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Announcement

Brunswick, Germany — March 3, 2016 — A new web service is now available via
the GGDC web site that allows for the calculation of pairwise similarities between, e.g.,
16S rRNA gene sequences under the recommended settings detailed in the publication by
Meier-Kolthoff et al. (2013) found below. Moreover, the service allows users to infer both

maximume-likelihood and maximum-parsimony phylogenies for a set of uploaded sequences.
The service is available under the following URL:

http://ggdc.dsmz.de/phylo_form.php
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DNA-DNA hybridizations (DDH) play a key role in microbial species
discrimination in cases when 16S rRNA gene sequence similarities
are 97 % or higher. Using real-world 16S rRNA gene sequences and
DDH data, we here re-investigate whether or not, and in which sit-
uations, this threshold value might be too conservative. Statistical
estimates of these thresholds are calculated in general as well as more
specifically for a number of phyla that are frequently subjected to
DDH. Among several methods to infer 16S gene sequence similarities
investigated, most of those routinely applied by taxonomists appear
well suited for the task. The effects of using distinct DDH meth-
ods also seem to be insignificant. Depending on the investigated
taxonomic group, a threshold between 98.2 and 99.0 % appears rea-
sonable. In that way, up to half of the currently conducted DDH
experiments could safely be omitted without a significant risk for
wrongly differentiated species.

DNA-DNA hybridization ‘ Species concept | 16S rRNA gene | Generalized lin-
ear model | BLAST | Smith-Waterman | Substitution model | Microbial tax-
onomy

Abbreviations: DDH, DNA-DNA hybridization

Introduction

Within the realm of the artificial species concept in mi-
crobiology, the question whether two strains belong
to the same species is one of the key questions for micro-
bial taxonomists and most often decided by the determina-
tion of the degree of DNA-DNA hybridization (DDH) (Wayne
et al., 1987). Because the various established techniques for
the determination of DDH values are tedious and performed
in only few specialized labs internationally, it is of relevance in
practice to avoid unnecessary DDH measurements if evidence
suggests that a value of 70 % (=both strains belong to the
same species) is unexpected. Methods have been established
to replace wet-lab DDH by in silico methods based on genome
sequencing (Auch et al., 2010b,a; Konstantinidis and Tiedje,
2005; Meier-Kolthoff et al., 2013; Richter and Rossell6-Mora,
2009), but at the moment, a 16S rRNA gene sequence is still
easier to obtain than a (partial) genome sequence. In 1994,
Stackebrandt and Goebel recommended a 97 % 16S rRNA
gene sequence similarity threshold up to that an additional
DDH determination need not be conducted for confirming that
two strains do not belong to the same species (Stackebrandt
and Goebel, 1994). This guideline was based on the visual
interpretation of an empirical dataset in which only pairs of
strains with a 16S rTRNA gene sequence similarity >97 % re-
sulted in DDH values >70 % and was widely accepted by the
scientific community (Tindall et al., 2006), as demonstrated
by, at the time of writing (February 2013), 3,361 citations
according to Google Scholar alone.

Sequencing errors lead to an underestimation of pairwise
similarities (Stackebrandt and Ebers, 2006). Improvements
in sequencing technology during the last decade yielded more
accurate sequences and similarity values, thus allowing tax-
onomists, in principle, to significantly reduce the number of
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tedious determinations of DDH values in wetlab experiments
to be conducted. In 2006, Stackebrandt and Ebers hence sug-
gested an updated, higher threshold (98.7 - 99.0 %) again
based on an empirical dataset of DDH values and respective
16S rRNA gene sequence similarities collected from the tax-
onomic literature (Stackebrandt and Ebers, 2006). However,
editors of the International Journal of Systematic and Evolu-
tionary Microbiology (IJSEM) seemed reluctant to accept this
shift toward a higher threshold value, probably because it did
not appear to be sufficiently conservative.

A higher range of threshold values has been supported by
the studies of (Konstantinidis and Tiedje, 2005, 2007), but
based upon average nucleotide identities (ANI) of complete
and partial genome sequences rather than wet-lab DDH val-
ues. Such an indirect approach is apparently based on a
high correlation between ANI and wet-lab DDH values (Goris
et al.,, 2007). The slightly older genome BLAST distance
phylogeny (GBDP) approach (Henz et al., 2005), if appro-
priately adapted, yielded somewhat higher correlations with
wet-lab DDH than ANI (Auch et al., 2010b; Meier-Kolthoff
et al., 2013). Moreover, the linear-regression model used in
the ANI and the earlier GDBP studies is not optimal for
this kind of data (Meier-Kolthoff et al., 2013). But even if
more suitable models (and larger empirical training datasets)
are used, model parameters for predicting DDH from ANI
or GBDP cannot be estimated without uncertainty (Meier-
Kolthoff et al., 2013). In an indirect approach, the limiting
factor is thus not the (impressive) size of the dataset relating
16S rRNA to ANI or GBDP (Konstantinidis and Tiedje, 2005,
2007), but the (smaller) size of the dataset relating ANI or
GBDP to wetlab DDH (Meier-Kolthoff et al., 2013). For this
reason, a direct approach for relating DDH and 16S rRNA gene
similarities (Stackebrandt and Ebers, 2006) seems preferable
to tackle this crucial taxonomic problem. Furthermore, an
appropriate statistical assessment is necessary (Motulsky and
Christopoulos, 2004, pp. 58-79), including the quantification
of the effect of the taxonomic group (Keswani and Whitman,
2001).

Here, the situation is re-evaluated based on two premises.
Firstly, predictions from empirical data (which are always lim-
ited) are always prone to a certain degree of failure. For in-
stance, even a 16S rRNA gene similarity below 97 % does,
in theory, not fully exclude the possibility that a DDH value
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>70 % could be obtained between two strains, but the prob-
ability of such an event is regarded as negligible in practice.
Secondly, calculating the probabilities of estimation errors is
an empirical and statistical question, but defining the maxi-
mum acceptable probability of failure is a task for the editorial
board of journals covering taxonomic issues. This study thus
statistically estimates probabilities of failure for a series of 16S
rRNA gene similarity thresholds, yielding a decision table that
could serve as a guidance for editors and authors to accept or
reject the proposal to create new species.

Materials and Methods

The dataset used in (Stackebrandt and Ebers, 2006) comprised
accession numbers and DDH values for 376 distinct pairs of
strains collected from volume 55 of the IJSEM. For the present
study, 195 additional pairs were obtained from taxonomic jour-
nals (mostly IJSEM, too). These included 177 pairs of mean-
while publicly available DDH values and 16S rRNA gene se-
quences obtained at the German Collection of Microorganisms
and Cell Cultures (see Table S1, Supplementary material) as
assessed in the last couple of years. All in all 45 of these 571
pairs were associated with a DDH value above 70 %. Since this
work studies models with dichotomous outcomes, this number
of so-called ”events” is the crucial factor for the necessary size
of the dataset to avoid overfitting (Harrell et al., 1984). Rules
of thumb (Peduzzi et al., 1996; Steyerberg et al., 2000) suggest
at least a 1:10 relationship between the number of predictor
variables and the number of events. Here, all models are at
most based on two predictor variables (SSU similarity and
phylum affiliation; see below) and thus are clearly satisfying
this requirement.

The combined dataset included strains affiliated to the phyla
Actinobacteria (#140), Bacteroidetes (#26), Deinococcus-
Thermus (#25), Euryarcheaota (#14), Firmicutes (#100),
and Proteobacteria (#266) according to the List of Prokary-
otic names with Standing in Nomenclature (Euzéby, 1997).
Since a vast majority of samples from the denoted journal vol-
ume lacked sufficient information on how 16S rRNA gene sim-
ilarities were calculated, and because comparable 16S TRNA
gene sequence similarity data were needed for the old and novel
part of the dataset, all 376 16S rRNA gene sequence similari-
ties from reference (Stackebrandt and Ebers, 2006) were recal-
culated, which was possible because both parts of the dataset
contained mostly type strains, whose accession numbers were
collected from reference (Euzéby, 1997).

Pairwise similarities of 16S rRNA gene sequences were cal-
culated from exact pairwise sequence alignments using the
Smith-Waterman algorithm as implemented in EMBOSS ver-
sion 6.3.1 (Rice et al., 2000). Additionally, pairwise similari-
ties (recalculated from distances by subtraction from 1.0) were
inferred from the alignments using PAUP* version 4b10 (Swof-
ford, 2003) and uncorrected (p distances) as well as the sub-
stitution models JC (Jukes and Cantor, 1969, pp. 21-132),
K2P (Kimura, 1980), and HKY85 (Hasegawa et al., 1985)
with and without applying a gamma distribution (Yang, 1993)
with an alpha parameter of 0.5 for modeling site heterogene-
ity. Alternatively, local alignments [high-scoring segment pairs
(HSPs)] were generated with NCBI BLAST (Altschul et al.,
1990) (blastall version 2.2.25) under default settings, overlap-
ping ones, if any, corrected by keeping the longer HSP (Henz
et al., 2005), and pairwise similarities calculated by adding up
the numbers of identical positions within HSPs and the overall
HSP lengths. For BLAST hits that comprise only a single HSP
(which is usually the case for highly similar sequences), this
procedure is equivalent to the usually reported BLAST simi-
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larity, but potentially more accurate in all other cases because
additional non-overlapping HSPs are also considered.

A generalized linear model (GLM) is a flexible generaliza-
tion of standard linear regression that allows for response vari-
ables that need not be normally distributed (Nelder and Wed-
derburn, 1972). Here, a GLM was constructed with DDH
encoded as a binary response variable (0 if DDH <70 %, indi-
cating distinct species; 1 otherwise, indicating a pair of strains
belongs to the same species) and the respective 16S rRNA
gene similarity values as predictor variable (Crawley, 2007,
pp. 593-609). Such a model yields for any given 16S rRNA
gene similarity value the probability that it corresponds to a
DDH value >70 %. For a given similarity threshold, a spe-
cial kind of error can occur when it is decided to not conduct
a DDH experiment because a 16S rRNA gene similarity was
found below that threshold. Such a decision apparently only
caused an erroneous result if the strains belonged to the same
species (because then the low 16S rRNA gene similarity would
directly be treated as indicative of distinct species). Thus, the
GLM yields, for each possible similarity value, the maximum
probability of such an error if this similarity value is accepted
as threshold up to which a 16S rRNA gene similarity is re-
garded as sufficiently low to allow one to omit DDH (Distinct
usage examples are provided below).

A GLM was inferred for each of the aforementioned proce-
dures for the inference of 16S rRNA gene sequence similari-
ties, and the best one(s) chosen with respect to the following
statistical criteria: (a) highest Kendall correlation coefficient
between 16S rRNA gene similarity and DDH values, (b) lowest
Akaike information criterion (Akaike, 1974) of the model, and
(¢) lowest minimum standard error in tenfold cross-validation
(Stone, 1974) of the model. The latter is indicative of how
well the results of a statistical analysis could be generalized to
other datasets. To assess whether affiliation to a certain phy-
lum or the use of a specific method for the determination of
DDH values (Ezaki et al., 1989; De Ley et al., 1970; Tourova
and Antonov, 1988) was specifically affecting the error prob-
ability per 16S rRNA gene sequence similarity threshold in a
statistically significant way and thus would need to be con-
sidered in the final model, a multiple regression analysis was
conducted and the significance of the overall effects of both the
phyla and the specific wet-lab method used for the determi-
nation of DDH values assessed. The model was thus as above,
but with the affiliations to both a phylum and DDH method
as additional predictor variables. The overall prediction accu-
racy of the models was measured as the number of pairs with
an actual DDH >70 % that would have been omitted for the
determination of DDH values given the respective 16S rRNA
gene sequence similarity thresholds, thus falsely assuming dis-
tinct species. All statistical computations were done in R (R
Development Core Team, 2011).

Results

Cross-validation yielded a uniformly low minimum standard
error (0.1) for all models, indicating the general suitabil-
ity of the underlying dataset for such modeling, but no dis-
tinction between the models. The Akaike information crite-
rion, however, preferred 16S rRNA gene similarities calculated
with PAUP* (184) over Smith-Waterman (203) and BLAST
(201) similarities, whereas the Kendall correlations (0.32-0.33)
showed little variation. There was no performance differ-
ence between the distinct distance formulas implemented in
PAUP#*; even the resulting similarity thresholds showed little
deviation (Table 1). The multiple regression did not confirm
an overall significant effect of the methods used for the deter-
mination of the DDH values (p value: 0.12), but a significant
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one for the phyla (p value: 0.009). The DDH determination
method was thus neglected in the final model and the error
probabilities were determined for general as well as phylum-
specific 16S TRNA gene sequence similarity thresholds, shown
in Table 1 for critical error-probability values; a short usage
example is given in the corresponding caption. One of the
optimal models is depicted in Fig. 1 together with the under-
lying data points. File S2 (Supplementary material) contains
details on all inferred models.

All models revealed 100 % prediction accuracy under all
permitted error probabilities <5 %, except for the phylum-
specific model for the Proteobacteria that falsely assumed dis-
tinct species for a low number of data points (see Table 1).
But that was the case only if 16S rRNA gene sequence simi-
larity thresholds were applied in conjunction with an allowed
error probability >0.5 %.

Discussion

Regression analysis of the enlarged dataset confirms the pre-
viously posited thresholds (Konstantinidis and Tiedje, 2007;
Stackebrandt and Ebers, 2006) for the three largest phyla
(Actinobacteria, Firmicutes and Proteobacteria) considering a
maximum accepted probability of failure of 1 %. The results
differ, however, for other phyla (as this aspect of the taxo-
nomic affiliation was shown to have a significant effect) and
when other maximally accepted error probabilities are chosen.
This effect of the phyla is in accordance with observations
made earlier (Keswani and Whitman, 2001), and in contrast to
earlier studies (Konstantinidis and Tiedje, 2005; Stackebrandt
and Ebers, 2006), we here provide phylum-specific thresholds.
Such distinct thresholds might be due to accelerated or re-
tarded evolution of rRNA genes in some phyla. A preliminary
assessment did not reveal a correlation between the phylum-
specific thresholds and the average GC content usually re-
ported for the phyla present in our dataset. For instance, the
low-GC Firmicutes and the high-GC Actinobacteria (Woese,
1987) showed the same trend regarding their thresholds (Table
1). The investigated dataset may well be regarded as prone
to a taxonomically biased composition, as only 61 data points
were selected from the other three phyla. On the other hand,
it is obvious that the relative abundances of the contained
phyla do represent their proportion in the current application
of DDHs in taxonomy, confirming that the values depicted
in Table 1 are indeed of practical relevance. For phyla not
covered here we suggest to use the thresholds calculated from
the entire dataset (leftmost column) in conjunction with a
conservative maximally accepted probability of failure, which
could without a significant loss in confidence be set distinctly
below the 1:10,000 failure rate (0.01 %) that is currently in
use. Indeed, Table 1 shows that the 97 % sequence similar-
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ity threshold (Stackebrandt and Goebel, 1994) was chosen so
conservative that only 1 in 10,000 pairs of strains with a 16S
rRNA gene sequence similarity of 97 % and above will result
in a DDH value higher than 70 %. Given that microbiolo-
gists currently know only about 10,000 validly named species
of bacteria and archaea, this means that we so far are paying
a very high price (for DDH determinations) to achieve a level
of confidence that is exorbitantly high.

1.00 —

0.75 -

0.50 -

0.25-

0.00 —

I T — . .
95 96 97 98 99 100

Fig. 1. Results of DDH experiments as inferred from 16S rRNA gene similarities.

Values on the x-axis are similarities calculated from uncorrected (p) 16S rRNA gene
distances inferred with PAUP*, and those on the y-axis wet-lab DDH results coded as
1if 270 % and 0 if <70 %. The scale on the y-axis is thus the probability for DDH
270 %. The curve depicts a GLM for inferring such probabilities from 16S rRNA gene
similarities, without considering the affiliation to a phylum as additional independent
variable (but see Table 1). The dotted lines indicate similarity thresholds for some
critical maximum allowed error probabilities. For instance, for 16S rRNA gene simi-
larities of at most 99.0 %, the probability of a DDH experiment yielding 70 % is at
most 2.5 % (which is reached, of course, at a similarity of exactly 99.0 %). Thus, if
wet-lab DDH experiments were omitted for all pairs of strains whose 16S rRNA gene
similarity was 99 % or below, one would falsely regard them as distinct species in up
to 2.5 % of all cases. This maximum error probability would drop to 1 error in 100
cases if a similarity threshold of 98.8 % was used (see also Table 1)
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Table 1. General and phylum-specific 16S rRNA thresholds for critical maximum error probabilities ranging from 0.01 to
10 %. The 16S rRNA gene thresholds are equally applicable to uncorrected (p), JC, K2P, and HKY85 distances, with or
without a gamma distribution ( = 0.5), because they did not differ after rounding. Within parentheses, the number of
samples with an actual DDH >70 % that would have been overlooked given the respective 16S rRNA threshold is given
if greater than zero. A usage example is as follows. Assume a taxonomic journal specifies an error probability of at most
1 in 100 cases. Then, for Actinobacteria the sequence similarity could be at most 99.0 % for allowing authors to omit a
DDH experiment; for Firmicutes, 98.8 %; and for Proteobacteria, 98.7 %. If at most one error per 1,000 cases deemed
appropriate according to the policy of the journal, these values were 98.2, 98.2, and 98.0 %, respectively, yielding a higher
number of mandatory DDH experiments, but still much less than the currently frequently applied general threshold of 97 %.
Act., Actinobacteria; Firm., Firmicutes; Prot., Proteobacteria; Dein., Deinococcus-Thermus; Eury., Euryarchaeota; Bact.,
Bacteroidetes

Phylum-specific thresholds

Max. probability of error (%)  General thresholds

Act. Firm. Prot. Dein. Eury. Bact.
0.01 97.6 97.5 97.5 97.2 97.2 96.8 96.8
0.025 97.8 97.8 97.8 97.5 97.5 97.0 97.0
0.05 98.0 98.0 98.0 97.8 97.7  97.2 97.2
0.10 98.2 98.2 98.2 98.0 97.8 97.5 97.5
0.25 98.4 98.5 98.5 98.2 98.0 97.8 97.8
0.50 98.6 98.8 98.7 98.3 (1) 98.2 98.0 98.0
1.00 98.8 99.0 98.8 98.7 (2) 98.5 98.2 98.2
2.50 99.0 99.2 99.2 98.8 (3) 98.8 98.3 98.5
5.00 99.2 99.3 99.3 99.0 (5) 99.0 98.7 98.7
10.0 99.4 99.5 (1) 99.5(2) 99.2(7) 99.2 98.8 98.8

Only few cases of significant intragenomic rRNA gene poly-
morphisms are known that could bias taxonomic decisions.
For instance, some Haloarcula species express distinct rRNA
genes under distinct environmental conditions (Cui et al.,
2009). The copies from the genomes of Haloarcula maris-
mortui (NCBI accession numbers AY596297 and AY596298)
and Haloarcula vallismortis (AOLQO01000000) yielding interge-
nomic and intragenomic similarity scores of about 94 % and
about 99 %, respectively. But the smaller of these values would
lead to taxonomic bias under both the 97 % and the here pro-
posed thresholds, whereas the larger similarity value would
suggest a DDH experiment in either case.

It is well known that DDH and 16S rRNA gene sequence
similarities are not linear and the DDH values obtained for
a given 16S rRNA gene sequence similarity value may dif-
fer significantly (Keswani and Whitman, 2001). DDH values
are influenced by several physicochemical parameters, many of
which are not recorded in the original citation. Repetition of
DDH by another research group may therefore yield different
values, which can potentially lead to taxonomic rearrangement
in those cases where the new determination is above or below
the threshold value of 70 %. An example is the reclassification
of Lactobacillus arizonensis (Swezey et al., 2000) as a later het-
erotypic synonym of Lactobacillus plantarum (Kostinek et al.,
2005) because the originally determined DDH value of 42 %
was redetermined to be as high as 73 %. Nevertheless, a statis-
tically significant effect of the main kind of DDH method used
was not found in the present study, indicating that the cur-
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rently predominating DDH approaches are, on average, com-
parable and reliable.

It is also good news that only negligible differences were
observed between the 165 rRNA gene sequence similaritycal-
culation approaches investigated (except for BLAST and the
direct use of Smith-Waterman similarities), because it is sel-
dom exactly stated in the taxonomic literature which one was
chosen (see the dataset compiled by (Stackebrandt and Ebers,
2006). This result is not unexpected, however, because cor-
rection formulas for pairwise distances have a strong effect
only for large distances (Felsenstein, 2004, pp. 156-158). Sim-
ilarly, sequence alignment also appears to play a negligible
role for highly similar 16S rRNA gene sequences, as confirmed
by a high Kendall correlation (0.8) between the similarities
collected by (Stackebrandt and Ebers, 2006) and those re-
calculated here. The Smith-Waterman algorithm was chosen
because it solves pairwise alignments exactly, but other pro-
grams might as well be used without risk. The poor perfor-
mance of the Smith-Waterman similarities themselves is most
likely caused by their treatment of gaps as real (not miss-
ing) information, which fails if 16S rRNA gene sequences have
large insertions (e.g., AY639871 vs. U46145). BLAST similar-
ities also cannot be recommended (even though here all non-
overlapping HSPs were considered, in contrast to the naive ap-
proach), most likely because they are only based on sequence
parts within HSPs, in contrast to a full pairwise alignment.
This conclusion is in agreement with recommendations pub-
lished in taxonomic journals (Tindall et al., 2010).

Meier-Kolthoff et al. 2013



Final post print version. Reformatted by the authors to comply with the publisher’s self-archiving policy.

With this exception, the software routinely applied by mi-
crobial taxonomist appears well suited to safely estimate 16S
rRNA gene sequence similarities, which could now be used in
conjunction with Table 1 for a reasonable decision on whether
or not the DDH value between two strains should be deter-
mined for the discrimination of species in a taxonomic anal-
ysis. As an example of the proportion of tedious experi-
ments that could be omitted, we estimated that the follow-
ing percentage of DDHs covered by our dataset could have
been avoided if a maximum probability of failure of 1 %
was accepted: Actinobacteria, 51 %; Bacteroidetes, 35 %;
Deinococcus-Thermus, 28 %; Euryarchaeota, 50 %; Firmi-
cutes, 43 %; Proteobacteria, 38 %. Table 1 could serve as
a general guideline for researchers even if favored other maxi-
mum possible error probabilities, but based on our experience
at DSMZ, a value of 1 % appears to be reasonable. We hope
that this study helps taxonomists to avoid tedious wet-lab
work without sacrificing accuracy until finally a situation will
be reached in which genome sequencing is routinely applied in
species descriptions anyway (Lagier et al., 2013), thus generat-
ing the data that can be used by bioinformatics approaches for
species delimitation (Auch et al., 2010b,a; Goris et al., 2007;
Klenk and Goker, 2010; Meier-Kolthoff et al., 2013; Richter
and Rossell6-Méra, 2009).
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