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Abstract

Bacteria of the genus Komagataeibacter are described to be the most noteworthy for having several of
its species being efficient and strong cellulose producers. The 16S ribosomal RNA (rRNA) gene
analysis is often used for the identification and taxonomic classification of these bacteria species. In
order to observe the phylogenetic relationship among Komagataeibacter sp., twelve sequences of the
16S rRNA gene with three sequences each for species namely Komagataeibacter europaeus,
Komagataeibacter hansenii, Komagataeibacter intermedius and Komagataeibacter xylinus were
retrieved from NCBI GenBank database. The sequences were aligned and analysed using PAUP,
OrthoANI and BLAST, followed by the phylogenetic tree construction using a Maximum Likelihood
method. The parsimony character diagnostic analysis showed very few numbers of parsimony-
informative characters present in the aligned sequences which is only 1.5% of the total characters. The
inferred phylogenetic relationships demonstrated the unexpected positioning of K. xylinus (GQ240638:
Gluconacetobacter xylinus strain) and K. xylinus (KC11853: G. xylinus strain) into the clades of K.
europaeus and K. hansenii respectively. The also very low bootstrap values of the branch points linking
the K. europaeus species indicated low support for the produced topologies. The findings of this study
indicate that more phylogenies information can be attained by increasing the taxon sampling. In
addition, more robust molecular data are needed to infer the phylogenetic relationships between the
Komagataeibacter species more accurately.
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Introduction

Bacterial cellulose (BC) is a polysaccharide produced by bacteria from genera such as Acetobacter and
Komagataeibacter. The polymer consists of repeating units of glucose that are linked by B (1-4)
glycosidic bonds (Rehm, 2010). The exceptional physicochemical and mechanical properties of BC
make it an attractive alternative for plant-produced cellulose. They possess properties such as high
purity, high tensile strength, high water-holding capacity, high crystallinity as well as being
biodegradable (Reiniati et al., 2017). BC is preferred over the plant cellulose due to its purity from any
substances that are typically found in cellulose that was extracted from plants, such as hemicellulose,
lignin and pectin (Cheng et al., 2009).

The bacteria Acetobacter sp. and Komagataeibacter sp. are known to be efficient in cellulose production
and are currently common for their use in industrial vinegar fermentation as they are able to oxidise
ethanol and can resist high concentrations of ethanol and acetic acid (Barja et al., 2016; Ryngajtto et
al., 2019). Cellulose-producing bacteria can be isolated from various habitats that are rich in sugar and
alcohol such as fruits, flowers as well as fermented products (Naloka et al., 2018). In order to identify
these isolates, molecular analysis from 16S ribosomal RNA gene sequencing is described to be a reliable
and widely used method as reported in previous related studies. The 16S rRNA analysis had been shown
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to be an appropriate technique to be used for the taxonomic classification of microorganisms (Yang et
al., 2016). Additionally, the size of the 16S rRNA gene being approximately 1,500 bp is large enough
to contain information that are statistically relevant possible to be used for informatics purposes (Janda
and Abbott, 2007). From this analysis, phylogenetic trees can be reconstructed to observe the
evolutionary relationships among the cellulose-producing bacteria. This study focuses on analysing the
phylogenetic relationships of Komagataeibacter species and the reliability of its classification based on
the phylogenetic marker 16S rRNA gene.

The identification of BC-producing species through morphological, structural and biochemical
characterisations may often be affected by various factors such as the culture conditions used during
the synthesis of BC (Marsh et al., 2014). The procedures for conducting morphological and biochemical
tests are also tedious which may result in the misidentification of bacterial species. Other than that, the
classification of species on the species-level is difficult if conducted only based on morphological and
biochemical characters. To conduct phenotypic identifications of microorganisms, a database of
accurate morphological and biochemical description is needed. However, in some instances, the
morphology or phenotypic observations obtained may not match the available database and thus
judgment of the most probable species must be made. These judgements could vary among individuals
conducting the study even with the help of technology such as computer programs and thus render
unreliable (Clarridge, 2004).

Due to the many benefits of BC, proper and reliable identification and classification of cellulose-
producing bacterial species are very important in the efforts of discovering the most prominent cellulose
producer. As this study involves the comparison of 16S rRNA gene sequences and the analysis of
evolutionary relationships between the species, the results of this study could offer a reliable method
for identification and classification of the cellulose-producing bacteria, Komagataeibacter sp. From
multiple sequence alignment, the conserved regions and sequence similarities identified within the 16S
rRNA gene would also be useful for future references and studies in determining evolutionary
relationships of this species.

Methods

Data retrieval

A total of twelve sequences of the 16S rRNA gene of Komagataeibacter sp. were chosen and retrieved
from the NCBI GenBank database website (https://www.ncbi.nlm.nih.gov/genbank/). Four
Komagataeibacter species were selected for the sequence analysis namely K. europaeus (Z21936;
FN429075; Y15269), K. hansenii (AM999342; NR_112227; NR_043112), K. intermedius (AJ316550;
NR_113394; NR_118180) and K. xylinus (GQ240638; KC118537; AB161453). The length of the
sequence chosen was between the range of 1300 to 1500 base pairs long. For each species, three
sequences of the 16S rRNA gene were obtained for comparison purposes. The sequences were
downloaded from the website and stored in FASTA format that is compatible to be used in many
bioinformatics tools. The reconstructed phylogenetic trees were saved in the PNG format for results
presentation.

Multiple sequence alignment and evaluations

Once the nucleotide sequences of 16S rRNA gene of each Komagataeibacter species were compiled,
multiple sequence alignment was conducted using the ClustalW function of the software MEGA X
(Kumar et al., 2018). Through this method, significant similarities in the sequences could be detected
and sorted accordingly. Additional quantitative analysis on nucleotide composition homogeneity
between taxa was undertaken using simple chi-square test in PAUP* 4.0b10, a widely used phylogenetic
software package written by Wilgenbusch and Swofford (2003) to infer evolutionary trees. The analysis
was conducted with maximum parsimony as the optimality criterion method. Analysis for average
nucleotide identity (ANI) of the twelve Komagataeibacter species were also conducted using the
software OrthoANI to determine the genetic relatedness between the 16S rRNA gene sequences (Lee
et al., 2016).
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Reconstruction of a phylogenetic tree

The aligned sequences of the 16S rRNA gene of the Komagataeibacter species were then used to
reconstruct a phylogenetic tree. The tree was reconstructed using Maximum Likelihood, a method most
often used in publications (Mari¢ et al., 2020; Matsutani et al., 2015). The confidence values of
individual branches in the reconstructed phylogenetic tree were calculated using the bootstrap analysis
based on 1,000 replications.

Result and Discussion
Twelve sequences of the 16S rRNA gene of the selected Komagataeibacter species that are 1215 to
1482 bp long retrieved from the NCBI GenBank database were aligned by ClustalW using the MEGA
X software. The quantitative analysis on nucleotide composition homogeneity analysed in PAUP* was
conducted under equal weights with gaps treated as missing and maximum parsimony as the optimality
criterion method. Maximum parsimony is a character-state method commonly used in molecular
phylogenetics that relies on the use of optimality criterion. According to Swofford and Sullivan (2003),
this criterion-based method is believed to be advantageous as the basis for preferring a tree over another
is programmed to be mathematically precise compared to algorithmic methods. The character-state
approach is also claimed to be superior compared to distance method due to the use of raw data. The
underlying idea of parsimony analysis is that the tree which minimises the amount of evolutionary
change (the total number of character-state changes) required to explain the data is considered the best
(Swofford and Sullivan, 2003). Ordered characters are characters of which the order has been
determined and transformation between any two adjacent states of this kind would cost the same number
of steps, while transformation between non-adjacent states costs the sum of the steps between their
implied adjacent states. Unordered characters on the other hand are characters that can transform into
any other state with equal cost without having to pass through intermediate states (Kitching et al., 1998).
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Figure 1 Multiple sequence alignment (MSA) of partial 16S rRNA gene sequences from twelve Komagataeibacter
species. The conserved residues have been shaded and the non-identical residues were unshaded such as position
site 1214" to 1215™. K. europaeus (Z21936: A. europaeus strain); K. europaeus (FN429075: G. europaeus strain);
K. europaeus (Y15289: A. europaeus strain); K. hansenii (AM999342: G. kombuchae strain); K. hansenii
(NR_112227); K. hansenii (NR_043112); K. intermedius (AJ316550: G. intermedius strain); K. intermedius
(NR_113394); K. intermedius (NR_118180); K. xylinus (GQ240638: G. xylinus strain); K. xylinus (KC118537:
G. xylinus strain) and K. xylinus (AB161453: G. xylinus strain).

The result of the PAUP* analysis indicated that all characters were unordered. The alignment of the
twelve taxa (Figure 1) showed that of 1495 total characters, 23 were parsimony-informative, 661
characters were variable and parsimony-uninformative and a total of 822 were invariable characters.
The parsimony-informative characters are only 1.5% of the total characters. The parsimony-informative
sites refer to those that consist of at least two nucleotide or amino acid types with at least two of them
occurring a minimum frequency of two (Syed Ibrahim et al., 2017). The alignment of the sequences
would reveal parsimony informative sites which is important in analysing phylogenies as according to
Fitch (1977), only the parsimony-informative sites are useful in producing parsimonious trees
(Papathanassopoulou and Lorentzos, 2014). As such, the lack of parsimony-informative sites in the
sequences being studied may have contributed to the low resolution of the phylogenetic tree and
provides little information on relationships of the species. Conversely, small numbers of informative
sites result in trees being constructed shorter than it is and infers false relationships due to homoplasies
being misconstrued as historical signals (Ribeiro et al., 2012).
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Phylogenetic trees convey a lot of information about evolutionary relationships from which the origins,
evolution, as well as the possible changes in the functional or structural properties of studied genes,
could be effectively inferred from. The phylogenetic tree reconstructed based on the 16S rRNA gene
sequences of twelve Komagataeibacter species retrieved from the NCBI GenBank database by using
Mega X software is shown in Figure 2.
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Figure 2. Maximum Likelihood tree reconstructed from 16S rRNA gene sequences showing four distinct clades:
the K. europaeus, K. intermedius, K. hansenii and K. xylinus clades with Gluconacetobacter xylinus strain
(AB161453: a K. xylinus species group) as outgroup species.

The yielded tree displays four clades, the K. europaeus, K. intermedius, K. hansenii and K. xylinus
(Figure 2). From the phylogenetic tree, G. xylinus strain (AB161453, yellow highlighted), a K. xylinus
species group, branched off nearest to the phylogenetic tree base. Sequence similarity values between
the twelve species sequences were calculated using the BLAST program. The sequence similarity
between G. xylinus strain (AB161453; yellow highlighted) with other species sequences were all 100%
except with the K. hansenii (NR_043112) which obtained 96.88% identity. From the three selected
sequences of K. xylinus, K. xylinus (GQ240638: G. xylinus strain) was unexpectedly clustered together
with the K. europaeus species clade (in red box), while the G. xylinus strain (KC118537) was placed
close together with the cluster of K. hansenii species clade (in blue box). The sequences similarity
calculated between the G. xylinus strain (GQ240638) and K. europaeus species group, G. europaeus
strain (FN429075), strains Acetobacter europeaus (Y15289) and Acetobacter europaeus (Z21936) are
99.92%, 99.92% and 99.85% respectively. Based on these high percentages and the position of K. xylinus
strain (GQ240638: G. xylinus strain) in the phylogenetic tree, this could indicate that the species is
closely related to K. europaeus species as it meets the threshold of 98-99%.

As for the K. xylinus (KC118537: G. xylinus strain) that had been clustered in the same clade as K.
hansenii species, the sequence similarity obtained between the K. xylinus (KC118537: G. xylinus strain)
and the three K. hansenii species sequences: K. hansenii (NR_112227), K. hansenii (NR_043112) and
K. hansenii (AM999342: G. kombuchae strain) are 99.54%, 99.47% and 99.54% respectively. This result
is thus indicative that the K. xylinus (KC118537: G. xylinus strain) is closely related to the
Komagataeibacter hansenii species. The phylogenetic analysis using BLAST program also revealed that
the sequence similarity between the two K. xylinus (KC118537: G. xylinus strain) and K. xylinus
(GQ240638: G. xylinus strain) is 98.66% which is lower than the sequence identity obtained comparing
those two K. xylinus strains (KC118537 and GQ240638: G. xylinus strains) with the K. hansenii and K.
europaeus species, respectively, further supporting the phylogenetic tree branching.

The species grouped under the same clade of the phylogenetic tree can be defined as operational
taxonomic unit (OTU) clusters as it meets the 97% identity threshold. Individual species located in
different OTUs are described to be impossible to belong to the same bacterial species. Another
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interesting finding from the phylogenetic analysis results showed that the K. Intermedius strain
(AJ316550: G. intermedius strain) had a sequence similarity of 100% indicating homology with the base
positioned K. xylinus (AB161453: G. xylinus strain).

Further ANI analysis is conducted using OrthoANI program (Lee et al., 2016) to measure the similarity
between the twelve taxa of 16S rRNA gene sequences. This analysis is considered the best approach
and is chosen because a large number of genes is included in its calculation, including both slow and
fast-evolving genes which minimise the effect of variable evolutionary rates or horizontal gene transfer
events (Konstantinidis and Tiedje, 2005; Rashid et al., 2015). Several previous studies have shown
good correlation with values obtained through DNA-DNA hybridisation where the standard > 70%
DDH cut-off value for delineating species corresponds to > 95-96% of ANI values (Tortoli et al., 2019).
The ANI values between the taxa calculated in this study are shown in Table 1.

Table 1. OrthoANI values between the 16S rRNA gene sequences of twelve Komagataeibacter species (%).

1 2 3 4 5 6 7 8 9 10 11 12
1 100
2 99.90 100
3 99.80 100 100
4 9880 98.89 9890 100
5 9880 9890 9890 99.80 100
6 9859 9880 98.69 99.80 99.6 100
7 9941 9949 99.41 98.60 98.60 98.39 100
8 99.60 99.70 99.70 98.82 98.82 98.62 99.80 100
9 9958 99.69 99.68 98.76 98.76 98.76 99.79 100 100
10 99.80 99.90 99.90 98.81 98.81 98.70 99.39 99.60 99.59 100

11 9874 98.89 9885 99.38 99.38 99.28 9853 98.77 98.62 98.78 100

12 0 0 0 0 0 0 0 0 0 0 0 100

Taxa: 1, K. europaeus (Z21936: A. europaeus strain); 2, K. europaeus (FN429075: G. europaeus strain); 3, K.
europaeus (Y15289: A. europaeus strain); 4, K. hansenii (AM999342: G. kombuchae strain); 5, K. hansenii
(NR_112227); 6, K. hansenii (NR_043112); 7, K. intermedius (AJ316550: G. intermedius strain); 8, K.
intermedius (NR_113394); 9, K. intermedius (NR_118180); 10, K. xylinus (GQ240638: G. xylinus strain); 11,
K. xylinus (KC118537: G. xylinus strain); 12, K. xylinus (AB161453: G. xylinus strain). The species G.
kombuchae was reclassified as a later heterotypic synonym of K. hansenii (Semjonovs et al., 2017).

The ANI values calculated between the taxa range from 98 to 100% for all except the values for K.
xylinus (AB161453: G. xylinus strain) and other Komagataeibacter taxa which revealed unexpected
values of 0. Additionally, the ANI values between K. xylinus (KC118537: G. xylinus strain) and the K.
hansenii species with the accession number of AM999342, NR_112227 and NR_043112 are 99.38%,
99.38% and 99.20% respectively. This high percentage further supports the inferred relationship
between these species that had been displayed in the topology of the phylogenetic tree. According to
Jain et al. (2018), 95% ANI cut-off is the most commonly used standard for species demarcation.

The robustness of the reconstructed phylogenetic tree is tested by bootstrapping in order to determine
how reliable the data is in supporting the phylogenetic hypothesis. Bootstrap is the most popular and
widely used method to assess branch support (Morrison, 2006). The calculated bootstrap values are
displayed at the nodes of the phylogenetic tree, obtaining six out of nine bootstrap values that are higher
than 50%. The three remaining bootstrap values are however very low. The branch point separating the
strains K. intermedius DSM 11804 (NR_118180) and K. intermedius JCM 16936 (NR_113394) obtained
bootstrap value of 42%. The bootstrap analysis also revealed that the node linking the A. europaeus
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(Y15289) with G. europaeus strain (FN429075) and G. xylinus strain (GQ240638) had very low support
value of 4% and the node linking G. europaeus strain (FN429075) and G. xylinus strain (GQ240638)
with each other obtained 18%. The bootstrap value obtained for the branch point connecting K. xylinus
(KC118537: G. xylinus strain) with the K. hansenii species is 92% which is the highest bootstrap value
of the reconstructed tree. This indicates that the relationship between K. xylinus (KC118537: G. xylinus
strain) and the K. hansenii inferred in this phylogenetic tree could be reliable.

As the calculation of bootstrap value is used for testing reliability of phylogenetic trees, the low bootstrap
value would mean that the branch point or node concerned was built with low support of only a few
characters and if the characters were removed at random, the matrix would lead to the node being
differently reconstructed (Jill Harrison and Langdale, 2006). The obtained findings from the bootstrap
analysis could be justified based on several factors. The low bootstrap value could indicate that the
groups are not tightly coupled phylogenetically, and the members of the low bootstrap value branch
could jump into other branches on every bootstrapping replication. Such low values are usually obtained
when the information on a concerned branch is very limited in the alignment thus very few character
sites could support the branch (Alkindy et al., 2015). In the case of this study, low bootstrap values may
be due to the insufficient number of informative sites that are available amongst the characters aligned
which are only 23 (1.5%) of the total characters. The focus of this study was to analyse the 16S rRNA
gene at species level in which the sufficient number of samples for species level studies are less than
three samples (Martens et al., 2008). That said, the number of collected 16S rRNA gene sequences of
Komagataeibacter totalling up to only 12 sequences suggests that the low taxon sampling may have
contributed to the relatively low branching point bootstrap values. According to Mariadassou et al.
(2012), larger taxon sampling leads to the construction of more accurate phylogenies. This, however,
depends on the position of the added taxon in the phylogeny where if an addition of a taxon causes long
branches to break then it is shown to improve the tree stability while the addition of additional long
branches could cause the stability and accuracy of inferred phylogeny to be hindered. Similarly, the
addition of an outgroup can also cause the topologies of a tree to be disrupted (Shavit et al., 2007).

Although the 16S rRNA gene being studied is assumed to be reliable due to the ribosomal component
being species-specific and the gene is not influenced by horizontal gene transfer (HGT), several studies
have now provided evidence of such horizontal exchange of 16S rRNA gene fragments occurring
(Kitahara et al., 2012; Sato and Miyazaki, 2017). The secondary structure disruption of 16S rRNAs
found by Laios et al. (2004) explained by the high susceptibility of the gene for point mutations had
made it reasonable to think that 16S rRNA genes had evolved with the help of HGT as the major driving
force, although Tian et al. (2015) described the frequency of such event happening for 16S rRNA genes
to be rare. Many studies had discovered the 16S rRNA derived phylogenies to be often conflicting with
other reliable molecular and phenotyping data, which raises questions of the validity of prokaryotic
systematics developed using 16S rRNA gene (Rastogi et al., 2019). These findings which may not be
similar in our case are however significant and worth mentioning in the effort of justifying the results
obtained from the analyses conducted in this study.

Another possible factor for the low bootstrap analysis value obtained could also be the occurrence of
long-branch attraction (LBA). Under certain conditions, a long-branch attraction, which refers to a
systematic error in which distantly related lineages are incorrectly inferred to be closely related, could
occur. This phenomenon causes phylogenetic methods to become misled by distinct branch length
differences. LBA arises when two or more rapidly evolving lineages are concerned (Bybee, 2008). When
there are sufficient molecular or morphological changes occurring in a lineage, it appears similar to
another long-branched lineage or an outgroup taxon and is branched together only by the basis of both
undergoing a large number of changes instead of actually being related by descent (Simpson, 2010;
Soltis and Doyle, 2012). Although it is expected that the occurrence of LBA is reduced with the use of
reliable methods such as Maximum Likelihood, the relatively rapid and diverse evolution rate of bacteria
makes the possibility of the LBA phenomenon to have occurred worth considering.
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Conclusion

In conclusion the region of 16S rRNA gene sequences of twelve Komagataeibacter species in this study
suggested to be a conserved region of this gene as the analyses show high similarity among nucleotides.
In addition, the phylogenetic relationships of only twelve Komagateibacter species using Maximum
Likelihood method resulted in four distinguished species clades, the K. europaeus, K. intermedius, K.
hansenii and K. xylinus. However, Gluconacetobacter xylinus (GQ240638) and Gluconacetobacter
xylinus (KC11853) was unexpectedly positioned into the clades of K. europaeus and K. hansenii,
respectively. Both strains Gluconacetobacter xylinus (GQ240638 and KC11853) were previously
assumed to be identified as Komagataeibacter xylinus and were predicted to be clustered together with
the other K. xylinus strains studied. To infer more robust phylogenetic relationships of
Komagataeibacter sp., a high taxon sampling should be considered by retrieving more sequences from
all sixteen species of Komagataeibacter sp. as well as species from closely related genera such as
Acetobacter and Gluconacetobacter. This approach will increase the phylogenetic information and
improve the resolution of phylogenetic relationships.
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