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Rod-shaped bacteria typically elongate and divide by transverse fission.
However, several bacterial species can form rod-shaped cells that divide
longitudinally. Here, we study the evolution of cell shape and division mode
within the family Neisseriaceae, which includes Gram-negative coccoid and
rod-shaped species. In particular, bacteria of the genera Alysiella, Simonsiella
and Conchiformibius, which can be found in the oral cavity of mammals, are
multicellular and divide longitudinally. We use comparative genomics and
ultrastructural microscopy to infer that longitudinal division within Neisser-
iaceae evolved from a rod-shaped ancestor. In multicellular longitudinally-
dividing species, neighbouring cells within multicellular filaments are attached
by their lateral peptidoglycan. In these bacteria, peptidoglycan insertion does
not appear concentric, i.e. from the cell periphery to its centre, but as a medial
sheet guillotining each cell. Finally, we identify genes and alleles associated
with multicellularity and longitudinal division, including the acquisition of
amidase-encoding gene amiC2, and amino acid changes in proteins including
MreB and FtsA. Introduction of amiC2 and allelic substitution of mreB in a rod-
shaped species that divides by transverse fission results in shorter cells with
longer septa. Our work sheds light on the evolution of multicellularity and
longitudinal division in bacteria, and suggests that members of the Neisser-
iaceae family may be good models to study these processes due to their
morphological plasticity and genetic tractability.
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Allometry of animal-microbe associations suggests that 10 prokar-
yotes thrive on animals and 10” on humans'. Yet, the morphology and
growth mode of animal symbionts are underexplored®. Although many
may form biofilms (see for example refs. 4, 5), intestinal segmented
filamentous bacteria (SFB®®) and three genera of Neisseriaceae that
occur in the oral cavity (e.g., Alysiella, Simonsiella and
Conchiformibius®*), are the only known animal symbionts that may be
regarded as multicellular, i.e., they invariably form stable filaments of
more than two cells. SFB occur in the small intestine of several animals
and play a primal role in pathogen resistance and gut homeostasis'>'*,
In contrast to SFB, multicellular oral cavity Neisseriaceae are relatively
understudied. They are closely related to the other =30 species of
Neisseriaceae occurring, for the majority, in the buccal cavity of warm-
blooded vertebrates. They are cultivable and some are genetically
tractable™'®. Apart from being multicellular, Neisseriaceae may be rod-
shaped (e.g., Neisseria elongata) or coccoid (e.g., the human pathogens
Neisseria meningitidis and Neisseria gonorrhoeae). Alysiella filiformis
cells are 2um-long and 0.6 um-wide on average and form upright-
standing palisades on the squamous epithelium of the mouth, so that
each cell has a proximal pole attached to the host epithelium and a
distal, free pole (Figs. 1, 2b, and Supplementary Fig. 2a-d). Further-
more, within each filament, A. filiformis cells appear as paired (Fig. 2b,
Supplementary Figs. 1c and 2a). Concerning Simonsiella muelleri and
Conchiformibius steedae (previously known as Simonsiella

S. muelleri

steedae") they are thinner, but can be up to 4 and 7 ym-long, respec-
tively. Unlike A. filiformis, both poles of S. muelleri and C. steedae are
attached to the mouth™”. This confers S. muelleri and C. steedae cells a
curved (or crescent-shaped) morphology and we will henceforth refer
to their host-attached poles as proximal and to their midcell as their
most-distal region (Figs. 1, 2c, d; Supplementary Figs. 1d, e and 2d-f).

Besides multicellularity, another peculiarity of Alysiella, Simon-
siella and Conchiformibius is that they divide longitudinally (*'*'° and
this manuscript). This is extraordinary, given that, except for
nematode®®?, insect’? and dolphin symbionts*, rod-shaped bacteria
typically elongate and divide by transverse fission, two processes
coordinated by the elongasome and divisome, respectively. In model
bacteria, each of these machineries is constituted by over a dozen
proteins, with the actin homolog MreB and the tubulin homolog FtsZ,
respectively, orchestrating cell elongation and division**: deletion of
ftsZ results in filamentation®, whereas inactivation of mreB turned rods
into cocci'®*. Even more striking was the effect of specific amino acid
changes: in MreB, they resulted in irregularly sized, bent or branched
Escherichia coli cells”* and, when affecting FtsZ, they led to misplaced
septa in E. coli, Bacillus subtilis and Streptomyces spp.?”.. Curiously,
single amino acid mutations in the FtsZ-binding protein SsgB resulted
in longitudinally dividing Streptomyces®. Collectively, these findings led
to the hypothesis that longitudinal division might have evolved from
differential regulation of subtly different MreB and/or FtsZ variants®*,
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Fig. 1| Core genome-based phylogeny of rod-shaped, coccoid and MuLDi
Neisseriaceae. The best evolutionary model for each partition was found by IQ-TREE
version 1.6.3% and maximum-likelihood phylogenetic analysis was also performed
using IQ-TREE® using 10,000 ultrafast bootstrap replicates®. Above the name of
each species, scanning electron microscopy images display their morphology. Dark
and light blue: coccoid Neisseriaceae; green: rod-shaped Neisseriaceae; red: multi-
cellular longitudinally dividing (MuLDi) Neisseriaceae. Coccoid lineages 1 and 2 are

indicated in blue. MuLDi lineages 1 and 2 are indicated in red. N.: Neisseria; U.:
Uruburuella; S.: Simonsiella; A.: Alysiella; K.: Kingella; C.: Conchiformibius; S.: Snod-
grassella; V.: Vitreoscilla; E.: Eikenella; C.: Crenobacter. Crenobacter spp. served as out-
group. In the absence of electron microscopy images, species’ morphology was
defined as rod-shaped based on the reference strain describe in refs. 94 for K.
negevensis”, for K. bonacorsii’®, for K. denitrificans’’, for E. longiqua and E. haliae’®,
for Crenobacter luteus’, for C. cavernae'™, for C. sedimenti'®, for C. intestine.
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Fig. 2 | Ultrastructural analysis of four oral cavity symbionts belonging to the
Neisseriaceae. Schematic representations and electron microscope images of a N.
elongata, b A. filiformis, ¢ S. muelleri and d C. steedae. Rightmost panels display
extracted sacculi (peptidoglycan) of respective Neisseriaceae. P proximal (host-

attached) region of the cell, D distal region of the cell, OM outer membrane, PG
peptidoglycan, CM cytoplasmic membrane. Scale bars correspond to 1um. The
results are representative of at least three independent analyses.

In this work, we ask whether a similar path led to the evolution of
Alysiella, Simonsiella and Conchiformibius - henceforth, collectively
referred to as multicellular longitudinally dividing (MuLDi) Neisser-
iaceae. Phylogenomic analysis coupled with both ultrastructural ana-
lysis and peptidoglycan (PG) mass spectrometry indicates that MuLDi
Neisseriaceae evolved from a rod-shaped ancestor. Moreover, incuba-
tion with a palette of fluorescent D-amino acids (FDAAs) shows that
nascent septa cross the cells medially as to guillotine them - from the
proximal to the distal pole in A. filiformis, or from both poles to midcell
in S. muelleri and C. steedae. Finally, comparative genomics-informed
recapitulation of MuLDi-specific allelic changes in the rod-shaped N.
elongata results in longer septa, suggesting that the transition from
transverse to longitudinal division required the deletion of mraz, the
acquisition of amiC2 and MreB amino acid permutations.

The capacity of oral cavity Neisseriaceae to have evolved - more
than once - into coccoid or MuLDi cells from a rod-shaped ancestor,
together with their amenability to cultivation and genetic manipula-
tion, makes them ideal models to understand the evolution of bacterial
cell division and that of animal-bacterium symbioses.

Results

Core genome-based phylogeny of Neisseriaceae suggests that
MulLDi Neisseriaceae evolved from a rod-shaped ancestor

The Neisseriales order comprises the family Chromobacteriaceae and
the family Neisseriaceae and more recently three additional families
have been suggested, Aquaspirillaceae, Chitinibacteraceae and
Leeiaceae®. The family Neisseriaceae includes 12 genera (Alysiella;
Bergeriella; Conchiformibius; Eikenella; Kingella; Morococcus; Neisseria;

Simonsiella; Snodgrassella; Stenoxybacter; Uruburuella; Vitreoscilla).
We selected species from each of these Neisseriaceae genera and used
SMRT (PacBio) and Minion (Nanopore) technologies to obtain 21
closed genomes (Supplementary Data 1). Genomes obtained in this
study were combined with Neisseriaceae draft genomes (a total of 262,
only one strain of N. meningitidis and one of N. gonorrhoeae were
included) from the NCBI database to calculate the Average Nucleotide
Identity (ANI) (Supplementary Data 2). This enabled us to identify 75
Neisseriaceae species with genome ANI > 96%. To assure the quality of
the genomic database and to simplify the genomic comparisons, we
then selected one genome for each species based on (1) completeness
and circularization status, and (2) possibility to morphologically
characterize it by either using a strain we have in our collection or by
literature search (in the case of morphologically characterized refer-
ence strains). These 75 genomes have been used for the construction
of a core genome-based phylogeny (Fig. 1, Supplementary Fig. 1,
Supplementary Data 3). Of note, although most of the genomes
available in the NCBI database are from coccoid Neisseria (lineage 1;
dark blue in Fig. 1, representing 34 species), the detailed phylogenetic
analysis of this lineage, which evolved from an ancestral rod* and
includes the well-known pathogens N. meningitidis and N. gonorrhoeae,
will be presented elsewhere (Bernet and Veyrier, unpublished data). In
this manuscript, we therefore focused on the analysis of the remaining
41 species (Fig. 1, Supplementary Data 1).

Using Scanning-Electron Microscopy (SEM), we imaged all the
species available in public collections to classify them as rod, cocci or
MuLDi. The cell-shape of 10 species was already known (see references
in Fig. I's legend). Of note, species that could not be unambiguously

Nature Communications | (2022)13:4853



Article

https://doi.org/10.1038/s41467-022-32260-w

classified as rods or cocci, were incubated in sublethal concentrations
of Penicillin G to test their elongation capacity, as previously
described™. These morphological analyses revealed that most Neis-
seriaceae are rod-shaped, except for the previously identified coccoid
lineage 1'° and the two closely related species N. wadsworthii and N.
canis. These did not lengthen upon Penicillin G treatment and are
henceforth referred to as coccoid lineage C2 (light blue branches in
Fig. 1). Remarkably, we found that coccoid species belonging to lineage
2 harbour genes encoding for the elongasome, but lost yacF/zapD
(Fig. 5). The loss of yacF/zapD has already been described as a major
genetic event, which also allowed the emergence of coccoid lineage 1'°.
We also observed that MuLDi species are separated into two lineages,
henceforth referred to as MulLDi lineage M1 (Alysiella spp. and
Simonsiella muelleri) and M2 (Conchiformibius spp.) with the mono-
phyletic Kingella genus separating them, in agreement with a recently
published study®. To extrapolate the shape of the ancestor of all
Neisseriaceae, we used a Maximum Likelihood method (PastML*)
which made us infer that the predecessor of all Neisseriaceae was a rod
(see Supplementary Fig. 1). This conclusion is supported by the fact
that species belonging to the closely related family Chromobacter-
iaceae (order Neisseriales, as aforementioned) are also described as
rod-shaped”.

Collectively, our phylogenetic analysis indicates that two lineages
of cocci (coccoid lineages 1 and 2, referred to as C1 and C2 in Fig. 1)
evolved independently from a rod-shaped ancestor, whereas the two
lineages of MuLDi Neisseriaceae (referred to as M1 and M2 in Fig. 1)
evolved from a rod-shaped ancestor. However, PastML-based analysis
(Supplementary Fig. 1) was not able to determine the shape of the most
recent common ancestor of M1, M2 and Kingella spp. This let us
envision two evolutionary scenarios: (1) M1 and M2 evolved indepen-
dently from a rod-shaped bacterium with phenotypic convergence or
(2) the common ancestor of M1 (Simonsiella/Alysiella), Kingella spp.
and M2 (Conchiformibius) evolved the MuLDi phenotype once from a
rod-shaped bacterium, but Kingella spp. reverted to unicellularity and
transverse division.

MulLDi Neisseriaceae cells are attached to one another by their
lateral PG and harbour a characteristic signature in their mur-

opeptide composition

Previous™'®", as well as our, microscopic analyses (see Figs. 1-4,
Supplementary Figs. 2c-e, 3-8, and Supplementary Movies 1-4) sug-
gested that A. filiformis, S. muelleri and C. steedae filaments result from
incomplete cell separation. Moreover, Nile red staining confirmed the
presence of membranes between adjoining cells (Supplementary
Fig. 4a, d). To understand whether adjoining MuLDi Neisseriaceae
share additional cellular structures, that prevent them to separate
from one another, we performed transmission electron microscopy
(TEM) of sacculi extracted from A. filiformis, S. muelleri and C. steedae,
as well as from the transversally dividing rod-shaped N. elongata, for
comparison (rightmost panels in Fig. 2b-d). We observed that the
sacculi of the three MuLDi symbionts remained attached laterally, even
after the harsh extraction procedure (rightmost panels in Fig. 2b—d).
Moreover, higher magnification of TEM images revealed that cells
belonging to the same filament shared their outer membrane (OM;
arrows in Fig. 2b-d). We concluded that in the Neisseriaceae A. fili-
formis, S. muelleri and C. steedae multicellularity results from adjoining
cells, retaining their cytoplasmic membranes (CM), but being attached
to one another by their lateral PG and surrounded by a common OM
(and periplasm) (see Supplementary Fig. 3).

We previously showed that a modification in the PG composition
of the Neisseriaceae (i.e., increased proportion of pentapeptides)
accompanied their rod-to-coccus transition'®. To find out whether the
rod-to-MuLDi transition would also correlate with a change in total
muropeptide composition, we applied mass spectrometry to analyze
the PG of three MuLDi: A. filiformis, S. muelleri and C. steedae, as well as

that of 14 rod-shaped Neisseriaceae (Supplementary Fig. 5, Supple-
mentary Data 4). The abundance of dimers (Di), trimers (Tri) and tet-
ramers (Tetra) relative to the abundance of monomers and the
estimated total crosslinked were generally higher in MuLDi (Supple-
mentary Fig. 5c, d). We concluded that, compared to rod-shaped
Neisseriaceae, MuLDi Neisseriaceae PG was more cross-linked (Sup-
plementary Fig. 5).

Alysiella filiformis nascent septa guillotine the cells from their
distal to their proximal poles

Fimbriae-like structures were detected by TEM on the regions of A.
filiformis attached to oral epithelial cells” ™. To confirm the presence
of fimbriae at the proximal pole, we immunostained them with an anti-
fimbriae antibody and found its signal to be localized at the proximal
pole, consistent with the seminal ultrastructural data. Moreover, we
noticed that, when observed at the epifluorescence microscope, the
proximal, fimbriae-rich side of each filament was invariably the convex
one (Supplementary Fig. 4a-c, f), which allowed us to determine A.
filiformis polarity in the absence of fimbriae localization in all the
subsequent microscopic analyses.

After confirming A. filiformis polarity, we proceeded to determine
its growth mode by tracking PG synthesis by consecutively applying
the three fluorescent D-amino acids (FDAAs) HADA (blue), BADA
(green) and TADA (red), which are labeled D-Ala residues incorporated
into the peptide side chains of new PG. When observed by fluorescence
microscopy, A. filiformis cells sequentially labeled with HADA 30 min,
BADA 15 min and TADA 15 min showed strongest fluorescent signal at
their septation planes. The virtual time-lapse obtained by the triple
FDAAs labeling revealed that A. filiformis starts to septate at the distal
pole and that PG synthesis proceeded unidirectionally toward the
proximal cell pole (blue, green and red signal in representative septain
Fig. 3a). Of note, within each filament, newly completed septa (aster-
isks) alternate with nascent septa (arrowheads in Fig. 3a right panel).
This indicates that septation starts as soon as cells are born (or even
before). Plotting the total fluorescence of HADA, BADA and TADA
against the cell long axis in a representative nascent septum (septum 1;
Fig. 3b, left plot), in an almost completed septum (septum 2; Fig. 3b
right plot), as well as in ten A. filiformis cells undergoing ten sub-
sequent septation stages (Supplementary Fig. 6a-c) confirmed the
distal-to-proximal PG incorporation pattern (Fig. 3c) and was con-
sistent with that observed by thin-section TEM (Fig. 2b).

To view the PG insertion pattern in 3D, we performed confocal
microscopy (Fig. 3d, Supplementary Fig. 6d and Supplementary
Movie 5). Surprisingly, the septal signal appeared as a sheet when
viewed from the side in completed and nascent septa (asterisks and
arrowheads, respectively, in Fig. 3d left panel; Supplementary Fig. 6d)
and, contrarily to what observed by 3D-Structured Illumination
Microscopy in other longitudinally®® or transversally dividing
bacteria®**°, we did not observe PG disks, rings or arcs at any
septation stage.

In conclusion, we showed that A. filiformis septation is unidirec-
tional (i.e., it proceeds from the distal to the proximal pole) and that
the PG is not inserted concentrically, from the periphery to the center
of the cell, but as a sheet that guillotined each cell from its distal to its
proximal pole.

Simonsiella muelleri and Conchiformibius steedae septation
starts at both poles synchronously and proceeds from the poles
to midcell

Based on previous ultrastructural studies, S. muelleri fimbriae are
situated on the cell side facing the epithelial cells”**, here referred to
as the proximal side. To test whether this was also the case for C.
steedae, we immunostained it with an anti-fimbriae antibody and
confirmed that fimbrial appendages covered the proximal (concave)
side of each filament (Supplementary Fig. 4e, f).
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Fig. 3 | Epifluorescence and confocal microscope-based PG insertion pattern in
A. filiformis. a Phase contrast image (left panel), corresponding epifluorescence

image (middle panel) and enlarged selected regions (white frames in right panel) of
A. filiformis consecutively labeled with HADA, BADA and TADA for 30 min, 15 min
and 15 min, respectively. Asterisks point at newly completed septa and arrowheads
point to nascent septa. Scale bars are 5 um (middle panels) and 1 um (right panels).
b Septal fluorescence of HADA, BADA and TADA was plotted onto the long axis for
two representative A. filiformis cells. Source data are provided as a Source Data file.
¢ Schematic representation of A. filiformis growth mode. d Confocal images of A.
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filiformis consecutively labeled with HADA, BADA and TADA for 30 min, 15 min and
15 min, respectively. Asterisks point at newly completed septa and arrowheads
point at nascent septa in a filament (left panel). Fluorescence emitted by a newly
completed septum (septum 1in white box in left panel) and by an incoming septum
(septum 2 in white box in left panel) were rotated by 90° and are displayed in the
middle and the right panels, respectively. Scale bar is 1 um. e Schematic repre-
sentation of A. filiformis growth mode. D distal, P proximal. The results are
representative of at least three independent analyses.

To find out how S. muelleri and C. steedae grow, we then
tracked the synthesis of PG by successively labeling them in three
differently colored FDAAs, namely with HADA for 30 min, BADA 15 min
and TADA 15min, and with HADA for 1h, BADA 45 min and TADA
45 min, respectively (Fig. 4a-d and Supplementary Fig. 7a-c). When
imaged by epifluorescence microscopy, both species showed stron-
gest fluorescent signal at the septation plane. However, the virtual
time-lapse obtained by the triple FDAAs labeling differed from
that obtained for A. filiformis. Namely, S. muelleri and C. steedae,
appeared to start septation at both poles synchronously and PG
insertion continued until midcell was reached (Fig. 4a-d and Supple-
mentary Fig. 7a-c).

To view the PG insertion pattern in 3D, we performed confocal
microscopy on FDAA- labeled C. steedae (Fig. 4e, f and Supplementary

Fig. 8a, b; Supplementary Movie 6). When pulsing filaments with
HADA, TADA and BADA, septation appeared to begin at the poles and
proceeded towards midcell (blue, green and red signal in completed
and nascent septa, indicated by asterisks or arrowheads, respectively,
in Fig. 4e). When visualizing single cells turned of 90 degrees (Fig. 4e
bottom images and Supplementary Fig. 8b), FDAA signal appeared as
two juxtaposed triangular sheets, each emerging from one cell pole
(green and red signal in septa 1 and 2 Fig. 4e). With septation pro-
gression, the two leading edges merged at midcell (red oval signal in
Fig. 4e, septum 2) and finally appeared as a circular disk at the very last
septation stage (red signal in Fig. 4e, septum 3 and one septum in
Supplementary Fig. 6b).

Summarizing, we propose that the two curved oral symbionts
S. muelleri and C. steedae start septation at each pole independently,
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but synchronously, and septation ends when the two pole-originated
PG sheets meet and merge at midcell (Fig. 4f).

Multiple genetic events associated with the cell shape transition
from rod-shaped to MuLDi Neisseriaceae

By applying exhaustive comparative genomics, we previously dis-
covered that mutations at specific genetic loci mediated the rod-to-
coccus transition of the ancestor of pathogenic Neisseria'. We there-
fore hypothesized that mutations at specific genetic loci had mediated
their evolution from an ancestral, transversally dividing rod-shaped
Neisseriaceae (Fig. 1). To identify these genetic loci, we applied pre-
viously described pipelines'®***? to determine the presence/absence of
proteins in 37 species of Neisseriaceae (all displayed in Fig. 1), 32 rod-

Fig. 4 | Epifluorescence and confocal microscopy-based PG insertion pattern in
S. muelleri and C. steedae. Phase contrast images (left panels), corresponding
epifluorescence images (middle panels) and enlarged selected regions (right
panels; the white frames indicate the selected regions) of S. muelleri (a) labeled with
HADA, BADA and TADA for 1 h, 30 min and 30 min, respectively and of C. steedae (b)
labeled with HADA, BADA and TADA for 1 h, 45 min and 45 min, respectively. Scale
bars are 5 um (middle panels) and 1 um (right panels). ¢ For two representative S.
muelleri septa (septum 1 and septum 2, left and right panel), fluorescence of HADA,
BADA and TADA was plotted onto the long axis. Scale bars are 5 um (left and middle
panel) and 1um (right panel). Source data are provided as a Source Data file.

d Schematic representation of S. muelleri and C. steedae growth mode. e Confocal
images of one C. steedae filament labeled with HADA, BADA and TADA for 1h,

45 min and 45 min, respectively (top panels). Top left panel displays the filament
from which the three septa shown in the bottom panels belong to. Middle panel
shows the same filament rotated by 30° of which an enlarged region of interest
(white frame) is shown in the top right panel; arrowheads point to nascent septa,
asterisks to newly completed ones. Bottom panels: three septa at consecutive
septation stages (septa 1-3 in top left panel) were rotated by 90° and ordered from
the youngest to the oldest (left, middle and right panel, respectively). D distal, P
proximal. Scale bars are 5 um (left upper corner) and 1 um. f Schematic repre-
sentations of C. steedae septation mode (top view in left panel, side view in right
panel). The results are representative of at least three independent analyses.

shaped and 5 MuLDi Neisseriaceae (the Simonsiella/Alysiella lineage M1
and the Conchiformibius lineage M2). Of note, we excluded both
lineages of coccoid Neisseriaceae from our analysis, as they underwent
a different evolutionary paths.

By using MycoHIT (based on tblastn) and by taking either the
genome of the MuLDi S. muelleri or that of the rod-shaped N. elongata
as a reference, we searched for genes specifically present in MuLDi or
specifically present in rod-shaped Neisseriaceae, respectively. Firstly,
using S. muelleri as a reference and 55% of similarity as a cut-off for
assessing orthologs, we identified seven genes that were exclusively
present in MulLDi, but absent in rod-shaped Neisseriaceae (Fig. 5a).
These included a gene encoding for an AmiC-like amidase, henceforth
referred to as AmiC2. Interestingly, the amiC2 gene chromosomally co-
locates with cdsA, a gene encoding for the phosphatidate cytidylyl-
transferase CdsA in all MuLDi species (Supplementary Fig. 9). As amiC2
and cdsA are either flanked by a transposase (in the MuLDi lineage 1) or
by a restriction/modification system (in the MulLDi lineage 2), we
hypothesize that amiC2 was acquired by horizontal gene transfer,
possibly from a Fusobacterium-related bacterium (see AmiCl and
AmiC2 phylogeny in Supplementary Fig. 10). Intriguingly, Fuso-
bacteria, as the Neisseriaceae, are common members of the oral, gas-
trointestinal and genital flora*. As for the remaining six MuLDi-specific
genes, four are predicted to encode for hypothetical proteins and two
for the hemolysin transporter ShiB*.

Secondly, using N. elongata as a reference, we found that only four
genes were exclusively absent in MuLDi Neisseriaceae when compared
to rod-shaped ones (Fig. 5a), two of which, mraZ and rapZ, have been
implicated in PG synthesis and cell division. mraZis the first gene of the
dcw cluster (Supplementary Fig. 9) in most bacteria, where it encodes
for the poorly characterized, but highly conserved transcriptional
regulator MraZ**™". rapZ encodes for the small RNA adaptor protein
RapZ, implicated in cell envelope precursor sensing and signaling*®. As
for the other two, dgt and gloB, the former encodes for a dGTPase*’
and the latter for a hydroxyacylglutathione hydrolase that hydrolyzes
S-D-lactoyl-glutathione into glutathione and D-lactic acid*’. Of note, as
the loss or gain of genes in the most recent common ancestor of the
M1, M2 and Kingella spp. could have laid the foundation for further
evolution, we also detected the presence of 14 genes and the absence
of four genes in MuLDi as compared to other rod-shaped Neisser-
iaceae excluding the Kingella spp. (Supplementary Data 5).

Third and finally, we used the CapriB software® to search for
amino acid changes in the 438 proteins strictly conserved among the
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and/or division are shown (right). Individual genes were considered to be present
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genes are indicated with S. muelleri locus_tag (such as RS00570 for
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or absent, respectively. HP hypothetical protein. b Weblogo of the amino acid
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MuLDi, detected with amino acid permutations between rod-shaped and MuLDi
Neisseriaceae. ¢ Volcano-plot: p value is plotted against fold change calculated
using DeSeq2. Red and green points correspond to transcripts that are less or more
abundant in MuLDi as compared to rod-shaped Neisseriaceae, respectively. Source
data and statistics are provided as a Source Data file. d STRING association analysis.
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are less abundant in MuLDi Neisseriaceae and in green are transcripts that are more
abundant in MuLDi as compared to rod-shaped Neisseriaceae.
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37 Neisseriaceae species (core proteome) (Fig. 5b). Strikingly, we
detected amino acid permutations in only seven out of the 438 pro-
teins (1.6%). Namely, three and two permutations were found in FtsA
and MreB, respectively, two proteins which are both involved in bac-
terial morphogenesis®. Consistently, the phylogeny based on FtsA or
MreB protein sequences (Supplementary Fig. 10) revealed that all the
MuLDi sequences clustered together, suggesting convergent evolu-
tion of these proteins or horizontal gene transfer between MuLDi
species. In addition to FtsA and MreB, we also found two permutations
in the efflux pump membrane transporter MtrD, and one permutation
in the DNA-directed RNA polymerase subunit RpoZ, the single stran-
ded DNA-binding protein Ssb, the two-component regulator MisR and
the long-chain-fatty-acid-CoA ligase FadD.

Altogether, comparative genomics of rod-shaped versus MuLDi
Neisseriaceae identified 18 genetic loci whose presence, absence or
mutation strictly correlate with the rod-to-MuLDi transition. Notably,
these genetic loci include amiC2, encoding for a cell wall amidase, the
dcw cluster regulator-encoding gene mraZ and the actin homolog-
encoding gene mreB.

Downregulation of dcw cluster genes in MuLDi Neisseriaceae
As several genes encoding for regulators were mutated in
MuLDi Neisseriaceae, we employed RNAseq to determine differential
gene expression patterns between MulDi (n=5) and rod-shaped
(n=15) Neisseriaceae cultured in the same conditions (GCB agar Media,
6 h, 37 °C 5% CO,). To compare gene expression between species, we
standardized the annotation of the five rod-shaped and the five MuLDi
Neisseriaceae genomes by inferring gene orthology using BlastP (55%
of similarity as a cut-off). Using the NetworkX python programming
package®, we reannotated clusters of homologous genes in each
genome (for example, the ftsZ gene will be called NEISS 1241 in all
genomes). By doing so, we could count the reads that mapped to each
gene in each species and perform DESeq?2 statistical analyses using
the core transcriptome. Strikingly, our analysis (Fig. 5¢, d) showed that
the majority of the significantly differentially regulated genes are
involved in cell envelope synthesis (as demonstrated by their cluster-
ing in the String analysis shown in Fig. 5d). Namely, 12 genes appeared
upregulated in MulLDi species, including mink, ftsA, ftsX and ftsY
involved in cell division. More importantly, the 19 downregulated
genes in MuLDi species included murE and fts/, which are part of the
dcw cluster.

To conclude, based on comparative interspecies RNA-seq, the
absence of mraZ correlates with a downregulation of the dcw cluster
(including fts/) in MuLDi Neisseriaceae.

Downregulation of dcw cluster genes in N. elongata mraZ dele-
tion mutants
To test whether deletion of mraZ in the rod-shaped Neisseriaceae N.
elongata could cause downregulation of dcw cluster genes (consistent
with the apparent downregulation of the dcw cluster in MuLDi Neis-
seriaceae that naturally lost mraZ, see previous section), we compared
the transcriptomes of wild-type N. elongata and a mraZ deletion
mutant thereof. This revealed that five genes located downstream of
mraZ (mraW, ftsL, ftsl, murE and murF) were downregulated (Fig. 6a, b).
These results were confirmed by quantitative real-time PCR (Fig. 6c).
Moreover, overexpressing mraZ (by inserting it, ectopically, down-
stream of the nrq locus in the N. elongata AmraZ mutant) led to
overexpression of the first seven genes of the dcw cluster (Fig. 6a-c).
Although the N. elongata AmraZ mutant did not display significant
morphological defects (Fig. 6d), N. elongata overexpressing mraZ
under the porB promoter (AmraZ porBp-mraZ) were smaller
(Fig. 6d, e).

Collectively, we showed that mraZ is regulating transcription of
the first five genes of the N. elongata dcw cluster and that expression of
these genes impacts N. elongata cell length.

Recapitulation of MuLDi-specific genetic changes in the rod-
shaped Neisseriaceae, N. elongata, resulted in longer septa
After deleting mraZ, we tested whether individual changes at other
MulLDi-specific loci could turn the rod-shaped Neisseriaceae N. elon-
gata in a MuLDi bacterium. Deletion of dgt, gloB, or rapZ did not
change N. elongata morphology (Supplementary Fig. 11a). All the same,
introduction of amiC2 (along with its neighboring gene cdsA) in N.
elongata did not result in significant shape or growth anomalies
(Fig. 7a). However, the allelic exchange of N. elongata mreB with S.
muelleri mreB resulted in significantly longer cells (Fig. 7a and Sup-
plementary Fig. 11b, c).

In a final attempt to turn the rod-shaped N. elongata into a MuLDi
Neisseriaceae, we used an unmarked deletion-based technique devel-
oped by us®” to concomitantly delete dgt, gloB, mraZ and rapZ, sub-
stitute N. elongata mreB with S. muelleri mreB and introduce amiC2/
cdsA. As shown in Fig. 7a and Supplementary Fig. 11b, c, N. elongata
Adgt, AgloB, AmraZ, ArapZ with mreB,,, were longer and branched.
More importantly, the substitution of mreB,. with mreBs,, together
with the introduction of amiC2/cdsA resulted in cells with a longer
septum and shorter axis perpendicular to the septum (Fig. 7b-d).
Namely, the ratio between the two cell axes changed from 0.61 + 0.25
(n=186), in the wild-type, to 0.95+0.29 (n=174) in the mutant N.
elongata.

All in all, even if our attempt to genetically manipulate the rod-
shaped N. elongata into a MuLDi bacterium did not result into a
complete transverse-to-longitudinal division switch (ratio between the
two cell axes >1), the observed increase in septum length suggests that
the genetic events identified by comparative genomics have partici-
pated in the rod-to-MuLDi Neisseriaceae transition.

Discussion

There is a huge discrepancy between the number of known prokar-
yotic species and the number that have been characterized morpho-
logically. This makes it hard to predict how the shape and the growth
mode of bacteria evolved. In an attempt to fill this knowledge gap, we
focused on MuLDi Neisseriaceae occurring in the oral cavity of warm-
blooded vertebrates, including humans. Whole genome-based phylo-
genetic analysis, coupled with ultrastructural analysis, indicated that
MuLDi bacteria evolved from a rod-shaped ancestor. Although rod-
shaped Neisseriaceae septate transversally, our incubations with a set
of fluorescently labeled PG precursors showed that MuLDi Neisser-
iaceae septate longitudinally - in A. filiformis in a distal-to-proximal
fashion, in S. muelleri and C. steedae synchronously, from both poles to
midcell (notably, the other two known species of the Alysiella and
Conchiformibius genera, A. crassa and C. kuhniae, also septate long-
itudinally, the former unidirectionally and the latter bidirectionally;
Supplementary Figs. 6e and 8c, respectively). Furthermore, we
observed that in these bacteria, new PG was not inserted con-
centrically, but as a medial sheet guillotining each cell. Finally, full-
scale comparative genomics revealed MuLDi-specific differences that
set them apart from rod-shaped members of the Neisseriaceae (e.g.,
amiC2 acquisition, mraZ loss and amino acid changes in the cytoske-
letal proteins MreB and FtsA). Supporting the role of specific genetic
changes in the rod-to-MuLDi transition, introduction of amiC2 and
allelic substitution of mreB in the rod-shaped Neisseriaceae N. elongata
resulted in cells with longer septa. Taken together, we presented two
novel modes of septal growth and we identified genetic events that
likely contributed to the evolution of bacterial multicellularity, long-
itudinal division and, possibly, polarization in a group of mammalian
symbionts.

Multiple phylogenetic studies have suggested that the wide pal-
ette of bacterial morphotypes we observe today evolved from rod-
shaped bacteria, which makes us consider their shape as the ancestral
one™**, Our genome-based phylogenetic reconstruction revealed that
also MuLDi Neisseriaceae evolved from an ancestral rod-shaped
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nificant). d Scanning electron microscopy of N. elongata expressing or not
expressing MraZ. Scale bar is 2 um. e Median cell length measurements of N.
elongata expressing or not expressing MraZ (n =120 biologically independent
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independent experiments. Statistical test used was One-way ANOVA, with Bonfer-
roni’s multiple comparisons test (***p < 0.001). Source data and statistics are pro-
vided as a Source Data file (for a, ¢ and e).

bacterium. It remains uncertain whether these two MuLDi lineages
evolved independently but convergently or whether species belonging
to the genus Kingella also evolved the MuLDi phenotype, but subse-
quently reverted to transverse division. This could be resolved in the
future by isolation of more species closely related to MuLDi or Kingella
spp. As for what makes Conchiformibius and Simonsiella divide from
both poles and Alysiella from one pole only, comparison of their
genomes and transcriptomes is needed to decipher the underlying
mechanisms. Irrespective of differences in the directionality of cell wall
construction, we speculate that the MuLDi phenotype may have
favored colonization of (or nutrient uptake from) the buccal cavity,
which is characterized by rapidly epithelial cells shedding and salivary
flow®. Indeed, multicellularity makes cooperation between cells pos-
sible, for example in the form of division of labor, and may therefore
help bacteria to survive nutritional stress (see for example ref. 56).
Although previous morphological studies suggested that the terminal
cells of S. muelleri®®" and C. steedae" might phenotypically differ from
the central ones and although we observed cells with thicker PG every
14 cells in C. steedae (Supplementary Figs. 2e, 8a and Supplementary
Movie 7), future studies are needed to clarify whether different cell
types exist within each filament.

Multicellularity may arise via three distinct processes: (1) aggre-
gation of individual cells resembling the initial stages of biofilm
formation®’; (2) the formation of syncytial filaments via crosswalls
segmenting the mother cell, but not separating it into daughter cells
(streptomycetes®®); and (3) incomplete cell fission after cell division to
produce chains of cells (referred to as clustered growth, e.g., fila-
mentous cyanobacteria®). TEM analysis of MuLDi symbionts revealed

that these Neisseriaceae share their lateral PG and are surrounded by a
common outer membrane which makes them resemble to cyano-
bacteria. If MuLDi cells belonging to the same filament appear to be
synchronized (Figs. 3 and 4; Supplementary Figs. 6 and 7), addi-
tional studies are needed to find out whether division of labor occurs
among cells belonging to the same filament and whether their cyto-
plasms are connected by septal junctions and/or hemidesmosomes™.
As for the mechanism underlying MuLDi cell septation, ultrastructural
analysis suggests that, after a first round in which PG is synthesized and
the CM invaginates, a second round occurs where the PG layer is split
into two, concomitantly with the invagination of the outer membrane
until midcell (Supplementary Fig. 3).

Although longitudinal septation is clearly not a prerequisite of
bacterial multicellularity (here defined as clusters of at least three
cells), these two phenotypic traits appeared to have evolved jointly in
the Neisseriaceae. Longitudinal septation has also been shown in the
nematode symbionts Candidatus Thiosymbion oneisti and T.
hypermnestrae®®”, as well as in the fruit fly endosymbiont Spiroplasma
poulsonii*®. In these three unicellular symbionts, the tubulin homolog
FtsZ is localized at the septal plane and is therefore thought to mediate
septal PG insertion. As for the actin homolog MreB, it was shown to
form a medial ring-like structure in Ca. Thiosymbion throughout the
cell cycle and to be required for septal FtsZ localization and PG
insertion®. Indeed, its pharmacological inactivation impaired both Ca.
Thiosymbion growth and division®®. Although the localization pattern
of MreB in MuLDi Neisseriaceae is currently unknown, (1) its presence
in their genomes, (2) its transcriptional expression, (3) the identifica-
tion of two MuLDi-specific amino acid permutations (H185Q and
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T247A), and (4) the fact that introducing a MuLDi MreB in the rod-
shaped N. elongata (with the concomitant insertion of amiC2 or dele-
tion of dgt, gloB, mraZ, rapZ) led to shape aberrations suggest that
MreB is involved in PG insertion in MuLDi Neisseriaceae. Intriguingly,
amino acid 185, located after the GVVYS motif, is substituted in MuLDi
MreBs when compared to rod-shaped Neisseriaceae (H185Q), but also

Fig. 7 | Recapitulation of MuLDi-specific genetic changes in the rod-shaped
Neisseriaceae N. elongata. a Scanning Electron Microscopy of N. elongata (rpsL*)
wild-type (left panels) or harboring multiple deletions (Adgt, AgloB, AmraZ, ArapZ,
right panels), with or without the mreBy/merBs, allelic exchange, with or without
the addition of cdsA-amiC2. The results are representative of at least three inde-
pendent analyses. b N. elongata (rpsL*) wild-type (left) or harboring the mreBy/
merBs,y, allelic exchange and cdsA-amiC2 (right) and ¢ median length of the septum
(n=170 biologically independent cells) and of the cell axis perpendicular to the
septum (n =340 biologically independent cells) in N. elongata (rpsL*), wild-type
(left) or harboring the mreBy/merBs,,, allelic exchange and cdsA-amiC2 (right). Data
are presented with the median and are representative of at least two independent
experiments. Statistical test used was Unpaired Two-Tailed T test (**p < 0.001).
Source data and statistics are provided as a Source Data file. d Schematic repre-
sentation of a septating wild-type (rpsL*) N. elongata (left) and of N. elongata har-
boring the mreBy./merBsy, allelic exchange and cdsA-amiC2 (right). Scale bar is 1 um.

in longitudinally dividing Ca. Thiosymbion when compared to E. coli
(SI85N)*. It should also be noted that the effect of the allelic sub-
stitution of MreB on the morphology of N. elongata depended on the
genetic background (i.e., presence of MuLDi-specific genes and/or
absence of rod shape-specific genes). This, in addition to the pleio-
tropic effect of MreB reported in other studies, can make this protein
accountable for accommodating multiple cell shape adaptations (e.g.,
rod-to-coccus, rod-to-MuLDi). If we still do not know whether MreB
and/or FtsZ place the insertion of the PG synthesis machinery at the
septum, based on our confocal-based 3D reconstructions, new septal
PG is not inserted in successive, concentric rings or ellipses, as shown
for model rods***°%° and nematode symbionts®, respectively.

In addition to MreB amino acid changes, MuLDi-specific loss of
mraZ led to the misregulation of the dcw cluster. MraZ has been
described as a highly conserved transcriptional regulator of the dcw
cluster, of which mraZ is the first gene**°, The dcw cluster is a group of
genes involved in the synthesis of PG precursors and cell division® that
is conserved in most bacterial genomes®***. Throughout the Neisser-
iaceae, the dcw cluster consists of 14-16 tightly packed genes in the
same orientation and mostly in the same order, with midA located
before the cluster in reverse orientation (Supplementary Fig. 9). The
fact that, in the Neisseriaceae, the gene content and orientation of the
dcw cluster mostly mirrored the phylogenetic placement of each
species, suggests that the dcw cluster evolved vertically. Moreover,
having a fragmented dcw cluster (as in the case of MuLDi Neisseriaceae
and some Kingella species) does not seem to impact cell morphology,
given that both rod-shaped and MuLDi species may bear or not bear
split dcw clusters. Of note, in spite of fragmentation, bacteria can retain
some gene sub-clusters (e.g., “mraW-ftsL, ftsl, murE and murF”, “ftsW,
murG” and “murC, ddl, ftsQ, ftsA, ftsZ”), probably because the genes
grouped in a given sub-cluster need to be co-transcribed (Mingorance
et al.®). If several studies agree on the regulatory role of MraZ on the
dcw cluster expression*>*¢%%7 3 |ot remains to be done to understand
the details of this regulation (e.g., what triggers MraZ activity). In this
study, dcw cluster upregulation in MraZ-overexpressing N. elongata
led to shorter cells. This agrees with observing the opposite phenotype
(filamentation) in E. coli when the dcw cluster was downregulated®.
Altogether, these studies suggest that MraZ controls cell division rate
by regulating the dcw cluster and we speculate that, in mraz-less
MulLDi Neisseriaceae, its absence may have altered the balance
between the divisome and the elongasome machineries (i.e, the elon-
gasome might contribute to PG synthesis at the septum).

Finally, comparative genomics highlighted the importance of the
acquisition of the cdsA/amiC2 locus in MuLDi Neisseriaceae. Although
its sole addition in N. elongata does not result in morphological
changes, when we combined it with the allelic substitution of mreB,,,
we observed cells with longer septa. This suggests that the AmiC2
amidase may regulate MuLDi septation. Intriguingly, HPLC analyses of
PG extracted from 17 rod-shaped bacteria and from three MulLDi
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Neisseriaceae (A. filiformis, S. muelleri and C. steedae) showed that
MuLDi PG is richer in M44 (Supplementary Fig. 5e), suggesting higher
amidase activity in these Neisseriaceae. Concerning the amiC2-asso-
ciated genetic locus cdsA, it encodes for a phosphatidate cytidylyl-
transferase putatively implicated in phospholipid biosynthesis. Given
that the presence of anionic phospholipids (cardiolipin and phospha-
tidylglycerol) has been shown to repel MreB®®, we can hypothesize that
CdsA affects the composition of the membrane and, therefore, the
localization of MreB.

Despite all our efforts, we could not turn the rod-shaped N.
elongata into a complete MulLDi Neisseriaceae even upon, con-
comitantly, replacing MreB, inserting amiC2/cdsA and deleting dgt,
gloB, mraZ and rapZ. This could be because we could not recreate all
genetic events (such as replacing ftsA,,. with ftsA,, due to its proximity
to ftsZ), or it could be due to the existence of other undetected events
(such as species-specific events that resulted in a convergent pheno-
type), or finally, to prior events such as those that are also present in
rod-shaped Kingella spp. (see Supplementary Data 5) but that do not
cause the MuLDi phenotype.

How could rod-shaped, transversally dividing bacteria evolve into
longitudinally dividing ones? Permanent cell shape transitions may
have resulted from modifications (e.g., gene deletions, insertions and
nucleotide polymorphisms) of genetic loci involved in morphogenesis
(e.g., mreB, amiC2) and, additionally, in those involved in their tran-
scriptional regulation (e.g., mraZ). Two evolutionary scenarios were
proposed®***%: (1) an ancestral rod was compressed by its poles so that
it got shorter and fatter, or (2) an ancestral rod rotated its septation
axis by 90 degrees. Our results suggest that, in the course of evolution,
the cell width of an ancestral rod increased (and its length decreased),
perhaps following a misbalance between elongation and division.
However, genetic tools are needed to gain insights on MuLDi Neisser-
iaceae evolution by, for example, visualizing the localization pattern of
FtsZ and MreB or by attempting reversion into unicellular, and possi-
bly, into transversally dividing bacteria such as N. elongata.

To date, most protein function studies have been conducted in
either pathogenic or bacterial species that are easy to culture and
manipulate in the laboratory such as E. coli and B. subtilis. In addition to
these models, efforts to study other morphologies including com-
mensal species are necessary to understand bacterial cell evolution,
but also to increase the pool of protein targets (e.g., antibiotic targets)
for industrial and biopharmaceutical applications. Throughout their
evolution, Neisseriaceae succeeded in repeatedly, and seemingly
effortlessly, evolve different cell shapes (e.g., coccoid, MuLDi). More-
over, they are the only known multicellular longitudinally dividing
bacteria that may thrive in humans, but which are also cultivable and,
likely, genetically tractable. We hence propose the use of Neisseriaceae
as models to study how longitudinal division and multicellularity
evolved, as well as the molecular and cell biological mechanisms
underlying the establishment of bacterium-animal symbioses.

Methods

Bacterial strains and culture conditions

The bacterial strains Neisseria elongata subsp. elongata (DSM 17712),
Alysiella filiformis (DSM 16848), Simonsiella muelleri (DSM 2579), and
Conchiformibius steedae (DSM 2580) were obtained from the German
Collection of Microorganisms and Cell Cultures GmbH (DSMZ). Neis-
seria elongata subsp. glycolytica (ATCC 29315) and Simonsiella muelleri
(ATCC 29453) were obtained from the American Type Culture Col-
lection (ATCC). N. sp. DentCal/247 was a gift from Dr. Nathan Weyand
(U. of Ohio). For FDAA incubations, western blots, immunostaining
and membrane staining, we used BSTSY (N. elongata, C. steedae), PY (A.
filiformis), or meat extract (S. muelleri) agar plates that were incubated
overnight at 37 °C. For BSTSY, PY and meat extract media composition
please refer to Supplementary Table 1. For all other experiments,
bacteria were streaked from —70 °C freezer stocks onto Gonococcal

culture media supplemented with Kelloggs supplement (GCB) and
grown overnight at 37 °C in 5% CO, incubator. Single colonies were
subcultured into the respective liquid media with agitation at 120 rpm
and grown to exponential phase (ODgpo 0.1-0.6). For cloning experi-
ments E. coli DH5« cells were cultured onto Lysogeny broth (LB) media
at 37 °C. When required, antibiotics were used as follows: kanamycin
(50 pg/mlfor E. coli; 100 pg/ml for N. elongata), erythromycin (300 pg/
ml for E. coli; 3 pg/ml for N. elongata), chloramphenicol (25 pg/ml for E.
coli; 5pg/ml for N. elongata), and streptomycin (100 pg/ml for N.
elongata). Transformation of N. elongata was done using linearized
plasmid or PCR product by dropping ~500 ng of DNA on fresh cultures
on GCB media supplemented with 10 mM MgCl, and incubated for
6-12 h before subculturing on GCB media containing the appropriate
antibiotics and Xgal if needed as described previously™.

Time-lapse imaging of N. elongata

Strains were streaked from -70°C freezer stocks onto BSTSY agar
plates and grown overnight at 37 °C with 5% CO,. Single colonies were
transferred to liquid culture and grown to exponential phase (ODgoo
0.2). Cells were spotted onto pads made of 0.8% SeaKem LE Agarose
(Lonza, Cat. No. 50000) in BSTSY and topped with a glass coverslip.
Cells were transferred to an Okolab stage top chamber to control
temperature (37 °C) and gas (CO, 5% and O, 18%). Images were recor-
ded with inverted Nikon Ti-2 microscopes using a Plan Apo 100 x 1.40
NA oil Ph3 DM objective using Hamamatsu Orca FLASH 4 camera.
Images were processed with NIS Elements 5.02.01 software (Nikon). In
all experiments, multiple x/y positions were imaged. Representative
images were processed using the Fiji 2.1.0/1.53¢ software package.

Time-lapse imaging of A. filiformis, S. muelleri and C. steedae
Strains were streaked from —70 °C freezer stocks onto PY (A. filiformis),
meat extract (S. muelleri) or BSTSY (C. steedae) agar plates grown
overnight at 37 °C with 5% CO,. Single colonies were transferred to
liquid culture and grown to exponential phase (ODgog 0.2-0.5) at 37 °C
shaking at 180 rpm agitation. For all strains, 250 pL of diluted expo-
nential phase cultures (OD 0.025) were loaded into the cell loading
well of a prepared (shipping solution removed and washed three times
with sterile appropriate media) BO4A-03 microfluidic plate (Merck-
Millipore). Time-lapse imaging was performed using CellASIC® ONIX
Microfuidic System. The ONIX manifold was sealed to the BO4A-03
plate. CellASIC® ONIX2 System was used as the microfluidics control
software. First, a flow program was set up to prime flow channel and
culture chamber by flowing medium from inlet wells 1-5 at 34.5 kPa for
2 min. Second, cells were loaded onto the plate at 13.8 kPa for 15s.
Priming run was performed for 5 min with pressure set to 34.5 kPa. The
medium flow was set at 12 kPa throughout the experiment for 12 h with
sterile appropriate media. Images were recorded with an inverted
Nikon Ti-E microscope using a Plan Apo 60XA oil Ph3 DM objective
using Hamamatsu Orca FLASH 4 camera. Images were processed with
NIS Elements 5.02.01 software (Nikon). In all experiments, multiple x/y
positions were imaged. Representative images were processed using
the Fiji 2.1.0/1.53c software package.

Electron microscopy

For transmission electron microscopy, half a loopful of 6-8h old
bacterial cultures were fixed by direct resuspension in 500 pl of 2.5%
glutaraldehyde in 0.1 M cacodylate buffer and incubated for at least 1 h
at 4 °C. Cells were then pelleted through centrifugation at 3075 x g for
3min and washed 3 times in 500 pl 0.2M cacodylate wash buffer
solution (pH 7.2). 30-50 pl of wash solution containing bacterial cells
was pipetted onto Formvar Carbon 200 mesh copper grids (Sigma-
Aldrich) and negative staining done using 1% phosphotungstic acid
(PTA) for 2s before imaging at the INRS-CAFSB platform using a
Hitachi H-7100 electron microscope with AMT Image Capture Engine
(version 600.147).
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For scanning electron microscopy, fresh bacterial cells were
cultured for 6 h in liquid media containing poly-L-Lysine (Sigma)
coated glass slides. Cells were fixed using 2.5% glutaraldehyde in
0.1 M cacodylate buffer for 1h at 4 °C then rinsed 3 times in 0.2 M
cacodylate wash buffer solution (pH 7.2). Post fixation was sub-
sequently done using 1% osmium tetroxide (in 0.2 M cacodylate)
before gradual dehydration through increasing ethanol con-
centrations (25%, 50%,75%, 95% and 100%). Carbon dioxide critical
point drying (CPD) and gold sputtering were done on Leica EM
CPD300 and Leica EM ACE600 instruments respectively. The
imaging was done at the electron Imaging Facility (Faculty of
dental medicine, Université de Montréal, Québec, Canada) using a
Hitachi Regulas 8220 electron microscope with the SEM operation
software Regulus 8200 series.

Peptidoglycan extraction and analysis

Peptidoglycan (PG) extraction was performed as previously
described". Bacterial cultures were harvested from solid agar plates
using inoculation loops and emulsified in 10 ml of distilled water, the
suspension mix was added drop by drop into 10 ml of 8% boiling
sodium dodecyl sulfate (SDS) and boiled for and extra hour. After
overnight storage at room temperature, the cells were washed six
times using distilled water (pH 6.0) through ultracentrifugation at
39,000 x g for 30 min. The final pellet was lyophilized and resus-
pended in distilled water (concentration 6 mg/ml or more) and
stored at -20°C until further use. Analysis of the muropeptide
composition was performed essentially as described previously®’.
Samples were treated with Proteinase K (20 pg/mL, 1 h, 37 °C). The
reaction was heat-inactivated and sacculi were further washed by
ultracentrifugation. Finally, samples were digested overnight with
muramidase (100 pg/mL) at 37 °C. Muramidase digestion was stop-
ped by boiling and coagulated proteins were removed by cen-
trifugation (3075 x g, 15min). For sample reduction, the pH of the
supernatants was adjusted to pH 8.5-9.0 with sodium borate buffer
and sodium borohydride was added to a final concentration of
10 mg/mL. After incubating for 30 min at room temperature, pH was
adjusted to 3.5 with orthophosphoric acid. The soluble muropep-
tides were analyzed by high-performance liquid chromatography
(HPLC; Waters Corporation, USA) on a Kinetex CI18 column
(150 x 4.6 mm; 2.6 um particle size, 100 A) (Phenomenex, USA) and
detected at 204 nm with UV detector (2489 UV/Visible, Waters Cor-
poration, USA). Muropeptides were separated with organic buffers at
45 °C using a linear gradient from buffer A (formic acid 0.1% (v/v) in
water) to buffer B (formic acid 0.1% (v/v) in 40% acetonitrile) in an 18-
min-long run with a 1 ml/min flow. Quantification of muropeptides
was based on their relative abundances (relative area of the corre-
sponding peak) normalized to their molar ratio. The molar percen-
tage was calculated for each muropeptide. This relative molarity was
also used to calculate the molar percentage of crosslinked mur-
opeptides. The Waters Empower 3, build 3471 software (Waters
Corporation, USA) was used for acquiring and managing the chro-
matographic information. Muropeptide identity was confirmed by
MS analysis, using a UPLC-MS (UPLC system interfaced with a Xevo
G2/XS Q-TOF mass spectrometer from Waters Corporation, USA).
Data acquisition and processing was performed using UNIFI software
platform (Waters Corporation, USA).

FDAA incubations

To sequentially label cells with HADA (7-hydroxycoumarin-3-car-
boxylic acid-D-alanine, blue), BADA (BODIPY FL-D-alanine; green) and
TADA (TAMRA-D-alanine; red), all three provided by Michael van-
Nieuwenhze, exponential phase cells were pelleted, resuspended in
medium containing the first label and then grown at 37 °C. Media
composition is described in Supplementary Table 1, and incubation
times and order for each Neisseriaceae species are listed in

Supplementary Table 2, respectively. After the first interval cells were
washed twice with fresh medium (37°C) and centrifuged between
washes (7000 x g for 2min at RT). After this, the cell pellets were
resuspended in pre-warmed medium containing label two. For triple
labeling, cells were washed twice and resuspended in medium con-
taining the third label. Cells were then immediately treated with 70%
ice-cold ethanol and incubated on ice for 1 h. Ethanol-fixed cells were
collected via centrifugation (7000 x g for 2 min at RT), washed twice
with 4 °C 1 x Phosphate Buffered Saline (PBS, pH 7.4), resuspended in
PBS, and stored on ice before imaging.

EDA-DA incubation and click-chemistry

To track symbiont cell wall growth followed by immunolabeling A.
filiformis cells were grown over night on PY plates. Single colonies were
incubated in 10 mM ethynyl-D-alanyl-D-alanine (EDA-DA, a D-amino
acid carrying a clickable ethynyl group) for 30 min, resuspended in
pre-warmed PY medium, washed twice (7000 x g for 2 min at RT) and
treated with 70% ethanol like described before. After that, cells were
rehydrated and washed in PBS containing 0.1% Tween 20 (PBT).
Blocking was carried out for 30 min in PBS containing 0.1% Tween 20
(PBT) and 2% (wt/vol) bovine serum albumin (blocking solution) at
room temperature. An Alexa488 fluorophore was covalently bound to
EDA-DA via copper catalyzed click-chemistry by following the user
manual protocol for the Click-iT reaction cocktail (Click-iT EAU Ima-
ging Kit, Invitrogen). The cells were incubated with the Click-iT reac-
tion cocktail for 30 min at RT in the dark. Unbound dye was removed
by a 10-min wash in PBT and one wash in PBS. For immunostaining of
clicked bacterial cells, cells were washed for 10 min in PBT and sub-
sequently incubated with blocking solution for 30 min at room tem-
perature in the dark. From here on, immunostaining was performed as
described below.

Western blots

Proteins from bacteria cells were separated by reduced sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) on
NuPAGE 4%-12% Bis-Tris pre-cast MOPS gel (Invitrogen), respectively,
and each blotted onto Hybond ECL nitrocellulose membranes
(Amersham Biosciences). Membranes were blocked for 45 min in PBS
containing 5% (wt/vol) nonfat milk (PBSM) at room temperature and
incubated overnight at 4 °C with a 1:1,000 dilution of sheep polyclonal
anti-£. coli K88 fimbrial protein AB/FaeG antibody (ab35292, Abcam) in
PBSM. For the negative control, the primary antibody was omitted.
After five 6 min-long washes in PBSM and one final wash in PBS con-
taining 0.1% Tween20, the blot was incubated for 1h at room tem-
perature with a horseradish peroxidase-conjugated anti-sheep
secondary antibody (1:10,000; Amersham Biosciences) in PBSM.
Protein-antibody complexes were visualized using ECL Plus detection
reagents (Amersham Biosciences).

Immunostaining

Exponential phase cells were fixed overnight in 3% formaldehyde at
4 °C. Cells were collected via centrifugation (7000 x g for 2 min at RT),
washed twice with PBS and resuspended in PBS containing 0.1% Tween
20 (PBT). Blocking was carried out for 1 h in PBT containing 2% (wt/vol)
bovine serum albumin (blocking solution) at room temperature. After
that, cells were incubated with a 1:500 dilution of sheep polyclonal
anti-£. coli K88 fimbrial protein AB/FaeG antibody (ab35292, Abcam)
overnight at 4 °C in blocking solution. Upon incubation with primary
antibody (or without in the case of the negative control) samples were
washed three times in PBT and incubated with an Alexa555 conjugated
anti-sheep antibody (Thermo Fisher Scientific) at 1:500 dilution in
blocking solution for 1h at room temperature. Unbound secondary
antibody was removed by two washing steps one in PBT and one in
PBS. Cell pellets were resuspended in PBS containing 5 ug/mL Hoechst
for 20 min and subsequently washed and resuspended with PBS. 1 uL of

Nature Communications | (2022)13:4853

12



Article

https://doi.org/10.1038/s41467-022-32260-w

the bacterial solution was mixed with 0.5 uL of Vectashield mounting
medium (Vector Labs) and mounted on an agarose slide.

Nile red membrane staining

Exponential phase cells were fixed overnight in 2% formaldehyde at
4 °C. Cells were collected via centrifugation (7000 x g for 2 min at RT),
washed twice with PBS and resuspended in PBS containing 10 pg/mL
Nile Red (Stock is prepared with DMSO; ThermoFisher N1142) and
5ug/mL Hoechst for 15min in the dark at room temperature. Cells
were washed and resuspended in PBS and subsequently 1uL of the
bacterial solution was mixed with 0.5uL of Vectashield mounting
medium (Vector Labs) and mounted on an agarose slide.

Fluorescence microscopy

For Figs. 3a, b, 4a-c, Supplementary Figs. 4, 6a-c, and 7a-c immu-
nostained or FDAA-labeled bacteria were imaged using a Nikon Eclipse
NI-U microscope equipped with a MFCool camera (Jenoptik) and
images were acquired using the ProgRes Capture Pro 2.8.8 software
(Jenoptik). For Figs. 3d, 4e, Supplementary Figs. 6d, e, and 8a-c, FDAA-
labeled bacteria were visualized with a Leica TCS SP8 X confocal laser
scanning microscope. Images were taken with a 63X Plan-Apochromat
glycerin objective with a NA of 1.30 and a refraction index of 1.46 (glass
slide, glycerin and antifade mounting medium). The Leica software
LASX (3.7.2.22383) including the Lightning deconvolution software
package (Leica) was used for image acquisition and post-processing if
necessary.

For Fig. 7b and Supplementary Fig. 11b, FDAA-labeled N. elongata
wild type (rpsL*) and mutant (rpsL*; cdsA-amiCsy; mreBsy) were
imaged at the INRS-CAFSB platform with a Zeiss LSM 780 AxioObser-
ver confocal microscope equipped with a Zeiss Plan-Apochromat
100x/1.4 Oil M27. The Zeiss software Zen 2011 was used for image
acquisition.

FDAA fluorescence quantification and statistical analysis
Microscopic images were processed using the public domain soft-
ware ImageJ 1.53k’ in combination with plugin Fil-Tracer (this study).
Cell outlines were traced and morphometric measurements recor-
ded. Fluorescent intensities were measured along the septal plane
and plotted as fraction of the normalized cell length. Automatic cell
recognition was double-checked manually. For representative ima-
ges, the background subtraction function of ImageJ 1.53k was used
and brightness and contrast were adjusted for better visibility. Data
analysis was performed using Excel 2021 (Microsoft Corporation,
USA), plots were created with ggplot2 in R (http://www.R-project.org/
). Septa length (Fig. 7 and Supplementary Fig. 11) of BADA and TADA
labeled cells were analyzed using the public domain software Fiji’.
Cell and septa lengths were measured manually. Notably, only cells
that showed a BADA and TADA signal were considered for the septa
length measurements. Two-tailed unpaired T tests were performed
using GraphPad Prism version 9.3.0 for Mac (La Jolla California USA,
www.graphpad.com). Figures were compiled using Adobe Photoshop
2021 and Adobe lllustrator 2021 (Adobe Systems, USA).

Genome sequencing and assembly

Genomic DNA for WGS of Neisseriaceae species and PCR amplification
of DNA used for cloning purposes or sequence verifications were
extracted using Genomic Tip 20/G or 100/G kits (Qiagen) according to
the manufacturer’s instructions. The genome sequencing results are
presented in Supplementary Data 1. Genomes were sequenced either
using a Pacific Biosciences RS II system at the Génome Québec Inno-
vation Centre (McGill University, Montréal, Canada) or using Oxford
Nanopore technologies at the Bacterial Symbiont Evolution Lab (INRS,
Laval, Canada). For PacBio, the reads were assembled de novo using
HGAP v.47? available on SMRT Link v.7 (default parameters, except,
min. subread length: 500; estimated genome size: 2.7 Mb). For

nanopore sequencing, DNA libraries were prepared following the
Native barcoding genomic DNA procedure (with EXP-NBD104, EXP-
NBD114, and SQK-LSK109) with Minlon MKIC device using the Min-
KNOW 21.05.10 software. The base call was carried out using guppy_-
basecaller (version 5.0.11 + 2b6dbff) in sup mode. Reads were filtered
by quality Q>8 and separated by barcodes using guppy_barcoder
(version 5.0.11 + 2b6dbff). The genome assembly was made by 3 pro-
grams: Canu (https://github.com/marbl/canu), Flye (https://github.
com/fenderglass/Flye)”” and Miniasm  (https://github.com/Ih3/
miniasm)”*. Then each ensemble was corrected in bases using Pilon
(https://github.com/broadinstitute/pilon)”>. Racon (https:/github.
com/isovic/racon)’® Medaka  (https://github.com/nanoporetech/
medaka). All assemblies and assembly corrections were analyzed
with Quast (https:/github.com/ablab/quast)”” and BUSCO (https://
gitlab.com/ezlab/busco)’®. The assembly with the least number of
contigs and the greatest completeness was chosen.

Core genome-based phylogeny of Neisseriaceae

All the Neisseriaceae genomes present on NCBI database at the time of
the analyses were downloaded and the Average Nucleotide Identity
(ANI) values were determined using GET_HOMOLOGUES version
20092018. Genome were grouped by their ANI>96%. To simplify the
analyses and to assure their quality (such as avoiding multiple contigs)
a reference genome was selected in each group. A complete circular
genome from a reference strain was preferred when possible (see
Supplementary Data 1). All genomes were annotated with Prokka
v1.14.5”° providing the annotation files for further analysis. A
nucleotide-level multifasta alignment of those genes included in the
core-genome of Neisseriaceae family was performed with MAFFT by
using the -e-mafft options within Roary v3.11.2%. A minimum percen-
tage of 50% identity, and occurrence in 80% of the isolates was also
considered by entering the -i 50 -cd 80 options, respectively, to the
Roary command line. Under these parameters, a total of 401 genes
were finally included in the core-genome (see Supplementary Data 3).
The resulting alignment was used for the subsequent phylogenetic
analysis. Best evolutionary model was determined by ModelFinder
within IQ-TREE version 1.6.3%.. The best-fit model according to the
Bayesian Information Criterion (BIC) was GTR+F +R10. Maximum-
likelihood phylogenetic analysis was also performed with 1Q-TREE®*
using 10,000 ultrafast bootstrap replicates®’. The final phylogenetic
tree was drawn with FigTree v1.4.4 (http:/tree.bio.ed.ac.uk/software/
figtree/) and rooted in Crenobacter. The results of this analyses are
provided in Supplementary Data 6. The phylogenetic tree displayed in
Fig. 1, and csv file associating genome name with morphology were
used in PastML with default parameters to assess ancestral morphol-
ogy. The prediction method was maximum-likelihood-MPPA (marginal
posterior probabilities approximation), F81 model.

Phylogenies of individual proteins

Individual phylogenies were performed for six proteins: N-
acetylmuramoyl-alanine AmiCl from S. muelleri ATCC 29453 (acces-
sion number AUX62143.1), and AmiC2 from C. kuhniae (accession
number WP_027009548.1); division/cell wall cluster transcriptional
repressor MraZ from N. elongata (accession number WP_204812527.1);
RNase adapter RapZ from N. elongata (accession number WP_
074896150.1); cell division protein FtsA from Neisseria spp. (acces-
sion number WP_003779891.1); and rod shape-determining protein
MreB from Neisseria spp. (accession number WP_003747269.1). Pro-
tein sequences were searched against all the Neisseriaceae genomes
included in the core-genome-based phylogeny, as well as in the com-
plete bacterial repertoire found at NCBI. For this purpose, two separate
databases were created: Neisseriaceae, including the genomes above
mentioned; and Bacterial, which includes all the representative geno-
mic sequences from the RefSeq database. The protein sequences of all
the genomes in each of the two datasets were concatenated and the
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protein databases created with the makeblastdb tool from BLAST
version 2.6.0+. The resulting databases were used to investigate the
presence of aforementioned proteins by BLASTP. Sequences with an
e-value and similarity percentage greater than or equal to 1e™ and
50%, respectively, were retained for downstream analysis. Truncated
proteins (i.e., split into contiguous coding sequences) were not con-
sidered to avoid artefacts in the clustering. Amino acid sequences of
the hits obtained by BLASTP were retrieved from the entire set of
genomes using faSomeRecords (https://github.com/santiagosnchez/
faSomeRecords/blob/master/faSomeRecords.pl). The resulting multi-
fasta were aligned with MAFFT v7%, and maximum-likelihood phylo-
genetic analysis was performed using IQ-TREE using 1000 ultrafast
bootstrap replicates. Evolutionary models were estimated with Mod-
elFinder in IQ-TREE, and best-fits according to BIC were as follows:
AmiCl1LG +F +1+G4; AmiC2 LG + R10; FtsAJTT + R4; MraZ LG +1+ G4;
MreB JTTDCMut+R3; RapZ LG + R4. Final trees were drawn with Fig-
Tree v1.4.4 and rooted in Crenobacter. The results of this analyses are
provided in Supplementary Data 6.

Genomic comparisons

For gene insertion and deletion, we have used the previously described
MycoHIT pipeline*>®. We used complete genomes of all the rod-
shaped and MuLDi Neisseriaceae species presented in Fig. 1. We
excluded the second coccus lineage (Neisseria wadsworthii, Neisseria
canis and N. sp. 83E034). We performed an alignment search with the
standalone TBLASTN program®® using the 2105 predicted proteins
from N. elongata ATCC29315 or the 2349 predicted proteins from S.
muelleri as the query sequences to search for matches in the genomic
DNA of other organisms. We obtained two matrices of around
80,000 scores (2063 or 2105 protein sequences blasted against 37
genomes) providing two types of output: categorical (hit versus no hit)
and quantitative (degree of similarity). To categorically assign
that there was no hit, we employed the default E-value of €. Thus, if
the statistical significance ascribed to a comparison was greater than
this E-value, we assigned a percentage of similarity of 0% to that
comparison. To analyze quantitative results, we used MycoHIT** to
assign absence of gene in all MuLDi Neisseriaceae and presence of the
gene in all rod-shaped Neisseriaceae or vice versa. “Absence” was
defined as lower values than 50% and “presence” as higher values
than 55%.

Possible correlation between amino acid changes and cell shape
was sought using CapriB*.. Briefly, two databases were generated tak-
ing MuLDi Simonsiella muelleri ATCC 29453 (accession number GCA_
002951835.1) and rod-shaped Neisseria elongata subsp. glycoly-
tica ATCC 29315 (accession number GCA_000818035.1]) as references.
The proteins encoded by each genome under study here were further
compared against these two references by TBLASTN. Once the blast
results were obtained, and the groups to be compared were defined,
i.e.,, MuLDi versus rod-shaped, amino acid changes in proteins shared
by both groups (identity threshold 60%) were investigated focusing on
those amino acids conserved in the members of both groups but dif-
ferent between the two groups (I vs D option).

RNA sequencing and analysis

Total RNA was extracted from 6 h cultures grown on GCB agar plates.
The cells were harvested in RNA protect reagent (Qiagen). RNeasy Mini
Kit (Qiagen) with RNase Free DNAse set (Qiagen) was used for RNA
extraction according to the manufacturer’s instructions.

The removal of ribosomal RNA for cDNA synthesis was done with
NEBNext rRNA Depletion kit with 1pg of total RNA in the purification
using 1.8X Cytiva Sera-mag. For results presented in Fig. 6, the rRNA
depleted mRNA were processed using the Illumina® Stranded mRNA
Prep protocol without modification by Génome Québec Innovation
Centre (McGill University, Montréal, Canada). 100bp Pair-End
Sequencing was performed with the NovaSeq 6000 system. FastQ

Reads have deposited on SRA database (PRJNA859935). Sequence
reads were processed with FastQC (Version 0.73) to determine the
quality before grooming by FastQ Groomer (Version 1.1.5). Paired
FastQ reads were then aligned against Neisseria elongata subsp. gly-
colytica ATCC 29315 (accession number NZ_CP007726.1) genome
using Bowtie2 (Version 2.4.2) and read counts were determined using
htseq_count (Version 0.9.1) tool. Subsequently the gene expression of
the transcripts was determined using DESeq2 (Version 2.22.40.6).
Visualization of differentially expressed genes was done with Venn
diagrams, drawn by a Web-based platform Venny 2.1 (https://
bioinfogp.cnb.csic.es/tools/venny/).

For intra-genus transcriptomic comparison presented in Fig. 5,
rRNA depleted mRNA were treated using the RevertAid RT Reverse
Transcription Kit (K1691; Thermo Scientific™) with some adjustments.
For first strand cDNA synthesis, 1ul of random primer (3 pg/pL;
48190011; Invitrogen™) was added and the solution was incubated at
65 °C. For the second strand cDNA synthesis, procedure was followed
without RNA removal step and by purifying the double-stranded cDNA
with 1.8X Cytiva Sera-mag. The cDNA was eluted in 24 pL of nuclease-
free water. Libraries were prepared by PCR BARCODING (96) AMPLI-
CONS (SQK-LSK109) and PCR BARCODING (SQK-PBK004) (Oxford
Nanopore technologies), as described by the manufacturer. FastQ
Reads have deposited on SRA database (PRJINA859916).The base call
was carried out using guppy_basecaller (version 5.0.11 + 2b6dbff) in
sup mode, adapters were removed and filtered by quality Q > 8, they
were separated by barcodes using guppy barcoder (version
5.0.11 + 2b6dbff). In parallel, the ten indicated genomes were anno-
tated with Prokka v1.14.57°. Using each of the protein sequences (.faa)
files, a standalone BLASTP®” was performed for each dyad possibility.
Network connection was thereafter established with the python pro-
gramming package NetworkX version 2.6.2°* with a cut-off of 60% of
similarity. Basically, all proteins showing more than 60% similarities
with one of the members (putative homologs) were clustered toge-
ther. Each cluster of proteins was named (example NEISS 1) and this
name was used to replace the original locus-tags in the .GFF file (pre-
viously generated by Prokka). This was done using an homemade
python script and has generated a new file that we called .GTF. This file
was used to map the reads to the corresponding genomes using
minimap2%. The .GTF and .sam files were used to perform the reads
counts using featureCounts v2.0.1 of Subread package®. The count
files for each sample were joined into a table using a homemade script
and these results were analyzed using DESeq2 version 3.14°°. Para-
meter used were Reads >1 in the 10 genomes (core-transcriptome:
genes that were showing at least one read mapped in all genomes). We
investigated the biological functions of the gene differentially
expressed and the putative pathways that could link them through a
STRING analysis”.

Quantitative real-time PCR

RNA samples were standardized to a final concentration of 1 g with
addition of DNasel Amplification grade (Invitrogen) for genomic DNA
removal. Random primers (Invitrogen), and RevertAid H-Minus reverse
transcriptase (Thermo Scientific) were used for complementary DNA
synthesis (cDNA) according to the manufacturer’s instructions.
Absence of contaminating gDNA was verified by conventional PCR of
RNA samples in the absence of reverse transcriptase. Gene expression
of dcw cluster was verified by quantitative real-time PCR (qRT-PCR)
using Power SYBR Green PCR master mix (Applied Biosystems) using
primers listed in Supplementary Table 3. Differential gene expression
was calculated using AACT method using the mean CT value of each
target obtained with the StepOneTM Software v2.3, normalization was
done relative to gyrA gene. Standard T-test using (GraphPad Prism
v9.0; GraphPad Software, CA) was used to ascertain statistical sig-
nificance of gene expression between the strains, where P<0.05 was
considered significant.
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Genomic organization of the dcw cluster and cdsA loci in the
Neisseriaceae

Coordinates of the dcw cluster and of the cdsA loci were obtained by
tblastn for each Neisseriaceae genome. Once the genomic location of
each sequence was determined, the sequences were extracted using
tools available in the EMBOSS package®. The resulting sequences were
annotated with Prokka, and the output gbk files were used to construct
the synteny by employing Easy Fig 2.2.2%,

Construction of mutant strains

Neisseria elongata mutant strains were done in N. elongata subsp. gly-
colytica (ATCC 29315) for single gene mutation and its streptomycin-
resistant variant with a point mutations K88R rpsL* for unmarked and
multiple gene editing. mraZ was deleted by replacing mraZ with an
mCherry-encoding gene. The construct for mraZ deletion was obtained
by fusing multiple PCR fragments using Phusion DNA polymerase
according to the protocol (New England Biolabs) as follows: firstly, N.
elongata gDNA was used to amplify ~500 bp of regions up and down
stream of mraZ using, respectively, primer pairs 5KoMraZF-R and
3’KoMraZF-R. The promoter “pdcwSm”, located upstream the S. muel-
leri dcw cluster, was amplified from S. muelleri gDNA using primer pairs
pdcwsmF/pdcwsmR. Primer pairs SMraZKmF and KmpSimR were used
to amplify the kanamycin resistance cassette from pGEM::Km plasmid
DNA'®, while the Mcherry cassette was obtained by PCR amplification of
pMcherryl0 (Addgene) using primer pairs pdcwsmMcherry F and
McherryNsilR. Subsequently, the 5MraZ and Km cassette were fused
using primer pairs 5KoMraZF and KmpSimR, while Mcherry and 3'MraZ
were fused using primer pairs pdcwMcherryF and 3’KoMraZ R. Finally,
5MraZ-KM, pdewSm and Mcherry-3’MraZ fragments were fused using
primer pairs 5KoMraZ F and 3KoMraZ R and the resulting DNA was used
for transformation in N. elongata.

To overexpress mraZ, Neisseria meningitidis promoter, porB was
amplified from N. meningitis gDNA using primer pairs (porBpF-
porBpbluntR) while the mraz gene was amplified from N. elongata
gDNA using primer pairs (MraZSphlF-3MraZR). The porB promoter
from N. meningitidis and the mraZ gene from N. elongata were sub-
sequently fused by PCR. This resulted in an ~1.6 kb-long porBpmrazZ
cassette that was digested using the restriction enzymes Nhel and Kpnl
and then ligated with Nhel-Kpnl digested plasmid p5nrq3:Cm'. The
ligation mix was transformed in E. coli DH5a cells to obtain the
porBMraZ::p5nrq3::Cm plasmid. The plasmid was subsequently line-
arized before transformation into the Neisseria elongata AmraZ strain.

For the single knockout of AmraZ, ArapZ, AgloB or Adgt, we used a
cassette developed in our laboratory named RPLK" that contains the
wild-type N. elongata rpsL gene, N. meningitidis promoter porBp, the
blue-white screening selection marker lacZ and the kanamycin resis-
tance marker that facilitated the generation of unmarked deletion in
addition to multiple gene editing. We used synthesized DNAs (Bio-
Basic) that contain ~500 bp each 5" and 3’ regions surrounding the
respective genes with a central Bglll restriction site and cloned into
pUCS57 plasmid. The plasmids were linearized using Bglll and ligated
with RPLK cassette”. Mutants were obtained by transforming either N.
elongata wild-type (single knockout) or an N. elongata streptomycin-
resistant strain (indicated rpsL*) (multiple knockout) with the linear-
ized plasmid of the targeted gene that resulted in blue, kanamycin-
resistant, streptomycin sensitive clones. Markerless deletion was
achieved by introducing DNA of the 5'-3" homologous regions of the
target gene thereby excising the RPLK cassette resulting in white,
kanamycin sensitive and streptomycin resistant clones. Subsequent
genes of interest were edited by repeating this procedure and ver-
ifications of the correct excision was done by PCR.

For allelic switching of N. elongata mreB with that from S. muelleri,
plasmid pMreBSimon-3'RD3Ne was obtained by amplifying S. muelleri
mreB using primer pairs MreBsimonF - MreBsimonR, while the sub-
sequent region of the locus (3’RD3Ne that comprise a piece of mreCD)

was amplified from N. elongata using primer pairs 3’'RD3NeF-
3’RD3NeR. The two products were fused using primer pairs MreBsi-
monF - 3'RD3NeR. This generated a cassette of mreBs,, fused with
mreCD,,. that was then digested by restriction enzymes BamHI and
Spel before ligation with plasmid pSKORDINe::cm'* digested with the
same enzymes to obtain plasmid pMreBsimon3’RD3Ne::cm. The plas-
mid was linearized with Scal before transformation in N. elongata
strains. mreBg,, positive and mreB,. negative clones were con-
firmed by PCR.

For the cdsA-amiC2 knock-in constructs, we used the plasmid
pUCNe::ampR that contains 5" and 3’ Neisseria elongata homologous
regions to the intergenic locus between two genes coding for hypo-
thetical proteins at position 888015 (insertion site). We first con-
structed the pUCNe::RPLK plasmid by ligating the RPLK cassette using
Bglll. Secondly, cdsA-AmiC2 PCR product was obtained using primer
pairs cdsAmiC2F-amiC2R, was digested using Bglll and ligated to
pUCNe::ampR to produce the pUCcdsamiC2:ampR plasmid. The
mutants were obtained with a two-step method®”. First, we trans-
formed the plasmid pUCNe::RPLK into N. elongata rpsL* to obtain N.
elongata RPLK (RPLK inserted at position 888015). In the second step,
we have replaced the RPLK cassette with cdsA-amiC2 genes, by trans-
forming the pUCcdsamiC2::ampR plasmid linearized using Scal into N.
elongata RPLK. cdsamic2 positive transformants were con-
firmed by PCR.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The genome datasets generated during and/or analyzed during the
current study (see Supplementary Data 1) are available in the NCBI
genome repository (https://www.ncbi.nlm.nih.gov/genome/browse#
I/overview/) under the accession codes: GCA 022870985.1, GCA 01405
5025.1, GCA_000818035.1, GCA_022870825.1, GCA_022870885.1, GCA_
900637855.1, GCA_008807015.1, GCA_014055005.1, GCA_014297595.1,
GCA_001308015.1, GCA_014054885.1, GCA_900636765.1, GCA_900638
685.1, GCA_022870865.1, GCA_022870845.1, GCA_022870905.1, GCA_
002951835.1, GCA_014054525.1, GCA_022871045.1, GCA_900177895.1,
GCA_022871005.1, GCA_014054985.1, GCA_016623605.1, GCA_01612
7355.1, GCA_014054725.1, GCA_022871025.1, GCA_000745895.1, GCA_
022870965.1, GCA_022870945.1, GCA_022870925.1, GCA_001648355.1,
GCA_001648475.1, GCA_008805035.1, GCA 900187105.1, GCA_01405
4965.1, Raw reads data are available on SRA database under the acces-
sion codes: PRINA788950, PRJNA859696, PRINA859916, PRINA859935.
Source data and the corresponding statistics are provided as a Source
Data file and at the Cell Image Library repository [https://doi.org/10.
7295/W9NC5ZCO]. Source data are provided with this paper.

Code availability

The codes used in this study have been reported previously and are
available as described in the corresponding M&M section. The doc-
umentation for the ImageJ plugin Fil-Tracer can be accessed here:
https://sils.fawi.uva.nl/bcb/objectj/examples/Fil-Tracer/MD/Fil-
Tracer.html. The other custom codes generated during the current
study are available from the corresponding authors on reasonable
request.

References

1. Kieft, T. L. & Simmons, K. A. Allometry of animal-microbe inter-
actions and global census of animal-associated microbes. Proc. R.
Soc. B Biol. Sci. 282, 20150702 (2015).

2. Whitman, W. B., Coleman, D. C. & Wiebe, W. J. Prokaryotes:
the unseen majority. Proc. Natl Acad. Sci. USA 95, 6578-6583
(1998).

Nature Communications | (2022)13:4853

15


https://www.ncbi.nlm.nih.gov/genome/browse#!/overview/
https://www.ncbi.nlm.nih.gov/genome/browse#!/overview/
https://www.ncbi.nlm.nih.gov/assembly/GCF_022870985.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_014055025.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_014055025.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000818035.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_022870825.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_022870885.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_900637855.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_900637855.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_008807015.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_014055005.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_014297595.1/#/qa
https://www.ncbi.nlm.nih.gov/assembly/GCF_001308015.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_014054885.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_900636765.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_900638685.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_900638685.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_022870865.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_022870845.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_022870905.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_002951835.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_002951835.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_014054525.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_022871045.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_900177895.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_022871005.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_014054985.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_016623605.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_016127355.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_016127355.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_014054725.1/
https://www.ncbi.nlm.nih.gov/assembly/GCA_022871025.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000745895.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_022870965.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_022870965.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_022870945.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_022870925.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_001648355.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_001648475.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_008805035.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_900187105.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_014054965.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_014054965.1/
https://www.ncbi.nlm.nih.gov/sra/PRJNA788950
https://www.ncbi.nlm.nih.gov/sra/PRJNA859696
https://www.ncbi.nlm.nih.gov/sra/PRJNA859916
https://www.ncbi.nlm.nih.gov/sra/PRJNA859935
https://doi.org/10.7295/W9NC5ZC0
https://doi.org/10.7295/W9NC5ZC0
https://sils.fnwi.uva.nl/bcb/objectj/examples/Fil-Tracer/MD/Fil-Tracer.html
https://sils.fnwi.uva.nl/bcb/objectj/examples/Fil-Tracer/MD/Fil-Tracer.html

Article

https://doi.org/10.1038/s41467-022-32260-w

10.

mn.

12.

13.

14.

15.

6.

17.

18.

19.

20.

21.

22.

23.

Bulgheresi, S. Bacterial cell biology outside the streetlight.
Environ. Microbiol. 18, 2305-2318 (2016).

Buskermolen, J. K. et al. Development of a full-thickness human
gingiva equivalent constructed from immortalized keratinocytes
and fibroblasts. Tissue Eng. - Part C. Methods 22, 781-791 (2016).
Kosten, I. J., Buskermolen, J. K., Spiekstra, S. W., De Gruijl, T. D. &
Gibbs, S. Gingiva equivalents secrete negligible amounts of key
chemokines involved in langerhans cell migration compared to
skin equivalents. J. Immunol. Res. 2015, 627125 (2015).

Hampton, J. C. & Rosario, B. The attachment of microorganisms to
epithelial cells in the distal ileum of the mouse. Lab. Investig. 14,
1464-1481 (1965).

Jonsson, H., Hugerth, L. W., Sundh, J., Lundin, E. & Andersson, A. F.
Genome sequence of segmented filamentous bacteria present in
the human intestine. Commun. Biol. 3, 1-9 (2020).

Schnupf, P. et al. Growth and host interaction of mouse seg-
mented filamentous bacteria in vitro. Nature 520, 99-103 (2015).
Hedlund, B. P. & Kuhn, D. A. The Genera Simonsiella and Alysiella.
Prokaryotes 5, 828-839 (2006).

Hedlund, B. P. & Tgnjum, T. Simonsiella. Bergey’s Man. Syst.
Archaea Bact. 1-12. https://doi.org/10.1002/9781118960608.
GBMO00983 (2015).

Kuhn, D. A., Gregory, D. A., Buchanan, G. E., Nyby, M. D. & Daly, K.
R. Isolation, characterization, and numerical taxonomy of Simon-
siella strains from the oral cavities of cats, dogs, sheep, and
humans. Arch. Microbiol. 118, 235-241 (1978).

Xie, C. H. & Yokota, A. Phylogenetic analysis of Alysiella and
related genera of Neisseriaceae: proposal of Alysiella crassa
comb. nov., Conchiformibium steedae gen. nov., comb. nov.,
Conchiformibium kuhniae sp. nov. and Bergeriella denitrificans
gen. nov., comb. nov. J. Gen. Appl. Microbiol. 51, 1-10 (2005).
Ericsson, A. C., Hagan, C. E., Davis, D. J. & Franklin, C. L. Seg-
mented filamentous bacteria: commensal microbes with potential
effects on research. Comp. Med. 64, 90-98 (2014).

Schnupf, P., Gaboriau-Routhiau, V., Sansonetti, P. J. & Cerf-Ben-
sussan, N. Segmented filamentous bacteria, Th17 inducers and
helpers in a hostile world. Curr. Opin. Microbiol. 35,

100-109 (2017).

Nyongesa, S., Chenal, M., Bernet, E., Coudray, F. & Veyrier, F. J.
Sequential markerless genetic manipulations of species from the
Neisseria genus. Can. J. Microbiol. https://doi.org/10.1139/cjm-
2022-0024 (2022).

Veyrier, F. J. et al. Common cell shape evolution of two naso-
pharyngeal pathogens. PLoS Genet. 11, 1-23 (2015).

Pangborn, J., Kuhn, D. A. & Woods, J. R. Dorsal-ventral differ-
entiation in Simonsiella and other aspects of its morphology and
ultrastructure. Arch. Microbiol. 113, 197-204 (1977).

Kaiser, G. E. & Starzyk, M. J. Ultrastructure and cell division of an
oral bacterium resembling Alysiella filiformis. Can. J. Microbiol. 19,
325-327 (1973).

Murray, R. G., Steed, P. & Elson, H. E. The location of the muco-
peptide in sections of the cell wall of Escherichia Coli and other
gram-negative bacteria. Can. J. Microbiol. 11, 547-560 (1965).
Leisch, N. et al. Growth in width and FtsZ ring longitudinal posi-
tioning in a gammaproteobacterial symbiont. Curr. Biol. 22,
R831-R832 (2012).

Leisch, N. et al. Asynchronous division by non-ring FtsZ in the
gammaproteobacterial symbiont of Robbea hypermnestra. Nat.
Microbiol. 2, 16182 (2016).

Ramond, E., Maclachlan, C., Clerc-Rosset, S., Knott, G. W. &
Lemaitre, B. Cell division by longitudinal scission in the insect
endosymbiont Spiroplasma poulsonii. MBio 7, 1-5 (2016).

Dudek, N. K. et al. Previously uncharacterized rectangular bacteria
in the dolphin mouth. bioRxiv https://doi.org/10.1101/2021.10.23.
465578 (2021).

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Szwedziak, P. & Lowe, J. Do the divisome and elongasome share a
common evolutionary past? Curr. Opin. Microbiol. 16,

745-751 (2013).

Bi, E. & Lutkenhaus, J. FtsZ ring structure associated with division
in Escherichia coli. Nature 354, 161-164 (1991).

Holtje, J.-V. Growth of the stress-bearing and shape-maintaining
murein sacculus of Escherichia coli. Microbiol. Mol. Biol. Rev. 62,
181-203 (1998).

Shi, H. et al. Deep phenotypic mapping of bacterial cytoskeletal
mutants reveals physiological robustness to cell size. Curr. Biol.
27, 3419-3429.e4 (2017).

Shi, H., Bratton, B. P., Gitai, Z. & Huang, K. C. How to build a
bacterial cell: MreB as the foreman of E. coli construction. Cell 172,
1294-1305 (2018).

Addinall, S. G. & Lutkenhaus, J. FtsZ-spirals and -arcs determine
the shape of the invaginating septa in some mutants of Escher-
ichia coli. Mol. Microbiol. 22, 231-237 (1996).

Monahan, L. G., Robinson, A. & Harry, E. J. Lateral FtsZ association
and the assembly of the cytokinetic Z ring in bacteria. Mol.
Microbiol. 74, 1004-1017 (2009).

Sen, B. C. et al. Specific amino acid substitutions in 3 strand S2 of
FtsZ cause spiraling septation and impair assembly cooperativity
in Streptomyces spp. Mol. Microbiol. 112, 184-198 (2019).

Xiao, X. et al. Ectopic positioning of the cell division plane is
associated with single amino acid substitutions in the FtsZ-
recruiting SsgB in Streptomyces. Open Biol. 11, 200409 (2021).
den Blaauwen, T. Is longitudinal division in rod-shaped bacteria a
matter of swapping axis? Front. Microbiol. 9, 822 (2018).
Thanbichler, M. Cell division: symbiotic bacteria turn it upside
down. Curr. Biol. 28, R306-R308 (2018).

Chen, S., Rudra, B. & Gupta, R. S. Phylogenomics and molecular
signatures support division of the order Neisseriales into emended
families Neisseriaceae and Chromobacteriaceae and three new
families Aquaspirillaceae fam. nov., Chitinibacteraceae fam.
nov., and Leeiaceae fam. nov. Syst. Appl. Microbiol. 44,

126251 (2021).

Ishikawa, S. A., Zhukova, A., Iwasaki, W., Gascuel, O. & Pupko, T. A
fast likelihood method to reconstruct and visualize ancestral
scenarios. Mol. Biol. Evol. 36, 2069-2085 (2019).

Adeolu, M. & Gupta, R. S. Phylogenomics and molecular sig-
natures for the order Neisseriales: proposal for division of the
order Neisseriales into the emended family Neisseriaceae and
Chromobacteriaceae fam. nov. Antonie van. Leeuwenhoek. Int. J.
Gen. Mol. Microbiol. 104, 1-24 (2013).

Pende, N. et al. Host-polarized cell growth in animal symbionts.
Curr. Biol. 28, 1039-1051.e5 (2018).

Bisson-Filho, A. W. et al. Treadmilling by FtsZ filaments drives
peptidoglycan synthesis and bacterial cell division. Science. 355,
739 LP-739743 (2017).

Yang, X. et al. GTPase activity-coupled treadmilling of the bac-
terial tubulin FtsZ organizes septal cell wall synthesis. Science
355, 744-747 (2017).

Guerra Maldonado, J. F., Vincent, A. T., Chenal, M. & Veyrier, F. J.
CAPRIB: a user-friendly tool to study amino acid changes and
selection for the exploration of intra-genus evolution. BMC
Genomics 21, 1-14 (2020).

Veyrier, F., Pletzer, D., Turenne, C. & Behr, M. A. Phylogenetic
detection of horizontal gene transfer during the step-wise genesis
of Mycobacterium tuberculosis. BMC Evol. Biol. 9, 1-14 (2009).
Brennan, C. A. & Garrett, W. S. Fusobacterium nucleatum —
symbiont, opportunist and oncobacterium. Nat. Rev. Microbiol.
2018 173 17, 156-166 (2018).

Poole, K., Schiebel, E. & Braun, V. Molecular characterization of the
hemolysin determinant of Serratia marcescens. J. Bacteriol. 170,
3177-3188 (1988).

Nature Communications | (2022)13:4853

16


https://doi.org/10.1002/9781118960608.GBM00983
https://doi.org/10.1002/9781118960608.GBM00983
https://doi.org/10.1139/cjm-2022-0024
https://doi.org/10.1139/cjm-2022-0024
https://doi.org/10.1101/2021.10.23.465578
https://doi.org/10.1101/2021.10.23.465578

Article

https://doi.org/10.1038/s41467-022-32260-w

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Eraso, J. M. et al. The highly conserved MraZ protein is a tran-
scriptional regulator in Escherichia coli. J. Bacteriol. 196,
2053-2066 (2014).

Fisunov, G. Y. et al. Binding site of MraZ transcription factor in
Mollicutes. Biochimie 125, 59-65 (2016).

Mengin-Lecreulx, D. et al. Contribution of the P(mra) promoter to
expression of genes in the Escherichia coli mra cluster of cell
envelope biosynthesis and cell division genes. J. Bacteriol. 180,
4406-4412 (1998).

Khan, M. A., Durica-Mitic, S., Gopel, Y., Heermann, R. & Gorke, B.
Small RNA-binding protein RapZ mediates cell envelope pre-
cursor sensing and signaling in Escherichia coli. EMBO J. 39,
103848 (2020).

Beauchamp, B. B. & Richardson, C. C. A unique deoxyguanosine
triphosphatase is responsible for the optA1 phenotype of Escher-
ichia coli. Proc. Natl Acad. Sci. USA 85, 2563-2567 (1988).
Sukdeo, N. & Honek, J. F. Microbial glyoxalase enzymes: metal-
loenzymes controlling cellular levels of methylglyoxal. Drug
Metabol. Drug Interact. 23, 29-50 (2008).

Busiek, K. K. & Margolin, W. Bacterial actin and tubulin homologs in
cell growth and division. Curr. Biol. 25, R243-R254 (2015).
Hagberg, A. A., Schult, D. A. & Swart, P. J. Exploring network
structure, dynamics, and function using NetworkX. 7th Python in
Science Conference (SciPy 2008) (2008).

Siefert, J. L. & Fox, G. E. Phylogenetic mapping of bacterial mor-
phology. Microbiology 144, 2803-2808 (1998).

Young, K. D. The selective value of bacterial shape. Microbiol. Mol.
Biol. Rev. 70, 660-703 (2006).

Mark Welch, J. L., Ramirez-Puebla, S. T. & Borisy, G. G. Oral
microbiome geography: micron-scale habitat and niche. Cell Host
Microbe 28, 160-168 (2020).

Claessen, D., Rozen, D. E., Kuipers, O. P., Sggaard-Andersen, L. &
Van Wezel, G. P. Bacterial solutions to multicellularity: a tale of
biofilms, filaments and fruiting bodies. Nat. Rev. Microbiol. 12,
15-124 (2014).

Monds, R. D. & O'Toole, G. A. The developmental model of
microbial biofilms: ten years of a paradigm up for review. Trends
Microbiol. 17, 73-87 (20009).

Zhang, L., Willemse, J., Claessen, D. & Van Wezel, G. P. SepG
coordinates sporulation-specific cell division and nucleoid orga-
nization in Streptomyces coelicolor. Open Biol. 6, 150164 (2016).
Flores, E., Nieves-Morion, M. & Mullineaux, C. W. Cyanobacterial
septal junctions: properties and regulation. Life 9, 1 (2019).

Du, S. & Lutkenhaus, J. At the heart of bacterial cytokinesis: the Z
ring. Trends Microbiol. 27, 781-791 (2019).

Avyala, J. A., Garrido, T., De Pedro, M. A. & Vicente, M. Chapter 5
molecular biology of bacterial septation. N. Compr. Biochem. 27,
73-101 (1994).

Nikolaichik, Y. A. & Donachie, W. D. Conservation of gene order
amongst cell wall and cell division genes in Eubacteria, and
ribosomal genes in Eubacteria and Eukaryotic organelles. Genet-
ica 108, 1-7 (2000).

Tamames, J., Gonzalez-Moreno, M., Mingorance, J., Valencia, A. &
Vicente, M. Bringing gene order into bacterial shape. Trends
Genet. 17, 124-126 (2001).

Vicente, M., Gomez, M. J. & Ayala, J. A. Regulation of transcription
of cell division genes in the Eschericia coli dcw cluster. Cell. Mol.
Life Sci. 54, 317-324 (1998).

Mingorance, J., Tamames, J. & Vicente, M. Genomic channeling in
bacterial cell division. J. Mol. Recognit. 17, 481-487 (2004).
Martinez-Torro, C. et al. Functional characterization of the cell
division gene cluster of the wall-less bacterium Mycoplasma
genitalium. Front. Microbiol. 12, 695572 (2021).

Wang, B. et al. Functional insights of mraZ on the pathogenicity of
Staphylococcus aureus. Infect. Drug Resist. 14, 4539-4551 (2021).

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Kawazura, T. et al. Exclusion of assembled MreB by anionic
phospholipids at cell poles confers cell polarity for bidirectional
growth. Mol. Microbiol. 104, 472-486 (2017).

Alvarez, L., Cordier, B., van Teeffelen, S. & Cava, F. Analysis of
gram-negative bacteria peptidoglycan by ultra-performance
liquid chromatography. Bio. Protocol 10, e3780 (2020).
Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH Image to
ImagelJ: 25 years of image analysis. Nat. Methods 9,

671-675 (2012).

Schindelin, J. et al. Fiji: an open-source platform for biological-
image analysis. Nat. Methods 9, 676-682 (2012).

Chin, C. S. et al. Nonhybrid, finished microbial genome assem-
blies from long-read SMRT sequencing data. Nat. Methods 10,
563-569 (2013).

Koren, S. et al. Canu: scalable and accurate long-read assembly
via adaptive k-mer weighting and repeat separation. Genome Res.
27, 722-736 (2017).

Li, H. Minimap and miniasm: fast mapping and de novo
assembly for noisy long sequences. Bioinformatics 32,
2103-2110 (2016).

Walker, B. J. et al. Pilon: an integrated tool for comprehensive
microbial variant detection and genome assembly improvement.
PLoS One 9, 112963 (2014).

Vaser, R., Sovié, |., Nagarajan, N. & Siki¢, M. Fast and accurate de
novo genome assembly from long uncorrected reads. Genome
Res. 27, 737-746 (2017).

Gurevich, A., Saveliev, V., Vyahhi, N. & Tesler, G. QUAST: quality
assessment tool for genome assemblies. Bioinformatics 29,
1072-1075 (2013).

Manni, M., Berkeley, M. R., Seppey, M., Siméo, F. A. & Zdobnov, E.
M. BUSCO update: novel and streamlined workflows along with
broader and deeper phylogenetic coverage for scoring of eukar-
yotic, prokaryotic, and viral genomes. Mol. Biol. Evol. 38,
4647-4654 (2021).

Seemann, T. Prokka: rapid prokaryotic genome annotation. Bioin-
formatics 30, 2068-2069 (2014).

Page, A. J. et al. Roary: Rapid large-scale prokaryote pan genome
analysis. Bioinformatics 31, 3691-3693 (2015).

Kalyaanamoorthy, S., Minh, B. Q., Wong, T. K. F., Von Haeseler, A. &
Jermiin, L. S. ModelFinder: fast model selection for accurate
phylogenetic estimates. Nat. Methods 14, 587-589 (2017).
Nguyen, L. T., Schmidt, H. A., Von Haeseler, A. & Minh, B. Q. IQ-
TREE: a fast and effective stochastic algorithm for estimating
maximum-likelihood phylogenies. Mol. Biol. Evol. 32,

268-274 (2015).

Hoang, D. T., Chernomor, O., Von Haeseler, A., Minh, B. Q. & Vinh,
L. S. UFBoot2: improving the ultrafast bootstrap approximation.
Mol. Biol. Evol. 35, 518-522 (2018).

Katoh, K., Misawa, K., Kuma, K. I. & Miyata, T. MAFFT: a novel
method for rapid multiple sequence alignment based on fast
Fourier transform. Nucleic Acids Res. 30, 3059-3066 (2002).
Veyrier, F. J., Dufort, A. & Behr, M. A. The rise and fall of the
Mycobacterium tuberculosis genome. Trends Microbiol. 19,
156-161 (2011).

Gerts, E. M., Yu, Y. K., Agarwala, R., Schaffer, A. A. & Altschul, S. F.
Composition-based statistics and translated nucleotide searches:
Improving the TBLASTN module of BLAST. BMC Biol. 4,

1-14 (2006).

Camacho, C. et al. BLAST+: architecture and applications. BMC
Bioinforma. 10, 1-9 (2009).

Li, H. Minimap2: pairwise alignment for nucleotide sequences.
Bioinformatics 34, 3094-3100 (2018).

Liao, Y., Smyth, G. K. & Shi, W. FeatureCounts: an efficient general
purpose program for assigning sequence reads to genomic fea-
tures. Bioinformatics 30, 923-930 (2014).

Nature Communications | (2022)13:4853

17



Article

https://doi.org/10.1038/s41467-022-32260-w

90. Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeqg2. Genome
Biol. 15, 1-21 (2014).

91.  Szklarczyk, D. et al. The STRING database in 2021: customizable
protein-protein networks, and functional characterization of user-
uploaded gene/measurement sets. Nucleic Acids Res. 49,
D605-D612 (2021).

92. Rice, P., Longden, L. & Bleasby, A. EMBOSS: the European mole-
cular biology open software suite. Trends Genet. 16,

276-277 (2000).

93. Sullivan, M. J., Petty, N. K. & Beatson, S. A. Easyfig: a genome
comparison visualizer. Bioinformatics 27, 1009-1010 (2011).

94. ElHoumami, N. et al. Isolation and characterization of Kingella
negevensis sp. Nov., a novel kingella species detected in a healthy
paediatric population. Int. J. Syst. Evol. Microbiol. 67,

2370-2376 (2017).

95. Antezack, A., Boxberger, M., Rolland, C., Monnet-Corti, V. & Scola,
B. LA. Isolation and characterization of Kingella bonacorsii sp.
nov., a novel Kingella species detected in a stable periodontitis
subject. https://doi.org/10.3390/pathogens (2021).

96. Snell, J. J. S. & Lapage, S. P. Transfer of some saccharolytic Mor-
axella species to Kingella Henriksen and Bovre 1976, with
descriptions of Kingella indologenes sp. nov. and Kingella deni-
trificans sp. nov. Int. J. Syst. Bacteriol. 26, 451-458 (1976).

97. Bernard, K. A., Burdz, T., Wiebe, D. & Bernier, A. M. Description of
Eikenella halliae sp. nov. and Eikenella longingua sp. nov., derived
from human clinical materials, emendation of Eikenella exigua
Stormo et al. 2019 and emendation of the genus Eikenella to
include species which are strict anaerobes. Int. J. Syst. Evol.
Microbiol. 70, 3167-3178 (2020).

98. Dong, L. et al. Crenobacter luteus gen. nov., sp. nov., isolated from
a hot spring. Int. J. Syst. Evol. Microbiol. 65, 214-219 (2015).

99. Zhu, H. Z, Jiang, C. Y. & Liu, S. J. Crenobacter cavernae sp. nov.,

isolated from a karst cave, and emended description of the genus

Crenobacter. Int. J. Syst. Evol. Microbiol. 69, 476-480 (2019).

Yang, Z. et al. Crenobacter caeni sp. nov. isolated from sludge.

Curr. Microbiol. 77, 4180-4185 (2020).

101. Shi, S. B. et al. Crenobacter intestini sp. nov., isolated from the
intestinal tract of Konosirus punctatus. Curr. Microbiol. 78,
1686-1691 (2021).

100.

102. Altschul, S. F. et al. Gapped BLAST and PSI-BLAST: A new gen-
eration of protein database search programs. Nucleic Acids Res.
25, 3389-3402 (1997).

Acknowledgements

The authors are extremely grateful to: Markus Christian Schmid and the
Department of Microbial and Ecosystem Science of the University of
Vienna for providing the Leica SP8 confocal laser scanning microscope
and superb technical support; Belma Bejtovic and Mary Ward for per-
forming preliminary experiments; Nathan Weyand for providing us with
Neisseria sp. DentCal1/247; Tanneke den Blaauwen (University of
Amsterdam) for inspiring and constructive discussions; Antony Vincent
(University Laval) for his help in genome assemblies; Dennis Claessen for
valuable comments on the manuscript. This work was supported by the
Natural Sciences and Engineering Research Council of Canada (NSERC)
discovery grant (RGPIN-2016-04940) (F.V.), the Fonds De Recherche du
Quebec Nature et technologies (FRQNT) Etablissement de la reléve
professorale (205027) (F.V.) and the Austrian Science Fund (FWF) project
P28593-B22 (S.B., P.M.W., T.V., N.K.). P.M.W. also received DOC-
fellowship 25240 from the Austrian Academy of Science and a PhD
completion grant from the University of Vienna. E.B. received a Ph.D.
Fellowship from the Fondation Armand-Frappier. M.D. was partially
supported by a postdoctoral fellowship from the Swiss National Science

Foundation (project #P2GEP3_191489). C.N. Received a Ph.D. student-
ship Calmette & Yersin from the Institut Pasteur International Network.
Research in the Cava lab was supported by The Swedish Research
Council (VR), The Knut and Alice Wallenberg Foundation (KAW), The
Laboratory of Molecular Infection Medicine Sweden (MIMS), and The
Kempe Foundation. M.N. was funded by a postdoctoral fellowship from
the Swedish Society for Medical Research (SSMF). Y.V.B. is also sup-
ported by a Canada 150 Research Chair in Bacterial Cell Biology. F.J.V.
received a Junior 1 and Junior 2 research scholar salary award from the
Fonds de Recherche du Québec - Santé. The funders had no role in study
design, data collection and analysis, decision to publish, or preparation
of the manuscript.

Author contributions

S.N. and P.M.W did most experiments, visualization and formal analysis,
wrote and revised the manuscript. E.B.; F.P; M.N.; M.D; C.N.; T.V.; N.K;
A.R.M. and A.N. did some experiments and formal analysis and critically
revised the manuscript. N.O.E.V. contributed ImageJ analysis tools
(Object), Fil-Tracer). M.V. contributed materials. Y.B. acquired funding
and analysis tools. F.C. acquired funding, did formal analysis and revised
manuscript. S.B. conceptualized and supervised the work, acquired
funding, provided resources, wrote and revised the manuscript. F.J.V. did
experiments, formal analysis, conceptualized and supervised the work,
acquired funding, provided resources, wrote and revised the manuscript.
Equally contributing authors were listed in alphabetical order.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains

supplementary material available at
https://doi.org/10.1038/s41467-022-32260-w.

Correspondence and requests for materials should be addressed to
Silvia Bulgheresi or Frédéric J. Veyrier.

Peer review information Nature Communications thanks Pierre Garcia,
Brian Hedlund and the other, anonymous, reviewers for their contribu-
tion to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Nature Communications | (2022)13:4853

18


https://doi.org/10.3390/pathogens
https://doi.org/10.1038/s41467-022-32260-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Evolution of longitudinal division in multicellular bacteria of the Neisseriaceae family
	Results
	Core genome-based phylogeny of Neisseriaceae suggests that MuLDi Neisseriaceae evolved from a rod-shaped ancestor
	MuLDi Neisseriaceae cells are attached to one another by their lateral PG and harbour a characteristic signature in their muropeptide composition
	Alysiella filiformis nascent septa guillotine the cells from their distal to their proximal poles
	Simonsiella muelleri and Conchiformibius steedae septation starts at both poles synchronously and proceeds from the poles to midcell
	Multiple genetic events associated with the cell shape transition from rod-shaped to MuLDi Neisseriaceae
	Downregulation of dcw cluster genes in MuLDi Neisseriaceae
	Downregulation of dcw cluster genes in N. elongata mraZ deletion mutants
	Recapitulation of MuLDi-specific genetic changes in the rod-shaped Neisseriaceae, N. elongata, resulted in longer septa

	Discussion
	Methods
	Bacterial strains and culture conditions
	Time-lapse imaging of N. elongata
	Time-lapse imaging of A. filiformis, S. muelleri and C. steedae
	Electron microscopy
	Peptidoglycan extraction and analysis
	FDAA incubations
	EDA-DA incubation and click-chemistry
	Western blots
	Immunostaining
	Nile red membrane staining
	Fluorescence microscopy
	FDAA fluorescence quantification and statistical analysis
	Genome sequencing and assembly
	Core genome-based phylogeny of Neisseriaceae
	Phylogenies of individual proteins
	Genomic comparisons
	RNA sequencing and analysis
	Quantitative real-time PCR
	Genomic organization of the dcw cluster and cdsA loci in the Neisseriaceae
	Construction of mutant strains
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




