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Figure 2. Calling centromeres on P. falciparum and S. cerevisiae. A. Heatmap of the normalized trans contact counts for S. cerevisiae Hi-C data at 40 kb
overlaid with Centurion’s centromeres calls (black lines). The contact counts were smoothed with a Gaussian filter (o = 40 kb) for visualization purposes.
White lines indicate chromosome boundaries. B. Per chromosome errors of Centurion’s centromere calls for S. cerevisiae using normalized (black) and raw
(blue) Hi-C contact maps at 40 kb resolution. C. Heatmap of trans contact counts for P. falciparum trophozoite data at 40 kb overlaid with Centurion’s
centromere calls (dashed black line) and ground truth (red line) for chr 2, 3, 4 and 12. D. Average errors of centromere calls for Centurion (black) and
Marie-Nelly ez al. (25) method for S. cerevisiae data from Duan et al. (29) and the three stages of P, falciparum when both methods are initialized with the

ground truth centromere coordinates.

curacies of our predictions for each chromosome. However,
overall, the accuracy is very high. At 10 kb resolution, for
example, Centurion’s centromere predictions fall within the
known centromere location for all 14 chromosomes during
the schizont stage, 13 out of 14 for the ring stage and for 11
out of 14 chromosomes in the trophozoite stage. Overall,
across the three different stages Centurion correctly local-
izes 90%, 64% and 45% of centromeres at 10 kb, 20 kb and
40 kb resolution, respectively. For the incorrectly called cen-
tromeres, the average distance from Centurion’s prediction
and the edge of the centromere is 495 bp, 1308 bp and 2319
bp, respectively.

We next sought to understand the sources of error in our
predictions. Looking closely at the contact count matrices
in the neighborhood of centromeres for which the predic-
tion is not accurate, we observed that loci in proximity to
centromeres seem to exhibit unusually sparse interaction
counts. For example, Figure 2C shows that in the tropho-
zoite stage, the centromere of chr 1 is close to a chromosome
boundary and the chr 4 centromere is close to a locus with
few interacting bins. The latter case leads to bias from the
normalization procedure because the few non-zero entries
in this sparse region are over-corrected. We also investigated
whether the accuracy of our prediction varies by life cy-
cle stage and matrix resolution (Supplementary Figure S1).
Many chromosomes are given consistently poor centromere
calls across all life cycle stages and at all resolutions, corrob-
orating the observations above that the predictions tend to
be influenced by biases intrinsic to the genome around those
centromeres, such as mappability or GC content.

We next compared the accuracy of our predictions to that
of a previously published method (25). The Marie-Nelly
et al. method often works well for identifying centromeres
using Hi-C libraries with very high sequencing depth; how-
ever, when Hi-C sequencing depth is limited or when loci
other than centromeres strongly cluster, the first step of the
procedure, called ‘pre-localization’, sometimes fails to iden-
tify the correct fixed size window in which the centromeres
reside. We hypothesized that the joint centromere calling by
Centurion, which leverages data from all chromosomes at
once, might alleviate this instability. To test this hypothe-
sis, we applied the Marie-Nelly et a/. method to the same
four datasets (one S. cerevisiae and three P. falciparum) de-
scribed above. As shown in Supplementary Figure S4, in
each of these four datasets Centurion identifies centromeres
with better accuracy than the Marie-Nelly ez al. method.
For instance, the colocalization of rDNA clusters and viru-
lence genes in P, falciparum drastically changes the pattern
of the correlation matrix used by Marie-Nelly et al. to pre-
localize their centromere calls, thus confounding their pre-
diction (Supplementary Figure S5).

We also asked whether the improvement of Centurion
over the Marie-Nelly ef al. method is due to the initializa-
tion step, or due to different objective functions used by
each method. We initialized both optimization problems
with the ground truth and computed the resulting error. Our
results (Figure 2D) showed that Centurion’s error is still be-
tween 4- and 10-fold lower, thus demonstrating the benefit
of jointly calling centromeres.
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Figure 3. Impact of Hi-C library sequencing depth on the stability of the
centromere calls. Average variance of the results of Centurion on 500 gen-
erated datasets obtained by downsampling the raw contact counts to the
desired coverage.

Resolution, sequencing depth and prediction accuracy

To assess the stability of our predictions, we simulated 500
bootstrapped datasets of S. cerevisiae and of each stage of
P, falciparum with an expected total number of reads equal
to the contact count matrices. These bootstrapped samples
were obtained by drawing a contact count for each pair
of loci i and j from a Poisson distribution of intensity c;.
We then ran the optimization process on the bootstrapped
datasets, starting with initial values randomly placed within
40 kb of the centromere calls from our optimization in Sup-
plementary Tables S1-S4. Our results show that the opti-
mization is very stable (average variance of 25 bp for ring, 6
bp for schizont and 12 bp for trophozoite), suggesting that
the stochastic sampling of the sequencing procedure does
not significantly affect centromere predictions.

We then sought to investigate the extent to which the ma-
trix resolution and sequencing depth affect the accuracy of
Centurion’s predictions. As already seen in Supplementary
Figures S2 and S3, different species give different results:
for S. cerevisiae, increasing the matrix resolution to 10 kb
results in lowered accuracy of centromere calls, while in P
falciparum the call quality improves slightly. We speculated
that our ability to call centromeres in a given species at a
given resolution may depend on the choice of restriction en-
zyme, the sequencing depth and the resolution of the con-
tact map.

We next evaluated the effect of depth of sequence cover-
age on the quality of our centromere predictions. We gener-
ated 500 low-coverage datasets by randomly downsampling
the raw contact counts. We then ran the optimization pro-
cess on these downsampled datasets, initializing with per-
turbed calls as before. We observe that the low-coverage
centromere calls remain highly stable and accurate. As illus-
trated in Figure 3, results across all datasets only begin to
degrade when downsampling to <10% of the total number
of reads, which corresponds to <1 count per bin on average.
Centurion is thus applicable to call centromeres at low cost
or for low-abundance species in metagenomic samples.

Centromere calls on a metagenomic dataset

We next sought to call centromeres in several species simul-
taneously by combining Centurion with metagenomic Hi-
C libraries. We previously (20) generated two Hi-C datasets
from synthetic mixtures: one containing 16 yeast strains (in-

cluding four strains of S. cerevisiae), and one containing
a mixture of 8 yeasts and 10 prokaryotic species. The two
samples contain a total of 19 yeast species, some of which
are much better characterized than others: centromere po-
sitions are already known for eight species (K. lactis, L.
kluyveri, L. thermotolerans, S. cerevisiae, S. kudriavzevii, S.
mikatae, S. pombe, S. rouxii) and partially for one more (S.
bayanus) (12,42-44).

We aligned the reads from the metagenomic Hi-C
datasets to these yeast species’ reference genomes (see Ma-
terials and Methods). The quality of the individual species
datasets differ greatly because the organisms vary in abun-
dance in the metagenomic samples, and because many se-
quences are shared nearly identically between organisms,
making the number of uniquely mappable reads for each
organism range between 109 k for one of the S. cerevisiae
strains and 26 M for the bacteria V. fischeri. Consequently,
the sparsity of the matrices is variable (Supplementary Ta-
bles S5 and S6). Furthermore, some contact count matri-
ces include at least one interaction count for >99% of all
possible locus pairs, whereas other matrices are below 5%.
Similarly, in the 40 kb matrices, the average number of inter-
chromosomal contact counts per bin varies from <0.004 to
>200. In particular, the matrices for the four S. cerevisiae
strains are very sparse: the reference genomes of the four
strains are very similar to one another; thus, we are not able
to map reads uniquely. We therefore discarded those strains
from our analysis, as well as organisms with incomplete ref-
erence genomes. We applied Centurion to the remaining 14
yeasts (E. gossypii, K. lactis, K. wickerhamii, L. kluyveri, L.
waltii, S. bayanus, S. kudriavzevii, S. mikatae, S. paradoxus,
S. stipitis, P. pastoris, L. thermotolerans, S. pombe, S. rouxii)
on both 20 kb and 40 kb contact maps.

Across these 14 species Centurion performs well, both on
high-coverage datasets (K. lactis, L. kluyveri, S. bayanus)
and low-coverage datasets (S. mikatae), at 20 kb and 40 kb,
finding centromeres at an average deviation from the ground
truth of 10 kbp (Figure 4B and Supplementary Figure S6).
Given this success with yeasts with known centromere po-
sitions, we next made de novo centromere calls for the other
six yeast species present in the metagenomic samples. These
regions, visualized in Supplementary Figures S15-S20, are
strong candidates for experimental validation by other ap-
proaches. One feature that is shared by centromeres across
all studied fungi is that they reside in regions of early repli-
cation timing (3,4). Thus if our centromere calls lie in re-
gions of advanced replication timing in a species for which
replication timing has been profiled but centromeres have
not yet been identified, this data could be used to assess the
validity of our predictions. Accordingly, we overlaid the po-
sitions of our centromere calls in P. pastoris, where repli-
cation has been recently profiled (45). In all four chromo-
somes, P. pastoris centromere predictions lay in regions of
early replication timing (Supplementary Figure S21), lend-
ing support to our predictions.

The effect of the choice of restriction enzyme

In addition to the resolution of our contact matrices, the
underlying resolution of the Hi-C data itself may limit the
accuracy of our predictions. Hi-C reads can only occur near
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Figure 4. Centromere calling on a metagenomic sample. A. Heatmap of the
trans contact counts for K. wickerhamii overlaid with de novo centromere
calls (black lines). The contact counts were smoothed with a Gaussian filter
(o = 40 kb) for visualization purposes. White lines indicate chromosome
boundaries. B. Box plots indicating the error (in kb) for each chromosome
in Centurion’s centromere calls for eight yeasts with known centromere
coordinates from the combined metagenomic Hi-C samples M-3D and M-
Y of (20) on the 20 kb contact count matrices.

the recognition site of the restriction enzyme used in the Hi-
C assay; indeed, the best resolution we can hope to achieve
is a matrix in which each corresponds to one restriction en-
zyme fragment. Some restriction enzymes cut much more
frequently than others. Thus, we speculated that a Hi-C
experiment using enzymes that cut more frequently might
yield more accurate results than an experiment using less
frequently cutting enzymes.

To address this question, we compare the accuracy of
centromere calling from two Hi-C libraries created from a
single metagenomic sample using different combinations of
restriction enzymes. The first library was created using the
two 6 bp-cutters, HindIII and Ncol. The second library uses
Sau3Al, which has a 4 bp recognition site, and AflIII, which
has a 6 bp recognition site with two degenerate sites, mak-
ing it effectively a 5 bp cutter. Digestion with HindIII/Ncol
yields a total of 8324 restriction fragments, whereas diges-
tion with Sau3Al/AfllII yields 42359 restriction fragments.
We corrected for the difference in Hi-C sequencing depth
between Sau3Al/AflIII and the Ncol/HindlIII libraries by
generating downsampled datasets with an equal number of
reads from each sequencing library. We then normalized
the datasets and applied Centurion. The sample includes
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three species for which we possess the ground truth cen-
tromere locations, only one of which (L. thermotolerans)
had enough reads in both the Ncol/HindIII (63 000 reads)
and the pooled Sau3AI/AflIII (55 000 reads) datasets to
correctly call the centromeres. The error on the downsam-
pled Sau3AI/AflIII datasets (8 kbp) was on average half
as large as the error on the the Ncol/HindIII datasets (16
kbp). Thus, we conclude that using a restriction enzyme
with more frequent cutting sites enables more precise cen-
tromere calls at fine scales.

DISCUSSION

While centromeres are a fundamental element in the biology
of genomes, their identification in diverse species has proven
difficult due to sequence divergence and limitations of avail-
able tools. In this work, we have developed a novel method,
Centurion, that uses centromere colocalization and the pat-
tern it creates in Hi-C contact maps to jointly call cen-
tromeres for all chromosomes of an organism. We first es-
tablished the feasibility of this approach by demonstrating
that Centurion accurately calls regional centromeres on the
parasite P. falciparum and the yeast S. cerevisiae as well
as point centromeres on several other yeasts with known
centromere coordinates. For the species with high depth
Hi-C sequencing, Centurion often identified centromeres
within 1 kb of the actual coordinates (41 times out of 58
for three stages of P falciparum and S. cerevisiae data).
We then used Centurion to infer centromeres of multiple
yeast species (eight with known, six with unknown cen-
tromere coordinates) from two metagenomic Hi-C samples.
Our results showed that Centurion still accurately identifies
centromere coordinates from samples with only limited se-
quencing depth. Thus, Centurion can be used to accurately
and efficiently identify centromere locations in yeast species.

The task of centromere identification from Hi-C data has
been attempted recently by others (25). Centurion offers
a few key differences compared to the previous approach.
The first difference is in the pre-localization of candidate
centromeres. Marie-Nelly ef al.’s method uses only the cis
Pearson correlation information independently per chro-
mosome to identify the initial candidates. However, the pat-
tern created by centromeres in the Pearson correlation ma-
trix can be very similar to the patterns generated by other
genomic elements such as rDNA coding regions or by spe-
cific gene clusters (e.g. virulence genes in P falciparum).
Because Marie-Nelly et al’s method restricts the further
search for the best centromere coordinate to only the can-
didates from the pre-localization step, an inaccurate can-
didate (e.g. an rDNA region instead of a centromere) will
prevent the method from finding the correct centromere lo-
cation. Centurion, on the other hand, utilizes trans con-
tact information jointly across all chromosomes for its pre-
localization step. Furthermore, Centurion allows multiple
candidates per chromosome during the second step of the
optimization, thereby leaving room for correcting potential
errors in the pre-localization step. The second difference
between the two methods is in how they use the subma-
trices that correspond to trans contact maps flanking the
pairs of candidate centromeres from the pre-localization
step. For an organism with N chromosomes, Marie-Nelly
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et al.’s method carves out the N-1 frans submatrices for each
chromosome, sums these N-1 matrices and then collapses
the sum into a 1D vector of row/column sums. Then, inde-
pendently for each chromosome, the method fits a Gaussian
to this 1D vector, and the resulting peak corresponds to the
predicted centromere location. In this procedure, both the
summation of N-1 matrices and the collapsing of the result-
ing matrix into a 1D vector of sums result in loss of impor-
tant information embedded in 2D maps. Furthermore, per-
forming the Gaussian fit separately for each chromosome
does not fully take into account the joint colocalization of
the other N-1 centromeres. To address these issues, Cen-
turion infers a 2D Gaussian fit that best explains the ob-
served trans contact counts, jointly optimizing these 2D fits
for all pairs of centromeres. Both of these improvements in
the pre-localization and the optimization steps allow Centu-
rion to perform better specifically for the cases with limited
sequencing depth.

Our approach could be improved in several respects.
First, better modeling of zero contact counts may improve
inference for organisms with many repeated sequences in
the pericentromeric regions, or datasets with low sequenc-
ing depth. Second, one could model contact counts as a
Gaussian distribution centered on the pairs of centromere
locations. Maximizing the log likelihood of such a model
might yield improved performance. Last, as described here,
our method requires reference genomes for the metage-
nomic samples. It would be possible to first build reference
genomes directly from the Hi-C data, using methods like
Lachesis (17) or GRAAL (46), and then infer centromere
locations using the inferred references. However, the inher-
ent structure of Hi-C contact counts for organisms with
colocalizing centromeres will likely present a challenge for
these methods because pericentromeric sequences on differ-
ent chromosomes are likely to appear to be adjacent to one
another.

Finally, our new centromere predictions have practical
applications. Autonomously replicating plasmids and arti-
ficial chromosomes are useful tools for research and strain
engineering (9). Identification of centromeres in new species
will facilitate building such constructs over an expanded
species range. P. pastoris, for example, is a common indus-
trial chassis (47), but existing plasmid tools in the species
have elevated loss rates (48) that could be stabilized by ad-
dition of a centromere. Many of our centromere calls were
accurate to <1 kb, making experimental validation pos-
sible. Sequencing data is available from the Short Read
Archive at http://www.ncbi.nlm.nih.gov/Traces/sra/?study=
SRP057812.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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