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Abstract

In this bioinformatic research, we studied the association of bacterial lipoxygenases (LOXs) with
pathogenic and symbiotic traits by text networks analysis, phylogenetic analysis, and statistical
analysis of molecular structure. We found that bacterial lipoxygenases are associated with a broad
host range — from coral to plants and humans. In humans, bacterial LOXs are associated with
opportunistic and nosocomial infections as well as with affecting specific patient populations like
cystic fibrosis patients. Moreover, bacterial LOXs are associated with plant-human (or human-
plant) host jumps in emerging pathogens. We also inferred a possible mechanism of such host

jumps working via a host’s oxylipin signalling “spoofing”.
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Background

Recently, the problem of host switch (also host shift) in pathogens has gained new
relevance due to the growing threat posed by emerging pathogens [1]. The mechanism of host
switching by the viruses, responsible for the current (coronaviruses) or possible (henipaviruses,
filoviruses) pandemics, has been particularly actively studied. Host shifts typically involve two or
more relatively closely related taxa with similar morphology and physiology. Coronaviruses and
filoviruses pass to humans from bats, most often via intermediate hosts (palm civets, camels,
primates) [2], while new human-threatening influenza viruses often originate in waterfowl [3]. In
contrast, there are virtually no known examples of viruses capable of transferring from humans to
plants and vice versa. The only possible candidate for such a virus is the hepatitis D virus [4],
which is similar to plant viroids, but direct relatedness between them is controversial.

However, cross-kingdom host jump — a host switch in which the new host belongs to a
different kingdom from the previous one — is common among bacteria. Most of the known cross-
kingdom jumps occur exactly between plants and humans, and such bacteria have a specific
clinical profile [5]. As a rule, they cause opportunistic infections (septicemia, pneumonia, surgical
infections) without affecting healthy immunocompetent individuals. Less frequently, plant-animal
host jJumps have been recorded [6].

The mechanisms of such host jumps are intriguing. Such distant hosts have different
molecular structures determining susceptibility to infection, and the biochemical basis of pathogen
compatibility to different hosts is yet unclear although extensively studied. Proteases,
phospholipases, toxins, and secondary metabolism regulators have been identified as virulence
factors common to plant- and animal-targeted virulence. Quorum sensing systems are also
discussed in this regard [5, 7].

In our recent paper [8], we had suggested the role of lipoxygenases and oxylipin signalling
in cross-kingdom pathogenicity. Lipoxygenases are very conserved enzymes involved in the
synthesis of oxylipins — signalling compounds regulating stress and immune responses in a wide
range of multicellular eukaryotes, such as animals (including humans), plants, and different groups
of algae. The main goal of our work was to trace evolutionary origins of oxylipin signalling, using
lipoxygenases as a bioinformatic proxy for oxylipin biosynthetic ability. We have found that in
bacteria, lipoxygenases were primarily associated with multicellularity (at least at one stage of the
life cycle) which reflects the possible role of oxylipins as ancient cell-to-cell signalling
compounds.

However, some bacteria from our dataset did not possess any (albeit primitive)
multicellularity. For some of these bacteria, ecophysiological data was not available. Regarding

the fraction with described ecophysiology, it could be divided into three groups: (1) human- or
2
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vertebrate-associated bacteria, (2) plant-associated bacteria, (3) and bacteria associated with
marine organisms. Notably, the first two groups were significantly overlapped: at least two
bacteria in our dataset (Pseudomonas aeruginosa and Burkholderia gladioli) were cross-kingdom
pathogens capable of infecting both plants and humans. Continued updating of our dataset resulted
in adding one more species (Pantoea ananas) to the list of lipoxygenase-positive cross-kingdom
pathogens [9]. These facts lead to an assumption that lipoxygenases may facilitate cross-kingdom
host jumps and serve as versatile virulence/symbiosis factors.

In our previous paper [8], we have noticed some additional traits common for
lipoxygenase-positive bacteria. They were opportunistic pathogens (these bacteria are prone to
affect immunocompromised people, especially patients with cystic fibrosis). The most concerning
common trait we noticed is multiple drug resistance [9].

However, these traits were noticed during the non-systematic review of literature data on
bacteria in which lipoxygenases were detected. The list of these characteristic traits was not
reinforced by thorough statistical analysis. The main focus of the previous papers was a link
between LOXs and multicellularity, and conclusions on a link between LOXs and host-microbe
interactions were preliminary.

In the current article, we continue the same research project and elaborate this association
in more details. The aim of this bioinformatic research was to find additional evidence that
lipoxygenases and oxylipins could contribute to host colonization and invasion, as well as to cross-
kingdom host jumps.

Materials and Methods

Collecting and updating the dataset

We started with the same dataset of bacterial lipoxygenases as used in our previous
research [8]. However, we are updating it in an ongoing manner because LOX-like sequences are
constantly added to protein databases, and some sequences are revised and deleted.

The method of updating the dataset is the same as for collecting the initial dataset
(described in our previous paper [8]). The difference was that we used pathogen and symbiont
LOX sequences form the “old” dataset as queries and downloaded all hits that belong to pathogens
and symbionts (they were typically sorted at the top of the hit list) along with some cyanobacterial
and myxobacterial LOXs (according to our previous research, they are outgroups for all pathogen
and symbiont LOXs). The methods for checking LOX-like hits were the same as described in our
previous paper [8].

The resulting list of LOX-carrying bacteria was used for the estimation of a statistically
reinforced ecological profile of bacterial LOXs and LOX-carrying bacteria. The criteria of

inclusion into this list were:
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96 1) the presence of a species in the updated LOX dataset;
97 2) availability of any ecological data for in the literature;
98 3) pathogenic/symbiotic properties or other association with any host.
99 Ecological profile generation by network text analysis
100 We used a combination of systematic literature review and network text analysis to

101  estimate the overall ecological profile of LOX-carrying pathogenic and symbiotic bacteria.
102 The species names from the list of LOX-carrying bacteria were used as the queries for

103  PubMed database search (https://pubmed.ncbi.nim.nih.gov/). The first ten results for each query

104  were used for further text analysis. We used article abstracts, titles, and keywords for manual
105  extraction of terms characterizing the ecology of the respective species (referred to below as
106  “terms”). Totally, this research used an array of 130 papers for meta-analysis [10-138].

107 These terms were manually normalized to the root form and, in some cases, to the most
108  frequent form (e.g., “emergent” to “emerging”, “growth promotion” to “growth-promoting”). An
109  important exclusion (that could potentially bias the statistics of the term) was any terms signing
110 antimicrobial resistance: they all were normalized as “AMR?”, and any terms signing multidrug
111  resistance were normalized as “MDR”.

112 For each term, we counted the number of species in which it occurs to estimate the
113 abundance of each term in the collective ecological profile of the LOX-carrying bacteria. We
114  excluded the terms occurring in only one species as the least representative. Then we explored
115  associations between the terms by building a graph where each node (entity) represents a term,
116  and each edge represents a co-occurrence of two terms (represented by its nodes) in the same
117  species. The weight of each edge represents the number of species where the respective terms co-

118  occur. We classified all terms to 6 groups:

119 1) “vertebrate-related” or “human-related” terms associated with affecting humans and
120 pathogenicity to humans and/or vertebrates (i.e., “human”, “lung”, “abscess”, cystic
121 fibrosis™ etc.). Interactions with planktonic larval forms of fishes were excluded from this
122 group;

123 2) “plant-related” terms associated with plant pathogenicity or plant symbiosis (i.e., “plant”,
124 “rhizosphere”, “root” etc.);

125 3) “insect-related” group included only one term (“insect”);

126 4) “marine-related” terms reflecting association with marine organisms;

127 5) “public health threat” group (i.e. “emerging”, “AMR”, “MDR?”, “threat” etc.);

128 6) other terms not fitting in any of the above groups.

129 This analysis was performed with the aid of Microsoft Excel 2019, Python 3, Gephi 0.9 [139],

130  and Cosmograph (https://cosmograph.app/) software.
4
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Similar ecological classification (“vertebrate-related”, “plant-related” and “marine-related”)
was applied to the bacterial species for further analysis. There was a difficulty classifying bacteria
which were associated with fishes. On the one hand, fishes are vertebrates, and fish-related bacteria
could be considered as vertebrate-related. On the other hand, they belong ecologically to aquatic
environment, and bacteria associated with marine fishes could be considered as marine-related.
Here, we used additional taxonomic data for additional clarification. If the nearest related species
of a bacterium affected other vertebrates (including terrestrial ones) and/or humans, this species
was considered as “human/vertebrate-related”. If they affected marine invertebrates, this species
was considered as a representative of “marine-related” group.

Phylogenetics and conservation analysis

Phylogenetic analysis was performed with the same software and with the same protocols
as described in our previous paper: MAFFT online v. 7 [140], MEGA X [141], iTOL [142] for
phylogenetic trees and SplitsTree for phylogenetic networks [143]. Amino acid conservation
analysis was performed with ConSurf server [144] in ConSeq mode [145].

Binding site statistical analysis

For the statistical analysis of binding site structures, we used amino acid residue volumes
provided by Perkins (1986) [146]. Statistical analysis was performed with MS Excel 2019 and
PAST [147].

The inclusion criteria for the statistical analysis were:

1) a LOX s represented on any phylogenetic tree;

2) (preferable) the bacteria, possessing this LOX, is described in terms of their

ecophysiology.

Results

Collecting and updating the dataset

The full updated list of LOX-carrying bacteria is provided in Table 1 with the color-coded
ecological functions. The list of bacterial species for the network text analysis along with
corresponding accession IDs of lipoxygenases and PubMed IDs (PMIDs) of articles included in

the analysis is provided in Table S1.
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Order

Species

Burkholderiales

V. paradoxus, V. guangxiensis, V. gossypii, B. gladioli, B.

singularis, B. thailandensis, B. stagnalis

Corynebacteriales

Nocardia seriolae, N. pseudobrasiliensis, N. brasiliensis,
Mycobacteroides abscessus, Rhodococcus erythropolis,

Rhodococcus sp. 66b

Enterobacterales

Pluralibacter gergoviae, Kosakonia sp. AG348, K. sacchari,
E. hormaechei, Enterococcus faecium, Cedecea lapagei,
Pantoea sp. OXWOG6B1, P. ananas, Moellerella

wisconsensis, Dickeya zeae

Holosporales

Candidatus Finniella inopinata

Nitrospinae/

Tectomicrobia group

Candidatus Entotheonella palauensis

Oceanospirillales

Gynuella sunshinyii, Endozoicomonas numazuensis

Oligoflexales

Pseudobacteriovorax antillogorgiicola

Pseudomonadales

Pseudomonas aeruginosa

Pseudonocardiales

Kutzneria sp. 744, Pseudonocardia acaciae, Lentzea

kentuckyensis

Vibrionales

Vibrio penaeicida, Enterovibrio norvegicus, E. coralii, E.

calviensis, E. nigricans

166  Table 1. Full list of analyzed LOX-carrying species with color-coded ecological functions.
167  Human/vertebrate-associated bacteria are depicted in red, plants-associated bacteria are depicted
168  in green, insect-associated bacteria are depicted in violet, marine-associated bacteria are depicted
169  in blue. If a bacterium has several host types, the corresponding colours are all represented in its
170  names.

171
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The ecological profile reveals intriguing traits of LOX-carrying bacteria

The most common terms, defined as the terms with the largest number of species in which
they occur (summarized in Figure 1, the full list provided in Table S2), provide some insights into
the most characteristic ecological traits of LOX-carrying pathogens and symbionts. The most
concerning fact is that the “public health threat” group is extremely prevalent among these bacteria.
The leader of prevalence was the “AMR” term. The analysis of the most prevalent terms of the
“human-related” and “plant-related” groups shed some light to some ecological details of host-
microbe interaction in LOX-carrying bacteria. For instance, plant-associated LOX carriers usually
colonize roots or are endophytic. LOX carriers pathogenic for humans are prone to affect lungs

and cause nosocomial/opportunistic infections.

The most common terms in LOX-carrying bacteria

cultured
bacteremia
antifungal
healthy
endophytic
rhizosphere
growth-promoting
clinical

gut

soil

lung
pneumonia
nosocomial
root

MDR
emerging

plant

human

AMR
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Figure 1. The diagram depicts the occurrence top terms (i.e., the number of species in which it
occurred). This occurrence ranged from 2 to 10. Here, the most common terms are summarized,

whose occurrence is not less than 4. The “human-related” and “vertebrate-related” terms are
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186  depicted in red, the “plant-related” terms are depicted in green, “public health threat” group of
187  termsis depicted in yellow, and the “marine-related” terms are depicted in blue. Created with MS
188  Excel 2019

189

190 The network analysis results (Figure 2 a, b) show that the entire network can be divided
191  in some clusters of terms:

192 1) a “plant-related” cluster comprising “plant-related” terms;

193 2) a “human and public health threat” cluster comprising both “human related” and
194 “public health threat” term groups;

195 3) a “marine-related” cluster comprising “marine-related” terms;

196 The only “insect-related” term was tightly clustered with “human-related” terms suggesting

197  the common mechanisms of affecting insects and humans.
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Figure 2a. The full network of all terms in our dataset.

The nodes depict terms, the edges depict their co-occurrence, the edge widths depict their weights.
The “human-related” and “vertebrate-related” terms are depicted in red, the “plant-related” terms
are depicted in green, and the “public health threat” group of terms is depicted in yellow, the
“insect-related” terms are magenta, and the “marine-related” terms are blue. Created with Gephi
0.9

’ »
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Figure 2b. The “backbone” of our term network depicting only edges with the weight not less
than 2 and the corresponding nodes only (i.e., only the terms occurring in the same LOX-carrying
species not less than two times). This graph better depicts the network-forming connections and
hubs of the network. Notably, the yellow nodes (the “public health threat” group terms) are the
network-forming hubs providing connectivity to the entire networks, as well as the “human-

related” group terms”.
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The nodes depict terms, the edges depict their occurrence in the same bacterial species. The
“human-related” and “vertebrate-related” terms are depicted in red, the “plant-related” terms are
depicted in green, the “public health threat” term group is depicted in , the “insect-related”

terms are magenta, and the “marine-related” terms are blue. Created with Gephi 0.9

The “plant-related” cluster had many connections to the “human and public health
threat” cluster presumably via the network-forming hubs. These hubs represented the same terms
from the “human-related” and the “public health threat” groups that were included in Figure 1.
Thus, the “AMR” term had direct connections to 82% of all nodes including more than 50% of
“plant-related” terms. The “nosocomial” term had direct connections to 68% of all nodes including
the same proportion of “plant-related” terms and is tightly clustered with the “emerging” term.
This fact corresponds to the most common term prevalence and confirms the fact that the human
infections caused by LOX-carrying bacteria have predominantly an “emerging” status. Moreover,
the term “emerging” is a hub connected to 73% of all nodes including almost all “human-related”
and “plant-related” clusters (but almost not connected to the “marine-related” cluster) and
reflecting the fact that pathogenic LOX carriers are predominantly characterized in the literature
as emerging pathogens.

When analyzing the more specific terms, it appeared that the “cystic fibrosis” term had
connections to 55% of all nodes, including 42% of “plant-related” terms such as “endophytic” and
“leaves”. It is a very interesting association: the endophytic dwelling capacity in plants is
associated with affecting cystic fibrosis patients in LOX-carrying bacteria. The organ-
denominating term “lung” was also a hub having connections to 70% of all plant organ terms such
as “leaves” and “root”. So, the same bacterial LOXs are probably associated with affecting lungs
in humans and affecting roots in plants.

The results of this analysis also show that the plant pathogenesis terms (such as “rot”)
and plant symbiosis terms (such as “growth-promoting”) lie within the same “plant-related”
cluster. This shows that bacterial LOXs are associated both with plant pathogenicity and plant
symbionts. In contrast, we do not see such an association in the “human” cluster where all terms
are pathogenesis-related.

We may also conclude that this network analysis strongly supports our previous
hypothesis that cross-kingdom host jump ability is a common trait of the LOX-carrying bacteria.
They are mainly represented by plant-human host jumps. Conversely, “marine-related” cluster
occupied the peripheral position and had a significantly lower number of connections to other
clusters indicating that plant-marine or human marine host jumps are less common. It is

particularly evident when analyzing only the graph “backbone” consisting of edges with weight
10
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more than or equal to 2 (Fig. 2b). The only “backbone” hub connecting the “marine-related”
cluster with all other clusters is “gut”. This fact represents that both in marine animals and in
terrestrial animals, LOX-carrying bacteria tend to dwell in gut (intestines). It is a common trait of
many bacteria, and its relevance to lipoxygenases is dubious. So, “marine-related” ecological
functions of LOX-carrying bacteria seem to be largely isolated from other ecological functions —
such as colonizing plants, insects, and vertebrates.

The full list of term co-occurrences is provided in Table S3.

Phylogenetic analysis results correspond with the collective ecological profile of LOX-carrying

bacteria

The most important finding was that the results of bacterial LOX phylogenetic analysis
corresponded not with the phylogeny of the bacterial species themselves rather with their
ecological profile described above.

All LOXs analyzed in the current study can be divided into 4 clusters. Two clusters,
“Cluster 1” and “Cluster 27, (Figure 3, Figure S1) comprised the LOXs from phylogenetically
distinct species that are: (1) human/vertebrate pathogens; (2) plant pathogens; (3) both — are able
to affect both plants and humans. They reflected two independent series of the ancient horizontal
transfers of the LOX genes between plant symbionts, versatile (plant/human) pathogens (including
Pseudomonas aeruginosa), and human/vertebrate pathogens. Thus, these clusters share the
common ecological function pattern with the networks in the previous section where the terms for

plant pathogenicity, plant symbiosis, and vertebrate pathogenicity are tightly connected.

11
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Figure 3. Clusters 1 and 2 of bacterial LOXs reflect two independent series of horizontal gene

transfers between plant symbionts, versatile pathogens, and vertebrate/human pathogens. Here,
only a fragment of the phylogenetic tree is represented (the full tree is depicted in the Figure
S1). The circle diameters depict the bootstrap values (display range of 0.5 to 1.0). Created with
iTOL

In contrast, the LOXs of bacteria associated with marine invertebrates were
predominantly separated to the distinct cluster (we call it “Cluster 4”, Figure 4, Figure S2) and a
distinct subcluster within the “Cluster 3” along with plant and human/vertebrate pathogens.
Notably, no versatile (cross-kingdom) pathogens were included in the Cluster 3 (Figure 5, Figure
S3), and it is the only cluster where the possible “terrestrial-marine” LOX gene transfer was
observed. So, this cluster is significantly dissimilar from the Clusters 1 and 2, although this

phylogenetic picture still corresponds to the collective ecological profile described above in terms
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of low connectivity between “marine-related” terms and “plant-related”/*human-related” term

groups.
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Figure 4. The fragment of phylogenetic tree depicting the “Cluster 4” of bacterial LOXs. This
cluster encompasses bacteria isolated from different aquatic organisms: a red alga, a sea urchin, a
stony coral, a sipunculid worm, and a fish larva. The circle diameters depict the bootstrap values
(display range of 0.7 to 1.0). Created with iTOL and BioRender.com
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Figure 5. This fragment of a phylogenetic tree depicts the “Cluster 3” of bacteria LOXs — the

’P Unknown association
°

only cluster, where the transfer between plant- and vertebrate associated bacteria and a coral-
associated bacteria was recorded. The circle diameters depict the bootstrap values (display range
of 0.7 to 1.0). Created with iTOL and BioRender.com

Regarding the phylogenetic relationship of these four clusters, our data are only partially
conclusive due to the insufficient number of gap-free sites while analyzing the whole dataset.
However, we constructed the phylogenetic network including subsets of Clusters 1, 2, and 3, which
remained after applying MaxAlign procedure to make the number of gap-free-sites sufficient. This
network also included outgroups, such a cyanobacteria and myxobacteria. To construct this
phylogenetic network, we used the same sequence subset as for the phylogenetic tree depicting
Cluster 1 and 2. It did not include Cluster 4 due to significant distance with it — it was included

in another subset. However, even at the network construction stage, we had indirect evidence that

14


https://doi.org/10.1101/2022.06.21.497025
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.21.497025; this version posted April 7, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

306
307
308
309
310

311
312

313
314
315
316
317
318
319
320

made available under aCC-BY-NC 4.0 International license.

the phylogenetic distance between Clusters 1, 2, and 3 is significantly less than the phylogenetic
distance between each of these clusters and Cluster 4.

The resulting network showed that Clusters 1, 2, and 3 were located closely to each other
and formed a kind of “supercluster” (Fig. 6). Within this study, this was the first evidence that

lipoxygenases of Cluster 3 are closely related to lipoxygenases of Clusters 1 and 2.

Pseudobacteriovorax Pantoea ananas @ @
antillogorgiicola ®

abscessus ® gergoviae ®

Variovorax spp. @

Burkholderia spp. @ ®

0
s Pseudomonas aeruginosa

— = — === Burkholderia spp.

/Cyanobacter:a‘
X (

Figure 6. SplitsTree phylogenetic network for lipoxygenases of Clusters 1, 2, and 3 shows their
close location. Cyanobacteria, Myxobacteria, and Sphingomonadales were added as large
outgroups. The cluster numbering and the color coding of ecological functions correspond to those

in those in the Figures 3 and 5. Created with SplitsTree.

The “supercluster” (comprising Clusters 1, 2, 3) and Cluster 4 seem to be located
distantly, and this result corroborates our earlier results and results of other researchers. In our
previous paper, this “supercluster” is also evident in the phylogenetic network of the larger dataset

of bacterial and eukaryotic LOXs. However, due to larger dataset and more diverse sequences,
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MaxAlign procedure excluded more sequences, including all Cluster 2. But Cluster 1 and Cluster

3 are still located closely together in the phylogenetic network in our previous paper (Figure 7).
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S

et

. . / Animals
Sphingomonadales .~ /

£ 3
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& Beggiatoa ?
m -
Cyanobacterial cluster 1

Figure 7. SplitsTree phylogenetic network from our previous paper [8] with markers added.

Squares depict multicellular taxa, and triangles depict taxa involved in any kind of host-microbe
interaction. It is evident that the diagram is divided by these two ecological functions. However,
there are taxa for which multicellularity or host-microbe interactions have not been described; they
are marked with question mark.

All taxa marked with triangle cluster closely together despite they include the representatives of
“Cluster 17 (the number “1” in a round) and “Cluster 3” (the number “3” in a round). This
relationship is similar to the one presented in the Fig. 6. This suggests that the Clusters 1, 2, and 3

are closely related. Image credit: Kurakin G. et al. (2020) [8], amended.

These results corroborate the aforementioned fact that lipoxygenases of “marine-related”
bacteria are phylogenetically distant from their counterparts in “plant-related” and “human-
related” bacteria, and these later groups, in turn, are phylogenetically close to each other. Taken
together, these data indicate that the bacterial LOX phylogeny is associated with host-microbe

interactions in several independent clusters. This means that LOXs probably faced host-associated
16
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selection pressure. In turn, this means that bacterial LOXs are biochemically involved in host-

microbe interaction in different host types: plants, vertebrates, and invertebrates.

Binding site analysis reveals that (w-6)S-specificity of bacterial LOXs may contribute to plant-

human host jumps

Our analysis also suggests that in the course of evolution, bacterial LOXs might swiftly
switch their function from plant-microbe interaction to human-microbe interaction and vice versa.
Moreover, such switches can ever occur in the same species without significant evolution of the
LOX sequence — it is the case of versatile pathogens capable of cross-kingdom host jumps.
Conversely, function switches between plant- or human-microbe interaction and interaction with
marine hosts are significantly less common. It could be explained by the environmental difference:
both plants and humans live in the terrestrial environment and have much more chances to contact
each other than to contact any organism from the aquatic environment. However, we decided to
check if any biochemical properties of these LOXs determine and explain their ecology.

We used ConSurf and additional statistical analysis to find any differences in key
residues determining the substrate insertion direction, stereospecificity, and regiospecificity.
These residues had been already characterized in papers [148, 149]. We have not found any
significant differences between studied bacterial lipoxygenases in the terms of insertion-
determining residues (probably the “tail first” insertion in all lipoxygenases) and Coffa residue
(Alain all our LOXs, conservation score = 9, which means that all LOXs in our dataset have S-
stereospecificity).

LOX regiospecificity is determined by the bottom triad of the substrate-binding site —
3 amino acid residues forming the binding site bottom. We calculated the total volume of these
residues (as the sum of residue volumes) and performed Mann-Whitney test for three groups of
LOXs:

1) LOXs of human- and vertebrate-associated bacteria (n=12);

2) LOXs of plant-associated bacteria (n=10);

3) LOXs of marine-associated bacteria (n=6)
(the LOXs of cross-kingdom pathogens were included both in the “plant” and the “human-
vertebrate” samples).

There was no statistically significant difference between the “human/vertebrate group”
and the “plant group” (U=31). But there were statistically significant differences between each of
the above groups and the “marine group” (U=6 and U=2, respectively) even when checking the
null hypothesis against p=0.01 (it approximately corresponds to p=0.05 with Bonferroni

correction).
17
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Indeed, the LOXs of human-associated bacteria and the LOXs of plant-associated
bacteria have on average almost the same total volumes of the binding site bottom triad
(mean=475.24x10° nm3, 6=30.45x10° nm? and mean=497.27x10° nm3, 6=30.82x10° nm?,
respectively). The bottom volumes of the LOXs of marine-associated bacteria were much lower
(mean=411.87x102 nm?, 6=21.72x10" nm?). This is graphically shown in the box plot (Figure

8). The data for all bacteria included in this statistical analysis are provided in Table S4.

Binding site bottom volume
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Figure 8. The box plot of total LOX ligand binding site bottom volumes for “human/vertebrate-
associated” (red), “plant-associated” (green), and “marine-associated” (blue) groups. All volumes

are given in 10 nm?® according to Perkins (1986) [146]. LOXs of “human/vertebrate-associated”
18
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and “plant-associated” groups have total bottom volumes at almost the same level; in contrast,
LOXs of the “marine-associated” group have significantly lower bottom volumes (p<0.05 with
Bonferroni correction).

The bar at the right shows total binding site bottom volumes of experimentally characterized LOXs
[149, 151-156] along with their activities. “Human-related” and “plant-related” groups correspond
(0-6)-LOX activity while “marine-related” group is shifted towards (w-12)-LOX activity.

The box plot (Figure 8) also graphically shows the presence of two outliers in the
“human-vertebrate” group with extremely low total bottom volume. But they fully correspond to
the average values for the “marine” group and lie within 1o from its mean. These LOXs
phylogenetically belong to the Cluster 3 — the only cluster where the ancient terrestrial-marine
LOX gene transfer was recorded.

Compared with the binding site bottom volumes of experimentally characterized LOXs
[148, 150-155] (calculated by the same method), the “human-related” and “plant-related” LOX
groups appear to correspond to (w-6)-LOXs. The Pseudomonas aeruginosa and Burkholderia
thailandensis LOXs (both belonging to the “human/vertebrate” group in our statistics) have total
binding site bottom volumes (472.2x10° nm?® and 475x10% nm?, respectively) near to the mean of
the “human-related” group. The mean of the “plant-related” group is even more. It must also
correspond to the (0-6)S-LOX activity because it requires the minimally profound substrate
penetration into the active site (and, thus, the maximal volume of the site bottom). So, we may
conclude that (©-6)S-LOX activity is required for plant-vertebrate host jumps. Conversely, the
“marine-related” group is significantly shifted towards (»-12)-LOXs. It means that different

ecological groups of bacterial LOXs statistically correspond to different biochemical activities.
Discussion

Possible mechanism of the LOX-mediated plant-human host jumps

We have for the first time confirmed that pathogen and symbiont LOXs are associated
with a broad host range and cross-kingdom host jump ability. The correspondence between the
LOX phylogeny and the host-microbe interactions also confirms that these enzymes are involved
in pathogenesis and symbiosis and probably interact with a host.

One of the pathogen LOXs in our dataset — Pseudomonas aeruginosa LoxA — was
earlier experimentally characterized providing the pathophysiological insights into this interaction
[150, 156, 157]. This LOX is represented in our dataset, our statistical analysis sample and in the

Cluster 1 of the phylogenetic tree and attributed to be a LOX of a cross-kingdom pathogen because
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of a broad host range of Pseudomonas aeruginosa. However, the available experimental data
regard only the role of Pseudomonas aeruginosa LOX in interactions with a human organism.

In addition to its direct destructive action on invaded tissues [156, 157], this LOX is
involved in the complicated signalling crosstalk with human leukocytes. When invading human
tissues, this pathogen secretes a 15S-LOX which converts the host’s arachidonic acid to 15S-
HETE which is further metabolized by the human leukocytes to anti-inflammatory mediators such
as lipoxin A4 (Figure 9). Their action, in turn, leads to decrease of immune cell recruiting and

immune response itself, and, finally, to the invasion facilitation [150].
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Figure 9. The graphical outline of Pseudomonas aeruginosa LOX action to facilitate a host’s
tissue invasion. Image credit: Morello, E. et al. (2019) Frontiers in Microbiology [150], CC BY
4.0

Host-pathogen oxylipin crosstalk is not restricted to humans and is widely exploited by

bacterial and fungal plant pathogens, but the exact biochemical mechanisms differ case by case
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[158]. Our results suggest that some bacteria share similar LOXs and biochemical pathways for
interacting with different hosts — from plants to corals.

Moreover, we could now assume that both plant pathogenesis and plant symbiosis may
be driven by similar bacterial LOXs. This is the finding of particular interest because plant-
symbiont oxylipin signalling remains poorly elucidated: one of the most comprehensive reviews
on this topic by Beccacioli et al. [158] cites only one example of such interaction — the paper on
beneficial interaction between the fungus Trichoderma virens and maize (Zea mays) [159]. No
instances of oxylipin-mediated crosstalk between plants and their bacterial symbionts were cited.
Our results highlight the possible way of such oxylipin signalling.

Our data also show that LOX genes can make horizontal transfers thus finding new
ecological niche for themselves (like Richard Dawkins’s “selfish genes” [160]) and enable their
carriers to make cross-kingdom host jumps. Such species are discussed above as versatile
pathogens.

According to our data, versatile LOX-carrying bacteria affect plants, vertebrates,
sometimes insects, but never affect marine invertebrates. Furthermore, LOX transfers between
plant-associated and vertebrate-associated pathogens are the most frequent events according to our
phylogeny (at least 3 independent series of plant-human transfers), while LOX transfers between
plant- or human-associated and marine-associated pathogens are rarer (only one even according to
our phylogeny). In our ecological networks, a small “marine-related” cluster is located apart from
the “plant-related” and ‘“human-related” clusters. It leads to an assumption that bacterial
lipoxygenases can easily switch from a plant host to a vertebrate host (and vice versa), but a switch
to a marine host is very uncommon. The simplest explanation could be the ecological isolation:
both plants and humans live in the terrestrial environment and have much more tight contact
between each other than with any aquatic organism. According to this hypothesis, if humans were
aquatic mammals (like dolphins) and lived in a coral reef ecosystem, we could observe multiple
“coral-human” host jumps. This hypothesis assumes full “compatibility” of pathogen/symbiont
LOXs with any organism: vertebrate, insect, plant, or marine invertebrate.

However, we have found that LOXs themselves have structural differences in the ligand-

<

binding site which are linked to the host type. The “plant-compatible” and the “vertebrate-
compatible” LOXs appeared to have no statistically significant differences in the binding site
structure in contrast to the “marine-compatible” LOXs. It leads to an assumption that bacterial
LOXs face some biochemical “compatibility requirements” for successful host-microbe
interactions. According to this hypothesis, bacterial LOXs are capable of cross-kingdom switches

because plant and animal hosts require the same regio- and stereospecificity.
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Matching statistical data on LOX binding site bottom volumes to experimental data for
biochemically characterized bacterial LOXs enabled us to infer the LOX specificity needed both
for colonizing plants and humans. It must correspond to the (0-6)S-LOX activity.

In the case of human (and other vertebrates), any (0-6)S-LOX of a pathogen is expected
to behave like Pseudomonas aeruginosa LOX: for arachidonic acid prevalent in the vertebrate
pool of polyunsaturated fatty acids (PUFAs), (0-6)S-LOX activity means 15S-LOX activity,
which contributes to the lipoxin biosynthetic pathway and suppresses the host’s immune response
(which is fulfilled in the case of Pseudomonas aeruginosa).

But what about plants? In contrast to humans, we have no direct experimental data on
the interaction of any bacterial LOX with them. However, we could biochemically infer this
interaction. In the case of linolenic acid (abundant in plant cells), any (m-6)S-LOX could be
predicted to produce 13S-HpOT, which is a normal precursor of jasmonates. So, if (0-6)S-LOX
enhances lipoxin production in the human tissues, they should enhance jasmonate production in
the plant body.

Here, the “explanative gap” is fully closed because jasmonate signalling hijacking is a
well-known trick of some plant pathogens. They increase a plant’s susceptibility by inappropriate
activation of jasmonate signalling pathway. However, almost all instances of such pathogenesis
known up do date involve the use of toxin mimicking the natural jasmonate or acting as
prohormone. The best-known example is Pseudomonas syringae that uses coronatine activating
the jasmonate receptor JAZ-COI1 [161] to facilitate the invasion. A grapevine pathogen
Lasiodiplodia mediterranea facilitates its invasion by the prohormone toxin lasiojasmonate A
[162]. The current study provides computational evidence that bacteria might use lipoxygenase to
“spoof” the plant immunity with natural jasmonates rather than jasmonate-mimicking toxin. By
accident or by the convergent evolution, the same LOX activity appeared to be “compatible” with
a human lipoxin pathway which enabled LOX-carrying bacteria to be versatile pathogens (Figure
10).
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496  Figure 10. Hypothetical mechanism of plant-animal host jumps provided by bacteria LOXs. In
497  humans and vertebrates, a secreted bacterial (0-6)S-LOX oxidizes arachidonic acid to form 15S-

498  HpETE, which is further converted into lipoxins in leukocytes by other LOX isozymes. Lipoxins

23


https://doi.org/10.1101/2022.06.21.497025
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.21.497025; this version posted April 7, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533

made available under aCC-BY-NC 4.0 International license.

suppress inflammation and immune response thus facilitating the invasion. Created with

BioRender.com

The immune response suppression hypothesis partially explains why this feature is
shared by plant pathogens and plant symbionts (as well as insect pathogens and symbionts): the
both groups need to evade the host’s immune response to survive in its body. However, this raises
an additional question: why do human symbionts not use this strategy?

It is not the only specific thing of interaction between LOX-carrying bacteria and a
human (or a vertebrate) organism. As discussed above, the ability of such pathogens to affect
humans is extremely strongly associated with nosocomial or opportunistic traits. It means that
these bacteria are prone to affect immunocompromised people (the terms “compromised” and
“immunocompromised” are also present in the “human-related” cluster, but have relatively low
connectivity compared to hubs described above). Conversely, in the case of plants and insects, we
did not observe such associations: LOX carriers are capable of full-fledged pathogenesis and
symbiosis.

These differences are tightly connected: if a pathogen oxylipin “spoofing” is insufficient
to suppress the healthy human’s immune response, there is no reason to expect that it will be
sufficient for human symbionts to evade the immune response and survive. Evidently, there is
something in the human (or, more broadly, vertebrate) immune system that makes it more resilient
to oxylipin signalling hijacks. Here, we come on shaky grounds: we have insufficient data to
explain what it could be. But it is reasonable to suggest that it is the presence of adaptive immunity.
Indeed, one of the mechanisms used by human microbiota to evade immune response is immune
tolerance — the acquired silencing of a host’s adaptive immunity to the bacterium’s antigens [ 163].

Public health risks and molecular epidemiology surveillance

First of all, we should downgrade the alert regarding possible “superspreading” of
lipoxygenases between nosocomial bacteria which we postulated in our previous work [8]. The
“Pseudomonas aeruginosa group” which comprised Klebsiella pneumoniae, Enterobacter
cloacae, Acinetobacter baumannii, and other bacteria putatively linked by fast horizontal transfers
of LOX genes proved to be an artifact. All LOX sequences of this group excepting Pseudomonas
aeruginosa sequences were subsequently removed from the databases due to probable
contamination. Here, we have found new evidence for the role of horizontal LOX gene transfers
in pathogenicity evolution, but we suggest that these processes occur on longer timescales.

The fact that the terms “emerging”, “AMR?”, and “MDR” are prevalent in the collective
ecological profile of LOX carriers and serve as hubs in the term network representing this profile

should raise concerns. Moreover, antimicrobial-resistant and multi-drug resistant bacteria are
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represented in each of 3 phylogenetic clusters of the pathogen and symbiont LOXSs. It means that
bacterial LOXSs are associated with emerging status, antimicrobial resistance and some other public
health threats. Furthermore, multiple connections between these traits and plant or human
pathogenicity entitle us to say that emerging pathogens use oxylipin signalling for plant-human
(or human-plant) host jumps.

But this conclusion should be considered carefully. Firstly, we have mentioned above
that the traits “AMR” and “MDR” could have overestimated weights due to normalization bias.
We are sure that this possible bias has limited effect because the used term “AMR” corresponds
to the real trait of studied bacteria. Moreover, the term “emerging” has also a very big weight, but
cannot be subjected to normalization bias. But on the visual level, it could produce a formidable
picture and lead to the emergence of news about “new deadly pathogens” or a “new global
epidemic”. We caution all science journalists reading this article against doomsaying.

Secondly, our data provide strong evidence that LOX-carrying pathogens have low
epidemic and pandemic potential. As we discussed above, they are prone to affect
immunocompromised people or people with specific diseases (e.g., cystic fibrosis), and cannot
fully overcome the immune barrier of a healthy human despite multiple recorded host jump events.
So, we find no reason to expect a full-fledged epidemic or pandemic caused by LOX-carrying
pathogens.

However, all statistical signs of “public health threat” are connected with the extreme
danger they pose to specific populations — immunocompromised people or people with
comorbidities, especially with cystic fibrosis. Regarding these populations, we cannot rule out the
possibility of limited outbreaks. Sporadic cases are also dangerous for these people and could lead
to higher mortality and decrease in the quality of life. Thus, bacterial lipoxygenases could be a
useful molecular epidemiology marker for oncology, hematology, transplantology, and cystic
fibrosis medicine.

We continue updating our “pathogen blacklist” — the list of LOX-carriyng pathogens
that can pose danger to humans — on the grounds of publicly available data. The last update before
this article was published in English in the Nature Portfolio Microbiology Community blog [164]
and in Russian in Priroda [9]. In this work, this list is incorporated into Table 1. But the full-
fledged molecular epidemiology surveillance requires much more strain-dependent data. We are
open for further collaboration for this purpose.

Possible implications for marine biology

In contrast to plants and humans, our knowledge about LOX-carrying bacteria in marine
organisms is limited. In most cases, we suggested the association with marine organisms only on

the basis of isolation of respective bacteria from a particular organism. So, the ecological functions
25
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of LOX-carrying bacteria (pathogen/symbiont) are unknown for all “marine-associated” bacteria
in our dataset. But we can suggest that in the underwater world, more intriguing host jumps of
LOX-carrying bacteria occur. They involve corals, sea urchins, algae, sipunculids, and fishes. We
have found that these host jumps require other LOX regiospecificity, than for plants and humans.
We cannot infer any mechanism of their actions because of scarce data on oxylipin signalling in

marine invertebrates, but can suggest that bacterial LOXs could be a useful tool to study it.

Conclusions

In this article, we have proposed a mechanism of cross-kingdom host jumps by
interacting with evolutionary distant immune systems. The analysis of available data shows that
some bacteria may exploit the hosts’ oxylipin signalling systems which are widespread across
different kingdoms. The most prevalent are plant-human host jumps because of a biochemical
“intercompatibility” of plant and human LOX activities needed for immune response suppression.

This finding could be interesting for basic scientists in a wide range of areas — from
immunology to marine biology. But it could also be useful for medical microbiology and public
health. Bacterial LOXs in a nosocomial environment could indicate an emerging pathogen which
could be dangerous for some vulnerable groups of patients. Bacterial LOX carriers isolated from
patients may require further consideration in terms of antimicrobial therapy and the particular role
of'this bacteria in the patient’s condition pathogenesis (as is the case of cystic fibrosis). It is evident
that pathogen and symbiont LOXs require further investigation in both basic and applied life

sciences.
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