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Among available genome relatedness indices, average nucleotide identity (ANI) is one of the most
robust measurements of genomic relatedness between strains, and has great potential in the
taxonomy of bacteria and archaea as a substitute for the labour-intensive DNA—-DNA hybridization
(DDH) technique. An ANI threshold range (95-96 %) for species demarcation had previously
been suggested based on comparative investigation between DDH and ANI values, albeit with
rather limited datasets. Furthermore, its generality was not tested on all lineages of prokaryotes.
Here, we investigated the overall distribution of ANI values generated by pairwise comparison of
6787 genomes of prokaryotes belonging to 22 phyla to see whether the suggested range can be
applied to all species. There was an apparent distinction in the overall ANI distribution between
intra- and interspecies relationships at around 95-96 % ANI. We went on to determine which
level of 16S rRNA gene sequence similarity corresponds to the currently accepted ANI threshold
for species demarcation using over one million comparisons. A twofold cross-validation statistical
test revealed that 98.65 % 16S rRNA gene sequence similarity can be used as the threshold for
differentiating two species, which is consistent with previous suggestions (98.2—99.0 %) derived
from comparative studies between DDH and 16S rRNA gene sequence similarity. Our findings
should be useful in accelerating the use of genomic sequence data in the taxonomy of bacteria

and archaea.

INTRODUCTION

DNA-DNA hybridization (DDH) is a category of experi-
mental methods which indirectly measure the overall
similarity between two genome sequences (McCarthy &
Bolton, 1963; Schildkraut et al., 1961). Over the last 50
years, DDH has been the ‘gold standard’ for bacterial species
demarcation as it provides a clear and objective numerical
threshold for a species boundary, for which 70% DDH
was suggested and is widely used (Tindall et al., 2010; Wayne
et al, 1987). However, due to the labour-intensive and
error-prone nature of DDH experiments, there has been a
continuous demand for an alternative genotype-based
standard (Gevers et al., 2005; Stackebrandt et al., 2002).

The genome sequence of a microbial strain is the ultimate
information for microbial taxonomy. As whole-genome
sequencing has become more widely accessible due to
the introduction of cost-effective high-throughput DNA

Abbreviations: AN, average nucleotide identity; DDH, DNA-DNA
hybridization.

A supplementary figure and two supplementary tables are available with
the online version of this paper.

sequencing technology, it is evident that genome sequence
similarities have the potential to be a routine taxonomic
parameter as a replacement for DDH. Much effort has been
put into correlating DDH values with digital DDH-like
similarity indices based on computational comparisons of
two genome sequences. These include average nucleotide
identity (ANI) (Konstantinidis et al., 2006), genome BLAST
distance phylogeny (GBDP) (Henz et al., 2005) and the
maximal unique matches index (MUMi) (Deloger et al.,
2009). Of these, ANI has been most widely used as a pos-
sible next-generation gold standard for species delineation
(Chan et al., 2012; Goris et al., 2007; Grim et al., 2013; Haley
et al, 2010; Konstantinidis & Tiedje, 2005; Richter &
Rossell6-Mora, 2009; Yi et al., 2012). ANI represents a mean
of identity/similarity values between homologous genomic
regions shared by two genomes. It is now generally accepted
that ANI values of 95-96 % equate to a DDH value of 70 %,
and can be used as a boundary for species delineation (Goris
et al., 2007; Richter & Rossello-Mora, 2009).

An early comparative study between DDH and 16S rRNA
gene sequence similarity revealed that 97 % 16S rRNA
gene sequence similarity corresponded to 70% DDH
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(Stackebrandt & Goebel, 1994). This threshold of 16S
rRNA gene sequence similarity has been widely used in
bacterial classification as an alternative to the tedious
DDH, and it is now generally accepted that DDH is only
required when 16S rRNA gene sequence similarity between
two strains is over 97 % (Tindall et al, 2010), even though
higher thresholds of 98.7-99.0% have also been used
(Stackebrandt & Ebers, 2006). However, in many cases, it
is hard to differentiate two species using 16S rRNA gene
sequences alone, as some species share a high level of
16S rRNA gene sequence similarity (>99 %), even though
they are clearly separated by DDH (Ash et al., 1991;
Rossello-Mora & Amann, 2001). On the basis of a com-
parison of 380 pairs of strains, Stackebrandt & Ebers (2006)
suggested 98.7-99.0 % 16S rRNA gene sequence similarity
as a threshold, which is higher than the original value of
97 % proposed by Stackebrandt & Goebel (1994). More
recently, a similar range of threshold (98.2-99.0%) was
recommended using information derived from 571 pairs of
strains (Meier-Kolthoff et al, 2013). All of these studies
focused on the comparison of DDH and 16S rRNA gene
sequence similarity. However, correlation of ANI and 16S
rRNA gene sequence similarity has not been thoroughly
investigated, except for a small-scale study based on 70
genomes (Konstantinidis & Tiedje, 2005).

In this study, we used a large set of genome sequences
(n=6787) to determine the optimal threshold of 16S
rRNA gene sequence similarity for species delineation
that corresponds to 95-96 % ANI. In addition, the overall
distribution of ANI values was investigated to review the
potential for the use of ANI in the classification of
prokaryotes.

METHODS

Data collection and genome selection. A set of 11995 genome
sequences of prokaryotes was retrieved from the GenBank database (as
of 30 July 2013). Taxonomic identification of each genome sequence
was achieved by calculating 16S rRNA gene sequence similarity and
ANT between the query genome sequences and those of type strains.
Low-quality genomes, which have >2000 contigs, and draft genomes
stemming from single-cell genomics using multiple displacement
amplifications were omitted due to their low genome coverage and
poor quality. Genomes that do not contain any extractable full-length
16S rRNA gene sequence were also removed from the dataset. The
resulting set of 6787 genomes was used for further analysis.

Calculation of pairwise ANI and 16S rRNA gene sequence
similarities. Among all qualified genomes of prokaryotes, ANI values
were calculated between all genomes of strains belonging to the same
family. Computation between strains belonging to different families
was not considered as it produced low values (<60 % ANI) which are
insignificant. All ANT calculations were performed using BLASTN and
in-house software, following the algorithm described by Goris et al.
(2007). Calculations were only performed in cases where there were
at least three genomes and two species within a family. Statistics on
the distribution of ANI values were analysed using the R statistical
software (http://www.r-project.org). To get normalized ANI values, a
mean of pairwise ANI values was calculated from those obtained for
all pairs between strains belonging to the same species.

The rRNAselector (Lee et al., 2011) program was used to obtain full-
length 16S rRNA gene sequences from each genome. The degree of
completeness of an rRNA gene sequence was checked as described
previously (Kim ef al., 2012). Pairwise similarities between 16S rRNA
gene sequences were calculated based on robust global sequence
alignment algorithms as used in the EzTaxon server (Chun et al.,
2007). The possible association between ANI and 16S rRNA gene
sequence similarity was tested by logarithmic regression.

Determination of an optimal 16S rRNA gene sequence
similarity threshold for species demarcation. To determine the
optimal threshold in 16S rRNA gene sequence similarity correspond-
ing to a given ANI threshold for species demarcation, precision-recall
and F score were calculated for all similarities of 16S rRNA gene
sequences at an interval of 0.019%. The F measure was originally
introduced for measuring classification performance in information
retrieval processes (van Rijsbergen, 1979) and has been used fre-
quently in assessing the performance of binary or multilabel classifiers
(Lan et al, 2012; Read et al, 2011). Recently, this performance
assessment strategy was applied successfully to determine the optimal
sequence similarity threshold for species demarcation of prokaryotes
(Mende et al., 2013) and to find coherence between a given taxonomy
and its phylogenetic placement (McDonald et al, 2012). We assumed
that two strains showing pairwise ANI values below a given thres-
hold (95 or 96 %) belong to different species and otherwise to the
same species (Goris et al., 2007; Richter & Rossello-Mora, 2009). All
pairwise 16S rRNA gene sequence similarity values were assigned into
four categories given thresholds of X ANI and Y 16S rRNA gene
sequence similarity: true positives (TP) consisted of cases with
ANT > X and 16S rRNA gene sequence similarity >Y; false negatives
(FN) with ANI > X and 16S rRNA gene sequence similarity <Y; false
positives (FP) with ANI <X and 16S rRNA gene sequence similarity
>Y and true negatives (TN) with ANI <X and 16S rRNA gene
sequence similarity <Y. After each round of evaluations with ANI
(95 or 96 %) and 16S rRNA gene sequence similarity (95-100 % at
0.01 % intervals) thresholds, the full dataset was randomly split
into two subsets for twofold cross-validation and the precision and
recall values were estimated for each subset using the four categories
defined above. The optimal threshold was obtained by maximizing
the sensitivity (recall) while minimizing the false discovery rate
(1—specificity). Afterwards, precision and recall values were used
to calculate the F score, which is a harmonic mean of precision and
recall and represents an accuracy of the test. The highest F score
among the series of 16S rRNA gene sequence similarity thresholds
was selected as the final optimal cut-off for each subset, and the
performance of each cut-off was evaluated by applying it to the
respective holdout subset.

RESULTS AND DISCUSSION

Overall ANI distribution

The final dataset consisted of 1044 179 pairwise values of
16S rRNA gene sequence similarity and ANI, covering 22
phyla, 41 classes, 93 orders, 202 families, 655 genera and
1738 species. The ANI values calculated between strains
belonging to the same family showed uneven distribution,
having an obvious low-frequency area in the range of
81.0-96.0% ANI and high frequency at >96% ANI
(Fig. 1a). Most of the intraspecies ANI values were found
to be over 96%, which is within the range previously
recommended for species demarcation (Richter &
Rossello-Mora, 2009). A similar pattern was also observed
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Fig. 1. ANI distribution based on all genomes (a) and a normalized set of genomes (b). Each colour represents pairwise ANI
calculations between strains belonging to different taxonomic ranks: between two strains belonging to the same species
(orange), belonging to different species (green) and belonging to different genera (purple). Mean ANI values per species are

represented in (b).

in the distribution of DDH values, which showed a
‘hollow” shape around the value of 70 % (Meier-Kolthoff
et al., 2013). In contrast to the pattern at the intraspecies
level, there was huge variation in ANI values obtained
by interspecies and intergenus comparisons. ANI values
between different species within a given genus were
distributed widely over the range 62—100 %.

Since the number of publicly available genome sequences
is unequal among taxonomic groups, we normalized data
by obtaining a single averaged ANI value per species to
alleviate the bias resulting from uneven taxon sampling
of genome sequences. The normalized ANI distribution
(Fig. 1b) showed a similar pattern to the one based on all
genomes (Fig. 1a), except for substantially lower frequencies
observed in the range 96-100 % ANI. This is because much
effort has been made in genome sequencing projects related
to medically important species. For example, 512 genome
sequences for Escherichia coli alone were used in this study.

In some cases, genomes showing ANI values higher than
96 % were from different species with validly published
names. Escherichia coli-Shigella species, Burkholderia mallei—
Burkholderia pseudomallei and Bordetella bronchiseptica—
Bordetella parapertussis—Bordetella pertussis are cases that are
already known (Richter & Rossello-Mora, 2009). Through
more comprehensive comparisons in this study, we found
additional cases, including Bacillus anthracis—Bacillus
thuringiensis—Bacillus cereus, Yersinia pseudotuberculosis—
Yersinia pestis, Brucella species, Lactobacillus case—Lactobacillus
paracasei, Mycobacterium  tuberculosis-Mycobacterium  bovis,
Leptospira  kirschneri—Leptospira interrogans and Treponema
paraluiscuniculi-Treponema pallidum. These sets of species

require further taxonomic investigation to see whether they
merit independent taxonomic status.

Determination of the optimal 16S rRNA gene
sequence similarity threshold for species
demarcation

The overall relationship between ANI and 16S rRNA gene
sequence similarity was found to be non-linear (Fig. S1A,
available in IJSEM Online), which is in good agreement
with a previous study based on a small dataset (n=70)
(Konstantinidis & Tiedje, 2005). However, linear correla-
tion could be seen when logarithmic transformation was
applied, which is expressed by the equation In(1.001—16S
rRNA gene sequence similarity)=—0.0097In(ANI)—0.602,
with #=0.805 and P<0.001 (Fig. S1B). Similarly, a non-
linear association was observed between the original
DDH and 16S rRNA gene sequence similarity in previous
studies, but high correlation coefficients were achieved
after log (Devereux et al, 1990) or log-log (Keswani &
Whitman, 2001) transformation on both variables.

To find the optimal threshold of 16S rRNA gene sequence
similarity corresponding to a level of 95 or 96 % ANI,
which has been recommended as a boundary for species
demarcation, precision-recall and F score were calculated
for all 16S rRNA gene sequence similarities (at 0.01 %
intervals) at each of the given ANI cut-offs. Twofold cross-
validation revealed that 98.65% 16S rRNA gene sequence
similarity showed the highest F score at both ANI cut-
offs (precision=0.922, recall=0.986 at 95% ANI cut-off;
precision=0.912, recall=0.985 at 96% ANI cut-off)
(Fig. 2). This 16S rRNA gene sequence similarity threshold
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Fig. 2. Precision-recall curve with F measure. When the species
boundary was set at 95% ANI, the highest F score was found at
98.65 % 16S rRNA gene sequence similarity.

level is within the threshold range (98.2-99.0 %) previously
suggested on the basis of comparative studies between
DDH and 16S rRNA gene sequence similarity (Meier-
Kolthoff et al., 2013; Stackebrandt & Ebers, 2006).

We applied this threshold value to our dataset in order
to check its validity for the current taxonomy. The overall
distribution of genome pairs with ANT and 16S rRNA gene
sequence similarity is summarized in Fig. 3. Given the 16S
rRNA gene sequence similarity threshold of <98.65 %,
we divided all ANI values into three categories (<95 %,
95-96 % and >96 %) (Fig. 3a). At <95% ANI (667705
comparisons), there were only two exceptional cases in
which strains of the same species fall into this range,
Fusobacterium nucleatum subsp. fusiforme ATCC 51190"
and F. nucleatum subsp. animalis ATCC 511917 (with 16S
rRNA gene sequence similarity/ANI of 98.51/91.80 %)
and F. nucleatum subsp. animalis ATCC 511917 and F.
nucleatum subsp. nucleatum ATCC 25586" (with 16S rRNA
gene sequence similarity/ANI of 98.56/90.64 %).

At a range of 95-96% ANI, 0.53% (27 of 5104)
showed <98.65% 16S rRNA gene sequence similarity
(see Table S1 for details). Among the cases with >96 %
ANI, only 0.10% (n=356) of the total cases (n=371370)
showed <98.65% 16S rRNA gene sequence similarity;
details of these exceptional cases are given in Table S2.
Since these are exceptional cases in which the 98.65 % 16S
rRNA gene sequence similarity cut-off may not guarantee
different genomic species status based on ANI, we went on
to examine each case in more detail.

Over half of the exceptional cases resulted from relatively
higher levels of intragenomic (interoperon) heterogeneity

of 16S rRNA genes. Of 383 exceptional cases with
>98.65 % 16S rRNA gene sequence similarity and <95 %
ANI, 150 cases were found between strains of the E. coli-
Shigella group. E. coli is known to have high intraspecific
variation (1.10%) between multiple 16S rRNA genes in
the genome (Pei et al,, 2010). Other species (13 cases) also
showed a high degree of intragenomic variation among
16S rRNA gene copies, including Lactobacillus rhamnosus
(0-7.67 %), Caldanaerobacter subterraneus (0.03—6.23 %),
Desulfitobacterium hafniense (0.06-3.73 %), Bacteroides
ovatus (0.07-3.30 %), Yersinia enterocolitica (0-2.67 %)
and Desulfitobacterium dehalogenans (0-2.14 %). It appears
that higher levels of intraspecific divergence of 16S rRNA
gene sequences may result in deviation from the optimal
16S rRNA gene sequence similarity threshold, at least
in the strains mentioned above. There are some other
exceptional cases that show lower levels of intragenomic
variation of 16S rRNA gene sequences (<<0.1%). For
example, strains of Aggregatibacter actinomycetemcomitans
(44 cases) showed relatively low 16S rRNA gene sequence
similarity (98.00-98.20 %), despite sharing a higher level
of ANI (97.43-99.09 %). At present, it is not clear why a
relatively higher level of 16S rRNA gene sequence diversity
is maintained between these strains. Ecological and phy-
siological traits, together with the evolutionary history of
this species, may provide clues to this discrepancy with
further investigation.

About 36 % (138 cases) of the exceptional cases were found
between the genome sequences of Neisseria meningitidis
alpha704 (GenBank accession no. CAJS00000000) and
other N. meningitidis strains with 97.00-98.64 % 16S rRNA
gene sequence similarity and 96.68-98.12% ANI. The
quality of the genome sequence of N. meningitidis alpha704
is questionable, as it is at the draft stage of sequencing,
containing 42 contigs and only one full-length 16S rRNA
gene sequence. Normally, N. meningitidis strains possess
four rrn operons. The reason for this exceptional case needs
to be explored.

In addition to exceptions at the intraspecies level men-
tioned above, exceptional cases were also found at the
interspecies level. They include Halomicrobium katesii
DSM 193017 vs Halomicrobium mukohataei DSM 12286"
(96.71% ANI and 95.59% 16S rRNA gene sequence
similarity), Thermoanaerobacter species (95.03—98.16 %
ANT and 97.02-98.54% 16S rRNA gene sequence simi-
larity) and Caldicellulosiruptor kronotskyensis 2002" vs
Caldicellulosiruptor bescii DSM 6725" (95.59 % ANI and
97.99% 16S rRNA gene sequence similarity). Species
belonging to Thermoanaerobacter and Caldicellulosiruptor
are known to display higher intercistronic variation among
multiple 16S rRNA gene copies (Acinas et al., 2004; Pei
et al., 2010). Halomicrobium, a halophilic archaeal genus,
was also reported to show a higher level of intraspecies
divergence (9.0-9.8 %) of 16S rRNA gene sequences (Cui
et al, 2009). The current classification of these species
as separate species requires further attention, given the
exceptionally low 16S rRNA gene sequence similarity.
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Fig. 3. Association plot (a) and table (b) between ANI values and 16S rRNA gene sequence similarities. The number of strain
pairs is displayed in each category square when divided by several intervals in 16S rRNA gene sequence similarity and 1.0 in ANL.

Overall discussion and conclusions

It has been estimated that there are millions of species
of prokaryotes on Earth, of which only a fraction has been
formally recognized. Currently, the number of species of
prokaryotes with validly published names is only about
11000. The role of the 16S rRNA gene sequence similarity
threshold in recognizing novel species has been crucial
since its introduction in the taxonomy of prokaryotes. The
originally proposed threshold value of 97 % (Stackebrandt
& Goebel, 1994) has been challenged by higher thresholds
(Meier-Kolthoff et al., 2013; Stackebrandt & Ebers, 2006).
However, these studies are based on a limited number, i.e.
hundreds, of DDH and 16S rRNA gene sequence similarity
comparisons. Moreover, the sampling of DDH values used
is biased, as most recently published DDH values were
obtained from publications describing novel species, in
which only DDH values less than 70 % were considered.
In this study, we carried out over a million comparisons
between genome and 16S rRNA gene sequence similarities,
which do not suffer from this bias.

Using ANI as a substitute for DDH, our proposed
threshold of 98.65 % would greatly speed up the process
of recognizing novel species. However, this threshold
should be applied carefully under the following conditions.
In this study, we used 16S rRNA gene sequences extracted
from whole-genome data, which are based on multiple
depths of sequencing coverage; in general, 7 x for Sanger
and >20x for next-generation sequencing methods are
applied. Therefore, sequences used in 16S rRNA gene
sequence similarity calculation must be as accurate as

possible. As a minimum, (i) both strands should be
sequenced (equivalent to >2 x depths) and (ii) 16S rRNA
gene sequences should be complete, as used in this study.
Here, we used the full-length sequence between the two
most popular PCR primers, 27f (5'-AGAGTTTGATCM-
TGGCTCAG-3") and 1492r (5'-TACCTTGTTACGACT-
T-3"). In addition, it needs to be pointed out that the new
threshold of 16S rRNA gene sequence similarity should not
be applied directly to microbial community studies based
on next-generation sequencing, as this new technology
has native errors. In conclusion, the new threshold of 16S
rRNA gene sequence similarity for defining species of
prokaryotes proposed here should accelerate the rate of
discovery of novel species in a more objective manner,
especially when combined with genome-based relatedness
methods such as ANIL
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