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Abstract— Discovery of Thiomargarita magnifica – an exceptionally large giant sulfur bacterium – urges us to pay additional 
attention to the giant sulfur bacteria and to revisit our recent bioinformatic finding of lipoxygenases in the representatives 
of the genus Beggiatoa. These close relatives of Thiomargarita magnifica meet the similar size requirements by forming 
multicellular structures. We hypothesize that their lipoxygenases are a part of the oxylipin signaling system that provides 
high level of cell-to-cell signaling complexity which, in turn, enables them to reach large sizes. 
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INTRODUCTION

Oxylipins are oxidized derivatives of polyunsaturat-
ed fatty acids. They are involved in a wide range of cell-
to-cell signaling processes in multicellular eukaryotes 
and function as:

• stress and injury mediators in animals, plants, and 
various groups of algae;

• pheromone-like compounds in fungi, brown and 
diatom algae;

• developmental signals in fungi and (partially) plants.
In all groups mentioned above, lipoxygenase (LOX) 

enzymes are involved in oxylipin biosynthesis. This group 
of enzymes is highly conserved and also is present in some 
groups of bacteria, such as cyanobacteria and myxobac-
teria [1]. Available experimental data indicate that the 
bacterial LOXs are functional and synthesize oxylipins 
from polyunsaturated fatty acids [2-5]. However, func-
tions of these oxylipins are still unclear, with the excep-
tion of Pseudomonas aeruginosa LOX-derived oxylipins, 
which may be involved in suppression of the host defense 
response [6].

LIPOXYGENASE 
IN A GIANT SULFUR BACTERIUM

In our recent paper in Biochemistry (Moscow) [1], we 
presented the results of our bioinformatic study showing 

evolutionary associations of lipoxygenases with multi-
cellularity (albeit in primitive forms) and host–microbe 
interactions (Fig. 1). This article aims to further discuss 
the first association  – the link between lipoxygenases 
and multicellularity.

In the bacterial domain, presence of lipoxygenases 
and multicellularity co-occurred in cyanobacteria and 
myxobacteria. These two taxa are the best-known exam-
ples of bacterial multicellularity, and they form statistical 
picture of the higher prevalence of lipoxygenases in mul-
ticellular taxa, so they were included in the subsequent 
discussion.

However, there is a third bacterial taxon revealed 
to have LOXs in our previous paper. This is the genus 
Beggiatoa, which belongs to the group called “big sulfur 
bacteria” or “giant sulfur bacteria” [7, 8]. This name re-
f lects their biochemistry: they are chemolithoautotrophs 
and derive their energy from oxidation of sulfide  (S2–) 
to sulfate  (SO4

2–) using oxygen or nitrate as oxidants. 
The name also ref lects their unusually large size: Beggia-
toa spp. form filaments from a few μm to 10 cm long, and 
the cell diameter ranges between ca. 1-200 μm. The fil-
aments of Thioploca spp. are 2-5 cm long and 2.5-80 μm 
in diameter [9].

Representatives of these two genera (as well as some 
other genera of the giant sulfur bacteria) are multicel-
lular. Their long filaments consist of several hundred 
cells  [7], making them similar to the filamentous cya-
nobacteria. Despite this fact, we omitted them from our 
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Fig. 1. Phylogenetic network of bacterial and eukaryotic lipoxygenases (from our previous article  [1]) with ecophysiological mapping. Most 
lipoxygenase clusters are associated with multicellular organisms, and only a small sector consists of lipoxygenases of pathogenic (red arrows) 
and symbiotic (green arrow) bacteria. This fact suggests that bacteria need lipoxygenases either to be multicellular themselves or to interact with 
a multicellular host. Image credit: from Kurakin et al., 2020 [1] (amended).

previous analysis [1] because LOXs were only detected 
in the genus Beggiatoa, which did not contribute signifi-
cantly to the statistics of LOX occurrence at the order 
level and to the overall picture of statistical association 
between LOXs and multicellularity. However, it is worth 
noting that the presence of lipoxygenases in Beggiatoa 
was also confirmed by Chrisnasari et al. in their bioinfor-
matic research [10].

But the recent discovery makes us look at this ge-
nus from a different perspective. In June 2022, a new gi-
ant sulfur bacterium was described in Science [11]. This 
bacterium, called Thiomargarita magnifica, can reach 
up to a centimeter long and could be visible to the na-
ked eye. It is an all-time record for size in the bacterial 
world and has even been featured in the “2022 Break-
through of the Year” special issue [12]. The fact that the 
genus Thiomargarita is one of the closest relatives of the 
genus Beggiatoa  [7] suggests that any markers of the in-
creased complexity among Beggiatoa species, including 
lipoxygenases, should be looked for. This is particular-
ly important because, prior to the discovery of the ge-
nus Thiomargarita, Beggiatoa  spp. were among the re-

cord holders for size: their cells can reach >100 μm [8]. 
With hundreds of such cells in a filament, they can reach 
up to several centimeters in length [7]. Thus, Beggiatoa 
genus is also mentioned in the context of challenging our 
understanding of size constraints in prokaryotes [8].

These size constraints arise from bioenergetics: 
ATP synthases, which supply cells with energy, can only 
be located on membranes, and in the most common 
bacteria, the only cell membrane is the cell envelope. 
The  maximum cell size is therefore limited by the least 
surface-to-volume ratio, which still allows a cell to be 
sufficiently supplied with ATP.

On the other hand, giant sulfur bacteria live at the 
sulfide-oxygen or sulfide-nitrate interface and are forced 
to have sufficient length to bridge the sulfide pool and 
the oxidant pool to use them together in their metabo-
lism. Moreover, they need to have sufficient cell volume. 
Most of the giant sulfur bacteria do this by evolving mul-
ticellular forms that allow them to form a large organ-
ism without exceeding the cell size limit. Thiomargarita 
magnifica is an interesting exception, which overcomes 
these constraints by increasing complexity of a cell using 
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Fig. 2. Beggiatoa, Thioploca, and Thiomargarita magnifica are close 
relatives that form exceptionally long structures to bridge two spatially 
distinct pools of sulfide (S2–, yellow) and oxygen or nitrate (O2/NO3

–, 
blue). This creates selection pressure towards increase of the length 
(depicted by the arrows). But they use different strategies to overcome 
size constraints: T. magnifica enlarges the total ATP-generating surface 
by increasing complexity of a single cell, while Thioploca and Beggia-
toa are multicellular. However, in the case of Thioploca, selection pres-
sure is partially dampened by the ability of these bacteria to move up 
and down gliding along the mucus sheath. In contrast, Beggiatoa relies 
on bridging the pools of two compounds simultaneously and thus re-
sponds to the same level of selection pressure as Thiomargarita magni-
fica. We hypothesize that this evolutionary requirement is met by the 
increasing complexity of multicellular signaling, including oxylipin 
signaling, and Beggiatoa LOXs play essentially the same role as pepins 
and internal membranes in Thiomargarita magnifica.

complex internal membrane network and nucleus-like 
organelles called pepins, where ATP synthases are lo-
cated [11]. This increases the ATP-generating surface of 
membranes without building a multicellular organism.

Another Thiomargarita species  – Thiomargarita 
namibiensis  – also avoids being multicellular by using 
high nitrate storage capacity instead. They accumu-
late nitrate, when they are passively resuspended from 
the coastal sediment, and use it in further biochemical 
processes while buried in a sulfide-reach sediment. This 
strategy was metaphorically named “waiting strategy” 
[13] or “holding the microbe’s breath” [14].

The genera Beggiatoa, Thioploca, and Thiomargarita 
are close relatives in the family Beggiatoaceae, but they 
use different ways to fit in the oxidant-reductant inter-
face. While Thiomargarita magnifica manages to do with-
out being multicellular, both Thioploca and Beggiatoa 
form multicellular filaments. However, Thioploca species 
are also known for their more complex behavioral adap-
tation: they can actively move between the nitrate layer 
and sulfidic sediment, accumulating nitrate for its fur-
ther use in the sulfidic environment [9, 15]. In contrast, 
Beggiatoa spp. depend on the simultaneous availability of 
both an oxidant (oxygen) and sulfide [9, 15]. Thus, mul-
ticellularity is almost the only strategy for Beggiatoa to 
bridge the two necessary substrates (Fig. 2).

We suggest that this probably requires a higher level 
of cell-to-cell communication and integration. We hy-
pothesize that this is the reason for the presence of lip-
oxygenases in Beggiatoa and their absence in Thioploca. 
These lipoxygenases may be the signature of oxylipin 
signaling in Beggiatoa species, which has developed in 
response to evolutionary demand for greater complexity.

This hypothesis fits well with our general assump-
tion about the link between lipoxygenases, oxylipin sig-
naling, and multicellularity. At present, this link is evi-
dent or suggested in animals, plants, fungi, water molds, 
dictyostelid slime molds, plasmodiophorids, cyanobac-
teria, and myxobacteria. We now add Beggiatoa  spp. to 
this list. To validate this association, experimental stud-
ies of oxylipin signaling in the above bacterial taxa will 
be required.
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