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ABSTRACT

In eukaryotes, fine-scale maps of meiotic recombina-
tion events have greatly advanced our understanding
of the factors that affect genomic variation patterns
and evolution of traits. However, in bacteria that lack
natural systems for sexual reproduction, unbiased
characterization of recombination landscapes has
remained challenging due to variable rates of genetic
exchange and influence of natural selection. Here, to
overcome these limitations and to gain a genome-
wide view on recombination, we crossed Bacillus
strains with different genetic distances using proto-
plast fusion. The offspring displayed complex inher-
itance patterns with one of the parents consistently
contributing the major part of the chromosome back-
bone and multiple unselected fragments originating
from the second parent. Our results demonstrate that
this bias was in part due to the action of restriction—
modification systems, whereas genome features like
GC content and local nucleotide identity did not af-
fect distribution of recombination events around the
chromosome. Furthermore, we found that recombi-
nation occurred uniformly across the genome with-
out concentration into hotspots. Notably, our results
show that species-level genetic distance did not af-
fect genome-wide recombination. This study pro-
vides a new insight into the dynamics of recombi-
nation in bacteria and a platform for studying recom-
bination patterns in diverse bacterial species.

INTRODUCTION

Homologous recombination in the form of uptake and in-
tegration of DNA from exogenous sources has played a
profound role in shaping microbial evolution and specia-
tion (1). However, genetic transfer and recombination are
rare in natural bacterial populations and thus difficult to
characterize in detail. While a number of computational
methods have been developed to estimate the relative rates
and distribution of recombination events based on genome
sequences of extant bacteria (2), these analyses are con-
founded by historical selection on recombinant strains. Di-
rect measurements of recombination rates on a genome-
wide scale are technically challenging because recombina-
tion patterns can be significantly affected by efficiencies and
mechanistic specificities of DNA transfer. To date, most
experimental estimates of recombination parameters have
been conducted by transformation of naturally competent
bacteria (3-7). Several works have characterized the recom-
bination landscapes of chimeric transconjugant genomes
generated by exchange of multiple large chromosomal frag-
ments between bacteria through some unconventional con-
jugal mechanisms like mycobacterial distributive conjugal
transfer and mycoplasma chromosomal transfer (§-12). A
recent study has also determined the genomic signatures of
Hfr (high frequency of recombination)-mediated chromo-
somal transfer in interspecies hybrids between Escherichia
coli and Salmonella enterica (13). Although these studies
have provided an invaluable insight into the genetics of re-
combination, we still do not fully understand how features
of the genomic environment affect intensity of recombina-
tion around the chromosome.

Recombination on a genome-wide scale in bacteria can
be achieved by protoplast fusion (14). In this classical
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genetic engineering method, bacterial cells are stripped of
their outer layer and chemically fused together, allowing
recombination between the parental chromosomes. Origi-
nally used for routine genetic manipulation, protoplast fu-
sion has been widely adopted as a strategy to generate mi-
croorganisms with improved phenotypes for biotechnolog-
ical applications by combining beneficial alleles from dif-
ferent strains and even species (15,16). For instance, com-
binatorial shuffling of complete genomes by recursive fu-
sion of protoplast populations has been employed to en-
gineer multigenic traits for which the underlying molecu-
lar mechanisms are poorly understood, such as tolerance
to stress conditions and production of diverse metabolites
(17-19). Multiple crossover events are generally assumed to
occur across the entire genome during this process, giving
rise to mosaic chromosomes with unique phenotypic poten-
tial, analogous to meiotic recombination products in sexu-
ally reproducing organisms. Surprisingly, the exact nature
of the chromosomal rearrangements resulting from large-
scale shuffling experiments has received little attention and
to date there are few studies reporting detailed analyses
of sequenced bacterial shuffled genomes (20-22). Further-
more, due to strong selective pressure for the desired pheno-
types, these analyses could not capture the full extent of re-
combination occurring between the parental chromosomes
in protoplast fusants.

Mosaic genomes generated by DNA shuffling provide a
unique source to investigate the genomics of recombination.
In this work, we generated recombinant progeny from pro-
toplast fusion between pairs of Bacillus strains with vary-
ing degrees of nucleotide identity. We built fine-scale recom-
bination maps using next-generation sequencing and de-
veloped a computational pipeline to gain a deeper insight
into how genomic sequence parameters affect dynamics of
recombination events. Our results revealed that protoplast
fusion generates multiple recombination events distributed
across the genome with bias toward one of the parents and
no other regional biases. While core features of homolo-
gous recombination decrease with increasing genetic dis-
tance (23,24), in our study we showed that the genome-wide
outcomes were unaffected by large differences in nucleotide
identity between parental strains. This work might aid in a
better understanding of bacterial evolution in natural sys-
tems as well as provide potential insights into the use of
genome shuffling for improving cellular function.

MATERIALS AND METHODS
Strains and media

Bacillus strains used in this work are summarized in Ta-
ble 1. Bacillus subtilis subsp. subtilis 168 (25-27), B. subtilis
subsp. subtilis RO-NN-1 (28,29), B. subtilis subsp. subtilis
NCIB3610 (26,30), B. spizizenii TU-B-10 (28,31,32), and
B. velezensis FZB42 (33,34), BKK34900 and BKE13180
(35) strains were obtained from the Bacillus Genetic Stock
Center (BGSC). Bacillus mojavensis RO-H-1 (28,29) was
obtained from the American Type Culture Collection.
Parental cell lines were initially grown in low-salt LB
medium (casein digest peptone 10 g/1, NaCl 5 g/l, yeast
extract 5 g/l) with antibiotic selection as appropriate. All
cells were grown at 37°C with liquid cultures kept at 250

rpm rotation. Antibiotics used include kanamycin sulfate
(50 pg/ml) and erythromycin (20 wg/ml) used in concert
with lincomycin (12.5 pg/ml). During the shuffling proce-
dure, cells were washed and maintained in SMM buffer (36)
consisting of 0.5 M sucrose, 20 mM MgCl, and 20 mM
maleic acid. Polyethylene glycol (PEG) buffer to induce pro-
toplast fusion consisted of SMM buffer supplemented with
35% PEG 6000 (Alfa Aesar, Heysham, UK) and 10 mM
CacCl, (37). Newly shuffled cells were plated on DM3 recov-
ery medium (38) without selection and subsequently plated
on minimal medium (MM) (39) or LB agar plates. Media
were supplemented with antibiotics as described earlier and
with tryptophan (400 wM), histidine (300 wM) and methio-
nine (1 mM) as needed for various auxotrophic strains.

Strain construction

All oligonucleotide primers used in this study for construc-
tion and verification of mutant strains are listed in Sup-
plementary Table S1. The allele replacement constructs
for generation of RO-NN-1 histidine and methionine aux-
otrophic strains were amplified from genomic DNA of
strains BKK34900 (168 AhisB::kan) and BKE13180 (168
AmetE::erm) (35). Strain RO-NN-1 was then transformed
with the gene targeting fragments by natural competence,
following standard protocols (35). Transformed strains
were selected using LB medium containing the appropriate
antibiotic.

A double mutant strain of RO-NN-1, containing both
AhisB::kan and AmetE::erm, was constructed by genome
shuffling as described later.

The allele replacement constructs for deletion of the
genes encoding restriction subunit of type I restriction—
modification system (isdR) and type IV restriction endonu-
clease (mrr) were generated by splicing by overlap extension
PCR. The upstream and downstream regions of genes /sdR
and mrr and an erm cassette flanked by loxP sites were am-
plified using genomic DNA from RO-NN-1 and BKE13180
(35), respectively. The joined PCR products were introduced
into RO-NN-1 to generate strains RO-NN-1 AlsdR::erm
and RO-NN-1 Amrriierm. The erm cassette was subse-
quently removed by Cre recombinase expressed on pDR244
as described previously (35). RO-NN-1 AhisB::kan AhsdR
and RO-NN-1 AhisB::kan Amrr strains were constructed in
a second event of gene replacement.

All strains constructed in this study were verified by
whole-genome resequencing. We note that our RO-NN-1
AhisB::kan AmetE::erm parental strain contained six re-
combined fragments ranging from 10 to 1548 bp originat-
ing from B. spizizenii TU-B-10. These fragments were not
present in the original strain obtained from BGSC. They
were excluded from all further bioinformatic analyses.

Genome shuffling

Cells for genome shuffling were grown in selective liquid
media overnight, and then diluted 100-fold the following
morning. Once cultures reached an ODygy between 0.4 and
0.6, 5 ml was pelleted by centrifugation for 5 min at 8000
x g and 25°C and washed three times in 1 ml SMM buffer.
DNase I (5 pg/ml) was added to the SMM buffer (SMMD)
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Table 1. Strains used in this study

Strain Genotype Phenotype References

B. subtilis subsp. subtilis 168 trpC2 trp” (25-27)

B. subtilis subsp. subtilis RO-NN-1 Wild type Wild type (28,29)

B. subtilis subsp. subtilis NCIB3610 Wild type Wild type (26,30)

B. spizizenii TU-B-10 Wild type Wild type (28,31,32)

B. mojavensis RO-H-1 Wild type Wild type (28,29)

B. velezensis FZB42 Wild type Wild type (33,34)

BKE13180 168 AmetE::erm trp- met~ erm®R (35)

BKK34900 168 AhisB::kan trp~ his™ kan® (35)

JMB19%4 RO-NN-1 AhisB::kan Amrr his™ kan® This work

JMBI195 RO-NN-1 AhisB::kan AhsdR his™ kan® This work

JMB1 RO-NN-1 AhisB::kan his~ kan® This work

JMB3 RO-NN-1 AmetE::erm met~ ermR This work

JMB60 RO-NN-1 AhisB::kan AmetE::erm his~ met™ kan® erm® This work

JMBI12-JMB29 (Figure 1B/2A, blue) 168 AmetE::erm x RO-NN-1 AhisB::kan Wild type This work

JMB6-JMBI11, IMBP3A1-JMBP3A12 168 AmetE::erm x RO-NN-1 AhisB::kan his” met~ kan® erm®R This work

(Figure 1C/2A, orange)

JMBP3C4-JMBP3D5 (Figure 1D/2A, pink) 168 AhisB::kan x RO-NN-1 AmetE::erm his~ met~ kan® erm® This work

JMB219-JMB225 (Figure 3A) 168 AmetE::erm x RO-NN-1 AhisB::kan hist met* This work
AhsdR

JMB204-JMB210 (Figure 3B) 168 AmetE::erm x RO-NN-1 AhisB::kan his™ met” This work
Amrr

JMB239-JMB240 (Figure 3C) 168 AmetE::erm x RO-NN-1 AhisB::kan his” met™ kan® erm® This work
Amrr

JMBP4D1-JMBP4E4 (Supplementary RO-NN-1 AhisB::kan AmetE::erm x his™ kan® This work

Figure S5, dark blue) NCIB3610

JMBP4ES-JMBP4F8 (Supplementary RO-NN-1 AhisB::kan AmetE::erm x met~ erm® This work

Figure S35, light blue) NCIB3610

JMB61-JMBT75 (Supplementary Figure S5, red) RO-NN-1 AhisB::kan AmetE::erm x his™ kan® This work
TU-B-10

JMB76-JMB89 (Supplementary Figure S5, RO-NN-1 AhisB::kan AmetE::erm x met~ erm® This work

yellow) TU-B-10

JMBI135, IMB138, IMB147, JMB148, IMB154, RO-NN-1 AhisB::kan AmetE::erm x met erm® This work

JMBI155, IMB226-JMB238 (Supplementary RO-H-1

Figure S35, green)

after initial wash steps to prevent natural transformation via
DNA transport between cells. Complete protoplast forma-
tion was accomplished by resuspending washed cells in 1
ml SMM buffer with 1 mg/ml lysozyme followed by incu-
bation at 37°C for 1 h. Five hundred microliters from each
parental cell line was mixed together after protoplasting and
centrifuged for 20 min at 2000 x g at 12°C. These mixed
pools were washed once in SMMD buffer, resuspended in
400 wl PEG buffer and incubated at room temperature for
20 min. Cells were again washed in SMMD buffer and re-
suspended in 100 w1l SMMD buffer with 1% bovine serum
albumin added. The protoplast suspension was then spot-
ted on DM 3 regeneration media without selection and incu-
bated overnight at 37°C. The following day, lawns of regen-
erated cells were scraped from the regeneration plates, sus-
pended in MM and plated to selective media for isolation of
recombinant strains. The parental cell lines showed similar
protoplast regeneration efficiencies with DM3 regeneration
medium: B. subtilis subsp. subtilis RO-NN-1 (5.2 x 1071,
B. subtilis subsp. subtilis NCIB3610 (4.8 x 10°!), B. spiz-
izenii TU-B-10 (2.0 x 107!) and B. mojavensis RO-H-1
(4.0 x 101,

Strain isolation and sequencing

Individual strains were isolated either by plating serial di-
lutions or by streaking to individual colonies on selective

media. Single colonies were then picked and restreaked to
selective plates before being grown to saturation in selec-
tive liquid media. Genomic DNA was isolated using the
Qiagen DNeasy Blood and Tissue Kit (Qiagen, Valencia,
CA) according to the manufacturer’s instructions. DNA for
PacBio sequencing was isolated using the same method, but
multiple samples were combined and concentrated to ob-
tain higher concentrations. To achieve this, 1/10 combined
sample volume of 3 M sodium acetate was added to pooled
DNA, followed by 2.5 volumes of 100% ethanol. This was
mixed and incubated at —80°C for 30 min. Precipitated
DNA was then pelleted by centrifugation at 14 000 rpm for
20 min at 4°C, washed with 70% ethanol and allowed to
air dry. DNA was then resuspended in 1/10 TE buffer and
stored at —20°C until being shipped on dry ice to the Uni-
versity of Maryland for PacBio sequencing.

For strain resequencing, Nextera XT libraries (Illumina,
San Diego, CA) were generated from purified DNA of
isolated strains according to the manufacturer’s protocol
(15031942 v05), stopping after library validation. Final li-
braries were validated on an Agilent Bioanalyzer (Agilent,
Santa Clara, CA) using a DNA7500 chip and concentra-
tion was determined on an Invitrogen Qubit (Waltham,
MA) with the broad range double-stranded DNA assay.
Barcoded libraries were pooled and prepared for sequenc-
ing following the manufacturer’s recommended protocol
(15039740 v10, Standard Normalization). One paired-end
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sequencing run (2 x 301) was completed on an Illumina
MiSeq instrument (Illumina, San Diego, CA) using v3
chemistry. Illumina resequencing of strains generated by
crossing RO-NN-1A#hisB::kan AmetE::erm with wild-type
isolates was performed commercially (SNPsaurus, Eugene,
OR). PacBio sequencing was performed by the Univer-
sity of Maryland Institute for Genome Sciences (Baltimore,
MD).

Variant calling

The average sequencing coverage was 80—-100x, which pro-
vided high confidence in calling nucleotide changes. Fastq
files from sequencing were first processed with Trimmo-
matic for phred base pair quality. Reads that lost a paired
read from phred filtering were removed. Reads that were
shorter than 38 bp were removed to reduce the quantity
of nonuniquely mapping reads. Individuals were indepen-
dently run through a variant calling pipeline using software
current at the time the project started: BWA v0.7.17, SAM-
tools v1.8, Picard v2.20.8, GATK v3.8.0, VCFtools v0.1.15,
BCFtools v1.9, PLINK v1.9.0 and in-house R scripts (40—
45). Reads were aligned through BWA MEM to generate
.sam files (Sam files). SAMtools was then used to create
compressed .bam files (Bam files) for further processing.
Bam files were then parsed by SAMtools for uniquely map-
ping reads to a single locus, while multi-loci mapping reads
were removed. SAMtools was next used to order reads by
their individual genome mapping coordinate and their read
groups replaced. After removing non-mappable reads, and
remaining reads ordered and properly annotated, Bam files
were scanned for duplicate calls with SAMtools and then
were indexed via Picard. Polished Bam file reads were run
through GATK HaplotypeCaller as haploids with ‘“-ploidy
1’. BCFtools was used to filter low-coverage variants, re-
quiring a minimum read depth of 12 to confirm the vari-
ant. GATK’s HaplotypeCaller function will only annotate
the most common variant in haploid organisms, and since
sequencing errors are rare, only variants with several reads
(>20) are marked in VCF files. Variants were also BCFtools
filtered for a genotype quality of P < 0.1 x 107 to ensure
the chance of a false variant was <1:100 000. A random
subset of individuals was then scanned by eye to check for
variants in low-coverage areas, that no low-coverage vari-
ants were marked and no biallelic states were present. Final
bioinformatic analysis was done in R v3.5.0 using PLINK
ped/map file format.

Genomes of RO-NN-1 AhisB::kan AmetE::erm x RO-
H-1 shuffled strains were too divergent for read mapping
with BWA and were instead analyzed using Geneious Prime
v. 11.1.3. Sequence reads were mapped to the RO-NN-1
and RO-H-1 reference sequences. Single-nucleotide poly-
morphisms (SNPs) were identified and boundaries of the
genomic fragments inherited from each parent were then
determined manually.

Analysis of clustering of recombination fragments

Genomic proximity between recombination segments in
shuffled strains was assessed by using Moran’s [ test. In-
dividual strains with <10 recombination events were ex-

cluded from the analysis. Distance matrix was created be-
tween the endpoints of the individual recombined regions
in each shuffled strain. Then, using the Moran.I function of
the ape package in R, the null hypothesis that there is no au-
tocorrelation (clustering) of recombination fragments was
tested. To assess the significance of the Moran’s / test results,
a 95% confidence interval based on the empirical distribu-
tion of the test statistic [—log(P-value)] was created by ran-
domly permuting the dataset 999 times. Data points were
randomly assigned to the insert positions to create each per-
mutation set and Moran’s / test was performed on each of
those permuted datasets. In addition, to assess the overall
significance of the clustering test across the shuffled popu-
lations, Fisher’s exact test using the fisher. test function (with
simulate.p.value = TRUE) in R was performed on the num-
ber of significant and nonsignificant Moran’s / test results.

Genomic feature analysis

Parent detection and filtering. Within each shuffled pop-
ulation, variants were first called against each parent ref-
erence genome. However, in every recombinant population
except one, the parent strain RO-NN-1 remained the major
contributor to offspring genomes, and thus was used for all
further variant calling and genome analysis. In each pop-
ulation, variants were encoded as ‘0’ for RO-NN-1 and 2’
for the minor parent. Variants called in both parents at a
single position are likely sequencing errors that arose dur-
ing laboratory processing or DNA sequencing. Markers not
present in at least one offspring were also removed. Any
variant found in one parent and one individual was kept
for recombination and insertion analysis methods. Lists for
differential variants between parents were used for permu-
tation testing (described later).

Insert size and frequency. After variant encoding, insert
size was calculated based on the number of base pairs be-
tween continuous variants from the minor parents. The
positions and lengths of insertions from minor parents
were calculated for each individual by counting contin-
uous strings of nonreference variants and their distance
in bases along the genome. Features of shuffled genomes
were visualized by the R package ‘BioCircos’ and stan-
dard plotting libraries (46). The quantity of insertions per
strain was similarly quantified by totaling each individual’s
strings of markers originating from the minor parents. The
distributions were tested for normality using the Shapiro—
Wilk tests. The means and standard deviations were com-
pared with ¢-tests, F-tests, Wilcoxon tests and Kolmogorov—
Smirnov tests for significance.

Population-level genome feature analysis. Read mapping
statistics were calculated using VCFtools and the RO-NN-1
reference genome as the major parent (41). Read depth per
shuffle was calculated using ‘—depth’ for population-level
read depth. Likewise, VCFtools function ‘—mean-depth’
was used for broad read depth and ‘—site-depth’ was used
for variant sequence depth per individual in each shuffle.
Site mean depth was calculated by VCFtools ‘—site-mean-
depth’ function to obtain per sample mean sequence depth.



Permutation testing against genome features. Recombined
positions in the genome were examined against other ex-
tractable genomic features. IGV v2.3.5 was used for ge-
nomic feature extraction of a known methylation motif
(GAYGNNNNNNCTT) and GC content (47). Addition-
ally, known gene positions within the major parent RO-
NN-1 were also used in testing variants involved in inser-
tion detection. In each permutation test, a two-stage ran-
dom number generator was used: the first seed number to
create a list of random numbers that was then used to cre-
ate a second set of random numbers each used once in a
single iteration within tests. In each test, positions of ge-
nomic features were compared to randomly generated lists
of genomic positions to test whether insertions between par-
ents have statistical significance to SNPs/variants, methyla-
tion motifs or GC content. Each test was run against 1000
randomly generated subsets to create a P-value significance
level of 0.0001. Iteration subsets of random test positions
were based on the number of features detected. For instance,
1066 methylation motifs exist in the RO-NN-1 genome;
thus, for each iteration, 1066 random positions were
used.

Methylation to insertion testing. To investigate whether
methylation sites are closer than random to insertion sites,
we compared ‘distance in base pairs from methylation mo-
tifs to random positions’ to ‘base pair distance of motifs to
insertion sites’. A list of randomly generated genome po-
sitions was created to draw subsets per iteration equal to
the number of insertion events per population. In each it-
eration, the distance to a methylation was calculated to a
randomly drawn genome position to create a distribution
of randomly drawn base pair lengths. Then, subsets of the
1066 known methylation motifs were drawn per iteration
and base pair distance was calculated to the nearest 5’ or 3’
end of an insertion event (see Supplementary Figure S1).

Insertion events to random position testing. Insertion
events could be biased toward specific positions within the
genome. To test this, we generated two lists of random
genome positions and calculated base pair distance between
pairs of positions. For each random position in dataset 1, we
determined the distance to the closest randomly drawn po-
sition in the second random set. Then, we randomly drew
positions in the genome and calculated distance to the near-
est 5 or 3’ insertion event.

GC content permutation testing. Two similar tests for
GC content correlation to insertion positions were imple-
mented. One test examined unidirectional outward GC con-
tent away from insertion sites: from the 5 insertion, then
examining increasing windows beforehand (3’ to 5") and
the 3’ end of the insertion expanding forward (5 to 3).
GC content was measured by percent GC at increasing in-
crements through exponentially increasing windows of 2"
bases, n = 2—12 (from 22 to 2'2; 44096 bases). The same test
was performed on randomly generated insertions, unique
to each iteration, and the percent GC was calculated using
the same exponential scan pattern as variants. To generate a
list of random insertions with comparable insertion lengths,
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random markers were chosen from a list of known variant
sites between the two parents as the 5" end. To get a compa-
rable 3’ marker as the insertion switch point, actual inser-
tion sizes were randomly drawn and assigned to 5" variants
and the closest 3" differential variant was chosen in either
direction, thus creating the most similar possible insertion
size to an observed insertion size. Generation of in silico
variants required the use of the R package ‘ecodist’ (48).
A very similar test was performed scanning GC content,
but in both 5" and 3’ directions from insertion ends (scan-
ning away and into the insertion markers). A smaller set of
windows was used since the chance of double counting GC
content exists within the boundaries of in silico simulated in-
sertions. When building simulated insertions, insertion sizes
that were <1024 were removed. Thus, window sizes consid-
ered were 4", n = 1-4 (4-256 bases). Limiting the GC con-
tent scan within insertion sites to 256 bases means that up
to 50% of the insertion site was scanned for %GC content.

Wavelet analysis for population features and a range
of complexities. Wavelet transforms can analyze signal-
based data by expanding two-dimensional data into three-
dimensional space at varying scales to reveal otherwise
cryptic patterns. The underlying theory of wavelet analy-
sis is to overlay an organized specific wave of designated
length and area over a signal series to find differences in
area annotated as coefficients. Wavelets can find patterns or
quantify ‘how much of a peak’ is present at a region of a
signal that is not immediately obvious to the human eye,
and scanned at varying scales/window sizes of data (49,50).
Within this study, we implemented a continuous wavelet
transform using the Ricker wavelet as the mother wavelet
to identify regions of the genome with differing character-
istics of recombinant loci and potential hot and cold loca-
tions across recombinant populations. Ricker wavelets are
ideal for this scan type since they target one specific loca-
tion relative only to immediate upstream and downstream
signals; they are composed of three parts with a total area of
zero (two negative peaks with area = —0.5 flanking a single
positive peak with area = 1). Below is the wavelet transform
that returns the wavelet coefficients W(s, t) that are calcu-
lated across scales (s) and translation along the genome as
t (shifts across the x-axis) (51).

The resulting coefficients will indicate at specific scales
the quantity of peak present. Wavelet analysis was per-
formed using the R statistical programming language 3.5.0
(https://www.r-project.org/) and the ‘wmtsa’ package was
used for wavelet transform analysis (52). Genomic data were
encoded as ‘0’ and ‘2’ and only for relevant positions such
binary transition states collapsed only to varying positions
does not lend well to signal processing; thus, variant data
were modified in two ways (50). First, all variant positions
were summed across the population to a single vector and
spread out to their actual position, where absence of a vari-
ant was annotated as a zero. Second, data were binned down
to ~4010 data points (100x reduction) depending on the
genome marker positions of each population. Once the data
were transformed to amenable wavelet analysis qualities, the
locations with differing areas to the mean with either higher
or lower than expected values were revealed.
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RESULTS AND DISCUSSION
Genomic consequences of genome shuffling

To determine the genome-wide effects of protoplast fusion,
we crossed B. subtilis 168 and RO-NN-1. These strains
are in the same subspecies and have ~98% average nu-
cleotide identity (ANI) in shared genes (53). Successful
genome shuffling is typically assessed through simultane-
ous selection for markers present in both parents. To make
this strategy more flexible, we replaced biosynthetic genes
that are essential for growth in MM with antibiotic re-
sistance markers (Figure 1A). This approach allows se-
lection for any of four potential allele combinations. We
chose hisB and metE as biosynthetic genes, since these gene
deletions produce known auxotrophies (35) and the genes
are roughly opposite in the genome, separated by 2.2 and
2.0 Mb.

We performed two reciprocal crosses of 168 AhisB::kan
(‘168 HK’) x RO-NN-1 AmetE::erm (‘RO-NN-1 ME’) and
RO-NN-1 AhisB::kan (‘RO-NN-1 HK”) x 168 AmetE::erm
(‘168 ME’). We then selected recombinant strains contain-
ing either both mutant alleles (AhisB::kan AmetE::erm,
‘DR’) or both wild-type alleles (hist met*, “WT’). Eigh-
teen recombinant strains from each combination of shuf-
fle and selection were isolated and resequenced using short-
read sequencing. Regrettably, the 168 HK x RO-NN-1
ME prototrophic pool was contaminated by other pro-
totrophic isolates and therefore was not analyzed fur-
ther. To identify large-scale genome rearrangements, we
also sequenced two parental and four recombinant strains
using long-read sequencing. The genome sequences of
the recombinant strains were then analyzed computation-
ally to determine the genetic contributions from each
parent.

Sequencing results revealed a strong asymmetry in re-
combination, with one of the parental strains (RO-NN-1
ME or RO-NN-1 HK) contributing the majority of the
chromosome of every progeny (Figure 1B-D). All recom-
binant strains carried the selected marker flanked by differ-
ent amounts of DNA, ranging from 1 to 76 kb, that origi-
nated from the second parent (168 HK or 168 ME). In addi-
tion, we detected extensive unselected variation across their
genomes with multiple unrelated regions of recombination.
Within a single strain, these unselected recombined regions
were not distributed evenly around the chromosome, but
instead tended to be clustered in tracts within a relatively
small region of the genome (Figure 1B-D, Supplementary
Figures S2 and S3, and Supplementary Table S2). Similar
mosaic inheritance patterns have been observed after conju-
gation and natural transformation in B. subtilis and several
other bacterial species (3,4,8,12,54). The precise mechanism
creating these genomic signatures is unclear, but it has pre-
viously been suggested that localized clustering of recombi-
nation events might result from noncontiguous integration
of a single imported large donor DNA fragment (3). In this
work, however, the entire chromosomes of RO-NN-1 and
168 were brought together by protoplast fusion, suggesting
that frequent local recombination is not an artifact of DNA
transport limitations.

Interestingly, genomes of the DR progeny generated by
fusion of 168 ME and RO-NN-1 HK protoplasts showed
lower levels of complexity compared to the other two
progeny populations (Figures 1B-D and 2A, and Supple-
mentary Tables S3 and S4). Individual 168 ME x RO-NN-1
HK WT (blue) and 168 HK x RO-NN-1 ME DR (pink) re-
combinant chromosomes contained a median of 23 and 21
separate 168-derived genome segments, respectively, while
168 ME x RO-NN-1 HK DR (orange) genomes contained
a median of 1 fragment originating from 168 ME (Figure
2A). The two sets of 168 ME x RO-NN-1 HK progeny
(blue and orange) result from the same fusion and regenera-
tion process, simply plated on different selective media. DR
progeny were selected on LB with both antibiotics, while
WT progeny were selected on MM. We could not detect sig-
nificant differences in fitness between any of the parental
strains under either growth condition. Thus, the genetic
background details of each cross affect the recombination
process in subtle but important ways and further analyses
will be required to identify the factors that have promoted
enrichment of recombinant populations with different lev-
els of heterogeneity.

Recombination fragment sizes in the three progeny pop-
ulations were broadly distributed, including short inserts
and large (>60 kb) multigene fragments (Figure 2B). On
average, fragments from strain 168 replaced 4.5% (168 ME
x RO-NN-1 HK WT), 0.6% (168 ME x RO-NN-1 HK
DR) and 3.0% (168 ME x RO-NN-1 HK DR) of the chro-
mosome of RO-NN-1 (Supplementary Table S3). Long-
read sequencing of four progeny strains did not identify any
large chromosomal rearrangements. Selection ensured that
one marker from the 168 parent was necessarily present in
the recombinant progeny, and this marker was often inte-
grated as part of a >4 kb segment. The high frequency of re-
combinant segments of ~4 kb (Figure 2B, red bars) is partly
due to this bias.

Recombination can only be detected when it results in a
genetic change. The chromosomes of strains 168 and RO-
NN-1 have an average of one genetic variant approximately
every 50 bp, which allows identification of parental genomic
contributions at a similar resolution. Small recombination
events, particularly for closely related strains such as these,
may not result in any genetic change and will go undetected.
Therefore, these measurements provide a lower bound on
the recombination rate. Similarly, we chose to calculate the
minimum insert size, based on the shortest length between
recombined variants (Supplementary Figure S2). The true
length of exchanged DNA may, in some cases, be several
fold longer. The frequent single base recombination events
likely result from recombination of larger physical DNA
fragments (up to ~1 kb in length) that only alter a sin-
gle nucleotide (Figure 2B and Supplementary Figure S4),
while a substantial number of small recombination events
are missed entirely because they do not introduce any nu-
cleotide changes. Finally, we cannot rule out that some ge-
netic changes may be the result of two or more adjacent
recombination events, and it is difficult to precisely con-
firm the directionality of frequent fine-scale recombination
events. In all cases, we have chosen the most parsimonious
explanation.
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Identifying effects of genomic features on recombination

We next sought to identify genomic properties that might
have influenced recombination. We hypothesized that dif-
ferential methylation patterns in the two parents might
bias recombination directionality and localization. Methy-
lation analysis of our PacBio sequencing data confirmed
the known GAGGAC methylation motif in strain 168 (55)
and identified a different motif, AAGNNNNNNCRTC,
in RO-NN-1. The DnmA methyltransferase in strain 168
is not associated with a cognate restriction enzyme, and
methylation in this strain is instead thought to influence
transcriptional regulation (55). Conversely, strain RO-NN-
1 encodes both a putative type I restriction enzyme tar-
geting unmethylated DNA and a putative type IV restric-
tion enzyme targeting methylated DNA. We therefore hy-
pothesized that biased inheritance of RO-NN-1 genomic
DNA in recombinant progeny is due to asymmetric en-
zymatic cleavage of the 168 chromosome in fused proto-
plasts. To test this hypothesis, we constructed two RO-NN-
1 mutant strains lacking the individual type I (HsdR) and
type IV (Mrr) restriction machineries and evaluated the ef-

fect on genome-wide recombination during protoplast fu-
sion (Figure 3). We crossed RO-NN-1 HK A/ZsdR and RO-
NN-1 HK Amirr strains with 168 ME and selected for pro-
totrophic and double-resistant progeny from each cross.
Protoplast fusion between RO-NN-1 HK AAsdR and 168
ME produced viable prototrophic progeny but failed to
yield double-resistant progeny despite multiple attempts.
In the prototrophic progeny, inactivation of HsdR did not
affect the outcome of the genome shuffling experiments
and strain RO-NN-1 still contributed the major portion
of the offspring chromosomes (Figure 3A). Interestingly,
protoplast fusion between RO-NN-1 HK Amirr and 168
ME produced prototrophic progeny that displayed a 168
backbone with multiple incorporated RO-NN-I1-derived
recombined segments and double-resistant progeny with
most of the genomic DNA originating from RO-NN-1
(Figure 3B and C). These results suggested that the RO-
NN-1 type IV restriction—modification system affects the
directionality of recombination in fused protoplasts, but
other factors in both parental strains are involved in this
process.
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To investigate more subtle influences on recombination,
we examined the correlation between local recombination
frequencies and several features of the genomic context, in-
cluding proximity to methylation sites, local GC content
and SNP density (Figure 4). We performed these analy-
ses using all recombination regions in the 16§ ME x RO-
NN-1 HK prototrophic progeny where we identified exten-
sive genetic variability (Figure 1B). First, we hypothesized
that double-strand breaks caused by DNA restriction might
trigger increased homologous recombination near the re-
striction site. To test this hypothesis, we calculated distances
between the boundaries of the recombination segments and
the nearest methylation sites. Comparison of experimen-
tal data to the equivalent measurement for randomly per-
muted recombination regions showed no significant differ-
ences (Figure 4A). Thus, the methylation landscapes of the
parental strains seem to affect directionality of recombina-
tion, but they do not appear to determine the endpoints of
recombination events around the chromosomes of the oft-
spring.

Next, we analyzed GC richness of the homologous re-
gions surrounding the recombination segments in the shuf-
fled genomes and compared these results to GC content of
regions flanking randomly permuted recombination sites.
We did not reveal any bias in recombination frequency to-
ward GC content for the tested window sizes (2-512 bp, in-
creasing 2"; Figure 4B shows a 256-bp window) (Figure 4B).
These findings suggested that, at a fine scale, this aspect of
the genomic environment might not be relevant for distri-
bution of recombination events across the chromosome.

To evaluate the correlation between local sequence simi-
larity and positioning of recombination events around the
chromosome, we next estimated SNP densities in regions

flanking the recombination segments, in a similar fashion to
the analysis of GC content. Rates of transformation by ho-
mologous recombination decrease exponentially as a func-
tion of local sequence divergence (23,56,57). As a result,
we hypothesized that recombination would occur more fre-
quently in regions of high local sequence identity. How-
ever, the local SNP frequency near recombination junctions
did not differ significantly from random chromosomal loca-
tions in the tested window sizes (between 2 and 512 bp; 256
bp shown in Figure 4C). In fact, fewer recombination events
at regions of very high local sequence identity were observed
than would be predicted by chance, likely because these re-
combination events rarely produced changes in nucleotide
sequence. Similar to GC content, local SNP frequency does
not appear to cause a significant bias in genome-wide dis-
tribution of recombination events.

Patterns of recombination have been extensively investi-
gated in eukaryotes. Distribution of meiotic recombination
events across eukaryotic chromosomes is nonrandom. It
has become clear that recombination predominantly occurs
in specific regions of the genome known as recombination
hotspots, the localization of which is dictated by binding
of the histone methyltransferase PRDM0 to specific DNA
motifs (58-60). In bacteria, recombination is less orga-
nized and knowledge about the intensity of crossover events
around the chromosome is limited. Since the genomic po-
sition and relevant length scale of a potential recombina-
tion hotspot are not known a priori, we used continuous
wavelet transform analysis to simultaneously analyze aver-
age recombination frequencies of all potential positions and
lengths (Figure 4D). We identified the known hotspot at the
selection marker from the minor parent (4isB) but could not
detect any other biases. Wavelet analysis could also poten-
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tially detect regions with lower recombination frequencies
than expected by chance. One known cold spot is located
at the other selection marker (metE), but this location was
not identified in our analysis. A higher average recombina-
tion frequency would be necessary to accurately detect cold
spots.

Taken together, our analyses of the impact of genomic
context on recombination rates did not reveal positive or
negative associations. Other factors might also affect dis-
tribution of crossover events across the genome. Bacterial
chromosomal DNA is organized into a compact structure
called nucleoid by the cooperative action of DNA super-
coiling and nucleoid-associated proteins (61). Several lines
of evidence suggested that recombination could be affected
by chromosome architecture. For example, analysis of site-
specific recombination between regions scattered over the
chromosome in E. coli demonstrated that intramolecular
recombination between different nucleoid macrodomains is
highly restricted (62). The nucleoid in B. subtilis is organized
into three distinct topological domains (63). Thus, some re-
gions of the parental genomes might be randomly and tem-
porarily more accessible for recombination in protoplast fu-
sants, which could explain the higher frequencies of local
crossover events. Future investigation of the effect of DNA
topology on recombination using the computational meth-
ods developed in this study might provide a mechanistic in-
sight into genome-wide recombination patterns in bacteria.

Effects of genetic distance on recombination

Genetic distance is an important physical factor that af-
fects rates of recombination. To better understand the role

of nucleotide identity in recombination parameters, we
shuffled RO-NN-1 AhisB::kan AmetE::erm with wild-type
strains B. subtilis subsp. subtilis NCIB3610 (the parent of
strain 168, with 98% ANI), B. spizizenii TU-B-10 (93%
ANI) and B. mojavensis RO-H-1 (87% ANI). We were un-
able to generate recombinants using B. velezensis FZB42
(78% ANI). In each successful example, we selected for
strains from both potential recombinant genotypes, either
AhisB::kan metE* or AmetE::erm hisB* (Supplementary
Figure S5). After several attempts, we failed to isolate vi-
able AhisB::kan metE* recombinants from the RO-NN-1
AhisB::kan AmetE::erm x RO-H-1 cross, which we hypoth-
esize was due to genetic incompatibility. Previous studies of
natural transformation in B. subtilis demonstrated that fre-
quency of recombination decreases exponentially as a func-
tion of genetic divergence, likely because of inefficient pair-
ing between donor and recipient DNA sequences with in-
creasing number of nucleotide mismatches (23). Moreover,
detailed analyses of recombination at the rpoB locus in-
dicated that the size of recombined regions decreases sig-
nificantly with increasing genetic divergence (24). Our se-
quencing data showed no correlation between genetic dis-
tance and number of recombination events per strain (Fig-
ure 5A, Supplementary Figure S5 and Supplementary Ta-
ble S3). Furthermore, we did not detect significant differ-
ences in size distribution of the recombined segments (Fig-
ure 5B). These fragments were clustered in tracts along the
genomes of the recombinant strains and their localization
was not affected by proximity to methylation sites, local
GC content and nucleotide identity (Supplementary Fig-
ures S3, S5 and S6). In addition, except for the selection
markers, we did not detect recombination hotspots in any
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of the tested recombinant populations (Supplementary Fig-
ure S6). Collectively, these results suggested that while the
likelihood of recombination events decreases with increas-
ing genetic distance, when recombination occurs between
divergent strains, it creates extensive genetic diversity across
the chromosome at macro- and microscale.

In this work, we investigated the genomic conse-
quences of protoplast fusion between Bacillus strains. We
observed substantial unselected recombination through-
out the genome, for a broad range of fragment sizes.
Restriction—modification systems affected the directional-



ity of transfer, but no other factors were identified that bi-
ased the local position of recombination events. While we
were unable to obtain recombinants between strains with
low levels of sequence identity, genome-wide recombination
was otherwise largely unaffected by variation in sequence
identity between parental strains, even among strains clas-
sified as different species. It is worth noting that some of
the inheritance patterns identified in this work may result
from unique aspects of the recombination process during
genome shuffling. Therefore, future targeted analyses will
be required to delineate the specifics of the recombination
mechanism in fused protoplasts. These studies might facil-
itate development of new strategies for rapid cell engineer-
ing. Furthermore, combined with the computational meth-
ods developed in this study, protoplast fusion might provide
a tractable method for studying homologous recombination
at scale with minimal selection bias.
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