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Abstract—Lipoxygenases are found in animals, plants, and fungi, where they are involved in a wide range of cell-to-cell sig-
naling processes. The presence of lipoxygenases in a number of bacteria and protozoa has been also established, but their
biological significance remains poorly understood. Several hypothetical functions of lipoxygenases in bacteria and protozoa
have been suggested without experimental validation. The objective of our study was evaluating the functions of bacterial
and protozoan lipoxygenases by evolutionary and taxonomic analysis using bioinformatics tools. Lipoxygenase sequences
were identified and examined using BLAST, followed by analysis of constructed phylogenetic trees and networks. Our results
support the theory on the involvement of lipoxygenases in the formation of multicellular structures by microorganisms and
their possible evolutionary significance in the emergence of multicellularity. Furthermore, we observed association of
lipoxygenases with the suppression of host immune response by parasitic and symbiotic bacteria including dangerous oppor-

tunistic pathogens.
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INTRODUCTION

Lipoxygenases catalyze oxidation of polyunsaturated
fatty acids (PUFAs) with the formation of hydroperoxides
[1]. Eukaryotic lipoxygenases form a family of proteins
with a conserved amino acid sequence. The active site of
these enzymes contains non-heme iron or, rarely, man-
ganese [2]. Lipoxygenases are abundant in animals,
plants, and fungi [3, 4], where they perform the same
function — synthesis of biologically active compounds
oxylipins (oxidized PUFAs).

Arachidonic acid is the main substrate of vertebrate
lipoxygenases. The resulting products — leukotrienes,
hydroxy- and oxo-eicosatetraenoic acids, and lipoxins —
control the inflammatory response, as well as apoptosis,
thrombocyte function, and tumor development [4-8].

* To whom correspondence should be addressed.

The products of lipoxygenase reaction in plants are
involved in the organism response to damage and attack
by pathogenic microorganisms [9-11]. The most known
among them are jasmonates (cyclic oxylipins structurally
similar to animal prostaglandins) that exhibit pronounced
hormonal activity [10].

In addition to higher plants, lipoxygenases are also
present in algae and mosses. It has been suggested that
pheromones mediating chemoattraction between male
and female gametes in brown algae are synthesized via the
lipoxygenase pathway [12]. In mosses, the lipoxygenase
pathway is likely required for normal development [13].

The most interesting feature of the lipoxygenase
pathway in fungi is the presence of manganese lipoxyge-
nases (MnLOXs) that contain manganese ion in the
active site instead of iron ion. It is believed that these
enzymes function as invasive factors and participate in
quorum sensing and morphology switch in dimorphic
fungi [12].
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Hence, lipoxygenases in multicellular organisms are
predominately involved in cell-to-cell communication, as
well as the processes of antimicrobial defense and micro-
bial aggression.

In view of this fact, the presence of lipoxygenases in
some bacteria and protozoa seems important. Using
molecular genetics and bioinformatics approaches,
lipoxygenase genes have been identified in 0.5% of
sequenced bacterial genomes (as of 2015) [14]. Only few
of these enzymes have been investigated in vitro, includ-
ing lipoxygenases from two cyanobacteria of the Nostoc
genus [15, 16], cyanobacterium of the Anabaena genus
[17], Myxococcus xanthus of myxobacteria [18], and
Pseudomonas aeruginosa of the pseudomonad group [19,
20]. In Protozoa, the lipoxygenase sequence was identi-
fied only in the slime mold Dictyostelium discoideum [3].
At present, the functions of bacterial and protozoan
lipoxygenases remain poorly understood [2, 14, 21].

Most of the data available on the lipoxygenase preva-
lence in bacteria are presented in the review by Horn et al.
[14]; however, no association of their presence with the
ecophysiology of respective organisms has been exam-
ined. A high prevalence of lipoxygenases in nitrifying bac-
teria was noted in this review and their association with
nitrogen metabolism was suggested [14, 22]. A high
prevalence of lipoxygenases in cyanobacteria was also
mentioned, and an attempt was made to relate this fact to
the Great Oxidation Event caused by their activity [14].
However, the biochemical mechanisms behind such asso-
ciation remain obscure.

The majority of data on the lipoxygenase functions
have been accumulated for the enzyme from the rod-
shaped pathogenic bacterium P. aeruginosa. This lipoxy-
genase is likely one of the bacterial pathogenic factors. It
was found that it converts host fatty acids into lipoxins
that exhibit the anti-inflammatory and local immunosup-
pressive activity. It was assumed based on this fact that P.
aeruginosa uses lipoxygenase to suppress host immunity
[19, 20]. The data became available recently that another
lipoxygenase isozyme initiates ferroptosis of the bronchial
epithelium by cleaving host cell phospholipids [23].

Horn et al. emphasized in their review that no
lipoxygenases have been found in the majority of bacteri-
al pathogens of humans. In particular, these enzymes are
absent in staphylococci, streptococci, Mycobacterium
tuberculosis and Mycobacterium leprae, Vibrio cholerae,
Legionella pneumophila, Helicobacter pylori, and
Klebsiella pneumoniae [14]. The authors concluded that
the pathogenicity of these bacteria does not require the
presence of lipoxygenase [14].

The existing hypotheses on the functions of bacterial
lipoxygenases were comprehensively summarized by
Goloshchapova et al. [24]:

a) cell-cell signaling — this function is postulated for P.
aeruginosa and suggested for myxobacteria demonstrating
complex patterns of social behavior;
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b) invasive growth and disruption of cell membranes by
the pathogen — this mechanism was suggested for P.
aeruginosa,

¢) evasion of immune response — this strategy was dis-
cussed above for P. aeruginosa;

d) lipoxygenases as oxygen sensors — this function is sug-
gested for P. aeruginosa lipoxygenase based on its low
oxygen affinity;

e) detoxification of PUFAs, which are detrimental for
many bacteria.

However, no experimental data have been provided
in this work to support one hypothesis or another.

Considering an insufficient amount of available
experimental data, it seemed reasonable to conduct phy-
logenetic and taxonomic profiling of bacterial and proto-
zoan lipoxygenases and compare obtained results with the
literature data on the ecophysiology of respective organ-
isms. However, only few of such studies have been report-
ed so far.

The review by Horn et al. [14] only presents the tax-
onomic profile at the phylum level, which does not allow
elucidating associations with the ecophysiology. Hansen
et al. [25] conducted phylogenetic profiling of bacterial
lipoxygenases, but compared the results with biochemical
rather than ecophysiological data.

The objective of our study was to establish an associ-
ation between the phylogenetic and taxonomic distribu-
tion of bacterial and protozoan lipoxygenases and eco-
physiological features of the organisms.

MATERIALS AND METHODS

We searched for potential lipoxygenase sequences
with BLAST [26] using UniProt (https://www.uniprot.
org/blast/) [27] and NCBI (https://blast.ncbi.nlm.
nih.gov/Blast.cgi) databases. The two databases were
used to reduce the probability of false negative results.
The main search among bacteria was carried out using
the UniProt database, and the control search was done
using the NCBI database. The main search among
eukaryotes was performed using the NCBI database, and
the control one — the UniProt database. The use of dif-
ferent databases for bacteria and protozoa was due to the
fact that BLAST UniProt is optimized for visual control
of a large number of alignments (more than 500 for bac-
teria), while NCBI is optimal for a targeted search
among a relatively low number of sequences (which is the
case for protozoa).

Lipoxygenase sequences from phylogenetically dis-
tant organisms in the Swiss-Prot database were used as
queries: human arachidonate 12-lipoxygenase (UniProt
ID: P18054) [28], manganese lipoxygenase from the fun-
gus Gaeumannomyces graminis (UniProt ID: Q8XI151)
[29], and linoleate 9/13-lipoxygenase from the bacterium
P. aeruginosa (UniProt ID: Q§RNT4) [30].
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The functional activity of the identified proteins was
determined indirectly based on the presence of conserved
lipoxygenase domain, which was identified using the
Batch-CD-Search online service [31] and CDD database
[32] with the E-value threshold 0.01. In the case of
inconclusive BLAST results (E-value close to one), the
presence of the conserved metal-binding sites was con-
firmed manually.

Only sequences with the lipoxygenase domain and
conserved metal-binding sites were used for further inves-
tigation. Since the presence of these sequences indicates a
high probability of lipoxygenase activity of proteins, fur-
ther in the paper, proteins that were found to contain them
will be referred to as lipoxygenases and considered as such.

In order to evaluate the frequency of lipoxygenase
occurrence from the taxonomical point of view, a relative
occurrence frequency for each genus was calculated.

Frequency of occurrence = (Number of genera with lipoxygenases/
/Number of predicted proteomes) x 100

The number of predicted proteomes was evaluated
with the UniProt database considering only non-redun-
dant proteomes. The used equation mitigates the effect of
differences in the number of available genomes/pro-
teomes.

Multiple alignments were constructed with the
online MAFFT v.7 software (https://mafft.cbrc.jp/
alignment/server/) [33, 34] using the FFT-NS-i algo-
rithm with iterative refinement [35]; the sequences with
multiple insertions and deletions were removed using the
MaxAlign server integrated with MAFFT v. 7 MaxAlign
[36]. Phylogenetic trees were constructed with the
MAFFT programs using the neighbor-joining method
and MEGA [37] with the minimum evolution method.
Conserved sites and Poisson substitution model were used
in both methods. The bootstrap technique with 500 repe-
titions was used to test tree nodes. Visualization and
analysis of phylogenetic trees were carried out using the
iTOL online tools (https://itol.embl.de/) [38].

In addition to the phylogenetic trees, phylogenetic
networks were constructed and examined using the
SplitsTree program for their construction and visualiza-
tion [39]. The trees and the networks were constructed for
the entire set of discovered lipoxygenases and for certain
groups for detailed analysis.

RESULTS AND DISCUSSION

Taxonomic distribution of lipoxygenases corroborates
the hypothesis on their association with cell-to-cell signal-
ing. Taxonomic distribution of lipoxygenases at the phy-
lum level was in general agreement with the study by
Horn et al. [14]. However, we conducted a more detailed
analysis at the order level. Lipoxygenases were found to be
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more prevalent among the representatives of the
Oscillatoriales (20.93), Myxococcales (16.87), and
Nostocales (14.29) orders (Fig. 1). The orders
Oscillatoriales and Nostocales include cyanobacteria
with filamentous morphology; the order Myxococcales
includes bacteria that form fruiting bodies. The following
taxonomic distribution of cyanobacteria lipoxygenases
was determined: Oscillatoriales (20.93) > Nostocales
(14.29) > Synechococcales (6.67) > Chroococcales
(4.49), hence lipoxygenases are more prevalent in multi-
cellular cyanobacteria than in unicellular ones. This sug-
gests that bacterial lipoxygenases are associated with the
formation of multicellular structures.

Calculating the prevalence of lipoxygenases in
Protozoa with correction for proteomes is difficult due to
the limited data available. According to the calculations
with the uncorrected parameters, lipoxygenases are
prevalent in the taxa Oomycota (12 species and 5 genera)
and Mycetozoa (7 species and 6 genera) (Fig. 2).
Formation of fungus-like mycelial forms is typical for
oomycetes, while Mycetozoa representatives are alterna-
tively called slime molds and form multicellular struc-
tures of true plasmodium or pseudoplasmodium and
fruiting bodies. Only 1-2 species were identified as con-
taining lipoxygenases in other groups of protozoa. This
pattern is also in agreement with the suggestion on the
association of lipoxygenases with multicellularity.
Additional information was provided by phylogenetic
analysis.

Phylogenetic analysis demonstrates close evolution-
ary association of lipoxygenases and multicellularity.
Lipoxygenases from cyanobacteria form two large sepa-
rate clusters in phylogenetic trees and networks, which
are marked in the figures as cyanobacterial cluster I and
cyanobacterial cluster II. They are most pronounced in
the phylogenetic network (Fig. 3) and trees constructed
using the minimum evolution method (Fig. 4). The fact
that they are discovered using different methods makes
their monophyly plausible despite a rather low bootstrap
support (less than 59). Moreover, the cluster taxonomic
structure overlaps to a large degree, and approximately
15-20% of species and strains are the same in both clus-
ters, which could occur if the clusters have originated
from a common ancestor that initially had two lipoxyge-
nase isozymes.

The remaining taxonomic groups — both bacterial
and eukaryotic — are presented in the trees and phyloge-
netic networks by a single cluster or separate branches;
moreover, all these branches gravitate towards one of the
two cyanobacterial clusters. The tree segment between the
clusters has very few branches, and there are no branches
in the consensus tree. This suggests that lipoxygenases
had first originated in cyanobacteria and next (after
lipoxygenase gene duplication in their common ancestor)
have been acquired by the rest of the groups via horizon-
tal gene transfer. The fact that both cyanobacterial clus-
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Fig. 1. Occurrence of lipoxygenases in different orders of bacteria. Image produced with the R Studio (v.1.2.1335). (Color versions of
Figs. 1-8 and the table are available in online version of the article and can be accessed at: https://www.springer.com/journal/10541).

ters branch out from the network center, while the rest of
the groups are mainly combined into two net-like clusters
at the periphery of the central node reflects this course of
events in the phylogenetic network.

The presence of two cyanobacterial clusters is the
main difference of our results from the results reported by
Hansen et al. [25], which show only one cluster of
cyanobacteria with two large groups of proteobacteria
located on both sides, while the trees and the networks
constructed in our work contain two cyanobacterial clus-
ters. This could be explained by a lower number of
cyanobacterial sequences examined in the Hansen’s study
(29 versus >500 in our work) [25], which either did not
allow detecting the second cluster or resulted in combin-
ing all cyanobacterial lipoxygenases into a single cluster.

Nevertheless, two groups of proteobacterial lipoxy-
genases can be identified in our trees that are located on
the opposite sides of the cyanobacterial clusters. Each of
the proteobacterial clusters gravitates towards one of the
cyanobacterial clusters.

Lipoxygenases from myxobacteria also form two
clusters (one in each of the proteobacterial group). The
first of them (myxobacterial cluster I) is monophyletic
with a bootstrap support of 100 and includes the highest
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Fig. 3. Phylogenetic network of all analyzed lipoxygenases. Image produced with the SplitsTree program [39].

number of genera, which implies that it has most likely
originated from a common ancestor of myxobacteria. It
must be mentioned that it is represented in the tree by a
long branch, while in the network, it is located at equal
distances from both cyanobacterial clusters; hence, the
distance between this cluster and cyanobacteria is large.

The myxobacterial cluster II does not have a com-
mon ancestor node and consists of at least two groups
with a common ancestor branching from the cyanobacte-
rial cluster II root. In some trees, it is divided into a larg-
er number of branches. In the phylogenetic network, it is
separated and is in close proximity to the cyanobacterial
cluster II, which only indicates phylogenetic closeness of
these two clusters.

Similarly to the cyanobacterial clusters, the taxo-
nomic composition of the myxobacterial clusters over-
laps, and some of the strains in these clusters coincide.
This raises the question on which of these two taxonomic

groups (cyanobacteria or myxobacteria) was the first to
have lipoxygenases, and which acquired them via hori-
zontal transfer. The third option also exists implying that
both taxa have acquired lipoxygenases from a common
ancestor; however, this seems very unlikely, as the topolo-
gy of the trees and the network does not indicate the phy-
logeny of the main bacterial taxa (in particular, myxobac-
teria are not closely related to cyanobacteria).
Furthermore, this hypothesis implies the presence of
lipoxygenases in the latest common ancestor of bacteria
and loss of these enzymes by the majority of present-day
taxa, which seems unlikely.

To address this issue, we analyzed the trees that
included myxobacteria and cyanobacteria only (Fig. 5a).
It was found that the myxobacterial cluster I (the largest
one) included a sister group of cyanobacterial lipoxyge-
nases with a bootstrap support of 100. This group was
absent in the trees constructed for the complete set of

BIOCHEMISTRY (Moscow) Vol. 85 No. 9 2020
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data because it was removed during alignment with the
MaxAlign program. Similarly, this cluster was present in
the phylogenetic network for the same subset of data
(Fig. 5b). Based on these facts, horizontal transfer of
lipoxygenases from a common myxobacterial ancestor to
cyanobacteria seems very unlikely; hence, direct or indi-
rect transfer from cyanobacteria to myxobacteria is a
more plausible scenario.

The myxobacterial cluster II is represented in all trees
by several trunks, which leads us to the most “economic”
hypothesis. It assumes that lipoxygenases had originated
in a common ancestor of cyanobacteria and later both its
isozymes have been acquired by myxobacteria via hori-
zontal transfer. It is likely that a single-time transfer of one
of the isozymes to the common myxobacteria ancestor
had occurred, which resulted in the emergence of the
myxobacterial cluster 1. Next, after splitting of myxobac-
teria into several branches (which in our models are pre-
sented as myxobacterial cluster II), a multiple transfer of
the second isozyme to myxobacteria has occurred.

The branches formed by eukaryotes in our trees grav-
itate towards the cyanobacterial cluster I, but no addi-
tional data on their evolutionary relationships are avail-
able. Their topology varied in different trees, but in none
of the trees, they formed a monophyletic cluster. In the
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phylogenetic network, they originate from a single net-
like cluster; however, it could be a result of the long
branch attraction. Hence, it is likely that eukaryotes have
acquired their lipoxygenases as a result of several sequen-
tial horizontal gene transfer events.

We constructed a tree for the data subset including
eukaryotes and myxobacteria from cluster 1. It can be
seen that oomycete lipoxygenase and fungal manganese
lipoxygenases have a common origin (bootstrap support
93) (Fig. 6), which is especially interesting considering
similar life forms and ecology of these organisms. It also
can be stated with confidence that lipoxygenases from
plants and green algae have originated from a common
ancestor (bootstrap support 95), which can be expected
from the general biology point of view. Close relation of
lipoxygenases from the Oxytrichia trifallax and Stylonichia
lemnae ciliates and the cellular slime molds
(Dictyosteliomycetes) can be also suggested (bootstrap
support, 63.6). The latter also form a monophyletic clus-
ter with a bootstrap support 100, although the lipoxyge-
nase sequence from the mycophagous slime mold
Planoprotostelium fungivorum has been found outside of
this cluster, and its origin is unknown.

Close phylogenetic relation between animal lipoxy-
genases and enzymes from the myxobacterial cluster I is

Myxobacterial cluster 1 Nitrosomonadales
Beggiatoa
Animals
Plants

Oomycetes

P. aeruginosa
group

Burkholderiales

Sphingomonadales

Cyanobacterial cluster 1

Myxobacterial cluster 2

Cyanobacterial cluster 2

Fig. 4. Initial phylogenetic tree for all analyzed lipoxygenases constructed with the minimum evolution method using the MEGA program
[37]. Bootstrap support confidence levels are represented by the line thickness. Image produced using the iTOL server [38].
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probably our most interesting finding (Fig. 6). These two
groups in the constructed trees have a common ancestor
with a bootstrap support up to 76; moreover, animal
lipoxygenases do not cluster with other eukaryotes. The
myxobacterial cluster I in the phylogenetic network is
located inside the net-like cluster of eukaryotes. Such
close relations suggest either horizontal transfer of lipoxy-
genase genes to myxobacteria from animals, or the reverse
process.
Large lipoxygenase clusters in the reconstructed evo-
lutionary history were found closely related to the multi-
cellular life forms. This trend can be observed starting

OomyCetes =

5 10 eusioedoxA

Z Josn|

from the enzyme origin in the common ancestor of
cyanobacteria presented in the analysis; most likely it was
a multicellular organism [40, 41]. The distribution pat-
tern of lipoxygenases in their unicellular and multicellu-
lar descendants is similar to the distribution of regulators
required for differentiation [41]: high occurrence fre-

quency in multicellular life-forms and low occurrence in
unicellular organisms.

The suggested evolutionary path for lipoxygenases
follows the emergence of multicellularity in different
taxa. Lipoxygenases are associated both taxonomically
and phylogenetically with the formation of multicellular
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Fig. 5. a) Phylogenetic tree targeting phylogenetic relations of cyanobacterial and myxobacterial lipoxygenases (nearest neighbor method,
MAFFT program [33, 34]). Oomycetes were used as an outgroup. The levels of bootstrap support are represented by line thickness. Due to the
presentation of additional groups, the cyanobacterial clusters are not well pronounced, while the myxobacterial clusters are still visible. Image
produced with the iTOL server [38].
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structures. Considering that in “true” multicellular
organisms, lipoxygenases are involved in cell signaling, it
can be suggested that they have the same function in bac-
teria and protists forming multicellular structures. Hence,
our data support the hypothesis on the association of bac-
terial and protozoan lipoxygenases with cell-cell signaling
[hypothesis (a) in the Introduction].

Few experimental data on the functions of lipoxyge-
nases in microorganisms could provide additional corrob-
oration of this hypothesis. Even P. aeruginosa that does
not form multicellular structures, uses oxylipins as quo-
rum sensing mediators [42]; lipoxygenase products in M.

Myxobacte
of cluster 2
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xanthus that forms multicellular structures, enhance
twitching motility [43]. The culmination phase of the
fruiting body formation is disrupted in the lipoxygenase
mutant of D. discoideum belonging (Mycetozoa) [44].
Taxonomic distribution of lipoxygenases supports the
hypothesis on their participation in the bacteria—host sig-
naling. In addition to the enzymes from cyanobacteria,
myxobacteria, and some eukaryotes, large clusters are
formed only by lipoxygenases from sphingobacteria
(Sphingomonadales) and representatives of the
Burkholderiales order. The rest of lipoxygenases are
found sporadically in individual representatives of various

xobacteria
uster 1

yanobacteria

obacteria

./ V O

yanobacteria

Fig. 5. b) Phylogenetic network for myxobacterial and cyanobacterial lipoxygenases. Similarly to Fig. 5a, myxobacterial cluster I includes sis-
ter group of cyanobacteria. Myxobacterial cluster II is clearly visible. Image produced with the SplitsTree program [39].
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Fig. 6. Phylogenetic tree targeting phylogenetic relations of lipoxygenases from eukaryotes and cluster I myxobacteria (minimum evolution
method, MEGA program [37], visualized with iTOL [38]). Cyanobacteria are used as an outgroup; bootstrap values are presented by line

thickness.

genera, families, or orders. In phylogenetic trees, they
form individual branches or small taxonomically het-
erogenous clusters. Further, we will refer to this phenom-
enon as sporadic occurrence.

Below, we will show that the representatives of the
Burkholderiales order exhibit the same ecophysiological
properties as organisms with sporadic presence of lipoxy-
genases and, hence, they will be considered as one group.

Many bacteria from this group are pathogenic
(table). Multiple lipoxygenase sequences were found in P.
aeruginosa, which was in agreement with the available
experimental data. We found lipoxygenases in many other
bacteria with similar pathogenicity profiles. Almost all of
them are opportunistic or nosocomial pathogens, and
only rarely they cause community-acquired infections in
immunocompetent patients. The identified lipoxygenase
carriers are capable of infecting many organs, but the
majority of them are associated with surgical infections of
skin and soft tissues, lung infections (in patients with
accompanying lung pathology), sepsis, and catheter-
associated infections [45-50]. Many of them demonstrate
antibiotic resistance.

The group includes both widely known opportunistic
pathogens (P. aeruginosa, Acinetobacter baumannii [51],
Enterobacter cloacae [52]) and emerging causative agents
of infection with similar properties. Nocardia pseudo-

brasiliensis [53], Rhodococcus erythropolis [54], and such
outstanding representative as recently described Cedecea
lapagei [55, 56], belong to the latter. Some representatives
of the Burkholderia genus also belong to this group, such
as B. stagnalis and B. singularis initially isolated form res-
piratory samples [57, 58], Burkholderia gladioli previous-
ly known as plant pathogen and recently described as an
agent causing infections in humans [59-61], and
Burkholderia thailandensis [62].

As in the review by Horn et al. [14], we did not iden-
tify lipoxygenases in specific obligate pathogens [14]. The
only difference was that lipoxygenase was found in K.
pneumoniae. However, this bacterium belongs to the
Klebsiella- Enterobacter-Serratia group of predominantly
opportunistic pathogens. Its high implication in commu-
nity-acquired infections is considered an exception due
to the presence of massive polysaccharide capsule [45].

Hence, sporadic occurrence of lipoxygenases was
found to be associated with pathogenicity but not with
specific highly pathogenic species (which is in general
agreement with the conclusions of Horn et al. [14]).
Lipoxygenases are more typical for bacteria with dimin-
ished pathogenicity that affect only immunocompro-
mised hosts. This can be demonstrated more clearly for
lipoxygenase-containing B. thailandensis, which is close
to melioidosis causative agent Burkholderia pseudomallei

BIOCHEMISTRY (Moscow) Vol. 85 No. 9 2020



FUNCTIONS OF BACTERIAL AND PROTOZOAN LIPOXYGENASES

(lacks lipoxygenase) but has significantly lower virulence
[62]. The same trend is observed for the lipoxygenase-
carrying opportunistic pathogen Burkholderia, while
Burkholderia mallei that causes glanders and in B. pseudo-
mallei that causes melioidosis lack the enzyme.

Not only opportunistic pathogens, but also bacteria
associated with animals or plants have been identified
among the lipoxygenase carriers. They can behave as
pathogens or as symbionts. Lipoxygenase carriers with
symbiotic functions usually have a specific host range.
Species associated with plants often are growth-promot-
ing. Among them are Rhodococcus 66b [63], Variovorax
paradoxus [64, 65], Gynuella sunshinyii [66], and
Pseudomonas fluorescens (can infect humans but it is not
common and occurs very rarely) [46, 67, 68].

On the contrary, pathogenic representatives infect
both plants and humans. B. gladioli, Burkholderia cepacia
[50], and P. aeruginosa itself, which is phytopathogen
infecting a wide range of hosts, are examples of such bac-
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teria [69, 70]. Hence, pathogenic carriers of lipoxygenas-
es are the so-called cross-kingdom pathogens. A detailed
review devoted to these pathogens was published [71],
which discussed molecular prerequisites of such proper-
ties. The cross-kingdom pathogens usually cause oppor-
tunistic or nosocomial infections in humans because their
pathogenicity factors that function well in plants, cannot
completely overcome human defense systems [71, 72]. It
is likely that lipoxygenase is another typical virulence fac-
tor making cross-kingdom host jump possible, leading to
opportunistic pathogenicity.

The discovery of lipoxygenases in bacteria with sim-
ilar pathogenic properties corroborates the hypothesis on
their association with virulence. The majority of the
above-described bacteria are considered as analogues of
P. aeruginosa, in which lipoxygenase helps to evade host
immune response. The data obtained in this work allow
expanding this suggestion onto many other species.
Hence, the data on the prevalence of lipoxygenases are in

Lipoxygenase occurrence in parasitic and symbiotic bacteria

Order Species

Burkholderiales Variovorax sp. YR752, V. sp. YR750, V. sp. SCN 67-85, V. sp. Root434, V. sp. Root411, V. sp. PDC&0,
V.sp. EL159, V. sp. CF313, V. sp. 770b2, V. sp. 54
Variovorax paradoxus, V. guangxiensis, V. gossypii, Pelomonas sp. Root1237, P. sp. Root1217, Massilia namu-
cuonensis, Duganella sp. HH105, Burkholderia cepacia, B. ubonensis, B. gladioli, B. singularis, B. pyrrocinia,
B. anthina, B. thailandensis, B. stagnalis, B. sp. MSHR3999, B. sp. Bp9126, B. sp. Bp9125, B. sp. Bp9002,
Acidovorax cavernicola, | Pseudomonas| mesoacidophila

Corynebacteriales Nocardia seriolae, Nocardia pseudobrasiliensis, N. altamirensis, Mycobacteroides abscessus, Rhodococcus
erythropolis, Rhodococcus sp. C1-24, Rhodococcus sp. 66b

Enterobacterales Yersinia nurmii, Pluralibacter gergoviae, Photorhabdus temperata, Kosakonia sp. AG348, K. sacchari,
Enterobacter cloacae, Enterococcus faecium, Cedecea lapagei, Klebsiella pneumoniae

Holosporales Candidatus Finniella inopinata

Lactobacillles Streptococcus dysgalactiae subsp. equisimilis

Nitrospinae/ Candidatus Entotheonella palauensis

Tectomicrobia group

Oceanospirillales Ketobacter sp., K. alkanivorans, Gynuella sunshinyii, Endozoicomonas numazuensis
Bermanella sp. 47_1433_sub80_T6

Oligoflexales Pseudobacteriovorax antillogorgiicola, Oligoflexus tunisiensis

Pseudomonadales Pseudomonas sp. RW410, P. sp. MWU13-2625, P. sp. MWUI12-2534b, P. sp. HMSC065H01,
P.sp. HMSCO59F05, P. aeruginosa, Pseudomonas fluorescens, Acinetobacter baumannii

Pseudonocardiales | Kutzneria sp. 744, K. buriramensis, K. albida, Amycolatopsis xylanica, Pseudonocardia acaciae

Streptomycetales Streptacidiphilus albus

Vibrionales

Vibrio sp. vnigr-6D03, V. quintilis, V. vulnificus, V. penaeicida, Photobacterium proteolyticum, P. profundum,
P. marinum, P. indicum, P. frigidiphilum, Grimontia sp. AD028, G. marina, Grimontia indica, G. celer,
Enterovibrio norvegicus, Enterovibrio coralii, E. calviensis, Enterovibrio nigricans

Note. Opportunistic human bacterial pathogens are shown in red, plant pathogens and symbionts — in green, animal parasites and symbionts — in
blue, bacteria carrying molecular indicators of opportunistic pathogenicity are shown in orange. Species shown in two colors play two physiologi-
cal roles. Bacteria with unknown ecophysiology are shown on grey background. Genus name in square brackets indicate recent re-classification.
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agreement with the hypothesis on the participation of
these enzymes in the microbial invasion [hypotheses (b)
and (c) in Introduction).

This suggestion could be also extended to some
lipoxygenase-containing bacteria with unknown eco-
physiology. Lipoxygenase gene or protein sequences iden-
tified in these species indicate the possibility of transfer of
genes providing opportunistic pathogenicity or virulence
from the causative agents of opportunistic infections.
These bacteria include:

1) Grimontia indica that has a set of virulence factors,
which is slightly smaller in comparison with the typical
pathogen Grimontia hollisae allowing considering it as a
molecular indicator of opportunistic pathogenicity [73];
2) Oligoflexus tunisiensis that carries a gene for RND
(resistance-nodulation-division) efflux pump that dis-
plays 67% identity with the multidrug resistance genes in
Achromobacter xylosooxidans and P. aeruginosa [74];

3) Pseudomonads in the P. aeruginosa group that have
unclear species assignment: Pseudomonas  sp.
HMSCO59F05, Pseudomonas sp. HMSCO065H01, and
Pseudomonas sp. RW410. According to our data produced
during the BLAST search, exotoxin A and elastase from
these strains have a high degree of identity with the corre-
sponding proteins from P. aeruginosa (99.5% and above).

Lipoxygenase carriers associated with animals have
been mostly found in marine species. In particular,
FEndozoicomonas numazuensis [75] and Candidatus
Entotheonella palauensis [76] are symbionts of sponges;
Pseudobacteriovorax antillogorgiicola [77] and Enterovib-
rio coralii [78] were isolated from corals; Enterovibrio
nigricans [79] and Enterovibrio norvegicus [80] were isolat-
ed from fish gut. Nocardia seriolae was characterized as a
causative agent of nocardiosis in fish [81].

One of the animal-associated species —
Photorhabdus temperata — is simultaneously a symbiont of
entomopathogenic nematode and a pathogen for its host
[82]. In general, lipoxygenase carriers demonstrate both
symbiotic and parasitic strategies. This makes the
hypothesis (¢) from Introduction (immune response eva-
sion) more plausible than the hypothesis (b) associated
with invasive growth. Suppression of the host immunity is
required for both symbiont and pathogen existence, while
symbiont does not need invasive growth factors.

Phylogenetic data support association of lipoxygenas-
es with symbiosis and pathogenicity. Lipoxygenases from
some opportunistic pathogens form a cluster in phyloge-
netic trees and networks that contain closely related
sequences differing by a few amino acid substitutions
only. The bootstrap support level of this cluster is 100. The
majority of sequences in this cluster belonged to P. aerug-
inosa, hence, it was termed “P. aeruginosa group”. In
addition to this species, the group includes lipoxygenases
of such dangerous nosocomial pathogens as Streptococcus
dysgalactiae, K. pneumoniae, E. cloacae, A. baumannii, as
well as lipoxygenase from P. fluorescens.

KURAKIN et al.

Because of slight differences between the sequences
in the P. aeruginosa group, the phylogenetic relations
within this group are unclear (Fig. 7): bootstrap support
of the majority of nodes in the phylogenctic tree is
extremely low (30 and below). On this background, the
leaves formed by lipoxygenases from S. dysgalactiae, K.
pneumoniae, E. cloacae, P. fluorescens, and one of the A.
baumannii lipoxygenases stand out: together with the P.
aeruginosa sister sequences, they split from the nodes with
a relatively high bootstrap support level (>65%). This
indicates rather recent (in evolutionary terms) horizontal
transfers of lipoxygenase gene from P. aeruginosa to other
nosocomial pathogens. Hence, lipoxygenase genes can be
spread between pathogens similarly to the antibiotic
resistance genes (it must be mentioned that antibiotic
resistance and presence of lipoxygenase most often co-
exist in the pathogens from our list).

The fact that the P. aeruginosa group itself is located
within the clade formed by pathogenic and symbiotic rep-
resentatives of the Burkholderiales order (Fig. 8) is an
additional confirmation of lipoxygenase association with
pathogenesis/symbiosis. Pathogenic representatives of
the Nocardia genus are also in this clade. The bootstrap
support level of the node at the basis of the clade is 90 for
the tree constructed using MAFFT, and above 99 in the
tree constructed with the MEGA program. It is very like-
ly that the existence of this clade reflects lipoxygenase
gene transfer from one pathogenic/symbiotic bacterium
to another.

We also conducted an additional phylogenetic inves-
tigation of lipoxygenase from the emerging nosocomial
pathogen C. lapagei. It was possible to examine only one
isozyme due to a large number of insertions and deletions.
It was demonstrated using two methods (construction of
phylogenetic tree with the minimum evolution method
and construction of phylogenetic network) that this
lipoxygenase is closely related to lipoxygenase from
another nosocomial pathogen, Pluralibacter gergoviae.
This is in agreement with the suggestion considering
lipoxygenase as a horizontally transferred virulence fac-
tor, and demonstrates evolutionary connection between
lipoxygenases and pathogenicity.

Concluding remarks and unsolved issues. No lipoxy-
genases were found in archaea by using the BLAST search
with the same queries as for bacteria and protists. This is
in agreement with the data reported by Horn et al. [14]
and can be explained from the biochemical point of view:
the lipoxygenase pathway starts with phospholipase A,
that cleaves phospholipids in the cytoplasmic membrane,
which is impossible in archaea because of different mem-
brane structure. This fact is also in agreement with
lipoxygenase origin in bacteria (cyanobacteria in particu-
lar) and its further acquisition by eukaryotes.

Unfortunately, many bacteria carrying lipoxygenase
have been discovered only recently, and their ecophysiol-
ogy is still poorly understood. Due to this, no conclusions
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Fig. 7. Initial phylogenetic tree constructed for P. aeruginosa group using the minimum evolution method with the MEGA program [37].

Unlike in previous figures, the bootstrap support level is presented by color (red — low support, green — high support). Visualization with iTOL
[38].
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Fig. 8. Consensus tree constructed with the MEGA program [37] using the minimum evolution method for representatives of P. aeruginosa
group, Burkholderiales and Sphingomonadales orders, and Nocardia and Photobacterium genera. Cyanobacteria were used as an outgroup to
calculate the bootstrap support. The length of branches in this tree does not correspond to the evolutionary distances (they are extremely low
in P. aeruginosa group). The levels of bootstrap support are represented by the line thickness. Visualization with iTOL [38].
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could be made on the bacteria from the Alteromonadales,
Bdellovibrionales, Cytophagales, Chromatiales, Sphingo-
monadales orders and from representatives of the
Photobacterium and Enterovibrio genera. Further investi-
gations could possibly provide answers to this question. It
was not possible to draw any conclusions regarding the
functional role of lipoxygenases in the protist group that
includes Oxytrichia trifalax, S. lemnae, Emiliania huxleyi,
and Thecamonas trahens species. Future studies in this
direction are especially promising as they could provide
additional confirmation or disprove our conclusions.

The discovered lipoxygenases from the Plasmiodio-
phorida slime molds and representatives of the Phyto-
phtora genus are of interest as they fit both hypotheses:
association of lipoxygenases with multicellularity and
pathogenicity. On one hand, Phytophthora has a fungus-
like structure, while slime molds form syncytial plasmod-
ium, which can be considered as a tendency to multicel-
lularity. On the other hand, these representatives of the
two taxa are plant pathogens. The question on the role of
lipoxygenase in these organisms still remains open.

In the beginning of this manuscript, we summarized
existing hypotheses on the functional significance of bac-
terial and protozoan lipoxygenases. Bioinformatics
analysis was performed to validate them.

The results of taxonomic data processing and con-
struction of evolutionary trees and networks are in agree-
ment with two of the suggested hypotheses — association
with multicellularity and cell-to-cell signaling [hypothe-
sis (a) in Introduction] and suppression of the host
immune response by a parasite or a symbiont [hypothesis
(¢) in Introduction].

The first hypothesis has evolutionary significance. The
emergence of lipoxygenases in organisms with primitive
cell cooperation and differentiation could indicate their
involvement in the origin of multicellularity. Elucidation of
particular signaling mechanisms mediated by the lipoxyge-
nase products requires further investigation.

Inter-kingdom signaling mechanisms that suppress
host immune response have been on the other hand inves-
tigated in detail using P. aeruginosa as a model organism.
Our data allow expanding this hypothesis to a larger num-
ber of bacteria and to define their features. It is very like-
ly that similar strategy is used by many nosocomial and
opportunistic infection agents that have acquired lipoxy-
genase from each other as a result of horizontal gene
transfer. This virulence factor is as dangerous as antibiot-
ic resistance genes, which dictates that close attention
should be paid to lipoxygenases in pathogenic organisms.
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