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Abstract

Bacteria and Archaea are traditionally regarded as organisms with a simple morphology constrained to a size of 2-3 ym.
Nevertheless, the history of microbial research is rich in the description of giant bacteria exceeding tens and even hundreds
of micrometers in length or diameter already from its early days, for example, Beggiatoa spp., to the present, for example,
Candidatus Thiomargarita magnifica. While some of these giants are still being studied, some were lost to science, with mere-
ly drawings and photomicrographs as evidence for their existence. The physiology and biogeochemical role of giant bacteria
have been studied, with a large focus on those involved in the sulfur cycle. With the onset of the genomic era, no special
emphasis has been given to this group, in an attempt to gain a novel, evolutionary, and molecular understanding of the phe-
nomenon of bacterial gigantism. The few existing genomic studies reveal a mysterious world of hyperpolyploid bacteria with
hundreds to hundreds of thousands of chromosomes that are, in some cases, identical and in others, extremely different.
These studies on giant bacteria reveal novel organelles, cellular compartmentalization, and novel mechanisms to combat
the accumulation of deleterious mutations in polyploid bacteria. In this perspective paper, we provide a brief overview of
what is known about the genomics of giant bacteria and build on that to highlight a few burning questions that await to
be addressed.

Key words: genomics, giant bacteria, polyploidy, bacterial heterozygosity, size limitations.

Significance

Giant bacteria have been described for over a century, yet most of them remain understudied. We bring forth current
knowledge on the genomics of giant bacteria and use this to postulate key questions that should be addressed to better
understand these organisms and harness their large size and “bacterial simplicity” to gain insight into the subcellular
organization of bacteria.

Meet the Giants Lithgow 2020), bacteria lack a membrane-bound nucleus
Bacteria and Archaea are typically regarded as single-celled and other complex organelles found in eukaryotic cells.
microscopic organisms with diameters or lengths not ex- Nevertheless, the history of environmental microbiology re-
ceeding approximately >2 pm and, while bacterial orga- search is garnished with the occasional, yet constant, descrip-
nelles are being more frequently recognized (Greening and tion of species that are far larger (fig. 1), starting with early
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Fic. 1.—A graphical representation of giant bacteria across a seven-order magnitude biovolume scale. The giant bacteria are drawn to scale using the
maximal dimensions as reported in the literature and compiled in table 1. The cell sizes and biovolumes in the figure should be considered as ranges and not as
absolute numbers. The insert offers a closer look at the modestly sized giant bacteria in comparison with Escherichia coli, which is commonly used as a model

organism.

descriptions of Beggiatoa sp. (Vaucher 1803; Trevisan 1842)
and Achromatium sp. (Schewiakoff 1893), and continuing
nowadays with, for example, Candidatus Thiomargarita mag-
nifica (Volland et al. 2022), Candidatus Thiovulum stygium
(Bizic et al. 2023), and Candidatus Thiovulum imperiosus
(Sylvestre et al. 2022). Many microscopic bacteria form large
multicellular structures, for instance, among cyanobacteria
(Komarek and Johansen 2015), cable bacteria (Pfeffer et al.
2012), or magnetotactic bacteria (Keim et al. 2004). These
are not regarded as true giants. Here, the term “giant
bacteria” refers to bacterial cells, which may or may not
form larger multicellular structures, but whose diameter or
length exceeds that of “normal” bacteria being >10 pm in
at least one dimension. In our discussion, we have also ex-
cluded differentiated cells such as heterocysts and akinetes
of Cyanobacteria as in the case of heterocysts, this is an irre-
versible state, whereas under the appropriate conditions, aki-
netes will differentiate back into vegetative cells. What is
noteworthy is that unicellular eukaryotes exhibit as well a
large size variability, with some being the size of small bac-
teria (Lynch et al. 2022), yet as will be clarified, among bac-
teria, these have different consequences.

There are numerous descriptions of giant bacteria,
yet phylogenetic data are not available for many of them
because some descriptions preceded the advent of mo-
lecular phylogeny for example (Delaporte 1964, 1970).
Nevertheless, it is clear that bacterial gigantism has

evolved multiple times as giant cells are found in at least
six phyla (fig. 2). A list of currently known giant bacteria
is given in table 1, and a more detailed list is given in
supplementary table S1, Supplementary Material online.
As this list is based on a literature survey, it may not include
taxa for which size was not reported explicitly. Also,
specifically for Cyanobacteria, as this phylum harbors
many cells that may exceed our definition of giants, note-
worthy examples were given. An exhaustive resource for
Cyanobacteria that includes size descriptions of most
taxa can be found at http:/www.cyanodb.cz (Hauer and
Komarek 2022).

A high proportion of bacteria (up to 99.9%) have not
been isolated in culture (Locey and Lennon 2016; Steen
et al. 2019) and most of the bacterial biodiversity is recog-
nized through molecular analysis of environmental samples
that cannot provide information on bacterial sizes. It is,
therefore, likely that some of the sequence data in data-
bases correspond to unrecognized giant bacteria. It is also
likely that bacterial biodiversity studies are biased in the
way they sample cells in the first place. For example, aquatic
bacterial communities are often filtered to exclude larger
eukaryotic organisms and therefore exclude giant bacteria.
All'in all, there are likely more giant bacteria out there wait-
ing to be discovered.

Giant bacteria were so far found in “energy rich” envir-
onments, that is, with ample organic matter (such as
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digestive tracts as is the case for Epulopiscium,
Metabacterium, and Cristispira) or ample electron donors
for photo- or chemo-autotrophy as is the case for
Cyanobacteria or large sulfur bacteria. This is likely linked
to the energetic demands of being a giant. A large fraction
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Fic. 2—Phylogenetic tree of Bacteria highlighting the classes (inner circle) where giant bacteria occur. Taxa of giant bacteria for which the phylogenetic
placement is inferred from genomics or molecular markers are shown in red. Taxa for which only morphological classification exists (the class
Alphaproteobacteria) are marked in blue and assigned to the class based on the classification of associated taxa. The base tree was built using AnnoTree

(http:/annotree.uwaterloo.ca/app/; Mendler et al. 2019).
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of the known giant bacteria are free-living sulfur oxidizers
and phototrophs (mainly cyanobacteria), and the rest for
which information exists are heterotrophs mostly found in
the microbiome of eukaryotic organisms as symbionts

(fig. 2).
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What Are the Challenges of Being a Giant?

Bacterial gigantism is an interesting phenomenon not only
because it challenges our traditional perception of bacteria
as minuscule organisms but also because it challenges a ser-
ies of theoretical biophysical and bioenergetic limitations
on bacterial size, reflecting our gap in understanding the
cellular biology and physiology of large bacteria. These lim-
itations are predicted by models that are based on the
morphology, ultrastructure, and metabolism of typical,
small, model bacteria, and thus fail to encompass the un-
ique traits of larger bacterial cells. Unfortunately, even stud-
ies developing new theorems on the drives of bacterial size
do so within the size range of Escherichia coli and do not
consider larger bacteria (Gallet et al. 2017). Obviously,
the existence of multiple species of giant bacteria, their glo-
bal distribution, and localized high abundance in nature
(e.g., Beggiatoaceae [Teske and Salman 2014],
Achromatium [lonescu et al. 2020], and Thiotrichaceae
[Ravin et al. 2022]) suggests that bacteria have found cre-
ative solutions to such theoretical problems.

Bacteria depend on diffusion, both for the transfer of
substances from the environment into the cell and, lacking
the internal active transport systems typical of eukaryotic
cells, also for intracellular trafficking. In short, the larger
the cell, the smaller the surface area-to-volume ratio is,
dropping from a value of 6 for a spherical cell with a diam-
eter of 1 umto 0.6 and 0.06 for a cell with a diameter of 10
or 100 um, respectively. Accordingly, the diffusion time of
solutes from the environment changes from milliseconds to
hours, and the internal trafficking time may theoretically
reach even days. This topic has been reviewed previously
and will not be discussed here (Schulz and Jargensen 2002).

Trafficking of small solutes is one aspect of diffusion lim-
itations, yet it is not the only one. Even if nutrient supply
was not a limiting factor, a cell must generate and distribute
enough macromolecules (such as structural and functional
proteins, RNAs) to maintain its functionality. This becomes
increasingly challenging as cell size grows (Scott et al.
2010). Synthesizing enough macromolecules from a single
chromosome is likely insufficient to support a giant cell.
Even if it were possible, the macromolecules produced in
one part of the cell would still face diffusion limitations
and would not reach their target sites in a meaningful time.

Building on the aforementioned, Kempes et al. (2016)
suggested a second limitation on bacterial sizes driven by
the number of ribosomes needed to maintain the transcrip-
tional activity of a large cell. This so-called ribosome catas-
trophe predicts a maximum biovolume for bacterial cells at
1.39+0.03x 107> m3. Above that, the volume of the ri-
bosomes would exceed the total volume of the cell. The oc-
currence of cells as Candidatus Thiomargarita namibiensis,
Ca. T. magnifica, and Epulopiscium sp. with biovolumes in
the range of 4 x 107'2 m? (excluding the central vacuole),

2x 107" m? (excluding the central vacuole; Volland et al.
2022), and 2.5x 107" (entire cell), respectively, demon-
strates that this concept does not necessarily apply.

Solutions and Consequences

Bacteria have evolved several adaptations to partially over-
come diffusion limitations. These include: 1) shape shifting
(Harris and Theriot 2018) and invaginating the cytoplasmic
membrane (Angert 2006; Schulz 2006) to increase the
surface-to-volume ratio; and, 2) localizing most of the
metabolic activity close to the cytoplasmic membrane and
having a large vacuole occupying at least 80% of the cell
volume, thus reducing the active compartment of the cell
(Schulz and Jargensen 2002; Levin and Angert 2016;
Volland et al. 2022).

A potential solution suggested for the “ribosome catas-
trophe” is to both lower the growth rate and cellular me-
tabolism, to reduce the number of necessary ribosomes.
While the growth rate of many giant bacteria cannot be ac-
curately determined as these organisms are not available in
culture, such a solution does not seem to be employed by
Epulopiscium spp. which reproduce once in 24 h (Angert
2021).

One solution that appears to have been adopted by all
giant bacteria is having multiple chromosomes distributed
across the cell. Polyploidy in Bacteria and Archaea is defined
as the presence of ten or more chromosomes per cell, even
though the number itself does not convey any information
on whether these chromosomes are identical or not.
Polyploidy is more common among Bacteria and Archaea
than previously thought (Oliverio and Katz 2014). So far,
all investigated giant bacteria are polyploid, with cells con-
taining a large number of chromosomes ranging from tens
in smaller cells like Ca. T. stygium (Bizic et al. 2023; lonescu,
unpublished data), to hundreds in cells like Achromatium
spp. (lonescu et al. 2017) to hundreds of thousands in
Thiomargarita and Epulopiscium (Mendell et al. 2008;
Volland et al. 2022).

Polyploid bacteria should be vulnerable to the accumula-
tion of deleterious mutations leading to extinction via a
mechanism termed Mouller’s Ratchet (Takeuchi et al.
2014; Markov and Kaznacheev 2016). To overcome this,
most small-sized polyploid bacteria make use of asymmet-
rical recombination (known as gene conversion; Soppa
2011; Takeuchi et al. 2014; Markov and Kaznacheev
2016). However, gene conversion requires physical inter-
action between the different chromosomes in the cells. In
giant bacteria, where hundreds or thousands of chromo-
somes are distributed across a large cell, such interaction
is impossible or unlikely. First, in some cases, the chromo-
somes are prevented by cellular architecture from interact-
ing with distant chromosomes. In Ca. T. magnifica, one or
more chromosomes are contained in membrane-bound
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organelles (Volland et al. 2022). In the case of
Achromatium spp., the chromosomes are in thin membra-
nal stretches or pockets that are separated from each other
by the cell’s periplasmatic CaCOs3 crystals (lonescu et al.
2017; Schorn et al. 2020). Second, even without thisimmo-
bilization of chromosomes, the cytoplasmatic milieu,
coupled with the cell size, makes it impossible for distant
chromosomes to interact on time scales that are relevant
for gene conversion. Goodsell (1991) provided an inform-
ative picture of the cytoplasmatic environment, changing
previous concepts of “empty water bags” to an environ-
ment highly crowded by macromolecules. He further calcu-
lated using an example of a 160-kDa protein that the
diffusion of macromolecules is approximately 1,000 times
slower than in water. Bohrer and Xiao (2020) estimated
the diffusion coefficient for DNA in a bacterial cell to be
0.001 pm?%/s. The time required for two molecules to
meet inside a cell is given by the formula tyasic=L>/DR,
where L is the cell radius, D is the sum of diffusion coeffi-
cients of the two molecules, and R is the molecule radius
(Schulz and Jgrgensen 2002). Trafficking time in giant bac-
teria was already suggested to be on the orders of hours for
small solutes (Schulz and Jgrgensen 2002), and calculating
it for large molecules as chromosomes results in approxi-
mately 400 years (for a cell with a radius of 100 ym, and
a packed chromosome radius of 40 nm; Takeyasu et al.
2004). The same calculation suggests that for any bacter-
ium with a cytoplasmic diameter >4 pm two chromosomes
would require >24 h to meet. While these are clearly rough
estimates, they demonstrate the effect bacterial size has on
the chances of two distant chromosomes meeting inside
the cell. As already pointed out (Schulz and Jgrgensen
2002), the cytoplasm of Ca. T. namibiensis is a thin periph-
eral film, thus limiting trafficking time even more. Similarly,
the tens of thousands of chromosomes in cells of
Epulopiscium sp. type B, are located at the cells’ periphery,
thus interaction between distant chromosomes within one
generation is unlikely to take place.

The extreme polyploidy of most giant bacteria led to the
discovery of novel phenomena and the suggestion of novel
mechanisms for combatting Muller’s ratchet. Achromatium
spp. were the first to be recognized to harbor unprecedent-
ed genomic diversity in individual cells (lonescu et al. 2017).
Evidence for intracellular diversity also exists in the gen-
omes of Thiomargarita nelsonii (Flood et al. 2016) and
Epulopiscium sp., first in the form of very fragmented as-
semblies despite deep sequencing efforts, suggesting the
presence of heterogeneity among sequences that impairs
their assembly into longer scaffolds, similar to the case of
Achromatium spp. (lonescu et al. 2017). At least in the
case of Achromatium sp. the use of long-read technology
did not improve genome assemblies (lonescu, unpublished
data), suggesting that the sequencing approach is likely not
the main cause of these observations. Intracellular diversity

is further supported by analyses of strain heterogeneity in
assemblies of single cells as reflected by divergent
alleles of “single-copy” marker genes. In the case of
Epulopiscium sp., the grounds for this diversity were recent-
ly attributed to an extraordinary mechanism to maintain
genomic diversity, in which daughter cells take up naked
DNA from the entire community of lysed mother cells
(Angert 2021). In contrast to these examples, the chromo-
somes of the newly discovered Ca. T. magnifica are nearly
identical copies of each other (Volland et al. 2022).
Similarly, the chromosomes of the filamentous Ca.
Marithrix sp. were suggested to be highly similar
(Salman-Carvalho et al. 2016). Therefore, it is inevitable
to ask, why are some (hyper)polyploid giant bacteria
more heterozygous than others. At this point, both the de-
gree of ploidy (number of chromosomes) and variability
among the chromosomes, remain mostly unassessed for
most giant bacteria.

Polyploid Giant Bacteria: An Open Field

The physiological properties and biogeochemical properties
of several individual giant bacteria have been studied in the
last century (Schulz-Vogt et al. 2007; lonescu and Bizic
2019). For others, morphological and, to some extent,
phylogenetic descriptions are available. However, no study
has addressed giant bacteria as a group or has evaluated
whether aside from their size and likely polyploidy, these or-
ganisms share other, genomic features. Below, we present
selected open questions with regard to the genomic as-
pects of giant bacteria.

1. The recent discovery of novel giant bacteria from differ-
ent phyla (Gros 2017; Sylvestre et al. 2022; Volland et al.
2022; Bizic et al. 2023) suggests that there are more out
there to be discovered. Nevertheless, most recent bio-
diversity studies are based on metabarcoding or meta-
genomic analyses, generating data that do not hold
any information on size. Data mining efforts can reveal
new habitats (Bizic et al. 2023) or global distribution
(lonescu et al. 2020) of known giant bacteria. Yet, since
no marker genes common to all giant bacteria have
been recognized so far, it is impossible to identify new
taxa of giant Bacteria and Archaea from sequence
data. Thus, as a first step toward improving our under-
standing of the phylogeny, physiology, and genomics
of giant bacteria, biodiversity studies should include
field observations followed by microscopic analyses,
specifically in areas where giant bacteria have been
identified before as free-living bacteria (mangroves,
deep sea, caves, etc.) or as symbionts in insects (lida
etal. 2000), bivalves (Margulis and Hinkle 2013), amphi-
bians (Delaporte 1963, 1970), fishes (Montgomery and
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Pollak 1988; Miyake et al. 2016), and mammals (Angert
2012).

. Todate, there is a consensus that giant bacteria are poly-
ploid. Yet, this has been validated and quantified in
merely a handful of species. Polyploidy, aside from set-
ting the basis for an in-cell experimental genomics la-
boratory (Mendell et al. 2008; Oliverio and Katz 2014),
serves to overcome the barriers to internal trafficking
of proteins and the inability to synthesize sufficient en-
zymes from a single genome to serve the cell.

Evaluating whether a correlation can be found

between cell size and number of chromosomes could
provide insights into the effective volume of a transla-
tional/transcriptional unit and help identify at which
sizes polyploidy becomes an existential necessity. Thus
far, data synthesis from Epulopiscium sp. (Mendell
et al. 2008), Achromatium (lonescu et al. 2017), and
Ca. T. magnifica (Volland et al. 2022), reveals a ratio
of approximately 1 chromosome per 8-10 pm?, which
is at least 10 times lower DNA per volume than reported
(Mendell et al. 2008) or can be calculated (Pecoraro
et al. 2011) for smaller bacteria. This information may
further hint at whether polyploidy in organisms with
smaller cells, such as Synechocystis sp. (Soppa et al.
2016), serves a similar function, or whether it has alter-
native purposes as is the case for Deinococcus radiodur-
ans (Slade et al. 2009) or Thermus thermophilus
(Li 2019).
. Do giant bacteria have giant genomes? In microbiology,
it is often the case that the term genome is used as a
synonym to chromosome. However, a genome refers
to the entire genetic material in an organism (e.g.,
Moss et al. 2020). Hence, whether giant bacteria have
giant genomes should be split into two questions: a)
Do they have larger-than-usual chromosomes? b) Do
they contain more genetic information than other bac-
teria. At present, the data are insufficient to reach a de-
finitive conclusion for either of these questions,
howsoever one may speculate.

Complete chromosomal sequences are available for a
few giant bacteria only (table 1), like Ca. T. stygium (Bizic
et al. 2023). For others, the size that can be assessed by
the completeness level, and assembly size represents the
shortest set of sequences with the highest completeness
level. In a bacterium with a single chromosome, or in a
bacterium with multiple identical chromosomes, this
would be a good proxy for chromosome size.
Yet, whether this is the case in giant hyperpolyploid bac-
teria, we do not know. For example, single cells of
Achromatium sp. from the same population were pre-
dicted to have chromosomes of 4-12 Mb (lonescu
etal. 2017).

However, using the available information, the chromo-
some size of giant bacteria falls within the ranges

observed for their phyla (Rodriguez-Gijon et al. 2022).
For example, Ca. T. stygium with a chromosome of
1.8 Mb (Bizic et al. 2023) is well within the range of other
Campylobacterota (ca. 1.3-3.5Mb; Rodriguez-Gijon
et al. 2022). Candidatus Thiomargarita magnifica with
an estimated chromosome size of approximately 12 Mb
is within the upper limits of what has been observed for
Gammaproteobacteria. Thus, it appears that the chromo-
some size of giant bacteria follows the overall lineage of
their phylum.

Assessing the entire genomic information in a cellis a
much more complex task, given the amount of informa-
tion that can possibly be stored on hundreds to tens of
thousands of chromosomes. While functionally this in-
formation may converge to a finite set of functions,
the allelic divergence is likely high, at least in some giant
bacteria, resulting from continuous recombination
events through different mechanisms (lonescu et al.
2017; lonescu et al. 2020; Angert 2021). In the genus
Achromatium, the genomic information does not reflect
any functional difference between distinct habitats (i.e.,
marine and fresh water), and it was proposed that the
cells accumulate and store functions, thus using their
multiple chromosomes to continuously expand their
genome (lonescu et al. 2020). Clearly, this is not the
case for all giant bacteria and is likely linked to
heterozygosity.

. Heterozygosity, defined here as the occurrence of chro-

mosomes with different genomic content within asingle
cell, is not equal in all giant bacteria. Why a 2-cm cell
may contain almost a million nearly identical chromo-
somes (Volland et al. 2022) and a 50-um cell contains
a few hundred chromosomes with a diversity that ex-
ceeds that of a whole genus (lonescu et al. 2017) is
not understood. Heterozygosity or clonality was ad-
dressed only in a few giant bacteria (Mendell et al.
2008; Salman-Carvalho et al. 2016; lonescu et al.
2017; Angert 2021; Volland et al. 2022). In the absence
of reliable technology to isolate individual chromosomes
from cells, assessment of heterozygosity can be done by
inspecting the number of different variants of genes ex-
pected to occur in single copies. These results may be
biased by adhering environmental DNA from closely re-
lated species which would pass bioinformatic filtering
and qualify as the same cell. Nevertheless, repeated re-
sults from single Achromatium cells from which the sur-
rounding layer of extracellular polymeric substances was
removed and the cells individually washed (lonescu et al.
2017, 2020) suggest that the results are not a methodo-
logical error. Based on the reported data, a pattern
emerges, linking heterozygosity to cell architecture.
First, filamentous bacteria are less heterozygous
than some unicellular ones. Among the latter, heterozy-
gosity is larger in cells where interaction between

8 Genome Biol. Evol. 15(9) https://doi.org/10.1093/gbe/evad163  Advance Access publication 14 September 2023

20z Arenuer z| uo 1sanb Aq £80v/2./€91PEAS/B/S | /Bl01e/aq6/ W00 dno"olwapede//:sdyy wouj papeojumoq



Genomic Mysteries of Giant Bacteria

GBE

chromosomes is unlikely, for example, Epulopiscium
type B, and Achromatium. In the case of Thiovulum
sp., the smallest species Ca. T. stygium displayed no
heterozygosity (Bizic et al. 2023), followed by the
larger Candidatus Thiovulum karukerense (Gros 2017),
and the largest of the three, Ca. T. imperiosus (Sylvestre
et al. 2022), suggesting that an increase in size and
likely number of chromosomes, contributes as well to
heterozygosity.

These patterns derived from merely a few cells remain
to be validated across more taxa. For example, while the
chromosomes of Epulopiscium type B are peripheral,
those of type A are located in the center of the cell
(Angert 2006). Does this translate into enhanced gene
conversion in Epulopiscium type A and less heterozygos-
ity, or does the same mechanism of DNA uptake from
the lysed community determine the heterozygosity in
these cells as well?

It further remains to be seen, how and if, the allelic
divergence resulting from this heterozygosity is being
put to use. Does it serve as an experimental laboratory
to allow the cells to “test” and “adopt” new variants,
as was suggested for polyploid bacteria (Mendell et al.
2008; Oliverio and Katz 2014)? Or, can the cell use
the allelic divergence for fine-tuning their response to
environmental changes as shown for a cold-water dia-
tom (Mock et al. 2017)?

5. Polyploidy as a mechanism to overcome the limitation of
internal protein and macromolecule trafficking in giant
cells suggests that each chromosome may function in-
dependently. Can cells of giant bacteria regulate gene
expression across hundreds and thousands of chromo-
somes? If so, how? Is this a function of the substrate gra-
dient? Can different parts of the cells assume different
roles, in a behavior paralogue to multicellular organ-
isms? Can one chromosome express enhancers or re-
pressors to control the transcriptional or translational
activity in its surroundings? We have not yet begun to
address such questions. Expression of different 16S
rRNA alleles has been reported for Achromatium sp.
(lonescu et al. 2017), yet this likely reflects the distribu-
tion of these alleles in the cell. Acquiring further genom-
ic information on giant bacteria will allow the
application of tools such as in situ RNA sequencing
(Ke et al. 2013) gene FISH and mRNA-FISH
(Barrero-Canosa et al. 2017) to start understanding
the distribution of activities. This information coupled
with single-cell imaging metabolomics (Kompauer
et al. 2017), Raman microspectroscopy (Du et al.
2020) and/or MALDI imaging (Feucherolles and Frache
2022), will couple gene expression with metabolic pro-
ducts and their distribution in the cell. While most of
these methods do not have the necessary spatial reso-
lution to resolve activity in “standard” bacteria, the

large cell size of giant bacteria makes them ideal sub-
jects for such methods.

Giant bacteria have been known for over a century, yet
to date only a few have been genomically investigated,
and to the best of our knowledge, no comparative genom-
ics study has investigated giant bacteria as a group formed
by a common phenotype—atypical sizes. Despite them
being Bacteria (and potentially also Archaea), giant bacteria
possess several traits typical of eukaryotes, such as hetero-
zygosity (lonescu et al. 2017; Angert 2021), cellular com-
partmentalization (lonescu et al. 2017; Volland et al.
2022), and the existence of novel membrane-bound orga-
nelles (Volland et al. 2022), and may therefore be evolu-
tionarily significant. The combination of their relatively
“simpler” bacterial physiology, their relatively small gen-
omes (compared with eukaryotes), and their large cell
size, makes giant bacteria unique systems to study micro-
bial cells at the subcellular level, applying tools initially de-
veloped for eukaryotic cells. We envision tools like
single-cell metabolic imaging, flow-sorting of individual
chromosomes (as done for viruses), mRNA-FISH, and in
situ transcriptomics, being applied to such giant cells to im-
prove our understanding of their genomic evolution, regu-
lation, and functionality and opening new avenues of
research into the evolution of bacterial gigantism.

The study of giant bacteria as free-living or symbionts in
different habitats or hosts is of great scientific interest.
These peaceful giants, if they can be cultivated one day,
could represent unique study models in microbiology, al-
lowing a better understanding of the adaptive capacities
of bacteria. This is true both at the molecular level (DNA
structure, polyploidy management, cell division, etc.) and
at the metabolomic level (production of secondary metabo-
lites with antimicrobial activity, production of specific pro-
teins, etc.). Such advances will require a multidisciplinary
approach combining visual observations by field research-
ers, development and application of recent and novel mo-
lecular tools in the laboratory, and subsequently
genome-scale metabolic modeling approaches that may di-
vulge the secrets to cultivating these organisms.

Supplementary material

Supplementary data are available at Genome Biology and
Evolution online (http:/www.gbe.oxfordjournals.org/).
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