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Bacterial species from diverse phyla contain multiple replicons, yet
how these multipartite genomes are organized and segregated
during the cell cycle remains poorly understood. Agrobacterium
tumefaciens has a 2.8-Mb circular chromosome (Ch1), a 2.1-Mb lin-
ear chromosome (Ch2), and two large plasmids (pAt and pTi). We
used this alpha proteobacterium as a model to investigate the
global organization and temporal segregation of a multipartite
genome. Using chromosome conformation capture assays, we
demonstrate that both the circular and the linear chromosomes,
but neither of the plasmids, have their left and right arms juxta-
posed from their origins to their termini, generating interarm
interactions that require the broadly conserved structural mainte-
nance of chromosomes complex. Moreover, our study revealed
two types of interreplicon interactions: “ori-ori clustering” in
which the replication origins of all four replicons interact, and
“Ch1-Ch2 alignment” in which the arms of Ch1 and Ch2 interact
linearly along their lengths. We show that the centromeric pro-
teins (ParB1 for Ch1 and RepB"? for Ch2) are required for both
types of interreplicon contacts. Finally, using fluorescence micros-
copy, we validated the clustering of the origins and observed their
frequent colocalization during segregation. Altogether, our find-
ings provide a high-resolution view of the conformation of a mul-
tipartite genome. We hypothesize that intercentromeric contacts
promote the organization and maintenance of diverse replicons.
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pproximately 10% of sequenced bacterial genomes contain

more than one replicon (1). These multipartite genomes
are scattered throughout different bacterial phyla, including
species of the Borrelia, Burkholderia, Brucella, Rhizobium, and
Vibrio genera, which are mostly animal and plant symbionts or
pathogens (1, 2). It has been proposed that having multiple
replicons allows faster genome duplication and imparts an
advantage to these bacteria to quickly adapt when switching
hosts or environments (1-3). However, multipartite genomes
pose challenges for genome maintenance and management.
How multiple replicons are organized inside bacterial cells,
how they interact with each other, and whether these interac-
tions help the maintenance or segregation of these multipartite
genomes, and if so how, are unanswered questions.

In unichromosomal bacteria, chromosome dynamics and
genome-wide DNA interactions have been characterized in sev-
eral species (4-10). The highly conserved parABS system and
structural maintenance of chromosomes (SMC) complex have
been found to play critical roles in both chromosome segrega-
tion and interactions. The par4BS system is composed of centro-
meric parS sequences that are commonly present in multiple
copies in the origin region (11). These sequences are bound by
the ParB protein that spreads to adjacent regions, forming large
nucleoprotein complexes (12-14). Finally, the ParA ATPase
binds nonspecifically throughout the chromosome when bound
to adenosine triphosphate (ATP). ParA-ATP interaction with
ParB/parS catalyzes ATP hydrolysis and release of ParA from
the DNA (14-16). The system is tuned in a manner such that
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ParA functions like a “burnt bridge” Brownian ratchet that pulls
replicated origin regions toward opposite cell poles (17, 18).

The ParB/parS nucleoprotein complex has a second function
in chromosome dynamics, in site-specifically loading the SMC
complex onto the chromosome (19-21). After loading, the large
ring-shaped ATPases of the SMC complex translocate away
from their origin-proximal loading site toward the replication
terminus, juxtaposing the DNA on the left and right arms (7,
22). This activity is called DNA-loop extrusion and is thought
to help topoisomerase IV remove entanglements between the
two newly replicated sister chromosomes and thus facilitate
chromosome segregation (23). Loop extrusion generates inter-
arm interactions, the most prominent genome-wide long-range
interactions observed in bacteria. Interestingly, Escherichia coli
and a subset of gamma proteobacteria lack the parABS system
and do not have the canonical SMC complex. These bacteria
contain a structural analog of the SMC complex called Muk-
BEF (24). E. coli lacks interarm interactions and instead adopts
a distinct organization pattern (6). The current view is that
MukBEF generates long-range DNA interactions throughout
the genome by loading nonspecifically on DNA and extruding
loops from these sites (25). Evidence suggests that canonical
SMC complexes can also load nonspecifically on DNA and
extrude loops in addition to their specific loading at parS sites
by ParB (19, 26).

Chromosome dynamics have been investigated in several
bacteria with multipartite genomes by visualizing specific
genetic loci using fluorescence microscopy (27-30). However,
genome-wide interactions have only been examined in Vibrio
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cholerae (31, 32). V. cholerae has two circular chromosomes
(Chl and Ch2); Ch2 has interarm interactions that resemble
unichromosomal bacteria like Bacillus subtilis, whereas Chl is
folded similarly to E. coli and lacks interarm interactions. Inter-
estingly, weak interactions were observed between the termini
of the two chromosomes and between the origin of Ch2 (ori2)
and a sequence element called crtS on Chl (31, 32). Replica-
tion of c¢rtS triggers the initiation of Ch2 replication, ensuring
that replication of the two chromosomes terminates at approxi-
mately the same time (32, 33).

V. cholerae, as with E. coli, has MukBEF instead of a canoni-
cal SMC complex (34), and it is currently unclear what drives
the interarm interactions on Ch2. Here, we investigate the
organization of a more complex multipartite genome in the
plant pathogen, Agrobacterium tumefaciens. Importantly, this
bacterium encodes the canonical SMC complex, suggesting its
genome-wide organization is likely to be more prevalent among
bacteria with multipartite genomes.

A. tumefaciens C58 has a circular chromosome (Chl, 2841 kb),
a linear chromosome (Ch2, 2,076 kb) and two large plasmids,
pAt (542 kb) and pTi (216 kb) (Fig. 14) (35). Ch1 contains a par-
ABS system, whereas Ch2 and the two plasmids use individual
repABC systems, distantly related to par4ABS. RepAs resemble
ParA, RepBs are homologs of ParB, and RepCs are the replica-
tion initiator proteins. The centromeric sequences are all called
pars sites (36). Cell division proceeds through a polar mechanism
in which the daughter cell grows out from a single pole rather
than by classic binary fission (37). Here, we combined chromo-
some conformation capture (Hi-C), chromatin immunoprecipita-
tion sequencing (ChIP-seq), whole-genome sequencing (WGS),
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and time-lapse fluorescence microscopy to investigate genome
organization and segregation in A. fumefaciens C58. We report
that both chromosomes, but neither plasmid, have interarm
interactions that depend on the SMC complex. In addition, we
identify two types of interreplicon contacts: interactions among
all four origins that we call ori clustering and interchromosomal
interactions along the chromosome arms that we call Ch1-Ch2
alignment. Both types of interreplicon contacts require centro-
meric ParB/RepB proteins. Finally, we use fluorescence micros-
copy to track the localization and dynamics of the chromosome
and plasmid replication origins during the cell cycle. Collec-
tively, our data support a model in which interreplicon contacts
promote organization and maintenance of multipartite genomes
during cell division.

Results

Global Conformation of the A. tumefaciens Genome. To study the
global folding pattern of the A. tumefaciens genome, we per-
formed Hi-C (38) on C58 wild-type (39) cells during exponential
growth in minimal medium, ATGN (doubling time = 202 min +
7 min, mean = SD) (40) (Fig. 1B). To better visualize the chromo-
some origin regions on the Hi-C interaction matrix, we oriented
the reference sequence such that the origins were at the center of
each chromosome. Consistent with previous studies on unichro-
mosomal bacteria that contain an SMC complex (4, 5, 7-9), we
found that the two replication arms of the circular Chl interacted
along their lengths (Fig. 1B, yellow ovals). Interestingly, the linear
Ch2 also had interarm interactions, whereas the plasmids, pAt
and pTi, did not (Fig. 1B and SI Appendix, Fig. S1). In addition

C model

T.
Ch2

D contact frequency
0 0002 0004 0006 0008 0010

Asmc

ori2 _bAr ofi| = 3
° T T T T T T T T T T
0 1000 2000 3000 4000 5000 5674 (kb) O 1000 2000 3000 4000 5000 5674 (kb)
Ch1 Ch2 pAt pTi Ch1 Ch2 pAt pTi

Fig. 1. Genome-wide organization of A. tumefaciens replicons. (A) A. tumefaciens C58 wild-type cells have a circular chromosome (Ch1), a linear chromo-

some (Ch2), and two plasmids (pAt and pTi). The replication origins are labeled ori1, ori2, 0At, and oTi. The left and right arms of the chromosomes are
labeled L1, R1, L2, and R2. The sizes of these four replicons are indicated. (B) Normalized Hi-C contact map displaying contact frequencies for pairs of
10-kb bins across the genome of A. tumefaciens C58 wild-type (WT). The x and y axes indicate genome positions. To better visualize contacts in the origin
region of Ch1, the reference genome of Ch1 is rearranged with the origin (ori7) at the center and the two arms on either side. Ch1, Ch2, pAt, and pTi are
indicated by green, red, purple, and black bars, respectively. The positions of the four origins are indicated on the x axis. Interarm interactions on both
Ch1 and Ch2 are circled in yellow. Interactions between origins are circled in orange. The interactions between the arms of Ch1 and the arms of Ch2 are
circled in blue. (C) Schematic model of genome organization in a newborn cell. The four origins are clustered together at the old cell pole. Ch1 and Ch2
are aligned along the cell length. (D) The scale depicts Hi-C interaction scores (contact frequency) for all contact maps presented in this study. (E) Normal-
ized Hi-C contact map of Asmc (AtWX108). Interarm interactions are absent in Ch1 and Ch2.
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to these intrareplicon contacts, the Hi-C matrix revealed two
types of interreplicon contacts. First, the origins of all four repli-
cons interacted with each other (Fig. 1B, orange circles), which
we refer as “ori-ori clustering.” This interaction pattern is consis-
tent with their polar localization that has been reported previously
(41). Second, the arms of Chl interacted with the arms of Ch2
along their lengths. This latter interaction, which we call “Chl-
Ch2 alignment,” can be seen on the Hi-C map as an X-shaped
pattern (Fig. 1 B, blue ovals, and C).

To investigate whether the interaction patterns we observed
were specific to strain C58, we tested a phylogenetically distinct
wild-type strain, A. tumefaciens 15955 (42). This strain has four
replicons but differs significantly from C58 in gene content and
sequence. As can be seen in SI Appendix, Fig. S2, the overall
interaction patterns were similar in these two strains. More-
over, the interactions remained in all growth media tested,
including virulence-inducing growth conditions (40, 43), mini-
mal medium ATGN, and rich LB medium. Finally, in strains
that are missing the pTi plasmid or a large region of the pAt
plasmid (43), chromosome interactions were not altered (SI
Appendix, Fig. S2 C, D, G, and H).

SMC Is Required for Interarm Interactions on Both Chromosomes.
To investigate whether SMC is required for the interarm inter-
actions observed for the circular and linear chromosomes, we
generated a markerless deletion of the smc gene (Atu0801/
ATU_RS03945) using allelic replacement. Analysis of chromo-
some interactions by Hi-C in Asmc mutant revealed that the
interarm interactions on both chromosomes were lost (Fig. 1E
and SI Appendix, Fig. S3A4). Interestingly, despite the absence
of these long-range interactions, cells lacking SMC had no
growth defects, and replicon segregation was only mildly
impaired (Fig. 2F and SI Appendix, Fig. S3B) (Discussion). In
addition, the two types of interchromosomal contacts (ori-ori
clustering and Ch1-Ch2 alignment) were largely unchanged in
the Asmc mutant (Fig. 1E and SI Appendix, Fig. S3A4) and thus
were independent of SMC. Therefore, as observed previously
in unichromosomal bacteria, the SMC complexes in A. tumefa-
ciens act in cis to disentangle the sister chromatids, juxtaposing
the left and right arms of the circular and linear chromosomes,
presumably by loop extrusion. Furthermore, SMC complexes
do not function in bridging between replicons, nor do they
function in isolating the replicons from each other.

SMC Loaders on Ch1 and Ch2. The requirement of SMC for inter-
arm interactions on both Chl and Ch2 prompted us to investi-
gate the role of ParB1 (Atu2828/ATU_RS13770) and RepB“"
(Atu3923/ATU_RS18280) in loading the SMC complex. As a
first step in our characterization of these proteins, we experi-
mentally determined their binding sites on the genome. We
purified recombinant ParB1 and RepB“"? and generated poly-
clonal antibodies against them to perform chromatin immuno-
precipitation sequencing (ChIP-seq). Our analysis revealed that
ParB1 was enriched over an ~40-kb region surrounding oril
(Fig. 24), whereas RepB“™ occupied an ~8-kb region encom-
passing ori2 (Fig. 2B). Guided by previously characterized bind-
ing motifs of ParB and RepB proteins (11, 36), we identified
seven parS1 sites on Chl (Fig. 24) and four parS2 sites on Ch2
(Fig. 2B), which are within the ChIP-seq enrichment regions.
To test whether ParBl1 is required for interarm interactions
along Chl, we sought to generate a conditional allele for the
essential parBl gene. Our attempts to deplete ParBl using
IPTG-regulated promoters [Plac and Ptac (44)] were unsuc-
cessful due to leaky transcription in the absence of inducer.
Instead, we combined a tightly controlled inducible promoter
[Ptral (45)] with a riboswitch that controls translation (46, 47).
The Ptral promoter is activated by TraR in the presence of the
acylhomoserine lactone (AHL) produced by the Tral AHL
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synthase. To enable exogenous control of the Ptral promoter,
we deleted the tral gene that encodes the AHL synthase (48).
The riboswitch is regulated by the small molecule theophylline
(46, 47). In the absence of theophylline, transcripts containing
this riboswitch are poorly translated. We inserted a Ptral-ribos-
witch-parBl traR cassette at the fetRA locus on Ch2 (40) and
deleted the native parB1 gene in the presence of AHL and the-
ophylline. In the presence of the two inducers, the strain grew
similarly to the wild type; in the absence of inducers, the cells
failed to form colonies, supporting the essentiality of parBI and
its successful depletion using this system (Fig. 2F).

We used the ParB1 depletion strain to compare the genome
conformation in the presence and absence of ParBl. For these
experiments we used our standard ATGN medium (doubling
time = 202 min + 7 min, mean + SD) and LB (doubling time =
89 min + 2 min, mean + SD). We grew the strain in the pres-
ence of AHL and theophylline and collected ParB1* samples.
We then washed the cells, diluted them in media lacking the
inducers, and we collected ParB1-depleted samples (ParB1™) at
various time points (SI Methods). To prevent the cells from
entering stationary phase, we diluted the cultures when their
optical density at 600 nm (ODgg) reached 0.6. As shown in
Fig. 2G and SI Appendix, Fig. S4M, ParB1 depletion in ATGN
for 30 h or in LB for 12 h was incomplete (~79% or ~83%
depleted, respectively), and interarm interactions on Chl were
reduced but still detectable (SI Appendix, Fig. S4 E-H and N).
However, after depletion in LB for 30 h (Fig. 2G and S/
Appendix, Fig. S4M), ParB1 depletion was more pronounced
(~97% depleted). Under these conditions, interarm interac-
tions on Chl were barely above the background (Fig. 2 C and
D and SI Appendix, Figs. S4 I-L and S5 A and B). Importantly,
the interarm interactions on Ch2 were unchanged. Therefore,
ParB1 is required for interarm interactions on Chl and not
Ch2, supporting the idea the SMC complexes are loaded onto
Ch1 by ParB1 bound to parS1 sites in oril.

In the absence of ParB1, interarm interactions on Ch2 were
unchanged (Fig. 2 C and D and SI Azppendix, Figs. S4 I-L and
S5 A and B), suggesting that RepB“" was responsible for load-
ing SMC complexes onto this linear chromosome. To investi-
gate this possibility, we generated an in-frame deletion of
repB“"?. The mutant strain had a severe growth defect but was
viable (Fig. 2F), enabling us to investigate the genome confor-
mation by Hi-C. Strikingly, interarm interactions on Ch2 and
Chl were unaffected in this mutant (Fig. 2E and SI Appendix,
Fig. S5). These data indicate that RepB“" is not required for
SMC-dependent interarm interactions on Ch2 and suggest that
loading SMC onto the origin of Ch2 is mediated by a currently
unknown factor.

ParB1 and RepB"? Are Required for Interchromosomal Contacts.
Strikingly, when ParB1 was depleted, all interreplicon contacts
(ori-ori clustering and Ch1-Ch2 alignment) were diminished
(Fig. 2D and SI Appendix, Fig. S4 E-L). We note that even the
interreplicon contacts among ori2, pAt, and pTi were absent.
When RepB“"™ was deleted, interactions between Ch2 and the
other replicons were absent. However, interactions between
Ch1 and the plasmids were unchanged (Fig. 2E). These results
and the Hi-C analysis of the Asmc mutant (Fig. 1E and S/
Appendix, Fig. S34) indicate that ori-ori clustering and Chl-
Ch2 alignment are mediated by the centromeric ParB/RepB
proteins, but not through the loading the SMC complex; ParB1
is the central component for interactions among all four origins
and a prerequisite for ori-ori contacts between second-
ary replicons.

We also noticed that pTi was lost in two independent isolates
of the ParB1 depletion strain during the strain building proce-
dure. However, pTi was not lost in any other mutants analyzed
by Hi-C (Fig. 2 C and D and SI Appendix, Fig. S4 E-L). The
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Fig. 2. SMC loaders on Ch1 and Ch2. (A) Left: ParB1 enrichment in wild-type cells. To match the presentation of Hi-C, the reference genome of Ch1 is
rearranged with the origin (ori7) at the center and the two arms on either side. Sequencing reads from ChIP and input samples were normalized to the
total number of reads. The x axis shows genome positions, and the y axis indicates ChIP enrichment (ChIP/input) in1-kb bins. Inset: High-resolution plots
of a 50-kb region encompassing ori1. Putative parS7 sites are indicated by gray dotted lines. Data are plotted in 100-bp bins. Right: Individual parS7
sequences are aligned. (B) Left: RepB"? enrichment in wild-type cells. Inset: High-resolution plots of a 50-kb region encompassing ori2. Putative parS2
sites are indicated by gray dotted lines. Right: Individual parS2 sequences are aligned. (C and D) Normalized Hi-C contact maps for ParB1 depletion strain
(AtWX192) grown in LB with (ParB1*) or without (ParB1~) AHL and theophylline. A different genetic isolate is shown in S/ Appendix, Fig. S4 K and L. 30-h
depletion was used for this experiment. An earlier time point (12-h depletion) is shown in S/ Appendix, Fig. S4N. The same strains growing in ATGN were
shown in S/ Appendix, Fig. S4 E-H. When ParB1 was depleted, interarm interactions are absent on Ch1 but unchanged on Ch2. Quantification of the inter-
actions can be found in S/ Appendix, Fig. S5. We observed the loss of pTi in this strain in two genetic isolates (S/ Appendlix, Fig. S4 E-L), likely during strain
construction. (E) Normalized Hi-C contact maps for ArepBC”z (AtWX089). When repBC"z was deleted, interarm interactions on both chromosomes were
unchanged. (F) Tenfold serial dilutions of the indicated strains spotted on ATGN plate (left) or LB plate (right). ParB1* plates contain 1 uM AHL and 2 mM
theophylline, and ParB1~ plates lack these additives. (G) Immunoblot analysis showing levels of ParB1, RepB"?, and PruR, a loading control. Wild-type,
ParB1 depletion strain (AtWX192), and ArepBC”z (AtWX089) were grown in LB or ATGN as indicated. After 30-h depletion, ParB1 has ~3% remaining in
LB (also S/ Appendix, Fig. S4M) and 21.0% in ATGN.

exact reason for pTi loss was uncertain. We speculate that Hierarchical Localization and Replication of the Four Replicons. Our
ParB1 is important for the stable maintenance of pTi, and ori-  Hi-C assays identified a genome-wide interaction pattern in
ori clustering promotes the stable maintenance of secondary A. tumefaciens. To complement this population-averaged assay,

replicons of multipartite genomes. we used single cell-based methods to investigate if and how
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interreplicon contacts impact genome segregation and mainte-
nance for multipartite genomes. To directly visualize the locali-
zation and dynamics of the four replicons, we used two
independent approaches. In the first approach, we generated
fluorescent fusions to ParB1 and the three RepB proteins and
expressed them from a low-copy-number plasmid, pSRKKm (49)
(Fig. 34). As a validation to this approach, we performed ChIP-seq
experiments and found that GFP-ParB1 (SI Appendix, Fig. S6A)
and GFP-RepB“™™ (SI Appendix, Fig. S6B) had the same enrich-
ment profiles as the untagged proteins (Fig. 2 A and B), and
mYpet-RepBP* (SI Appendix, Fig. S6C) and mYpet-RepB°™
(parS*) (SI Appendix, Fig. S6D) (also see below) were only
enriched at the origins of their cognate plasmids. Fluorescence
imaging of exponentially growing cells expressing GFP-ParB1,
GFP-RepB“™, mYpet-RepBP, or mYpet-RepBP (pars*)
revealed that each fusion protein had unipolar or bipolar foci
(Fig. 34). These data suggest that the centromeres (ParB1 and
RepBs bound to their parsS sites) at the replication origins from
all four replicons localize at the cell poles.

In a second approach, we localized the four origins by insert-
ing a cassette containing gfp-parB”™ -parSP™™ near the origin
regions of the four replicons (Fig. 3B). This ParB/parS system is
derived from pMT]1 plasmid and is commonly used to visualize
chromosomal loci (50). Importantly, the par§?"’ sequence is
distinct from the parS sites on the four replicons in A. tumefa-
ciens. Using WGS and Hi-C experiments, we found that label-
ing the chromosome origins using this cassette did not perturb
DNA replication (SI Appendix, Fig. S7TA) or genome organiza-
tion (SI Appendix, Fig. S7B). Consistent with the experiments
described above, the origins of all four replicons localized as
one or two polar foci. These data are consistent with the ori-ori
clustering interactions observed by Hi-C (Fig. 1B).

Taking advantage of the correlation between cell length and
cell cycle progression, we compared the relative segregation tim-
ing of each replicon. We ordered the cells with increasing cell
length, divided them into 100-cell bins and analyzed the average
number of foci per cell in each bin. We found that ori/ segregated
first, followed by ori2 and then oAt and o7i (Fig. 3C). These data
are consistent with experiments reported previously (41, 51). The
staggered segregation patterns suggested that the initiation of rep-
lication of the four replicons was not synchronous. To investigate
this more directly, we performed genome-wide marker frequency
analysis. The ratios of relative copy number of the four origins
were 1:0.87:0.73:0.75 (oril:ori2:0At:0Ti) (Fig. 3E), consistent with
the idea that the delay in segregation by microscopy was due to a
delay in the initiation of replication (Fig. 3 A-C). We conclude
that A. tumefaciens cells are born with a single copy of each repli-
con with the replication origins localized at the old cell pole. At
some time after septation, ori/ initiates replication and segrega-
tion; this is followed by ori2 replication initiation and segregation,
and then the plasmids.

Finally, we compared the polar localization of the four ori-
gins by analyzing the distance between the cell pole and each
focus. We found that ParB1 was closer to the cell poles than
RepB“™, RepBP™, or RepBP ' (parS*) (SI Appendix, Fig. S84).
Similar results were obtained using the ParBPMT!l.pgrspMT!
labeled origins (Fig. 3D). Thus, the origins not only have a hier-
archy of replication initiation and segregation timing but a
similar hierarchy of polar localization. Both hierarchies were
previously observed in A. tumefaciens (41) and other species
with multiple replicons (27-29). We note that the ParBPMT'-
parSPM™ _labeled origins were further away from the cell pole
than their respective centromeres (SI Appendix, Fig. S8B). A
similar phenomenon was observed in Caulobacter crescentus
(52). These observations are consistent with the idea that
the centromeres are sites of force exertion for origin anchoring
and origin segregation and that the nearby regions can be
stretched (52).
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pTi Can Be Cured due to a Cryptic parsS in repB°™, and This Confounds
Copy-Number Measurements. Although consistent with one earlier
study (41), our data that pTi had one or two copies localized to
the cell poles contradicted a recent report by Robalino-
Espinosa and coworkers showing that pTi had one to six copies
and did not occupy specific regions of the cell (51). We note
that in our initial experiments, we visualized mYpet-RepBP"
expressed from the pSRKKm plasmid and observed three to
ten foci distributed throughout the cell (SI Appendix, Fig. S9C).
The mYpet-RepBP™ fluorescent foci were also fainter and
appeared fuzzy (SI Appendix, Fig. S9C), similar to what was
observed by Robalino-Espinosa et al. using eGFP-RepBP™
(51). ChIP-seq on the strain expressing mYpet-RepBP"
revealed that there is a parSP™" site within the repB?™" gene (SI
Appendix, Fig. S9 A and C), and the presence of the pSRKKm
plasmid expressing mYpet-RepBP™" led to the loss of the pTi
plasmid (SI Appendix, Fig. S9 A and B). Thus, our mYpet-
RepBP™ (and likely eGFP-RepBP™ of Robalino-Espinosa et al.,
also expressed from a pSRK derivative) is reporting on the
copy number and subcellular position of the pSRK plasmid and
not those of pTi. To circumvent this problem, we generated an
mYpet-RepBP"(parS*) fusion in which the parSP"" sequence
within the fusion was mutated without altering the protein
sequence (SI Appendix, Fig. S9C). Fluorescence imaging of a
strain harboring this fusion revealed one or two polar foci (S
Appendix, Fig. S9C), similar to the other three replicons.

ori-ori Clustering during Segregation. After visualizing individual
replication origins in snapshots, we further investigated the
dynamic behavior of the origins of each replicon and covisual-
ized oril (eGFP-ParB1) and ori2 (RFP- RepB“"?) or oAt (RFP-
RepBPAY) using time-lapse microscopy (Fig. 4). This analysis
revealed that oril and ori2 colocalize at the poles during most
of the cell cycle, consistent with the ori-ori clustering interac-
tions observed in Hi-C (Fig. 1B). However, upon initiation of
replication and segregation, not all cells behaved the same. In
the vast majority of cells (71.7%; n = 45) called type 1 (Fig. 44
and SI Appendix, Fig. S10), oril duplicated and segregated
before ori2; then, one of the oril foci remained at the old pole,
and the other moved to the new pole. Interestingly, the single
ori2 focus initially was colocalized with the translocating oril
focus. Upon initiation of ori2 replication, as indicated by a
smeary fluorescent focus, the ori2 smear no longer colocalized
with the migrating oril focus. It then split into two foci and seg-
regated to opposite poles, colocalizing with the two oril foci. In
type 1b (19.6%) (Fig. 4B), the fluorescent foci followed the
same above steps as in type 1, except for the colocalization step
during oril translocation. It is possible that ori2 and the moving
oril colocalized for less than 10 min, which was the time inter-
val of image acquisition, and was missed in our time-lapse
imaging. In type 2 (8.7%) (Fig. 4C), we could not resolve the
timing of oril and ori2 duplication, and one pair of oril-ori2
foci stayed at the old pole, and the other pair of foci segregated
to the new pole at the same time. The time-lapse movies of oril
and oAt were similar to the oril-ori2 dynamics, in which the sin-
gle oAt focus initially colocalized with the translocating oril
focus during segregation (Fig. 4D). Thus, the time-lapse experi-
ments are consistent with the single-color snapshots in regard
to origin localization and segregation timing (Fig. 3 and S/
Appendix, Fig. S84) and further revealed that before duplica-
tion, ori2 and oAt were colocalized with the segregating oril,
likely through the interactions between the centromeres (Fig. 2
D and E). These data suggest that oril/ParB1 holds the ori-ori
clustering at the cell pole, and upon duplication of this region,
the unreplicated origins specifically associate with the nonanch-
ored Chl centromere.
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Fig. 3. Visualization of the four origins. (A) Localization of the four centromeric regions visualized using fluorescent protein fused to ParB1/RepBs
expressed from pSRKKm-based plasmids. Top panels are cropped microscopy images of GFP-ParB1 (AtWX226), GFP-RepB"? (AtWX228), mYpet-RepBPAt
(AtWX179), and mYpet-RepBPT(parS*) (AtWX372). Fluorescent fusions were expressed by adding 0.25 mM IPTG for 4 h. Bottom panels are plots showing
relative position of the foci. One-thousand cells were analyzed for each strain. The solid black lines indicate the positions of two poles. The same popula-
tion of cells were used to quantify the distance of the foci from pole (S/ Appendix, Fig. S8A). (Scale bar, 2 pm.) (B) Localization of the four origin regions
visualized using the ParBPMT-parsPM™" system (AtWX278, AtWX295, AtWX359, AtWX351). Top panels are microscopy images and Bottom panels are plots
of foci position. (C) Average number of ParBPM™'-pars"" labeled origins per cell. Cells are divided into 100-cell bins. The x axis indicates the cell length,
and the y axis shows foci number per cell in the bin. (D) Distance of the ParBPM"'-pars®""_|abeled origins from the nearest pole. The x axis shows the
distance from the pole, and the y axis indicates the number of foci at that length. (E) Maker frequency analysis using WGS data from the wild type. The
x axis shows the genome position, and the y axis shows relative copy number. The reference genome of Ch1 is arranged the same way as in Hi-C and
ChlIP-seq plots.
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Fig. 4. Covisualization of replicons. (A-C) Three types of segregation pat-
terns of oril and ori2 (AtWX263). GFP-ParB1 and RFP-RepB"? are
expressed from a single pSRKKm-based plasmid. A preculture was grown
for overnight in the absence of IPTG. The cells were subcultured to
medium containing 0.2 mM IPTG for 4 h before setting up time lapse.
Time-lapse progression (10-min intervals) of ori1 (green) and ori2 (red)
dynamics monitored in cells grown on agarose pad containing ATGN and
0.2 mM IPTG. Two biological experiments were performed. The percen-
tages were calculated from a total of 45 cells, in which we captured the
entire replication and segregation cycle. Yellow carets show where the
red focus colocalizes/overlaps with the moving green focus. (D) A repre-
sentative of time-lapse progression of ori1 (GFP-ParB1 green) and oAt
(RFP-RepBPAY) (AtWX319). (Scale bar, 2 pm.) (E) Schematic model for the
organization and segregation of A. tumefaciens genome. The four origins/
centromeres are clustered together at the old pole in a newborn cell. Ch1
initiates its replication and segregation first. One copy of ori7 stays
anchored at the old pole, whereas the other ori7 moves toward the new
pole. ori2/oAt/oTi travels with the moving oril. ori2 and then oAt/oTi
disassociate from ori7 upon their replication. After duplication, the two
copies of ori2, 0oAt, and oTi translocate to the two opposite poles and
tether with ori7 again before cytokinesis. The old and new cell poles are
indicated. The newly added cell wall materials are labeled in blue.
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Discussion

In this study, we use A. tumefaciens as a model to investigate
the global interactions of a multipartite genome and how these
interactions might function in the maintenance and segregation
of the multiple replicons during the cell cycle. Within each
chromosome, we observed interarm interactions on both the
circular Ch1l and the linear Ch2 and these interactions required
the SMC complex (Fig. 1E). These Hi-C patterns can most eas-
ily be understood by specific loading of SMC complexes adja-
cent to the replication origins followed by loop extrusion of these
complexes as they translocate to the replication terminus. Our
data showed that ParBl1 is required for interarm interactions on
Ch1 and therefore is likely to load the SMC complex at origin-
proximal parS1 sites as has been reported in several bacteria (4,
5, 7, 8, 10). However, our data indicate that RepB“"™ is not
required for the interarm interactions on Ch2 and therefore is
unlikely to function in SMC loading (Fig. 3). These results sug-
gest that A. tumefaciens encodes an unknown protein that binds
to unique sequences adjacent to the origin of Ch2 and facilitates
the site-specific loading of SMC complexes. Identification and
characterization of this factor may reveal a broadly conserved
mechanism for SMC loading onto secondary replicons.

It is noteworthy that despite the complete loss of interarm
interactions in the absence of SMC, cells lacking this protein
exhibited no observable growth defect (Fig. 2F) and only a mild
defect in chromosome segregation (SI Appendix, Fig. S3B). A
similar phenomenon has been reported for a related alpha pro-
teobacterium, C. crescentus (8). Interestingly, in both organ-
isms, the ParABS system is essential. By contrast, SMC and
MukBEF in B. subtilis and E. coli are essential during rapid
growth, whereas the ParABS system is either dispensable or
completely absent (53-55). Thus, different bacteria have
evolved to rely more heavily on the partitioning system or the
SMC family of proteins for chromosome segregation.

We discovered that the origins of the four replicons are clus-
tered at the cell pole by their centromeres (Figs. 1 and 2), and
the two chromosomes are linearly aligned along their lengths.
This organization is reminiscent of the “bouquet” arrangement
in meiotic prophase I cells, in which the telomeres are clustered
to help homologous chromosomes pairing and removing entan-
glement between different chromatids (56). In bacteria with
multiple replicons, the clustered origins and the linear align-
ment of the large replicons could reduce chromosome entan-
glement and help genome organization. This arrangement
could also locate genes with related functions on different chro-
mosomes in close proximity (57). Moreover, a recent study pre-
formed Hi-C on 24 species across the eukaryotic domain of life
and proposed that centromeric clustering is conserved since the
last eukaryotic common ancestor (58). Because we show that the
origins of the four replicons of A. tumefaciens cluster through
their centromeres, it will be exciting to investigate whether cen-
tromere clustering in eukaryotes and in bacteria was inherited
from a common ancestor or has evolved independently.

We found that the primary chromosome’s centromere
(ParBl1/parS1) plays a key role in ori-ori clustering. Moreover,
disruption of ParB1 might have caused the loss of pTi (Fig. 2 C
and D and SI Appendix, Fig. S4 E-L). Based on these observa-
tions, we propose that centromeric clustering could be a
general solution for maintaining multipartite genomes. By clus-
tering centromeres, the secondary replicons are attached to the
primary chromosome, ensuring their maintenance even under
conditions in which there is no selective advantage for their
inheritance. This clustering may also serve as a counting mech-
anism to ensure one copy of each replicon segregates with each
primary chromosome. Our cytological analyses reveal that the
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ori-ori clustering is lost shortly after the replication initiation of
the secondary replicons. We hypothesize that replication
through the parS sequences disrupts the centromeric nucleo-
protein complex and the clustering. Reformation of the repli-
cated centromeric complexes initiates their segregation to
opposite poles and re-establishes the origin clustering.

Our single-cell localization data indicate that the four repli-
cons have a hierarchical organization. The primary chromo-
some is located closest to the cell pole, followed by secondary
replicons; the primary chromosome replicates and segregates
first, followed by the secondary replicons (Fig. 3). Similar phe-
nomena have been observed in other species (27-29). We
hypothesize that ori-ori clustering plays a role in regulating the
initiation of replication and in facilitating the segregation of
secondary replicons. In ¥ cholerae, the replication of Ch2 is
triggered by the replication of crtS on Chl (32, 33). It is unclear
how A. tumefaciens coordinates the timing of replication of the
four replicons. Our data suggesting that the unreplicated ori-
gins migrate with the replicated ori/ away from the pole raise
the possibility that displacement of the origins of the secondary
replicons from a replication inhibitor at the cell pole could trig-
ger replication initiation of these origins. It is also possible that
timing of Chl replication and the delay in secondary replicons
are mediated by ParA and RepA proteins, since ParA is impli-
cated in replication control in B. subtilis (59, 60).

It is unclear whether the clustering of the origins is through
direct interactions between the centromeres or bridged by other
proteins. Previous work in C. crescentus, B. subtilis, and V. chol-
erae identified polarly localized proteins that interact with
sequence-specific DNA-binding proteins and anchor the origin
regions at the cell poles (61, 62). The ori-ori clustering interac-
tions observed here could be mediated by such polar proteins.
A. tumefaciens has a unipolar growth mode (37) in which the
cell envelope is only synthesized at the new cell pole (also
called a growth pole). So far, three pole-organizing proteins
have been characterized: PopZ, GPR, and PodJ. PopZ and
GPR are growth-pole proteins required for unipolar growth,
cell shape, and normal cell division (46, 63-66); PodJ localizes
to the old pole and plays an essential role in the growth-pole to
old-pole transition (66, 67). Future studies will be directed at
testing whether any of these polar proteins anchor the origin
regions and serve as mediators of the interreplicon contacts.

In summary, our study reveals the global interaction pattern
of a divided bacterial genome. We postulate that clustering of
the centromeres facilitates the organization, segregation, and
maintenance of multipartite bacterial genomes.
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Materials and Methods

A. tumefaciens strains were derived from the strain C58 (39) or 15955 (42).
Cells were grown as specified in defined minimal medium (40) (ATGN), viru-
lence induction broth (43), or LB broth at 30°C with aeration. The doubling
time of wild-type is 202 min + 7 min (mean + SD) in ATGN (n = 3) and 89 min +
2 min (mean + SD) in LB (n = 3).

In liquid media, when appropriate, the following antibiotics or supple-
ments were added at the indicated concentrations: kanamycin (IBl, 1B02120)
150 pg/mL, carbenicillin (GoldBio, C-103-5) 25 pg/mL, gentamicin (ACROS
Organics, AC613980010) 150 pg/mL, IPTG (Dot Scientific, DS102125) 0.2 or 0.25
mM as indicated, theophylline (Sigma, T1633-100G) 2 mM, and AHL (N-3-
oxooctanoyl-L-homoserine lactone) (Sigma, 01764-10MG) 1 pM. Antibiotics
were doubled when applied on solid media. Virulence induction broth (43) is
a modified ATGN medium, replacing AT buffer with 50 mM phosphate buffer
(NaH,PO4 and Na,HPO,, pH 5.7) with 0.02 M 2-N-[morpholino] ethanesulfo-
nate, and supplementing with 200 M acetosyringone.

For Hi-C, ChIP-seq, WGS, or microscopy experiments, cells were streaked on
ATGN plates. Single colonies were inoculated into 5 mL ATGN medium and
rolled overnight. In the next morning, the cultures were diluted into 30 mL
ATGN liquid with a starting ODggo of 0.15. Cultures were grown in a shaking
water bath for 6 h to reach an ODgyo of 0.5-0.6 before harvest. For ParB1™,
AtWX192/193 were supplied with inducers (1 1M AHL and 2 mM theophylline)
when growing on solid media or in liquid media. For ParB1~, AtwW192/193
were grown in ATGN or LB solid medium or liquid media without inducers for
indicated amount of time. Cultures were diluted before their ODggo reached
0.8 to prevent cells from entering stationary phase. The best depletion was
achieved in LB after 30 h (S/ Appendix, Fig. S4M).

Detailed procedures of Hi-C, ChIP-seq, WGS, sequence analysis, fluores-
cence microscopy, image analysis, immunoblot analysis, antibody generation,
and strain and plasmid construction can be found in S/ Appendix, Materials
and Methods. Lists of strains, plasmids, oligonucleotides, and next-generation
sequencing samples can be found in S/ Appendix, Tables S1-54.

Data are deposited in the Gene Expression Omnibus repository (accession
no. GSE182881). Further information and requests for resources, reagents, and
analytical scripts should be directed to and will be fulfilled by the correspond-
ing author. Plasmids and strains generated in this study are available from the
corresponding author with a completed Materials Transfer Agreement.

Data Availability. Next-generation sequencing data have been deposited in
the Gene Expression Omnibus repository (accession no. GSE182881). Plasmids
and strains generated in this study are available from the corresponding
author with a completed Materials Transfer Agreement.
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