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Abstract. The paper presents a new approach for phylotyping that can be
potentially used for pure cultures and for mixed bacterial populations. It is based on
the use of short unique nucleotide sequences (k-mers) that are present in the
genomes of all strains of the same species and are absent in bacterial genomes of
other taxonomic groups. We show that the number N of such sequences depends on
the percentage bias towards A/T or G/C base pairs, increasing for genomes with
approximately equal composition. We found that the largest contribution to the set
of primarily unique sequences is given by 16-17-mers, while sigmoidal curves
reflecting the dependence of N on the length of k-mers showed the maximum slope
increment (AN/AK) for k = 17, 18. Unique sequences of the length 16-18 bases can
therefore be offered as potential markers. Comparing the sets of unique k-mers in
the genomes of four Enterobacter strains, we estimated the level of their
intraspecies stability and interspecies plasticity. As a result, we suggest
discriminatory subsets as stencils for phylotyping, thereby increasing the list of
genotyping markers with signatures of the new type.
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INTRODUCTION

The danger of pathogenic microorganisms has always been an important factor that
stimulated the development of methods for their reliable identification. The last two decades
were marked by a particularly sharp progress in this field, which largely supplanted the
phenotypic methods of classification (morphology of cells and colonies, cultivation
conditions, resistance to antibiotics, serotype, toxicity, pathogenicity, etc.), replacing them
with more precise genotypic approaches [1, 2]. The currently used methods of genotyping are
very diverse. Some of them do not need any information about the nucleotide sequence of the
genomes being analyzed. Thus, in the Pulsed-Field Gel Electrophoresis method (PFGE), only
specific restriction with rare-cutting endonucleases and electrophoretic fractionation of long
fragments (5000-1000000 bp) are required [3, 4]. As a result, an easily interpreted
distribution of the restriction fragments on gels is obtained that makes it possible to
distinguish one strain from another or to conclude that they are identical. In RAPD method
(Random Amplified Polymorphic DNA), a polymerase chain reaction (PCR) with random
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primers followed by electrophoretic fractionation is used [5, 6]. DNA fragments between
primers located at a distance of 100-3000 bp are amplified giving a more complex set of
bands compared to PFGE, but electrophoretic fractionation of shorter fragments is much
easier compared to long fragments in the previous technique. In the AFLP method (Amplified
Fragment Length Polymorphism), the DNA is treated with rare-cutting endonuclease (as in
PFGE) and also with another restriction enzyme. The ends of the fragments formed by the
first restriction enzyme are specifically ligated by adapters with a known sequence, and the
relatively short fragments between them and the restriction sites of the second restriction
enzyme are amplified and fractionated [7]. All these methods are widely applied for the
typing of pathogenic bacteria, but for their implementation, the genomic DNA of purified
bacterial cultures are required, which makes it impossible to use them for metagenomic
analysis.

There are several methods that are mainly used to typify individual genomes, but can also
be applied to detect particular microorganisms in complex bacterial populations. Thus, for
example, the AFLP method in a format when the genome target areas are first amplified with
a gene or genome-specific primers, and then subjected to restriction and fractionation [8].
This procedure of experimental processing does not allow obtaining a full-genomic
representation of analyzed polymorphisms, but it increases the accuracy of analysis for target
sequences and facilitates the interpretation of the obtained patterns.

A particularly large set of methods was designed for targeted analysis of the variable
regions of the genome. These can be genes that are present only in the specific strains,
antibiotic resistance genes, virulence genes, or housekeeping genes if it is possible to select
species-specific primers for them [3, 9-11]. Often, this analysis requires several or even many
genomic loci (Multi-Locus Analysis). A special group consists of methods for typing bacteria
on the basis of repetitive sequences. It includes the MLVA method (Multi-Locus Variable
number tandem repeat Analysis), in which the number of tandem repeats is informative.
Experimentally, it can be estimated either by the size of the amplicons [12, 13], or, more
precisely, by direct sequencing [14]. Repetitive extragenic palindromes [15], mobile elements
[16], CRISPR-Cas cassettes [17], and other genomic features are also used. It is important,
however, that for the genomes of each species, the optimal method for typing over variable
regions must be selected individually.

The gold standard for the analysis of composite bacterial populations is the typing method
for 16S rRNA genes. The results obtained by this approach in different laboratories are stored
in public databases [18, 19] and are widely used for phylogenetic analysis. The method is
based on the high conservatism of the 16S rRNA genes that are present in all bacterial
genomes. The constant regions of these genes are used to select "universal™ primers, and 5-9
variable regions as species-specific markers. Applying high-throughput parallel sequencing of
5-9 amplicons obtained from a joint DNA of a complex bacterial community each with an
average of 5 copies of the 16S rRNA genes, it is possible to get a library of reads with a very
high coverage of the analyzed polymorphic regions, even by using not very powerful
sequencers. This makes it possible to receive information not only about the species
composition in microbiomes, but also about the number of bacteria of different species in the
population. However, this method also has some limitations. The main is the presence in all
bacterial genomes of several copies of genes encoding 16S rRNA that may differ in their
primary structure [20]. Sometimes intra-genomic variations even exceed interspecies
polymorphism. Therefore, the typing according to 16S rRNA sequences allows reliable
identification of bacterial genus in more than 90 % of cases, although species identity is
established only in 65-83 % of cases [21].

Here we show the results of a pilot project aimed at developing a new genotyping method
that has the largest discriminatory power at the species identification level. Our approach uses
a large set of unique sequences in genomes as their markers. It is based on total sequencing of
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bacterial chromosomes or metagenomes and is ideally suited for bacterial systematization by
assessing the phylogenetic proximity of the new isolate to known species by the number of
their unique sequences in its genome. The possibility of using a new approach to characterize
species diversity in bacterial communities and to assess their relative viability is discussed.

METHODS

Reference database and genomes

A local reference database containing 2443 complete bacterial genomes was created for
the study. It was composed from the nucleotide sequences of prokaryotic genomes taken from
RefSeq database (ftp:/ftp.ncbi.nih.gov/genomes/archive/old_refseq/Bacteria/all.fha.tar.gz)
[22] on June 2, 2015 after all chromosomes containing degenerate nucleotides (S, W, R, Y, K,
M, B, D, H, V, N) were removed from the initial list. Table 1 provides the information for six
genomes of this database used for comparative sequence analysis.

Table 1. List of analyzed genomes

Accession Genome
. . GC-
Species hame number in length, content. % Reference
GenBank bp ’
Enterobacter cloacae subsp. dissolvens SDM NC 018079.1 | 4968248 55.1 [23]
Enterobacter cloacae ECWSU1 NC 016514.1 | 4734438 54.6 [24]
Enterobacter cloacae subsp. cloacae str. ENHKUQL | NC 018405.1 | 4726582 55.1 [25]
Enterobacter lignolyticus SCF1 NC 014618.1 | 4814049 57 [26]
Clostridium sporogenes DSM 795 CP011663.1 4142990 28 [27]
Cellulomonas flavigena DSM 20109 NC 014151.1 | 4123179 74.3 [28]

Search for unique sequences in genomes and the strategy of their analysis

The search for unique sequences with 14-28 base pairs (bp) in length was carried out for
the test genome using the UniSeq program described in the main text. For this analysis, all
genomes belonging to microorganisms of the same genus were removed from the reference
database. Scanning was done with 1 bp resolution. Sequences of a particular length found in
the analyzed genome, but not in the remaining reference genomes, were considered as unique
k-mers. Their distribution in the genome relative to the coding regions of genes and intergenic
spaces was evaluated using the RefSeq genomic maps [22]. To avoid ambiguity, k-mers were
sorted into three categories. A particular sequence was considered belonging to the coding
region of a gene (or intergenic space) if all its nucleotides were in a given locus. Otherwise,
the k-mer was attributed to a borderline group.

Identifying discriminative sets of unique sequences

The degrees of intersections between sets of unique k-mers found in four Enterobacter
genomes were estimated using the auxiliary option of the program complex UniSeq. When
searching for identical k-mers in two sets, the program takes into account the possibility of
their presence as complementary sequences. All possible combinations of two and three sets
were evaluated, and common sets of unique k-mers for all of them were obtained. These data
were plotted in Venn diagrams using the Internet resource Venn Diagrams with D3.js [29].
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RESULTS AND DISCUSSION

The search of unique k-mers in bacterial genomes

A number of methods have been developed for pattern search in large DNA database.
These include FASTA [30, 31], BLAST [32], PatternHunter [33], MUMMER [34], SSAHA
[35], Fast String Matching Algorithms [36], BWA-SW [37] and others.

The Smith—Waterman-based methods such as FASTA mines approximate matches by
employing dynamic programming techniques and are computationally very intensive. BLAST
and its variants are an improvement over FASTA in that they use certain seeds for basic
anchoring, which are then extended to exact or approximate matches. However, apart from
being probabilistic in nature, BLAST type algorithms require large amounts of memory and
computing time. PatternHunter is a similar seed-based technique but is still inefficient for
applications that involve whole genomes or large databases. Recent suffix tree-based methods
[38], such as Mummer, have a very low-search time complexity. They represent all suffixes of
the text as a plurality of intermingled linked lists. When the knowledge about genomes gets
updated frequently, updating the suffix tree in place becomes tedious, as the inter-mingling of
linked lists is very sensitive to changes in the text data. Moreover, since in addition to textual
information every node in the tree needs to hold tree-related information, such as pointers to
its parents and children apart from text-based information, even the best implementation of
suffix trees require about 16 bytes per base [34], which scales up to 46 GB of memory for the
preprocessed Human Genome. Deterministic Finite Automaton (DFA)-based methods
[38, 39] such as BWA-SW combine DFA and dynamic-programming-based alignment
methods. The method does not scale well for large sequences, even for the best case of exact
matches. And as they use dynamic programming, the memory requirements of the method are
huge. Hashing-based methods such as SSAHA and those proposed by Lecroq [36] offered
substring matching and k-mers hashing method to greatly improve the time complexity.

To summarize, efficient biological pattern-search algorithms must take into account two
problems. First, the possibility of random access to the text, without which the time
complexity of the algorithm shoots up to an unacceptable O(Lg) [39], where Lg is the length
of the DNA sequence G, which is of the order of several billion bases. This can be solved by
employing mechanisms such as suffix trees and hash tables. Hashing methods are considered
because changing data locally is an easy task when information in the corresponding sequence
gets updated. The second problem is related to memory constraints.

In general, the problem of finding unique oligonucleotides of size k (k-mers) in a database
is formalized as follows. There are two non-overlapping sets of DNA sequences (genomes) E
(test set) and T (target set), as well as a subset S < E. We use the term “k-mer” to denote a
contiguous sequence of DNA bases that is k bases long. Each sequence of DNA (genome) G
that is L bases long will contain (N — k + 1) overlapping k-mers. The task is to find all such
k-mers that are present in every genome of S, but are missing in the target set T. To find all k-
mers in a given DNA sequence GeS, that are absent in T, we use an algorithm, which is based
on the preprocessing of the database. All the sequences of the reference database were
converted into hash tables that efficiently link keys to corresponding values called buckets
[40]. The key refers to each distinct k-mer while bucket refers to the list of locations of that k-
mer in the genome. The hash tables were sorted in a special way to minimize the time of
calculation while processing the specified k-mer.

The straight-line approach, in which every k-mer of the genome G should be compared to
all k-mers in sequences of set T has the complexity C that lies in the range
NxXZ<C<LgxZ, where N is the number of unique k-mers, ¥ — the total length of all
targets. For Le = 5-10° bp and X =8008249554 —2443(k—1) it may require ~10%°
comparisons, which is both time and resource consuming. Thus, the time cost for the search
of k-mers of length in the range from 14 to 28 was reduced by hashing of all prefixes, which
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are 12 bases long. The 12 base pairs for the prefix were selected because no unique sequences
of this length were found in any of the tested genomes. The checking the uniqueness of k-mer
with a prefix X in the target set comes down to searching only for the continuation of the
prefix. Hence, only the tails located after the prefix are to be compared with the test sequence.

From the preliminary analysis, performed for 29 bacterial genomes (their total length
amounts to 2.3 % of the length of full database) taken from different taxa and possessing
different GC-content (from 22.5 % to 74.2 %), it became clear that on average only 6.8 % of
12-mers have more than one copy in the genome. If most of these copies give a new unique
sequence, this can give 5-6 % additional k-mers to the set found only with the first
occurrence. Thus, ignoring k-mers with the prefix X, if other k-mer with the same prefix in the
genome have already been verified, we had another chance to reduce the time of the search,
still obtaining ~95 % of unique k-mers.

The Paradox relational database is used to collect the sorted in a special way hash tables
containing the offsets of all 12-mers from target genome set. The software UniSeq was
developed, which consists of database management system interface and computational
procedures with window user interface designed for searching and analyzing unique
sequences in bacterial genomes. The database is managed by the use of ObjectPAL operators
that are implemented as functions in C++. This allowed creating a window interface that does
not require knowledge of database query language from the user, which greatly facilitates the
analysis.

Bacterial genomes contain a huge number of short unique sequences

With the development of modern genomic methods, the problem of their full use for
monitoring natural communities of microorganisms has become extremely topical. In addition
to pathogenic bacteria, for which numerous test systems have already been designed,
putrefactive microorganisms that are part of the healthy microbiome also pose a great danger
to health if dominate there. The bright representatives of such microorganisms are bacteria of
the genus Clostridium, which determined the choice of the genome of Clostridium sporogenes
DSM 795 (CI. sporogenes) as one of the model objects for assessing the potential of the new
genotyping method. The genome of this bacterium has an anomalously high content of A/T
bp (Table 1), which could not but affect the results of the planned work. Therefore, the
genomes of three strains of the conditionally pathogenic species of Enterobacter cloacae (E.
cloacae) widely distributed in nature and being a commensal of our intestinal tract, were also
used for the analysis. The corresponding genomes have practically the same content of A/T
and G/C pairs. The strain of Enterobacter lignolyticus (E. lignolyticus) initially annotated as
E. cloacae on the basis of 16S rRNA typing and later classified as an independent species on
the basis of multi-locus sequence typing [26] was added as an experimental sample to check
discriminative capacity of the software. Finally, the genome of Cellulomonas flavigena DSM
20109 (C. flavigena) with an abnormally high GC-content was also used for analysis as a
compositional antipode for the genome of Cl. sporogenes.

Each of the six genomes was scanned by UniSeq using a reference database for
comparison and variable size of k-mers. As expected, the number of unique sequences
increased with increasing length k and their total number turned out to be very large (solid
lines in Fig. 1,A), which characterizes the degree of unigueness of genomes. The greatest
number of unique sequences was found in the genome of E. cloacae SDM, but the sigmoidal
curve tracking their dependence on k was almost the same as for the two other Enterobacter
genomes (E. cloacae ECWSUL1 and E. cloacae ENHKUOQ1) with completely overlapping plots
(black solid lines). In full accordance with the current classification, the curve for
E. lignolyticus SCF1 clearly differed from them (red solid curve), thereby assuming the
ability of our approach to detect even a subtle interspecies difference that was not evident on
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the basis of 16S rRNA typing and was found only by the method of multi locus sequence
typing [26, 41].
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Fig. 1. The dependence of the number of unique k-mers on their length in the model genomes. A: solid
lines — cumulative curves, dashed lines — increment curves plotted for AN/Ak. B — differential plots for
“primary” k-mer (specified in the text). Black color were used for the genomes of three E. cloacae strains
(SDM, EcWSU1, ENHKUO01), red for E. lignolyticus SCF1, blue for Cl. sporogenes DSM 795 and green
for C. flavigena DSM 20109.

In the A/T-rich genome of Cl. sporogenes the number of the unique sequences turned out
to be smaller (blue line) and much smaller in the G/C-rich genome of C. flavigena. The
deviation of the corresponding plots from the E. cloacae curves representing genomes with
~55 % GC-content was not proportional to the difference in their base composition. The
degree of uniqueness of genomes, therefore, is determined not only by the imbalance in their
A(T) and G(C) composition.

The largest contribution to the number of unique sequences was given by the 17-19-mers
(dashed lines in Fig. 1,A). However, most of them are derived from shorter unique k-mers. If,
for instance, the 16-mer ATGCCGTTAATTAAAG from the test genome was absent in the
database and, accordingly, was rated as “unique”, any 17-mer with the same prefix will be
also “unique”. On the other hand, if the 15-mer ATGCCGTTAATTAAA was found in the
database, the indicated 16-mer can be considered as a “primary unique” sequence. Most of
such “seed” sequences in all genomes are 16- or 17-mers (Fig. 1,B). Thus, unique k-mers in
the range of length 16-18 bases can be suggested as potential markers for typing.

Table 2. The distribution of unique k-mers relative to the coding sequences

Type Coding Percentage of unigue k-mers
Name of the species of density of the intergenic |borderline
- genes

data genome (%) spaces k-mers
. Np 81.25 16.80 1.95
Enterobacter cloacae subsp. dissolvens SDM N 88.96 78.97 18.81 599
Np 83.40 14.80 1.80
Enterobacter cloacae ECWSU1 N 90.27 8107 16.81 512
Enterobacter cloacae subsp. cloacae str. Np 89.02 81.65 16.48 1.87
ENHKUO01 N ' 79.29 18.53 2.18
. . Np 78.78 18.97 2.25
Enterobacter lignolyticus SCF1 N 89.58 75 75 5150 575
- Np 84.38 14.62 1.00
Clostridium sporogenes DSM 795 N 81.83 83.74 15 106
. Np 79.81 17.61 2.58
Cellulomonas flavigena DSM 20109 N 90.35 6729 28.59 411
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Unique k-mers are almost proportionally distributed between genes and intergenic
spaces

The largest part of the currently used phylotyping protocols relies on the conservatism of
the coding sequences of discriminating genes, such as 16S rRNA genes, virulence genes or
toxicity, whose intraspecies stability is controlled by evolutionary selection. The other part,
on the contrary, for characterizing intraspecies polymorphism, uses highly variable sequences
of intergenic regions, such as tandem repeats, REP elements or CRISPR cassettes. Thus, the
area of effective application of a new approach depends on how unique k-mers are distributed
between genes and intergenic spaces. This analysis was performed for all k-mers in the range
of length from 14 to 28 bases for all Enterobacter strains and C. flavigena, and the bias
towards the intergenic spaces was observed. We did not detect such bias for CI. sporogenes
that has anomalously low coding density. In Table 2, the data for primary (Np) and
cumulative (N) sets of 16-mers are given as examples. Thus, it became clear that less
conservative intergenic spaces may be the places where genomic signatures are predominantly
generated.

UniSeq-based search for genomic signatures revealed strain- and species-specific sets for
discriminatory phylotyping

To assess the evolutionary stability and plasticity of bacterial genomes, the degrees of
overlap between the obtained sets of primary and cumulative k-mers unique for each of the
three genomes of E. cloacae and the genome of E. lignolyticus, were evaluated. Figure 2
exemplifies the data obtained for 16-mers. As expected, the common sets for genomes of the
same species were much larger (Fig. 2,A) than the common sets of identical k-mers in the
genomes of E. cloacae and E. lignolyticus (Fig. 2,B). Surprisingly, each set turned out to be
mostly composed of the strain-specific sequences. The part of common k-mers in the genomes
of two strains belonging to E. cloacae species was only 9-14 % and increased with decreasing
k. However, the common sets of unique k-mers for the three strains decreased by only ~50 %
compared to the common sets of two strains and included more than seventeen thousand
potential markers. If this tendency to preserve the core part persists with an increase in the
number of sequenced genomes of E. cloacae, it can be directly used for typing new isolates.
Otherwise, their species identity can be judged by the presence in the genome of unique k-
mers found in other strains of the same species.

A B
E. lignolyticus
ENHKUO01 et
s 308574
- &
>y, ® N

2 o

@ &
i??;? § 3?],34M61 EcWsuU1 § SDM
377679 377461

Fig. 2. Venn diagrams for intersection of cumulative sets of unique 16-mers. Panel A shows diagram
obtained for genomes of three Enterobacter species. Panel B exemplifies a lesser intersection of the sets
found in the genome of E. lignolyticus and genomes of two species of Enterobacter cloacae with a lager
mutual deviation. Numerals indicate the size of the sets, as well as their common parts.
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The same strategy can be offered to identify the genus of novel isolate, since the number
of common k-mers found in the genomes of E. cloacae and E. lignolyticus is more than an
order of magnitude smaller (Fig. 2,B). The small genus-specific sets also show a certain
tendency to preserve the core part: the number of unique k-mers common to genomes of
E. cloacae strains and E. lignolyticus (2181/2225) compose only 0.5-0.7 % of their quantity
in each genome, whereas the percentage of common k-mers in three genomes (835) is only 3-
fold smaller. It is clear that with the addition of new species, the size of “genus-specific” set
will further decrease, making the use of such k-mers unreliable. The lesser discriminative
capacity for genus was not a priori expected, but may reflect the different impact given by
intraspecies stability controlled by evolutionary selection and intrageneric divergence required
for speciation.

CONCLUSION

A special feature of the post-genomic era is the great need for precise phylogenetic typing
of bacteria as biological objects and in methods that allow characterizing the diversity of
bacterial communities. As a result, the methods of multi locus typing are widely used to
overcome the limitations of the classical method of identifying microorganisms based on 16S
rRNA polymorphism. It is already obvious that with the use of direct sequencing these
methods provide much more information than in the PCR format [42] and network resource
has appeared that facilitates the systematics of new isolates using short sequences (400—
500 bp) of multiple housekeeping genes [43]. In this study, we report the first results obtained
by the typing method based on UniSeq program complex that operates only with k-mers,
without any link to a particular group of genes and potentially can work with incomplete
genomes, contigs or even shotgun sequences. It is likely that the discriminative capacity of the
approach makes it possible to distinguish the genomes of different strains even better than
genomes of different species. This approach, therefore, can be used as a complementary
technique to classical genotyping according to 16S rRNA genes that more reliably identifies
the genus of new isolates than its species.

Although special efforts are required to assess the minimum number of unique k-mers
needed to determine a species, it is important that they are all equivalent in their “marker
capability”, and any combination is informative. In this study, we showed that the method
perfectly discriminates bacteria from different species. This is of particular importance for
pathogenic and toxic microorganisms. Genotyping of bacterial communities is much more
difficult. If, for example, it is necessary to characterize microbiome consisting of 1000
different bacterial species, then using medium-class sequencers such as Illumina MiSeq or lon
Torrent PGM, it is possible to get 5-6000000 high-quality sequence reads with a length of
~150 bases. This yields on average ~800000 16-mers, per genome, covering approximately
20 % of its sequence. Depending on base composition, ~10000-64000 of these k-mers will be
unique (Fig. 1,A) and ~900-6000 such sequences will overlap with a set of unique k-mers in
the genomes of known species of the same genus (Fig. 2,A). This is much more than gives
any other multi locus typing, even if difference in the presence of particular species varies
over a wide range. The loss in coverage is compensated by the high multiplicity of targeted
regions and 10-20 % of losses due to sequencing errors do not seem dramatic.

Working with very short sequences, the method does not require the assembly of target
loci and can be used to analyze meta-transcriptomes, thereby providing information about
living microorganisms and their functionality. However, there are at least two shortcomings
that complicate the implementation of the new technique in a widely available resource. First,
for comparison, the most complete and promptly updated reference database is required.
Secondly, to search for unique k-mers, it is necessary to remove from this base all genomes of
the same genus. Thus, preliminary studies are required to identity the genus. Alternatively, a
strategy for the sequential seizure of genomes belonging to ~ 2500 genera from a common
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database can be projected, but it is very time-consuming. Creation a parallel database
containing sets of unique k-mers for different species can certainly facilitate the
implementation of the method.

The need for direct sequencing is no longer considered as a large limitation. As the cost of
high-throughput sequencing is rapidly declining, it is becoming increasingly available for
routine laboratory practice, especially since new inexpensive and highly processive
sequencers from Oxford Nanopore Technologies will soon be available. It is important that
the data obtained by direct sequencing do not depend on experimental protocols, the quality of
gel fractionation or the markers used. They are self-contained and termless, but the use of the
valuable genomic data accumulated in public resources for mixed bacterial populations
requires new approaches. One such approach is proposed in this study.

The study was partially supported by the Russian Foundation for Basic Research (grants Ne16-04-
01570 and Ne15-07-05783).
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