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e Bacteria with multiple different chromosomes can survive
broad antibiotic exposure

e Heterozygous cells adapt chromosome frequencies in
response to external conditions

e Adjusting the chromosome ratio helps heterozygous cells
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e Heterozygosity boosts adaptive plasticity, like the benefits of
multicopy plasmids
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In brief

Shitut et al. show how bacterial
heterozygosity affects evolution and
resistance using an experimental L-form
model. Polyploid cells with varied
chromosome types survive better across
antibiotic gradients. They adjust
chromosome ratios to mitigate the costs
of antibiotic resistance, revealing new
bacterial survival strategies in complex
environments.
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SUMMARY

Although bacterial cells typically contain a single chromosome, some species are naturally polyploid and
carry multiple copies of their chromosome. Polyploid chromosomes can be identical or heterogeneous,
the latter giving rise to bacterial heterozygosity. Although the benefits of heterozygosity are well studied in
eukaryotes, its consequences in bacteria are less understood. Here, we examine this question in the context
of antibiotic resistance to understand how bacterial genomic heterozygosity affects bacterial survival. Using
a cell-wall-deficient model system in the actinomycete Kitasatospora viridifaciens, we found that heterozy-
gous cells that contain different chromosomes expressing different antibiotic resistance markers persist
across a broad range of antibiotic concentrations. Recombinant cells containing the same resistance genes
on a single chromosome also survive these conditions, but these cells pay a significant fithess cost due to the
constitutive expression of these genes. By contrast, heterozygous cells can mitigate these costs by flexibly
adjusting the ratio of their different chromosomes, thereby allowing rapid responses in temporally and
spatially variable environments. Our results provide evidence that bacterial heterozygosity can increase
adaptive plasticity in bacterial cells in a similar manner to the evolutionary benefits provided by multicopy

plasmids in bacteria.

INTRODUCTION

Bacterial cells typically carry a single haploid copy of their
genome. Although most bacterial species experience transient
polyploidy during exponential cell growth,"? several species,
including Buchnera azphidicolaz,3 Deinococcus radiodurans,”
and Vibrio cholerae,” contain multiple chromosome copies (poly-
ploidy) as a permanent feature of their life cycle.®” Polyploidy is
also observed in several extremophilic archaea,® cyanobacte-
ria,”'° and so-called giant bacteria'’'> whose macroscopic
cells can contain thousands of chromosomes. In some cases,
polyploid chromosomes are identical,®'® whereas in other spe-
cies the chromosomes are heterogeneous.'"'* This gives rise
to a form of bacterial heterozygosity that is analogous to the di-
versity that originates from allelic heterogeneity in different
copies of multicopy plasmids.'® Experiments and theory have
shown that plasmid diversity can accelerate adaptation to stress
or competition and improve survival in fluctuating environ-
ments.'®72° At the same time, multicopy plasmids often impose
a metabolic burden on host cells that can lead to reduced host
fitness (plasmid paradox).?’° Despite parallels between multi-
copy plasmids and chromosomes, the evolutionary conse-
quences of bacterial chromosomal polyploidy and heterozygos-
ity remain poorly understood.?* Our objective in this study is to
address this question using a uniquely tractable experimental
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system of cell-wall-deficient (CWD or L-form) bacteria derived
from the actinomycete Kitasatospora viridifaciens.

L-forms are bacterial cells lacking the rigid cell wall that main-
tains cell shape and structure.?>?® Cell proliferation occurs
through asymmetric processes that result from the interplay of
membrane synthesis and biophysical forces.?’>° Populations
of L-forms are highly diverse, with cell volumes that can vary
by up to two orders of magnitude (Figure 1A). More importantly,
because chromosomal segregation is unregulated, L-form cells
vary markedly in chromosomal copy number.?° This mode of
replication and proliferation, together with the fact that L-forms
can undergo cell-cell fusion,*"*? results in extensive polyploidy,
where multiple chromosomes coexist within the same cell.

To examine the effects of chromosomal polyploidy and het-
erozygosity in L-forms, we engineered a pair of chromosomes
that could be distinguished by different drug resistance and
fluorescent markers.®’ We then generated three combinations
(Figure 1B) in which markers were either carried on separate
chromosomes in different cells (mixed populations), on a single
chromosome (recombinants), or on separate chromosomes
within the same cell (heterozygous). Because all our strain types
have multiple copies of each chromosome, we use the terms ho-
mozygous to indicate cells with only one chromosome type, as
present in mixed populations and recombinant cells, and hetero-
zygous to refer to cells with different chromosome types.
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Figure 1. Cell-wall-deficient model system
(A) L-forms of wild-type K. viridifaciens have a
spherical morphology like other cell-wall-deficient
species. Nuclei, when stained with SYTO9 (green),
show multiple foci in a single cell (white arrow)—a
hallmark of polyploidy.

(B) Schematic of all strain types generated and
used in the study. The strains can be grouped
based on the chromosome co-occurrence and

Marker set

marker set (apramycin:EGFP and hygrom-
8 Hygromycin- @ ycin:mCherry).
S resistant = (C) Growth of genetically modified parental
2 méhamy (HE) o L-forms on selective media (apramycin [A], hy-
g £ ; gromycin [H], EGFP [G], mCherry [R]). AG and AR
u_:_i o Mix show growth (green biomass) only on apramycin,
whereas HG and HR show growth only on hy-
Apramycin- @ Hygromycin- gromycin. None of the individual strains can grow
resistant (AG) resistant (HR) . . . .
C D 1004 in mefilla with .boTh.ant|b|ot|cs. .
. (D) Minimum inhibitory concentration of apramy-
E 7.54 cin (top) and hygromycin (bottom) for parental AG
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D 251 tested concentrations (x axis).
004 See also Figure S1 and Video S1.
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S ) with both antibiotics (Figure 1C). The AG
E Ej 501 and HR strains, which show no difference
% 8 257 in fitness due to marker introduction (Fig-
0.0+ ure S1), were subsequently fused to

2
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We examined the growth and survival of these different popu-
lations across a range of antibiotic conditions. Our results pro-
vide strong evidence that heterozygous cells persist over a
broader range of antibiotic concentrations than homozygous
mixed populations. Moreover, we found that heterozygous cells
can adaptively adjust chromosomal frequencies—and thus allele
ratios—in response to external conditions. This makes it
possible for cells to adapt to antibiotic stress while avoiding
the metabolic costs of expressing both markers from the same
chromosome, as observed in recombinant cells. Our findings
indicate that bacterial heterozygosity can benefit cells in fluctu-
ating environments by maintaining genetic diversity, much like
multicopy plasmids.

RESULTS

Phenotypic characterization of wall-deficient cells

CWD L-forms of K. viridifaciens (Figure 1A) were genetically modi-
fied to carry combinations of an antibiotic resistance gene (either
conferring resistance to apramycin or hygromycin) and a fluores-
cence marker gene (either EGFP(G) or mCherry(R)). This resulted
in four strains: AG, AR, HG, and HR (Figure 1B). Resistance phe-
notypes were as expected, with high-level resistance to each
respective resistance allele and no cross-resistance (Figure 1C).
Apramycin-resistant strains had a minimum inhibitory concentra-
tion (MIC) of 3.1 pg/mL for hygromycin, whereas hygromycin-
resistant strains had an MIC of 1.6 ug/mL for apramycin
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3 4 5 6 create a heterozygous (Het) strain con-
taining both chromosomal types within a
single cell (Figure 1B). At the same time,
the wild-type strain was consecutively transformed to generate
a recombinant (Rec) strain containing all four markers on a single
chromosome (Figure 1B).

Growth and fluorescence of the heterozygous (Het), recombi-
nant (Rec), or mixed (Mix) (which refers to a 1:1 mixture of AG
and HR monocultures) populations were assessed by spotting
3 pL from a 0.1 ODgqo culture in different environments varying
in the presence or absence of apramycin or hygromycin (Fig-
ure 2). In the absence of antibiotics, mixed populations showed
patches of either fluorescence color (Figure 2A), with some co-
localization of fluorescence across the spot; colocalization was
quantified as the correlation between the pixel intensities
across the two channels (EGFP and mCherry) (Figure 2, bottom
rows). Growth on either antibiotic alone led to monomorphic
populations expressing only a single fluorescence marker, indi-
cating that fluorescence is a good proxy for the linked resis-
tance allele. Neither strain in the mixed combination persisted
when grown in the presence of inhibitory concentrations of
both antibiotics.

By contrast, heterozygous and recombinant cells grew under
all antibiotic exposures. In the absence of selection, heterozy-
gous populations showed patches/sectors of both EGFP and
mCherry, suggesting either a shift in the ratio of chromosomes
containing different markers or chromosomal loss resulting in
homozygous lineages. We consider the first possibility in the
next section. In the presence of both antibiotics (Figures 2B
and 2C, last column), we observed significant colocalization of
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Figure 2. Fluorescence marker expression
of strains exposed to different antibiotic
treatments

(A-C) Different strain types (A) mixed,
(B) heterozygous, and (C) recombinant grown with
or without both antibiotics, only apramycin (50 pg/
mL), or only hygromycin (100 pg/mL). Fluores-
cence microscopy of individual colonies (top
rows) and the corresponding quantification of
fluorescence (bottom rows) show the expression
and colocalization of EGFP (cyan) and mCherry
(magenta) in different strains in response to se-
lection. Pixel-wise colocalization of either marker
in both channels was quantified as signal intensity
for each pixel within the colony area. 10,000
randomly sampled points are plotted. A scatter
pattern tending toward either the x (mCherry) or y
(EGFP) axis indicates dominance of a single
marker, whereas a distribution in the top right re-
gion indicates colocalization of cells expressing
both markers. Yellow contour lines indicate the
density of spots. The bottom-left corner, also
showing high pixel density, represents pixels in
the black background with no fluorescence.
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Heterozygous cells persist across a
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in more detail, we examined cell growth
across a gradient of antibiotic concentra-
tions from 0 to 2x MIC of the parental
susceptible population, as shown in the
schematic (Figure 3A). The resulting
colonies were assessed by quantifying
colony-forming units (CFUs) (Figures
3B-3D) and with microscopy (Figures
. 3E-3G). At sub-MIC concentrations in
mixed populations, fluorescence inten-
sity of EGFP and mCherry showed ma-
rked deviations, consistent with distinct
populations resulting from the loss of
the linked drug resistance genes (Fig-

mCherry

mCherry mCherry

EGFP and mCherry signals across the colony, consistent
with the maintenance of both chromosome types (Pearson’s
Rheterozygous = 0.487, Rrecombinant = 0.885, Figure 2B bottom).
During single antibiotic selection, heterozygous populations,
like the mixed populations, shifted toward the dominance of a
single fluorophore, suggesting that the unselected marker was
lost or reduced in frequency (Pearson’s Rpeterozygous = 0.057
[apramycin], Rneterozygous = 0.28 [hygromycin]). Recombinant
cells grew in all conditions, with significantly more colocalization
of the fluorescent markers than heterozygous cells (Pearson’s
correlation coefficient, ranging from 0.663 to 0.917, Figure 2C
bottom). These results again confirm that the strains respond
to selection for growth under antibiotic exposure and in terms
of fluorescent marker expression.

ure 3E). We observed only sparse growth
at and above the MIC (Figures 3E, dotted
box, and S2A).

By contrast, heterozygous cells grew well in all antibiotic
concentrations (Figures 3B-3D). The benefit of chromosomal
diversity in heterozygous cells is shown in two ways. First, we
observed a significant relative advantage of heterozygous
versus mixed cells in terms of CFU (Figures 3B-3D, Welch t
test). Second, in contrast to mixed populations, heterozygous
cells grew well in the presence of both antibiotics at concentra-
tions at and above the MIC, as indicated by correlated patches
of both fluorescent markers (Figures 3F and S2B). Interestingly,
the advantage to heterozygous cells was observed both above
and below the MIC for single and double antibiotic exposure.
This indicates that heterozygous cells grow better over a
broader environmental range than either genotype in the mixed
populations and suggests that heterozygous cells do not pay a

mCherry
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Figure 3. Growth advantage of heterozy-
p=0.031 gous cells in different antibiotic concentra-
tions
(A) Experimental setup of individual plates con-
p=0.012 sisting of varying concentrations of apramycin
and hygromycin below and above the MIC (0-2x).
Each plate was inoculated with three strains
(mixed [dotted circle], heterozygous [smooth
white circle], and recombinant [smooth purple
circle]). Each spot represents the predicted
growth (presence or absence) and fluorescence
expression (cyan for EGFP and magenta for
0 1/4 1/2 1 2 mCherry)_

Hygromycin (xMIC) (B-D) After 3 days of growth, appropriate dilutions
were used to quantify cell numbers by plating.
Heterozygous populations (bold lines) show
growth at all concentrations, whereas mixed
populations do not (dotted lines). Significant dif-
ferences are reported for each tested pair of het-
erozygous and mixed populations (Welch t test,
n=3).

(E-G) Fluorescence images of colonies after
3 days of incubation. (E) The mixed (Mix) strain
grows well below MIC, with either EGFP or
mCherry expression corresponding to the anti-
biotic selection. Growth is significantly reduced or
absent when exposed to both antibiotics above
the MIC (dotted white box). (F) The heterozygous
(Het) strain can grow equally well across the
gradient below and above MIC. Markers not under
selection are visible in patches, consistent with
shifts in chromosome/allele frequencies. (G) The
recombinant (Rec) strain grew similarly across the
antibiotic gradient, with equal expression of EGFP
and mCherry.

See also Figures S2 and S3.
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Figure 4. Fitness cost for recombinant cells
Parental strains (A) AG or (B) HR were mixed with
the recombinant (Rec) in different starting ratios
(10:90, 50:50, and 90:10) and incubated for
11 days. Fluorescence microscopy of individual
colonies at different time points (representative
images from days 2 and 11 are shown) was used
to quantify the ratio of EGFP (cyan) and mCherry
(magenta) expressing cells, indicated as percent-
ages next to the colony image. Scale bars indicate
100 micrometer. Based on this measurement, the
ratio of (C) Rec to AG or (D) Rec to HR was
calculated over time, with the recombinant
declining at all inoculation frequencies.

See also Figure S3.

In contrast to the fixed fitness costs
observed in recombinant strains, we
tested whether these costs could be miti-
gated in heterozygous cells by flexibly
altering chromosome (resistance allele)
ratios in response to external condi-
tions.'®"® To examine this possibility,
we used quantitative PCR to quantify

@ Rec 10% the frequencies of antibiotic resistance
markers (aac(3)/V and hph for the apra-
mycin and hygromycin resistance genes,
respectively, Figure S5) in mixed, hetero-
zygous, and recombinant cells grown
across a gradient of both antibiotics.
Our results show how the frequency of
each antibiotic resistance gene changes
in the three cell types after exposure to

@ Rec 50%
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o o
0.0 0
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fitness cost for maintaining both chromosome types, even
below the MIC.

Recombinant colonies grew at all antibiotic concentrations
with a uniform expression of both fluorescence markers
(Figures 3G and S2C) and similar biomass (in terms of area)
compared with the heterozygous and mixed populations (Fig-
ure S2D). However, comparing the morphology of recombinant
colonies with heterozygous colonies, the growth of heterozy-
gous cells in colonies is less spatially uniform, suggesting the
possible loss or skew in frequencies of either chromosome
type leading to cell death (Figure S3).

Fixed versus flexible costs of antibiotic resistance

An important difference between heterozygous and recombinant
cells is that the latter constitutively expresses both markers from a
single chromosome. To quantify possible costs of this expression
in recombinant cells, we estimated the fithess of the recombinant
strain when competing against either parental strain: AG (Fig-
ure 4A) or HR (Figure 4B). Consistent with a significant metabolic
cost to antibiotic resistance, we observed that the recombinant
strain was rapidly outcompeted by the parent strains (Figure 4C),
regardless of the initial frequencies (10:90, 50:50, or 90:10).

different antibiotic concentrations (Fig-
ure 5). These results lead to the following
conclusions. First, antibiotic resistance
gene frequencies are responsive to envi-
ronmental conditions (Figures 5A-5C).
At the highest concentrations of either antibiotic (Figure 5D
blue and gray box), mixed and heterozygous populations
showed strongly skewed frequencies of each resistance allele.
In the mixed population, this skew was due to selection of either
resistant strain by the corresponding antibiotic and the extinc-
tion of the other. By contrast, in the heterozygous cells, selec-
tion acted between chromosomes within each cell, resulting in
a skewed chromosomal ratio at the per-cell level that corre-
sponded predictably to the associated antibiotic exposure (Fig-
ure 5B). Importantly, this shift in antibiotic selection caused an
almost complete loss of viability in the mixed population above
MIC (Figure 3), whereas heterozygous cells retained normal
growth. Second, although resistance markers in mixed popula-
tions were entirely lost during exposure to the higher concen-
trations of either antibiotic (ranging from 0% to 100%), they
were maintained in heterozygous cells across all drug exposure
conditions (ranging from ~3% to 97%) (Figure 5D). Thus,
although growth of mixed populations was curtailed due to
the loss of functional diversity, the maintenance of both alleles
in heterozygous cells permitted their growth across a broader
environmental range compared with the mixed population.
Resistance gene frequencies in recombinant cells were

6 9
Day
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A Mixed (Mix) B Heterozygous (Het) Figure 5. Marker ratio change over the se-
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0 84 / 0 §I§§ — (A-C) The frequency of apramycin and hygrom-
8%8 ¢ - 0.00 . ycin resistance markers was quantified via q°PCR
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0 178 1/4 172 1
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comparatively similar, regardless of antibiotic exposure and
associated costs (Figure 5C).

Chromosome frequencies in heterozygous cells
segregate in temporal and spatial antibiotic gradients
Resources and stress vary spatially and temporally in natural en-
vironments. To test whether heterozygous cells could flexibly
adjust chromosome ratios to persist in these dynamic environ-
ments, we examined growth and fluorescence (indicative of
allele frequencies) on plates with opposing antibiotic gradients
(Figure 6A). We used paper disks to create opposing antibiotic
selection gradients in the same environment. Because diffusion
from paper disks containing antibiotics occurs continuously over
time, this approach allowed us to analyze the effects of hetero-
zygosity as the colony grew.

Three days after cells were inoculated onto plates with
opposing antibiotic gradients, heterozygous cells experienced
a high concentration of one antibiotic and a low concentration
of the other. As expected, fluorescence intensities initially corre-
sponded to the level of drug exposure (Figure 6B): cells grown
near apramycin (shown in cyan) predominantly expressed
EGFP (75%), whereas cells grown near hygromycin (shown in
magenta) overwhelmingly expressed mCherry (97 %) (Figure 6C).
However, after 15 days, during which time the concentration of
both antibiotics changed due to diffusion, we observed a corre-
sponding shift in fluorescence expression owing to the persis-
tence of both resistance genes. As the concentration of

1442 Current Biology 35, 1437-1445, April 7, 2025
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sion of EGFP (from 0.6% to ~9%). The
same qualitative response was seen in
cells initially grown closer to apramycin.
As the concentration of apramycin decreased, the expression
of EGFP also decreased (by 22.4%), whereas as hygromycin se-
lection increased, the expression of mCherry increased (by
21.8%). For both cases (biomass initially close to hygromycin
or close to apramycin), the fraction of double-labeled cells
increased most visibly on the side of the colony exposed to
both antibiotics (white arrows).

Parallel experiments in antibiotic gradients were carried out
with mixed and recombinant populations (Figure S4A). As ex-
pected, mixed populations show enrichment of either cell type,
depending on the antibiotic; however, both colonies were growth
arrested over 15 days due to the diffusion of drugs (Figure S4B).
Recombinant cells grew over the 15-day period, but their marker
expression and change in marker expression were the same irre-
spective of proximity to either antibiotic disc (Figure S4C).

DISCUSSION

Bacterial polyploidy creates opportunities to increase pheno-
typic and genetic diversity within a single cell by retaining
multiple chromosomal copies.'*"®%3** To understand the
evolutionary consequences of this increased diversity, we used
cell-cell fusion in K. viridifaciens L-forms to create heterozygous
lineages that were then examined across fixed and dynamic gra-
dients of antibiotics. Our results show that heterozygosity allows
cells to persist across a broader range of antibiotic concentra-
tions than a mixed population of homozygous cells, likely owing
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Figure 6. Marker frequencies in heterozy-
gous populations growing in antibiotic se-
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(A) The antibiotic gradient was set up in the same
environment by placing filter discs (filled white
circles with colored outline) containing antibiotics
such that they diffused into the agar medium,
indicated by the gray halo. Populations were
inoculated in the center (filled white circles with
black outline), thus experiencing an increasing
gradient of a different antibiotic on each side.

(B) The response of a heterozygous population
when exposed to an opposing gradient of hygrom-
ycin and apramycin. Colonies were measured after
3 and 15 days and quantified for each fluorescent
marker. mCherry (magenta) was used as a marker
for the hygromycin gradient, and EGFP (cyan) was
used as a marker for the apramycin gradient. White
arrows indicate regions of double-labeled cells.

(C) At 3 days, the fluorescence pixel percent corre-

Change (15 vs 3 day) lated with the antibiotic selection, with highmCherry

mCherry

Double EGFP  mCherry

Pixel percent

. 0

EGFP  mCherry

Double

EGFP Double

to the persistence of both resistance genes in these cells. In
addition, we found that heterozygous cells can mitigate the costs
of antibiotic resistance by flexibly adjusting the frequency of
resistance genes to match external drug exposure. This res-
ponse occurs rapidly in the presence of a static antibiotic con-
centration and dynamically in response to a shifting antibiotic
gradient. Together, our results suggest that the plasticity pro-
vided by chromosome heterozygosity may facilitate bacterial
adaptation to environmental heterogeneity or stress.

The benefits of bacterial heterozygosity mirror the effects of
analogous systems in bacteria that increase genetic diversity,> '
gene expression,® or protein abundance® through increased
copy number. For individual genes or smaller chromosomal re-
gions, tandem gene amplifications can lead to antibiotic hetero-
resistance.>'%*” This allows otherwise susceptible cells to
become transiently drug tolerant while also increasing the num-
ber of mutational targets that can lead to more stable resistance.
Multicopy plasmids offer similar benefits in high antibiotic con-
centrations or across fluctuating environments with varying
levels of antibiotic exposure.'®

In each of these analogous systems, the benefits afforded by
increased copy number or gene expression allow flexible and
plastic responses whose effects are more rapid than genetic
changes via mutation.'®® At the same time, the costs of overex-
pression or plasmid carriage ensure that these processes are
transient and highly variable across bacterial populations. Heter-
oresistance is only observed in a minor fraction of bacterial cells,
whereas plasmid copy number can vary markedly depending on
the concentration or frequency of antibiotic exposure.'®*’ Simi-
larly, our results suggest that the benefits of chromosome het-
erozygosity are not consistent across all conditions and may
also be transient. During antibiotic exposure, chromosome
copy number can rapidly shift to increase the frequency of the

Pixel percent

(97 %) near the hygromycin gradient and high EGFP
(75%) near the apramycin gradient. From 3 to
15 days, the fluorescence pixel percent showed an
opposite trend, with an increase in EGFP (8.8%)
near the hygromycin gradient and an increase in
mCherry (21.8%) near the apramycin gradient.

See also Figure S4.

o] ——

L
EGFP

Double mCherry

appropriate resistance gene. However, just as tandem duplica-
tions and plasmids are lost, so too are chromosomes due to un-
equal segregation during cell division.*® As far as we are aware,
there are no mechanisms to ensure reliable chromosome parti-
tioning or copy number in L-form cells, although these may be
present in naturally polyploid species. In L-forms, segregational
loss can potentially be overcome by cell-cell fusion that would
recreate a new heterozygous lineage (Video S1).57:32:3940 Thjg
type of fusion and segregation is thought to have been a major
driver of the adaptability of protocells that existed before the
evolution of the more rigid bacterial cell wall.”®

Numerous processes have evolved to provide microbial
populations with the ability to generate adaptive plasticity in
response to environmental stress or instability. Our results
suggest that chromosomal heterozygosity offers bacteria yet
another mechanism to flexibly respond to shifting environments.
Further work in related systems and in naturally polyploid bacte-
rial species will be needed to assess how widespread this phe-
nomenon is across microbial groups and environments.
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KEY RESOURCES TABLE

Current Biology

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

Kitasatospora viridifaciens AG Shitut et al.®" N/A

Kitasatospora viridifaciens HR Shitut et al®’' N/A

Chemicals, peptides, and recombinant proteins

Apramycin sulphate Duchefa Biochemie Catalog #A0164
Hygromycine B Duchefa Biochemie Catalog #H0192
Polyethylene glycol 1000 NBS Biologicals N/A (discontinued)
Critical commercial assays

iTaq Universal SYBRGreen Supermix kit Biorad Catalog #1725121
Experimental models: Organisms/strains

Kitasatospora viridifaciens Ramijan et al.*° N/A
Oligonucleotides

Primer- infB_fwd 5° CGAAACGCCAGGAATATGAAG 3’ This paper N/A

Primer- infB_rev 5’ CGCCCAGGTTAAACATCAC 3’ This paper N/A

Primer- apr_fwd 5° GCAATACGAATGGCGAAAAG 3’ This paper N/A

Primer- apr_rev 5° AGATGATCTGCTCTGCCTG 3’ This paper N/A

Primer- hyg_fwd 5° ACCGTGCTCACCCCCCATTC 3’ This paper N/A

Primer- hyg_rev 5> CCGGAAGGCGTTGAGATGCAG 3’ This paper N/A

Software and algorithms

ImageJ/Fiji Schindelin et al.*’ https://doi.org/10.1038/nmeth.2019
R Studio R Core Team™? https://github.com/rstudio/rstudio

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Strains and media

Apramycin resistant:GFP (AG) and hygromycin resistant:mCherry (HR) lines of K. viridifaciens DSM40239 were used from a previous
study which details the strain construction.®" Briefly, plasmids containing the marker combinations along with a phiC31 attP site and
integrase gene were introduced into L-forms via PEG-induced transformation. The resultant transformants were directly selected on
antibiotic containing media. For the fusion strain, a poly(ethylene) glycol (10%) mediated fusion was used to fuse AG with HR followed
by two rounds of selection on both antibiotics. The resultant strain contains different chromosome types in the same cell with the
marker sets on separate chromosomes. The recombinant strain was obtained by transforming a wild-type K. viridifaciens L-form
with both sets of markers in consecutive steps such that insertion takes place on the same chromosome (Figure 1B). Transformation
was carried out using a modified protoplast transformation protocol using plasmids containing the two marker sets. The first insertion
takes place at the attP site (via phiC31 integrase) and the second insertion potentially occurs at a pseudo-attP site.*® This recombi-
nant strain contains all marker sets on the same chromosome and was enriched by selection on plates containing both antibiotics at
least 3 times. All strains were grown on L-phase broth (LPB) which consists of a 1:1 mixture of yeast extract malt extract and tryptic
soy broth supplemented with 10% sucrose and 25 mM MgCl,. Colony growth for quantification and imaging was done on L-phase
agar (LPMA) which is LPB containing 1.5% agar, 5% horse serum and 25 mM MgCl,. Apramycin and hygromycin (Duchefa Bio-
chemie) were added as per experimental requirement and all incubations were carried out at 30°C.

METHOD DETAILS

Minimum inhibitory concentration (MIC) quantification

Monocultures of AG and HR were grown in LPB for 3 days from a stock culture. These cultures were adjusted to 0.1 ODgoo and spot
diluted (1:10 over 6 rounds) on LPMA plates containing increasing amounts of antibiotics. For apramycin the range tested was (in
decreasing order): 6.25, 3.12, 1.56, 0.78, 0.39, 0.19 ug/ml. For hygromycin the range tested was (in decreasing order): 50, 25,
12.5, 6.25, 3.12 and 1.56 pg/ml. Both strains were plated on all concentrations and incubated for 3 days. Colonies in spots were
counted and CFU/mI was quantified.

el Current Biology 35, 1437-1445.e1-€3, April 7, 2025
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Competition experiment

Pairwise mixes of ODggp adjusted cultures were prepared with varying ratios of parent (AG or HR) to recombinant strains (10:90, 50:50
and 90:10), to control for frequency-dependent effects. Each mix was spotted onto media without antibiotic selection to test for the
cost of carrying resistance markers. The spot was allowed to grow over 11 days and imaging was done at day 2 (colonies become
visible), 3, 7 and 11. Images were processed and analysed for percentage of pixels in both channels (EGFP and mCherry) to track the
parental population over time. The single channel pixel percent (EGFP or mCherry) tracks the parental strain ratio while the overlap-
ping pixel percent (EGFP and mCherry) is representative of the recombinant strain.

Cell growth across a range of antibiotic concentrations

Population growth (fused and mixed) was tested across a range of antibiotic concentrations (0, %4, %2, 1 and 2x MIC of apramycin
and hygromycin). Cell culture of 3 ul in the form of a spot was grown at each specified antibiotic concentration in a plate consisting
of defined concentrations of apramycin and hygromycin as shown in Figure 3A. Each condition and strain were tested in triplicate.
After 3 days of growth at 30°C we quantified CFU/mI using the appropriate dilution and isolated single colonies for microscopic
analysis.

Microscopy and image analysis

Whole colony imaging was done by cutting out and flipping the colony into an Ibidi— 8-well chamber slide. A Zeiss LSM 900 Airyscan
2 microscope with an inverted objective was employed to visualize the fluorescently labelled microbial strains at a magnification of
40x. EGFP strains (AG, Rec, Fused) were excited at a wavelength of 488 nm, with emission detection at 535 nm. Conversely, the
mCherry strains (HR, Rec, Fused) were excited at 535 nm, and its emission was captured at 650 nm. Utilizing the Zen software devel-
oped by Zeiss, we acquired multichannel images encompassing both fluorescence and bright-field signals in a multistack format.
These images were subsequently subjected to analysis using ImageJ/Fiji.*’

Multiple tiles were imaged to cover the entire microbial colony. These tile images were then stitched together with 10% overlap.
Within each fluorescence channel, a thresholding process was applied to delineate the overall pixel area. These thresholded images
were subsequently utilized for two distinct calculations: (i) determination of the total area, accomplished by applying the OR function
in the Image calculator. (i) Computation of the fused area, achieved through the application of the AND function. The total area image
was used to create selection which is a demarcated area containing all pixel with intensity values. This area was then recreated on the
single channel and fused images to measure pixel intensity. Using the Coloc?2 plugin, a correlation was calculated for all pixels within
the selected biomass area. For plotting, a subset of 10,000 random pixels was used to identify the trend in pixel intensity between the
green and red channels. For quantifying the biomass area of colonies from images, the brightfield image was used. Thresholding was
performed to ensure the whole biomass was included followed by area measurement in Fiji. The same brightfield images were used
for convexity measurement based on pixel intensity across the biomass (plot profile) such that bright pixels indicate presence of
biomass whereas dark pixels indicate background/media. These pixel intensities across the biomass were then tested for convexity
along a line where a value of 0 indicates that the pixels are perfectly convex. In our case more convex is indicative of well grown
biomass whereas low convexity suggests patchy/rugged growth.

Quantitative PCR-based chromosome ratio estimation

Biomass of a single spot was collected and resuspended in lysis buffer. The microfuge tubes were then heat treated (90°C for
10 minutes) to break open cells for DNA extraction. The pellet was centrifuged and supernatant diluted (1:10) for gPCR analysis.
RT-gPCR was done using the iTaq Universal SYBRGreen Supermix kit (Biorad) following the vendor protocol. The reaction mix
consisted of 2 ul DNA (supernatant from above), 1 ul forward primer, 1 ul reverse primer, 10 ul gPCR mastermix (contains
dNTPs, enzyme and buffer), 1 ul DMSO (used for high GC DNA in Streptomyces) and 5 pl water. The primers were used at
a working concentration of 0.5 uM. The target was approximately 150 bp and a range of 1 ng to 0.1 pg DNA mass was
used for the standard curves. The following thermocycler program was used: 95°C for 5 min, 39 cycles of [95°C for 5s,
60°C for 30s, and 65°C for 5s], followed by 95°C for 30s.

Purified amplicons of the apramycin resistance gene (aac(3)/V) and hygromycin resistance gene (hph) were used for generating
standard curves, infB was used as a housekeeping gene for reference. Standard curves were generated (Figure S5) for the house
keeping gene (infB), apramycin resistance gene (aac(3)/V) and hygromycin resistance gene (hph). A serial 10-fold dilution was carried
out of the per product followed by gPCR and plotting ct values obtained for the known copy number (Figure S5). R? values indicated
that the Ct values can be used to accurately predict the copy number of the corresponding gene given the same PCR settings. The
above slope values were used to calculate the relative proportion of apramycin and hygromycin resistance genes in samples across
the antibiotic gradient. In each run purified pcr products (mentioned above) were used as reference and the sample (DNA obtained
from the biomass) was the test. The following formulas were used-

E = 10(—1/slope) —_1

Calculation for the sample: ACt (test) = Ct (aac(3)IV or hph) — Ct (infB)
Calculation for the purified pcr products: ACt (ref) = Ct (aac(3)IV or hph) — Ct (infB)

AACt = ACt (test) — ACt (ref)

Current Biology 35, 1437-1445.e1-e3, April 7, 2025 e2




¢? CellPress Current Biology

OPEN ACCESS

Relative chromosome number (RCN) = (1+E) %%

Resistance and growth in antibiotic gradients

To create an antibiotic concentration gradient on the plate, filter discs were prepared with the corresponding antibiotic concentra-
tions (50 ng/ml apramycin, 100 pg/ml hygromycin). These filter discs were then placed 1 cm from the bacterial inoculum. The layout of
filter discs with different antibiotics around the inoculated spot is shown in Figure S4A. The plate was then kept in the incubator for
1 hour followed by inoculation of different strain types. After inoculation colony growth and fluorescence were tracked over time (3 to
15 days).

QUANTIFICATION AND STATISTICAL ANALYSIS
All statistical analysis was performed using R Statistical Software.*” Significant differences and tests used have been mentioned in

the results where applicable. Comparison of Mixed, Recombinant and Heterozygous strains when done in pairs was by using the
Welch t test. For image analysis, pixel-wise correlation significance was calculated using Pearson’s coefficient.
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