079	 6 464
Num ambiguous bases exceeds limit of 6	 67	 32	 46	 32
Missing qual score	 0	 0	 0	 0
Mean qual score below minimum of 25	 56	 166	 112	 166
Max homopolymer run exceeds limit of 6	 7 416	 11 231	 867	 11 231
Num mismatches in primer exceeds limit of 0:	 98 348	 24 079	 28 445	 24 079
Uncorrected barcodes	 181	 175 455	 485	 152 357

Sequence length details for all sequences passing quality filters:

Raw length: minimum	 201	 200	 200	 200
   maximum	 580	 570	 623	 554
   average	 428	 429	 426	 430
HQ length: minimum	 167	 166	 166	 166
   maximum	 546	 536	 589	 520
   average	 394	 395	 392	 396

Total number sequences passing quality filters (HQ)	 65 627	 152 266	 252 971	 175 364

Note: 	1Maludam - peatland, 2 Cermat Ceria - logged-over peatland, 
	 3 Durafarm - 7 years old oil palm, 4 Naman - 11 years old oil palm. 

TABLE 3. TOTAL OPERATIONAL TAXANOMIC 
UNIT (OTU) FOR DIFFERENT SITES

Sites	 Total OTU 

Maludam National Park1	 986
Cermat Ceria2	 1 853
Durafarm3	 1 677
Naman4	 865	

Note: 	1Maludam - peatland, 2Cermat Ceria - logged-	
	 over peatland, 3Durafarm - 7 years old oil palm, 
	 4 Naman - 11 years old oil palm.           

α-diversity of eukaryotic community for Maludam 
indicated lowest average species per sample ID of 
65 species (Figure 2a) as compared to 450 species 
per sample ID for Cermat Ceria (Figure 2b), 400 for 
Durafarm (Figure 2c) and 200 species per sample 
ID for Naman (Figure 2d). While, the sequence per 
sample ID ranged 400 - 500 for Maludam (Figure 2a), 
11 000 - 16 000 for Cermat Ceria (Figure 2a), 17 000 - 
24 000 for Durafarm (Figure 2c) and 16 000 - 18 000 
for Naman (Figure 2d).
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Figure 2a. Observed species versus sequence per sample ID for 
Maludam National Park (peatland) at Sri Aman, Sarawak, Malaysia.

Figure 2b. Observed species versus sequence per sample ID for Cermat 
Ceria (logged-over peatland) at Sri Aman, Sarawak, Malaysia.

Figure 2c. Observed species versus sequence per sample ID for mature 
oil palm (7 years old) at Durafarm Sri Aman, Sarawak, Malaysia.

Figure 2d. Observed species versus sequence per sample ID for mature 
oil palm (11 years old) at Naman in Sibu, Sarawak, Malaysia.
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The lowest OTU and α-diversity at Muladam 
was probably attributed by the lowest moisture 
content (Table 1) and irreversible drying of the 
peatland during dry spelt in April 2012 in the absence 
of water management system as documented by 
(Lim et al., 2012).  

Generate 3D Bi-plot and Taxonomic Composition 

Generate 3D Bi-Plot and taxonomic composition 
of eukaryotic community indicated the population 
at Maludam National Park comprised of fungi, 
Aleolata and Ciliphora (Figure 3a) and other 
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unclassified Eukaryota. As for in secondary logged- 
over peatland, Cermat Ceria (Figure 3b) and oil palm 
plantations at Durafarm (Figure 3c), Naman (Figure 
3d) the eukaryotes population comprised mainly of 
fungi and other unclassified Eukaryota, since the 
high moisture content, acidity and low water table 
with drainage system promote better growth of 
fungi compared to low moisture at peatland during 
dry period.

Taxanomic Profile of Eukaryotic OTU 

Based on the taxanomic profile of OTU, the two 
equally predominant phylotypes found at Maludam 
National Park were Alveolata (where Ciliphora 
more dominant than the Apicomplexa) followed by 
fungi (Dikarya comprising of the more dominant 
Ascomycetes, Basidiomycetes, other fungi and fungi 
incerta sedis) (Figure 4a), since the low acidity and 

Figure 3c. Generate 3D Bi-Plot for peat samples taken under (7years 
old oil palm) at Durafarm, Sri Aman, Sarawak, Malaysia.

Figure 3d. Generate 3D Bi-Plot for peat samples taken under (11 years 
old oil palm) at Naman, Sibu, Sarawak, Malaysia.

Figure 3b. Generate 3D Bi-Plot for samples taken at Cermat Ceria 
(logged-over peatland) at Sri Aman, Sarawak, Malaysia.

Figure 3a. Generate 3D Bi-Plot for samples taken at Maludam 
National Park (peatland) at Sri Aman, Sarawak, Malaysia.
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moisture content during dry period and anaroxic 
peat surface in the monsoon in peatland were not 
conducive for the proliferation of fungi, although 
there was plenty of litters and organic matter. In the 
secondary logged-over mixed peat forest ecosystem 
the most dominant taxa observed were fungi 
(Ascomycetes being most dominant followed by 
other fungi, Basidiomycetes, Fungi inserta sedis and 
Chytridiomycota), Ciliophora and other Eukaryota 
(Figure 4b). In the mature oil palm at Durafarm, the 
most dominant taxa was fungi the Ascomycetes 
followed by Dikarya and other unclassified 
Eukaryota (Figure 4c). In Naman the dominant 
taxa was fungi (Figure 4d). For fungi, the phylum 
Ascomycota accounted for more than two thirds, 
followed by Basidiomycota and Glomeromycota 
(Urich et al., 2008, Siti Ramlah et al., 2016).  

OTU-based Major Eukaryotes 

Based on the statistical analysis of OTU for 
the different mixed peat ecosystems, fungi was 
the most dominant eukaryotes comprising of 
45.12% for Maludam, 55.93%  for Cermat Ceria, 
73.23%  for Durafarm and 88.67% for Naman 
(Table 4). With partial drainage and logging, the 
fungi population significantly increased at α value 
of 0.05, from 45.12% at Maludam to 55.93% at 
Cermat Ceria, because of the higher moisture 
content (Table 1) and more aerobic peat surface 
for Cermat Ceria. With the cultivation of oil palm 

and further management of water level via block 
drainage system and increased moisture content as 
well as peat acidity (Table 1) the fungi population 
increased further to 73.23% at Durafarm and 88.67% 
at Naman, significantly different at α value of 0.05, 
as compared to the peatlands (Table 4). The second 
most dominant phylum, predatory Alveolata was 
28.84%, significantly higher at α value of 0.05 in 
the peatland at Maludam as compared to 10.36% in 
logged-over peatland, Cermat Ceria (Table 4). With 
the development of logged-over peatland to oil palm 
plantation, the percentage of Alveolata significantly 
reduced at α value of 0.05, from 10.36% in Cermat 
Ceria to 2.46% at Durafarm and 1.80% at Naman, 
probably due to low water table which reduced 
the aquatic flora and fauna for the survival of the 
predatory and parasitic Alveolata (Table 4). Also, the 
high acidity of the oil palm cultivated areas which 
increased the fungal diversity hence reduced the 
Alveolata diversity. The prevalence of fungi and 
Alveolata amongst other eukaryotes in this study, 
tallied with earlier findings of (Guillou et al.,  2013) on 
eukaryotes, which indicated 54% of total sequences 
belong to Opisthonkonta or fungi, followed by 
Alveolata, 15% and Archaeplastida, 12%. 

Occurrence of other unidentified eukaryotes 
for all ecosystems was not significantly different at 
α value of 0.05, in Maludam National Park 6.39%, 
Cermat Ceria 10.96%, Durafarm 13.84% and Naman 
15.57%, although it increased with cultivation 
and age of oil palm (Table 4). Some unknown 

TABLE 4. PERCENTAGE OF MAJOR, MINOR AND RARE EUKARYOTES FOR THE DIFFERENT PEAT ECOSYSTEMS

		  Percentage of major eukaryota 

Sites	 Fungi	 Alveolata	 Eukaryota spp.	 Env. samples

Maludam1	 45.12±2.9a	 28.84±3.9c	 10.96±5.9a	 5.54±1.3ab
Cermat Ceria2	 55.93±3.2b	 10.36±1.7b	 13.84±3.0a	 8.64±2.1c
Durafarm3	 73.23±4.5c	 2.46±0.6a	 15.57±3.5a	 3.68±1.3a
Naman4	 87.64±2.9d	 1.80±0.6a	 6.39±1.8a	 1.55±0.4a

				    Percentage of minor eukaryota 

Sites	 Unassignes	 Nucleariidae spp	 Rhizaria 	 Stramenopiles 	 Ameoboza	 Choaflagelida 
	 other spp.	 & Fonticula spp.	 spp.	 spp.	 spp.	 spp.

Maludam1	 2.47±1.1b	 2.75±0.9b	 1.58±0.2b	 1.42±0.7ab	 0.94±0.2b	 0.18±0.1ab
Cermat Ceria2	 2.35±0.6ab	 1.72±0.8ab	 1.70±0.3b	 2.17±0.6b	 1.59±0.3c	 1.06±0.3b
Durafarm3	 0.62±0.19ab	 1.51±0.7ab	 0.66±0.1a	 0.42±0.3a	 0.57±0.1ab	 0.01±0.1a
Naman4	 0.41±0.2a	 0.47±0.1a	 0.54±0.1a	 0.46±0.3a	 0.06±0.0a	 0.65±0.5ab

				    Percentage of rare eukaryota 

Sites	 Metazoa	 Micronuclearia	   Viridiplantae	  Centroheliozoa  	 Trimastix 	  Soil amoeba	 Haptophyceae  	
	 spp.	  spp.	 spp.	 spp.	 spp.	 & 16 	 spp.

Maludam1	 0.15±0.1b	 0.02±0.0a	 0.01±0.01a	 0±0a	 0±0a	 0±0a	 0±0a
Cermat Ceria2	 0.15±0.0b	 0±0a	 0.04±0.02a	 0.28±0.3a	 0.14±0.1b	 0.01±0.01a	 0±0a
Durafarm3	 0.02±0.0a	 0±0a	 0.02±0.01a	 1.16±1.2a	 0±0a	 0.01±0.01a	 0.04±0.04a
Naman4	 0±0 a	 0±0a	 0.01±0.01a	 0±0a	 0±0a	 0±0a	 0±0a    

Note:  	1Maludam - peatland, 2Cermat Ceria - logged-over peatland, 3Durafarm - 7 years old oil palm, 4 Naman - 11 years old oil palm.           
	 Data with different letters are significantly different at α value of 0.05.
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environmental samples detected at 8.64% in Cermat 
Ceria significantly higher at α value of 0.05, as 
compared to 5.54% in Maludam, 3.68% in Durafarm 
and 1.55% in Naman (Table 4). The interrogation 
of genetic markers in environmental studies is 
seriously hindered by the lack of taxonomically 
curated reference data sets for the targeted genes 
(Guillou et al., 2013).

OTU-based Minor Eukaryotes 

Minor eukaryotic phyla which were higher in 
mixed forest peatland and logged-over peatland 
compared to oil palm plantations were Nuclearidae 
and Fonticula, Rhizaria, Stramenopiles and 
Amoebozoa (Table 4).  Presence of Nuclearidae 
and Fonticula were significantly higher at α value 

Figure 4a. Taxanomic profile of Eukaryotic operational taxonome unit (OTU) for Maludam National Park (peatland) 
at Seri Aman, Sarawak, Malaysia.

Figure 4b. Taxanomic profile of Eukaryotic operational taxonomic unit (OTU) for Cermat Ceria (logged-over forest) 
in Seri Aman, Sarawak, Malaysia.
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of 0.05, at Maludam, 2.47% and logged-over 
peatland at Cermat Ceria, 2.36% as compared to 
matured oil palm plantations at Durafarm 0.62% 
and Naman 0.41% (Table 4). The percentage of 
Rhizaria in Maludam was 1.70% and Cermat Ceria 
1.58% significantly higher at α value of 0.05 than at 
Durafarm 0.66% and Naman 0.54% (Table 4). So as, 
the population of Stramenopiles significantly higher 

at α value of 0.05, in Maludam 2.17% and Cermat 
Ceria 1.42% as compared to Durafarm 0.46% and 
Naman 0.42% (Table 4) again due to high acidity 
of the oil palm cultivated areas which promote 
fungal growth and reduced the Alveolata diversity. 
Amoebozoa was still higher in both peatlands, but 
was significantly higher at α value of 0.05, at Cermat 
Ceria 1.06% as compared to Maludam 0.65% and 

Figure 4c. Taxanomic profile of Eukaryotic operational taxonomic unit (OTU) for mature oil palm plantation (7 years old) 
Durafarm, at Seri Aman, Sarawak, Malaysia.

Figure 4d. Taxanomic profile of eukaryotic operational taxonomic unit (OTU) for mature oil palm plantation (11 years old) 
Naman at Seri Aman, Sarawak, Malaysia. 
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Durafarm 0.18%.  Amoebozoa in Naman was 0.01% 
significantly lower as compared to Maludam 0.65% 
and Durafarm 0.18% (Table 4).  These protozoan 
heterotrophic ciliates and dinoflagellates, are major 
grazers on bacteria, flagellates, and diatoms which 
were more abundant in peatland than cultivated 
land (Seuthe et al., 2011). Single-cell eukaryotic 
microorganisms (i.e., protists) are ubiquitous in 
every ecosystem on earth and play critical ecological 
roles in food web dynamics and global carbon and 
nutrient cycles (Montagnes et al., 2012). 

OTU-based Rare Eukaryotes in Different Peat 
Ecosystems

It was documented that Stramenopiles made up 
of 7.2% and Rhizaria 5.6% of eukaryotic population. 
Other groups occurred < 2.2% termed as rare or minor 
(Guillou et al., 2013). The rare eukaryotes which 
comprised of 1.2% or less were Choanoflaggellida, 
Viridiplantae, Metazoa, Centroheliozoa, Amoeba 
and 16 phylum, Micronuclearia, Trimastrix and 
Haptophycea (Table 4). Choanoflaggellida was 
detected in all peat ecosystems at less 0.06% and 
Viridiplantae 0.04% (Table 4). Metazoa was detected 
at Maludam, Cermat Ceria and Durafarm at less 
0.15% and absent in Naman (Table 4). Centroheliozoa 
was found in Cermat Ceria and Durafarm at 1.2% 
and Amoeba 0.01 % (Table 4).  Micronuclearia in 
Maludam was detected at 0.02%, 0.14% Trimastric in 
Cermat Ceria and 0.04% Haptophycea in Durafarm 
(Table 4). The rare eukaryotic taxonomic groups 
include the Protista and Metazoa (Bailly et al., 2007). 

Phylogeny of Eukaryotic Phyla 

In general, fungi and Alveolata were the major 
groups of eukaryotes for all peat ecosystems as 
indicated by the size of the circles in Figures 5a to 
5d. The most prevalent phylum for fungi was the 
Ascomycota. As for Alveolata, the Ciliphora was 
dominant for all peat ecosystems as indicated by the 
size of the circles in Figures 5a to 5d. The number of 
phyla observed was 28, highest at Durafarm (Figure 
5c) followed by 27 at Cermat Ceria (Figure 5b), 23 for 
Maludam (Figure 5a) and 20 at Naman (Figure 5d). 

The common fungal phyla for all peat 
ecosystems were Ascomycota, Basidiomycota, 
Fungi incertae sedis and Chytridiomycota. 
Glomeromycota and Neocallimastigomycota were 
present in logged-over peat at Cermat Ceria (Figure 
5b) and absent in the other peat ecosystems (Figures 
5a, 5c and 5d). Glomeromycota is the phylum for 
most arbuscular mycorrhizal fungi,  which form 
symbioses with many herbaceous plants (Tu et al., 
2015) found in logged-over forest at Cermat Ceria, 
the low relative abundance of Glomeromycota 
resulted from perennial plant species composition 
(Tu et al., 2015) such as in Maludam and matured 
oil palm at Durafaram and Naman. Glomeromycota 
is an important soil microbial group that affects 
multiple ecosystem functions and processes, 
including nutrient cycling, plant productivity and 
competition, and plant diversity (Alguacil et al., 
2016). Neocallimastigomycota found at Cermat 
Ceria are anaerobic fungi which can hydrolyse 
the most recalcitrant plant polymers (Ebersberger 

Figure 5a. Phylogeny of eukaryotic phyla at Maludam National Park (peatland forest) Sri Aman, Sarawak, Malaysia.
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et al., 2012). Exploration of the genomes fungi 
showed that CDH genes, which appears to be 
involved in the degradation of both lignin and 
cellulose (Zhang et al., 2013) were not present in 
genomes of basal fungi, i.e., Neocallimastigomycota, 
Blastocladiomycota, Glomeromycota,Kickxellomy
cotina, Mucoromycotina, Entomophthoromycotina 
and Chrytridiomycota (Tangthirasunun et al., 2017). 

Neocallimastigomycota detected at Cermat ceria 
had been isolated from the digestive tracts of over 
50 herbivores, including ruminant (Kittelmann 
et al., 2015) and non-ruminant mammals and 
herbivorous reptiles (Ljungdahl, 2008) most likely 
abundant in the logged-over forest as compared 
to water logged peatland and oil palm cultivated 
area. 

Figure 5b. Phylogeny of eukaryotic phyla at Cermat Ceria (logged-over forest) Sri Aman, Sarawak, Malaysia.

Figure 5c. Phylogeny of eukaryotic phyla under 7 years oil palm at Durafarm, Sri Aman, Sarawak, Malaysia.
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Eukaryotic Phylogeny 

The eukaryotic phylogeny for Maludam 
National Park, logged-over peatland at Cermat 
Ceria, Oil Palm Plantations at Durafarm and Naman 
are as seen in Figures 6a to 6d. The eukaryotic 
phylogeny was almost identical for Durafarm 
(Figure 6c) and Naman (Figure 6d). Like the OTU 
(Table 3) and α-diversity analysis (Figure 2), the 
total number phylotypes matched with the online 
database was 100, highest for logged-over mixed 
peat forest at Cermat Ceria (Figure 6b) followed 
by 61 for Durafarm (Figure 6c) and Naman (Figure 
6d) and 41 or lowest for Maludam (Figure 6a). 
This implied that the eukaryotic population was 
most diversified at partially drained logged-over 
mixed peat forest, followed by oil palm plantations 
and lowest in the undrained primary mixed peat 
forest at Maludam, during the dry period in April 
2012. The number of identified eukaryotes seem 
to correspond well with the level of moisture 
content, which was 204.2±48.3% at Cermat Ceria, 
181.1±35.5% at Durafarm, 139.4±40.6% at Naman 
and lowest 42.3±8.2% for peatland at Maludam.

Phylotypes, Sarcocystis under Alveolata is 
a protozoan genus of parasites found only in 
Maludam (Figure 6a), infecting muscles and tissues 
of mammals including human, reptiles, birds, and 
wildlife species such as deer, moose, elk, caribou, 
ducks and seals. The oocysts ingested in food or 
water or through direct contact with faeces can 
initiate infection in the intestinal epithelia of animals 
and humans, resulting in morbidity or mortality 
(Fayer, 1995). Hartmannella, an amoeba predators in 

Figure 5d. Phylogeny of eukaryotic phyla under 11 years oil palm at Naman Park Sibu, Sarawak, Malaysia.

microbial food webs (Pickup et al., 2007) was found 
in oil palm plantations. 
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and Naman (Figure 6d) because Ustilaginomycotina 
or true smut fungi such Ustilago and Tilletia are 
dicot plant parasites and it is of great economic 
importance (Begerow et al., 2006) and therefore, 
obviously not found under monocot oil palm. The 
Ustilaginomycotina is a subdivision within the 
division Basidiomycota which has 1400 recognised 
species in 70 genera. It consists of the classes 
Ustilaginomycetes and Exobasidiomycetes (Bauer, 
1997), and in 2014 the subdivision was reclassified 
and the two additional classes Malasseziomycetes 
and Moniliellomycetes (Wang et al., 2014).

CONCLUSION

Human activities like logging and conversion 
of peatland for cultivation of oil palm, water 
management system resulted in physical and 
chemical changes of peatland ecosystems which led 
to increased eukaryotic biodiversity as indicated 
by the high operational taxonomic unit, α-diversity 
and total number phylotypes for logged peatland 
and oil palm plantations and lowest at peatland at 
Maludam National Park during dry season. Fungi 
as determinant of soil fertility was more diversified 
in oil palm plantations due to high acidity and 
moisture content with water management system. 
Dicot parasitic fungi Ustilaginomycota and parasitic 
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Figure 6a. Eukaryotic phylogeny for Maludam National Park (peatland) at Sri Aman, Sarawak, Malaysia.
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Figure 6b. Eukaryotic phylogeny for logged-over secondary forest Cermat Ceria at Sri Aman, Sarawak, Malaysia.
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Figure 6c. Eukaryotic phylogeny for 7 years oil palm plantation, Durafarm at Sri Aman, Sarawak, Malaysia.
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Figure 6d. Eukaryotic phylogeny for 11 years oil palm plantation Naman, Sibu, Sarawak, Malaysia.
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protozoa Sarcocystis were indicators for peatlands 
and not detected in oil palm plantations. 
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