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It is important to estimate the true microbial diversities ac-
curately for a comparative microbial diversity analysis among
various ecological settings in ecological models. Despite
drastically increasing amounts of 16S rRNA gene targeting
pyrosequencing data, sampling and data interpretation for
comparative analysis have not yet been standardized. For
more accurate bacterial diversity analyses, the influences of
soil heterogeneity and sequence resolution on bacterial di-
versity estimates were investigated using pyrosequencing
data of oak and pine forest soils with focus on the bacterial
16SrRNA gene. Soil bacterial community sets were phylo-
genetically clustered into two separate groups by forest type.
Rarefaction curves showed that bacterial communities se-
quenced from the DNA mixtures and the DNAs of the soil
mixtures had midsize richness compared with other samples.
Richness and diversity estimates were highly variable depen-
ding on the sequence read numbers. Bacterial richness esti-
mates (ACE, Chao 1 and Jack) of the forest soils had positive
linear relationships with the sequence read number. Bacterial
diversity estimates (NPShannon, Shannon and the inverse
Simpson) of the forest soils were also positively correlated
with the sequence read number. One-way ANOVA shows
that sequence resolution significantly affected the a-diversity
indices (P<0.05), but the soil heterogeneity did not (P>0.05).
For an unbiased evaluation, richness and diversity estimates
should be calculated and compared from subsets of the same
size.

Keywords: pyrosequencing, diversity index, community
analysis, 16S rRNA gene, oak forest soil, pine forest soil

Introduction

Microbial diversity is a fundamental measurement of a mi-
crobial community in ecology, and it underlies many eco-
logical models for the establishment of ecological conserva-
tion strategies. Microbial diversity takes into account rich-
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ness and evenness, and diversity indices are quantitative
estimates representing how many species there are and
how evenly they are distributed in a sample (McCaig et al.,
1999; Niibel et al., 1999; Colwell, 2009). For a comparative
analysis of microbial diversities in a variety of ecological
settings, it is important to estimate the true microbial di-
versities accurately.

Microbial richness estimations targeting whole microbial
genomes reveal great numbers of microbial genomes in soils,
but they vary depending on the analytical methods. In a DNA
hybridization study, the estimated number of bacterial ge-
nomes was ~10°/g of soil (Torsvik et al., 1990). A computa-
tional approach associated with the reassociation kinetics
found ~10" microbial genomes per gram of soil, which ex-
ceeds the previous estimate by two orders of magnitude
(Gans et al., 2005). However, a metagenomic approach pre-
dicted far lower numbers (Daniel, 2005). In a metagenomic
approach, one gram of soil was found to harbor about 2,000
to 18,000 bacterial genomes, and estimations varied depend-
ing on the soil texture (Daniel, 2005).

Bacterial diversity analyses based on pyrosequencing tar-
geting 16S rRNA show far less variable results than genome-
targeting methods. ~1,000 to ~5,000 OTUs (operational taxo-
nomic units) were found in 0.5 to 1.0 g of soils (Roesch et
al., 2007; Acosta-Martinez et al., 2008; Kwon et al., 2010;
Will et al., 2010; Nacke et al., 2011; Deng et al., 2012; Lee et
al., 2013). Bacterial diversity estimates are highly variable
among studies because different analytical approaches are
employed. In some forest soil studies, much larger num-
bers of sequence reads than previous studies were analyzed
to get diversity estimates more closely to the true diversity
(Roesch et al., 2007; Nacke et al., 2011). In other studies,
diversity estimates of samples were compared without any
normalization of sequence read numbers (Dunbar et al., 1999,
2000; Roesch et al., 2007; Acosta-Martinez et al., 2008; Kwon
et al., 2010; Will et al., 2010; Nacke et al., 2011; Deng et al.,
2012; Lee et al., 2013). Averages of replicate diversity esti-
mates were compared to each other, or replicate diversity
estimates were comparatively evaluated without any averag-
ing (Hur et al., 2011; Nacke et al., 2011; Deng et al., 2012).
Replicate soil samples were combined, and DNA was ex-
tracted from the mixture for pyrosequencing analyses (Lee
et al., 2013).

Because all these approaches have not been evaluated, the
influences of soil heterogeneity and sequence resolution on
diversity indices are investigated for more accurate com-
parative analyses of bacterial diversities in this study. Soil
bacterial communities were selected for this study, because
soil bacterial communities are very diverse compared to
other bacterial communities in artificial systems (Lee et al.,
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2010; Jung and Regan, 2011; Jung et al., 2012). Triplicate
soil sets from two forests were taken. The DNA of each soil
replicate, their DNA mixtures, and the DNA of a soil repli-
cate mixture were investigated, and diversity estimates were
evaluated in each bacterial community set with a different
sequence read number. In order to overcome bias induced
by random selection, five subsets per sample were generated,
and their averages were evaluated among different samples.
It is found that richness estimates and diversity estimates are
highly variable depending on the sequence read numbers.

Materials and Methods

Sampling and DNA extraction

Soil samples were taken from an oak forest and pine forest
in the Hong-Reung experimental forest of the Korea Forest
Research Institute (South Korea). Triplicate soil samples for
each tree type were collected from the top 5 cm from the sur-
face of three sampling points located one meter away from
the tree trunk and 120° apart from each other (OA, OB, and
OC for the oak tree and PA, PB, and PC for the pine tree).
Extracted DNA samples from each tree were mixed (OD and
PD), and DNA was extracted from soil mixtures (OS and PS).
Total five DNA samples were tested in each forest. DNA was
extracted from 0.5 g of soil sample in a 40-pl elution solu-
tion using FastDNA SPIN Kit for Soil (MP BIO, Cat. No.
6560-200). The integrity of genomic DNA was confirmed
using gel electrophoresis (Supplementary data Fig. S1). DNA
concentrations were measured using an Epoch Microplate
Spectrophotometer (BioTek® Instruments, Inc.), and they
ranged from 273 to 750 ng/ul. DNA samples were diluted to
equilibrate concentrations and purified using an UltraClean
DNA purification kit (Mo-bio, Cat No. 12100-300) before
PCR amplification.

PCR and pyrosequencing

Purified DNA samples were amplified by targeting V1 - V3
regions of the bacterial 16S rRNA gene (~450 bp based on
E. coli genome) using the primer set of forward primer
V1-9F (5-CCTATCCCCTGTGTGCCTTGGCAGTC-TCAG-
AC-GAGTTTGATCMTGGCTCAG-3") and reverse pri-
mer V3-541R (5'-CCATCTCATCCCTGCGTGTCTCCGAC-
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TCAG-X-AC-WTTACCGCGGCTGCTGG-3"). The first two
primer sections are the adaptor and key, AC is a linker, and
underlined sequences are gene-specific primers. X in the
reverse primer is a barcode primer. PCR amplification was
performed in a 50-ul volume containing 1.25 U Taq DNA
Polymerase, 5 ul of 10x PCR reaction buffer, 0.2 mM dNTP
mix, 0.4 uM of each primer, and 1 p of template DNA (Roche
Cat. No. 04-728-882-001) with the following thermalcycler
program: initial denaturation at 95°C for 5 min; 30 cycles of
denaturation at 95°C for 30 sec, annealing at 55°C for 30 sec,
and extension at 72°C for 60 sec; and a final extension at 72°C
for 7 min in a PTC-200 DNA Engine (M] Research, USA).
The size and contamination of PCR amplicons were con-
firmed by gel electrophoresis. The quality of PCR products
was confirmed by gel electrophoresis. PCR products were
purified using a QIAquick PCR Purification Kit (QIAGEN,
Cat. No. 28106), and several reactions were pooled in a
1.5-ml tube. Bands shorter than 300 bp were removed using
a QIAquick Gel Extraction Kit (QIAGEN, Cat. No. 28706)
in subsequent gel electrophoresis. 1 ug of PCR product was
subjected to pyrosequencing. The Pyrosequencing was per-
formed with 454 GS FLX Titanium (454 Life Science, Rosche)
in Chunlab, Inc. (Korea) according to the manufacturer’s
instructions.

Pyrosequencing data analysis

DNA sequences were separated by unique barcodes. After
sequencing, barcodes, linkers, and gene-specific primers were
removed from original sequencing reads. The resultant se-
quences were filtered to select sequences above 300 bp con-
taining 0 to 1 ambiguous base calls (Ns). Nonspecific se-
quences (expectation value of >e”) in a BLASTN search and
chimeric sequences were removed. For the taxonomic assign-
ment of each pyrosequencing read, the EzTaxon-e database
(http://www.eztaxon-e.org) was used (Chun et al., 2007).
Operational taxonomic units (OTUs) were defined at the
3% divergence threshold using the average neighbor clus-
tering algorithm. CD-HIT was used for the massive cluster-
ing of metagenomic sequences (Fu et al., 2012), and corres-
ponding graphical representations were generated using
CLcommunity 3.0 (Chunlab Inc.). Abundance-based cove-
rage estimator (ACE), Chao 1 estimator (Chao), interpolated
Jackknife richness estimator (Jack), non-parametric Shannon

Fig. 1. Rarefaction curves of pyrosequenced
bacterial communities of forest soils. OA, OB
and OC are triplicate samples in the oak tree,
and PA, PB and PC are triplicate samples for
the pine tree. Extracted DNAs from each tree
were mixed (OD and PD), and DNA was ex-
tracted from soil mixtures (OS and PS).
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Fig. 2. Sequencing reads, OTUs and good’s coverage values of pyrosequenced bacterial communities of forest soils and their subsets. Bars and vertical capped
bars indicate averages and standard deviations, respectively (n=5). OA, OB, and OC are triplicate samples in the oak tree, and PA, PB, and PC are triplicate
samples for the pine tree. Extracted DNAs from each tree were mixed (OD and PD), and DNA was extracted from soil mixtures (OS and PS).

diversity index (NpShannon), Shannon index of diversity
(Shannon), Simpson index of diversity (Simpson), and Good’s
coverage were calculated using Mothur 1.28.0 (Schloss et al.,
2009). Analysis of variance (ANOVA) was performed using
SPSS 18 (IBM, NY). Fast Unifrac, a variant of the UniFrac
algorithm, was used to calculate the distance matrix for -
diversity analysis with sequence normalization and by treat-
ing unclassified OTUs as different (Hamady et al., 2010). The
multidimensional Fast UniFrac distance matrix was con-
verted into two vectors using principal coordinate analysis

Results and Discussion

The ten soil bacterial community groups were phylogeneti-
cally clustered using UPGMA (Unweighted pair group
method with arithmetic mean) and PCoA (Supplementary
data Fig. S1). In both analyses, the bacterial community groups
were phylogenetically clustered into two separate groups
according to the forest type (oak and pine). Over the entire
range of the sequence reads in rarefaction analysis (Gotelli
and Colwell, 2001), the oak soils had higher bacterial richness

(PCoA). than the pine soils (Fig. 1), possibly due to the difference in
40,000 20,000 35,000
35,000 1+ - :2,g . . 2000
X 1 . 16000 T
ot “I | i - gemil |l il gem : ;
E 20000 . iR 10000 { : i .l . o™ f .
Q 1 1 i -t - 15,000 I ol
1 15,000 G 4 . ' & s t ] - i £ 5 5 : 1
2 10000 1. T ! i 'Y fg | 1 i []] 1 £ 10,000 I ] o I 1
< e i y 3 o 3 5,000 & . . s
mz rx ! i ‘E. L. it I, hys At i1 o . T & ![ L
5888258885228 882,088382888838¢8 823325 BE352288832308838R88882% 3853S28ERRS 388828582 E888R2R
33833 Jgeat 3ge88 3388° 33d8c R R L L R O R L
25,000 14,000 18,000
20,000 i | . . 12000 10 . :‘g ' [
5 2 °Rl i . - 510000 {* 3 - . ) 18000 1 T i . .
S50 : i 1 I ] © 8000 ] I i t a1 - ] g_:zﬁ 2 [ [ H z I 1
8 ; g : 6 o 5 5 -
210000 l I i I I g:x ]] l i ] I 2ﬁ 1 ; i ] |
R e T T AR T T
ok s é;gcn YT ;’E §==ig s ;; ok §_§;_i9 'g'gé'o _§é_;le §§81'E€ §§;l o “§§§;é‘“' $395¢ §§;;n §§3's'5‘0 §_§-;;1
TRRRCETIEEIECIGRRCRIERECREIE  CIREIICRIRGRCSRBRTIIpEECRIRR iR S LA EEH

Fig. 3. Diversity index values of ACE, Chao, and Jack of pyrosequenced bacterial communities of the oak forest soils and the pine forest soils. Bars and
vertical capped bars indicate averages and standard deviations, respectively (n=5). Averages of higher confidence interval (HCI) and lower confidence in-
terval (LCI) at 95% confidence are indicated as x and +, respectively (n=5). OA, OB, and OC are triplicate samples in the oak tree, and PA, PB and PC are
triplicate samples for the pine tree. Extracted DNAs from each tree were mixed (OD and PD), and DNA was extracted from soil mixtures (OS and PS).
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Fig. 4. Diversity index values of NpShannon, Shannon and Simpson of pyrosequenced bacterial communities of the oak forest soils and the pine forest
soils. Bars and vertical capped bars indicate averages and standard deviations, respectively (n=5). Average values of higher confidence interval (HCI) and
lower confidence interval (LCI) at 95% confidence are indicated as x and +, respectively (n=5). OA, OB and OC are triplicate samples in the oak tree, and
PA, PB and PC are triplicate samples for the pine tree. Extracted DNAs from each tree were mixed (OD and PD), and DNA was extracted from soil mixtures

(OS and PS).

Table 1. Regression equations of various diversity index values on varying sequence read in the oak- and pine-soil bacterial communities

OA OB OoC OD OS OT
OTU y=0.6473x + 61.80 y=0.6364x + 61.37 y=0.5838x + 71.07 y=0.5764x + 68.01 y=0.6110x + 65.53 y=0.6110x + 65.56
R* 0.9973 0.9973 0.9956 0.99761 0.9968 0.9934
ACE y=6.9938x + 2515 y=6.9125x + 3060 y=4.5331x + 1566 y=4.77x + 2658 y=5.9545x + 1967 y=5.8328x + 2353
R* 0.925 0.9219 0.9956 0.8832 0.9334 0.8668
CHAO1 y=2.9507x + 1174 y=2.9727x + 1125 y=2.1604x + 803 y=2.2843x + 1042 y=2.762x + 851.9 y=2.626x + 999.2
R* 0.947 0.9589 0.9703 0.9428 0.9963 0.9244
Jack y=4.1019x + 879 y=3.7798x + 783 y=2.9571x + 808 y=5.6858x + 43.57 y=3.4589x + 686.8 y=3.99670x + 622.7
R* 0.8957 0.9588 0.884 0.582 0.986 0.7071
PA PB PC PD PS PT
OTU y=0.5593x + 69.80 y=0.5407x + 75.79 y=0.4667x + 71.24 y=0.5018x + 67.66 y=0.5174x + 67.97 y=0.5172x + 70.49
R 0.9953 0.9946 0.9947 0.9956 0.9955 0.9887
ACE y=4.6909x + 1555 y=3.9881x + 1605 y=3.5785x + 951.8 y=3.8154x + 1392 y=3.7436x + 1681 y=3.9633x + 1437
R 0.9327 0.9329 0.9507 0.9604 0.9275 0.9206
CHAO1 y=2.1287x + 777.5 y=1.9276x + 780.0 y=1.6977x + 467.8 y=1.8081x + 639.32 y=1.8205x + 725.2 y=1.8765x + 677.9
R 0.9571 0.9605 0.9708 0.9821 0.9597 0.9499
Jack y=3.0076x + 574.5 y=2.8068x + 706.6 y=2.3558x + 325.1 y=2.6508x + 459.5 y=3.2872x + 334.9 y=2.8217x + 480.1
R 0.9685 0.9187 0.9764 0.9473 0.8911 0.9139
OA OB OoC OD oS OT
NpShannon y=0.3814In(x)+4.870 y=0.4248In(x)+4.494 y=0.3411In(x)+4.895 y=0.2992In(x)+5.133 y=0.325In(x)+5.121  y=0.3543In(x)+4.908
R* 0.7708 0.9653 0.8311 0.7049 0.647 0.7626
Shannon  y=0.8337In(x)+0.6391 y=0.8232In(x)+0.6674 y=0.7965In(x)+0.7832 y=0.7872In(x)+0.8158 y=0.8089In(x)+0.7442 y=0.8099In(x)+0.7299
R* 0.9976 0.9976 0.997 0.9979 0.9971 0.9962
Simpson'l y = 0.0874x+660 y=0.0698+459 y=0.0300x+500 y=0.0477x+505 y=0.0105x+715 y=0.0491x+568
R* 0.1693 0.4385 0.0537 0.0799 0.0013 0.0583
Coverage  y=0.0841In(x)-0.2563 y=0.0836In(x)-0.2408 y=0.1008In(x)-0.3082 y=0.1040In(x)-0.3255 y=0.0941In(x)-0.2886 y=0.0933In(x)-0.2839
R* 0.9395 0.9774 0.9821 0.9753 0.7568 0.9435
PA PB PC PD PS PT
NpShannon y=0.4363In(x)+4.045 y=0.3981In(x)+4.310 y=0.3573In(x)+4.169 y=0.4118In(x)+3.9324 y=0.3577In(x)+4.382 y=0.3922In(x)+4.168
R 0.9171 0.8145 0.898 0.8411 0.785 0.8095
Shannon  y=0.7806In(x)+0.8051 y=0.772In(x)+0.8641 y=0.7034In(x)+1.101 y=0.753In(x)+0.8571  y=0.747In(x)+0.923  y=0.751In(x)+0.910
R 0.9956 0.994 0.9944 0.9941 0.9967 0.9906
Simpson”  y=0.0534x+336 y=0.0448+386 y=0.0378x+246 y=0.0797x+232 y=0.0467x+295 y=0.0525x+299
R 0.2957 0.2618 0.5635 0.5992 0.3126 0.3151
Coverage  y=0.0915In(x)-0.2181 y=0.0983In(x)-0.2544 y=0.1095In(x)-0.2536 y=0.1018In(x)-0.2279 y=0.1052In(x)-0.2684 y=0.1013In(x)-0.2445
R 0.9566 0.9145 0.9552 0.9237 0.9496 0.9121
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their soil textures. Bacterial communities from the DNA
mixtures and the DNA samples of the soil mixtures (OD,
PD, OS, PS) had medium richness compared with other
samples, implying that bacterial richness was equalized by
mixing soil or DNA samples. In the tested range of se-
quence reads, all rarefaction curves reached a plateau (Fig. 1).
In a previous study, rarefaction curves were also not saturated
in soil bacterial communities with >25,000 reads (Nacke et

al., 2011). It may be hard for high-throughput pyrosequenc-
ing to capture all the diversity of a soil bacterial community.

a-Diversity analyses showed that observed OTUs and Good’s
coverage were highly dependent on sequence read numbers
(Fig. 2). OTU and Good’s coverage should reach certain
thresholds, but they increase as sequence reads increase
(Fig. 2). Richness estimates and diversity estimates were also
variable depending on sequence read numbers (Figs. 3 and 4).

Table 2. Bacterial diversity analysis by targeting 16S rRNA gene

Sample Method n  Target Enzyme SeIZ?l.eSlfce I%;ll(i iy(;; ACE Chao Shannon Ref.
Sandy loam between trees 1 8F-1492R 37 7£0.5 - - 2.405
Sandy loam rhizosphere Culture® 1 8F-1492R  Rsal+ 37 14 - - 3.254 Dunbar et al.
Cinder between trees 1 8F-1492R BstUI 37 7+0.6 - - 1.541 (1999)
Cinder rhizosphere 1 8F-1492R 37 15+1.6 - - 3.337
Sandy loam between trees 1 8F-1492R - 190 150£1.3 - - 7.067
Sandy loam rhizosphere . . 1 B8F-1492R - 190 147+4.3 - - 7.092 Dunbar et al.
) Cloning
Cinder between trees 1 8F-1492R - 190 127+2.3 - - 6.612 (1999)
Cinder rhizosphere 1 8F-1492R - 190 150 - - 7.018
Sandy loam between trees 4 8F-1492R Haelll, - 22.0+8.0 - - 4.08+0.51
Sandy loam rhizosphere , 4 8F-1492R  Hhal, - 20.3+5.9 - - 3.9240.41 Dunbar et al.
) TRELP
Cinder between trees 4 8F-1492R  Mspl, - 18.5%5.0 - - 3.80+0.28 (2000)
Cinder rhizosphere 4 sp149r  Rdl 19.8+10.2 - - 3.81:£0.63
Maize field, Brazil 1 V9 = 26140 2369 4888 5021 =
Sugarcane field, Florida = 1 V9 - 28328 2700 5820 5666 - Roesch et al.
Campus, Illinois e T , 31818 2692 5890 6040 - (2007)
Boreal forest, Ontario 1 V9 - 53533 5543 13329 20244 -
Unmanaged beech forest 3 V2-V3 - 27642+1374 173441254  3794+406 38244397 5.78+0.19
Fertilized grassland 3 V2-V3 - 21808+3153  1134+1301  2828+1333  2887%1277 5.75£0.25
Fertilized pasture 3 V2-V3 = 26363+3249  1498+1648 2650550 2720+453 5.70£0.10  Nacke et al.
Beech forest Pyro 3 V2-V3 - 26954+2989  1134+1669 3600+926 36394921 5.63£0.22 (2011)
Spruce forest 3 V2-V3 = 27881+5584  1509+1584 2089+581 2195+560 5.43%0.60
Unfertilized pasture 3 V2-V3 - 29555+2653  1302+1482 20821157  2226%1074 5.20+£0.38
Heavymetalsites® 5 VI-V3 - 1300 221 - 354 -
Heavymetalsites-WT® Pyro 5 VI-V3 . 1300 421 = 836 = H(‘;ro‘itl?l'
Heavymetalsites-GM* 5 VI-V3 - 1300 547 - 1188 -
Soils under ambient CO2 12 V4-V5 - 25014387  847+109 - - 6.04+0.13  Deng ef al.
Soils under elevated CO2 B vavs - ampasl9 s01s122 - - 598+0.16  (2012)
Tundra soil, organic0-2cm  TRFLP 11 27F-927R Hhal - 45.7+4.2 - - 3.47+0.12
Tundra soil, mineral 5 cm TRFLP 13 27F-927R - 43.0+8.4 - - 3.35+0.21 Lee et al.
Tundra soil, organic 0-2cm®  Pyro 1 VI-V3 - 832 465 2027 1140 5.76 (2013)
Tundra soil, mineral 5 cm* Pyro 1 VI1-V3 - 2190 1085 4895 2893 6.48
Oak forest soils 5 VI-V3 - 6650+£1683  3987+1028 27052+8552 13022+3866  7.78+0.25
Pine forest soils 5 VI-V3 = 7034+827 34744301  18558+1401 9828+1091  7.49+0.140
Oak forest soils 25 V1-V3 - 4000 2468+111  24417+4798 11049+1539  7.37+0.08
Pine forest soils 25 V1-V3 = 4000 2099+130 164731762  7888+756 7.06£0.12
Oak forest soils 25 V1-V3 - 1500 1065£35 13818+3153 58571972 6.68+0.06
Pine forest soils 25 V1-V3 = 1500 929+56 9141+1855 4111+626 6.44+0.12 .
: Pyro This study
Oak forest soils 25 V1-V3 - 500 404+13 6378+2559 2724+866 5.85%0.06
Pine forest soils 25 V1-V3 = 500 363+22 4039+1114 1882+387 5.67%0.10
Oak forest soils 25 V1-V3 - 100 91+3 2117+2301 1001£735 4.46+0.06
Pine forest soils 25 V1-V3 = 100 88+4 1053+854 596+239 3.85+0.03
Oak forest soils 25 V1-V3 - 50 48+1 707+355 424+139 3.77%0.07
Pine forest soils 25 V1-V3 = 50 45+2 734+1039 3761278 6.44+0.12

* Diversity indices derived from RELP profiles using Rsal-BstUI
® Averages of diversity indices from TREP profiles using Haelll, Hhal, Mspl, and Rsal
© Heavy metal-contaminated sites planted with no poplar, wild type poplar (WT), and genetically-modified poplar (GM)

DNA from a soil mixture.
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Regression analysis was performed to investigate the nume-
rical relationships between sequence read numbers and each
a-diversity indices. Bacterial richness estimates (ACE, Chao
1, and Jack) of the forest soils had positive linear relation-
ships with the sequence read number (Table 1), where the
oak soils had stronger correlations than the pine soils. The
inverse Simpson index, a transformed form of the Simpson
index, is a commonly used index in application because it is
equal to the true diversity of order 2 (Hill, 1973; Jost, 2006).
Bacterial diversity estimates (NPShannon, Shannon and the
inverse Simpson) of the forest soils were also positively cor-
related with the sequence read number (Table 1). One-way
ANOVA shows that sequence resolution significantly affected
the a-diversity indices (P<0.05), but soil heterogeneity did
not affect the a-diversity indices (P>0.05), showing that sam-
pling strategies does not make significant difference in a-
diversity analyses on complex soil bacterial communities.

In previous richness and diversity analyses on bacterial com-
munities (Table 2), bacterial richness and diversity estimates
were calculated and compared without any normalization
of sequence reads. Because bacterial richness and diversity
estimates are highly dependent on sequence read numbers,
it is necessary to construct multiple random subsets of the
same size and to compare the average estimates of the sub-
sets with the values of interest when it comes to comparing
richness and diversity estimates from different sources (Jung
et al., 2014a, 2014b).

Richness and diversity estimates have also been calculated
from various community characterization methods such as
bacterial cultivation (Dunbar et al., 1999), cloning and se-
quencing (Dunbar et al., 1999), and T-RFLP (Dunbar et al.,
2000; Lee et al., 2013) (Table 2). For those diversity estimates
from different microbial ecological methods, great care is
required for comparative diversity analysis. In a previous
study on four forest soils, two bacterial community diver-
sities from DNA sequencing of cultivated cells and direct
DNA sequencing were compared for data calibration between
two methods (Dunbar et al., 1999) (Table 2). Though both
methods showed the same site-specific characteristics, signi-
ficant discrepancies were observed in a-diversity estimates
and phylotypes. T-RFLP was applied to the same samples,
and it showed that T-RFLP did not provide reliable diver-
sity measures (Dunbar et al, 2000). Diversity estimates were
highly dependent on the restriction enzyme and were not
consistent in each sample. However, average estimates of
multiple T-RFLP sets showed a concurrent site-specificity
as the two methods above, indicating that T-RFLP can be
an effective comparative diversity analysis tool among low-
resolution methods (Dunbar et al., 2000). However, diver-
sity estimates were very different between T-RFLP and py-
rosequencing analysis, as revealed by Tundra soil study (Lee
et al., 2013), suggesting that comparative diversity analysis
between a low-resolution T-RFLP and a high-resolution
pyrosequencing should be avoided.

DNA concentrations of the pine forest soil (537 + 172 ng/ul)
were more variable than those of the oak forest soils (565 +
71 ng/ul), with a total average DNA concentration of 551 +
125 ng/pl (Supplementary data Table S2). Absorbance ratios
(OD260/0D280) in the pine forest soils (1.78 + 0.06) were
generally lower than those of the oak forest soils (1.91 + 0.01).

109,411 sequences (=300 bp) were recovered from pyrose-
quencing. 63 *+ 2% in total sequences were classified into the
bacteria domain. One-way ANOVA shows that DNA quality
did not affect sequence read numbers. The average num-
bers of bacteria sequences and observed OTU were 6,842 +
1,267 and 3,731 + 763 per sample, respectively, where the
observed OTU number was ~55% of the bacterial sequence
number (Supplementary data Table S2). Previous soil studies
utilizing the 454 pyrosequencing platform produced 4-5
times more sequence reads with fewer OTUs than those in
our study, where different hyper-variable regions of shorter
lengths were targeted. In one forest soil study with sequence
lengths of ~100 bp, the average number of bacterial se-
quences was 34,955 + 3,326, and the observed OTU number
was 3,326 + 1,486 (9.5%) (Roesch et al., 2007). In another
soil study with a minimum read length of >200 bp, the
average number of bacterial sequences was 26,700 + 3,778,
and the observed OTU number was 1,415 + 283 (5.3%)
(Nacke et al., 2011). Despite the smaller size of sequence
data sets than these previous two studies, our data detected
more bacterial diversity. This suggests that the pyrosequen-
cing platform in our study generated high-quality data by
capturing more diversity with less sequencing effort.
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