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Figure 3. Spatio-functional patterns of gene flow into the GPA clade. (A) Global topological patterns
of HGT across GPA chromosomes (top) are broken down by COG functional class (bottom). Left and
right replichores have been combined for simplicity. HGT density is scaled by individual COG class
rather than globally. Note in this context that high HGT densities for COG I and H in the Far Origin
zone, and COG J in the origin zone are associated with relatively few genes, thus making little
impression on overall HGT density. COG classes were hierarchically clustered based on the
proportion of HGTs in the respective COG found in each zone. (B) High synteny of GPA-vertical
genes in G. kaustophilus, chosen as a representative member of the GPA clade, and their orthologues
in B. subtilis strain 168. Areas of high vertical gene density in B. subtilis, particularly in areas
corresponding to GPA-defined Origin and Flank zones, are associated with higher average expression.
Upregulation of expression in poorer media (lighter blue shades) is evident around the terminus and
elsewhere. Thick blue lines represent LOESS regression fits between replicate-averaged expression
values and gene midpoints.

Considering the near-origin zone, we find an enrichment for genes involved in transcription
regulation (COG K) and signal transduction (COG T) as well as defence-related functions
(COG V). Arguably the most noticeable enrichment, however, comes from genes related to
cell wall/membrane biogenesis (COG M). 49.7% of HT genes that belong to this category
cram into a region that comprises only 17% of the genome. Genes of unknown function

(COG S/V), as might be expected, are prevalent in both high-HGT zones (Fig. 3A).

We propose that the near-origin high-HGT zone is where it is and contains the types of genes

that it does not because of constraints imposed by fast growth but by a developmental

12



bioRxiv preprint first posted online Aug. 2, 2018; doi: http://dx.doi.org/10.1101/381442. The copyright holder for this preprint (which was
not peer-reviewed) is the author/funder. It is made available under a CC-BY 4.0 International license.

program characterized by lack of growth - sporulation. To see why, consider what happens at
the early stages of sporulation, as reviewed for B. subtilis by Hilbert and Piggot (2004): after
the sporulation program is initialized, the chromosome is duplicated and one copy localizes
to each pole of the pre-divisional cell, a region around the origin being recognized by the
RacA protein and tethered to the cell membrane (Fig. 4A). Then, the cell divides
asymmetrically. A septum forms that establishes a mother cell and a prespore/forespore
compartment. Importantly, septation traps approximately the first third of one of the
chromosomes in the forespore (Frandsen et al. 1999). When projected onto a GPA genome,
this corresponds remarkably well to the outer edge of the HGT-enriched near-origin zone.
The remainder of the chromosome, along with the entire second copys, is at this point
confined to the mother cell. Active translocation through the septum eventually reels the rest
of the chromosome into the forespore, but for a critical period of early spore formation,
genome dosage and expression in the two compartments are asymmetric (Frandsen et al.
1999). To contribute to gene expression in the very early forespore, before feeding channels
to the mother cell have been established, genes need to be located on the first third of the
chromosome. Indeed, there is a conspicuous cluster of genes controlled by ¢", the
compartment-specific sigma factor that orchestrates gene expression in the early forespore
(Losick and Stragier 1992), in the first third of the B. subtilis chromosome (Wang et al.
2006). In contrast, no such origin-proximal clustering is evident for targets of 0°, which
replaces 0" after the chromosome has fully entered the forespore and dosage equity has been
restored (Wang et al. 2006). Notably, the same functional classes for which we find HGT
enrichments in the near-origin zone in GPA are prominent targets in the o' regulon, as
highlighted by Wang and colleagues. In the forespore-trapped first third of the B. subtilis
chromosome, this includes the transcription regulators yabT and rsfA and a slew of genes that
are either directly involved in spore morphogenesis or localized to the membrane (spollQ,

tuaF, ywnJ, pbpG, cydD).

To explore the link between spore formation, gene functional enrichment, and HGT further,
we compared the location of genes of a given COG class in spore-forming and non-spore-
forming Bacilli. We reasoned that, if relative location along the replichore is linked to the
physical constraints of spore formation, we should see a stronger enrichment for COG M
(membrane) genes in the near-origin zone in spore-forming than non-spore-forming Bacilli.

This is indeed the case. Considering GPA COG M genes located on the first ~1/3 of the
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Figure 4. Topological patterns of HGT in light of spore formation (A) Schematic representation of
HGT-enriched and —depleted zones in the forespore and mother cell during early spore formation. (B)
The upper panel illustrates the relative density of COG M vertical (yellow) and HT (green) genes
along GPA chromosomes. Left and right replichores have been combined for simplicity. The lower
two panels show the topological distribution of orthologs of GPA COG M genes in spore-forming
(red) and non-spore-forming (grey) Bacilli. Left: orthologues of those GPA genes that are located on
the origin-proximal third of the chromosome. Right: orthologues of those GPA genes that are located
in the terminus-proximal two-thirds.

chromosome (first 38%, to coincide with the dip in overall gene density), we find that their
orthologues are markedly enriched towards the origin, peaking in the near-origin zone, in
spore-forming bacteria but not in organisms that lack the capacity to sporulate (Fig. 4B,
lower left panel). Orthologues of those GPA COG M genes that are located in the latter two-
thirds show no strong topological constraint in spore-forming bacteria (Fig. 4B, lower right
panel). We find similar, albeit weaker trends, for COGs K and T (Supplementary Fig. 3).
Based on these results, we suggest that asymmetric confinement of one chromosome during
early forespore formation has affected the topological pattern of HGT into GPA spp. and

likely other spore-forming Bacilli. To contribute to early development inside the forespore,
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genes need to be actively expressed from the first third of the chromosome. Real estate in the
direct vicinity of the origin is limited and largely occupied by genes required for fast growth,
so 0"'-controlled early-acting genes cluster in the near-origin zone (Wang et al. 2006).
Innovation in early spore morphogenesis via HGT faces the same topological constraints,
concentrating HT genes in the same area. Membrane proteins might be particularly dependent
on a prime slice of real estate in the forespore for two reasons: First, continued membrane
synthesis is required for forespore growth after septation (Lépez-Garrido et al. 2018), at a
time when the opportunity for a maternal contribution is limited. Second, while some proteins
can in principle be produced in the pre-divisional cell or provisioned from the mother cell via
feeding channels, many membrane proteins rely on co-translational folding and/or insertion
into the membrane and thus need to be produced in a time-sensitive manner in the relevant
compartment. As a consequence, the distribution of membrane-associated genes, including
those that arrived via HGT, mirrors the physical compartmentalization of the chromosome
during sporulation. Note also that comparative genomic studies suggest that a contribution by
HT genes to forespore development is likely: whereas the machinery responsible for the
earliest stages of sporulation (initiation, septum formation, and asymmetric division) is highly
conserved across Firmicutes, this is not the case for compartment-specific programs
(Galperin et al. 2012; de Hoon et al. 2010); 6"-controlled genes in particular exhibit a narrow

phylogenetic distribution suggestive of high turnover (de Hoon et al. 2010).

In summary, while HGT in bacteria is ubiquitous, gene flow into host chromosomes is not
unrestricted. Our findings suggest that, in GPA and perhaps spore-forming bacteria more
generally, fast growth and sporulation jointly constrain the chromosomal niches where HT
genes can establish a foothold, both in terms of relative location along the replichore and in
terms of leading/lagging strand orientation. As a result, gene flow has principally been
directed into three broad contiguous zones: one around the terminus, preferentially housing
condition-specific metabolic genes, and two either side of the origin of replication, where we
encounter many genes with membrane function and/or localization. Comparison of older and
more recent transfers suggest that zoning is rapidly enforced and, while individual genes
come and go, zones themselves have existed in those locations for long periods of evolution.
Permissive zones encapsulate many genomic islands, which we might think of not as isolated
entities in a sea of vertical genes but rather as active volcanoes along a less visible undersea

mountain range or as busy ports of entry into the permissive zone. In addition to helping us
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better understand the rules governing microbial evolution and innovation, our results (and
approach) might also inform future genome engineering efforts. We focused on the GPA
clade, in part, because their thermophilic lifestyle has made them attractive chassis for
synthetic biology (Reeve et al. 2016; Cripps et al. 2009) and the topology of horizontal gene
flow might provide clues as to where in the genome one should aim to introduce a given
novel part. That chromosomal context affects (and is affected by) expression of an inserted
construct is well recognized (Cardinale and Arkin 2012; Yeung et al. 2017). Yet, at a time
when CRISPR/Cas technology has considerably simplified introducing blocks of DNA
anywhere in the genome, predicting good chromosomal insertion sites remains a difficult
challenge. Studying HGT patterns into a chassis of interest might help not only to identify
permissive sites but also to provide more bespoke guidance for specific genes according to
their expression requirements and cellular dependencies. Our study provides a template to

guide future efforts in this direction.

Methods

Data acquisition

We downloaded 5073 bacterial genomes (assembly level: ‘complete genome’,

Supplementary Table 1) from the NCBI Refseq database

(https://www.ncbi.nlm.nih.gov/refseq/). Each of these genomes is associated with a unique

taxonomic identifier (taxid). Where multiple assemblies were available for a single taxid, the
most recent record was chosen. Translations of all annotated coding sequences were extracted

from each genome using genbank_to_fasta.py

(http://rocaplab.ocean.washington.edu/tools/genbank to fasta/). Entries lacking valid non-
redundant protein accession identifiers (protIDs) were excluded. Where multiple protein
sequences within a single genome shared a protID, the first instance in the file was retained,
duplicates were transiently masked and re-added after orthologous gene family clustering

(see below).

Reconstructing GPA gene family histories
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As our focus is exclusively on reconstructing gene flow info the GPA clade, gene family and
phylogenetic reconstruction followed a GPA-centric approach. First, each of the 25 GPA
proteomes was reciprocally BLASTed (blastp 2.2.28+) against every other proteome with the
following parameters: -evalue 1E-10 -max_target_seqs 1 -max_hsps_per_subject 1 -seg yes -
soft_masking true. To identify paralogs within individual genomes, GPA proteomes were
BLASTed against themselves with parameters as above and all non-self BLAST hits were
considered putative paralogs. Where the BLAST bitscore between two putative paralogs was
greater than or equal to the maximum bitscore in the orthologous bitscores for either protein,
the two proteins were considered true paralogs. All RBBH and paralog relationships were
collated and subjected to clustering with MCL v. 14.137 (Enright et al. 2002) with the
following parameters: --abc -1 2.0 -te 20 -scheme 7 --abc-neg-log10 -abc-tf ceil(200). E-
values served as graph edge weights. The clustering produced a set of orthologous gene
families. At this stage, previously masked duplicate proteins were re-added to their gene
families. Whenever predicted paralogs were split amongst two or more gene families (<1% of
gene families), the gene families were removed from the analysis as this suggested mis-
clustering. Finally, gene families with fewer than four proteins were removed as unsuitable

for phylogenetic inference.

We then repeated the same BLAST-plus-MCL procedure for three additional BLAST E-
value thresholds (1E-150, 1E-100 and 1E-50, in addition to 1E-10). This was done for the
following reason: Predicting HGTs using a phylogenetic approach requires sufficient
orthologous context, but predicting HGTs into a specific model clade (rather than across the
entire gene family) means that the context required to differentiate horizontal from vertical
histories need not be comprehensive. For example, if GPA proteins in a sample gene family
have 500 orthologues predicted at high homology (E-value = 1E-150) the gene tree likely
provides sufficient phylogenetic context to predict whether the gene was transferred into
GPA or vertically inherited. Including more orthologues predicted at a lower homology
threshold (e.g. E-value = 1E-10) provides no obvious advantage since the local phylogenetic
context of the GPA proteins will still be provided by those proteins with the highest
homology, i.e. the 500 proteins at 1E-150. In such a scenario, a larger gene tree will not
provide a better context for HGT prediction into GPA but will increase the computational
cost of phylogenetic reconstruction and reconciliation. Defining gene families at different E-

value thresholds, then, allows us to apply an ad hoc gene family reduction approach to
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optimise gene family size for downstream computation. We selected gene families at the
most stringent threshold at which they contained at least 200 proteins, contained all GPA
homologs identified at the most lenient 1E-10 base threshold, and did not contain GPA
proteins other than those identified at the base threshold. Where any of the above criteria
were violated, we defaulted to the base threshold gene family. This approach reduced the
overall number of protein sequences in the analysis from 6547127 to 3789584, which was

associated with significant computational cost savings.

The protein sequences belonging to each gene family were aligned using Clustal Omega v.
1.2 (Sievers et al. 2011) with default parameters. The alignments were then used as input for
phylogenetic reconstruction using FastTree v. 2.1.8 (-gamma -boot 100) (Price et al. 2009).
Although previous studies have highlighted that FastTree often produces worse gene trees
than more computationally intensive alternatives such as RAXML (Stamatakis 2014) — see
e.g. (Zhou et al. 2018) — we settled on FastTree as a faster, more scalable alternative after
directly comparing performance (with regard to downstream classification into GPA-HT and
—vertical genes) of FastTree and RAXML using a preliminary set of 19 GPA and 3953 other
genomes. Predictions from RAXML and FastTree-derived phylogenies were highly congruent

(Supplementary Fig. 4).

Species tree reconstruction

As highlighted above, our focus was exclusively on predicting HGT events into the GPA
clade, without concern for events in the wider phylogeny. For this purpose, our species tree
needed to be representative (i.e. any taxon encountered in any of the gene trees needed to be
present in the species tree) and particularly accurate for GPA species and their local
phylogenetic context (operationally defined as Bacillaceae). Guided by these requirements,
we constructed a representative species tree in two phases. First, we assembled a species tree
with the coalescent-based method ASTRAL-II v. 5.5.9 (Mirarab and Warnow 2015) using the
entire set of gene trees as input. For input into Mowgli (see below) the output tree, which
represented all the 5070 taxa present in the underlying gene trees (two of the initial genomes
were not present in any of the final reduced gene families), was mid-point rooted and
rendered ultrametric. We then looked to confirm and — if necessary — refine the ASTRAL-II-

derived topology for the Bacillaceae (and the GPA clade contained within) using an
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orthogonal supermatrix approach. To this end, we selected all proteomes from our processed
dataset classified as Bacillaceae in the NCBI taxonomy database (N=215, including all 25
GPA proteomes), performed an all-versus-all BLAST, and clustered orthologous gene
families at two E-value thresholds (1E-10, 1E-50) as described above. At both E-value
thresholds, we selected those gene families in which the proteins were present in a single
copy in every Bacillaceae genome (1-to-1 orthologues); these were then independently
aligned using Muscle v. 3.8.31 (Edgar 2004) with default parameters and combined into a
supermatrix. The phylogenies for both supermatrices (one for each initial E-value threshold)
were reconstructed with both RAXML (parameters: -m PROTCATAUTO —p [random int] -x
[random int] -N 100) and FastTree (parameters: -1g). In all cases, at each threshold, the
topologies of the RAXML and FastTree reconstructions were identical. However, topologies
differed marginally between thresholds: within the GPA clade, the two trees disagreed in the
placement of G. sp. GHHOI. To resolve this discrepancy, we turned to a prior reconstruction
we performed on a broader set of GPA genomes (including those without completely
assembled genomes, and so excluded from the rest of this work). This larger phylogeny
strongly supported G. sp. GHHOI as an outgroup to the G. kaustophilus and G. sp. C56T3
subclades. This corresponded to the topology of the 1E-50 consensus tree, which we further

use as the consensus Bacillaceae and GPA phylogeny.

We found the ASTRAL-II-derived and supermatrix-derived Bacillaceae phylogenies to be
remarkably consistent. Within the GPA clade, we identified a single topological
incongruence: the exact branching of Geobacillus sp. GHHO, which was corrected in the
ASTRAL-II tree to conform to the supermatrix phylogeny. Discrepancies between ASTRAL-
IT and supermatrix topologies within the wider Bacillaceae were limited to closely related

strains of the same species and did not warrant further corrections.

Reconciliation

Gene evolutionary histories were reconstructed using MowgliNNI v. 2.0 (Nguyen et al. 2013)
with individual gene trees and the corrected ASTRAL-II species tree as inputs.
Reconciliation requires the provision of evolutionary cost parameters — the relative
likelihoods of gene loss, duplication, and transfer in the evolutionary history of the gene, i.e.

the major biological processes that might alternatively explain conflicting gene tree and
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species tree topologies. At a higher transfer:loss cost ratio, the reconciliation is more likely to
predict a history dominated by multiple losses than by HGTs. Although it is often assumed
that the probability of loss is higher than the probability of HGT, true costs will vary between
gene families and between species within a gene family, so choosing appropriate relative
costs is not straightforward. Even if parameters can be estimated from the data, overfitting
becomes a concern where parameters are allowed to vary across the phylogeny. As a simpler
alternative approach, we mitigated the effect of relying on arbitrary cost values by running
the reconciliation for each gene tree with different transfer:loss cost ratios. Starting at a
previously estimated cost relationship of: Loss = 1, Duplication = 2, Transfer = 3 (David and
Alm 2011), we incrementally increased the transfer cost by 1, up to a transfer cost 6. We then
selected only those gene trees in which a specific HGT event into GPA was robustly
predicted at transfer costs of 3 and 4 and further checked whether downstream results
remained robust for higher transfer costs, where the total number of events starts to decline.
This strikes a balance between robust HGT prediction and losing too many — likely genuine —
transfers because of prohibitively large transfer costs. Conversely, to be considered a vertical
GPA gene, no inferred HGT was allowed to be present at any of the transfer costs used. Gene
families with inconsistent predictions (between costs 3 and 4) regarding HGT into GPA were
allocated to the grey zone. To further increase the stringency of HGT prediction, and avoid
spurious HGT prediction due to gene tree reconstruction errors, we selected only those HGT
events with predicted donors from outside the Bacillaceae. Finally, to be considered as a
genuine HGT event, we required a given transfer to be predicted into the same branch of the

GPA phylogeny across transfer:loss ratios.

Gene function assignment

Gene functions (COG classes) were assigned using EgeNOG 4.5.1 (Huerta-Cepas et al.
2016). All GPA proteins were individually queried using emapper.py against the EggNog
bact_50 database. Of the 6726 orthologous gene families, 776 failed to find any orthologues

within the EggNOG database and are designated as V in Figures 1 and 3. Whenever a single
protein belonged to multiple COG classes, all applicable COG classes were included.

Assigning the origin of replication and left/right replichores
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The precise location of replication origins is not known for many of the genomes used in this
work, including many GPA genomes. This is true both with regard to experimental origin
determination and computational predictions like those present in the frequently used DoriC
database (Gao et al. 2013). For consistency, we therefore defined origin location as the first
coding base of the dnaA gene and assigned left/right replichore accordingly (with the right
replichore being downstream of dnaA). The dnaA gene had previously been found to be a
good proxy for origin location (Mackiewicz et al. 2004) and is used as a key predictor in
DoriC. We confirmed that dnaA location is indeed a good proxy by correlating origin
locations as predicted across all genomes in DoriC with dnaA locations. Across bacteria,
dnaA was within 1% of the genome length from the annotated origin in 88.6% of genomes

and was immediately adjacent to the predicted origin in all GPA genomes present in DoriC.

Genomic Island Predictions

Positions of GIs were downloaded from the IslandViewer 4 database (Bertelli et al. 2017),

using the ‘all methods’ set. GI predictions were available for 19 of the 25 initial GPA

genomes (17 of the 23 GPA genomes without a significant asymmetric rearrangement).

Gene expression data

Microarray data from B. subtilis strain 168 grown in different media (Borkowski et al. 2016)

were obtained from NCBI GEO (www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE78108).

For visualization in Figure 3B, expression values were averaged across replicates in each

condition.

Spore-forming vs non-spore-forming Bacilli

All Bacilli genomes in our dataset were classified as either spore-forming or non-spore-forming
based on prior family-level evidence for spore-formation capacity (Galperin 2013). All genomes
within this work belonging to Alicyclobacillaceae, Bacillaceae,

Paenibacillaceae, Sporolactobacillaceae and Thermoactinomycetaceae were considered as spore-
forming. All genomes belonging to Listeriaceae, Staphylococcaceae, and the order
Lactobacillales were considered non-spore-forming. We then excluded

Bacillaceae, Sporolactobacillaceae and Thermoactinomycetaceae from further analysis to end up
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with a non-spore-forming set of genomes that is more closely related to the GPA clade than the
spore-forming set. This was done to control for phylogenetic drag, i.e. the possibility of observing
more GPA-like trends in a given set of genomes simply because those genomes happen to be
more closely related. By taking the above steps, we conservatively stack the deck against this
possibility. Finally, where multiple genomes corresponded to the same taxonomic species (see
Supplementary Table 1), orthologue positions were averaged across all underlying genomes to

avoid bias from highly sequenced taxa.
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