OPEN
BIOLOGY

rsob.royalsocietypublishing.org

RESea rCh a CrossMark

click for updates

Cite this article: Ash K, Brown T, Watford T,
Scott LE, Stephens C, Ely B. 2014 A comparison
of the Caulobacter NA1000 and K31 genomes
reveals extensive genome rearrangements and
differences in metabolic potential. Open Biol.
4: 140128.
http://dx.doi.org/10.1098/rsob.140128

Received: 28 June 2014
Accepted: 8 September 2014

Subject Area:
genomics/microbiology

Keywords:
Caulobacter, plasmids, genome rearrange-
ments, gene insertions, inversions

Author for correspondence:
Bert Ely
e-mail: ely@sc.edu

THE ROYAL SOCIETY

PUBLISHING

A comparison of the Caulobacter NA1000
and K31 genomes reveals extensive
genome rearrangements and differences
in metabolic potential

Kurt Ash!, Theta Brown', Tynetta Watford', LaTia E. Scott', Craig Stephens?
and Bert Ely’

1Depar‘cment of Biological Sciences, University of South Carolina, Columbia, SC 29208, USA
ZBiology Department, Santa Clara University, Santa Clara, CA 95053, USA

1. Summary

The genus Caulobacter is found in a variety of habitats and is known for its abil-
ity to thrive in low-nutrient conditions. K31 is a novel Caulobacter isolate that
has the ability to tolerate copper and chlorophenols, and can grow at 4°C
with a doubling time of 40 h. K31 contains a 5.5 Mb chromosome that codes
for more than 5500 proteins and two large plasmids (234 and 178 kb) that
code for 438 additional proteins. A comparison of the K31 and the Caulobacter
crescentus NA1000 genomes revealed extensive rearrangements of gene order,
suggesting that the genomes had been randomly scrambled. However, a careful
analysis revealed that the distance from the origin of replication was conserved
for the majority of the genes and that many of the rearrangements involved
inversions that included the origin of replication. On a finer scale, numerous
small indels were observed. K31 proteins involved in essential functions
shared 80-95% amino acid sequence identity with their C. crescentus homol-
ogues, while other homologue pairs tended to have lower levels of identity.
In addition, the K31 chromosome contains more than 1600 genes with no
homologue in NA1000.

2. Introduction

Stalked bacteria from the genus Caulobacter are ubiquitous inhabitants of
aquatic ecosystems, particularly in oligotrophic habitats in which biologically
available concentrations of organic matter and other nutrients are very low.
To gain further insight into the physiological diversity of the genus and the
evolution of Caulobacter genomes, we compared the genomic DNA sequences
of two Caulobacter species isolated from different habitats: CB15 (also known
as NA1000), isolated from a surface freshwater site [1]; and K31, a groundwater
isolate of particular interest for its ability to tolerate and degrade chlorophenols
[2]. The genomic DNA sequence of Caulobacter crescentus CB15 [3,4], along with
a corrected annotation [5], is available in the GenBank database (http://www.
ncbinlm.nih.gov).

Caulobacters are Gram-negative bacteria that are of interest to microbiolo-
gists for several reasons. Perhaps foremost, their unique dimorphic life cycle
includes motile and non-motile (stalked) cell types, produced during an obliga-
tory cell cycle progression [6]. The motile cell is an immature cell, which must
lose its flagellum and differentiate into a stalked cell before it can replicate its
chromosome and divide. This dimorphic Caulobacter life cycle may have
evolved to allow exploitation of distinct strategies for nutrient acquisition. In
addition to their adherent stalked stage, the chemotactic ‘swarmer’ cells can
actively seek nutritionally optimal microhabitats. Swarmer cells are analogous
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to the G1 phase of the eukaryotic cell cycle in which DNA
replication is blocked. Also, stalked cells do not initiate the
next round of chromosome replication until after cell division
has been completed. Therefore, caulobacters do not initiate
overlapping rounds of chromosome replication.

The ease with which swarmer cells of C. crescentus can be
isolated in high yield allows investigators to prepare cultures
that are synchronous with respect to the cell cycle. In the pres-
ence of adequate nutrients, progression through the Caulobacter
cell cycle is controlled by an internal clock that eventually
directs the swarmer to eject its flagellum and progress to the
sessile, stalked stage of the life cycle [6]. This maturation is
accompanied by the initiation of DNA replication (analogous
to S phase). Subsequent developmental events (flagellum
and pili synthesis, cell division) depend on progression and
completion of chromosome replication. Aided by the availabi-
lity of the genome sequence and a suite of genetic techniques
[3/4,7], excellent progress has been made in outlining the gen-
etic regulatory network and signal transduction pathway
controlling the C. crescentus cell cycle [8—10].

Less effort has gone into applying genomics to under-
standing the environmental biology of caulobacters, which
form tightly adherent, stable biofilms on submerged surfaces
[11,12]. Prokaryotes represent a vast reservoir of biomass
interacting with the earth’s water supplies and bear signifi-
cant responsibility for the cycling of carbon, nitrogen and
phosphorus in the biosphere. Members of the alpha subdivi-
sion of Proteobacteria, including the genus Caulobacter, are
ubiquitous components of the microbiota of virtually every
habitat examined. This group is especially prominent in oligo-
trophic habitats, which include vast tracts of open ocean and
subsurface aquifers. Heterotrophic microbes with high affinities
for organic compounds complete the mineralization of carbon in
such habitats [13]. However, our understanding of the molecular
and genetic adaptations of microbes for oligotrophy is very lim-
ited. The genomic DNA sequence of C. crescentus suggests a
variety of possible adaptations, including an extraordinarily
large set of membrane transport systems [3].

An analysis of ribosomal RNA sequences and other data
has shown that stalked bacteria previously assigned to the
genus Caulobacter actually fall into two distinct branches com-
prising freshwater and marine genera [14,15]. The freshwater
genera include Caulobacter and Brevundimonas. A comparison
of the Caulobacter 16S rDNA sequences indicates two well-
supported branches: one containing C. segnis and various
C. crescentus isolates, and the other containing Caulobacter
isolate FWC20 and C. henricii [15,16]. Although the genomes
of 37 Caulobacter isolates are listed in the IMG database (img.
jgi.doe.gov), only four are listed as complete, and two of
these (CB15 and NA1000) are different versions of the same
isolate. In addition, the ‘finished” genome of C. segnis contains
numerous sequencing errors and the annotation needs to be
corrected to include more than 100 genes that are not present
in the publically available version of the genome [17]. The
other finished genome, described in this study, belongs to
K31, a groundwater isolate that is most closely related to the
C. henricii lineage, based on a partial 165 rRNA sequence [2].
K31 was poorly characterized, but its abilities to adapt to a
low-oxygen groundwater habitat and to tolerate and degrade
chlorophenols make it relevant to groundwater bioremedia-
tion [2]. As the K31 genome is from a different branch of the
Caulobacter genus relative to the well-studied C. crescentus
CB15/NA1000 genome, we chose to compare the two genomes

to provide a representation of the genetic diversity of the
genus. We also provide a preliminary characterization of the
growth and metabolism of the K31 strain that illustrates
some of the adaptation this strain has made to life in a cooler
subterranean habitat.

3. Material and methods

3.1. Media and growth conditions

The Caulobacter K31 strain was obtained from Minna Mannisto
(Arctic
Research Station, Finland), the investigator responsible for its
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original isolation. When K31 was first isolated, it was grown
in PYGV medium, which contains equal amounts of peptone,
yeast extract and glucose (0.025% w/v) plus a vitamin solution
and 1.5% agar [2]. To determine the optimal growth conditions
for K31, we varied the components of the growth medium. We
found that riboflavin stimulates growth on minimal media
plates (M2G) [18]. Previous experiments with C. crescentus
strain CB15 showed that it grew better in PYE (0.2% Bacto pep-
tone, 0.1% yeast extract, 0.75 mM MgSOy, 0.5 mM CaCl,) [18]
in the presence of both glucose and glutamate than with
either addition alone (Ely laboratory 1977, unpublished data).
In similar experiments with K31, growth with PYE plus glu-
cose caused the pH of the culture fluid to go down and
growth with PYE plus glutamate caused the pH to go up.
When glucose and glutamate were added together, the pH
stayed between 7 and 8. Thus, the growth conditions for opti-
mal yield of K31 are PYE supplemented with 10 mM glucose,
30 mM monosodium L-glutamate and 10 mM riboflavin
(PYEGGR). The growth rate is essentially the same in PYE
with no additions; however, the final yield was increased
about threefold when the additives were present. In contrast
to NA1000, which grows at maximum growth rate at 33-35°C
[18], K31 failed to grow at 35°C. At 30°C, K31 had a doubling
time of 160 min, significantly slower than the 110 min doubling
time of NA1000 at 30°C. Our experiments also revealed the abil-
ity for K31 to grow at 4°C with a doubling time of about 40 h.
The ability to grow at low temperatures is consistent with the
fact that K31 was isolated from cold groundwater [2].

To determine growth in the presence of copper, a
60 mg ml ! of copper sulfate stock solution was diluted to
provide a range of concentrations, and 100 .l of each dilution
was added to 10 ml of a K31 or NA1000 culture in PYEGGR.
After growth at 30°C for 48 h, the optical density of each cul-
ture was measured using a Klett—Summerson colorimeter.

3.2. Genome sequence determination and annotation

Genomic DNA from Caulobacter strain K31 was isolated from
a saturated culture using the Qiagen Genomic-tip system,
following the manufacturer’s protocol. Subsequent library con-
struction and nucleotide sequencing were carried out at the
Joint Genome Institute (JGI) of the US Department of Energy.
Genomic DNA was sheared to generate the appropriate
DNA size fragments (3, 8 and 40 kb) and was verified by gel
electrophoresis. The sheared DNA was repaired to produce
blunt-end fragments and was subsequently ligated into a
series of bacterial plasmids: pUC18 for 3 kb inserts, pMCL200
for 8 kb inserts and pCC1Fos for 40 kb inserts. Plasmids were
transformed by electroporation into Escherichia coli and plated
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on selective media, then picked and archived. To generate
sequencing templates, plasmid DNA was isolated from cells
and subjected to rolling-circle amplification (RCA). RCA pro-
ducts were subsequently used for Sanger sequencing and
capillary gel electrophoresis. Assembly of the genome entailed
alignment of sequences from all three libraries using PHRAP.
After quality assessment of the draft assembly, the sequence
was automatically annotated by JGI using their standard anno-
tation system. The GenBank[/EMBL/DDB]J] accession numbers
for the genome sequence of Caulobacter strain K31 are CP000927,
CP000928 and CP00029.

3.3. Genome comparisons

For genome comparisons, the K31 genome was compared to
the C. crescentus NA1000 genome, which is thought to be
most closely related to the original isolate of the CB15 labora-
tory strain [4]. The two genomes were aligned and compared
using the program PROGRESSIVEMAUVE [19]. Large inversions
and translocation were estimated by a manual count of the
aligned genomes. Annotations of the two genomes were
viewed and analysed in Artemis [20]. A BLAST comparison
to identify homologous genes in the NA1000 and K31 gen-
omes was performed using the protein-coding sequences of
all the CDS regions of the chromosomes for each bacterium.
The comparisons were conducted using the BLASTSTATION 2
Windows-based software (http://www.blaststation.com).
BLAST matches with an e-value that was less than x10°°
were considered significant.

4. Results and discussion

4.1. Genome overview

The Caulobacter K31 genome consists of a 5477 872 base pair
(bp) chromosome and two plasmids. The larger plasmid con-
tains 233 649 bp, and the smaller contains 177 878 bp. The
K31 chromosome has a 68.1% GC content and contains
5061 genes (table 1). The accuracy of the genome assembly
was confirmed by pulse field gel electrophoresis of Spel-
digested K31 genomic DNA (figure 1). There was a one to
one correspondence between the bands observed on the gel
and those predicted from the nucleotide sequence of the
main chromosome. However, one extra 233 kbp band was
present in the gel that corresponded to the predicted band
from cleavage of pCAULO1 DNA at the single Spel site pre-
dicted for pCAULO1. The pCaul02 plasmid is also predicted
to have a single Spel site that would generate a 178 kbp frag-
ment that would co-migrate with a restriction fragment from
the main chromosome. Therefore, to verify the presence of the
pCAULO2 plasmid, we digested total K31 DNA with SnaBI,
which also cut pCAULO2 DNA once. In this case, the resulting
178 kbp fragment was clearly visible on the PFGE gel because
digestion of the main chromosome does not produce any frag-
ments that are close in size. Thus, we were able to verify the
presence of both plasmids using the PFGE analyses.

The K31 chromosome contains more than 1900 genes that
do not appear to have a homologue in NA1000. Conversely,
the NA1000 chromosome contains more than 200 genes that
do not appear to have a homologue in K31. As with the
NA1000 chromosome, the K31 chromosome has two identical
ribosomal RNA operons. However, the K31 rRNA operons

—242kb
—— 194 kb

—— 145kb

—97kb

——48.5kb

Figure 1. Pulse field gel electrophoresis of Asel and Spel-digested DNA.
Lane 1, lambda size ladder with sizes indicated to the right of the gel.
Lane 2, Asel digest of K31 DNA. Lane 3, Spel digest of K31 DNA.

Table 1. A comparison of Caulobacter strains NA1000 and K31.

Caulobacter isolate NA1000 K31

source pond water groundwater sample

”cell'svhépe” et ween
genome features

Cbasepas 402 x10°  548x10°
plasmids 0 2

G/Content  672%  674%

protein-coding genes 3876 5443

'tRNA'gvehevs” T,

rRNA genes 6 6

N S
165 2 2
o S
flagellar genes 43 44

”ph.agé vgénvesv e,
transposases 40 61

”iht'egr'avse'sv o s
recombinases 2 7

. pééudbgéheé' o -

are adjacent to each other, whereas the NA1000 rRNA oper-
ons are separated by more than 90 000 bp. In contrast to the
97% sequence identity of the K31 and NA1000 rRNAs,
the ribosomal internal transcribed spacer (ITS) regions
of the two species are only 80% identical. Thus, considerable
divergence has occurred between the K31 and NA1000 ITS
regions even though the two copies of the ITS region are
identical within each species.

When the COG categories of the K31 genes were compared
with those of NA1000, the K31 gene counts were higher in most
categories due to its larger genome, but genome percentages
were similar for most categories (table 2). Exceptions were
translation, motility and nucleotide transport, and metabolism
categories where additional genes are not likely to serve a
useful purpose. Examples where K31 has more genes include
14 additional sigma factors, more than 150 additional regulat-
ory proteins, 19 additional response regulators, 32 additional
TonB-like receptors, 22 additional major facilitator transpor-
ters, nine additional alcohol dehydrogenases, four additional
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Table 2. K31 and NA1000 gene counts by COG category. Source: img.jgi.doe.gov.

K31 gene
(0G category count
amino acid transport and metabolism 260
arbohydrate transport and metabolsm 219
cell cycle control, cell division and chromosome 33
partitioning
cell motility 71
cell wall/membrane/envelope biogenesis o
chromatin structure and dynamics 3
‘coenzyme transport and metabolism (I
defense mechanisms Al
energy production and conversion RVE
function unknown 416
léér‘lérélufuhctidn‘ préd'i&ibri only . o
inorganic ion transport and metabolism 220
intracellular trafficking, secretion and vesicular 137
transport
lipid transport and metabolism %9
nucleotide transport and metabolism 75
post-t‘rabhslétionall modibﬁcabtib‘n, ‘[Jfbtein‘turnover ” o5
and chaperones
replication, recombination and repair m
secondary metabolites biosynthesis, transport and 163
catabolism
signal transduction mechanisms 190
transcr|pt|on UL v
translation, ribosomal structure and biogenesis 169
e T

ferredoxins and four additional cytochrome ¢ class 1 genes. All
of these genes code for proteins that are more similar to pro-
teins produced in a variety of other bacteria than to any
protein produced by NA1000. It remains to be determined
whether NA1000 has lost these genes or K31 has gained
these genes from other sources by horizontal gene transfer. It
is more likely that some combination of the two processes
has occurred. An important clue is that K31 has about the
same number of transposase genes relative to the size of the
genome as NA1000 does, but it only shares about one-third
of them with NA1000. This comparison suggests that most of
these transposases have been introduced from other species
of bacteria and that horizontal gene transfer has played a
major role in generating the differences in gene composition
observed between these two species.

One example of horizontal gene transfer may be the two
K31 plasmids that code for an additional 438 proteins.
The larger plasmid (pCAULO1) contains genes for conjugal
transfer, and includes a collection of transporter genes and
genes for the regulation of transcription. In contrast to the smal-
ler plasmid and the main chromosome, the large plasmid
contains only two adjacent transposase genes. It also contains
a gene, Caul_5182, that codes for an integration host factor

% of total

NA1000 gene % of total

n = 4109 count n = 3037
633 m 731
o S
0.80 3 0.76
173 66 217
s o i
007 2 0.07
o o i
173 45 148
560 165 543
10.12 336 11.06
e o et
5.35 153 5.04
et gt
g o
183 7 234
o | i
e s s
3.97 100 3.29
462 155 5.10
e e o
4 166 547

i e

(IHF) protein that is 88—-90% identical to the IHF proteins pro-
duced by two homologous chromosomal genes (CAUL_1806
and CAUL_2219). By contrast, NA1000 has a single homolo-
gous gene (CCNA_2416) that codes for the IHF protein. No
other genes on pCAULO1 are homologous to any NA1000
gene. The smaller of the two plasmids (pCAUL(2) contains
genes for conjugal transfer (CAUL_5365—-5374) that are present
in the same order as those in pCAULO1 (CAUL_5213-5223),
with amino acid identities ranging from 47 to 60%. Thus, the
two sets of conjugal transfer genes appear to be distantly
related. In addition, genes Caul5296-5310 comprise a region
of pCAULOQ2 that codes for proteins responsible for the degra-
dation of linear alkylbenzenesulfonate and is homologous
to the corresponding genes in the alpha-proteobacterium
Parvibaculum lavamentivorans (60-80% amino acid identity)
with only one gene of the cluster falling below the percentage
identity range shared by the rest of the genes. Thus, this set of
degradative genes appears to have been acquired from a
species of Parvibaculum or from some closely related genus.
The pCAULO2 plasmid also appears to have experienced a
number of transposition events as it contains 17 transposase
genes, two of which have 95% amino acid identity to orfA
and B of NA1000 IS511. However, they are located in two
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different regions of the plasmid and only 25% of the orfA gene
is present. Only two of the other transposase genes code for
proteins that are homologous to other NA1000 transposases.
Two additional genes, Caul_5396 coding for a TonB-like recep-
tor and Caul_5432 coding for an acyl carrier protein, are the
only other pCAULO2 genes that code for proteins with more
that 70% amino acid identity to a NA1000 protein. pCAUL(2
also contains two anti-restriction genes that flank three phage
integrase genes. These phage integrase genes are 78—-91% iden-
tical to the corresponding genes from plasmid pACRY403 from
Acidiphilium cryptum JF-5.

Phage genes are present in the main chromosome of K31
as well. A 12 kb region of phage genes is located adjacent to a
gene that has 41% identity to dnaJ in both the K31 chromo-
some (beginning at nucleotide position 4220530) and the
NA1000 chromosome (beginning at nucleotide position
3013149). As there is 66% nucleotide identity between the
two regions and 76% nucleotide identity between the two
dnaJ-like genes, these results suggest that the phage genes
were present in the common ancestor of the two Caulobacter
species. One difference between the two regions is a 400 base
insertion in NA1000 (CCNA_2873) that disrupts a phage
gene and codes for a bleomycin resistance protein that has
86% amino acid identity with a homologue found in Cystobacter
fuscus. When the remaining homologous phage genes were
compared, the amino acid identity ranged from 57% for a
membrane protein of unknown function to 88% for the major
capsid protein. For comparison, an 11 kb flagellar gene cluster
that is required for motility has a 71% nucleotide identity when
the two genomes are compared and the amino acid identity of
the predicted proteins ranges from 59 to 93%. Thus, there
appears to be a comparable level of nucleotide diversity and
gene conservation between the phage and flagellar gene
clusters. Sequence conservation in the flagellar gene cluster
would be maintained by selection for motility, but it is not
clear why the phage region should be conserved. Many of
the phage genes code for structural proteins, but no phage
particles have been observed in cultures of either strain.

Additional phage genes are found at four other locations in
the K31 chromosome. One set of phage genes located in a 14 kb
region beginning at nucleotide position 1648526 (CAUL_1559—
1573) corresponds to a series of homologous genes found in the
same order in Bradyrhizobium and Chloroflexus. A second set
of phage genes located in a 15 kb region beginning at nucleo-
tide position 1935379 and proceeding on the reverse strand
(CAUL_1824-1812) corresponds to a series of homologous
genes found in the same order in Pelobacter. A third region con-
tains phage genes scattered throughout a 40 kb region with
lower GC content (CAUL_3468-3507) and the fourth region
contains three phage tail collar protein genes (CAUL_1097-
1099) followed by nine transposase genes (CAUL_1101-
1109). All four of these K31 phage regions have no homologues
on the NAI000 chromosome suggesting that they were
acquired by some type of horizontal gene transfer.

4.2. Codon usage

As the K31 chromosome contains a 68.1% genomic G+C con-
tent, the codons in the protein-coding regions should have a
high G+C content, especially in the third codon position
(GC3). In fact, 24 of the 25 most used codons contain either
a G or a C in the third position. The overall GC3 percentage
for K31 codons is 88.4%, slightly higher than the 86.9%

observed in the NA1000 genome. The K31 codon usage [ 5 |

table is similar to that of NA100O as well, although K31
only has 49 tRNA genes compared with 51 in NA1000. Rela-
tive to NA1000, K31 has one copy instead of two copies of an
asparagine tRNA, four copies instead of five copies of meth-
ionine tRNA, and three copies instead of two copies of an
aspartate tRNA with a GTC anticodon. In addition,
NA1000 has a leucine tRNA with a TAA anticodon that is
not present in K31. The remaining tRNAs are present in
both strains and have identical anticodons.

The GC content of pCAULO1 is 67.3% and the pattern of
codon usage is similar to that of the K31 chromosome. By
contrast, pPCAULO2 has increased use of 29 of the 30 amino
acid coding codons that end in A or U, consistent with its
64.3% GC content. The exceptional U-ending codon is
UAU, where no increase is observed because UAU and
UAC are used with almost equal frequency to code for tyro-
sine in both the plasmid and the chromosomal genes. This
nearly equal use of the two tyrosine codons occurs in most
Alphaproteobacteria with GC-rich genomes as well, and is an
exception to the observation that G- and C-ending codons
are used preferentially in these high GC chromosomes. In
19 of the 29 codons with increased use, the frequency of
use is more than double that found in the main chromosome.
Thus, a difference of less than 4% in average GC content cor-
responds to a major difference in the use of A- or U-ending
codons, with third position GC content dropping from
88.2% in the main chromosome to 79% in pCaul02.

4.3. Genome rearrangements

When the genomes of closely related species are compared,
they are usually collinear except where inversions have
occurred. For example, Beare et al. [21] identified 40 break-
points in pairwise comparisons of four Coxiella strains and
observed that 75% were within 100bp of an insertion
sequence. Similarly, Darling et al. [22] identified 79 inversions
in a comparison of eight strains of Yersinia pestis, and all of
the breakpoints were adjacent to an rRNA operon or within
1500 bp of an insertion sequence. In a third study [16], a com-
parison of two Streptococcus mutans strains revealed a single
inversion. However, when 95 additional clinical isolates
were examined, numerous other inversions were observed.
By contrast, when the K31 chromosome was aligned to that
of C. crescentus NA1000, more than 60 inversions and 45
large translocations were readily observed (figure 2). This
level of genome rearrangements is more than an order of
magnitude greater than the examples described above and
leads to a well-scrambled genome. Although most inversions
flank the origin of replication as observed in the genome
comparisons described above, many others do not and
instead lead to more local rearrangements.

Several constraints on genome reorganization have been
proposed, including a conserved distance from the origin of
replication for genes involved in transcription and translation
due to copy number differences in fast growing bacteria [23].
To determine whether this phenomenon was limited to fast-
growing bacteria, we determined the relative positions of the
first gene in each conserved sequence block in the K31 versus
NA1000 comparison depicted in figure 2. Despite the extensive
rearrangements present in the genome comparison, we found
that most genes are in approximately the same place in both
genomes or they are in the same place relative to the origin of
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Figure 2. An alignment of the K31 chromosome with the C. crescentus NA1000 chromosome showing more than 60 inversions and 45 large translocations. Regions
of contiguous homology have the same colour and are connected by a line of that colour.
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Figure 3. The relative positions of homologous genes in the K31 and the NA1000 chromosomes. The location in each chromosome of the first gene in each
homologous block of genes identified in figure 2 was plotted. The origin of replication is located close to position 0 in both genomes.

replication but are on opposite sides of the origin (figure 3).
Thus, the position of a gene relative to the origin of replication
appears to be conserved in a genus where multiple rounds of
replication do not occur, and gene copy number differences
do not exceed a factor of two. Furthermore, although it is
obvious from figure 2 that the breakpoints of most chromoso-
mal rearrangements do flank the origin of replication, the
remainder must be limited to small changes in gene position
or to compensating rearrangements to restore the distance
between blocks of genes and the origin. Also, as we compared
the position of genes in more than 100 conserved sequence
blocks, genome position relative to the origin of replication
must be important for a relatively large number of genes. One
explanation for this phenomenon could be that DNA replica-
tion results in hemi-methylated GANTC sites in regions that
are responsible for cell-cycle-dependent gene expression. For
example, the ctrA gene is located a large distance from
the origin of replication and has increased expression when
hemi-methylated [24]. As CtrA is one of the master cell cycle
regulators, this change in CtrA levels is necessary for normal

cell growth and progression through the S phase of the cell
cycle. Thus, there may be a cascade of effects as chromosome
replication progresses and additional gene promoters become
hemi-methylated. These results also suggest that rearrange-
ments that impact the distance of critical genes from the
origin of replication are not tolerated so that they are lethal
events or that they are immediately followed by a second
rearrangement that restores the distance from the origin for
those genes.

In addition to the rearrangements of major blocks of genes,
we also observed eight instances where two or three translation-
related genes were in different locations in the two genomes
with different flanking genes. Thus numerous small transloca-
tions seem to have occurred. One inversion that we examined
in detail involved an inversion with breakpoints close to the
origin of replication. The inverted segment was asymmetric,
with less than 5 kb on one side of the origin and more than
54 kb on the other side. One of the breakpoints was adjacent
to the dnaA gene so that it is 50 kb closer to the origin in
NA1000 than in K31. The other breakpoint was between the
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Figure 4. The gene arrangement in the gatCAB operon of NAT000, K31 and related bacteria. X, Y and Z represent genes that interrupt the operon that are not

present in the NA1000 chromosome.

genes coding for exodeoxyribonuclease III and the DNA poly-
merase III epsilon subunit in NA1000 such that the epsilon
subunit is 50 kb farther from the origin of replication in K31.
The inverted region differs in size by nearly 2 kb in the two
species because five separate genes are present in K31 but not
in NA1000, and one gene is missing from K31 that is present
in NA1000. Thus the inverted region contains at least five
small indels that occurred in one of the two genomes.

Another example of the complexity of Caulobacter genome
rearrangements comes from the three genes for glutamyl-
tRNA(GIn) amidotransferase, which comprise a single
gatCAB operon in NA1000. In K31, the gatA and gatB genes
are expressed from different promoters and are separated
by two genes that are not found in the NA1000 genome
(figure 4). When other related genomes were compared,
gatA and gatB were separated by one of the two K31 genes
(designated X in figure 4) in C. segnis TK0059, C. crescentus
OR37, Caulobacter sp. AP07 genomes. However, they are sep-
arated by a third gene (designated Z in figure 4) in the
chromosomes of two species from closely related genera,
Brevundimonas subvibrioides and Phenylobacterium zucineum.
This third gene is found elsewhere in the NA1000 and K31
genomes with a relatively low level of amino acid identity.
As K31 and APOQ7 are on the same branch of the tree, these
data suggest that the ancestral Caulobacter genome contained
gene X. If this hypothesis is true then gene Y must have been
inserted into the K31 genome. The single gatCAB operon
observed in the CB15 genome is found in the CB4 genome
as well (D. Scott and B. Ely 2013, unpublished data). As
CB4 is closely related to K31, it is likely that gene X has
been lost independently in both NA1000 and CB4.

In contrast to the changes described above, it was striking
thata conserved 14.5 kb block of 28 genes including 24 ribosomal
protein genes remained intact at approximately the same place in
the two genomes. This highly conserved block of genes was tran-
scribed in a single direction and had 87% nucleotide identity plus
small insertions or deletions that corresponded to approximately
1% of the total region. Part of the reason for this high level of

conservation may be that the first 20 ribosomal genes appear
to be transcribed as a single operon. Thus, most disruptions of
the operon would be lethal due to the failure to express some
of these ribosomal protein genes.

Mobile genetic elements are often involved in genome
rearrangements [25]. Therefore, we examined the position of
the transposase and integrase genes in the NA1000 (n = 50)
and K31 (1 = 90) genomes. In the NA1000 and K31 genomes,
roughly one-third of the transposases and integrases interrupt
regions of homology, another third are located in short
non-homologous regions, and the remaining third are associ-
ated with a combined insertion and translocation. In most
cases, additional genes that are not present in the other
genome are adjacent to the transposases. Thus, in addition to
mediating gene insertions, transposases may be associated
with about one-third of the large translocations observed in
the NA1000 and K31 genome comparison. These results indi-
cate that although transposases are involved in some of the
genome rearrangements, the majority of the observed
rearrangements in the Caulobacter genomes must be due to
some other mechanism.

5. Correlation between genotype and
phenotype

With respect to the cell cycle, K31 grown in PYEGGR produces
cells that are morphologically similar to those of C. crescentus.
Both strains attach to surfaces and form biofilms. Comparison
of the genes that code for cell cycle/developmental regulators
and known components of developmentally regulated structu-
res (flagellum, holdfast, pili and cytoskeletal proteins involved
in division) reveals generally high (75-95%) amino acid
sequence identity with C. crescentus, suggesting that the pro-
cesses contributing to morphological development have been
evolutionarily conserved. For example, the ‘master regulator’
CtrA that controls many key cell cycle events is one of
the most highly conserved proteins, with 97% amino acid
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identity to the corresponding NA1000 protein. The ctrA gene
nucleotide sequence is also highly conserved (92%), suggesting
that there is selection for codon usage as well as for conserva-
tion of amino acid sequence. In fact, both the ctrA amino acid
and nucleotide sequences are highly conserved among the
Alphaproteobacteria, with greater than 77% identity in both
measures for the top 100 matches to the K31 gene in a
BLAST search. By contrast, one interesting difference between
the genomes is that three of the flagellin genes, fliMNO, are con-
tiguous in NA1000, but they are located at three widely
separated positions in the K31 genome. In the NA1000 annota-
tion, these three genes are included in three separate mobile
elements [4]. If these genes are truly contained in mobile
elements, it would provide an explanation for their disparate
locations in the K31 genome.

The genome comparison between NA1000 and K31 also
revealed the presence of additional copper resistance genes
in the genome of K31. K31 has a total of six copper resistance
genes in two clusters. One cluster contains copper resistance
protein genes CAUL_2631 copA and Caul_2630 copB, and a
similar cluster is found in NA1000. The second contains
copABCD (CAUL_2346-47 and CAUL_2350-51) with no
corresponding region in NA1000. Thus, the K31 genome con-
tains an additional four-gene copABCD system that could
confer a copper resistance phenotype. To determine whether
K31 was actually more resistant to copper inhibition, we per-
formed a series of growth experiments in the presence of
a range of copper concentrations. After testing various
dilutions of a 60 mg ml ™ 'stock solution of CuSO,, we discov-
ered that 0.5 mgml~' was the highest level of copper that
allowed K31 growth, and 0.1 mg ml~" was the highest level
that allowed NA1000 growth. Thus, K31 is resistant to a five-
fold higher concentration of copper than the level that
NA1000 tolerates.

As indicated above, experimental observations suggested
that K31 grew better in the presence of riboflavin. Riboflavin,
also known as vitamin B, is synthesized in many plants and
microorganisms, and is used to make FAD and FMN, two
key cofactors in many enzymatic reactions. NA1000 contains
the five enzymes necessary for the biosynthesis of riboflavin
and FAD from GTP. The five enzymes and their various sub-
units are encoded in five different genes: ribAB, ribD, ribH,
ribE and ribF. Four of these genes, ribD, ribE, ribAB and ribH,
are encoded in a single operon. This operon seems to be con-
served in other closely related Alphaproteobacteria such as
Hyphomonas and Maricaulis maris. However, the entire four-
gene operon along with nine additional contiguous genes is
absent from the K31 genome. The fifth gene, ribF, is located
200 kb from the riboflavin operon in C. crescentus and codes
for a RibF protein that has riboflavin kinase and FAD synthe-
tase activities. It is present in K31 as gene Caul_4052 and
codes for a RibF protein that has 84% amino acid identity
with the C. crescentus protein. Another gene annotated as a
duplicate ribH gene (Caul_1421) is located 500 kb from the
riboflavin operon in the C. crescentus genome and is also pre-
sent in K31 as Caul_3045. In C. crescentus, the two ribH genes
code for proteins that have little amino acid sequence simi-
larity, but they are both identified as the beta subunit for
riboflavin synthase. However, as K31 does not contain the
gene for the alpha subunit, it is unlikely that the K31 RibH
enzyme is involved in riboflavin synthesis.

Some freshwater Caulobacter isolates have been shown
to have properties that are potentially useful for aquatic

bioremediation applications, including the degradation of aro-
matic compounds [26] and the reduction of arsenic [27]. The
chlorophenol degradation capacity of Caulobacter strain K31
stands out among these. K31 was isolated in an enrichment cul-
ture for chlorophenol-tolerant bacteria in groundwater from
Karkola, Finland [2]. The groundwater at Karkola percolates
through nutrient-poor silt and clay, and is cold (7-8°C),
oxygen-deficient, iron-rich and mildly acidic (pH 6-6.5). The
aquifer had been contaminated with high levels of chlorophe-
nols for at least two decades by a local sawmill that used
polychlorophenol as a fungicide for lumber treatment. Chloro-
phenols have historically been used as fungicides in agricultural
and industrial applications (e.g. wood preservatives applied at
lumber mills), and also enter the environment as by-products of
paper mills. K31 inhabited groundwater containing up to
190 mg 1! total chlorophenols and was grown in the laboratory
on complex media supplemented with 250 mg 1" chlorophe-
nols: 24 6-trichlorophenol (TCP), 2,3,4,6-tetrachlorophenol
(TeCP) and pentachlorophenol (PCP). In limited testing, K31
was found to degrade TeCP, and to tolerate PCP at relatively
high levels, though no evidence was found for degradation of
PCP. K31 does not contain the pcpB gene (encoding PCP-4-
monooxygenase) present in several chlorophenol-degrading
Sphingomonas isolates from the same site. However, the K31
genome does contain several other genes that code for a variety
of monoxygenases. In addition, it has genes for tert butyl
ether degradation, alkane metabolism and a tannase/feruloyl
esterase that are not found in the NA1000 genome.

In terms of physiology, the K31 genome appears to encode a
much larger repertoire of enzymes involved in electron transfer
reactions than C. crescentus, including more cytochrome c var-
iants, respiratory nitrate reductase and many dehydrogenases
that are not present in the C. crescentus genome. As a ground-
water resident growing slowly at low temperatures, K31
probably faces lower dissolved oxygen levels (if not outright
anoxia) on a more routine basis than the surface-dwelling bac-
teria, and may find more respiratory versatility advantageous.

6. Conclusion

In summary, K31 is an interesting Cauolobacter isolate that has
the ability to tolerate copper and chlorophenols, and can
grow at consistently low temperatures. The K31 chromosome
appears to have been scrambled relative to that of C. crescen-
tus NA1000. However, the positions of most genes relative to
the distance from the origin of replication are unchanged,
indicating that genome rearrangements are constrained.
This genome scrambling also makes it difficult to identify
individual chromosome rearrangement events. However, it
is clear that additional mechanisms must be involved as
transposases seem to be associated with only one-third of
the observed events. In addition to the genome rearrange-
ments, the K31 chromosome includes numerous insertions
and deletions relative to the NA1000 chromosome, so that
it contains 1200 more genes, plus an additional 400 genes are
present on two very large plasmids. These extra genes provide
K31 with increased metabolic versatility.

Acknowledgements. We gratefully acknowledge the contributions of SCU
students Kiran Gill, Sabrina Khan, Amanda Lieu, Mehvish Mirza,
Deborah Thurtle, Helen Uong and Joy Vongspanich, as well as mem-
bers of the Eau Claire High School Science Club in Columbia, SC. The
K31 genome was sequenced and annotated by the Joint Genome

87LOYL F Joig uadp  Bao-buiysigndAianosielorqosi H



Institute (US Department of Energy), under the auspices of the Com-
munity Sequencing Program. Library construction, sequencing and
genome annotation were performed under the auspices of the US
Department of Energy’s Office of Science, Biological and Environ-
mental Research Program and the University of California, Lawrence
Livermore National Laboratory under contract no. DE-ACO02-
05CH11231, Lawrence Livermore National Laboratory under contract

no. DE-AC52-07NA27344 and Los Alamos National Laboratory
under contract no. DE-AC02-06NA25396.

Funding statement. This work was supported by US National Science
Foundation grant no. MCB-0818934 to C.S. and by financial support
for the BIOL 176 Recombinant DNA Technology course from Santa
Clara University. Additional support was provided by NSF grant
no. EF-0826792 and NIH grant no. R25GM076277 to B.E.

circuit driving a bacterial cell cycle. Science 304,
983-987. (doi:10.1126/science.1095191)

derived mutants of Caulobacter crescentus. Genetics
86, 25-32.

References
Poindexter JS. 1964 Biological properties and 10. Biondi EG, Reisinger SJ, Skerker JM, Arif M, Perchuk ~ 19. Darling AE, Mau B, Perna NT. 2002
classification of the Caulobacter group. Bacteriol. BS, Ryan KR, Laub MT. 2006 Regulation of the progressiveMauve: multiple genome alignment with
Rev. 28, 231-295. bacterial cell cycle by an integrated genetic circuit. gene gain, loss and rearrangement. PLoS ONE 5,
Mannisto MK, Tiirola MA, Salkinoja-Salonen MS, Nature 444, 899—904. (doi:10.1038/nature05321) e11147. (doi:10.1371/journal.pone.0011147)
Kulomaa MS, Puhakka JA. 1999 Diversity of 11, Jordan TL, Staley JT. 1975 Electron microscopic 20.  Rutherford K, Parkhill J, Crook J, Horsnell T, Rice P,
chlorophenol-degrading bacteria isolated from study of succession in the periphyton community of Rajandream MA, Barrell B. 2000 Artemis: sequence
contaminated boreal groundwater. Arch. Microbiol. lake Washington. Microb. Ecol. 2, 241-251. (doi:10. visualization and annotation. Bioinformatics 16,
171, 189—197. (doi:10.1007/5002030050698) 1007/BF02011645) 944-945. (doi:10.1093/bioinformatics/16.10.944)
Nierman WC et al. 2001 Complete genome 12.  Entcheva-Dimitrov P, Spormann AM. 2004 21. Beare PA et al. 2009 Comparative genomics reveal
sequence of Caulobacter crescentus. Proc. Natl Acad. Dynamics and control of biofilms of the oligotrophic extensive transposon-mediated genomic plasticity
Sci. USA 98, 4136—4141. (doi:10.1073/pnas. bacterium Caulobacter crescentus. J. Bacteriol. and diversity among potential effector proteins
061029298) 186, 8254—8266. (doi:10.1128/jh.186.24. within the genus Coxiella. Infect. Immun. 717,
Marks ME, Castro-Rojas CM, Teiling C, Du L, Kapatral 8254-8266.2004) 642 —-656. (doi:10.1128/1A1.01141-08)
V, Walunas TL, Crosson S. 2010 The genetic basis of ~ 13.  Poindexter JS. 1981 The caulobacters: ubiquitous 22. Darling AE, Miklos I, Ragan MA. 2008 Dynamics of
laboratory adaptation in Caulobacter crescentus. unusual bacteria. Microbiol. Rev. 45, 123-179. genome rearrangement in bacterial populations. PLoS
J. Bacteriol. 192, 3678—3688. (doi:10.1128/jb. 14. Stahl DA, Key R, Flesher B, Smit J. 1992 The Genet. 4, €1000128. (doi:10.1371/journal.pgen.1000128)
00255-10) phylogeny of marine and freshwater caulobacters 23.  Couturier E, Rocha EP. 2006 Replication-associated
Ely B, Scott LE. 2014 Correction of the Caulobacter reflects their habitat. J. Bacteriol. 174, 2193—2198. gene dosage effects shape the genomes of fast-
crescentus NA1000 genome annotation. PLoS ONE'9,  15.  Abraham WR et al. 1999 Phylogeny and polyphasic growing bacteria but only for transcription and
€91668. (doi:10.1371/journal.pone.0091668) taxonomy of Caulobacter species: proposal of translation genes. Mol. Microbiol. 59, 1506—1518.
Stove JL, Stanier RY. 1962 Cellular differentiation in Maricaulis gen. nov. with Maricaulis maris (doi:10.1111/j.1365-2958.2006.05046.x)
stalked bacteria. Nature 196, 1189—1192. (doi:10. (Poindexter) comb. nov. as the type species, and 24.  Reisenauer A, Shapiro L. 2002 DNA methylation
1038/1961189a0) emended description of the genera Brevundimonas affects the cell cycle transcription of the CtrA global
Ely B. 1991 Genetics of Caulobacter crescentus. and Caulobacter. Int. J. Syst. Bacteriol. 49, regulator in Caulobacter. EMBO J. 21, 4969—4977.
Methods Enzymol. 204, 372—384. (doi:10.1016/ 1053-1073. (doi:10.1099/00207713-49-3-1053) (doi:10.1093/emboj/cdf490)
0076-6879(91)04019-K) 16.  Maruyama F et al. 2009 Comparative genomic 25. Darmon E, Leach DR. 2014 Bacterial genome
Wang SP, Sharma PL, Schoenlein PV, Ely B. 1993 A analyses of Streptococcus mutans provide insights instability. Microbiol. Mol. Biol. Rev. 78, 1-39.
histidine protein kinase is involved in polar into chromosomal shuffling and species-specific (doi:10.1128/MMBR.00035-13)
organelle development in Caulobacter crescentus. content. BMC Genomics 10, 358. (doi:10.1186/1471-  26. Chatterjee DK, Bourquin AW. 1987 Metabolism of
Proc. Natl Acad. Sci. USA 90, 630—634. (doi:10. 2164-10-358) aromatic compounds by Caulobacter crescentus.
1073/pnas.90.2.630) 17. Patel S, Fletcher B, Scott DC, Ely B. In press. J. Bacteriol. 169, 1993 —1996.
Holtzendorff J, Hung D, Brende P, Reisenauer A, Genome sequence and phenotypic characterization 27. Macur RE, Wheeler JT, McDermott TR, Inskeep WP.
Viollier PH, McAdams HH, Shapiro L. 2004 of Caulobacter segnis. Curr. Microbiol. 2001 Microbial populations associated with the
Oscillating global regulators control the genetic 18.  Johnson RC, Ely B. 1977 Isolation of spontaneously reduction and enhanced mobilization of arsenic in

mine tailings. Environ. Sci. Technol. 35, 3676—3682.
(doi:10.1021/es0105461)

87LOYL F Joig uadp  Bao-buiysigndAianosielorqosi H


http://dx.doi.org/10.1007/s002030050698
http://dx.doi.org/10.1073/pnas.061029298
http://dx.doi.org/10.1073/pnas.061029298
http://dx.doi.org/10.1128/jb.00255-10
http://dx.doi.org/10.1128/jb.00255-10
http://dx.doi.org/10.1371/journal.pone.0091668
http://dx.doi.org/10.1038/1961189a0
http://dx.doi.org/10.1038/1961189a0
http://dx.doi.org/10.1016/0076-6879(91)04019-K
http://dx.doi.org/10.1016/0076-6879(91)04019-K
http://dx.doi.org/10.1073/pnas.90.2.630
http://dx.doi.org/10.1073/pnas.90.2.630
http://dx.doi.org/10.1126/science.1095191
http://dx.doi.org/10.1038/nature05321
http://dx.doi.org/10.1007/BF02011645
http://dx.doi.org/10.1007/BF02011645
http://dx.doi.org/10.1128/jb.186.24.8254-8266.2004
http://dx.doi.org/10.1128/jb.186.24.8254-8266.2004
http://dx.doi.org/10.1099/00207713-49-3-1053
http://dx.doi.org/10.1186/1471-2164-10-358
http://dx.doi.org/10.1186/1471-2164-10-358
http://dx.doi.org/10.1371/journal.pone.0011147
http://dx.doi.org/10.1093/bioinformatics/16.10.944
http://dx.doi.org/10.1128/IAI.01141-08
http://dx.doi.org/10.1371/journal.pgen.1000128
http://dx.doi.org/10.1111/j.1365-2958.2006.05046.x
http://dx.doi.org/10.1093/emboj/cdf490
http://dx.doi.org/10.1128/MMBR.00035-13
http://dx.doi.org/10.1021/es0105461

	A comparison of the Caulobacter NA1000 and K31 genomes reveals extensive genome rearrangements and differences in metabolic potential
	Introduction
	Material and methods
	Media and growth conditions
	Genome sequence determination and annotation
	Genome comparisons

	Results and discussion
	Genome overview
	Codon usage
	Genome rearrangements

	Correlation between genotype and phenotype
	Conclusion
	Acknowledgements
	Funding statement
	References


