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Image from Chen et al. 2016. J Bacteriol 198: 1171



Bacterial genomes: organization = function
❖ Bacterial genomes are highly organized
❖ Pathways often encoded by genes organized in an operon
❖ Related operons or regulators in often in close proximity
❖ Chromosomal location influences expression level4 Nucleic Acids Research, 2014

Figure 2. Effect of chromosomal position on reporter cassette expression. Fluorescence output from the reporter cassette was measured during growth in
the presence of 100 !M IPTG and is represented on the y-axis as a function of OD620. In the absence of IPTG no fluorescence was detected. The location
and orientations of each reporter cassette insertion site is indicated on the x-axis and on the linear schematic of the genome below. The locations of the
macrodomains and non-structured regions (NSR, Right, Ter, Left, NSL and Ori) and the origin (oriC) and terminus (dif) of replication are also indicated.

Chromosomal position effects are not solely due to gene
dosage

To substantiate our observations, we conducted control ex-
periments to confirm that variation in expression from the
reporter cassette was solely due to local chromosomal po-
sition effects. Previous analyses of these effects in bacteria
have concluded that variations observed in expression upon
gene translocation are minimal and are predominantly due
to gene dosage (23–27). Thus, to define the consequence of
gene dosage on gfp expression in our system we determined
the number of DNA copies of the reporter at four differ-
ent genomic loci (Figure 3A). Total genomic DNA was iso-
lated from strains carrying the reporter cassette at the tam,
lac, nupG and asl loci and the relative amounts of the gfp
gene were determined by qPCR. The relative copy number
of the gfp gene varied by only 1.4-fold between the different
loci and as expected, the biggest variation occurred between
oriC (asl) and ter (tam) proximal targets (Figure 3B). There-
fore, gene dosage can only account for 1.4-fold differences
in position-dependent variation of gene expression in the
experiments reported here.

Chromosomal position effects are mediated at the level of
transcription

Since the gene copy number did not correlate with the dif-
ferences observed in expression across the genome, we con-
sidered the possible impact of transcription events originat-
ing from elsewhere within the reporter cassette or from the
chromosome adjacent to the cassette. We also considered
the possible impact of post-transcriptional processes. First,
we assessed transcription directly by measuring RNAP oc-
cupancy within the gfp gene located at the tam, lac and
nupG loci in the presence and absence of the inducer of
the reporter cassette, IPTG. To do this we used chromatin
immunoprecipitation (ChIP) with antibodies against the "
subunit of RNAP and quantified the amount of immuno-
precipitated gfp DNA by quantitative PCR. The results
show that RNAP occupancy of the gfp gene correlates well
with the fluorescence output at the three loci (Figure 3C
and E). Importantly, RNAP was not observed within the
gfp gene in the absence of the inducer IPTG. This demon-
strates that occupancy of the gfp gene, and therefore dif-
ferences in fluorescence, are due to different levels of tran-
scription of the gfp gene derived only from the lac promoter
within the reporter cassette, and not from transcriptional

Image from Bryant et al. 2014.  Nucleic Acids Res. 42: 11383



Bacterial genomes: organization = function
❖ Bacterial genomes are highly organized
❖ Pathways often encoded by genes organized in an operon
❖ Related operons or regulators in often in close proximity
❖ Chromosomal location influences expression level
❖ ‘Hot spots’ for horizontal gene transfer



Evolving view of the bacterial genome
❖ 1963: Escherichia coli 

genome is a single, 
circular chromosome

❖ 1981: Identification of a 
Sinorhizobium meliloti 
megaplasmid

❖ 1989: Borrelia burgdorferi 
chromosome is linear

❖ 1989: Rhodobacter 
sphaeroides genome has a 
second chromosome 
(chromid)

Circular E. coli chromosome undergoing 
replication (Cairns 1963. Cold Spring Harbor 

Symposia on Quantitative Biology. 28: 44)



Terminology
❖ Replicon: a general term to refer to 

any DNA molecule
❖ Technically refers to DNA 

molecules with a single origin of 
replicons, excluding many 
archaeal chromosomes

❖ Chromosome: the primary replicon 
that encodes almost all essential 
cellular proteins

❖ Megaplasmid: a large (> 350 kb) 
replicon that lacks essential genes

❖ Chromid: intermediate between a 
chromosome and a megaplasmid, 
with at least one core gene

❖ Multipartite/divided genome: 
Contains a megaplasmid/chromid

Flow chart for classification of 
bacterial replicons (diCenzo and Finan. 

2017. MMBR. 81: e00019)



Phylogenetic distribution of multipartite genomes
❖ Multipartite genomes (particularly chromids) are most common in the 

Proteobacteria, but can be found throughout the bacterial phylogeny
❖ Appear enriched in species relevant to human society

Phylogeny of 1,708 bacterial species, coloured based on genome structure 
(diCenzo and Finan. 2017. MMBR. 81: e00019)
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Genomic signatures

❖ Genomic signature: “any specific quantitative characteristic 
of a sequence that is pervasive along the genome, while 
being dissimilar for sequences originating from organisms 
of different species” (Karamichalis et al. 2016. BMC Bioinformatics. 17: 313)

❖ GC content (% guanine/cytosine)
❖ Codon usage (ratio of synonymous codons)
❖ Dinucleotide relative abundance (frequency of each pair 

of nucleotides)
❖ Can also (on average) distinguish chromosomes from 

chromids from megaplasmids from plasmids



Genomic signatures
❖ Chromids most similar to chromosomes, plasmids least similar

Distribution of the difference in dinucleotide profiles of secondary replicons 
compared to the corresponding chromosome (diCenzo and Finan. 2017. MMBR. 81: e00019)



Genetic variability
❖ Chromosomes are most genetically stable, followed by 

chromids, and last by megaplasmids

Comparing S. meliloti and S. 
medicae (closely related)

Comparing S. meliloti and S. fredii 
(less closely related)



Genetic variability
❖ Chromosomes are most genetically stable, followed by 

chromids, and last by megaplasmidsComparison of the distribution of B. cenocepacia J2315 orthologs.  

Matthew T. G. Holden et al. J. Bacteriol. 2009;191:261-277 

Total
Chomosome
Chromid
Megaplasmid

Number of B. cenocepacia genes conserved in 
other strains/species grouped by replicon



Functional biases
❖ Global biases can be detected in the function of proteins encoded by 

chromosomes, chromids, and megaplasmids
❖ Chromosome enriched in core functions (e.g., RNA processing, translation, 

cytoskeleton, cell division)
❖ Secondary replicons enriched in functions such as transport, metabolism, 

regulation

Enrichment of 5 functional categories on different replicon classes



Inter-replicon communication
❖ In many ways, each replicon functions independently. Yet, there is 

some co-operation among replicons
❖ Transcription factors (e.g., CtrA in S. meliloti)
❖ Biosynthetic pathways (e.g., pantothenate biosynthesis in R. etli)
❖ Pervasive genetic interactions

❖ Dependent on length of co-evolution

Measure of functional interactions between replicons in R. etli 
(Gonzalez et al. 2006. PNAS. 103: 3834)
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How do megaplasmids form?
❖ Horizontal gene transfer



How do chromids form?
❖ Two hypotheses have been proposed:
❖ Schism hypothesis: split of an ancestral chromosome into 

two replicons
❖ Plasmid hypothesis: evolve from a megaplasmid

❖ introgression of genomic signatures and gain of essential 
genes from the chromosome



How do chromids form?
❖ Two hypotheses have been proposed:
❖ Schism hypothesis: split of an ancestral chromosome into 

two replicons
❖ Plasmid hypothesis: evolve from a megaplasmid

❖ introgression of genomic signatures and gain of essential 
genes from the chromosome

❖ Accounts for genomic signature 
differences and unequal essential 
gene distribution
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Why maintain a multipartite genome?
❖ Increased genome size

❖ Pro: Multipartite genomes 
are larger on average

❖ Con: Majority of largest 
genomes are not divided

Distribution of genome sizes 
for divided and non-divided 

genomes (diCenzo and Finan. 2017. 
MMBR. 81: e00019)

Non-divided genomes

Divided genomes



Why maintain a multipartite genome?
❖ Increased genome size

❖ Pro: Multipartite genomes 
are larger on average

❖ Con: Majority of largest 
genomes are not divided

❖ Increased growth rate
❖ Pro: Some of the fastest 

growing species have a 
divided genome

❖ Con: No correlation 
between genome size and 
growth rate

Relationship (or lack thereof) of 
genome size and growth rate 

(Vieira-Silva et al. 2010. Trends Ecol Evol. 
25: 319)



Why maintain a multipartite genome?
❖ Coordinated gene regulation

❖ Pro: Replicon biases in 
transcriptional responses

❖ Con: Unclear the order of 
causality

❖ Adaptation to new niches
❖ Pro: Consistent with many 

features of the divided 
genomes (e.g. functions)

❖ Con: Species without 
divided genomes occupy 
same niches

Differential expression in nodule 
versus free-living S. meliloti  

(Barnett et al. 2004. PNAS. 101: 16636)



Adaptation to novel niches
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Sinorhizobium meliloti

❖ N2-fixing symbiont of legumes 
such as alfalfa and sweet clover

❖ Complete genome sequence was 
published in 2001

❖ Large 6.7 Mb genome split into 
three replicons: 3.7 Mb (55%) 
chromosome, 1.7 Mb (25%) 
pSymB, 1.4 Mb (20%) pSymA

Sweet clover with wild type S. meliloti 
(right) or a proline auxotroph (left)

S. meliloti visualized with TEM
Images from:

diCenzo et al. 2015. Microbiology
diCenzo et al. 2017.  J Bacteriol



S. meliloti: a niche specialization case study
❖ Reminder: S. meliloti genome 

consists of a chromosome, 
pSymB chromid, pSymA 
megaplasmid

(diCenzo and Finan. 2017. MMBR. 81: e00019)



S. meliloti: a niche specialization case study
❖ pSymA is essential for nodule 

colonization
❖ pSymB contains genes 

important for rhizosphere 
colonization

(diCenzo and Finan. 2017. MMBR. 81: e00019)



S. meliloti: a niche specialization case study
❖ pSymA formed through recent 

HGT, pSymB from ancient HGT

Comparing S. meliloti and S. 
medicae (closely related)(diCenzo and Finan. 2017. MMBR. 81: e00019)



S. meliloti: a niche specialization case study
❖ Metabolic functions of pSymB are 

specialized for rhizosphere 
colonization
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The number of chromosome or pSymB 
encoded genes predicted to contribute to 

growth in bulk soil or the rhizosphere based 
on in silico simulations (diCenzo et al. 2016. Nature 

Communications. 7: 12219)(diCenzo and Finan. 2017. MMBR. 81: e00019)



S. meliloti: a niche specialization case study
❖ S. meliloti may grow slightly faster 

in lab conditions when pSymA is 
removed

Growth rates of S. meliloti strains with or 
without pSymA and/or pSymB in 

minimal media (diCenzo et al. 2014. PLOS Genet. 
10: e1004742)(diCenzo and Finan. 2017. MMBR. 81: e00019)



S. meliloti: a niche specialization case study
❖ A 69-kilobase region moved 

from the chromosome to 
pSymB, moving two essential 
genes

Comparing the S. meliloti and 
S. fredii genomes(diCenzo and Finan. 2017. MMBR. 81: e00019)



S. meliloti: a niche specialization case study
❖ A 69-kilobase region moved from 

the chromosome to pSymB, 
moving two essential genes

Dot plots showing the region 
transferred to pSymB (diCenzo et al. 

2013. J Bacteriol. 195: 202)(diCenzo and Finan. 2017. MMBR. 81: e00019)



S. meliloti: a niche specialization case study
❖ pSymB is more integrated into 

the cell transcriptionally and 
metabolically than pSymA

(diCenzo and Finan. 2017. MMBR. 81: e00019)




