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Pyrosequencing-based 16S rRNA gene surveys are increasingly utilized to study highly diverse bacterial
communities, with special emphasis on utilizing the large number of sequences obtained (tens to hundreds of
thousands) for species richness estimation. However, it is not yet clear how the number of operational
taxonomic units (OTUs) and, hence, species richness estimates determined using shorter fragments at different
taxonomic cutoffs correlates with the number of OTUs assigned using longer, nearly complete 16S rRNA gene
fragments. We constructed a 16S rRNA clone library from an undisturbed tallgrass prairie soil (1,132 clones)
and used it to compare species richness estimates obtained using eight pyrosequencing candidate fragments
(99 to 361 bp in length) and the nearly full-length fragment. Fragments encompassing the V1 and V2 (V1+V2)
region and the V6 region (generated using primer pairs 8F-338R and 967F-1046R) overestimated species
richness; fragments encompassing the V3, V7, and V7+V8 hypervariable regions (generated using primer pairs
338F-530R, 1046F-1220R, and 1046F-1392R) underestimated species richness; and fragments encompassing
the V4, V5+V6, and V6+V7 regions (generated using primer pairs 530F-805R, 805F-1046R, and 967F-1220R)
provided estimates comparable to those obtained with the nearly full-length fragment. These patterns were
observed regardless of the alignment method utilized or the parameter used to gauge comparative levels of
species richness (number of OTUs observed, slope of scatter plots of pairwise distance values for short and
nearly complete fragments, and nonparametric and parametric species richness estimates). Similar results
were obtained when analyzing three other datasets derived from soil, adult Zebrafish gut, and basaltic
formations in the East Pacific Rise. Regression analysis indicated that these observed discrepancies in species
richness estimates within various regions could readily be explained by the proportions of hypervariable,

variable, and conserved base pairs within an examined fragment.

Culture-independent 16S rRNA gene surveys are now rou-
tinely utilized to examine the microbial diversity in various
environmental habitats. However, in surveys of highly diverse
ecosystems, the size of clone libraries typically constructed
(100 to 500 clones) allows for the identification only of mem-
bers of the community that are present in high abundance (2,
13, 14, 17, 24, 51). In addition to the failure to detect the rare
members of the ecosystem, these relatively small datasets
provide inaccurate estimates when used for computing spe-
cies richness within an ecosystem. Regardless of the ap-
proach utilized to estimate species richness, the estimates
obtained are highly dependent on sample size, and smaller
datasets typically result in the underestimation of species
richness (14, 44, 47, 55).

The use of a pyrosequencing-based approach (40) in 16S
gene-based diversity surveys promises to overcome both of the
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above-mentioned problems associated with inadequate sam-
pling. The large number of 16S rRNA gene sequences pro-
duced (hundreds of thousands) allows access to rare members
of the community (25; J. M. Tiedje, presented at the 108th
General Meeting of the American Society for Microbiology,
Boston, MA, 2008), as well as a relatively more accurate esti-
mation of species richness. However, with the introduction of
this new technology, it is necessary to correlate the results
obtained from newer pyrosequencing-based surveys to the ex-
tensive collection of longer, capillary sequence-generated 16S
rRNA gene sequences that has been deposited in public data-
bases during the last 2 decades. Several recent studies have
examined the utility of pyrosequencing fragments in providing an
accurate survey of overall community structure (36) and investi-
gated the ability of various fragments spanning the 16S rRNA
gene to accurately predict the phylogenetic affiliation of pyrose-
quencing-generated fragments at various taxonomic cutoffs (35,
54). As such, these admirable efforts gave useful insights into the
advantages and limitations of the pyrosequencing approach in
16S-based community surveys, pinpointed specific regions that
provide better phylogenetic resolution than other pyrosequenc-
ing-generated regions, and provided a quantitative assessment of
binning accuracy at various empirical cutoffs.
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However, while issues regarding correlating phylogenies of
shorter and longer fragments are actively being addressed,
efforts to calibrate species richness data obtained from various
pyrosequencing fragments at various taxonomic cutoffs to es-
timates obtained using longer 16S rRNA gene fragments are
still lacking. It is unclear how pairwise distances and, hence,
operational taxonomic unit (OTU) assignments and species
richness estimates computed using various shorter fragments
spanning various regions of the 16S rRNA gene will correlate
to pairwise distances computed using the nearly complete 16S
rRNA gene. Elucidating such differences between shorter and
nearly complete fragments, as well as between shorter frag-
ments representing different regions in the 16S rRNA gene, is
absolutely necessary for accurate meta-analysis of species rich-
ness in previously published and future datasets constructed
using various sequencing approaches.

Here, we constructed, sequenced, and analyzed a 16S rRNA
library of 1,132 clones generated from an undisturbed tallgrass
prairie soil in central Oklahoma and compared the numbers of
OTUs and species richness values obtained using the full-
length data sets (with and without the application of the Lane
mask filter that excludes hypervariable regions from the phy-
logenetic analysis) (32) and fragments simulating pyrosequenc-
ing output generated by clipping where known conserved bac-
terial primers are encountered in the 16S rRNA gene. The
lengths of the chosen simulated-pyrosequencing fragments
represent amplicons that have been generated using the orig-
inal GS20 pyrosequencing platform (=100 bp) (25, 44, 48),
similar to those currently being generated using the GS FLX
pyrosequencing platform (=250 bp) (1, 20, 35) or amplicons
produced using the anticipated increase in the new GS XLR
pyrosequencing platform (>250 bp). We show that the choice
of the pyrosequenced fragment could indeed impact the num-
ber of OTUs calculated at different taxonomic cutoffs, with
some fragments underestimating and others overestimating
such parameters compared to the results with longer, nearly
complete 16S rRNA gene fragments. We also show that even
more marked differences could be encountered when compar-
ing two pyrosequencing fragments within the same molecule.
Further, we established a regression analysis that explains the
nature of the observed discrepancies using the proportions of
the hypervariable, variable, and conserved bases within frag-
ments.

MATERIALS AND METHODS

Sampling and library construction. A clone library, designated Soil-Okla-A,
was constructed from undisturbed tallgrass prairie soil in central Oklahoma. The
area is part of the Kessler Farm Field Laboratory research station in McClain
County, OK (34° 58’ 31.74" N, 97° 31’ 18.05" W). Details of the soil structure and
chemistry have previously been reported in a separate report that examined
novelty and uniqueness patterns in Kessler Farm soil using a different 16S rRNA
clone library (18). Samples were collected from the top 5 cm of soil in April 2005
and stored on dry ice while being transferred to the laboratory, where they were
stored at —20°C upon arrival. DNA was extracted by using a FastDNA spin kit
for soil (MP Biomedicals, Solon, OH), and the nearly complete 16S rRNA gene
was amplified using primers 8F (5" AGAGTTTGATCMTGGCTCAG 3') and
1492R (5" ACCTTGTTACGACTT 3’) in a 50-pl reaction mixture containing
(final concentration) 2 pl of extracted DNA, 1X PCR buffer (Invitrogen), 2.5
mM MgSO,, 0.2 mM deoxynucleoside triphosphate mixture, 2.5 U platinum Taq
DNA polymerase (Invitrogen), and 10 pM each of the forward and reverse
primers. PCR amplification was carried out according to the following protocol:
initial denaturation for 5 min at 95°C, followed by 20 cycles of denaturation at
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95°C for 45 s, annealing at 52°C for 45 s, and elongation at 72°C for 1.5 min, with
a final elongation step at 72°C for 15 min. The PCR products obtained were
cloned into a TOPO-TA cloning vector according to the manufacturer’s instruc-
tions (Invitrogen Corp., Carlsbad, CA). Sequencing of cloned inserts was con-
ducted at the Advanced Center for Genome Technology (Norman, OK) as
previously described (17). Chimeric sequences were identified by using Chimera
check with the Bellerophon (version 3) function on the Greengenes web server
(11). Twenty-nine sequences were identified as potential chimeras and removed
from the data set.

Alignments and phylogenetic classification. The nonchimeric sequences
(1,132 clones) were aligned by utilizing a pairwise alignment approach using the
ClustalX program (50). ClustalX performs a progressive pairwise alignment that
is generally regarded as a more accurate approach than aligning sequences to a
preexisting alignment database, e.g., Greengenes NAST aligner and the RDP
database (8, 10). Nevertheless, pairwise alignment of the large number of frag-
ments generated by pyrosequencing is computationally a daunting task. For
example, for a 100,000-sequence data set, pairwise alignment will necessitate the
generation of ~10'° pairs of alignments. Pyrosequencing studies currently rely
on aligning sequences against core sets of sequences in public databases. There-
fore, in addition to ClustalX alignments, we generated a NAST alignment (10) in
the Greengenes web server to compare the number of OTUs generated using a
more accurate approach to the number generated by a more commonly used
approach. The NAST aligned sequences were also used for determining the
phylum-level affiliations of clones according to Hugenholtz taxonomy framework
in the Greengenes classifier (11).

Clipping of shorter frag ts to simulate pyroseq ing. The aligned nearly
full-length sequence file was imported to the Jalview program (7) to clip short
sequences representing candidate regions for pyrosequencing using known con-
served bacterial primers and with a suitable size for past, current, and near-future
pyrosequencing platform capabilities (read length of 99 to 361 bp). These the-
oretical amplicons contain one or more of the variable regions V1 to V8 of
the 16S rRNA molecule (see reference 41 for a canonical representation of the
prokaryotic 16S rRNA gene molecule and the location of each of these variable
regions within it). The forward and reverse primers used, length, and variable
regions encompassed are shown in Table 1 for each of the eight short simulated
fragments studied, as well as for the nearly full-length fragment.

Distance matrix generation and OTU assignments. Both the ClustalX and
NAST-aligned files for the nearly full-length fragments, as well as the eight short
fragments, were imported to Paup (Sinauer Associates, Inc., Sunderland, MA) to
create full-distance matrices by using the “Create distance matrix” function
within the program. The distance matrix was generated using the following
parameters: Distance setting with F84 correction and a transition/transversion
ratio of 2:1. Distance matrices generated using slightly different parameters (e.g.,
Distance setting with Jukes-Cantor correction, Kimura-2 correction, or Maxi-
mum likelihood correction) provided slightly different pairwise distance values
and, hence, slightly different numbers of OTUs at different taxonomic cutoffs.
However, the percent difference in OTU numbers obtained using each of the
above-mentioned methods never exceeded 6.9% (range, 0.17% to 6.9%) and so
the values presented satisfactorily represent pairwise distances of longer frag-
ments.

The ratio of the number of OTUs obtained with any short region to the
number of OTUs obtained with the nearly full-length region (referred to as the
OTU ratio) was used as an indicator of whether a specific region overestimated
or underestimated the number of OTUs compared to the results for the nearly
full-length sequences. In addition, the distance matrix obtained was used to
construct scatter plots between pairwise distance values of all possible pairs in
the nearly full-length datasets (x axis) and the corresponding distances in each of
the short regions (y axis), and the slopes of regression lines forced through the
origin were calculated (see Fig. S1 in the supplemental material as an example of
such plots). The values of the slopes for different regions indicate whether a
specific region would over- or underestimate species richness compared to the
results for the nearly full-length fragment. A slope value of around 1 suggests
that the pyrosequencing fragment examined would give estimates of OTU num-
bers and, hence, species richness comparable to those obtained with the full-
length fragment. A value greater than 1 suggests that a pyrosequencing fragment
overestimates diversity, while a slope value of less than 1 suggests the opposite.

Species richness estimates using parametric and nonparametric approaches.
Since pyrosequencing-generated datasets are commonly used for species richness
estimation (25, 44, 48), we sought to investigate whether the observed effect on
the number of OTUs and the slopes of scatter plots of using the short pyrose-
quencing-simulating fragments would also apply to estimates of species richness.
We estimated species richness using various approaches and compared the
estimates obtained using each of the short fragments to those obtained using the
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TABLE 1. Sequences of forward and reverse primers, variable sites encompassed, and base composition for the short, pyrosequencing-
simulating regions studied and the nearly full-length fragment

% of bases that are:

Bases Forward primer Reverse primer Region _ References
\% HV C

27-355 AGAGTTTGATCMTGGCTCAG ACTCCTACGGGAGGCAGC V1+V2 47 18 35 4, 38, 39
338-548 GCTGCCTCCCGTAGGAGT AATACGGAGGGTGCAAGCGT V3 44 14 42 4, 38
530-826 ACGCTTGCACCCTCCGTATT GGATTAGATACCCTGGTAGTC V4 57 5 38 4, 38
805-1065 GACTACCAGGGTATCTAATCC AGGTGCTGCATGGCTGT V5+V6 49 10 41 21, 30, 38
967-1065 CAACGCGAAGAACCTTACC AGGTGCTGCATGGCTGT A 45 19 36 21, 30
967-1238 CAACGCGAAGAACCTTACC GTAGCRCGTGTGTMGCCC V6+V7 44 9 47 21, 30, 31
1046-1238 ACAGCCATGCAGCACCT GTAGCRCGTGTGTMGCCC \'Z 40 3 57 21, 30, 31
1046-1406 ACAGCCATGCAGCACCT GACGGGCGGTGWGTRCA V7+V8 43 5 52 21, 30, 39
8-1492¢ AGAGTTTGATCMTGGCTCAG ACCTTGTTACGACTT 51 10 39 34, 39,53

“ Nearly full-length fragment.

nearly full-length fragment. We used DOTUR (46) to estimate species richness
in all fragments examined using the nonparametric Chao and ACE estimators
(6). We also used six different parametric distributions to fit the frequency data
by the method of maximum likelihood, using a downloadable program (http:
//www stat.cornell.edu/~bunge/software.html) according to the criteria described
previously (55). As previously observed (23, 29, 49, 55), the parametric model of
mixture of two exponentials—mixed Poisson was the model that best fit the
frequency data in all the datasets (the eight short pyrosequencing-simulating
datasets, as well as the nearly full-length data set) and, hence, was used to
estimate species richness. The choice of the most appropriate approach for
species richness estimation is an issue hotly debated by microbial ecologists (29,
46), as well as macro ecologists (22, 42). Further, we understand that the sample
size analyzed in this study is far from adequate to estimate the “true” species
richness in soil. However, our goal is not to accurately determine the true species
richness in the habitats examined but to provide a comparative tool for datasets
that contain the same numbers of taxa. Under this scenario, we applied both
parametric and nonparametric methods for estimating species richness as a
comparative tool, an approach that is widely accepted in ecological studies (23,
26, 29, 49).

OTU assignments and species richness determinations for other environ-
ments. We sought to determine whether the trends observed in the Soil-Okla-A
clone library are unique to the Kessler Farm soil bacterial community, whether
they represent a general trend characteristic of other soil ecosystems, or whether
these trends will hold true in datasets derived from multiple habitats. To this end,
using three previously reported datasets derived from another soil ecosystem
(33), the digestive tract of conventionally raised adult zebrafish (43), and an
endolithic and epilethic microbial community on basalt formations on the ocean
floor (45), we determined the numbers of OTUs, slopes of scatter plots, and
various species richness estimates using nearly full-length fragments and each of
the eight candidate shorter pyrosequencing fragments as described above for the
Soil-Okla-A clone library. All three datasets were generated using the same
primer pair (8F and 1492R) that was also used to generate the Soil-Okla-A clone
library, thus eliminating possible primer base bias or bias due to variations in the
lengths of the amplicons produced.

Regression analysis. As elaborated by Baker et al. (3) and Van de Peer et al.
(52), the 16S rRNA molecule encompasses variable regions with bases that are,
depending on the specific nucleotide substitution rate (v;) (3, 52), either totally
conserved (v; = 0), conserved (v; = 107%9% to 107 %4%%), variable (v; = 107 %4%
to 10°37%), highly variable (v; = 10°°7%), or >75% variable (present in Esche-
richia coli but absent in >75% of other bacteria). We hypothesized that the
differences in the values of the slopes of pairwise distance scatter plots of
different regions are due to differences in the frequency of base variability within
each region. For each region, we determined the number of highly conserved and
conserved bases (C), the number of variable bases (V), and the number of highly
variable and >75%-variable bases (HV) as outlined by Baker et al. in reference
3. The percentages of C, V, and HV bases are shown in Table 1 for all the
regions. To pinpoint the effect of base variability on the values of the slope, we
calculated the Pearson correlation coefficient between the slope values and the
numbers of bases (C, V, and HV), their ratios relative to the total (C/total,
V/total, and HV/total), and all possible ratios (i.e., C/V, C/HV, V/C, V/HV,
HV/C, and HV/V). We also calculated the Pearson correlation coefficient be-
tween the slope value and the length of the region. Since none of the above
correlation coefficients exceeded 0.85, we sought to use multiple regression to
correlate several variables to the values of the slope. Combinations of two or

more of the above ratios were used in MS Excel using the function “Linest.”
Multiple regression models were evaluated by comparing the values of slopes
predicted by the model to the actual values. The model that best described the
variations in the slope was the one that showed the highest Pearson correlation
coefficient between actual and predicted slope values.

Nucleotide sequence accession numbers. Sequences generated in this study
were deposited in GenBank under accession numbers FJ478473 to FJ479604.

RESULTS

Composition of Soil-Okla-A clone library. An examination
of the 1,132 nearly full-length clones indicated that the Soil-
Okla-A library displays a phylum-level community structure
that is fairly typical of soils, with the nine major phyla often
encountered in soil (Proteobacteria, Actinobacteria, Acidobac-
teria, Chloroflexi, Verrucomicrobia, Bacteroidetes, Planctomyce-
tes, Gemmatimonadetes, and Firmicutes [28]) representing
95.2% of the clones in the library (Fig. 1). Compared to a
previously published meta-analysis of multiple soil clone librar-
ies (28), as well as a recently published quantitative PCR quan-
tification of six different major bacterial phyla in 71 unique
soils using group-specific quantitative PCR primers (19), the
Soil-Okla-A clone library appears to be comparatively rich in
Gammaproteobacteria, Alphaproteobacteria, and members of

Acidobacteria
Actinobacteria
o Proteobacteria
3 Proteobacteria
Chloroflexi
B Proteobacteria
Verrucomicrobia
Planctomycetes
Bacteroidetes
v Proteobacteria
SPA

Firmicutes
Gemmatimonadetes
WS3
Entothionella
OP10
Chloroplasts

M

t t
0 5 10 15 20 25
Percentage of clones

FIG. 1. Phylum-level composition of the Soil-Okla-A clone li-
brary.
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TABLE 2. Numbers of OTUs obtained using different methods of alignment at different taxonomic cutoffs with long and short sequences
from the Soil-Okla-A clone library”

No. of OTUs at indicated taxonomic cutoff (%)

. Alignment
Region” g Slope©
¢ method 3 6 8 10 15 b

V1+V2 NAST 652 499 407 345 233 1.2
Clustal 609 452 376 323 216

V3 NAST 495 331 261 203 122 0.88
Clustal 499 359 259 223 132

V4 NAST 619 414 327 267 158 0.97
Clustal 616 423 340 281 183

V5+V6 NAST 570 393 328 267 166 1
Clustal 573 403 334 282 191

A% NAST 584 479 418 370 283 1.67
Clustal 545 500 438 371 231

V6+V7 NAST 514 375 300 241 142 0.98
Clustal 575 391 312 278 172

V7 NAST 340 194 149 112 61 0.6
Clustal 387 205 156 99 75

V7+V8 NAST 412 241 187 143 73 0.65
Clustal 478 257 198 156 87

NFL NAST 639 397 306 242 135 NA
Clustal 610 415 300 244 140 NA

LM NAST 424 263 195 157 84 ND

“ The results of the Clustal and NAST alignment methods at five different taxonomic cutoffs were compared using the nearly full-length sequences with and without
the Lane mask filter and each of the eight studied short, pyrosequencing-simulating regions from the Soil-Okla-A clone library.

® NFL, nearly full-length sequence (primer pair 8F-1492R); LM, nearly full-length region with the Lane mask applied.

¢ Slopes of regression lines constructed between pairwise distances in the short, pyrosequencing-simulating regions versus the nearly full-length regions and forced

through the origin. NA, not applicable; ND, not determined.

candidate division SPAM (Spring Alpine Meadow) and com-
paratively poor in members of the Firmicutes.

Comparison of numbers of OTUs obtained using nearly
complete and shorter fragments. Table 2 shows the number of
OTUs obtained when the nearly full-length and the eight short
pyrosequencing-simulating sequences were aligned using both
pairwise alignment (using ClustalX) and multiple alignment
(using the NAST alignment tool on the Greengenes web
server). In general, the numbers of OTUs obtained following
pairwise alignment were slightly higher than those obtained
using NAST alignment (with the exception of the region en-
compassing V1 and V2 [the V1+V2 region]). However, the
percent difference in the number of OTUs following either
alignment approach was within 15% in most cases (Table 2).
More importantly, the OTU ratios were comparable for long
and short fragments following either method of alignment (see
Table S1 in the supplemental material). Therefore, while pair-
wise alignment of sequences is known to give more accurate
results than multiple alignment since each possible pair of
sequences is aligned separately, the effect of the method of
alignment on OTU assignment seems to be minimal. Since
multiple alignments (e.g., NAST alignment) are becoming the
method of choice with the increase in the number of sequences
generated using pyrosequencing, we used the NAST-aligned
file for further analysis.

The OTU ratios, as well as the slopes of scatter plots be-
tween pairwise distances in each of the eight shorter regions
and the nearly full-length fragment, were in general agreement
in describing the relationship between long and short frag-
ments. Following NAST alignment, the number of OTUs
obtained using short simulated fragments ranged from 0.44
(V7-encompassing fragment at 15% cutoff) to 2.10 (V6-en-
compassing fragment at 15% cutoff) times the values obtained

using the entire nearly complete longer 16S rRNA amplicon.
This suggests that pyrosequencing could change our estimates
of OTU numbers more than twofold in either direction. An
even larger disparity could be detected when comparing the
results for two pyrosequencing fragments with each other, a
very plausible scenario with the anticipated future accumula-
tion of pyrosequencing data. The numbers of OTUs obtained
under this scenario differed as much as 4.64-fold (difference
between the V6-encompassing fragment and the V7-encom-
passing fragment at the 15% taxonomic cutoff).

The comparison of the OTU estimates for each of the sim-
ulated fragments to those for the nearly full-length fragments
at different taxonomic cutoffs, as well as the slopes of scatter
plots (Table 2), indicates that, in general, fragments encom-
passing the V1+V2 regions and fragments encompassing the
V6 region overestimated the number of OTUs at all taxonomic
cutoffs (Table 2). On the other hand, fragments encompassing
the V3, V7, and V7+V8 regions underestimated OTU num-
bers at all taxonomic cutoffs (Table 2). Fragments encompass-
ing the V4, V5+V6, and V6+V7 (a composite of an overesti-
mating fragment and an underestimating fragment) regions
gave OTU numbers that were, in general, comparable to those
obtained with the full sequence, as further evidenced by slope
values of 0.97, 1, and 0.98, respectively, as well as by the fact
that many of the OTU numbers at multiple cutoffs (12 out of 15)
were within 15% of the OTU numbers obtained using the nearly
full-length sequence (see Table S1 in the supplemental material).

It is important to note that these results were obtained by
comparing the result for a specific pyrosequencing fragment to
the result for the nearly complete 16S rRNA gene sequence
with no filtration of hypervariable regions conducted prior to
OTU assignments. Filtering hypervariable regions in nearly
complete fragments prior to the generation of a distance ma-
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TABLE 3. Species richness estimates obtained using long and short sequences from the Soil-Okla-A clone library at different

taxonomic cutoffs®

Species richness

Species richness (mean + SD) at indicated taxonomic cutoff (%)

Region”

estimation method 3 6 3 10 15
V1+V2 Chao 1,874 + 198 1,256 = 151 802 = 89 682 = 86 397 = 57
ACE 2,041 = 209 1,169 = 105 797 = 68 649 = 60 380 = 38
Parametric 4,589 = 178 2,360 = 94 1,616 = 70 1,275 + 59 737 = 41
V3 Chao 1,050 = 107 602 = 72 418 = 52 303 = 41 145 + 17
ACE 1,098 = 94 562 + 46 387 = 31 286 = 25 147 = 13
Parametric 2,273 =91 1,397 + 68 686 = 34 627 = 37 190 = 11
V4 Chao 1,704 + 182 908 = 110 611 = 74 464 = 60 211 = 28
ACE 1,848 = 171 913 = 86 624 = 60 455 = 44 206 = 19
Parametric 3,428 = 125 2,223 = 100 1,034 + 48 792 = 40 305 = 17
V5+V6 Chao 1,479 + 161 784 = 91 674 = 95 546 = 91 225 + 30
ACE 1,576 = 147 785 = 69 594 + 54 451 = 44 219 = 19
Parametric 2,759 = 125 1,539 + 68 1,129 + 53 904 = 46 324 + 17
Vo6 Chao 1,503 + 158 1,031 = 109 806 = 85 736 = 89 481 = 60
ACE 1,728 = 164 1,062 = 94 827 =170 716 = 64 454 + 39
Parametric 3,179 = 121 2,302 = 95 1,488 + 62 1,407 = 63 845 + 41
V6+V7 Chao 1,246 + 139 669 = 69 494 + 57 390 = 52 187 = 25
ACE 1,264 = 115 704 = 60 479 + 39 370 = 33 193 =20
Parametric 2,688 = 108 1,684 =79 1,023 = 50 865 *+ 48 292 = 19
\% Chao 660 = 82 329 = 56 209 = 32 149 + 25 76 * 20
ACE 665 = 63 298 = 31 200 = 20 148 = 18 75 £ 12
Parametric 1,209 = 57 547 + 32 343 + 22 207 =13 91 +7
V7+V8 Chao 796 *+ 85 373 += 44 266 = 33 206 = 32 94 + 22
ACE 807 = 68 381 = 36 276 *= 28 206 = 25 91 £13
Parametric 1,959 + 87 706 = 38 383 = 20 288 = 17 123 + 10
NFL Chao 1,631 = 161 805 = 95 510 = 57 429 + 63 197 + 34
ACE 1,833 = 179 752 = 64 517 =45 411 = 42 192 =23
Parametric 2,819 = 98 1,790 = 80 1,036 = 51 912 = 52 347 + 24
LM Chao 868 = 99 455 = 60 310 = 46 230 = 35 125 + 35
ACE 840 = 70 448 = 43 299 = 31 229 = 25 114 = 18
Parametric 2,183 = 96 953 = 52 463 + 25 382 =24 187 = 16

“ Species richness estimates were obtained using the nearly full-length sequences with and without the Lane mask filter and each of the eight studied short,
pyrosequencing-simulating regions from the Soil-Okla-A clone library at five different taxonomic cutoffs.
® NFL, nearly full-length region (8F-1492R); LM, nearly full-length region with the Lane mask applied.

trix will significantly alter the pairwise distance values and,
hence, the OTU assignments obtained. Examples of such fil-
ters include the Lane mask (32) and the Position variability by
parsimony mask, available in the ARB software package (37).
An examination of previously published 16S rRNA gene sur-
veys showed that some studies did not apply filters for distance
matrix generation or tree construction (15, 16), some applied
filters only for the construction of phylogenetic trees but not
for distance matrix generation (9, 12, 13, 17), and some applied
filters for both distance matrix generation and, subsequently,
tree construction (5, 18, 27), a process that is gaining popular-
ity with the introduction of the “Create distance matrix” option
in the Greengenes web server (11).

Therefore, in addition to comparison to the results for the
unfiltered nearly complete 16S rRNA gene sequences de-
scribed above, we determined the number of OTUs obtained
with our nearly full-length sequence data set upon application
of the Lane mask and compared it to estimates obtained with

no mask, as well as estimates obtained with the eight short
fragments. The numbers of OTUs obtained with the Lane
mask were only 0.62 to 0.70 times the original number obtained
with no Lane mask (Table 2). The estimates obtained using all
short fragments were higher than those obtained with the Lane
mask, by as much as 3.37-fold (compared to the V6 region at
the 15% cutoff), except for fragments encompassing the V7
region, which gave estimates that were 0.71 to 0.80 times those
of the nearly full-length fragment with the Lane mask, and the
V7+V8 region, which gave estimates that were very similar
(0.87- to 0.99-fold) to those of the nearly full-length fragment
with the Lane mask (Table 2).

Comparing species richness estimates with short and long
fragments at various taxonomic cutoffs in the Soil-Okla-A
clone library. Both parametric and nonparametric methods
were used to estimate species richness for the nearly full-length
data set, as well as for each of the eight short pyrosequencing-
simulating datasets. As shown in Table 3, the results of all
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three species richness estimation methods were in general
agreement with each other, as well as with the results obtained
from OTU assignments, in describing the relationship between
long and short fragments. Fragments encompassing the
V1+V2 regions and fragments encompassing the V6 region
overestimated species richness at all taxonomic cutoffs (Table
3); fragments encompassing the V3, V7, and V7+V8 regions
underestimated diversities at all taxonomic cutoffs (Table 3);
and fragments encompassing the V4, V5+V6, and V6+V7
regions gave numbers that were, in general, comparable to
those obtained with the full sequence.

Estimates of species richness (average Chao, ACE, and
parametric estimates) obtained using short simulated frag-
ments ranged from 0.31 (V7-encompassing fragment at 10%
cutoff) to 2.41 (V6-encompassing fragment at 15% cutoff)
times the values obtained using the entire nearly complete
longer 16S rRNA amplicon. Estimates obtained using two dif-
ferent pyrosequencing fragments differed by as much as 6.89-
fold (between the V6-encompassing fragment and the V7-
encompassing fragment at the 15% taxonomic cutoff). With
very few exceptions, the standard deviations of the ratios
Chao, ,/Chao, ,, ACE, /ACE,,, and Parametric species rich-
ness estimate, /Parametric species richness estimate, ,, where
x,y denotes the short fragment x at cutoff y and z,y denotes the
full-length fragment at cutoff y, were within 15% (see Table S2
in the supplemental material). Therefore, while the choice of
the best species richness estimation method is critical when the
“true” species richness is being sought, it seems to have min-
imal effect when the goal is to compare estimates. In addition,
the results indicate that the use of the numbers of OTUs and
slopes of scatter plots is sufficient and comparable to species
richness estimates as a means to elucidate diversity discrepan-
cies between long and short fragments.

Comparing OTU estimates and slopes of scatter plots of
short and long fragments in libraries derived from other eco-
systems. We sought to determine whether the trends observed
in the Soil-Okla-A clone library are unique to the Kessler Farm
soil bacterial community; whether they represent a general
trend characteristic of various soil ecosystems; or whether they
hold true in multiple datasets from global, diverse ecosystems.
To this end, we repeated the calculations outlined above using
three previously reported datasets from three distinct ecosys-
tems with extremely different phylum-level community compo-
sition (see Table S4 in the supplemental material): (i) a soil
with trembling aspen, paper birch, and sugar maple trees
(1,152 clones) (33), (ii) digestive tract contents of convention-
ally raised adult zebrafish (612 clones) (library JFR0503 in
reference 43), and (iii) endolithic and epilithic microbial com-
munities inhabiting the ocean crust in the ocean floor in the
East Pacific Rise (902 clones) (45). The trends obtained from
OTU determinations and scatter plot slopes (Table 4) are
strikingly similar to those observed with the Soil-Okla-A clone
library (Table 2). The OTU ratios ranged between 0.26 (V7-
encompassing fragment at the 15% cutoff) and 1.56 (V1+V2-
encompassing fragment at the 15% cutoff) times the values
obtained using the entire amplicon in aspen soil clone libraries,
0.32 to 1.31 times the values for the entire amplicon in ze-
brafish gut clone libraries, and 0.35 to 1.67 times the values for
the entire amplicon in ocean floor communities, values that are
comparable to those obtained with the Soil-Okla-A data set.
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The results for regions that overestimated diversity (V1+V2
and V6), underestimated diversity (V3, V7, and V7+V8), or
provided comparable estimates (V4, V5+V6, and V6+V7)
were the same in the four environments (except for the V4
region in the aspen soil and the V5+V6 region in the zebrafish
gut, where they underestimated diversity) (Table 4, Fig. 2).
Further, the slope values obtained from pairwise scatter plots
were also strikingly similar in all four environments (Table 4).
Finally, comparison of species richness estimate values for
these three environments (see Table S3 in the supplemental
material) mirrored the trends obtained using OTU numbers.

Effect of taxonomic cutoff on bias associated with the use of
shorter fragments in species richness determination. We ex-
amined whether a specific short fragment would provide com-
parable performance (i.e., comparable levels of over- or un-
derestimation of OTUs and species richness) at different
putative phylogenetic cutoffs or whether such performance will
be affected by the cutoff utilized. To this end, we calculated the
OTU ratio for the four environments at each of the cutoffs of
3, 6, 8, 10, and 15% (Fig. 2). The results indicate that for
specific fragments (V1+V2 and V6), these ratios change sig-
nificantly, with a general trend of having higher ratios at higher
taxonomic cutoffs. However, this is not the case for other
fragments, where this ratio did not change significantly at all
cutoffs utilized (V3 and V4).

Elucidation of factors behind discrepancies between pair-
wise distances for short and nearly full-length sequences.
While the results presented quantify the accuracy of specific
regions for use in pyrosequencing studies at various taxonomic
cutoffs, they do not explain the underlying reasons for the
patterns observed. Since length has been shown to be an im-
portant factor in accurate determinations and utility, we sought
to determine whether amplicon length affects the pattern of
the species richness estimates (overestimation, underestima-
tion, or comparable estimates). A weak correlation (r = 0.42)
was observed between amplicon length and the slopes of pair-
wise distance graphs, taken as a measure of the species rich-
ness pattern (data not shown).

We hypothesized that since the 16S rRNA molecule has sites
with various levels of evolutionary conservation (3), the pro-
portion of these sites in a specific amplicon would impact the
pairwise distance values obtained in the data set. A fragment
with a higher proportion of variable regions than the full-
length sequence would have higher pairwise distance values,
and these differences will be reflected in a higher number of
OTUs at any given taxonomic cutoff than will be found for
other fragments with lower proportions of variable regions and
vice versa.

To this end, we used the classification put forward by the re-
views of Baker et al. (3) and Van de Peer et al. (52). In these
reviews, all base pairs in the 16S rRNA gene of E. coli have
been classified into highly conserved and conserved (C) base
pairs, variable (V) base pairs, and highly variable and more
than 75% variable (HV) base pairs. Using this classification,
we determined the percentages of C, V, and HV base pairs in
each of the pyrosequencing fragments and compared them to
the percentages in the nearly full-length fragment. An initial
inspection of these values among all different fragments under
consideration showed a strong negative correlation (r =
—0.81) between the slope values and the proportions of con-
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TABLE 4. Numbers of OTUs and slopes of pairwise distance values obtained using short and long sequences at different taxonomic cutoffs
for three different clone libraries”

No. of OTUs at indicated taxonomic cutoff (%)

Environment Region” Slope©
3 6 8 10 15

Trembling aspen soil V1+V2 702 616 568 527 436 1.23
V3 516 374 292 235 144 0.87
V4 516 364 295 241 146 0.97

V5+V6 658 550 480 420 283 1.05

Vo6 761 656 585 511 339 1.8
V6+V7 690 575 501 429 274 1.07

\' 406 255 183 143 73 0.68

V7+V8 569 374 294 221 118 0.73

NFL 682 561 490 418 280 NA
Zebrafish gut V1+V2 78 49 41 36 30 1.27
V3 46 37 34 31 21 0.72
V4 57 47 42 38 30 0.94
V5+V6 56 40 35 30 24 1.02

A 77 59 47 40 27 1.35
V6+V7 55 46 39 35 30 0.96
\'% 37 26 20 18 9 0.56

V7+V8 45 34 28 21 12 0.65

NFL 63 45 40 37 28 NA
Basalt oceanic floor V1+V2 450 389 355 326 259 1.24
V3 414 313 247 208 126 0.86
V4 443 337 287 240 140 0.96
V5+V6 440 368 309 256 163 1.02
A 521 440 390 341 246 1.74
V6+V7 445 365 318 251 159 0.94
V7 316 189 152 112 54 0.56
V7+V8 390 258 191 148 66 0.66

NFL 486 378 325 264 155 NA

“ Numbers of OTUs and slopes obtained using the nearly full-length sequences and each of the eight studied short, pyrosequencing-simulating regions at five different
taxonomic cutoffs for three different clone libraries derived from soil, zebrafish gut, and ocean floor.

® NFL, nearly full-length sequences (8F-1492R).

¢ Slopes of regression lines constructed between pairwise distances in the short, pyrosequencing-simulating regions versus the nearly full-length regions and forced

through the origin. NA, not applicable.

served bases (C/total). On the other hand, a strong positive
correlation was observed between the slope values and the
ratio HV/total (r = 0.83). The ratio V/total, on the other hand,
correlated very weakly to the slope values (r = 0.17). The
Pearson correlation coefficient between slope values and all
possible base ratios ranged between —0.7 and —0.74 on the
negative side and 0.64 to 0.83 on the positive side. Since none
of the ratios or percentages had a correlation coefficient higher
than 0.83, we sought to use multiple regression to better ex-
plain variability in slope values. We tested all possible combi-
nations and chose the model that gave predicted slope values
closest to the actual values (r = 0.93). The best model equation
obtained was m (slope) = 30.5(C/total) + 11.5(HV/V) —
27.9(HV/total) — 8.5(C/V) + 5.25(HV/C) — 0.001(length) —
4.79.

DISCUSSION

This study provides an objective evaluation of the validity of
species richness estimates produced using pyrosequencing-
based approaches and their correlations to estimates produced
using longer, nearly complete 16S rRNA gene fragments. With
the utility and potential of pyrosequencing, it is anticipated
that the number of pyrosequencing-based 16S rRNA environ-
mental surveys will greatly increase within the next few years.

Therefore, such an evaluation, together with the results of
other studies that have investigated the utility of various frag-
ments for phylogenetic binning (35, 36, 54), are extremely
timely for comparison of the results obtained to those of
Sanger sequencing-based 16S surveys, as well as for comparing
pyrosequencing-produced datasets that utilized different re-
gions within the 16S rRNA gene.

Four main conclusions arise from this study. (i) Various can-
didate pyrosequencing regions provide divergent estimates of
OTUs and species richness that could be overestimates (e.g., the
V1+V2-encompassing fragment, as well as the V6-encompassing
fragment), underestimates (the V3-, V7-, and V7+V8-encom-
passing fragments), or comparable estimates (the V4-, V5+V6-,
and V6+V7-encompassing fragments) relative to the results for
nearly full-length fragments. (ii) The observed patterns of dis-
crepancy observed for the Soil-Okla-A library hold true for the
various environments tested. (iii) The level of bias in the estimates
(i.e., the percentage of divergence from the value for the nearly
full-length sequence) could differ within specific fragments
(mainly the V1+V2- and the V6-encompassing regions) depend-
ing on the taxonomic cutoff used. (iv) The bias in species richness
estimates could readily be explained and predicted by the pro-
portion of hypervariable, variable, and conserved bases in the
pyrosequencing fragment being utilized.
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FIG. 2. (A to D) Ratios of OTU numbers for the short pyrosequenc-
ing-simulating regions studied and OTU numbers for the nearly full-
length fragment at the 3% (white), 6% (black), 8% (dark gray), 10% (light
gray), and 15% (gray gridded) cutoffs in the Soil-Okla-A clone library (A),
a clone library from trembling aspen soil (33) (B), a clone library from
zebrafish gut (43) (C), and a composite clone library from the endolithic
and epilithic communities inhabiting the ocean crust in the ocean floor in
the East Pacific Ridge (45) (D). (E) Averages of the OTU ratios for the
four clone libraries at the same taxonomic cutoffs.

An examination of several 16S rRNA gene-based pyrose-
quencing surveys currently available indicates that several re-
gions of the 16S molecule have already been utilized in such
surveys. In their surveys of various marine ecosystems (meso-
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and bathypelagic layers of the North Atlantic Ocean and Pa-
cific hydrothermal vents), Sogin et al. (48) and Huber et al.
(25) utilized a 100-bp amplicon encompassing the V6 region.
We show here that this region overestimates species richness
compared to nearly full-length 16S rRNA gene fragments,
especially at higher taxonomic cutoffs (Tables 3 and 4 and Fig.
2E). This level of overestimation would even be higher com-
pared to the nearly full-length datasets that used the Lane
mask prior to distance matrix calculation. Hamady et al. (20)
used a fragment encompassing the V1+V2 region by using
primer pair 8F-338R in their amplifications of the 16S rRNA
gene from 286 different samples of human lung, river water,
hypersaline microbial mats, air, and water from a hot spring.
We show that, similar to the V6-encompassing fragment used
in the previously mentioned marine studies, the use of the
V1+V2-encompassing fragment would also result in the over-
estimation of species richness compared to nearly full-length
16S rRNA gene fragments, especially at higher taxonomic cut-
offs (Tables 3 and 4 and Fig. 2E). On the other hand, the study
by Andersson et al. used a V5+V6-encompassing fragment to
study the bacterial diversity within various regions of the hu-
man gut using pyrosequencing (1). Such a fragment appears to
provide estimates comparable to those produced using nearly
full-length fragments for species richness estimation (Tables 3
and 4 and Fig. 2E).

As previously outlined, the choice of the most suitable re-
gions within the 16S rRNA gene molecule should be tailored to
provide not only accurate estimates of species richness but also
accurate taxonomic assignments compared to the results for
the nearly full-length 16S rRNA gene molecule. Using avail-
able collections of type strains and environmental survey 16S
rRNA gene sequences, Wang et al. (54) determined the rate of
accuracy of phylogenetic classification of 100-bp fragments
along the entire length of the 16S rRNA gene molecule, mov-
ing 25 bp at a time. The results of this study suggested that
regions around the V2 and V4 hypervariable region provide
maximum accuracy for phylogenetic determination. In another
study, using three large 16S rRNA gene datasets, Liu et al.
clipped 100-, 250-, and 400-bp fragments upstream or down-
stream of conserved 16S rRNA bacterial primers and deter-
mined the recovery and coverage percentages obtained with
these shorter fragments using five different methods for assign-
ing taxonomy (35). The study recommends using fragments of
250 bp or more around the V1+V2, V3, and V4 regions. In
comparison to these studies, our evaluation of species richness
suggests that the V4, V5+V6, and V6+V7 regions provide
estimates that are closest to the estimates obtained using
longer fragments. Collectively, the V4-encompassing region
(generated using primers 530F and 805R) appears to provide
the best choice for both phylogenetic assignments and richness
estimates.

The use of two regions in pyrosequencing surveys, one for
phylogenetic identification and one for richness estimates for
maximum phylogenetic and estimation accuracy, might be a
viable but computationally and economically costly alternative.
However, we believe that detecting discrepancies in species
richness estimates should not automatically exclude a specific
fragment from being considered for pyrosequencing, especially
if such a fragment appears to provide accurate and reliable
phylogenetic assignment. Therefore, quantifying the level of
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bias associated with each fragment, as well as understanding
the factors contributing to the observed bias, is absolutely
necessary for an objective evaluation of the species richness
estimates obtained with such fragments. We show herein that
the level of bias for a specific fragment could be readily pre-
dicted by a multiple regression model that incorporates the
number of HV, V, and C regions within the fragment, as
defined by the equation 30.5(C/total) + 11.5(HV/V) -
27.9(HV/total) — 8.5(C/V) + 5.25(HV/C) — 0.001(length) —
4.79. Such a predictor should prove useful when examining a
new combination of primers targeting the domain Bacteria (5,
18, and 27) or using group-specific primers to target certain
lineages.

The findings presented in this study are based on a data set
of 1,132 sequences. As such, the size of the data set is much
smaller than a typical pyrosequencing-generated data set.
However, we believe that our experimental design is superior
to the alternative of conducting a pyrosequencing run using the
same KFS soil DNA and comparing the results to those ob-
tained using Sanger sequencing for multiple reasons. First, for
comparative purposes, you need two datasets (one long frag-
ment and one short fragment). Therefore, the study must gen-
erate a similar number of Sanger-sequenced sequences for
comparison to pyrosequencing-generated sequences, which is
currently a daunting, nearly impossible task. Second, a real
pyrosequencing run will allow us to compare only one shorter
fragment to the nearly full-length fragment, while our current
design allows us to compare all possible different candidate
pyrosequencing fragments to the nearly full-length 16S rRNA
molecule. Finally, conducting a pyrosequencing run could po-
tentially introduce an unquantifiable level of primer bias,
something the current experimental design avoids.

In addition, the results of regression analysis clearly suggest
that the reasons behind such bias are intrinsic to the structure
of the 16S rRNA molecule, i.e., the fact that some target
regions for pyrosequencing have a higher or lower proportion
of hypervariable and variable bases than the nearly full-length
molecule. This fundamental property is present in each 16S
rRNA gene molecule and, hence, is not likely to be dependent
on the size of the data set. Therefore, we believe that the size
of our data set will not affect the validity of the conclusions
reached in this study.

Based on this study, we recommend the use of specific frag-
ments (V4, V5+V6, and V6+V7) for pyrosequencing studies
concerned with species richness determination in microbial
communities. If other factors necessitate the use of other frag-
ments (e.g., improving phylogenetic resolution or unsuitability
of these regions for targeting a specific bacterial lineage), then
the use of a regression study or the implementation of a pilot
Sanger-sequencing prestudy is recommended for prior calibra-
tion of the results obtained.
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