Funct Integr Genomics (2002) 2:274-281
DOI 10.1007/s10142-002-0068-0

ORIGINAL PAPER

Kim Wong - Turlough M. Finan - G. Brian Golding

Dinucleotide compositional analysis of Sinorhizobium meliloti using
the genome signature: distinguishing chromosomes and plasmids

Received: 2 April 2002 / Accepted: 7 June 2002 / Published online
© Springer-Verlag 2002

Abstract The symbiotic N,-fixing o-proteobacterium
Sinorhizobium meliloti has three replicons: a circular
chromosome (3.7 Mb) and two smaller replicons,
pSymA (1.4 Mb) and pSymB (1.7 Mb). Sequence analy-
sis has revealed that an essential tRNAéngG gene is carried
on pSymB, which brings into question whether pSymB
should be considered a chromosome or a plasmid. Based
on the criterion that essential genes define a chromo-
some, several species have been shown to have multiple
chromosomes. Many of these species are part of the a
subdivision of the Proteobacteria family. Here, additional
justification is presented for designating the pSymB rep-
licon as a chromosome. It is shown that chromosomes
within a species share a more similar dinucleotide com-
position, or genome signature, than plasmids do with the
host chromosome(s). Dinucleotide signatures were deter-
mined for each of the S. meliloti replicons, and, consis-
tent with the suggestion that pSymB is a chromosome, it
is shown that the pSymB signature more closely resem-
bles that of the S. meliloti chromosome, while the
pSymA signature is typical of other o-proteobacterial
plasmids.

Keywords Genome signature - Dinucleotide composition

Introduction

It is well recognized that the nucleotide composition of a
genome is non-random; elements contributing to this
heterogeneity include distinct regions high in G + C or
A + T (e.g. isochores; Bernardi et al. 1985), dispersed
and tandem repeated sequences, and transposable ele-
ments. Coding regions also have different compositions
to non-coding regions (Aota and Ikemura 1986; Muto
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and Osawa 1987), and even strand composition may be
biased (Wu and Maeder 1987). Thus, local composition-
al variations make it difficult to generalize about a whole
genome based on analyses of small regions of DNA.

Genomes of organisms representing all domains of
life have been sequenced, allowing in-depth composi-
tional and comparative analysis of these genomes. Ex-
amination of the frequencies of short oligonucleotides
(di-, tri- and tetranucleotides) in prokaryotic, eukaryotic,
and mitochondrial DNA sequences has revealed consis-
tent patterns of oligonucleotide biases, some of which
are common to all groups. However, when the relative
frequencies of all dinucleotides are considered together,
the pattern of dinucleotide bias is unique to each species
(Nussinov 1984b; Burge et al. 1992; Karlin and Ladunga
1994; Karlin et al. 1994, 1997, Karlin and Mrazek 1997,
Campbell et al. 1999). Unlike G + C content, dinucle-
otide biases tend to be consistent throughout a genome,
in both coding and non-coding DNA (Karlin and Mrazek
1996), giving a genome-wide perspective of the patterns
of nucleotide composition within a genome.

The preference or avoidance of specific dinucleotides
was first quantified by Bird (1980) who observed a
CG dinucleotide (or CpG) suppression in vertebrate se-
quences. The frequency of the CG dinucleotide is up to
fivefold lower than the expected frequency based on C
and G mononucleotide frequencies. It has been suggest-
ed that the high mutability of methylated cytosine to
thymine due to deamination is responsible for the CG
under-representation in these organisms (Bird 1980).
Evidence for this is given by the existence of “CpG is-
lands,” G + C-rich DNA sequences of variable length
which are abundant in unmethylated CG dinucleotides
(Bird 1986). More recent studies establish that the CG
suppression observed in vertebrates is also prevalent in
fungi, plants, protists, and some bacteria (Cardon et al.
1994). Considering that mitochondria and bacteria lack
the appropriate DNA methylases, the CG suppression
observed in these organisms cannot be explained by the
methylation/deamination/mutation hypothesis. Addition-
ally, this hypothesis cannot account for other dinucle-


Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.2
     Für schnelle Web-Anzeige optimieren: Ja
     Piktogramme einbetten: Ja
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 600 600 ] dpi
     Papierformat: [ 595 785 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 600 dpi
     Downsampling für Bilder über: 900 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Warnen und weiter
Einbetten:
     Immer einbetten: [ ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Alle Farben zu sRGB konvertieren
     Methode: Standard
Arbeitsbereiche:
     Graustufen ICC-Profil: 
     RGB ICC-Profil: sRGB IEC61966-2.1
     CMYK ICC-Profil: U.S. Web Coated (SWOP) v2
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Nein
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Nein
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Nein

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<
     /ColorSettingsFile ()
     /AntiAliasMonoImages false
     /CannotEmbedFontPolicy /Warning
     /ParseDSCComments false
     /DoThumbnails true
     /CompressPages true
     /CalRGBProfile (sRGB IEC61966-2.1)
     /MaxSubsetPct 100
     /EncodeColorImages true
     /GrayImageFilter /DCTEncode
     /Optimize true
     /ParseDSCCommentsForDocInfo false
     /EmitDSCWarnings false
     /CalGrayProfile ()
     /NeverEmbed [ ]
     /GrayImageDownsampleThreshold 1.5
     /UsePrologue false
     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /AutoFilterColorImages true
     /sRGBProfile (sRGB IEC61966-2.1)
     /ColorImageDepth -1
     /PreserveOverprintSettings true
     /AutoRotatePages /None
     /UCRandBGInfo /Preserve
     /EmbedAllFonts true
     /CompatibilityLevel 1.2
     /StartPage 1
     /AntiAliasColorImages false
     /CreateJobTicket false
     /ConvertImagesToIndexed true
     /ColorImageDownsampleType /Bicubic
     /ColorImageDownsampleThreshold 1.5
     /MonoImageDownsampleType /Bicubic
     /DetectBlends false
     /GrayImageDownsampleType /Bicubic
     /PreserveEPSInfo false
     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ColorConversionStrategy /sRGB
     /PreserveOPIComments false
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /ColorImageResolution 150
     /EndPage -1
     /AutoPositionEPSFiles false
     /MonoImageDepth -1
     /TransferFunctionInfo /Apply
     /EncodeGrayImages true
     /DownsampleGrayImages true
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDownsampleThreshold 1.5
     /MonoImageDict << /K -1 >>
     /Binding /Left
     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)
     /MonoImageResolution 600
     /AutoFilterGrayImages true
     /AlwaysEmbed [ ]
     /ImageMemory 524288
     /SubsetFonts false
     /DefaultRenderingIntent /Default
     /OPM 1
     /MonoImageFilter /CCITTFaxEncode
     /GrayImageResolution 150
     /ColorImageFilter /DCTEncode
     /PreserveHalftoneInfo true
     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /ASCII85EncodePages false
     /LockDistillerParams false
>> setdistillerparams
<<
     /PageSize [ 595.276 841.890 ]
     /HWResolution [ 600 600 ]
>> setpagedevice


otide biases, such as the TA dinucleotide suppression. In-
stead, it has been suggested that dinucleotide biases re-
flect the avoidance of unfavorable base-step conforma-
tions and stacking energies (Nussinov 1984a, b). Since
dinucleotide biases are a genome-wide property, it has
also been suggested that the mutational biases of the
modification, replication and repair machinery play a
role in the generation and maintenance of species-specific
dinucleotide biases (Karlin and Ladunga 1994; Karlin et
al. 1997).

Karlin and his colleagues used dinucleotide relative
abundance, the observed frequency of a given dinucle-
otide relative to the expected frequency based on base
composition, to compare genomes (Burge et al. 1992;
Karlin et al. 1994, 1997; Karlin and Burge 1995). The
set of 16 dinucleotide relative abundance values is re-
ferred to as the “dinucleotide relative abundance profile”
of an organism. The difference between two profiles is
the dinucleotide relative abundance distance, or d*-dis-
tance. Because dinucleotide relative abundance profiles
are unique to each organism, and within-species &*-dis-
tances between disjoint 50-kb regions of a replicon are
more similar than between-species d*-distances, the di-
nucleotide relative abundance profile has been termed
the “genome signature”. In addition, organisms that are
closely related, as determined by 16S rDNA analysis,
generally have more similar genome signatures than
more distantly related organisms. Analysis of plasmids
and chromosomes has shown that d*-distances tend to be
small (but not necessarily the smallest) between plasm-
ids and natural host chromosomes (Campbell et al.
1999). Thus, plasmids generally tend to track host chro-
mosomal signatures.

In this paper, dinucleotide relative abundance profiles
and &*-distances have been used to characterize the ge-
nome of Sinorhizobium meliloti. S. meliloti is a N,-fixing
a-proteobacterium that can form an endosymbiotic rela-
tionship with leguminous plants. The genome consists of
three replicons: megaplasmids pSymA and pSymB, and
one chromosome. The pSymA megaplasmid (1.4 Mb)
has long been known to carry symbiotic genes essential
for symbiotic nitrogen fixation and root nodulation
(Banfalvi et al. 1981; Rosenberg et al. 1981). The
pSymB megaplasmid (1.7 Mb) also carries genes essen-
tial for the establishment of a successful endosymbiotic
relationship with host legumes (Finan et al. 1986; Hynes
et al. 1986).

The complete genome of S. meliloti has recently been
sequenced and annotated (Barnett et al. 2001; Capela et
al. 2001; Finan et al. 2001; Galibert et al. 2001). Al-
though pSymB and pSymA both play roles in symbiosis,
the difference in the G + C contents of the replicons
imply that their evolutionary histories are different; the
G + C content of pSymA (60.4%) is lower than the chro-
mosome (62.7%) and pSymB (62.4%). Because of this
difference, it has been suggested that pSymA had been
acquired much later in evolution than pSymB (Galibert
et al. 2001). However, the similarity in G + C content
alone does not necessarily reflect the degree of related-
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ness between sequences. Because dinucleotide frequen-
cies reflect restrictions in DNA conformation and muta-
tional biases of DNA modification, replication, and re-
pair enzymes, the application of genome signatures and
o*-distances in this paper give a more precise picture of
the compositional differences and similarities between
the replicons than base composition alone. The results
presented here demonstrate that the pSymB genome sig-
nature is chromosome-like and, in this respect, that the
pSymB replicon is atypical of other a-proteobacterial
plasmids. Taken together with previously observed chro-
mosome-like features, genome signatures support the ar-
gument that pSymB should be considered a chromosome
rather than a plasmid.

Materials and methods

Sequence data

Sequences were downloaded from the National Center for Bio-
technology Information (NCBI) website at http://www.ncbi.
nlm.nih.gov as of August, 2001. Organisms were selected based
on their close relationship to S. meliloti or similar soil habitat.
Complete genome sequences from the following organisms were
used in the analysis: Mesorhizobium loti (chromosome, plasmids
pMLa and pMLb), Agrobacterium tumefaciens C58 (circular chro-
mosome, linear chromosome, plasmids pAT and pTi; Cereon Ge-
nomics), Bacillus subtillis, Pseudomonas aeruginosa, Escherichia
coli K12, Caulobacter crescentus, Haemophilus influenzae, De-
inococcus radiodurans (chromosomes I and 11, and plasmids MP1
and CP1), Helicobacter pylori, Mycobacterium tuberculosis, Syn-
echocystis sp. PCC 6803, Rickettsia prowazekii, Vibrio cholerae
(chromosomes 1 and II), Thermotoga maritima, and Halobacteri-
um sp. NRC-1 (chromosome and plasmids pNRC100 and
pNRC200). The Brucella melitensis genome sequence became
available in December 2001. Complete plasmid sequences from
the following organisms were used in analysis: Rhizobium sp.
NGR234 (pNGR234a), Agrobacterium rhizogenes (pRil724),
Lactococcus lactis (pMRCO1), Yersinia pestis (pMT1), and Sphin-
gomonas aromaticivorans (pNL1).

In addition, preliminary sequence data of Rhodobacter sphae-
roides was downloaded from the DOE Joint Genome Institute at
http://www.jgi.doe.gov. Six contigs greater than 100 kb from the R.
sphaeroides genome were available (February 2001), totaling
807,975 bp. The R. sphaeroides genome is composed of two chro-
mosomes. However, because sequencing and assembly of contigs
are incomplete, for dinucleotide analysis, the sequences were
joined to form one continuous sequence. Complete S. meliloti se-
quences for the chromosome, pSymA, and pSymB were download-
ed from the S. meliloti sequencing consortium website at: http://se-
quence.toulouse.inra.fr/rhime/Complete/doc/Complete.html.

Dinucleotide relative abundance values and &*-distance

Dinucleotide extremes were determined by calculating the ob-
served frequency divided by the expected frequency of each dinu-
cleotide. The set of 16 dinucleotide relative frequencies, {p*yy},
for a particular sequence has been termed the “dinucleotide rela-
tive abundance profile”, where

Pxy = fxr /Ix Sy

for all dinucleotides XY where fy is the frequency of nucleotide X
and fyy is the frequency of dinucleotide XY (Burge et al. 1992).

To control for strand differences, the frequencies are computed
from the sequence concatenated with its inverted complementary
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sequence. Statistical analysis from previous studies (Karlin et al.
1997) has determined the values of dinucleotide relative abun-
dance values that represent statistically significant extremes for
double-stranded 50-kb sequences, and they are applied in this
work. Over-representation of a dinucleotide is indicated accord-
ing to the following scheme: 1.23< p* <1.30 (marginally high),
1.30 =p* <1.50 (very high), and p* =1.50 (extremely high); under-
representation of a dinucleotide is indicated by: 0.70< p* =<0.78
(marginally low), 0.50< p* <0.70 (very low), and p* =0.50 (ex-
tremely low). These values represent the extremes which would
occur in a random, double-stranded 50-kb nucleotide sequence
with the probabilities P <1073, P <10-¢ and P <10~ for the mar-
ginally high/low, very high/low, and extremely high/low catego-
ries, respectively. Values 0.78= p* <1.23 are considered within the
“normal” range.

The difference between two profiles was calculated by the fol-
lowing formula:

& (f,8) = (1/16) ¥ Ipxy (f) — pxy (8)] * 1000

where &* is the dinucleotide relative abundance distance, X and Y
are nucleotides A, T, C and G, f and g denote the two sequences,
and the sum extends over all nucleotides. This is the average ab-
solute dinucleotide relative abundance difference, referred to as
the d*-distance. Empirical, qualitative rankings of the d*-distanc-
es for 50-kb sequences were modified from Karlin et al. (1999),
and an example of the relatedness reflected by the d*-distance is
given in parentheses: closely similar, 8* <55 (E. coli vs S. typhi-
murium); moderately similar, 55< &% <85 (E. coli vs H. influen-
zae); weakly similar, 85< 8* <115 (Sulfolobus sp. vs M. jannas-
chii); distantly similar, 115< 8* <145 (human vs S. cerevisiae);
distant, 145< 8* <185 (E. coli vs H. pylori); very distant, 0* >185
(human vs E. coli).

Unless otherwise indicated, whole genome signatures were
calculated from complete genome sequences and d*-distances for
within- and between-species comparisons were calculated from
non-overlapping 50-kb regions spanning the sequence of the repli-
con. Two-sample r-tests were performed to compare mean d*-dis-
tances of 50-kb regions.

Results

The S. meliloti pSymB replicon is atypical
of other a-proteobacterial plasmids

The dinucleotide relative abundance profile, or signa-
ture, was determined for each replicon in S. meliloti and
completely sequenced chromosomes and plasmids from
other a-proteobacteria (Table 1). Dinucleotide abun-
dances of a sequence are calculated relative to expected
values based on the actual nucleotide content of that se-
quence; therefore, the dinucleotide abundances of two
sequences with different G + C contents can be com-
pared. The plasmids have a distinctive pattern of dinu-
cleotide extremes, when compared to those in the chro-
mosomes. The chromosomal sequences, including the
S. meliloti chromosome, tend to have an over-representa-
tion of CG, a common feature of halobacterial and
proteobacterial chromosomes (Karlin et al. 1997). The
relative abundances of TA and AT are higher in the chro-

Table 1 Dinucleotide relative

- CC/ TI/ TG/ AG/ AC/ GA/ G+C
dbundance profiles of ¢rproteo- - gepieon CG GC TA AT
acterial replicons. /talics indi- GG AA CA CT GT TC (%)
cate chromosomal sequences.
Agrobacterium tumefaciens I S. meliloti S 15 [FE EE os2 118 093 o089 o077 MBS 627
and A. tumefaciens II refer to
the circular and linear chromo- pSymB - 1.15 0.48 082 116 094 090 0.78 - 62.4
somes, respectively. The plas-
mid sequences of o-protcobac- pSymA B 115 058 EEE os4 115 100 091 081 122 604
teria are as follows: Rhizobium
Sp. NGR234 (pNGR234ct). pNGR234a 120 118 [0E§ 122 084 117 1.03 091 081 117 585
M. loti (pMLa, pMLb), A. tume- pMIa 120 117 [053 HWBH oss 117 104 089 081 117 593
faciens C58 (pTi, pAT),
A. rhizogenes (pRil724), and pMLb 120 118 B8 o084 120 1.03 09 080 117 599
S. aromaticivorans (pNLI).
Significant over-representation pTi 122 114 (@56 B os6 117 100 089 080 120 567
of a dinucleotide is indicated
by the following scheme: pAT 121 115 [5S W os6 118 104 087 081 117 573
1.23=< p* <1.30 (marginally .
high. creen bow), 1 302 pt 2150 PRi1724 115 083 122 085 119 100 09 079 121 573
(very high, blue box), and pNL1 119 116 085 116 1.05 088 081 118 622
p* =1.50 (extremely high,
black box); under-representa- M .loti B8 121 081 117 105 087 079 118 6238
tion of a dinucleotide is indicat-
ed by: 0.70< p* <0.78 (margin- A- tumefaciens I B 2 [E 08¢ B8 104 082 075 114 594
ally low, yellow box), 0.50< p* . _
<070 (very low, magenta box), A. tumefaciens IT 122 120 [ 087 [B# 105 082 076 114 593
ang 15);)50.50 (extremely low, B. melitensis I 120 052 0.88 108 081 070 106 57.2
B. melitensis II 118 [EN 0SS 089 [ 111 o080 o070 103 573
C. crescentus 116 111 085 1.09 101 096 086 122 67.2
R. sphaeroides 117 112 (K P o84 097 099 099 076 HEH 686
R. prowazekii 077 [[EE] 098 098 103 105 1.02 106 086 091 29.0




Table 2 Comparison of mean
dinucleotide relative abundance
distances (8*-distances) by Sino-
rhizobium meliloti replicons.
Chromosomal sequences are in-
dicated in italics. Agrobacterium
tumefaciens I and A. tumefaciens
11 refer to the circular and linear
chromosomes, respectively.
Plasmid sequences are from the
following organisms: A. rhizo-
genes (pRil724), S. aromatico-
vorans (pNLI), M. loti (pMLa,
PpMLb), Rhizobium sp. NGR234
(PNGR234a), A. tumefaciens
(pTi, pAT), and Y. pestis (pMT1).
S. meliloti replicons are indicat-
ed in bold. The seven a-proteo-
bacterial plasmids have smaller
o*-distances to pSymA than
pSymB does to pSymA

2717

Chromosome pSymB pSymA
Sequence d*-distance  Sequence d*-distance  Sequence §*-distance
pSymB 29.7 S. meliloti 29.7 pMLa 28.2
pSymA 494 pSymA 42.7 pNGR234a 30.5
pNL1 53.8 pNL1 473 pNL1 31.1
pTi 56.7 pTi 51.0 pAT 33.8
M. loti 57.9 pMLa 53.3 pTi 344
pRil1724 58.5 pRil724 54.7 pMLb 34.6
pMLb 59.8 M. loti 55.4 pRil724 39.8
pMLa 62.7 pNGR234a 57.1 C. crescentus 42.7
pNGR234a 63.6 pMLb 58.2 pSymB 42.7
pAT 65.6 pAT 59.6 M. loti 48.9
C. crescentus 72.4 C. crescentus 64.5 S. meliloti 49.4
A. tumefaciens I 72.4 A. tumefaciens I 72.2 A. tumefaciens II 65.4
A. tumefaciens Il 73.1 A. tumefaciens Il 723 A. tumefaciens 1 66.3
R. sphaeroides 87.3 R. sphaeroides 83.8 P. aeruginosa 79.0
B. melitensis I 111.6 P. aeruginosa 110.8 R. sphaeroides 91.1
B. melitensis 11 119.6 B. melitensis I 111.0 pMT1 97.0
P. aeruginosa 1204 B. melitensis II 119.1 B. melitensis I 100.9
pMT1 139.4 pMT1 129.7 B. melitensis Il 110.2

mosomes than the plasmids, and biases are also observed
for AC/GT, GA/TC, TT/AA, and GC in the chromo-
somes. The pSymB replicon clearly tracks the signature
of the S. meliloti chromosome, as the relative abundance
of each dinucleotide is the same for both replicons. Un-
like pSymB, the pSymA replicon has a typical plasmid-
like signature, marked by “very low” relative abundance
of TA, “marginally high” relative abundance of AT, and
the absence of a bias in AC/GT or GA/TC dinucleotides.

To quantify the differences in genome signatures
among the three S. meliloti replicons, mean d*-distances
were calculated from pairwise comparisons of 50-kb re-
gions with other plasmids and chromosomes found in
closely related species or species sharing a similar habi-
tat (Table 2). In accordance with the previous observa-
tion that plasmids tend to track host chromosome signa-
tures (Campbell et al. 1999), both pSymB and pSymA
have d*-distances which are “closely similar” to the
S. meliloti chromosome (29.7 and 49.4, respectively).
The smallest 6*-distance to the S. meliloti chromosome
is pSymB, and vice versa. However, the &*-distances for
pSymA contrast those of pSymB; the 0*-distances be-
tween pSymA and the chromosome (49.4) and pSymA
and pSymB (42.7) are “closely similar”. However, all
seven of the plasmids tested have smaller 6*-distances to
pSymA than does pSymB or the chromosome. Thus, the
pSymB dinucleotide relative abundance profile is atypi-
cal of other a-proteobacterial plasmids, and more similar
to that of the S. meliloti chromosome.

Comparison of §*-distances between chromosomes
within a species suggest the pSymB replicon
is a chromosome rather than a plasmid

Additional evidence for the chromosome-like nature of
the pSymB signature is provided by a &*-distance com-
parison of genome signatures among and between
plasmids and chromosomes. In previous studies it was
shown that (1) plasmid signatures tend to track host
chromosomal sequences (Campbell et al. 1999), and (2)
sequences within the same replicon have smaller §*-dis-
tances than sequences from two different species (Karlin
et al. 1994; Karlin and Burge 1995).

In organisms harboring more than one plasmid, com-
parisons can be made between plasmid-chromosome &*-
distances and plasmid-plasmid 0*-distances (Table 3).
These values are listed for various species in Table 3.
The standard errors for all mean d*-distances listed are
less than 4.5, with the exception of the pTi within-plas-
mid d*-distance which has a standard error of 8.4. The
mean d*-distance between the M. loti plasmids (21.4) is
significantly smaller (P <0.01) than the mean 6*-distanc-
es between either plasmid and the M. loti chromosome
(40.8 and 43.3 for pMLa and pMLDb, respectively). The
same relationship is also observed for the chromosome
and plasmids of the archaebacterium Halobacterium sp.
NRC-1 (Table 3). In contrast, the mean 0*-distance be-
tween the S. meliloti chromosome and pSymB (29.7) is
significantly lower (P <0.01,f =—43.4) than that between
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Table 3 Mean §*-distances between plasmids and chromosomes.
Bold numbers indicate mean &*-distances between 50-kb regions
in plasmid and natural host chromosome(s). Within-chromosome
and Within-plasmid refer to comparison of 50-kb regions within
the same chromosome and plasmid, respectively. Between-chro-
mosome and Between-plasmid refers to comparisons between two
different chromosomes or plasmids, respectively. All standard er-

rors of mean &*-distances are less than 4.5 with the exception of
the pTi within-plasmid §*-distance (SE =8.4). A within-plasmid
o*-distance was not determined for CP1, since the plasmid is too
short. For between-chromosome &*-distances, an asterisk indi-
cates values significantly different (at the level of 5%) from the S.
meliloti chromosome-pSymB mean §*-distance of 29.7. See text
for t-test results for comparison of means

Plasmid Within- Between-
Chromosome
pSymA pSymB pMLa pMLb  pAT pTi MP1  CPl pNCR100 pNCR200 chromosome chromosome
S. meliloti 49.4 29.7 5938 627 656 567 1624 1831 1468 147.5 26.6
M.loti 489 554  40.8 433 439 558 1379 1570 1827 179.0 31.1
A. tumefaciens 1 66.3 722 525 48.6 519 68.2 1384 167.0 208.3 202.2 23.7 .
A. tumefaciens II 65.4 72.3 50.4 474 491 669 133.8 160.8 208.7 202.8 27.2 20
D. radiodurans I 122.1 1512 1077 100.8 1064 1209 30.1 813 190.1 193.9 22.0
D. radiodurans II 122.7 1509 1089 1029 1085 121.3 332 81.6 190.0 194.4 373 02
V. cholerae I 127.7 158.0 1109 1083 1089 1214 659 107.8 199.5 204.7 28.9 .
V. cholerae 11 135.1 1651 1174 1143 1141 1273 701 1122 2104 214.6 304 308
B. melitensis | 101.0 111.0  83.1 79.6 80.8 99.5 1365 1746 2430 237.1 27.2
B. melitensis 11 110.2 119.1 91.8 882 894 108.1 1309 1744 2533 2473 27.2 01
Halobacterium sp. 176.0 171.6 190.1 198.0 187.6 179.3 2319 2149 759 66.9 329
Within-plasmid 25.1 30.3 17.3 219 226 447 179 n/a 15.0 353
Between-
427 21.4 37.8 66.5 252
plasmid

pSymA and the S. meliloti chromosome (49.4) and be-
tween pSymA and pSymB (P <0.01,r =-23.0). Consis-
tent with previous observations (Campbell et al. 1999;
Karlin et al. 1994; Karlin and Burge 1995), the within-
chromosome &*-distances are significantly smaller than
plasmid-chromosome &*-distances for all three species.

A similar relationship is observed with organisms
consisting of two chromosomes as well as plasmids. In
these cases, comparisons can be made between chromo-
some-chromosome &*-distances, plasmid-chromosome
O*-distances, and plasmid-plasmid &*-distances. Agro-
bacterium tumefaciens has one circular chromosome,
one linear chromosome, and two plasmids. The §*-dis-
tance of 37.8 between the two plasmids is significantly
lower (P <0.01) than the d*-distances between either
plasmid to either chromosome (Table 3). The Deinococ-
cus radiodurans genome comprises two chromosomes
(2,649 kb and 412 kb), one megaplasmid, and one small
plasmid. The signatures of the two chromosomes are
very similar, as reflected by the small (30.2) d*-distance
(Table 3). The megaplasmid (MP1) is “closely similar”
to both of the chromosomes and the plasmid-chromo-
some &*-distances are not significantly different from
the between-chromosome 0*-distance at the 5% level.
This is analogous to the relationship amongst pSymB,
pSymA, and the S. meliloti chromosome; however, MP1
does not carry any essential genes and only comprises
5.4% of the whole genome and was not designated a
chromosome.

The mean 6*-distance between pSymB and the S. me-
liloti chromosome (29.7) is not significantly different
(P >0.05) from the between-chromosome §*-distance of
D. radiodurans (30.2) or the a-proteobacterium B. meli-
tensis (30.1), and significantly lower than the V. cholerae
between-chromosome 0*-distance (P =0.03, ¢ =-2.2).
Thus, the difference in relative dinucleotide frequencies
between pSymB and the S. meliloti chromosome is gen-
erally at the same level or lower than that found between
two chromosomes in the same organism. Only the A. fu-
mefaciens between-chromosome 0*-distance of 27.0 was
smaller (P <0.01, ¢+ =7.1). Within-chromosome 0*-dis-
tance values are comparable to between-chromosome
values, ranging from 22.0 to 37.3, while within-plasmid
values range from 15.0 to 44.7 (Table 3).

These data indicate that the application of genome
signatures is a good indicator of the degree of related-
ness of replicons not only between species, but within-
species as well. Among replicons within the same organ-
ism, the similarity in genome signatures probably re-
flects long-term replication by the same polymerase and
repair enzymes.

Discussion

Plasmids are considered “facultative” genetic elements,
not essential for cell viability but they often carry genes
that allow for adaptation to different environments, life-



styles, or stress conditions (Joset and Guespin-Michel
1994). The pSymB replicon, which carries many genes
involved in small molecule transport in addition to those
genes involved in the endosymbiotic lifestyle, appears to
be specialized for adaptation to different environments.
However, most of these genes are non-essential to cell
viability, as a large portion of the pSymB replicon can be
deleted without loss of viability (Charles and Finan
1991), nor does pSymB carry any genes coding for ribo-
somal RNA (rrn; Finan et al. 2001). Control of the repli-
cation initiation and inheritance by plasmid-encoded
RepABC proteins is characteristic of o-proteobacterial
plasmids, especially within the Agrobacterium and Rhi-
zobium genera (Tabata et al. 1989; Palmer et al. 2000).
However, there are exceptions; repABC is also found on
the linear chromosome of A. tumefaciens C58, leading to
the speculation that this chromosome was derived from a
plasmid (Goodner et al. 2001). A repABC operon and a
replication origin (oriV) on pSymB have been shown to
allow autonomous plasmid replication and stable inherit-
ance (Chain et al. 2000). There is, however, also evi-
dence that the pSymB replicon has another replication
origin that is chromosome-like in nature, AT-rich, con-
taining potential DnaA-binding sites, and a 13-mer se-
quence similar to the C. crescentus oriC (Margolin and
Long 1993).

Considering the presence of repABC and that the
overall role of pSymB appears to be adaptation rather
than cell viability, pSymB appears plasmid-like. How-
ever, when other characteristics of pSymB are taken into
consideration, the task of designating this replicon a
chromosome or a plasmid becomes more difficult.

The suggestion that a bacterial genome contains more
than one chromosome is not unprecedented. Traditional-
ly, within a genome of multiple replicons, the designa-
tion of a replicon as a chromosome has been based on
the presence of genes essential to cell viability, such as
16S rRNA genes, or essential housekeeping genes such
as dnaK. The presence of multiple chromosomes in pro-
karyotic genomes was first reported for Rhodobacter
sphaeroides 2.4.1 based on the finding that two rRNA
cistrons and the gene coding for glyceraldehyde-3-phos-
phate, two ‘“chromosomal” loci, are found on a second
replicon (Suwanto and Kaplan 1989). Since then, several
other bacteria, including Deinococcus radiodurans
(White et al. 1999), Vibrio (Heidelberg et al. 2000;
Yamaichi et al. 1999), Brucella (Michaux et al. 1993;
Cheng and Lessie 1994), and Burkholderia (Rodley et al.
1995) species, have been reported to harbor multiple cir-
cular chromosomes. Aside from the presence of essential
“chromosomal” genes, criteria that are used to differenti-
ate chromosomes from plasmids are significant replicon
size, non-self transmissibility, and presence in all strains
(Trucksis et al. 1998). It has also been suggested that
replication machinery and evolutionary history should
also be taken into account (Ng et al. 1998).

The S. meliloti pSymB replicon meets each of these
criteria, while pSymA has characteristics typical of
plasmids. pSymB comprises 25% of the whole genome,
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and is present in all S. meliloti strains. Unlike pSymA,
sequence analysis of pSymB did not reveal characteris-
tics of a self-transmissible plasmid (e.g. it lacks an oriT
sequence and conjugative transfer genes). The only ex-
ception is a single copy of the fraA gene, also found on
pSymA. The codon usage of pSymB is very similar to
that of the chromosome, while pSymA codon usage is
notably different from the chromosome or pSymB
(Galibert et al. 2001). The complete sequence and
annotation of pSymB has revealed the presence of a
tRNAéEgG gene and two loci involved in cell division: one
of two genomic copies of ftsK, and the single-copy
minCDE genes (Finan et al. 2001). Two ftsK genes and
the minCDE genes are also found on the M. loti chromo-
some, outside of the transmissible “symbiotic island”
(Kaneko et al. 2000). The presence of these genes on
pSymB suggests that this replicon plays a central role in
control of cell division and chromosome partitioning. No
essential genes were identified on pSymA. Additionally,
while pSymB has resisted all attempts, the pSymA
megaplasmid has been successfully cured from S. meli-
loti strain 2011 (Oresnik et al. 2000).

Here, the application of the dinucleotide relative
abundance analysis has shown that, beyond the presence
of essential genes, pSymB shares genome-wide charac-
teristics with the chromosome of S. meliloti that are
atypical of other a-proteobacterial plasmids, including
pSymA. When compared to other d*-distances observed
between chromosomes within the same organism, the
difference between pSymB and the S. meliloti chromo-
some falls within the same level of similarity; this is in-
dicative of a high degree of relatedness and/or long-term
residence of pSymB in the S. meliloti genome.

The genome of the y-proteobacterium V. cholerae is
comprised of two circular chromosomes (Trucksis et al.
1998). It has been suggested that the V. cholerae chro-
mosome II was derived from a megaplasmid captured in
an ancestral Vibrio which has acquired essential genes
(Heidelberg et al. 2000). The pSymB replicon may also
have a similar history, since it contains both plasmid-like
features (an oriV, repABC genes, absence of rrn genes),
chromosomal-like features (a tRNA gene, min and ftsK
genes and large size), and a signature similar to the
S. meliloti chromosome rather than other a-proteobacte-
rial plasmids. Over evolutionary time, pSymB may have
acquired genes essential to the organism’s viability as
well as a similar signature as the chromosome due to
long-term residence in S. meliloti and exposure to muta-
tional biases of its replication and repair machinery.
Taken together, these functional and compositional
characteristics indicate that pSymB is not merely an ac-
cessory genetic element, but a chromosome-like repli-
con.

Conclusion

It has already been recognized that pSymB has chromo-
some-like features; pSymB comprises a large proportion
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of the genome, carries essential genes, is non-self-trans-
missible, and strains cured of pSymB cannot be pro-
duced. In terms of nucleotide composition, not only is
the resemblance of pSymB to the S. meliloti chromo-
some reflected in the similarity of their G + C contents,
but more precisely by the dinucleotide relative abun-
dances. It was shown here that pSymB dinucleotide ex-
tremes parallel those of o-proteobacterial chromosomes
rather than those of other a-proteobacterial plasmids, as
pSymA does. In addition, the level of variability in dinu-
cleotide frequencies between chromosomes in the same
organism corresponds to the amount of variability be-
tween pSymB and the S. meliloti chromosome. Collec-
tively, these characteristics of pSymB justify the desig-
nation of this replicon as a second chromosome in S. me-
liloti.
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