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The unusual cell wall of the Lyme disease
spirochaete Borrelia burgdorferi is shaped by
a tick sugar
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Peptidoglycan—a mesh sac of glycans that are linked by peptides—is the main component of bacterial cell walls. Peptidoglycan
provides structural strength, protects cells from osmotic pressure and contributes to shape. All bacterial glycans are repeating
disaccharides of N-acetylglucosamine (GIcNAc) B-(1-4)-linked to N-acetylmuramic acid (MurNAc). Borrelia burgdorferi, the
tick-borne Lyme disease pathogen, produces glycan chains in which MurNAc is occasionally replaced with an unknown sugar.
Nuclear magnetic resonance, liquid chromatography-mass spectroscopy and genetic analyses show that B. burgdorferi pro-
duces glycans that contain GIcNAc-GlcNAc. This unusual disaccharide is chitobiose, a component of its chitinous tick vector.
Mutant bacteria that are auxotrophic for chitobiose have altered morphology, reduced motility and cell envelope defects that
probably result from producing peptidoglycan that is stiffer than that in wild-type bacteria. We propose that the peptidoglycan
of B. burgdorferi probably evolved by adaptation to obligate parasitization of a tick vector, resulting in a biophysical cell-wall

alteration to withstand the atypical torque associated with twisting motility.

tents of virtually all bacterial cells. Peptidoglycan architec-

ture (rigid glycan strands, cross-linked by flexible peptides)
is universal across bacterial taxa. Peptidoglycan glycans comprise
a disaccharide repeat unit of N-acetylglucosamine (GlcNAc) and
N-acetylmuramic acid (MurNAc). MurNAc provides a C3 lactyl
moiety that anchors peptide assembly. Glycan chain lengths of six to
hundreds of disaccharide repeats are terminated at the reducing-end
anomeric position by a 1,6-anhydro-N-acetylmuramic acid
(anhMurNAc) residue'. Although alterations in peptidoglycan pep-
tide chemistry occur across the bacterial domain, deviations from
the p-(1-4)-linked GlcNAc-MurNAc disaccharide have not previ-
ously been reported.

The pathogenic spirochaete B. burgdorferi is estimated to cause
more than 450,000 cases of Lyme disease each year, in the USA
alone”. On transmission via the bite of an infected Ixodes scapu-
laris tick, B. burgdorferi, which is an obligate parasitic bacterium,
causes a biphasic infection. An acute stage characterized by ‘flu-like’
symptoms is followed by a severe late stage that can involve mul-
tiple organ systems®’. Despite the public health burden posed by
this ascending vector-borne disease, very little is known about what
causes clinical symptoms.

B. burgdorferi lacks many of the classic virulence factors typi-
cally associated with invasive pathogens. One well-known feature,
critical to B. burgdorferi pathogenesis, is the corkscrew-like motility
that it uses to both escape immune cells and invade host tissues’.
Endoflagella at each pole form a ribbon that wraps around the pep-
tidoglycan sacculus. Motor rotation causes the flagella to torque the
peptidoglycan, creating a backward wave that propels the bacte-
rium forwards®. B. burgdorferi peptidoglycan, which has also been
implicated in potentiating Lyme disease pathogenesis”*, is thought

| he peptidoglycan sacculus protects the cytoplasmic con-

to require unique feature(s) to counterbalance the immense flagel-
lar stress. Previous reports describe the presence of ornithine (Orn)
in the peptidoglycan stem peptide”’, as well as several unidenti-
fiable components, including an unknown N-acetylated hexose
(HexNAc) linked to the GlcNAc-MurNAc disaccharide in glycan
strands’. The culprit responsible for this atypical alteration has
remained unknown.

Results

B. burgdorferi glycan architecture. Similar to most parasitic bacte-
ria, B. burgdorferi lacks many biosynthetic pathways and scavenges
environmental molecules, including the peptidoglycan cell-wall
precursor GlcNAc'. Optimal in vitro growth thus requires that B.
burgdorferi culture medium be supplemented with GlcNAc''. By
taking advantage of this auxotrophy, we reasoned that we would be
able to substitute GIcNAc with other N-acetylated sugars and iden-
tify the unknown hexose. Two candidates emerged for their ability
to support growth in the absence of GlcNAc: N-acetylmannosamine
(ManNAc) and N-acetylgalactosamine (GalNAc) (Extended Data
Fig. 1 and refs. '*"'°). As bacteria cultured with ManNAc replicated
at a similar rate and reached a comparable final density to GIcNAc
(Extended Data Fig. 1), we proceeded with metabolic labelling stud-
ies. We propagated B. burgdorferi 5A11 in culture medium contain-
ing [1-®C]ManNAc and analysed the resulting muropeptide pool,
obtained from purified and digested peptidoglycan, by liquid chro-
matography-mass spectroscopy (LC-MS) (Fig. 1a). Compared with
muropeptide samples prepared from bacteria cultured with unla-
belled GlcNAc (Fig. la), [1-*C]ManNAc-labelled muropeptides
were identical and contained the expected mass shift, equally dis-
tributed across both GlcNAc and MurNAc (Fig. 1a). This strongly
suggested not only that are there pathway(s) capable of converting
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Fig. 1| Elucidating the peptidoglycan glycan strand composition of B. burgdorferi. a, MS/MS of the GIcNAc-MurNAc-AlaGluOrnGly muropeptide

from B. burgdorferi 5A11 cultured in unlabelled (grey) and [1-**CIManNAc (blue), respectively. Fragmentation data confirm the location of the labelled
carbon resides in the glycan component and not the stem peptide. b, Monosaccharide analysis of purified peptidoglycan isolated from B. burgdorferi 5A11
and E. coli K-12. Results were compared with reference standards GIcNAc, MurNAc, ManNAc and GalNAc (below). The inset table highlights the molar
percentage of MurNAc present in each bacterial sample. ¢, LC-MS chromatogram of B. burgdorferi 5A11 peptidoglycan. B. burgdorferi peptidoglycan was
purified, digested with mutanolysin and analysed by LC-MS. Each peak corresponds to one or more muropeptides of interest; peaks are labelled as red
(GlcNAc-MurNAc muropeptides) or blue (HexNAc-GlcNAc-MurNAc muropeptides). Co-eluting peaks can be found in Supplementary Table 2.

ManNAc, and probably GalNAc, to GlcNAc, but also that ManNAc
was an unlikely candidate. Next, we took a more holistic approach
and performed monosaccharide analysis of purified peptidoglycan
isolated from B. burgdorferi 5A11 and compared our results with
various N-acetylated reference standards (Fig. 1b). Surprisingly, we
detected only GIcNAc and MurNAc, and the B. burgdorferi pep-
tidoglycan sugar profile was identical to that of Escherichia coli.
Collectively, our metabolic labelling studies and monosaccharide
analysis suggested that the unknown HexNAc might be GlcNAc.

Muropeptide analysis of B. burgdorferi peptidoglycan. Previous
analyses of the B. burgdorferi peptidoglycan cell wall separated mur-
opeptides that were then analysed using targeted MS. This method
captured the identity of ~45% of the B. burgdorferi muropeptides’.
We reasoned that a more robust, untargeted approach to muro-
peptide analysis may provide further insights into composition of
B. burgdorferi peptidoglycan. We created a new, high-resolution,
LC-tandem MS (LC-MS/MS) method, which determined the
identity of ~80% of the muropeptide pool in a fraction of the time
(Fig. 1c). The LC step separated 25 discrete peaks, which con-
tained 17 unique muropeptides (Fig. 1c and Supplementary Fig. 1),
5 of which contained the HexNAc-GlcNAc-MurNAc moiety
(Supplementary Tables 1-3 and Supplementary Figs. 7, 10, 19, 25
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and 28). We coupled LC-MS from NaBH,-reduced muropeptides
with data obtained from isotopically (NaBD,) labelled reduction
products to provide mass markers and increased resolution for
MS? spectra in instances when more than one muropeptide eluted
in the same fraction (Supplementary Table 2 and Extended Data
Fig. 2). The latter confirmed that the unknown HexNAc was always
adjacent to a GlcNAc-anhMurNAc residue, indicating that the new
structure was at the terminus of glycan chains (Extended Data Fig.
2). Regardless of whether B. burgdorferi was cultured in medium
containing labelled ([1-"*C]GlcNAc) or unlabelled GlcNAc, the
resulting LC-MS traces of each sample were identical, with mass
shifts confirming that the label was distributed between the GIcNAc
and MurNAc residues (Fig. 2a,b). These data further implicated
GlcNAc as the unknown HexNAc because each sugar in the puta-
tive GIcNAc-GlcNAc-anhMurNAc (G-G-anhM) trisaccharide was
equally labelled (Fig. 2b).

Next, we carried out a series of proton nuclear magnetic reso-
nance (H-NMR) experiments using N,N’,N"’-triacetylchitotriitol
as a reference due to its structural similarity to G-G-anhM at
the non-reducing end. As there are limitations associated with
both purifying B. burgdorferi peptidoglycan and the detection
limits for H-NMR, comparisons to the standard were in relation
to the total muropeptide pool obtained from the [1-*C]GlcNAc
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Fig. 2 | B. burgdorferi peptidoglycan glycan strands contain the trisaccharide G-G-anhM. a, LC-MS chromatogram of unlabelled B. burgdorferi 5A11
peptidoglycan. Total ion chromatogram is shown in black with an unlabelled and [1-**C1G-G-anhM muropeptide overlaid in pink and blue, respectively.
b, LC-MS chromatogram of [1-**C]GIcNAc metabolically labelled B. burgdorferi 5A11 peptidoglycan producing a mass shift corresponding to a G-G-anhM
muropeptide. B. burgdorferi was cultured with unlabelled GIcNAc or [1-**C]1GIcNAc before peptidoglycan purification and LC-MS analysis. The proposed
G-G-anhM species 1,053 m/z in unlabelled peptidoglycan and the shifted mass to the predicted 1,056 m/z when labelled with [1-**C]GIcNAc are shown.
¢, The **C-labelled NMR of the anomeric region of 1-**C-labelled B. burgdorferi peptidoglycan and an N,N’,N"’-triacetylchitotriitol reference standard with
the highlighted region (light blue) indicating a putative chemical shift for the non-reducing-end anomeric carbon. d, A comparative muropeptide analysis
of peptidoglycan isolated from three clonal derivatives of B. burgdorferi and one strain of B. hermsii. Three laboratory strains of B. burgdorferi, two fully
infectious clones of the B31-type strain (5AT1, green; 5A3, purple) and non-infectious (n.i.) derivative of 5A3 (blue), as well as B. hermsii (yellow) were
cultured to mid-log, peptidoglycan was purified, digested and muropeptide profiles compared by LC. All samples contained similar levels of G-G-anhM

muropeptides (*).

experiment and not to an individual muropeptide. Anomeric 'H
chemical shifts (>5p.p.m.) and coupling constants (~8 Hz) com-
bined with *C chemical shifts at ~100 p.p.m. firmly established all
linkages as B-glycopyranosidic bonds between GlcNAc residues
(Fig. 2¢). The only available hydroxyls for glycosidic bond for-
mation are at positions 3, 4 and 6, with all known muropeptide
linkages being (1-4)'. Although we cannot exclude the existence
of non-canonical (1-3) and glycosidic (1-6) bonds, the data that
we obtained (Fig. 2c) match that of a f-(1-4) linkage most closely.
These findings establish that B. burgdorferi glycan chains termi-
nate with G-G-anhM.

Peptidoglycan composition is conserved among Borrelia strains
and species. Laboratory strains of B. burgdorferi are known to lose
extrachromosomal DNA during prolonged in vitro propagation'.
This results in clonal heterogeneity, a reduction in biosynthetic
capacity and avirulence'*'. To assess whether the peptidoglycan
phenotype of B. burgdorferi 5A11 was due to a loss of extrachromo-
somal DNA, or an artefact of prolonged in vitro cultivation, we used
whole-genome sequencing (WGS) to analyse the three commonly
studied strains of B31. We sequenced strain 5A11, which is a fully
infectious clone of the B31-type strain'’, with all genetic elements
that we used for all our peptidoglycan work thus far, strain 5A3, a
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fully infectious clonal derivative'®' of 5A11 that is often used in the
Lyme disease research field, and a high-passage variant of B31 that
lacks many plasmids and is avirulent (Supplementary Table 4 and
see data availability for repository links). WGS results were consis-
tent with the expected nucleic acid content of each strain—5A11 and
5A3 were highly similar and carried a full repertoire of plasmids,
whereas our high-passage strain lacked genetic elements associated
with infectivity (Supplementary Table 4). Upon strain validation we
isolated peptidoglycan from each and compared muropeptide pro-
files for the presence of G-G-anhM moieties. Each strain was almost
identical and contained G-G-anhM (Fig. 2d).

Many different Borrelia genospecies cause Lyme disease. Our
analysis, thus far, has been limited to derivatives of the B31-type
strain. Instead of testing various Lyme disease-causing Borrelia
spp., we analysed muropeptides from the relapsing fever pathogen
B. hermsii, which is transmitted by Ornithodoros ticks"”. Compa-
rative analysis of muropeptide profiles, once again, clearly indicated
the presence of G-G-anhM, despite differences in the abundance
of other peptidoglycan fragments (Fig. 2d). Collectively, our stud-
ies demonstrate the first modification to the disaccharide repeat
arrangement in bacterial glycans—a core biological feature of
Borrelia peptidoglycan that is conserved, regardless of genome con-
tent or phylogenetic relatedness.
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Fig. 3 | Comparative analysis of muropeptide profiles obtained from

B. burgdorferi A3 and chitobiose transport mutant A3/chbC. a, Principal
component (PC) analysis of 37 distinct muropeptide features collected
from LC-MS data of three biological replicates, from WT A3 strain (tan)
and A3/chbC (teal) peptidoglycan. b, Representative LC spectra from our
comparative muropeptide analysis (in @) in which the amount of purified
and injected peptidoglycan was normalized by the total number of cells
present in each culture.

Acquisition of GlcNAc-GlcNAc. B. burgdorferi can survive in
the I scapularis tick midgut for months between feeding cycles, so
nutrient-rich blood is not a consistent carbon source. A plausible
carbon source other than a blood meal is chitin, the primary com-
ponent of the tick peritrophic membrane”. N,N’-Diacetylchitobiose
(chitobiose) is the repeat unit of chitin, a disaccharide of GlcNAc
with a B-(1-4) glycosidic linkage, which is also present in BSK-II
culture medium, routinely used to grow Borrelia spp. (Extended
Data Figs. 3 and 4). The G-G-anhM sequence is essentially chito-
triose with a 3-O-lactyl moiety. To assess the possibility that chito-
biose is involved in B. burgdorferi peptidoglycan biosynthesis, we
used a mutant bacterium (A3/chbC) that is incapable of importing
GlcNAc-GlcNAc into the cytoplasm, as determined by isotopically
labelled uptake experiments?'. First, we used WGS to confirm that
the parental A3 strain (analysed earlier) and the A3/chbC mutant
strain were clonal and, with the exception of the hypervariable vIsE
locus” and the targeted deletion of chbC gene, the strains were
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Fig. 4 | Impact of chitobiose (GIcNAc-GIcNAc) transport on
peptidoglycan and cell-wall stress. a, Comparative AFM analysis of
purified peptidoglycan. Peptidoglycan from both the WT A3 strain and
the A3/chbC chitobiose mutant transporter strain was deposited on
mica and topological features imaged in AM-FM mode. Height features
for each image are shown as colour maps (right) in nanometres. Scale bars,
5um (upper panel), 500 nm (middle panel) and 50 nm (lower panel).
b,c, Recovery after cell-wall stress. WT A3 and A3/chbC strains were
exposed to 0.25 M NaCl (544 mosmol) (b) or Tmgml~' of lysozyme

(e) for 24 h. After removing exogenous stress, cultures were plated

in quadruplicate and colony-forming units were determined 9d later.
Statistical significance () was determined by two-tailed, unpaired
Student'’s t-test (NaCl: P=1.37 x1075; lysozyme: P=0.009).

genetically identical (Supplementary Table 5). Principal component
analysis of the muropeptide profiles from three biological repli-
cates—six different batches of culture—of the wild-type (WT) A3
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Fig. 5 | Morphological and motility defects in A3/chbC mutant bacteria.
a, Comparative, quantitative, population-level morphological analysis of
A3 and A3/chbC strains. Both strains were cultured to mid-log(exponential
growth), fixed with paraformaldehyde to preserve cellular helicity and
imaged on agarose pads by phase-contrast microscopy. Scale bar, 5um.

b, Morphometric, population-level analysis of differences in helical pitch
between strains estimated by the object analysis feature Roundness.

Box plots from values attained from n=360 (A3) and n=481 (A3/chbC)
strains are shown. Each dot indicates the values attained from an individual
cell. Statistical significance was determined using the two-tailed, unpaired
Student'’s t-test (P=6.67 x107°). ¢, Swarm plate assay to measure
differences in bacterial motility. Liquid A3 and A3/chbC cultures were
enumerated and equal amounts used to inoculate the same semisoft

agar plate, equidistant from each other. After 5d, swarming distance

was measured from five replicate plates. Statistical significance () was
determined using the two-tailed, unpaired Student'’s t-test (P=0.0031).

and A3/chbC bacteria indicated homogeneity between replicates,
but distinct features were apparent, suggesting that chitobiose trans-
port impacts peptidoglycan composition (Fig. 3a). Comparative
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analysis of muropeptide identity and absolute abundance revealed
that the parental strain contained more peptidoglycan per cell
(Fig. 3b). Our interpretation of these findings is that breakdown
products of chitobiose are used to build the B. burgdorferi peptido-
glycan cell wall'>'**! and a lack of chitobiose reduces the amounts of
peptidoglycan. Importantly, even after we normalized for decrease
in peptidoglycan (Online methods), we found that bacteria that
were unable to import chitobiose from their environment had ~37%
less G-G-anhM (Supplementary Table 6). These data suggest that
one source of G-G-anhM is chitobiose, and we would note that in a
tick the only source of chitobiose would be the tick itself.

Peptidoglycan defects in the absence of chitobiose. Bacteria rely
on peptidoglycan as an osmoprotectant and a load-bearing struc-
ture. We hypothesized that severe phenotypes would result from
reduced peptidoglycan and/or G-G-anhM. We used atomic force
microscopy (AFM) to analyse purified peptidoglycan sacculi and
found that A3/chbC peptidoglycan was jagged and frayed, com-
pared with smooth, WT, peptidoglycan sacculi (Fig. 4a). The gross
structural defects that we observed in purified peptidoglycan sac-
culi from A3/chbC led us to ascertain the phenotypes of live cells.
We exposed parental WT A3 and A3/chbC strains to either osmotic
(NaCl; Fig. 4b) or peptidoglycan-specific (lysozyme; Fig. 4c) stress-
ors for 24h, diluted each into medium lacking stress and plated.
The parental A3 control strain produced significantly more colo-
nies, indicating that it was able to withstand osmotic and enzymatic
degradation better than the mutant (Fig. 4b,c).

Motility and physical properties of peptidoglycan with fewer
GlIcNAc-GlIcNAc  disaccharides. One distinguishing feature
of Borrelia spp. is periplasmic flagella. An individual flagellum
wraps around the cell cylinder and peptidoglycan layer to impart
a ‘flat-wave’ morphology”. Each flagellum is inserted into 7-11
motors*, which are positioned adjacent to each cell pole. Motor
rotation of the flagella produces huge torsional stress, which cre-
ates backward moving waves that propel the organism forwards.
Theoretically, contorting the cell cylinder with torque of this
magnitude would necessitate strong and flexible peptidoglycan to
counteract the deforming forces produced by the flagella*. We
speculated that defects in peptidoglycan caused by a reduction in
G-G-anhM might alter the response to flagellar ribbon tension,
thereby resulting in altered morphology. Phase-contrast micro-
graphs of individual cells show a clear discrepancy in the pitch (or
trough) of the wave between WT A3 and A3/chbC strains (Fig. 5a).
Morphometric, single-cell analysis between each population was
determined by measuring the Roundness” or the collective area
required to enclose an object in an ellipse, corrected by aspect
ratio’®”. Roundness provides a normalized assessment of devia-
tions from the typical flat-wave morphology by estimating collec-
tive differences in helical trough depth. Population-level analysis
of individual cells confirmed that there was a significant amount
of variability in the helical pitch of the chitobiose mutant strain
(Fig. 5b). Morphological changes in helicity suggest an imbalance
in the elastic force homoeostasis between the peptidoglycan and the
motility machinery.

An imbalance in counteracting forces may impact spirochaete
motility. We evaluated this possibility by a swarm assay, in which
two equidistant sites on a single semisoft agar plate were inoculated
with each strain and, after 5d of incubation, the radial distance was
measured. Although A3/chbC retains the ability to move in this
assay, the A3 WT strain translated significantly greater distances,
confirming that cell wall:motility balance was disrupted (Fig. 5¢).

These data lend support to a model in which B. burgdorferi pep-
tidoglycan homoeostasis is tuned to the torsional stress created
by periplasmic flagella®. Our analyses provide evidence that the
B. burgdorferi cell-wall composition is required to withstand the
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Fig. 6 | Biophysical properties of B. burgdorferi peptidoglycan with reduced levels of G-G-anhM. a, AM-FM topological mapping (upper) and elasticity
measurements (lower) using the Hertz contact model on purified peptidoglycan sacculi from each strain. Note that measurements collected for each
sample had dramatically different force ranges, which is reflected in colour maps (below). These images represent data collected from eight independent
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Statistical significance (") was assessed using the two-tailed, unpaired Student's t-test (P=5.3%x107°). ¢, The same line scans in b were used to measure
pixel-level height differences in each sample. Statistical significance (") was assessed using the two-tailed, unpaired Student's t-test (P=0.0028).

d, Fold-change of the elasticity of A3/chbC peptidoglycan, relative to A3, normalized by peptidoglycan height.

torsional forces produced by periplasmic endoflagella. The pheno-
typic differences (Figs. 4 and 5) we observed in bacteria unable to
import chitobiose might result solely from reduced levels of cellu-
lar peptidoglycan (Fig. 3b), or it is possible that reduced levels of
G-G-anhM could alter the biophysical properties of the B. burgdor-
feri peptidoglycan sacculus. To evaluate whether the incorporation
of GlcNAc-GlcNAc into B. burgdorferi peptidoglycan increases the
distance between muropeptides, adjacent to glycan termini (Fig. 2
and Extended Data Fig. 2), and renders peptidoglycan more flex-
ible, we carried out elasticity-based mechanical measurements
using AFM on purified sacculi. Comparative analysis of peptidogly-
can elasticity between individual sacculi appeared similar (Fig. 6a)
but, to capture the full range of measurements, the A3/chbC sample
required a colour map that extended >3x the maximum force of
WT sacculi (Fig. 6a). Tandem height and force-map measurements
revealed that peptidoglycan samples with reduced G-G-anhM were,
on average, 3.3X stiffer than those with WT levels of G-G-anhM
(Fig. 6b). We note, however, that topological height mapping also
showed differences in peptidoglycan thickness between samples
(Fig. 6¢), potentially due to less total peptidoglycan in A3/chbC
(Fig. 3b). To exclude the possibility that differences in thickness
contribute to elastic modulus differences, we normalized readouts
to peptidoglycan thickness, and performed a relative comparison
on the same sacculi. Even after accounting for thickness differences,
G-G-anhM content correlated with elasticity (Fig. 6d).

Discussion
Peptidoglycan is important in bacterial physiology, morphology,
cell biology, host interactions, and as a target for antibiotics"*"*
Peptidoglycan cell-wall chemistry is intimately linked to each pro-
cess, but typically by way of the variability in muropeptide(s) and/
or their linkages. Peptidoglycan glycan stoichiometry, on the other
hand, was thought to be invariable. In the present study, we report
that peptidoglycan from multiple strains and species of Borrelia ter-
minates glycans with G-G-anhM (Fig. 2d).

Peptidoglycan determines the shape of most bacterial cells
through its flexibility and structure****. However, in B. burgdorferi,
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the periplasmic flagellar ribbon is the main cell-shape determi-
nant””'. Modelling has indicated that peptidoglycan resists both the
natural curvature of the flagellar filaments and the stress created by
locomotion®>**. We provide evidence for this model. Specifically, we
demonstrate that bacteria unable to import chitobiose have reduced
amounts of peptidoglycan (Fig. 3) and altered peptidoglycan com-
position (Fig. 4), which results in abnormalities in cell morphology
(Fig. 5a,b).

Disrupting the balance between flagellar motion and peptido-
glycan structure impairs motility (Fig. 5c). The elastic properties
of peptidoglycan are a function of the degree and type of peptide
cross-linking, in addition to the thickness and glycan orientation
relative to the long axis®™***. Our AFM analyses suggest that a
B. burgdorferi peptidoglycan structure might endow cells with elas-
ticity by terminating glycans with G-G-anhM (Figs. 1 and 2), which
enables larger distances between adjacent peptides and increases
peptidoglycan flexibility (Fig. 6). The latter is remarkable given
that, on average, B. burgdorferi glycan length is 30 disaccharides’
and, thus, G-G-anhM can constitute only ~3.3% of all muropeptides
(Supplementary Tables 1-3). Although it is difficult to make direct
comparisons of elastic modulus results due to the variability in probe
standardization and data acquisition, our Young’s modulus mea-
surements of WT B. burgdorferi peptidoglycan (~5.2X10°Nm™
Fig. 6b) are very much in line with those published for E. coli
(~3.5% 10*N'm~2)*, which were obtained using similar sample pro-
cessing and data acquisition conditions. The elastic properties of
peptidoglycan isolated from bacteria unable to utilize chitobiose—
leading to a reduction in G-G-anhM—were reduced, resulting in
stiffer peptidoglycan (Fig. 6). Our data support the hypothesis that
the flexibility and molecular organization of the B. burgdorferi cell
wall are fine-tuned to the shape-determining properties of periplas-
mic flagella to enable optimal motility™.

The Lyme disease spirochaete lives in two distinct environments:
vertebrates and ticks”. The chbC transcript is expressed during
all phases of growth®, and is upregulated in the tick vector* and
under conditions similar to the tick midgut”, when spirochaete
replication rate is slow* and sugar metabolism is at a premium.
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The tick-associated, B. burgdorferi response regulator Rrpl is
involved in chbC upregulation in the vector, probably via RpoS".
Chitobiose is thought to be important both in cell-wall biosyn-
thesis and as a carbon/nitrogen source in the nutrient-poor tick
midgut, but through the utilization and isomerization of GlcNAc
monomers'>'>*, not the direct use of the disaccharide chitobiose in
peptidoglycan biosynthesis (Fig. 3). It is surprising that chitobiose
transport is not required to successfully complete the tick-vertebrate
enzootic life cycle of B. burgdorferi*'. Chitobiose transport accounts
for only ~37% of peptidoglycan G-G-anhM (Supplementary Table
6), which means that B. burgdorferi must possess additional, yet to
be determined, means by which G-G-anhM is synthesized.

B. burgdorferi encounters transient changes in osmotic stress
during migration from the tick midgut to the salivary glands dur-
ing feeding and subsequently in a vertebrate host”. Bacteria with
reduced chbC synthesis cannot survive in medium with >500 mos-
mol*, which is in line with our findings (Fig. 4b). Curiously, early
stages of B. burgdorferi migration in the tick are reported to coin-
cide with changes in spirochaete morphology and mode of motil-
ity*. It is possible that, similar to other pathogens that alter their
peptide cross-linking to withstand changes in environmental and
host-derived insults®, B. burgdorferi alters the amount of G-G-anhM
in its cell wall during different stages of the enzootic cycle.

Bacterial growth requires peptidoglycan turnover. Fragments
are excised from the existing sacculus and replaced with large mul-
timers, resulting in elongation. Instead of re-purposing released
muropeptides, like many diderms B. burgdorferi sheds them
into their environment’. The hallmark of muropeptide turnover
is the release of anhMurNAc-containing peptidoglycan frag-
ments®. It is tempting to speculate that G-G-anhM may be key
in peptidoglycan-associated Lyme disease pathologies’. Not only
may G-G-anhM-containing muropeptides produce unusual innate
immune-mediated responses, but also they may be responsible for
creating specificity in certain surveillance system(s)*’. The unusual
sugar organization may also be more resistant to degradation
(Fig. 4c) by host-derived lysozyme and could be key in extending
the half-life of B. burgdorferi peptidoglycan in the synovial fluid of
patients with Lyme disease arthritis’.

The evolutionary landscape of arthropods, and their resi-
dent microbial symbionts, is beginning to come into focus.
Co-evolutionary adaptive mechanisms have been fine-tuned for
tens of millions of years*. For instance, I. scapularis has co-opted
a peptidoglycan hydrolase of bacterial origins to limit B. burgdor-
feri expansion®’, while protecting itself from pathogen acquisition.
Microbial communities act in concert to alter tick midgut physiol-
ogy, impacting the frequency and transmissibility of its residents™"".
B. burgdorferihas foregone the need for seemingly essential vitamins
like thiamine, which are probably not present in tick midguts®. Our
findings provide another example of how an endoparasitic bacte-
rium has evolved to hijack arthropod components for use as a basic
cell-wall building block.

Methods

B. burgdorferi strains, genome analysis, growth conditions and analysis. All B.
burgdorferi strains used in the present study are transformable derivatives of the
type strain'’. B. burgdorferi B31-5A11, B31-5A3 and a non-infectious clone of B31-
5A3 (ref. *°) were provided by F. Gheradini (National Institutes of Health (NIH)),

J. Coburn (Medical College of Wisconsin) and U. Pal (University of Maryland),
respectively. The B31-5A3/chbCl1 strain was provided by P. Rosa (Rocky Mountain
Labs, NIH) and has been characterized elsewhere?'. B. hermisii strain HS1 was
purchased from American Type Culture Collection (ATCC).

All Borrelia strains were grown in Barbour-Stoenner-Kelly II (BSK-II) medium
supplemented with 6% heat-inactivated rabbit serum (Gibco Laboratories),
hereafter referred to as BSK-II complete culture medium®'. We note that BSK-II
complete culture medium contains yeast autolysate, which is a source of chitobiose
(Extended Data Figs. 3 and 4). Metabolic labelling studies simply replaced
unlabelled GlcNAc (Sigma-Aldrich, 0.33 gl™!) with [1-*C]GlcNAc or [1-2C]
ManNAc (Omicron Biochemicals). GIcNAc-free BSK-II was supplemented with
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varying amounts of GalNAc or ManNAc (Sigma-Aldrich), as described in the text.
Regardless of medium manipulations, all cultures were incubated at 37 °C with 5%
CO,. Bacteria were enumerated using Incyto C-Chip disposable haemocytometers
(SKC Inc.). All measurements were performed in triplicate and the average was
reported or used to normalize material for downstream analysis.

The entire genome of each B. burgdorferi strain was sequenced to confirm:
(1) plasmid content; (2) clean deletion of A3/chbC; (3) A3/chbC free of polar
mutations; and (4) clonality (Supplementary Tables 4 and 5). We note that cells
collected for DNA analysis were from a small fraction of a larger batch of culture
that was used for peptidoglycan analysis and, thus, were the same passage. For
instance, 450 ml of batch culture was split into 40 ml and 410 ml before harvesting
cells by centrifugation. After washing each 3x with phosphate-buffered saline
(PBS), genomic DNA was purified using quick-DNA miniprep plus kit (Zymo
Research) following the manufacturer’s reccommended procedures for the
40-ml culture, whereas the rest was used to attain a highly pure preparation
of peptidoglycan (below). Purified DNA was sequenced and assembled by the
Microbial Genome Sequencing Center. Reads were analysed using breseq™ (freely
available online at http://barricklab.org/breseq) to align Illumina reads with
reference genome. We ran breseq separately for each of three strains to identify
base-pair substitutions and plasmid profiles relative to the reference genome
B. burgdorferi B31 clonal isolate 5A3 (RefSeq GCF_000008685.2). Outputs were
analysed manually and summarized in Supplementary Tables 4 and 5.

For peptidoglycan purification, cells were harvested when cultures reached
a density of ~5x 107 cellsml™ by centrifugation at 3,500g for 15min at 4°C. The
resulting pellet was gently washed 3x with PBS before being centrifuged at 3,000g
for 15min at 4°C. Whole-cell lysate pellets were stored at —20 °C for later use.
For direct comparative purposes (A3 versus A3/chbC), cells were enumerated and
peptidoglycan was extracted (below) from equivalent cell counts (5 X 107 cells ml™).

Peptidoglycan isolation: intact peptidoglycan sacculi. Peptidoglycan was
isolated and purified from 0.25-21 of mid-log phase cultures; volumes depended
on application. Regardless of culture volume, all peptidoglycan was prepared
following previously published procedures”. The final pellet, containing intact
peptidoglycan sacculi, was resuspended in 495 ul of ultra-pure H,O. Intact
peptidoglycan sacculi were stored at 4°C for AFM analysis or used to generate
digested muropeptides as described in the following sections.

Peptidoglycan processing for muropeptide analysis. Intact peptidoglycan
sacculi, resuspended in NaHPO,/NaH,PO, buffer (5mM, pH 5.5) containing
mutanolysin (7.8 pl, 4000 U ml™; Sigma-Aldrich), were digested overnight at
37°C with shaking. The following morning, an additional 7.8 pl of mutanolysin
was spiked in and allowed to incubate, shaking, for 5h at 37°C. The mutanolysin
digest was then heat inactivated at 100 °C for 10 min. After heat inactivation, the
digest was cooled to room temperature and centrifuged at 22,000g for 30 min.
The supernatant (containing digested peptidoglycan muropeptides) was carefully
moved to a preweighed microfuge tube without disturbing the pellet (undigested
peptidoglycan). The supernatant, containing digested muropeptides, was dried and
the final weight determined.

Purified, dried muropeptides were fully dissolved in 150 pl of saturated
sodium borate buffer, pH 9.25. Sodium borohydride or borodeuteride (50 mg)
was dissolved in 500 ul of LC-MS-grade H,0, and an aliquot (50 ul) was added
slowly to the muropeptide solution with mixing after the addition was complete.
The reduction was quenched after 1h by the addition of LC-MS-grade formic acid
(~10ul) to a pH of ~3 as evaluated by pH paper. Samples were then immediately
snap-frozen and dried using a high vacuum line equipped with a liquid nitrogen
solvent trap. Dried samples were stored desiccated until analysis, which involved
reconstitution in H,0:MeCN (200 pl, 9:1, v:v) containing 0.1% formic acid.
Reconstituted samples were sonicated in a water bath for 10 min and centrifuged at
4°C (13,000¢, 10 min). From the centrifuged sample, 180 ul was placed in a labelled
LC-MS vial for analysis.

LC-MS analysis. Analyses were performed on a Shimadzu LCMS9030 QToF
instrument interfaced with a LC-40B X3 UPLC, a SIL-40C X3 autosampler (10°C)
and a CTO-40C column oven (40°C). Gradient separations utilized a BEH C,4
column (2.1 mm X 50 mm, 1.7-pm particle size; Waters) with solvent A (0.1%
formic acid in water) and solvent B (0.1% formic acid in MeOH) at a constant
flow rate of 0.4 mlmin~". Initial solvent conditions were 99:1 (A:B) which was
held constant for 3 min, followed by a shallow linear gradient to 8% B at 12 min,
then to 20% B at 24 min and finally to 95% B at 25 min, which was held for 4 min.
The gradient was converted to starting conditions with a 1-min gradient to 1% B
(29 min), followed by a 5-min hold. Sample injection volumes ranged from 0.5 pl to
20 pl. The first 1.25min of the separation was diverted to waste to avoid reduction
reaction product contamination of the mass spectrometer interface.

The mass spectrometer was operated in positive ion mode using electrospray
ionization and external calibration (Nal). Interface voltage was 4.0kV at 300°C,
with a desolvation temperature of 526 °C and a DL transfer line temperature of
250°C. Gas flows (Imin') were 2, 10 and 10 for nebulizing, heating and drying
gases, respectively. Muropeptide data were collected between 1.25 and 24 min
using several different MS and MS/MS programmes. For statistical comparisons
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of strains, data were collected in MS mode only, from 400 m/z to 2,000 m/z at

0.1 Hz. Fragmentation data were collected in data-dependent mode (top three) at
low Q1 resolution, with three MS/MS spectra, before placement on the exclusion
list (15 of exclusion time). The precursor window as set to 400-2,000 m/z with
fragmentation data collected between 50 and 2,000 /z, using a ramped collision
energy (25+10V). Total duty cycle was 0.4s (0.1s per event).

LC-MS data analytics. Shimadzu.LCD files were converted to the .mzML file
format using Shimadzu LabSolutions (v.5.99 SP2). The discovery of features
and associated peak areas was performed using the xcms package (v.3.13) in the
R programming environment (v.4.0.3)°”*". The R package RamClustR (v.1.1)*’
was used to reduce spectral redundancy through the binning of the features
into groups and this reduced dataset was used for further statistical analysis.
Statistical analysis was performed using MetaboAnalyst 4.0 (ref. *°). Principal
component analysis was performed on log(transformed) and pareto-scaled
peak area values.

To determine the relative amount of G-G-anhM present in WT A3 and
A3/chbC strains, we prepared 6 independent, 450-ml culture volumes of BSK-II
complete medium. Each strain was propagated in three independent cultures
and peptidoglycan was purified from the same number of cells, in all six samples.
Relative abundances of muropeptides were quantified from all three independent
peptidoglycan samples of A3 and A3/chbC. RamClustR was once again used as
above; however, from the resulting binned dataset, data were manually curated to
ensure that all adducts and redundancies were successfully filtered out. For each
muropeptide, from each replicate, relative abundance was calculated as the amount
of muropeptide compared with the sum of all muropeptides present. These values
were averaged between all three replicates of A3/chbC and compared with the
averaged replicates of A3 for each muropeptide.

Confirmation of chitobiose in autohydrolysed yeast. The confirmation is based
on matching retention times and high-resolution mass spectrometric analysis
of both parent and fragment ions. Both a chitobiose standard (Neogen) and
autohydrolysed yeast (Yeastolate, Difco, BD & Co.) were separated by porous
graphitic carbon (PGC) LC, essentially as described previously®'. Separations
were performed on a Hypercarb PGC column (100 mm X 2.1 mm, 5-mm particle
size; Thermo Fisher Scientific) using a binary gradient of water (solvent A) and
acetonitrile (solvent B), both containing 10 mM ammonium hydroxide. The
separation began at 95% solvent A (0-2min), with a linear gradient to 75% A at
15min and then to 5% A at 20 min. The system was held at 5% A for 4 min, with a
1-min linear ramp back to initial conditions, and held for 5min. Total run time was
30min at a flow rate of 0.4 mlmin~!, with the column maintained at 50°C. The LC
unit comprised two LC-40B X3 pumps, a SIL-40C X3 autosampler (10°C) and a
CTO-40C column oven (Shimadzu Scientific). The first 1.25 min of the separation
was sent to waste, with data collection from 1.25 min to 24 min.

The mass spectrometer (LCMS9030; Shimadzu) was operated as described
for the muropeptide work using three events. Event 1 was a scan from 200 m/z, to
1,500 m/z, followed by two sequential MS/MS scans using m/z values matching
those of the [M+H]* and [M + Na]* forms of N,N’-diacetylchitobiose (425.1766
and 447.1585). Each event time was 0.1s. Collision energy for the MS/MS scans
was ramped +17V centred on 35V.

Monosaccharide analysis. Peptidoglycan glycosyl composition analysis was
performed by the Complex Carbohydrate Research Center (Athens, GA).
Peptidoglycan was purified, as described above, from two independent E. coli
K-12 and B. burgdorferi 5A11 cultures. Each sample was spiked with 20 pg of
myoinositol (internal standard) and hydrolysed (200 pl 6 M HCI, 100°C, 16h).
After solvent removal under a stream of nitrogen, glycosyl composition analysis
was performed by combined gas chromatography (GC)-MS of the alditol

acetates as described previously”. The samples were hydrolysed again in 2M
trifluoroacetic acid for 2 h in a sealed tube at 120 °C, reduced with NaBD, and
acetylated using acetic anhydride/pyridine. The resulting alditol acetates were
analysed by GC-MS analysis on an Agilent 7890A GC interfaced to a 5975C MSD,
electron impact ionization mode. Separation was performed on a 30-m Equity 1
capillary column. Alongside the samples, standards of GlcNAc, GalNAc, ManNAc
and MurNAc were also analysed.

NMR spectroscopy. Muropeptide samples and a chitotriose standard were reduced
with NaBH, as described above, followed by removal of reaction byproducts

using gravity-fed size exclusion chromatography (1 cm X 20 cm column, 15ml of
Bio-Gel P-2 medium, fine-grade) using a 9:1 (v:v) mixture of water:95% ethanol
(food grade/glass distilled) as the mobile phase. Muropeptide fractions (~0.5ml)
were collected manually and combined after assessment by ultraviolet absorption
(DeNovix DS-11 FX+) and LC-MS. Combined fractions were snap-frozen,

dried and freeze-dried once with 100% D,0O before NMR. Samples (unlabelled
muropeptides, *C-labelled and chitotriitol) were dissolved in 100% D,O, placed in
a standard NMR tube (unlabelled and chitotriitol) or a Shigemi tube (**C-labelled)
and analysed on a Bruker Biospin600 MHz instrument. Standard pulse sequences
were used for 'H, *C, COSY, gH2BC, gHMBC and gHSOC. Data were processed
using MestReNova (v.14.2, Mestrelab Research).
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Stress tests and plate recovery assay. WT 5A3 and 5A3/chbC strains were
cultured to a final density of 5 107 cellsml™" and back-diluted to a concentration
of 10°cellsml™" in 5ml in BSK-II complete culture medium. NaCl (Affymetrix)
and lysozyme (Sigma-Aldrich) were added to a final concentration of 0.1 M and
0.375pgml~’, respectively—one treatment per tube, per strain—and incubated for
24h at 37°C and 5% CO,. These conditions are identical to those used previously
for a similar purpose®. We note that the addition of 0.1 M NaCl resulted in a final
osmolality of 544 mosmol, as determined by Fiske Micro-Osmometer Model 210,
following the manufacturer’s reccommended procedure.

Four batches of 100-ml BSK plating medium were prepared as previously
described® and added to four 100-ml volumes of pre-equilibrated, 5% low-melt
agarose solution (1:1 ratio). The resulting solution was then allowed to
re-equilibrate to 48 °C in the water bath (referred to as the plating medium
hereafter). The plating medium was poured—25ml per plate, 4 plates per batch
of plating medium, for 16 plates—and allowed to solidify at room temperature for
2h. The medium poured constitutes the bottom layer. The top layer consisted of an
equal amount of culture medium, which was inoculated in a serial dilution of each
strain, for each treatment. After 9d, the colony-forming units were determined
using a magnified Petri dish light box, fitted with a grid.

The serial dilution replicates for each strain and treatment were normalized
by cell inoculum concentration, to the highest concentration, and reported as
total colony-forming units observed. Differences in total colony-forming units
were compared using a two-tailed, unpaired Student’s ¢-test and graphed in
GraphPad Prism 8.0.

Swarm/motility assay. To evaluate the motility of 5A3 and 5A3/chbC strains, we
prepared solid medium as described above, but with the following modifications:
(1) the final concentration of low-melt agarose was adjusted to 0.5% (w:v) and

(2) the entire volume-plating medium was added at once (that is, no layering)
and allowed to solidify for 4h at room temperature. After the plates solidified, we
subsurface inoculated one side of each plate with 7.5 ul of the 10° cellsml™" of 5A3,
and the other with equal amounts of 5A3/chbC. This was repeated for a total of
five plates.

After 5d we measured the radius, in millimetres, of the disseminated colony
in four different directions. These values were averaged to obtain a single, average
radius value, which was recorded for both strains on each plate. Differences in the
five average radius values for 5A3 and 5A3/chbC were compared using a two-tailed,
unpaired Student’s t-test and graphed in GraphPad Prism 8.0.

Sample preparation, brightfield microscopy and image analysis. The
morphological differences between 5A3 and 5A3/chbC were evaluated using
phase-contrast microscopy on fixed cells. Briefly, both strains were cultured to a
final density of 107 cellsml™" in BSK-II complete culture medium. Cells were fixed
by adding 16% paraformaldehyde, from a fresh ampoule to a final concentration
of 1.8% (v:v), as previously described®. The mixture was incubated with gentle
agitation for 10 min at room temperature, followed by 20 min on ice. Fixed cells
were harvested by centrifugation at 3,500¢ for 15min at 4°C, and washed 3Xx with,
and resuspended in, PBS.

Fixed cells were spotted on 2% agarose (in PBS) pads, as previously described™.
Phase-contrast micrographs were acquired on a Zeiss Axio Observer equipped
with an oil-immersion phase-contrast objective Plan Apochromat 100x/1.45
numerical aperture (Nikon) using a Hamamatsu Orca-Flash 4.0 V3 Digital CMOS
camera. Image acquisition occurred on the same day, using the same agarose pad,
which was split in half. Cell preparation, image acquisition and analysis were
repeated to ensure reproducibility. Results from independent experiments were
almost identical and, thus, results from one experiment were reported.

We attempted to use the automated cell detection software Oufti, as has
been done in the past for B. burgdorferi phase-contrast micrographs™. However,
the gross morphological changes (Fig. 5) in 5A3/chbC made cell detection
challenging. We opted for an alternative approach whereby a threshold was
applied to each phase-contrast micrograph, using Fiji. This resulted in clear cell
outlines, with clean cell boundaries, for virtually all cells in a field of view (see
Supplementary Fig. 32, for example). After semi-automated cell detection, we
used the macro function Roundness to calculate differences in cell shape. In the
present study, the cell area is fitted to an ellipse, normalized by the aspect ratio of
the object—an established method to evaluate the differences in the area that a cell
occupies”. Values were attained from >300 cells for each experiment and statistical
significance was determined by an unpaired Student’s ¢-test.

AFM. A suspension of purified peptidoglycan (above), isolated from 5A3 and
5A3/chbC, was created with ultra-pure water, diluted 1:5 (v:v), and 50 pl was
deposited on to a freshly cleaved mica sheet (10 mm in diameter) attached to a
metal AFM sample puck with epoxy. Samples were incubated for 5min before
being dried with nitrogen gas. All images were acquired using a Jupiter-XR AFM
(Oxford Instruments Asylum Research) operating in amplitude-modulated-
frequency-modulated (AM-FM) mode with an AC160TS-R3 (Olympus)
cantilever. Cantilever oscillation was produced using photothermal excitation.
The cantilevers first Eigen and second Eigen modes were tuned to free amplitudes
of 2 and 0.025V, respectively. The setpoints were established to achieve a phase
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angle <90° (repulsive regime) to permit stiffness image acquisition: typically, 1.5
and 0.018V, respectively. Stiffness values were calculated using the Hertz contact
model assuming that the radius of contact was 8 nm. Before image acquisition,
the cantilever spring constant was calibrated using Asylum Research’s GetReal
Calibration Software API. Raw data files were processed and analysed using
Gwyddion. Height and stiffness measurements were compiled in Gwyddion and
results graphed using GraphPad Prism 8.0.

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

Data availability

All data collected from our studies can be found in the main article, Supplementary

information, Extended data and Source data. The raw WGS data can be found
here: strain B31-5A11, accession no. SAMN21566060 (https://www.ncbi.nlm.nih.
gov/biosample/SAMN21566060; strain B31-5A3, accession no. SAMN21566061

(https://www.ncbi.nlm.nih.gov/biosample/21566061); strain B31-5A3n.1, accession

no. SAMN21566062 (https://www.ncbi.nlm.nih.gov/biosample/21566062); strain
B31-5A3/chbC, accession no. SAMN21566063 (https://www.ncbi.nlm.nih.gov/
biosample/21566063). Source data are provided with this paper.
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Extended Data Fig. 1| Growth of 5A11 B. burgdorferi in BSK-1l complete media supplemented with GIcNAc, ManNAc, or GalNAc. Growth of 5A11 B.
burgdorferi in BSK-1I complete media supplemented with GIcNAc, ManNAc, or GalNAc. Values represent the mean and standard deviation of three
independent cultures.
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Extended Data Fig. 2 | LCMS chromatogram of borohydride reduced 5A11 B. burgdorferi peptidoglycan. Extended Data Fig. 2: @) LCMS chromatogram
of borohydride reduced 5A11 B. burgdorferi peptidoglycan (left) and corresponding MS/MS spectra of borohydride reduced muropeptide 5 (right). The
TIC is shown in black and the abundance of boro-hydride reduced muropeptide 5 is shown in orange (1053.4277-1053.4699 m/z scanned). The precursor
ion selected for MS/MS is shown in orange. b) LCMS chromatogram of borodeuteride reduced 5A11 B. burgdorferi peptidoglycan (left) and corresponding
MS/MS spectra of muropeptide 5 (right). The TIC is shown in black and the abundance of borodeuteride reduced muropeptide 5 is shown in purple
(1053.4289-1053.4711m/z scanned). The precursor ion selected for MS/MS is shown in purple.
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Extended Data Fig. 3 | LC-MS Analysis of a Chitobiose Standard. LC-MS Analysis of a Chitobiose Standard. a) LC-MS traces using Selected lon
Monitoring (SIM) of the sodiated ion, and the Total lon Chromatograms (TIC) for MS2 analysis of the protonated and sodiated species. b) MS2 spectra for
the protonated (top) and sodiated (bottom) forms of chitobiose. Spectra summed over the time window indicated in the grey box (4.80-5.17 min).
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describe the data and its source.

Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.
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Data collection Describe the data collection procedure, including who recorded the data and how.

Timing and spatial scale |/ndicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which
the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.

Did the study involve field work? [ ] Yes [ ]no

Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.q. temperature, rainfall).
Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Access & import/export Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChiIP-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaesontology and archaeology @ |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Antibodies

Antibodies used

Validation

Describe all antibodies used in the study, as applicable, provide supplier name, catalog number, clone name, and lot number.

Describe the validation of each primary antibody for the species and application, noting any validation statements on the
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s)

Authentication

State the source of each cell line used.

Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.

Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for

Commonly misidentified lines

(See ICLAC register)

mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Name any commonly misidentified cell lines used in the study and provide a rationale for their use.

Palaeontology and Archaeology

Specimen provenance

Specimen deposition

Dating methods

Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information).

Indicate where the specimens have been deposited to permit free access by other researchers.

If new dates are provided, describe how they were obtained (e.qg. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight

Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Wild animals

Field-collected samples

Ethics oversight

For laboratory animals, report species, strain, sex and age OR state that the study did not involve laboratory animals.

Provide details on animals observed in or captured in the field; report species, sex and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released,
say where and when) OR state that the study did not involve wild animals.

For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics

Recruitment

Ethics oversight

Describe the covariate-relevant population characteristics of the human research participants (e.g. age, gender, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study
design questions and have nothing to add here, write "See above."

Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration |Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Outcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.
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Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[] Public health

|:| National security

|:| Crops and/or livestock

|:| Ecosystems
|:| Any other significant area
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Experiments of concern
Does the work involve any of these experiments of concern:
Yes
Demonstrate how to render a vaccine ineffective
Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen
Alter the host range of a pathogen
Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

KRIJRREKIRIR &
Ooogdoogo

Any other potentially harmful combination of experiments and agents

ChlP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC)

enable peer review. Write "no longer applicable" for "Final submission" documents.

Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and




Sequencing depth whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChiP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot
number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChiP-seq data. For custom code that has been deposited into a community

repository, provide accession details.

Flow Cytometry

Plots

Confirm that:

|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation
Instrument

Software
Cell population abundance

Gating strategy

Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.
Identify the instrument used for data collection, specifying make and model number.

Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type

Design specifications

Indicate task or resting state; event-related or block design.

Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used

Acquisition
Imaging type(s)
Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI [ ]Used

to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Specify: functional, structural, diffusion, perfusion.
Specify in Tesla

Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

[ ] Not used
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Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | Whole brain [ | ROI-based [ ] Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).
Models & analysis

n/a | Involved in the study
M |:| Functional and/or effective connectivity

|:| M Graph analysis

M |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis All plots were generated using R or GraphPad and the methods are described in test.

Multivariate modeling and predictive analysis | Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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