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Abstract

Since previous interspecies comparisons of Caulobacter genomes have revealed extensive genome
rearrangements, we decided to compare the nucleotide sequences of four C. crescentus genomes,
NA1000, CB1, CB2, and CB13. To accomplish this goal, we used PacBio sequencing technology
to determine the nucleotide sequence of the CB1, CB2, and CB13 genomes, and obtained each
genome sequence as a single contig. To correct for possible sequencing errors, each genome was
sequenced twice. The only differences we observed between the two sets of independently
determined sequences were random omissions of a single base in a small percentage of the
homopolymer regions where a single base is repeated multiple times. Comparisons of these four
genomes indicated that horizontal gene transfer events that included small numbers of genes
occurred at frequencies in the range of 1073 to 10~ insertions per generation. Large insertions
were about 100 times less frequent. Also, in contrast to previous interspecies comparisons, we
found no genome rearrangements when the closely-related NA1000, CB1, and CB2 genomes were
compared, and only eight inversions and one translocation when the more distantly related CB13
genome was compared to the other genomes. Thus, we estimate that inversions occur at a rate of
one per 10 to 12 million generations in Caulobacter genomes. The inversions seem to be complex
events that include the simultaneous creation of indels.

Introduction

Mutations occur in the DNA of all organisms both during DNA replication and in response
to DNA damage. In bacteria, genomes also can change rapidly due to the deletion of large
segments of the chromosome. Alternatively they can acquire large pieces of DNA due to
horizontal gene transfer (HGT) [12, 18, 19]. HGT can result in the acquisition of plasmid
DNA that confers new properties on its host, or it can involve the acquisition of a piece of
chromosomal or environmental DNA that becomes incorporated into the bacterial
chromosome. These acquired pieces of DNA can vary in size from a few hundred
nucleotides to tens of thousands of nucleotides with the latter often mediated by
bacteriophage or transposable elements [18].

Corresponding author: B. Ely, ely@sc.edu 803-777-2768.
Conflict of Interest: The authors declare that they have no conflict of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ely et al.

Page 2

Itis clear that HGT impacts bacterial genome evolution but the magnitude of this impact has
been debated [4]. Some have questioned whether a phylogenetic tree is even meaningful,
citing the fact that gene trees can differ from genome trees [7]. Others have suggested that
HGT occurs at a high frequency leading to few ubiquitous core genes [22]. However,
Ochman et al. [18] estimated that £. coliacquires DNA by HGT at the rate of only 16 kb per
million years, and recent data indicate that genomic segments obtained by HGT usually are
obtained from close relatives [3]. Thus, it is important to compare the genomes of wild
isolates of the same species to obtain accurate estimates about how HGT impacts genomes
in natural situations. HGT has been well studied in laboratory experiments [26], but
laboratory studies cannot incorporate either all of the variables that occur in the natural
world, or the time scales of thousands or millions of years.

Recent developments in DNA sequencing technologies have greatly reduced the costs of
sequencing bacterial genomes, and it is now practical to sequence genomes from large
numbers of wild isolates of any type of bacteria or to sequence genomes of all members of
any naturally occurring microbiome. Indeed, new bacterial genome sequences appear in the
NCBI database on a daily basis. Unfortunately, most of these genomes are present in the
database in draft form with the genome sequence present in hundreds of separate contigs
(contiguous pieces of base pair sequence). This problem can be avoided by using high
quality DNA and PacBio sequencing technologies to generate complete bacterial genome
sequences. We and others have shown that the use of PacBio sequencing technologies to
sequence a bacterial genome usually results in the entire genome being assembled into a
single contig with any plasmids that are present assembled into additional contigs [21, 23,
25].

The Ely laboratory has had a longstanding interest in the genetics of Caulobacter[10], and
recent studies have shown that the arrangement of the genes on the chromosome appears to
be scrambled when the genomes of wild type strains of Caulobacterare compared [1, 24].
To better understand this phenomenon where gene order is maintained for only small blocks
of genes, we decided to sequence and compare several genomes of a single Caulobacter
species to minimize the genetic distances among the genomes being compared and hopefully
minimize the extent of genome scrambling. Therefore, we determined the nucleotide
sequence of three C. crescentus genomes and compared the resulting genomic sequences to
that of the well-studied NA1000 genome version of the C. crescentus strain CB15 [16, 17].
Two of the C. crescentus wild type isolates, CB1 and CB2, were isolated by Dr. Jeanne S.
Poindexter in 1960 from tap water [20]. CB13 and CB15 were isolated from the same pond
near the UC Berkeley campus [20]. The available version of the original CB13 isolate is
designated CB13B1a. When these four genome nucleotide sequences were compared, we
found that genome rearrangements were observed only between distantly related members
of the species, but HGT events were much more common.

Materials and Methods

Growth of Bacteria

C. crescentus wild type strains CB1 and CB13B1a were obtained from the Ely laboratory
stock collection where they had been frozen at =72 C since 1975. C. crescentus strain CB2
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was obtained from the American Type Culture Collection (ATCC 15252). Cultures of CB1,
CB2, and CB13 were grown in 5 mL PYE Broth (0.2 % peptone, 0.1 % yeast extract, 0.5
mM CaCl,, and 0.8 mM MgSQ,) overnight at 30°C on a rotator to allow aeration [14].
DNA Isolation

DNA was extracted from 2 ml of a pelleted and re-suspended overnight bacteria culture
using the QlAamp DNA Mini Kit by Qiagen. The protocol provided by the manufacturer
was utilized with the exception of adding a 1:1 ratio of 100% ethanol instead of 2:1 ratio of
sample mixture to ethanol. The optional RNase treatment step was also completed.

Sequencing and Assembly

Extracted DNA was sent to the University of Washington, the Icahn School of Medicine, or
the Delaware Bioinformatics Institute for genome sequencing and assembly using a Pacific
Biosciences platform.

Confirmation of Correct Sequence via Sanger Sequencing

Representative homopolymer regions were resequenced utilizing Sanger sequencing.
Primers for the regions of interest were created utilizing the Integrated DNA Technologies
(IDT) Primer Quest Tool. PCR was carried out on an Eppendorf MasterCycler epgradient S.
PCR amplification of the regions of interest were performed as follows: an initial denaturing
time of 3 minutes at 94°C, the second denaturation at 94°C for 20 seconds, 20 seconds
annealing time at 51°C, extension time of 30 seconds at 72°C, and final extension time of 5
minutes at 72°C after 35 cycles. The PCR products were sent to Eurofins Genomics for
Sanger sequencing. Results were aligned against each copy of the available CB1 and CB2
sequences to identify which sequence was correct. The corrected genome sequences are
available in the NCBI database as CP023313 (CB2), CP023314 (CB1), and CP023315
(CB13B1a). The raw reads SRA from the PacBio SMRT Cells are also uploaded under those
same accession numbers.

Genome comparisons

Genome comparisons were performed by comparing the CB1, CB2, and CB13 genome
sequences to the NA1000 reference sequence using Mauve [8]. The number of generations
since a common ancestor was estimated from the number of SNPs that were present when
compared to the NA100O reference genome using an estimate of 0.003 mutations per
generation [9]. NA1000 has a doubling time of about 3 hours in defined medium at 35 C
[11], and Hentchel et al. [13] recently demonstrated that C. crescentus strain CB15 has a 5 hr
doubling time in lake water when grown in the laboratory at 30 C. Lower temperatures
would also greatly impact doubling times, and we have shown that CB15 has a one week
doubling time when grown at 10 C in PYE broth (unpublished). Taken together, these results
suggest that naturally occurring Caulobacter strains might have a minimum of a 3 to 4 day
doubling time since water temperatures will vary seasonally and with latitude.
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Results

Genome sequencing

Since, the genome nucleotide sequences of CB1, CB2, and CB13 were determined by
PacBio sequencing, the long reads generated by this method enabled us to assemble each
genome into a single contig that encompassed the entire genome. In contrast to some of the
other Caulobacter genomes [1, 24], no plasmids were observed in any of the strains. The
CB1 genome was the most closely related to the NA1000 genome. Since the NA1000
genome nucleotide sequence is thought to be accurate [16], we used this sequence as the
reference to help us determine the accuracy of the CB1 sequence. Compared to the NA1000
reference sequence, the CB1 genome sequence contained small numbers of SNPs and single
base indels that could be due to some combination of accumulated mutational differences
between the two wild isolates and sequence errors generated by the PacBio sequencing
technology. Since sequencing errors are not likely to be reproducible, we determined the
genome sequence of the CB1 strain a second time. When the two independent CB1 genome
sequences were compared, the sequences were identical except for 23 single base deletions
that were present in only one of the two sequences. Interestingly, all 23 were in GC
homopolymer regions consisting of 5 to 16 identical consecutive bases. This result indicates
that the PacBio sequencing technology generates relatively accurate nucleotide sequences
since no SNPs and only 23 single base indels in homopolymer regions were observed in two
independent determinations of a 4 Mb genome sequence.

When the 23 CB1 indels were compared to the NA1000 genome sequence, some from each
genome sequence matched the homopolymer sequence found in the NA1000 genome, while
the matching homopolymer region in the other CB1 genome sequence was one base pair
shorter. Therefore, we concluded that those 22 indels were due to sequencing errors where a
single GC base pair was omitted from a homopolymer sequence in one or the other of the
two sequence determinations. The 23rd indel was in a region that was not present in the
NA1000 reference genome so we could not determine if it was the result of the loss or a gain
of a base pair. Based on these results, we concluded that the only detectable errors in our
CB1 genome sequences were occasional omissions of a single base in a homopolymer
region and that these errors could be detected and corrected by comparison to an
independent re-sequencing of the genome.

Although CB2 was more distantly related to NA100O, we decided to use a similar approach
to correct the CB2 sequence. When a second independent genome nucleotide sequence was
determined and compared to the first, again the two sequences were identical except for the
presence of one base indels in homopolymer regions. This time 150 homopolymer
differences were observed between the two genome sequence determinations. When we
compared the 150 homopolymer sequences to the NA1000 genome sequence, we found only
67 instances where the corresponding region was present in NA1000. As we had observed
with CB1, in each of the 67 instances, the homopolymer sequence in one of the two CB2
genome sequences matched that of NA100O while the other was one base pair shorter each
time. To verify this conclusion, we designed primers and amplified seven of the 67 regions
of the CB2 genome. The amplified DNA was then subjected to Sanger sequencing, and in
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each case, the Sanger sequence matched the larger of the two homopolymer regions.
Together, these results confirmed our conclusion that the PacBio sequencing system
produces accurate bacterial genome sequences except for a small number of single base pair
omissions in homopolymer regions. Since these single base pair omissions occur randomly
in homopolymer regions during each sequencing run, two independent sequencing
determinations could be used to generate an accurate genome nucleotide sequence by
assuming that wherever there was a difference, the longer homopolymer contained the
correct number of bases. This approach was used to obtain an accurate CB13 genome
sequence as well [2].

Genome comparisons: CB1

After correcting the homopolymer sequencing errors, the CB1, CB2, and CB13 genomes
were compared to the NA100O reference genome. All four genomes were similar except that
the CB2 genome was approximately 0.5 Mb larger (Table 1). The corrected CB1 genome
was most similar to that of NA1000 with only 26 SNPs, 12 one-base indels, three small
indels, and four larger indels (Table 2, Fig. S1). If C. crescentus strains accumulate
mutations at the rate of 0.003 mutations per generation as proposed by Drake [9], then CB1
would be separated from NA1000 only by about 10,000 generations or about 100 years if
these strains had been doubling at an average rate of once per 3 to 4 days. The CB1 genome
contains all of the genes present in NA1000 (Table 3), but it also includes 92 additional
genes that are present in a 94 kb indel (Fig. 1, Supplementary Table 1). At one end, the indel
includes a UGA translation stop codon of the preceding glutamine-hydrolyzing GMP
synthase gene while NA1000 has a UAG stop codon at this position. Further inspection
revealed a P4 type integrase gene 320 bp downstream from the changed stop codon. A
BLASTp comparison of the amino acid sequence of the integrase revealed that it has 99%
amino acid identity to a P4 integrase gene in Caulobacter sp. K31. The integrase gene was
followed by 34 additional genes that are also present after the K31 integrase gene, but they
are not present in other Caulobacter genomes. A second region that includes a set of nine
genes that are present in K31 and involved in conjugative transfer was found towards the
middle of the CB1 indel, but the final 37 kb of the CB1 indel was not present in the K31
genome. In contrast, the genes in the region preceding the integrase gene are the same in the
K31 genome and the four C. crescentus genomes included in this study, but the integrase
gene and the rest of the indel are not present in the NA1000, CB2, or CB13 genomes.
Therefore, we thought that the CB1 indel probably resulted from an insertion event.
However, the P4 integrase gene is also present, usually 319 bp from the GMP synthase gene
stop codon in five of the other Caulobacter genomes that have been sequenced including that
of C. segnis. The integrase is also present in three Sphingobium genomes. In each case, it is
adjacent to the glutamine-hydrolyzing GMP synthase gene as it is in the CB1 and K31
genomes. This position conservation in 10 genomes from two related genera suggests that
the glutamine-hydrolyzing GMP synthase — P4 integrase gene pair seems to be an ancient
combination that has been deleted in NA1000 and most other Caulobacter genomes, but was
still present in some Caulobacter genomes. This conclusion is consistent with the
observation that deletions of inserted phage genes and other genes that do not provide useful
functions are commonly observed in bacterial genomes [18].

Curr Microbiol. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ely et al.

Page 6

The other three intermediate sized indels in the comparison of CB1 and NA1000 genomes
(196 bp, 235 bp and 325 bp) appear to be deletions between short repeated sequences in the
NA1000 genome. The 325 bp deletion resulted in a shortened form of the CB1 ¢spA cold
shock protein gene converting it into a cspC gene in the NA1000 genome (Fig. S2). The 196
bp and the 235 bp deletions occurred in intergenic regions. Two of the small (12 bp) indels
also appear to have resulted from recombination between nearby repeated regions, and the
remaining 7 bp indel causes a frameshift in the CB1 surfgene so that two smaller proteins
would be produced instead of a larger protein that was twice the size.

Genome comparisons: CB2

The CB2 genome was more distantly related to the NA1000 genome with SNPs comprising
approximately 2% of the genome and 994 indels of various lengths (Table 2, Fig. 2). Thus, it
appears to be separated from NA1000 by approximately 25 million generations or about
250,000 years. Interestingly, the number of one bp indels did not increase in proportion to
the number of SNPs and nearly all of the observed one bp indels were in intergenic regions.
This result is probably due to selection since one bp indels will change the reading frame so
that defective proteins are produced if the indel occurs in a protein coding region. In contrast
SNPs in coding regions often result in the substitution of a compatible amino acid or in no
amino acid change so a functional protein would still be produced.

In addition to the single base changes, we identified more than 300 larger indels which were
located primarily in intergenic regions as observed in other bacteria [19]. These indels
resulted in 317 genes that were present in NA1000 but not in CB2, and 360 genes that were
present in CB2 but not in NA1000 (Table 3). The largest indel was a 120 kb insertion into
the CB2 genome that codes for 111 genes including a large number of heavy metal
resistance genes (Fig. 2, Supplementary Table 2). The CB2 genome also contains two sets of
phage genes that are embedded in two insertions (42 kb and a 45 kb) that are not present in
NAZ1000 (Supplementary Tables 3 and 4). Both sets are insertions are adjacent to a tRNA
gene. Similarly, a 12 kb set of genes containing an integrase gene and three modification/
restriction genes also was inserted into a tRNA gene. In one additional case, a 6 kb segment
containing a recombinase gene was inserted into a tRNA gene in the CB2 genome and
resulted in a duplication of the tRNA gene so that identical tRNA genes flank the insertion.
As a result, the CB2 genome contains an extra tRNA gene compared to the other three
genomes (Table 1). Consistent with the observations of Williams [27], these results indicate
that tRNA genes are often targets of insertion events that are mediated by integrase or
recombinase genes.

Genes missing from CB2 include a 60 kb region flanked by an integrase gene and a set of
transposase genes in the NA1000 genome, another 39 kb set of transposase genes and
nitrogen metabolism genes that were inserted into an NA1000 tRNA gene, a 36 kb region
that contains several transport genes flanked by an integrase and a transposase gene, and an
11 kb region containing an integrase and a set of conjugal transfer genes that were inserted
into a tRNA gene (Fig. 2).

In addition, 65 other indels contain two to ten genes that are present in the NA1000 genome
but not in the CB2 genome or vice versa. These indels total 642,741 bp which is equivalent
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to about 16% of the total base pairs in one of their genomes. This difference is reflected in
the fact that they their share 92% of their genes with the other 8% of the genes being unique
to each genome (Table 3). Genes present in the smaller indels that differ in these two wild
type strains include 45 transposase genes and 10 toxin/antitoxin pairs indicating that these
genes tend to be more mobile than other genes.

Genome comparisons: CB13

Relative to the other three genomes, the CB13 genome is the most distantly related (Fig. 3).
It has more than 300,000 SNPs relative to NA1000 indicating that the two isolates are
separated by about 100 million generations or approximately one million years (Table 2).
However CB13 shares 3345 genes with NA1000 which is equivalent to 86% of the NA1000
genome (Table 3). Despite this degree of gene sharing, none of the confirmed mobile
elements found in the NA1000 genome, was present in the CB13 genome. The 1492 indels
(Table 3) that are greater than 20 bp, total more than 1.45 million base pairs indicating that
about one sixth of each of the two genomes has been deleted or replaced by HGT). Since the
loss of shared regions of the genomes would result in a reduction in the apparent number of
SNPs between the two genomes, the number of generations separating CB13 from NA1000
may be an underestimate.

Relative to NA1000, CB13 contains eight inversions and one translocation without an
inversion (Fig. 3). Thus, these events appear to have occurred at a rate of about one per 10 to
12 million generations. No inversions or translocations were observed when the CB1 and
CB2 genomes were compared to the NA1000 genome. It is not clear what causes these
inversions and translocations, but previous comparisons of more distantly related
Caulobacterand Brevundimonas genomes indicated that most inversions included the
chromosomal origin of replication [1, 24]. In addition, most inversions are bordered by
genes that are present in only one of the two genomes. For example, one inversion
breakpoint occurs at nucleotide position 437325 in NA1000 and 440705 in CB13 (Fig. 3).
At this position, the NA1000 genome contains two genes that are not found in the CB13
genome, and the CB13 genome contains one gene that is not found in the NA1000 genome.
Thus, the inversion process may be a complex process that simultaneously creates an
insertion or deletion at each end of the inversion.

In contrast, some regions of the CB13 genome are very highly conserved among all four
genomes indicating that selection plays an important role in the conservation of the
genomes. For example, the entire nucleotide sequence of the 21 gene, 9087 bp ribosomal
protein operons of NA1000 and CB1 are identical, and the CB2 operon contains only 15
SNPs relative to the NA100O operon. The more distantly related CB13 ribosomal protein
operon contains an 18 bp insert in the early part of the first gene in the operon and 152 SNPs
relative to NA1000. Thus, despite all of the indels and rearrangements throughout the
genome, the CB13 ribosomal operon has 98% nucleotide identity in this highly conserved
region of the genome.

The dnaA gene nucleotide sequence is also identical in NA1000 and CB1 as well. Relative
to these two dnaA genes, the CB2 dnaA gene contains 16 SNPS scattered throughout the
gene and has a cluster of additional changes in the last 125 bp of the gene that may be due to
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an adjacent recombination event associated with an indel (Fig. 4). Similarly, the nucleotide
sequence of the CB13 dnaA gene is 91% identical to the NA1000 gene with a different
cluster of changes at the end associated with a different indel. Thus, insertions in these
genomes sometimes change the coding sequence in terminal regions of a gene by replacing
the terminus of the gene, in this case without changing the predicted amino acid sequence of
the three versions of the dnaA gene.

The CB13 contains two unrelated sets of phage genes, while CB2 contains three additional
clusters of phage genes that are not closely related to any of the others or to any other
sequences in the GenBank database. The best matches are usually to genes present in other
Caulobacter genomes with amino acid identities that range from 40% to 70% amino acid
identity. All five of these phage gene clusters are included in insertions that contain other
genes, and they tend to have different combinations of phage genes that are generally in the
same order. None of the phage gene clusters appear to be an intact prophage. However, these
results suggest that many of these large clusters of genes that are observed to be inserted into
Caulobacter genomes may have originally been derived from chromosomal gene segments
that contained prophage as suggested by Chen et al. [5].

Essential genes

To determine if all of the genes that were determined to be essential for growth of NA1000
in PYE [6] were present in the CB1, CB2, and CB13 genomes, we compared the aligned
genomes using the progressiveMauve alignment tool. The CB1 genome contained all of the
essential genes since it contains all of the genes found in the NA1000 genome. Six essential
genes were missing from both the CB2 and CB13 genomes (Table 4). Four of these genes
CCNA_00465-467 and CCNA_00469 are part of an insertion in the NA1000 genome [24]
and are also missing from three other Caulobacter genomes. Since it is present only in the
NA1000 and CB1 genomes, the expression of one of the other genes in this region probably
causes a requirement for these four genes. One other missing essential gene codes for an
antitoxin that is only essential if the adjacent toxin gene is expressed. This pair of genes also
appears to be present only in CB1 and NA100O0. A second antitoxin gene is missing from the
CB13 genome, but this toxin/antitoxin pair of genes is present in the CB2 (Table 4) and
strain K31 [24] genomes in addition to the NA1000 and CB1 genomes. The fourth essential
gene that is missing from both the CB2 and CB13 genomes codes for a hypothetical protein,
and two additional essential genes that are missing only from CB13 code for hypothetical
proteins as well (Table 4). Thus, it is likely that all of the missing essential genes are
required only when some other gene is present.

Discussion

Each strain used in this study had been stored lyophilized or frozen for more than 40 years,
but it is possible that some changes to these genomes occurred during laboratory culture. For
example, the CB13 isolate that we used was designated CB13B1a indicating that it had been
cultured in Dr. Poindexter’s laboratory and that on three occasions a sub-clone was isolated
from the then current culture. Nevertheless, a thorough study of CB15/NA1000 strains that
had been sub-cultured for various lengths of time in six different laboratories indicated that
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only eight SNPs and two single base insertion/deletions (indels) were observed among the
nine genomes that were sequenced [16]. In addition, strains designated CB15 had lost a 26
kb mobile element. Thus, we believe that all or nearly all of the differences that we have
observed among these four wild type strains were present in the original isolates.

PacBio sequencing generates accurate sequences of bacterial genomes that are readily
assembled into single contigs that encompass the entire genome. The only sequencing errors
we observed were that a small percentage of the homopolymer regions were missing a single
base. This comparison of four accurately-sequenced, closely-related genomes provided
snapshots of the evolutionary processes that occur in natural bacterial communities and
showed that missense and single base indels accumulate continually. Indels containing a few
genes included genes horizontally transferred from closely related species and seemed to
occur at a frequency of 1073 to 1074 insertions per generation. They may involve
homologous recombination since they occurred primarily in intergenic regions, and they
often replaced the ends of adjacent genes. Larger insertions were even less frequent and
often involved a tRNA gene. The four insertions that are present in NA1000 and CB1, but
not in CB2 or CB13 include a total of 150 genes that account for about half of the genes that
are present in the NA1000 genome but not in the CB2 genome. Similarly, the four insertions
that are present in the CB2 genome but are not present in the other genomes include a total
of 249 genes that account for 69% of the genes that are only found in the CB2 genome.
Thus, these acquisitions of new genes are more frequent than the previous estimate of 16 kb
per million years for £. coli[18], but much less common than other authors have implied
[22].

In contrast to the Caulobacter genome scrambling described in our previous studies [1, 24],
we found no inversions when the NA1000, CB1, and CB2 genomes were compared.
However, we did find eight inversions when the CB13 genome was compared to the other
genomes. Therefore, inversions are rare events, occurring at a rate of about one per 10 to 12
million generations, and only more distantly related Cau/obacter genomes appear to have
their genomes scrambled.

None of the insertions that contain phage genes appear to contain intact prophage genomes,
and none of the phage genes match any of the Caulobacter phage genomes that have been
sequenced to date. Thus it appears that the large insertions present in these C. crescentus
genomes often include fragments of phage genomes that appear to be unrelated to each other
and may have originated with phage that have yet to be discovered or that no longer exist.
These large insertions also included most of the strain-specific genes that were annotated as
hypothetical (61% in CB2). Some of the insertions contained heavy metal resistance genes,
and we have shown previously that changes in the number of heavy metal resistance genes
can contribute to measurable differences in the concentrations of heavy metals that are
tolerated by individual strains [1]. We did not observe any other genes whose annotation
indicated that they might confer a benefit to the host genome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Brevundimonas DS20

Fig. 1.

A phylogenetic tree of the amino acid sequences of the conserved 20 gene ribosomal protein
operon depicting the relationships among the genomes described in this study relative to
other Caulobacter genomes. Brevundimonas sp. DS20 is included as an outgroup.
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Fig. 2.

The region of the CB1 genome that contains the 90 kb insertion is represented by the white
region of the CB1 genome. The regions of homology between the two genomes are aligned
on the left side of the figure and the alignment ends with the GMP synthase gene. The CB1
GMP synthase and the adjacent Integrase genes are shaded. The region that is homologous
to the corresponding region in the Caulobacter sp. K31 genome is labeled “present in K31”.
A region that contains genes that are homologous to genes involved in plasmid transfer is
marked “conjugative transfer”.
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Fig. 3.
A comparison of the entire CB2 (top) and NA1000 (bottom) genomes. White spaces within

the shaded bars represent the location and size of the indels described in the text.

Curr Microbiol. Author manuscript; available in PMC 2020 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ely etal. Page 15

500000 1000000 1500000 2000000 2500000 3000000 3500000 40000

. AT

Caulobacter crescentus NA1000
T i = — T
500000 Joo 5000 9 3500000 J‘)ooooo

L, I O AL LAY

CaulobactervibrioidesCB13b1a

Fig. 4.

A comparison of the entire CB13 (bottom) and NA1000 (top) genomes. Shaded blocks
representing corresponding segments of each genome are connected by a line. Blocks below
the horizontal black line correspond to regions that are inverted relative to the NA1000
genome.
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Fig. 5.
The aligned nucleotide sequence of the NA10000 and CB13bla dnaA genes showing the

stop codon TAA (UAA for NA1000 mRNA) and TGA (UGA for CB13 mRNA) at the end of
the white bar that represents the 3’-end of each gene. Note that the nucleotide sequence is
completely after the T that corresponds to the beginning of the stop codon.
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Genome statistics for four C. crescentus genomes
Genome Features NA1000 CB1 CB2 CB13
Base Pairs (Mb) 4.02 414 | 467 | 414
GIC content (%) 67.2 672 | 672 | 67.1
tRNA genes 51 51 52 51
Protein-coding Genes ~3900 ~4000 | ~3900 | ~3900
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Table 2.

Indels and SNPs compared to the NA1000 reference genome

Genome SNPs 1bpindels | 2-20 bp indels | >20 bp indels | Generations apart
CB1 26 12 3 4 10,000
CB2 73,859 644 2 348 25 x 108
CB13 301,289 1885 2727 1492 100 x 108
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Gene acquisition and loss compared to the NA100O reference genome

Table 3.

Genome | Shared genes | Genes notin NA1000 | NA1000 Genes absent
CB1 3886 93 0
CB2 3575 360 317
CB13 3345 583 541
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NAZ1000 essential genes that are not present in CB2 or CB13.

Table 4.

NA1000 gene | Annotation CB2 CB13
CCNA_00465 | UDP-galactopyranose mutase absent | absent
CCNA_00466 | Glycosyltransferase absent | absent
CCNA_00467 | Oligosaccharide translocase/flippase | absent | absent
CCNA_00469 | Glycosyltransferase absent | absent
CCNA_00761 | Hypothetical protein present | absent
CCNA _02841 | Hypothetical protein absent | absent
CCNA_02844 | parD3 antitoxin present | absent
CCNA _03274 | Hypothetical protein present | absent
CCNA_03630 | socA antitoxin protein absent | absent
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Genes present in the NA1000 or CB2 genomes, but not in both.

Gene category | NA1000 | CB2
Hypothetical 121 198
Transposase 40 9
Toxin/antitoxin | 14 5
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