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Abstract The dominant factors controlling soil bacterial
community variation within the tropics are poorly known.
We sampled soils across a range of land use types—primary
(unlogged) and logged forests and crop and pasture lands in
Malaysia. PCR-amplified soil DNA for the bacterial 16S
rRNA gene targeting the V1-V3 region was pyrosequenced
using the 454 Roche machine. We found that land use in
itself has a weak but significant effect on the bacterial
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community composition. However, bacterial community
composition and diversity was strongly correlated with
soil properties, especially soil pH, total carbon, and C/N
ratio. Soil pH was the best predictor of bacterial com-
munity composition and diversity across the various land
use types, with the highest diversity close to neutral pH
values. In addition, variation in phylogenetic structure of
dominant lineages (Alphaproteobacteria, Beta/Gammapro-
teobacteria, Acidobacteria, and Actinobacteria) is also
significantly correlated with soil pH. Together, these
results confirm the importance of soil pH in structuring
soil bacterial communities in Southeast Asia. Our results
also suggest that unlike the general diversity pattern
found for larger organisms, primary tropical forest is no
richer in operational taxonomic units of soil bacteria than
logged forest, and agricultural land (crop and pasture) is
actually richer than primary forest, partly due to selection
of more fertile soils that have higher pH for agriculture
and the effects of soil liming raising pH.

Introduction

Southeast Asia is one of the major hot spots of biodiversity
[1]. It has been reported that in this region the above-ground
diversity has been severely affected by land use changes [2].
Deforestation and agricultural intensification are the most
pervasive land use changes in Southeast Asia. In compari-
son to other tropical regions, Southeast Asia has the highest
deforestation rate [3, 4], which has impacted its rich and
unique biodiversity [3, 5]. On the other hand, conversion of
land to agricultural use such as oil palm plantations has even
more detrimental impacts [6, 7]. For larger organisms in the
tropics, such as plants, insects, birds, or amphibians, there is
clear differentiation in species composition and diversity
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between agricultural and nonagricultural forest environ-
ments [8, 9], although, there is evidence that a good propor-
tion of forest species can survive in secondary forests,
logged forests, and even exotic tree plantations [9, 10].

However, very little is known about below-ground
diversity in the tropics of Southeast Asia, and the im-
pact of land use upon it. Bacteria constitute a major
portion of the biodiversity in soils [11, 12] and play an
essential role in soil processes [13], which ultimately
affect the functioning of terrestrial ecosystems. It is
important to know the factors that influence the biodi-
versity of soil bacterial communities, to understand how
these communities are structured, and also to predict
ecosystem responses to a changing environment.

There have been some studies that have investigated
the effects of land use change on the structure of micro-
bial communities in the tropics. Borneman and Triplett
[14] detected significant differences between soil micro-
bial community structure in a mature forest soil and an
adjacent pasture soil in eastern Amazonia. Nusslein and
Tiedje [15] reported significant changes in soil bacterial
community composition due to change in vegetation cov-
er of a Hawaiian soil from forest to pasture. Bossio et al.
[16] also found similar results in eastern Kenya. In
addition, they found that the soil bacterial community at
a regenerating secondary forest on one site was more
similar to an indigenous forest at another site than it
was to nearby agricultural sites. Jesus et al. [17] found
that the bacterial community composition and structure in
western Amazon soils were significantly more correlated
to changes in soil attributes than land use. However, all
these studies used traditional molecular methods such as
denaturing gradient gel electrophoresis, terminal restric-
tion fragment length polymorphism, cloning, and Sanger
sequencing. These approaches are often limited to the
analysis of a relatively small number of clones and a
few different soil samples. Taking into account the large
bacterial community size and the heterogeneity of soils,
only a tiny fraction of the bacterial diversity was unrav-
eled by these studies. With the recent development of
high-throughput pyrosequencing of 16S rRNA gene [11],
in-depth analysis of soil bacterial communities has now
become possible.

The present study provides the most thorough research to
date on large-scale variation in soil bacterial diversity across
different land use types in Malaysia, one of the major
hotspots of biodiversity in Southeast Asia. We used pyrose-
quencing to analyze bacterial community structure across
four land use types. Our main objectives were to (1) identify
whether and how the land use (forest vs. agriculture) influ-
ences the structure of bacterial communities and (2) identify
environmental factors linked to differences in the structure
and diversity of those communities.

Materials and Methods
Site Description

Samples were taken from forest and non-forest sites within
the lowland equatorial tropical rainforest biome [18] at sites
scattered across central and southern Malay Peninsula and
Northern Borneo (Table 1). All sites sampled have an equa-
torial-wet climate, with precipitation equaling or exceeding
potential evapotranspiration in all months of the year but
two distinct peaks of rainfall in April-May and October—
November in peninsular Malaysia [19], where as in May—
June and October—January in northern Borneo[20]. The
mean annual temperature is approximately 26.5°C through-
out Malaysia with almost no variability in mean monthly
temperature [19].

In late February 2009, 28 composite samples were col-
lected from primary forest (no record of logging or tree
planting in the last 100 years), logged forest (records of
logging or planting with native species in the last 100 years),
and crop and pasture sites (number of samples per land use
type are shown in Table 1). Species cultivated at the crop
sites were banana, lemongrass, oil palm, papaya, sugarcane,
and tapioca.

Sampling distribution was nonrandom due to a combina-
tion of factors. Sampling was determined partly by the
logistics of travel time available during fieldwork on other
studies. However, samples were deliberately chosen to rep-
resent a range of terra firme forest types, soils, and land use
types, in lowland Malaysia—while at the same time spaced
to avoid spatial clustering. Agricultural sites were sampled
during travel between forest sites, their sampling determined
by availability of access roads, and ability to secure sam-
pling permission from the farmer or landowner. Agricultural
samples were also taken based on crop type (our intention
being to sample a range of common Malaysian crops) and
pH based on a preliminary pH sample taken at the field site
before sampling. We deliberately chose samples to represent
a range of soil pH levels. The localized, nonrandom distri-
bution of areas of particular pH ranges also prevented ran-
dom sampling from being a time-effective method. In
agricultural sites, only fields with crops close to maturity
were sampled, rather than bare fields or stubble. Since
liming and fertilizer application tend to take place during
earlier growth stages, this will avoid spurious effects of
recent application of these chemicals. Fields in which fresh-
ly applied fertilizer pellets were visible at the ground surface
were not sampled.

Soil Collection and DNA Extraction

Samples were taken at least 1 km apart. Each sampling point
consisted of 1 ha and consisted of five pooled samples. This
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Table 1 Sites sampled in this
study

All sites are located in Peninsu-
lar Malaysia, except for Tawau
hills reserve which is located in

Name Latitude Longitude Land use type
Pasoh forest reserve N 02 57" 02" E 102 30" 01" Primary forest
Tawau hills reserve N 04 26' 11" E 117 58" 44" Primary forest
Cape Racado reserve N 02 24' 30" E 101 51" 18" Primary limestone forest
Batu caves reserve N 03 14' 37" E 101 41" 19" Logged limestone forest
FRIM Kepong reserve N 03 15" 23" E 101 37" 24" Logged forest
Meranti forest reserve N 02 30" 00" E 101 52’ 00" Logged forest
Ayer Hitam reserve N 03 01" 24" E 101 38" 12" Logged forest
Oil palm 1 N 02 52' 25" E 101 34’ 28" Crop field

Oil palm 2 N 03 12' 24" E 101 23" 28" Crop field

Oil palm 3 N 02 43" 10" E 101 38’ 42" Crop field

Oil palm 4 N 0257 17" E 102 16’ 46" Crop field
Papaya N 02 47" 09" E 102 20" 19" Crop field
Sugarcane N 02 38" 25" E 101 41" 38" Crop field
Banana N 03 10" 09" E 101 33" 37" Crop field
Lemongrass N 03 11" 55" E 102 14’ 58" Crop field
Tapioca N 02 02’ 10" E 102 43" 10" Crop field
Vegetable garden N 02 59" 15" E 101 36’ 51" Crop field
Pasture 1 N 02 59" 31" E 101 29" 25" Pasture land
Pasture 2 N 03 16' 35" E 102 10" 11" Pasture land
Pasture 3 N 02 47" 09" E 102 19" 93" Pasture land
Pasture 4 N 02 57" 49" E 101 43" 54" Pasture land
Puchong grassy field N 03 00 40" E 101 36’ 16" Pasture land

Northern Borneo

method, used by Fierer and Jackson [21], is intended to
factor out very local and transient effects (e.g., a single
newly fallen leaf releasing hydrogen ions) which might
confuse a picture discernible on a larger scale. The
intention here was to focus on a large scale rather than
highly localized patterns, which would require a sepa-
rate study. At each hectare sampling point, we took a
scoop of approximately 200 g of soil from the top 5 cm
of B horizon soil from each of the four corners of the
hectare. An additional sample was also taken in the
center of this hectare, and the five samples were then
thoroughly homogenized in the same sterile bag. For
sample collection, a sterilized trowel was used and
cleaned thoroughly between successive samples. Soil
samples were composited, and stored at 4°C for up to
12 h before the samples were sieved through 4-mm
mesh and simultaneously stored at —80°C prior to
DNA extraction.

DNA was extracted from each of the collected soil
samples using the Power Soil DNA extraction kit (Mo
Bio Laboratories, Carlsbad, CA, USA) according to the
manufacturer’s protocol, with 0.25 g of soil (dry wt.).
The purified DNA was resuspended in 50 pl of solution
S6 (MoBio Laboratories) and stored at —80°C until PCR
amplification.

@ Springer

Amplification of 16S rRNA Genes and Pyrosequencing

The extracted DNA was amplified using primers targeting
the V1 to V3 hypervariable regions of the bacterial 16S
rRNA gene [22]. The primers used for bacteria were V1-
9 F: 5-X-AC-GAGTTTGATCMTGGCTCAG-3" and V3-
541R: 5'-X-AC-WTTACCGCGGCTGCTGG-3" (where X
barcode is uniquely designed for each soil sample, followed
by a common linker AC). Polymerase chain reactions were
carried out under the following conditions: initial denaturation
at 94°C for 5 min, followed by 10 cycles of denaturation at
94°C for 30 s, annealing at 60°C to 55°C with a touchdown
program for 45 s, and elongation at 72°C for 90 s. This was
followed by an additional 20 cycles of denaturation at 94°C
for 30 s, annealing at 55°C for 45 s, and elongation at 72°C for
90 s. The amplified products were purified using the QIA-
quick PCR purification kit (Qiagen, CA, USA). Amplicon
pyrosequencing was performed by Macrogen Incorporation
(Seoul, Korea) using 454/Roche GS-FLX Titanium Instru-
ment (Roche, NJ, USA).

Environmental Variables

To measure environmental variables, the remainder of each
soil samples after DNA extraction was analyzed. Soil
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samples were oven dried at 60°C until constant weight. Soil
pH was measured in water at the soil to solution ratio of 1:2
using a pH meter. Total nitrogen was determined by sulfuric
acid digestion using Se, CuSQy,, and K,SO, as catalysts,
with 1 g of soil. Total N in the digest was determined by the
regular Kjeldahl distillation method [23]. Total carbon was
determined by the Carbon Analyzer Leco CR-412 (Leco
Corporation, St. Joseph, MI, USA), with 1 g of soil. Ex-
changeable potassium was estimated using 1 M ammonium
acetate buffered at pH 7 [24] and determined by using
atomic absorption spectroscopy using 3 g of soil. Available
phosphorus was determined by the method of Bray and
Kurtz [25] by autoanalyzer with 3 g of soil.

Processing of Pyrosequencing Data and Taxonomic
Analysis

All the sequences were processed and analyzed following
the procedures described previously [22]. The total sequenc-
ing reads were divided and assigned to each sample by
recognition of the unique barcode, followed by trimming
sequences by removing barcode, linker, and primer sequen-
ces at both sides. The resultant sequences were subjected to
a filtering process where only reads containing 0-1 ambig-
uous base calls (Ns) and 300 or more base pairs were
selected for the further analysis. Nonspecific PCR ampli-
cons that showed no match with the 16S rRNA gene data-
base upon BLASTn search (expectation value of >107)
were also removed from the subsequent analyses. Putative
chimeric sequences were detected and screened using a
similarity-based approach, which splits each query sequence
into two even-length fragments and then assigns each frag-
ment to a taxon using BLAST search against EzTaxon-
extended database (http://eztaxon-e.ezbiocloud.net/), fol-
lowed by removal of the sequences when two fragments
differ at the order level or percent identities are greater than
95% for both fragments despite assigned to different taxon-
omies. All sequences were classified using EzTaxon-
extended database.

Phylogenetic Analysis

We used the Mothur platform (http://www.mothur.org) to
compare the community-level bacterial diversity across all
28 soils [26]. The number of phylotypes (richness) was
calculated with a 97% sequence similarity cutoff based on
sequence alignment against EzTaxon-aligned bacterial ref-
erence sequences. We also estimated diversity using Faith’s
index of phylogenetic diversity (Faith’s PD) [27], to avoid
the single level of taxonomic resolution. We standardize the
number of sequences across samples to avoid incomparabil-
ity of measurements resulting from different-sized samples.
To do this, we picked the minimum number of sequences

present in a sample that was 555 sequences and randomly
select this number of sequences from each of samples. We
calculated both richness and Faith’s PD values from this
subset of 555 sequences per sample.

The richness and Faith’s PD value was also obtained for
specific lineages of bacteria (Alphaproteobacteria, Beta/
Gammaproteobacteria, Acidobacteria, and Actinobacteria).
For this lineage-specific richness and Faith’s PD estimation
analyses, we limited the number of sequences to 150, 90, 50,
and 50 randomly selected sequences per soil for Acidobac-
teria, Alphaproteobacteria, Beta/Gammaproteobacteria,
and Actinobacteria, respectively.

Statistical Analysis

All statistical analyses were performed on a random subset
of 555 sequences per soil sample to avoid effects on

a 20 Stress: 0.1 [ Land use type |

0 DOPrimary forest
MLogged forest
0 QCrop
Acrop|oil palm)
@ Pasture

o 0

b

o

R=0.86 (P<0.0001) L]

NMDS axis1
00 0.5 10 15

-0.5

Soil pH

Figure 1 a Nonmetric multidimensional scaling plot of the bacterial
community using the pairwise Bray—Curtis distances, with symbols
coded by general ecosystem type and b the first axis of NMDS analysis
regressed against soil pH and /ines represent the best-fit linear model to
the data
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Table 2 Soil chemical properties of samples with different land use type

Name Land use type pH Total C* (%) Total N (%) C/N P* (ug/g) K* (ng/g)
Pasoh forest reserve 1 Forest 3.62 4.48 0.43 10.42 14.80 80.10
Pasoh forest reserve 2 Forest 3.69 4.36 0.23 18.96 16.00 68.90
Tawau hills reserve 1 Forest 4.38 5.92 0.52 11.38 13.80 105.54
Tawau hills reserve 2 Forest 4.50 3.51 0.31 11.31 17.20 70.85
Cape Racado reserve Forest 4.13 2.88 0.25 11.52 16.50 45.60
Batu caves reserve 1 Forest 8.13 11.58 0.62 18.68 17.15 117.46
Batu caves reserve 2 Forest 8.07 5.61 0.25 22.44 34.40 50.50
FRIM Kepong reserve 1 Forest 4.10 1.88 0.20 9.40 23.30 53.20
FRIM Kepong reserve 2 Forest 430 1.82 0.18 10.11 16.20 60.80
Meranti forest reserve 1 Forest 3.60 3.23 0.37 8.73 7.40 97.50
Meranti forest reserve 2 Forest 3.70 3.23 0.37 8.73 7.40 97.50
Ayer Hitam reserve 1 Forest 3.65 2.21 0.12 18.42 26.30 24.20
Ayer Hitam reserve 2 Forest 3.65 2.21 0.12 18.42 26.30 24.20
Oil palm 1 Agriculture 4.54 2.65 0.22 12.05 47.00 29.40
Oil palm 2 Agriculture 4.65 2.64 0.22 12.00 34.80 18.70
Oil palm 3 Agriculture 4.83 2.44 0.22 11.09 21.80 19.40
Oil palm 4 Agriculture 4.64 1.84 0.17 10.82 81.20 20.00
Papaya Agriculture 7.23 1.84 0.11 16.73 96.60 79.50
Sugarcane Agriculture 5.70 1.34 0.14 9.57 42.90 56.70
Banana Agriculture 6.96 1.28 0.14 9.14 20.90 48.40
Lemongrass Agriculture 6.09 1.52 0.20 7.60 27.90 106.30
Tapioca Agriculture 5.44 1.61 0.17 9.47 18.55 49.40
Vegetable garden Agriculture 6.39 0.54 0.24 2.25 21.90 26.00
Pasture 1 Agriculture 4.98 4.27 0.38 11.24 16.30 59.50
Pasture 2 Agriculture 4.80 4.16 0.35 11.89 16.80 42.60
Pasture 3 Agriculture 4.80 3.20 0.31 10.32 16.20 43.20
Pasture 4 Agriculture 4.95 2.74 0.18 15.22 15.20 36.10
Puchong grassy field Agriculture 7.75 1.75 0.23 7.61 76.30 57.80

*P<0.05 (variables that were significantly differed between land use types)

diversity metrics due to different number of reads among
samples. The difference in overall community composition
between each pair of samples was determined using the
Bray—Curtis distance [28], which estimates the community
distance between two samples.

Relationships between Bray—Curtis distance of bacterial
community, land use (forest vs. agriculture), and soil prop-
erties were assessed using PRIMER v6 [29]. To look at the
effect of land use on bacterial community, we performed an
analysis of similarity (ANOSIM) with pairwise Bray—Curtis

Table 3 Pearson correlations between Bray—Curtis community distance and soil properties

Soil properties

Correlation

Full community Alphaproteobacteria Beta/Gammaproteobacteria Acidobacteria Actinobacteria
pH 0.83 0.67 0.76 0.76 0.61
Total C (%) 0.39 0.41 0.35 0.40 0.36
Total N (%) 0.08 0.05 0.06 0.10 0.06
C/N 0.46 0.43 0.37 0.48 0.29
P, ug/g 0.15 0.04 0.19 0.16 0.11
K, pg/g 0.04 0.02 0.11 0.06 —-0.02

Significant correlation coefficients (P<0.05) are denoted in bold

@ Springer



Tropical Soil Bacterial Communities in Malaysia: pH Dominates

479

distance as response variable and land use (forest vs.
agriculture) as factor. The RELATE function (a Mantel-
type test) was used to determine if community-level
phylogenetic distances were significantly correlated to
soil properties. ANOSIM and RELATE analyses here
involve distance matrices (i.e., pairwise distances between
samples); pairwise distances are non-independent and
therefore statistical significance needs to be evaluated
by random permutation. The samples were permuted
999 times and for each time the statistic was calculated;
significance is evaluated by comparing the statistic
obtained from the real data against the distribution of
the statistic obtained by the 999 random permutations.
Statistical significance was considered at P<0.05. Non-
metric multidimensional scaling (NMDS) was used to
visualize the Bray—Curtis distance of bacterial community
between each pair of samples.

Difference on soil properties between forest and agricul-
tural land was determined by using Student’s ¢ test for soil
pH, total C, total N, C/N ratio, exchangeable K, and avail-
able P, which were normally distributed, and Wilcoxon test
for K because its distribution was non-normal. Correlations
between soil properties were analyzed by using VARCLUS
procedure in the Hmisc R package. A significant correlation
was found only between total C and total N (Fig. S1);
therefore we removed total N from the analysis. To test
whether soil properties that are significantly correlated to
Bray—Curtis distance of bacterial community are also corre-
lated to richness and Faith’s PD values, we performed
regression analysis using linear and polynomial functions
(quadratic and cubic), and the one with better fit was chosen.
Regression lines were drawn by using loess function imple-
mented in R software. A Wilcoxon test was performed to
evaluate if phylotype richness and phylogenetic diversity
differ between forest and agricultural land. Student’s ¢ test,
Wilcoxon test, VARCLUS procedure, regression analysis,
rarefaction curves, and heat map were performed using R
software package 2.13.1 (http://www.R-project.org).

Results
General analysis of the Pyrosequencing-Derived Dataset

Across all 28 soil samples, we obtained 74,802 quality
sequences in total, which were classified into 27,318 oper-
ational taxonomic units (OTUs) at 97% similarity level. On
average, each individual sample was represented by 2,671
classifiable sequences, with a range of 555 to 8,184 sequen-
ces per sample. The dominant taxa across all soil samples
were Acidobacteria (35.8%), Alphaproteobacteria (18.1%),
Beta/Gammaproteobacteria (9.4%), Chloroflexi (6.8%),
Deltaproteobacteria (6.0%), and Actinobacteria (6.3%)

Table 4 Regression between phylotype richness (OTUs) and phylo-
genetic diversity (Faith’s PD) with total C and C/N ratio for the full
community set and the four most abundant phyla

Phylum R?

Total C (%) C/N ratio

OTUs PD OTUs PD
Full community 0.35° 0.50° 0.10° 0.20°
Alphaproteobacteria 0.18° 0.24° 0.18" 0.18°
Beta/Gammaproteobacteria 0.29* 0.33% 0.11° 0.13°
Acidobacteria 0.40* 055 013" 022
Actinobacteria 0.08 0.22* 014>  0.14°

Relationships that are significant (P<0.05) are indicated in bold. The
relationships between phylotype richness and phylogenetic diversity
with soil pH for the full community and the individual taxa are shown
in Fig. 2

* Cubic

" Linear

¢ Quadratic

respectively (Fig. S2 and Table S1). Most samples showed
no sign of reaching an asymptote in OTU richness among
the total number of reads (often over 1,000) available in the
rarefaction analysis (Fig. S3).

Land Use and Bacterial Community

The effect of land use was tested on pairwise Bray—
Curtis distances of total bacterial community as well as
of four major taxa (Acidobacteria, Alphaproteobacteria,
Beta/Gammaproteobacteria, and Actinobacteria). Signif-
icant differences between bacterial community composi-
tion for the different land use types were observed for
total bacterial community (r=0.14), Acidobacteria (r=
0.11), Alphaproteobacteria (r=0.11), and Beta/Gammap-
roteobacteria (r=0.08) (P<0.05 in all cases), but not for
Actinobacteria (r=0.03, P=0.1). NMDS also indicated
some differentiation according to the different land use
categories (Fig. 1a).

Soil Properties and Bacterial Community

Total C, exchangeable K, and available P differed signifi-
cantly between land use types (P<0.5 in all cases), while
soil pH, total N, and C/N ratio did not vary significantly
across the landscape (Table 2). The RELATE test indicated
that soil pH, total C, and C/N ratio were significantly cor-
related with pairwise Bray—Curtis distances of total bacterial
community as well as with Bray—Curtis distances of the four
major taxa (Table 3). Among the soil parameters measured,
soil pH was the most strongly correlated to the pairwise
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Figure 2 Relationship between soil pH and the number of phylotypes
(left) and phylogenetic diversity (right) of total bacterial community
and four dominant bacterial taxa. Adjusted R* values with the associ-
ated P values are shown for each taxonomic group. Lines represent the
best-fit model to the data (single asterisk linear; double asterisks
quadratic; triple asterisks cubic)

Bray—Curtis distances. Regression between the scores on the
first NMDS axis and soil pH also indicated a strong rela-
tionship between the bacterial community composition and
soil pH (Fig. 1b). However, particular agricultural land use
categories clustered strongly together, presumably partly as a
result of similar pH values. For example, pasture lands form
one cluster (except for one sample), and oil palm plantations
form another, despite the fact that they are geographically
scattered (Fig. 1a).
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Figure 3 Relationship between relative abundances of the four dom-
inant bacterial taxa and soil pH. Adjusted R? values with the associated
P values are shown for each taxonomic group. Lines represent the best-

Regression analysis results showed that soil pH, total C,
and C/N ratio were significantly correlated to both phylo-
type richness and phylogenetic diversity of the total bacte-
rial community, as well as of the four major taxa (Table 4).
Of these, soil pH gave the most significant correlation (P<
0.0001) with both phylotype richness and phylogenetic di-
versity, when samples from distinct land use types are
combined to encompass a wide pH range (Fig. 2). For all
bacterial groups combined, there is a peak of diversity close
to neutral values (pH 7.0) (Fig. 2). Soil pH was also signif-
icantly correlated (P<0.05) to relative abundances of the
dominant bacterial taxa (Fig. 3). These results indicate that
pH is the best predictor of overall bacterial diversity across
many soils. It was also found that the richness (W=179, P<
0.0001) and diversity (W=177, P<0.0001) of agricultural
sites were significantly higher than forest sites (Fig. 4).
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Figure 4 Bacterial phylotype richness (a) and phylogenetic diversity
(b) comparison in agricultural soils and forest soils. Diversity indices
were calculated using random selections of 555 sequences per soil
sample. The numbers above the columns indicate the number of soil
samples included in each category

In terms of both phylum and species level, comparison of
relative abundances also revealed many apparent relation-
ships to pH (Fig. 5). The heat map of 30 most abundant
OTUs shows that among the dominant OTUs in these sam-
ples, no single OTU is abundant at all pH levels, although
each shows its own pattern peaking at low, intermediate or
high pH levels (Fig. 5). It thus seems that individual bacte-
rial “species” are specialized in their niche to certain pH
levels.

Discussion
Our results revealed that bacterial community structure

was significantly correlated to both land use and soil
parameters (especially soil pH). It is difficult to separate

@ Springer

the influence of land use alone, as opposed to soil
parameters, as there are significant differences in nutrient
concentrations (total C, exchangeable K, and available P)
between land use types. Nevertheless, the relationship to
soil pH in particular is so striking that it seems that this—
rather than land use—is dominant in bacterial ecology in
tropical Southeast Asia.

Our results are in agreement with other studies in the
tropics [17] and elsewhere [30, 31], where both land
use and soil parameters were found to be key factors in
determining the diversity and structure of bacterial com-
munities. In the present study, soil pH was found to be
the best predictor of bacterial community composition
and diversity across all land use types: primary forest,
logged forest, and crop and pasture land. Whatever the
ecological and evolutionary factors behind these rela-
tionships, they appear to be as important in equatorial
tropics of Southeast Asia as they are in any other biome
or region of the world [17, 21, 32-35].

It is also clear from our data that all four dominant taxa in
these samples (4lphaproteobacteria, Beta/ Gammaproteo-
bacteria, Acidobacteria, and Actinobacteria) show a similar
trend with pH to that seen for the total bacterial community,
in general. It is interesting that although the abundance of
Acidobacteria shows the “expected” relationship seen in
many other parts of the world [34], peaking at low pH
values, their OTU richness as well as their diversity shows
the same pattern as the bacterial community as a whole—
peaking around neutral pH. In fact, none of the taxa we
studied in greater detail shows a pattern of greater diversity
at low pH: where they show any significant trend, they each
peak in diversity around neutral.

In terms of land use, it is clear that the predictors of
diversity in larger organisms such as trees or birds [8, 9, 36]
do not hold true for soil bacteria. Generally, from this study;, it
seems that tropical agricultural environments, which are de-
pauperate in diversity of larger organisms, are actually more
diverse than primary tropical forests when it comes to soil
bacteria. However it is important to note that the rarefaction
curves for OTU richness (Fig. S3) did not approach an as-
ymptote, indicating that many more sequences need to be
retrieved to census the entire microbial communities.

The pattern we see is despite the supposition that greater
diversity of plant species might be able to give more diverse
bacteria specialized to the roots zone of particular plant
species or to the decomposing litter beneath each species
of plant. It appears likely that the greater bacterial diversity
of the agricultural environments is largely due to their
higher soil pH, which partly relates to liming by farmers,
and partly to deliberate choice of soils which have naturally
higher pH due to their better crop yields. It is interesting that
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limestone forest, with its high pH, has among the highest
soil diversity values for the forest sites, despite its generally
low tree species diversity [37].

Attention should now focus on why the striking di-
versity relationship with pH occurs, and why it is so
general, both within and outside the tropics. Lauber et
al. [34] suggested that near-neutral pH might be regarded
as a proxy for physiological availability of a variety of
nutrients, such as phosphorus, whose chemistry varies
with pH value. Though there is no correlation between
bacterial diversity and available P, in our samples, the
trends observed could well be the result of precise and
distinct chemical forms of these elements at different pH
values. Additionally, Lauber et al. [34] note that the
internal pH of bacterial cells is normally close to neutral.
An external pH environment similar to this intracellular
value may mean less energy expenditure on maintaining
internal pH and fewer specialized adaptations. A low pH
environment in the tropics could be regarded as a “stress-
ful” environment, sensu Grime [38], demanding special-
ized adaptations that relatively few taxa have been able
to acquire. However, part of the usual explanation among
ecologists for why stressful/extreme environments are
often poor in species is that these environments are rare
and ephemeral in time and space, preventing evolutionary
adaptation. This does not seem a convincing explanation
in the tropics, where low pH soils with low bacterial

diversity predominate. By offering a stable, widespread
environment, these acidic soils would be expected to
have accumulated the greatest diversity of bacteria.

Why then might neutral environments in the tropics have
accumulated more species of bacteria? A possible explanation
is that the specialized adaptations to maintain the intracellular
pH level around neutral are much more easily lost than gained.
A lineage that speciates into a new niche can easily do so by
losing specialized low or high pH adaptations but is much less
likely to regain such adaptations. Hence, lineages may be able
to “fall into” relatively neutral pH environments but be less
likely to escape from them in evolutionary time. The result is a
net build up of bacterial taxa in niches closer to neutral soil
pH. Evidence for this pattern might ultimately be found in
tracing phylogenetic clades of bacteria within our data. Hy-
pothetically, species differentiation towards the neutral middle
of the pH gradient would be more frequent than movement
outwards towards its extremes, with “neutral pH” clades
remaining more conservative in terms of producing branches
which move along the pH gradient.

As Lauber et al. [34] have suggested, there is a need
for experimental study of the relationships between soil
bacterial diversity and pH. Future studies should manip-
ulate individual factors that are known to vary with pH,
to better understand their role. Such studies should
consider tropical soils, as much as soils from any other
part of the world.
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