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Abstract

Results of diversity and community ecology studies strongly depend on sampling depth.
Completely surveyed communities follow log-normal distribution, whereas power law
functions best describe incompletely censused communities. It is arguable whether the
statistics behind those theories can be applied to voluminous next generation sequencing
data in microbiology by treating individual DNA sequences as counts of molecular
taxonomic units (MOTUs). This study addresses the suitability of species abundance
models in three groups of plant-associated fungal communities — phyllosphere,
ectomycorrhizal and arbuscular mycorrhizal fungi. We tested the impact of differential
treatment of molecular singletons on observed and estimated species richness and
species abundance distribution models. The arbuscular mycorrhizal community of 48
MOTUs was exhaustively sampled and followed log-normal distribution. The ectomy-
corrhizal (153 MOTUs) and phyllosphere (327 MOTUs) communities significantly
differed from log-normal distribution. The fungal phyllosphere community in particular
was clearly undersampled. This undersampling bias resulted in strong sensitivity to the
exclusion of molecular singletons and other rare MOTUs that may represent technical
artefacts. The analysis of abundant (core) and rare (satellite) MOTUs clearly identified
two species abundance distributions in the phyllosphere data — a log-normal model for
the core group and a log-series model for the satellite group. The prominent log-series
distribution of satellite phyllosphere fungi highlighted the ecological significance of an
infrequent fungal component in the phyllosphere community.
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. these measures rely on species concepts that are rela-
Introduction . . . . .
tively straightforward in macroscopic organisms such as

Biodiversity is a principal ecological concept of habitat
quality that represents both intraspecific variation
(genetic diversity) and community variation (richness,
abundance and evenness of species) at different spatial
scales (Whittaker 1977; Bisby et al. 1995; Jost 2007). All
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plants and animals, but are strongly debated in microbial
taxa. At small spatial scales, fungi and other microbes
generally exceed the diversity of macroscopic organisms
by orders of magnitude, but data sets are mostly small
and incomplete due to laborious isolation, cultivation
and identification procedures. Furthermore, a large pro-
portion of the fungal taxa is not culturable and prevail-
ing mitotic reproduction renders definitions of
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individuals and species arguable (Taylor et al. 2000).
With respect to exhaustiveness of species inventories,
detection of microbes from the environment has greatly
benefited from the next generation sequencing (NGS)
approach that however also has shed further light on the
poverty of applicable taxonomic concepts (Sogin et al.
2006; Keijser et al. 2008; Buée et al. 2009; Stoeck et al.
2009). Nevertheless, these NGS studies have linked
genetic diversity directly to o-diversity (species richness)
by statistically separating molecular operational taxo-
nomic units (MOTUs; proxies for species) from the
genetic diversity data. The measure of abundance is
more difficult to use in microbial ecology because of
underlying PCR bias (Bellemain et al. 2010) and poor
correlation of the amount of genes to biomass or cell fre-
quency (von Wintzingerode ef al. 1997). Nevertheless,
sequence reads per MOTU are currently used as distinct
counts (comparable to individuals of macroscopic organ-
isms) thus forming the basis for diversity statistics such
as observed and predicted species richness, species
abundance distributions (SADs), etc. (Buée et al. 2009;
Jumpponen & Jones 2009; Opik et al. 2009; Sun et al.
2009; Dumbrell et al. 2010; Unterseher & Schnittler 2010).
Species richness is the basic measure of biodiversity at
any spatial scale. Based on abundance information and
distribution of each species, species-accumulation curves
(SACs; Colwell & Coddington 1994; Gotelli & Colwell
2001; Ugland et al. 2003), species-abundance distribu-
tions (SADs; Fisher et al. 1943; Preston 1948; MacArthur
1957; May 1975; Tokeshi 1990; Hubbell 2001; Williamson
& Gaston 2005; McGill ef al. 2007; McPherson & Jetz
2007; Coddington et al. 2009) and diversity indices are
usually calculated to compare species richness among
communities or treatments. Many SAD models have
been developed to understand the statistical structure of
biological communities and to be able to predict unsam-
pled parts of the communities. For example, geometric
series (May 1975) predict extremely uneven abundances
of organisms; broken-stick distributions (MacArthur
1957) represent extremely even abundances; and log-
normal (Preston 1948) and log-series (Fisher ef al. 1943)
models predict very low and very high proportions of
rare species, respectively. Despite the general interest of
ecologists in SADs, lesser importance has been attached
to the discrimination of exhaustiveness and insufficiency
of sampling. A recent meta-analysis of plant and animal
communities revealed clear impacts of sampling inten-
sity on the observed SAD (Ulrich ef al. 2010). Complete
surveys typically follow log-normal types of SADs,
whereas incompletely sampled communities significantly
deviate from log-normality, irrespective of spatio-tempo-
ral scales, geographic positions and species richness.
Here, three voluminous plant-related fungal NGS
data sets of the phyllosphere (Jumpponen & Jones 2010)

and rhizosphere (Opik et al. 2009; Tedersoo et al. 2010)
were tested against three recently established hypothe-
ses in community ecology. (i) The log-normal SAD is a
general model for completely sampled communities
whereas a power-law type of SADs best describes un-
dersampled communities. (ii) Exclusion of the rarest
MOTUs (molecular singletons, doubletons, tripletons,
quadrupletons and quintupletons are given the rank of
biological singletons) distinctly influences observed and
extrapolated species richness. (iii) Partitioning the fun-
gal data sets into core (abundant) and satellite (rare)
MOTUs unravel overlapping SADs that otherwise com-
plicate the interpretation of observed SADs. Finally we
evaluated the performance of different richness estima-
tors with an emphasis on Ugland’s function (Ugland
et al. 2003) and Chao 2 that were considered more accu-
rate than others in predicting total fungal species rich-
ness (Unterseher et al. 2008).

Material and methods

Underlying sequence data

The three pyrosequencing data sets analysed here dif-
fer in habitat type, species richness and ecology of the
target organisms. The present data set of arbuscular
mycorrhizal fungi (AMF) comprises sequences from
Glomeromycota that colonized 10 understorey plant
species in a boreonemoral forest in Estonia (Opik et al.
2009). The data set includes 11 samples with 48
MOTUs from 126 654 sequences of the rRNA small
subunit (SSU) gene. The ectomycorrhizal fungal
(EcMF) data set comprises sequences of ectomycorrhi-
zal Basidio- and Ascomycota from root tips that were
collected in Korup National Park, Cameroon (Tedersoo
et al. 2010). This data set of 41 587 sequences of rRNA
internal transcribed spacer (ITS) region contains 153
MOTUs from 24 different samples (in that case
approaches of DNA extraction and PCR). The phyllo-
sphere fungal (PpF) data set represents 12 samples of
foliar endophytes, saprobes and parasites of Quercus
macrocarpa in Kansas, USA (Jumpponen & Jones 2010).
The data set comprises 327 fungal MOTUs from 16 541
sequences of the ITS region. The exclusion of a large
part of the original PpF data was necessary because
both mycorrhizal data relied on one sampling event,
whereas the original PpF data were gathered at six
different sampling events during an entire vegetation
period (Jumpponen & Jones 2010). For the present
analysis only the last sampling event was considered.
Sampling, molecular analyses, bioinformatics and taxon
frequency are described in the original publications
(Opik et al. 2009; Jumpponen & Jones 2010; Tedersoo
et al. 2010).
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Statistics of species richness

Molecular singletons were removed from the original
data sets to minimize the inclusion of sequencing arte-
facts (Kunin et al. 2010; Tedersoo et al. 2010). Because
the absence of singletons violates some fundamental
assumptions of species richness analysis, one 454
sequence per MOTU was removed randomly, causing
all MOTUs with originally two reads (molecular dou-
bletons) to become the rarest taxa. Thus, doubletons in
the data sets were considered biological singletons. The
effect of an even more conservative interpretation of
454 reads on species richness analysis was evaluated by
consecutively omitting molecular doubletons, tripletons
and quadrupletons from the data sets. The five data sets
— (1) singletons retained, (ii) singletons excluded, (iii)
doubletons excluded, (iv) tripletons excluded and (v)
quadrupletons excluded — were used for comparisons
of SAC and the richness estimator Chao 2.

EstimateS version 8.2 (Colwell 2009) was used with
default settings to calculate the rarefied SACs and four
non-parametric minimum richness estimators (ACE,
Chao 2, Jackknife 2 and Bootstrap; Colwell & Codding-
ton 1994). The relative performance of non-parametric
richness estimators were compared to the method of
Ugland et al. (2003).

To separate fungal taxa into core (abundant) and satel-
lite (occasional or rare) MOTUs, persistence-abundance
plots (sensu Magurran & Henderson 2003) were drawn:
the number of samples in which each taxon was observed
was plotted against the maximum abundance of each
taxon in any one sample. In the case of the fish community
described in Magurran & Henderson (2003), a discontinu-
ity of plotted species was visible at approx. 50%
persistence. Those species which occurred at less than
50% were termed satellite (occasional) species. On an
entirely molecular basis, Pedrds-Ali6 (2006) and Galand
et al. (2009) separated abundant from rare MOTUs
according to different criteria (i.e. probability of successful
amplification) without giving concrete thresholds.

Our choice of splitting the molecular assemblages
was different from that of Pedrés-Ali6 (2006) and
Galand et al. (2009) who relied on abundances
(sequences per MOTU) rather than on persistence (sam-
ples per MOTU). Here, we followed the approach
described in Magurran & Henderson (2003) and used a
persistence threshold of 250% for the core MOTUs.

The R Package (R Development Core Team 2010) was
used for the basic species abundance distribution mod-
els, goodness of fit tests (chi-squared, Shapiro-Wilk,
Kolmogoroff-Smirnoff & Anderson-Darling) and rich-
ness estimators that assume a truncated log-normal dis-
tribution of MOTU abundances. The R source file and
the data files are given as Supporting information.

© 2010 Blackwell Publishing Ltd

Results

Species (MOTU) abundance distribution

The rank abundance plot (Whittaker plot) of the PpF
displayed a power law-like SAD (Fig. 1a) that deviated
significantly from log-normal (Fig. 1d, Table 1). The
EcMF assemblage also differed significantly from log-
normal (Fig. 1b,e, Table 1). By contrast, the AMF com-
munity fitted significantly to a log-normal type of SAD
(Fig. 1cf, Table 1).

The core and satellite approach for the PpF suggested
that 38 MOTUs belong to the core taxa (Fig. 2a). The
core taxa accounted for 12% of the MOTU richness and
73% of all sequences. The ratio of core to satellite
MOTUs was 1:7.6. Analysis of the respective SADs dis-
sected the power-law SAD of the entire data set
(Fig. 1la) into two different distributions. The core
phyllosphere fungi approached a log-normal SAD
(Fig. 2d) that was statistically supported by goodness-
of-fit tests (Table 1). By contrast, the satellite group sig-
nificantly followed a log-series SAD (Fig. 2g; two-sam-
ple K-S test: D = 0.26, P = 0.07).

The EcMF core taxa accounted for 46% of the
MOTU richness (Fig. 2b) and for 96% of all sequences.
The ratio of core to satellite MOTUs was 1:4. Different
SADs were also observed for the ECMF core and satel-
lite taxa. Goodness of fit tests for log-normality of the
EcMF core group were significant (Table 1), whereas
visual and statistical fit of the satellite group to the
predicted log-series was not significant (Fig. 2h; two-
sample K-S test: D = 0.5, P < 0.05). The AMF core taxa
accounted for 40% of the total observed MOTU rich-
ness (Fig. 2c) and comprised 95% of all sequences.
The ratio of core to satellite MOTUs decreased further
to 1:1.5. Goodness of fit tests did not reject log-normality
of the AMF core group, however visual inspection of
the SADs indicated poor fit to log-normality of the core
group (Fig. 2f). The satellite group did not follow a
logseries SAD (Fig. 2i; two-sample K-S test: D = 0.84,
P < 0.05).

Observed and estimated MOTU richness

The analysis of observed MOTU richness displayed a
steeply rising rarefied SAC in the case of PpF, a clear
convergence to saturation for EcMF and a long and sta-
ble plateau for AMF (Fig. 3).

Species richness estimators differed in their efficiency
to predict total MOTU richness (Fig. 4, Table 2). None
of the four richness estimators of PpF (Fig. 4a) reached
plateau at 100% data coverage and the functions pro-
vided substantially different estimates. Chao 2 and Jack-
knife2 estimated the largest number of unseen PpF
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Fig. 1 Rank abundance plots (a—c) illustrate the relationships between rare and abundant MOTUs. The probability plots (d—f) visu-
ally test for log-normality of the data. The better the grey line in a probability plot fits to the plotted abundances (open circles) the
better is the fit to a log-normal species abundance distribution.

Table 1 Tests for fit to log-normal species abundance distributions of MOTU-sequences data sets, giving the number of MOTUs,
and test statistics for the chi-square, Kolmogorov-Smirnov, Shapiro-Wilk and Anderson-Darling test

Goodness-of-fit tests for log-normality

Kolmogorov-Smirnov

Shapiro-Wilk

Anderson—-Darling

Data set No. MOTUs Chi-square
PpF
All taxa 327 P =173.6, P < 0.001
Core group 38 P =10.8, P = 0.05
Satellite group 289 P =167.1, P < 0.001
EcMF
All taxa 153 P =143, P =0.01
Core group 71 P=46,P=047
Satellite group 82 P =136, P=0.02
AMF
All taxa 48 P=8,P=0.16
Core group 19 P=25P=078
Satellite group 29 P=82P=014

D =0.18, P < 0.001
D =0.13, P =055
D =0.18, P < 0.001

D =0.09, P =0.15
D =0.08, P =0.76
D =0.12, P =0.19

D =0.08, P =0.89
D =012, P =09%
D =0.13, P = 0.66

W =0.85, P <0.001
W =096, P =024
W =0.85, P <0.001

W =0.96, P <0.001
W =098, P =027
W =0.94, P =0.001

W=098,P=06
W=097,P=0.86
W =096, P =025

A =158, P <0.001
A =048, P =022
A =137,P <0.001

A =176, P <0.001
A =038, P=039
A =133, P =0.002

A=022,P=083
A=02,P=086
A =036,P =043

MOTUs (Fig. 4a, Table 2). Richness estimators behaved

Semi-log

transformation of Ugland’s T-S curve

similarly in the EcMF data set, but the Chao 2 function
seemed to level off (Fig. 4b). All species richness esti-
mators suggested the true richness of AMF to be nearly
the same as the number of observed MOTUs (Fig. 4c,
Table 2), although two estimators (ACE and Bootstrap)
failed to reach a stable plateau. Jackknife2 reached a
stable value at 55 = 2 MOTUs whereas Chao 2 equalled
the observed richness of 48 MOTUs.

resulted in nearly perfect fits to linear regression func-
tions for the PpF and EcMF data sets (Fig. 4a, b;
R? =0.99 for both). The linear fit was somewhat lower
for the AMF assemblage (Fig. 4c; R*=0.95). The
parameters of the regression lines allowed both evaluat-
ing the observed richness by downscaling to parts of
the data set (10% and 50% data coverage in Table 2)
and predicting fungal richness of larger areas, or host

© 2010 Blackwell Publishing Ltd
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Fig. 2 Delimitation of core and satellite taxa for the three fungal data sets. (a—c) Patterns of abundance and persistence in the fungal
assemblages. The 50% persistence threshold (grey dashed lines, cf. ‘Materials and methods’) allowed to separate the abundant core
MOTUs (>50% persistence) from the satellite MOTUs (<50% persistence). (d—f) ‘Binned” MOTU abundances of the core group over-
laid with a fitted truncated log-normal SAD (grey curve). The insert shows the fit to a log-normal SAD as displayed by a Whittaker
plot. (g—i) Visual test for a fit to log-series distribution of the satellite groups.

plants in the case of mycorrhizal fungi, by upscaling of
calculations (200% and 500% data coverage in Table 2).

The effect of omitting the rarest MOTUs for species
richness analysis depended on the data set used
(Fig. 5). Removal of molecular singletons from the PpF
data had the most pronounced effect on both observed
and estimated MOTU richness based on Chao 2 estima-
tor (Fig. 5a, d). Deleting further MOTUs resulted in
gradually decreasing differences. Differences in Chao 2
estimations were non-significant based on the respective
lower and upper 95% confidence interval when molec-
ular tripletons (curve 3), quadrupletons (curve 4) and
quintupletons (curve 5) were given the rank of biologi-

© 2010 Blackwell Publishing Ltd

cal singletons (Fig. 5d). The same treatment had less
pronounced impacts on observed and predicted EcMF
richness (Fig. 5b,e). The successive exclusion of rarest
AMF MOTUs resulted in negligible changes for both
observed and estimated MOTU richness (Fig. 5c,f).

Discussion
Species abundance distributions, accumulation curves
and estimators

The present statistics of the three empirical fungal
data sets differed strongly in sampling intensity. The
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assessment of the AMF species richness was comprehen-
sive, as the SAC displays a long and stable plateau and

additional species. The AMF community clearly fits a log-
normal type of SADs. Thus, we propose the log-

normal SAD as a working hypothesis to elucidate MOTU
richness and biodiversity of AMF communities with low

most estimators predicted the presence of just one to two

3. to medium sampling coverage that agrees with sugges-

° Phyllosphere fungi tions of Dumbrell et al. (2010). Our results also corrobo-

g | rate the findings of Ulirich et al. (2010) that completely

© sampled animal and plant communities follow a log-nor-

=N mal SAD. By contrast, the ECMF and PpF communities

2 « were slightly to strongly undersampled as the richness

5 s estimators predicted 85-97% and 58-90% inventory

=9 exhaustiveness, respectively. These two communities
§ 3| Ectomycorhizal fungi failed to fit log-normal distributions.

ET Non-parametric richness estimators are traditionally

z g | considered more accurate than parametric estimators,

- but their performance may strongly suffer from under-

o Arbuscular mycorrhizal fungi sampling bias. To overcome these problems, Codding-

] ton et al. (2009) suggested the use of permutation

procedures and parametric estimators that relied on the

7 ‘veiled line’ or truncated log-normal concept of Preston

T T T T T T T
0 20000 40000 60000 80000 100000 120000

Number of 454 reads

(1948). The choice of 0.5 as the default ‘veiled line’
threshold is an arbitrary but common choice without
foundation in statistics (Dewdney 1998; Golicher et al.
2006). Here, Preston’s concept was applied and showed

Fig. 3 Rarefied taxon (MOTU) accumulation curves of the three
plant-related fungal communities obtained by 454 sequencing.
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Fig. 4 Observed and estimated MOTU richness for the three fungal communities. (a—c): rarefied species accumulation curves (thick
solid line) and the estimators Jack 2 (- - -), Chao 2 (- — -), Bootstrap (- - -) and ACE (O O 0). (d—f): linear fit of Ugland’s semi-log
transformed T-S curve (Ugland et al. 2003) and the corresponding regression function, that allows calculation of observed and pre-
dicted MOTU richness. According to the equation of (d) a sequencing effort of for example 5 million reads would result in 1,225
phyllosphere MOTUs.
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Table 2 Observed and estimated MOTU richness. The values of observed MOTUs are based on the Coleman rarefaction curve cal-
culated with EstimateS. The four estimators ACE, Chao 2, Jack 2 and Bootstrap were also calculated with EstimateS. Ugland’s estima-
tor is based on a regression line (see log-linear functions in Fig. 5d—f) and additionally allowed the calculations of species richness at
lesser data coverage. The parametric estimator in the rightmost column is based on the ‘veiled-line” concept of Preston’s log-normal
distribution. Different veiled-line thresholds (trunc =) were used, only the upper and lower limits are shown. Plus-minus values are
standard deviations

MOTUs
Data set observed ACE Chao 2 Jack 2 Bootstrap Ugland Log-normal
PpF
100% data coverage 327 854 + 9 821 + 85 1276 + 12 830 =5 326 + 2 352 (trunc = 0.5) — 642
10% 155 173 + 3 (trunc = 0.9)
50% 270 280 + 4
200% - 372 +3
500% - 433 +5
EcMF
100% data coverage 153 159 158 + 13 181 +9 164 + 2 154 + 5 160 (trunc = 0.5) — 171
10% 116 128 + 5 (trunc = 0.9)
50% 144 146 £ 5
200% - 161 +5
500% - 171 £ 6
AMF
100% data coverage 48 48 48 + 3 55+ 2 51 +1 48 + 2 49 (trunc = 0.5-0.9)
10% 42 47 £ 2
50% 45 47 £ 3
200% - 49 +2
500% - 49 +3
Phyllosphere fungi ° Ectomycorrhizal fungi Arbuscular mycorrhizal fungi
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Fig. 5 Different handling of rarest MOTUs influenced observed (a—c) and estimated (d—f) species richness. The effect of keeping
molecular singletons (curve 1) and deleting molecular singletons (2), doubletons (3), tripletons (4) and quadrupletons (5) varied both
within (a, d) as well as between the three data sets.
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that changes in the threshold from 0.5 to 0.9 may have
a large effect on the fitted log-normal distribution and
thus on the estimated species richness (Table 2). The
more complete the sampling, such as in the EcMF and
AMF data, the more robust was this estimator, irrespec-
tive of the threshold applied. Interestingly, recent stud-
ies caution about the uncritical use of Preston plots or
other histograms that are based on grouping species
abundances (Ulrich ef al. 2010). Instead they advocate
the use of raw data plots such as Whittaker plots or
probability plots to fit SAD models in order to retain
precise abundance information. The presented descrip-
tions of molecular fungal community structure corrobo-
rate these recommendations.

The regression function obtained from the semi-log
transformed T-S curve (Fig. 4d—f; Ugland et al. 2003)
gave almost identical numbers of observed richness
(100% data coverage in Table 2), but overestimated
observed MOTU richness at lower sampling effort com-
pared with the ‘Coleman curve’ of EstimateS (Table 2).
Extrapolations beyond 100% data coverage yielded
richness predictions that fell within the range of the
other estimators. Given that Ugland’s method was pre-
viously considered as a reliable predictor of fungal spe-
cies richness (Unterseher et al. 2008) and that it had
also proved superior to other estimators, in particular
for voluminous data sets and heterogeneous environ-
ments (Ugland et al. 2003), this estimator deserves seri-
ous consideration in future predictions of fungal
species/MOTU richness.

The core and satellite species approach

Despite generating tens of thousands of sequences,
undersampling remains problematic in environmental
NGS datasets, especially addressing hyperdiverse
organisms in transient habitats (Jumpponen & Jones
2010). In the present study the core satellite concept
(Hanski 1982; Magurran & Henderson 2003) was
applied to describe and compare the fungal communi-
ties despite undersampling of one (PpF) and oversam-
pling of another (AMF). The proportion of core to
satellite taxa was up to five times higher for mycorrhi-
zal than for phyllosphere fungi. It can be concluded
that the relative proportion of core species increases
with increased stability of the system at hand. How-
ever, more data have to be analysed to generally vali-
date this assumption. Assignment of MOTUs to core
and satellite groups may further prove useful in studies
of effects of climate, land use or habitat change on
microbial diversity. Ecologically relevant shifts in abun-
dances probably occur predominantly among the core
members that are by definition well established in the
system (Magurran & Henderson 2003).

Differences in the SADs of core and satellite groups
were most prominent for PpF data. The PpF core
group fitted log-normal SAD and can be viewed as a
comparatively characteristic assemblage specific to the
phyllosphere of deciduous trees, comprising mostly
Ascomycota (Jumpponen & Jones 2009, 2010; Support-
ing information). In contrast, the PpF satellite group
approached a log-series SAD. It comprised many ubig-
uitous taxa of both Ascomycota and Basidiomycota
(Supporting  information). The basidiomycete taxa
belonged almost entirely to Tremellomycetes (Filobasid-
iales, Tremellales, Erythrobasidiales) that may live as
epiphyllous yeasts (Fonseca & Inacio 2006). Many satel-
lite taxa in general represent transient inhabitants
(migrants) from the surrounding species pool that are
physiologically inactive or contribute little to functions
of a particular ecosystem. The distinction between SADs
of core and satellite assemblages became less clear for
EcMF and in particular for AMF data, but it has to be
noted that MOTUs belonging to non-mycorrhizal taxa
were all effectively removed from these analyses. Nev-
ertheless, on the basis of the evaluated data this lack of
distinctiveness again points to relative stability of the
entire mycorrhizal systems.

Sequencing artefacts influence observed and estimated
MOTU richness

It is widely acknowledged that thresholds of sequence
variability influence the interpretation of biological spe-
cies richness based on molecular data. Sequence errors
add even more uncertainty to the analyses. Tedersoo
et al. (2010) showed that c. 75% of 454 pyrosequencing
singletons are technical artefacts in agreement with
recent studies (Quince ef al. 2008, 2009; Kunin ef al.
2010). Currently, the removal of singletons is recom-
mended for eukaryotic microorganisms to avoid overes-
timation of species richness (Dickie 2010; Medinger
et al. 2010; Tedersoo et al. 2010).

Exclusion of the MOTUs with less than five reads
significantly influenced both observed and predicted
MOTU richness of the undersampled PpF community.
Giving molecular doubletons the rank of biological sin-
gletons (i.e. all molecular singletons deleted from the
data set) significantly lowered the numbers of
observed and predicted MOTUs, whereas further
exclusion of rare taxa had gradually lower impacts.
For the AMF data, richness analyses were not affected
by the removal of the four rarest MOTUs. These
results again indicate the importance of survey inten-
sity for any biodiversity inventory and cannot be over-
stated in the light of environmental NGS studies. The
more complete the representation of the parent
community in empirical data, the more robust species
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richness analysis is with respect to sequencing arte-
facts. The general problem of predicting species rich-
ness from undersampled community data (O'Hara
2005) could be overcome for NGS by applying a more
conservative interpretation of 454 reads (i.e. removal of
molecular singletons) and by the application of a less
conservative richness estimator, e.g. Ugland’s function
(Ugland et al. 2003).

Reasons for the observed hyperdiversity of microbial
communities and methodological implications

High species richness and a power-law SAD as
observed for the fungal phyllosphere assemblage is an
inherent characteristic of most bacterial and fungal com-
munities. In contrast to sexually reproducing macro-
organisms, for which reproductive constraints limit the
number of extremely rare species (Coddington et al.
2009), micro-organisms can survive without a compati-
ble partner and thus successfully colonize a habitat
from a single spore or asexual propagule (Schnittler &
Tesmer 2008). In addition, spatial and temporal alterna-
tion of life cycles may strongly affect composition of
fungal communities in soil and phyllosphere (Schadt
et al. 2003; Unterseher et al. 2007). Therefore, ‘snapshot
samples’ may not always reflect natural properties of
hyperdiverse communities.

The three data sets compared for the present study
targeted different loci and different lineages of fungi
which presumably evolve at different rates. The less
restrictive bioinformatics pipeline for the phyllosphere
data (Jumpponen & Jones 2010) which could have split
rather than combine, MOTUs, may be an additional
argument for the observed divergence in the phyllo-
sphere species richness (Fig. 3).

However, once technical and bioinformatic problems
of NGS have been solved successfully and reasonable
thresholds of intraspecific sequence variability have
been agreed upon for biologically meaningful MOTUs,
we may be able to derive sound richness extrapolations
and estimates of species abundance distribution from
the observed data sets. If additionally an appropriate
sampling design is used — microhabitats rather than
large and highly variable systems — one could especially
profit from NGS so that undersampling becomes the
exception rather than the rule.

The preference for microhabitats in microbial biodi-
versity assessment instead of surveys at the level of eco-
systems is even more consequential in the light of the
recent findings that local SADs are downscaled versions
of the respective metacommunity SADs (Connolly et al.
2005; Ulrich et al. 2010). With (near-)complete surveys
and sufficient statistical power at hand, environmental
NGS will reveal the true underlying community in a
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particular microhabitat allowing also the development
of universally valid models for larger metacommunities.

Conclusions

It still remains unclear what information the molecular
abundance measures of NGS data carry. Even if PCR
biases are considered unimportant, sequence abundance
at most shows the amount of undegraded genetic infor-
mation in the environment that may or may not reflect
the number of species or biomass. NGS provides large
amounts of data, but undersampling remains a problem
in transient, species-rich communities. We developed a
conservative method of treating the rarest MOTUs in
NGS biodiversity surveys and demonstrate the applica-
bility of community models in large sequence data sets.
However, there are no one-size-fits-all solutions.
Instead, one should start with an inherent understand-
ing of the system, consider what the pertinent hypothe-
ses are and how to best address them. It may not
always be necessary to saturate the richness but this
should be an a priori decision. If the investigator’s first
and foremost aim is to unravel true species richness of
microbial communities, a highly important task in bio-
diversity research, he/she should be prepared for a
thorough and intensive sampling that will far exceed
average sampling efforts as well for a pluralistic way of
dealing with SADs and species richness estimators.
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