
Introduction
The genomic regions that form human 
centromeres (illustrated in Figure 1) are unusual 
for several reasons. They are exceptionally large 
(typical array lengths of 2-3 Mb, but can be as 
large as 8 Mb; Willard 1991; Miga et al. 2014) and 
composed of long, complex repeats (repeats of 
repeats called Higher Order Repeats [HORs], 
reviewed in Schueler and Sullivan 2006; McNulty 
and Sullivan 2018; Willard and Waye 1987) with 
high levels of homogeneity. They are also defined 

epigenetically by a high concentration of 
CENtromere Protein-A (CENP-A, a histone H3 
variant, aka CEN-H3) rather than by their DNA 
sequence (reviewed in Black and Bassett 2008). 
This sequence-independence has led to the 
sporadic occurrence of ectopic functional 
centromeres at diverse sites located throughout 
the single-copy euchromatin (Marshall et al. 
2008). Centromeric sequences and their flanking 
regions also show extreme linkage disequilibrium 
for SNPs, indicating an exceptionally low rate of 
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Human centromeres form over arrays of tandemly  repeated DNA that are exceptionally  complex 
(repeats of repeats) and long (spanning up to 8 Mbp). They  also have an exceptionally  rapid rate of 
evolution. The generally  accepted model for the expansion/contraction, homogenization and 
evolution of human centromeric repeat arrays is a generic model for the evolution of satellite DNA 
that is based on unequal crossing over between sister chromatids. This selectively  neutral model 
predicts that  the sequences of centromeric repeat units will be effectively random and lack 
functional constraint. Here I used shotgun PacBio SMRT reads from a homozygous human fetal 
genome (female) to determine and compare the consensus sequences (and levels of intra-array 
variation) for the active centromeric repeats of all the chromosomes. To include the Y 
chromosome using the same technology, I used the same type of reads from a diploid male. I 
found many different  forms and levels of conserved structure that are not predicted by  –and 
sometimes contradictory  to– the unequal crossing over model. Much of this structure is based on 
spatial organization of three types of ~170 bp monomeric repeat units that are predicted to 
influence centromere strength (i.e., the level of outer kinetochore proteins): one with a protein-
binding sequence at its 5’ end (a 17 bp b-box that binds CENP-B), a second that is identical to the 
first  except that the b-box is mutated so that it no longer binds CENP-B, and a third lacking a b-
box but containing a 19 bp conserved “n-box” sequence near its 5’ end. The frequency and 
organization of these monomer types change markedly  as the number of monomers per repeat 
unit increases, and also differs between inactive and active arrays. Active arrays are also much 
longer than flanking, inactive arrays, and far longer than required for cellular functioning. The 
diverse forms of structure motivate a new hypothesis for the lifecycle of human centromeric 
sequences. These multifarious levels of structures, and other lines of evidence, collectively 
indicate that a new model is needed to explain the form, function, expansion/contraction, 
homogenization and rapid evolution of centromeric sequences.
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crossing over (mitotic and meiotic) between 
homologs (Roizes 2006; Pironon et al. 2010; 
Talbert and Henikoff 2010; Langley et al. 2018). 
The most unique evolutionary feature of 
centromeres is their exceptionally rapid rate of 
sequence turnover. This speed is illustrated by the 
high sequence divergence found between the 
centromeric repeats of humans and chimps: so 
high that most fluorescent DNA probes designed 
to hybridize to human centromeric repeats fail to 
recognize (even weakly, and at low stringency) 
the centromeric repeats on their chimp  orthologs 
(Archidiacono et al. 1995). This rapid divergence 
at centromeric repeats occurs despite the fact that 
the base substitution rate between these species 
averages only 1.2% in repeated and non-
repeated DNA across non-centromeric regions 
(Brittan 2002).

What molecular mechanism(s) underlies the 
complex repeat organization, homogeneity, 
extreme array size, and rapid evolution of human 
centromeric sequences? The generally accepted 
model for the organization and evolution of 
human centromeres was developed by Smith 
(1976) to explain the evolution of eukaryotic 
satellite DNA. He showed by computer simulation 
that mitotic, out-of-register crossover between 
sister chromatids can generate complex, highly 
homogeneous repeats that span long stretches of 
DNA. Stephan (1989) and Stephan and Cho 
(1994) expanded on this work by showing that the 
critical parameters are: 1) the ratio of the mitotic 
recombination rate between sister chromatids (r) 
to the base pair mutation rate (u), and 2) the 
minimum match length (m) required to permit out-
of-register recombination. For a fixed value of m, 
low values of r/u  lead to no repetitive structure, 
intermediate levels generate long repeats, and 
higher values lead to short repeats. By varying 
the values of u, r, and m, repeats of a wide 
diversity of length and complexity can be 
generated. 

Uncertainty in the values of r, u, and m at 
centromeric DNA, coupled with the wide diversity 
of repeat structures that can be generated by the 
Smith model, make this model compatible with 
the complex repeats observed at the centromeres 
of human chromosomes –thus making it difficult 
with current information to disprove the Smith 
model in the context of centromeric repeats. 
However, the Smith model predicts that the 
sequences of centromeres are essentially random 

(excepting intrinsically harmful sequences, such 
as those producing undesirable secondary 
structures, e.g, fold back loops that stall 
replication forks) rather than being highly 
structured, as would occur if there were strong 
functional constraints on repeat sequence. The 
Smith model also ignores the length-eroding 
influence of the Single Strand Aneling (SSA) 
pathway during the repair of Double Strand 
Breaks (DSBs; Paques and Haber 1999), which 
had not been discovered at the time of Smith’s 
paper. 

Here I compared all of the the active centromeric 
sequences across a single human genome (i.e., 
across one haplotype) to search for intrinsic 
structure, at multiple levels, that is not predicted 
by the Smith model. I found many levels of 
structure at centromeric repeats. This diverse 
structure demonstrates the need for a new 
hypothesis for the process(es) that : i ) 
homogenizes repeat sequences within a 
centromeric repeat array, ii) causes HOR 
organization to change with increasing length 
(number of monomers per repeat unit), and iii) 
generates length variation among homologous 
repeat arrays (as an alternative to mitotic unequal 
crossing over between sister chromatids that is 
assumed by the Smith model). Lastly, the 
structure that I observed at centromeric repeats 
motivates a new hypothesis for their lifecycle.

Searching for all active centromeric 
repeat arrays within a single 
genome
The fundamental unit of all established repeats 
that make up the centromeric sequences of 
human chromosomes is a monomer (Figure 1) 
that is ~170 bp  in length (Choo et al. 1991). At 
active centromeres, these monomers can vary in 
sequence by as much as 35% within and among 
chromosomes (Fukagawa and Earnshaw 2014). 
Tandem arrays of centromeric repeats that have 
been characterized to date contain hundreds to 
thousands of repetitions of complex repeated 
units (Figure 1), each of which is made up  of 
between two and 34 different monomers: so they 
are repeats of repeats and hence classified as 
Higher Order Repeats (HORs; Willard and Waye 
1987). Based largely on decades of work by 
Huntington Willard and collaborators, one or more 
HORs have been mapped to each of the 23 
human chromosomes. Reference models for 
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these sequences (stochastically generated 
sequences of HOR arrays that reflect the 
sequence diversity and imperfect repeat ordering 
found among shotgun Sanger reads from the 
human genome project) can be found at the 
UCSC genome browser (GRCh38; Miga et al. 
2014). Some HORs are shared among non-
homologous autosomes, e.g., chromosome 
groups (1, 5, and 19), (13 and 21) and (14 and 
22) and each share a unique HOR in common. At 
least half of the chromosomes have more than 
one HOR present simultaneously (UCSC genome 
browser, GRCh38; Ziccardi et al. 2016). On some 
chromosomes, more than one HOR is active 
(Maloney et al. 2012; McNulty and Sullivan 2018), 
although current evidence indicates that only one 
HOR is active at one time on a single 
chromosome (e.g., Aldrup-MacDonaldet al. 2016). 

Henikoff et al. (2015) recently identified and 
quantified the most common HOR monomers 
within a single human genome and argued that 
because the func t iona l HORs a t each 
chromosome are embedded within megabases of 
flanking repeats, there is considerable uncertainty 
about the sequence of the functioning centromeric 
DNA on most human chromosomes. Another 
factor contributing to uncertainty of centromeric 
sequences is the small number of PCR-generated 
sequences used to characterize the HORs on 
most chromosomes. To c i rcumvent th is 

uncertainty, I set out to find –and 
verify as active– the large-sample-
size consensus sequences of all 
functioning centromeric HORs 
across all human chromosomes. I 
did this by analyzing long PacBio 
SMRT (Pacific Biosciences Single 
Molecule Real Time) reads from a 
s ing le homozygous genome. 
Homozygosity removes ambiguity 
produced by differing centromeric 
sequences between homologs. Long 
reads (up  to 40 kb) allowed me to 
look for structure within long 
stretches of tandem HORs and 
ascertain the degree to which 
monomer number and ordering 
varied within localized centromeric 
regions. The long reads also 
generated  hundreds of copies of 
each monomer that were used for 
the calculation of their consensus 
sequence. Finally, I searched this 

full set of active centromeric HORs for conserved 
structure (that would not be predicted by the 
Smith model) at multiple levels. 

Protocol used to find the HOR consensus 
sequences for all chromosomes within a 
single haploid genome
The overall strategy was to find long DNA 
sequencing reads (archived from published 
studies) that contained short, diagnostic 
sequences (b-boxes, see below) indicating that 
they contained HORs that feasibly coded for 
centromeric sequences. These reads were next 
cut into small pieces (by cutting immediately 
before b-box sequences) that each contained a 
subunit of the HOR. The pieces were then 
clustered into groups that coded for the same 
subunit and the consensus of each subunit was 
determined. These subunit sequences were then 
mapped back onto the original read to determine 
their ordering within the HOR. The consensus 
HOR from the single read was then used to find 
hundreds of additional reads containing the HOR 
to determine the centromere-wide consensus 
sequence. ChIP/Seq sequencing reads (archived 
from published studies) were then used to 
determine if the HOR was part of an active 
centromeric sequence. This procedure was 
repeated until an active HOR was found for each 
chromosome within a single haploid genome of a 
human. These steps are shown in a summary 
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Figure 1. Summary of the structure of human centromeres and Higher 
Order Repeat (HOR) arrays.
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figure found at the end of this section 
(Supplemental Figure S9).

I started with an SRA (Sequence Read Archive) 
collection of DNA sequence read files available on 
the NCBI (National Center for Biotechnology 
I n f o r m a t i o n ) w e b s i t e ( h t t p s : / /
trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?). The 
fi l e s ( S R X 5 3 3 6 0 9 , l o c a t e d a t h t t p s : / /
www.ncbi.nlm.nih.gov/sra/?term=SRX533609) 
were generated using third generation, PacBio 
SMRT sequence technology that generates long 
reads but with a high error rate (11-15%, mostly 
indels; Rhoads and Au 2015). The reads were 
generated by Chaisson et al. (2015) from a 
homozygous human female hydatidiform mole 
(average read length = 5.8 kb  and maximum 
lengths of ~40 kb). I began with a composite file 
composed of a haphazardly selected collection of 
SRA files containing 3.25 x 106 reads. This file 
size will rarely contain multiple copies of single or 
low copy-number DNA sequences, but should be 
enriched with many copies of those from long, 
repetitive sequences. I next used BLAST (Basic 
Local Alignment Search Tool) to search for 
sequences containing multiple hits closely 
matching the 17 bp  CENP-B-binding consensus 
s e q u e n c e ( h e r e a f t e r a ‘ b - b o x ’ ; 5 ’ -
YTTCGTTGGAAUCGGGA-3’, Supplemental 
Figure S1). I chose this DNA sequence because it 
binds the only known centromeric protein that has 
sequence specific DNA binding (CENP-B, which 
binds when the boldface bases are present and 
properly spaced; Kipling and Warburton 1997), 
and because it was previously found to be 
widespread in HORs from many chromosomes 
(Masumoto et al. 1989) – but realizing that not all 
previously reported centromeric HORs contained 
the sequence (e.g., the only HOR on the Y 
chromosome). Although this procedure is not 
guaranteed to find all of the active centromeric 
HORs, it was expected to find many of them 
(Masumoto et al. 1989), and possibly all of them 
except the HOR on the Y chromosome (which is 
absent in the female hydatidiform mole). 

I next haphazardly selected a single, long (> 15 
kb), b-box-dense read and divided it into pieces 
by cutting immediately before each b-box. Pieces 
were next clustered by constructing a neighbor-
joining tree and the consensus sequence of each 
cluster was determined using CLC Sequence 
Viewer version 7 (= low-N consensus). A typical 
cluster of a PacBio read cut at b-boxes is shown 

in Supplemental Figure S2). I next BLASTed the 
low-N consensus sequences of the pieces back 
onto the original read to determine their 
consensus order. I then BLASTed these low-N 
consensus sequences (in pieces of 2-3 
contiguous monomers) back on to the PacBio 
hydatidiform mole reads (SRX533609) to obtain > 
300 hits and took the consensus of these DNA 
sequences to form a large-N consensus of each 
piece. Finally, I BLASTed the large-N consensus 
pieces onto the human genome sequence 
(GRCh38) to de te rmine wh ich , i f any, 
chromosome(s) were known to contain the 
sequences at high copy number (on the reference 
model sequences of their centromeric HORs). I 
repeated these steps until I found at least one 
consensus HOR for each autosome and the X. 

To find the centromeric sequences for the Y 
chromosome based on long PacBio SMRT reads, 
I used a publicly available  SRA file from a diploid 
male (AK1; https://www.ncbi.nlm.nih.gov//
bioproject/PRJNA298944; Seo et al. 2016). I used 
BLAST to search for PacBio SMRT reads 
containing any of the 34 monomers previously 
found on the human Y chromosome and included 
within the reference model for this chromosome in 
GRCh38 (Miga et al. 2014). Using these reads as 
a data base, I calculated a consensus for each of 
the 34 monomers (using at least 40 monomer 
copies) and confirmed that the order of monomers 
was the same as that shown in the Y 
chromosome reference model in GRCh38 (Miga 
et al. 2014). 

The consensus HOR sequences for all 
chromosomes
The steps described in the above section 
generated 19 large-N consensus HORs that 
collectively mapped to all of the autosomes or the 
X (some mapped to more than one chromosome) 
p lus an addi t ional sequence for the Y 
chromosome from the diploid male genome (total 
HORs = 19 + 1 = 20). The consensus sequences 
for the 20 identified HORs are listed in 
Supplementary Table S1. Note that one HOR 
maps to chromosomes 1, 5, and 19, a second 
HOR to chromosomes 13 and 21, and a third 
HOR to chromosomes 14 and 22 (see Ziccardi et 
al. 2016 for the logic used to resolve HORs 
located on the 13/21 and 14/22 groups). The fact 
that three groups of chromosomes each share a 
different HOR indicates that each group  is feasibly 
undergoing concerted evolution. Some process, 
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such as ectopic gene conversion, would have to 
generate sufficient exchange among non-
homologous chromosomes to maintain this 
sequence homogenization. 

In Supplementary Table S1 (and all later figures 
based on this table) I show the predominant 
consensus HOR sequence for each chromosome. 
For most chromosomes, the large majority of long 
reads that I examined were highly homogeneous 
and matched the consensus HOR sequence 
closely. The HORs on some chromosomes, 
however, were heterogeneous. The PacBio reads 
with HORs mapping to chromosome 1 (which also 
mapped to chromosomes 5 and 19) were 
exceptionally variable. The predominant repeat 
was the simple dimer (a 2-monomer HOR; one 
monomer with, and one monomer without a b-
box; see bottom of Figure 1) l isted in 
Supplementary Table S1, but other b-box/no-b-
box dimers were also present. I found 4 clusters 
o f b - b o x / n o - b - b o x d i m e r i c s e q u e n c e s 
(Supplemental Figure S3). In a sample of 510 
PacBio reads with a total of 19.5 x 103 dimers that 
mapped to chromosome 1, 66.1% of the dimers 
matched closely to the sequence shown in 
Supplemental Table 1 (which I will refer to as 
dimer-1), and about a quarter of the reads were a 
contiguous repetition of this dimer over >10 kb 
(Supplemental Figure S4-A). However, most 
reads were a heterogeneous mixture of mostly 
dimer-1 but also containing one or more of three 
other dimers (e.g., see supplemental Figure S4-
B). All of the dimers found on chromosome 1 
shared at least 90% sequence similarity with 
dimers found on the longer (6-dimer) HOR 
located on chromosome 16 –a pattern I come 
back to in a later section. Interestingly, ~3% of the 
reads were homogeneous (or nearly so) for a 4-
dimer HOR (Supplemental Figure S4-C). 

On chromosome 2, most of the HORs were 
composed of the 2-dimer HOR shown in 
Supplemental Table 1 (each dimer contains a b-
box monomer and a no-b-box monomer), but 
wh i le some long reads were per fec t ly 
homogeneous (Supplemental Figure S5-A), most 
had numerous imperfections in which the same 
dimer was tandemly repeated two or a few times 
(Supplemental Figure S5-B). On chromosome 9, 
the consensus HOR shown in Supplemental Table 
1 (a 15 monomer HOR composed of 7 b-box/no-
b-box dimers and one lone no-b-box monomer) 
was the predominant repeat, but while some long 

reads were homogeneous for this HOR 
(Supplemental Figure S6-A), most long reads 
contained repeats with indels (one or more 
missing/added dimers) interspersed with the 
consensus repeat (Supplemental Figure S6-B). 
Chromosomes 4, 8, and 15 had a pattern similar 
to that seen on chromosome 9. In the following 
analyses, I will focus on the consensus 
sequences for each chromosome that is shown in 
Supplemental Table 1.

Confirming that the consensus HOR 
sequences were active centromeres
To confirm that the sequences that I found were 
the active centromeric HORs, I used SRA files 
from a ChIP-seq study of human centromeres 
from the HuRef lymphoblastoid line (Illumina 100 
bp  paired-end reads from the genome of J. C. 
Ve n t e r ; S R A fi l e G S E 6 0 9 5 1 ; h t t p s : / /
w w w . n c b i . n l m . n i h . g o v / b i o p r o j e c t / ?
term=GSE60951; CHiP based on CENP-A; 
Henikoff et al. 2015). I BLASTed a large number 
of Illumina 100 x 100 bp  paired-end reads (4.76 x 
106, from either the ChIP or Input SRA files) onto 
each of the 20 large-N consensus HOR 
sequences. I recorded the location of each 
BLAST hit (to reduce off-target hits, they needed 
to be at least 97 bp long and match at least 97% 
of base positions) and calculated the ChIP and 
reference hit rates for each monomer of each of 
the 20 large-N HOR consensus sequences. As a 
control, I used the consensus sequence of a 
flanking HOR on chromosome 15 (GJ212851.1 in 
UCSC genome browser [GRCh38]) which has not 
been found to be active in past CHIP/Seq studies 
(e.g., Nechemia-Arbely et al. 2017; see also 
Supplemental Figure S7 adapted from Nechemia-
Arbely et al. 2017). All large-N consensus HOR 
sequences were found to have a high ChIP-seq 
ratio, compared to the inactive control, indicating 
all were the active repeats of centromeres 
(Supplemental Figure S8). As a second check on 
the activity of the HORs that I identified from 
PacBio reads, I used CHiP-seq data (CHiP based 
on CENP-A) from Nechemia-Arbely et al. (2017) 
on a different cell line (HeLa). The centromere 
reference models corresponding to each of the 
HORs that I report in Supplementary Table S1 
show strong CENP-A enrichment –indicating an 
active status for each of these sequences 
(Supplemental Figure S7). A summary of the step-
by-step  procedures that I used to to find –and 
verify as active– the 20 consensus HORs are 
tabulated in Supplemental Figure S9. 
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Multifarious structure at 
centromeric HOR arrays

Head-to tail orientation of monomers is 
completely conserved
All of the monomers from all of the active, 
centromeric HORs can be aligned to the 
consensus HOR sequence across human 
chromosomes reported by Choo et al. (1991). 
This alignment allows the 5’ and 3’ end of each 
monomer to be identified. In past studies, a head-
to-tail orientation (i.e., 5’ to 3’) of all monomers 
within HORs has been reported (e.g., Waye et al. 
1987a,b; Haaf and Willard 1992). In the genome-
wide screen reported here (Supplementary Table 
S1, and illustrated graphically in a latter section 
by Figure 4), every monomer of every consensus, 
centromeric HOR has consistent head-to-tail 
orientation. This strong structural pattern across 
all 20 centromeric HORs would be unexpected if 
the HORs were evolving via unequal crossing 
over between sister chromatids because 
inversions among the constituent monomers of 
HORs would be neutral and therefore expect to 
accumulate by drift within different lineages of the 
centromeric HORs.

Spacing of b-boxes is highly non-random, 
generating a predominance of b-box/no-b-box 
dimers
To look for additional structure among the full 
genomic complement of consensus, centromeric 
HORs, I examined the distribution of distances 
separating b-boxes (including ‘broken b-boxes’ 
with mutations predicted to block the binding of 
the CENP-B  protein; Figure 2). The units in Figure 
2 are the number of monomers lacking b-boxes 
separating monomers that contain b-boxes. I 
excluded from this analysis HORs from the male-
limited Y chromosome which is devoid of b-boxes. 
Multiple b-boxes were never found within a single 
monomer and the greatest number of no-b-box 
monomers separat ing sequent ia l b-box 
monomers was two. By far the most common 
(81%) spacing was one b-box every other 
monomer (i.e., one no-b-box monomer separating 
b-box monomers). If b-box and no-b-box 
monomers were arranged randomly, the spacing 
between b-boxes (in units of number of no-b-box 
monomers separating b-box monomers) would 
follow a negative binomial distribution and the 

observed spacing strongly deviates from this null 
expectation (Figure 2; p  = 5.27 x 10-51, Chi-square 
goodness of fit test). There are far too many b-box 
monomers separated by one no-b-box monomer 
and far too few separated by zero or > 1 
monomers. This far-from-random pattern 
demonstrates that the predominant substructure 
of the active centromeric HORs is a dimer made 
up  of b-box- and no-b-box-monomers. I will refer 
to this predominant HOR substructure as a b-box/
no-b-box dimer (see bottom of Figure 1). 

Based on a much smaller sample of HORs, 
Thomas et al. (1989) also reported a strong 
tendency for monomers to be organized as 
dimers within human centromeric repeats. 
Monomers in this study were classified based on 
monomer subfamily types. Some authors appear 
to claim that all human alpha satellite DNA is 
arranged as b-box/no-b-box dimers (e.g., 
Tawaramoto et al. 2003), but the HOR sequences 
reported here for all chromosomes, and those 
reported previously for individual chromosomes 
(e.g., Durfy and Willard 1989; Waye and Willard 
1986b), do not support this claim. 

Both monomers within b-box/no-b-box dimers 
have conserved sequences at their 5’ ends
I next aligned (CLC Sequence Viewer version 7) 
all b-box monomers, and separately all no-b-box 
monomers, from all b-box/no-b-box dimers that 
contained a functional b-box (i.e., one predicted to 
bind CENP-B; Masumoto et al. 1989; Kipling and 
Warburton 1997). Although my search for 
functional b-box monomers only required their b-
box to match the 9 base pairs needed for the 
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Figure 2. The distribution of distances separating 
CENP-B-boxes within the 19 active consensus HOR 
sequences from the hydatidiform mole (CHM1). 
Observed values are dark bars and random 
expectations (from negative binomial distribution) are 
light bars. The X-axis units are monomers (~170 bp).

number no-b-box monomers separating 
b-boxes monomers

0    1    2    

16

115

11

co
un

ts

75-

150-

0-
≥3    

0

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 10, 2019. ; https://doi.org/10.1101/731430doi: bioRxiv preprint 

https://doi.org/10.1101/731430
http://creativecommons.org/licenses/by-nd/4.0/


binding of the CENP-B  protein (minimal b-box = -
TTCG----A--CGGG-; Masumoto et al. 1989; 
Kipling and Warburton 1997), I found strong 
conservation for the all but the 1st position, which 
as predicted by the consensus sequence, was 
nearly always C or T (see heat map in 
Supplemental Figure S10A). This strong 
conservation at nearly all of the 17 bp  positions of 
a b-box indicates positions outside the minimal b-
box –although not absolutely required for CENP-B 
binding– may nonetheless facilitate the binding of 
this protein (or have some other selectively-
favored function).

A heat map  of sequence conservation for no-b-
box monomers (from all b-box/no-b-box dimers 
that bind CENP-B) showed a different highly 
conserved region (spanning 19 bp) near the 5’ 
end of these monomers. It is displaced 6 bp 
downstream from the corresponding 5’ start site of 
the b-box in b-box monomers (Supplemental 
Figure S10B). The consensus sequence for this 
“n-box” (an abridgment of no-b-box) is T[A/G][A/
G]AAAAGGAAATATCTTC. Using a smaller 
sample of centromeric repeats, Gaff et al. (1994) 
and Romanova et al. (1996) also reported a 
conserved region on no-b-box monomers that 
binds the pJα protein (a pJα-box, aka an a-box), 
but this 17 bp  sequence started at the 
corresponding 5’ posi t ion (on no-b-box 
monomers) as the b-box on b-box monomers. In 
my larger sample of centromeric repeats with 
confirmed centromeric functioning, I found only 
weak sequence conservation for the first 6 bp of 
the pJα-box, but I found strong sequence 
conservation extending 8 bp beyond its 3’ 
boundary (i.e., spanning the 19 bp  n-box region; 
Supplementary Figure S10A,B). The n-box 
reported here is also substantially conserved in 
the 34 no-b-box monomers that make up the 
consensus sequence of the active HOR on the Y 
chromosome (Supplemental Figure S10C). The 
consensus sequence for the 5’ end of n-box 
monomers also contains all of the properly 
positioned bases required for the binding of the 
pJα protein (Gaff et al. 1994), but this study did 
not identify the minimal sequences needed for the 
binding of the pJα protein. At this point forward, I 
will define the subset of b-box/no-b-box dimers 
that carry a functional b-box (i.e., one predicted to 
bind CENP-B) to be canonical b-box/n-box 
dimers, which I will abridge to b/n-box dimers. 
When the b-box is mutated so that it is predicted 

to no longer bind CENP-B  (i.e., it does not contain 
the minimal b-box sequence), I refer to them as 
broken b/n-box dimers. I will also use the term 
broken b-box to be a sequence nearly identical to 
the b-box consensus, but not predicted to bind 
CENP-B.

b-boxes at every other nucleosome may be 
common in other mammals in which CENP-B 
binds centromeric repeats
Previous studies in humans indicate that the b/n-
box dimeric structure strongly influences the 
positioning of nucleosomes (Tanaka et al. 2005; 
Hasson et al. 2013; Fujita et al. 2015; Henikoff et 
al. 2015). Each dimer winds around two 
neighboring histone cores leading to an 
a l te rna t ing pa t te rn o f l i nkers be tween 
nucleosomes: one with a b-box and the next with 
an n-box (see Supplemental Figure S12 in the 
companion paper [Rice 2019] where I will discuss 
the potential significance of this alternation 
pattern). 

The finding that most monomers at human 
chromosomes are organized as b/n-box dimers 
(which are about 170 + 170 = 340 bp  long, Figure 
2), motivated a search to see if this configuration 
is common in other mammals that have evolved 
b-boxes at their centromeric repeats. In chimps, 
sequences of centromeric HORs on orthologous 
chromosomes are only distantly related to those 
of humans (Archidiacono et al. 1995). Despite this 
large-scale sequence divergence, the distribution 
of spacing between b-boxes in long PacBio reads 
is nearly identical between humans and chimps, 
with a strong mode near 340 bp (Supplemental 
Figure S11). This similarity suggests that the 
predominant b-box/no-b-box dimeric arrangement 
seen in humans has persisted in both species 
despite substantial sequence divergence of the 
orthologous centromeric HORs. 

In the more distantly related house mouse (Mus 
musculus), centromeric monomers on the X and 
autosomes are found in the minor satellite. These 
monomers are not organized into well defined 
HORs and and all monomers contain a b-box-like 
17 bp  sequence –the consensus of which exactly 
matches human consensus except at the first 
position, where A replaces T (Wong and Rattner 
1988; Masumoto et al. 1989; Kipling et al. 1994; 
Komissarov et al. 2011). However, work by Iwata-
Otsubo et al. (2017) found that a substantial 
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proportion of these b-boxes did not match the 
minimal sequence needed to bind CENP-B 
(Kipling and Warburton 1997). In a large random 
sample of mouse minor satellite monomers, I 
found that about half have b-box sequences that 
are not predicted to bind CENP-B, and that these 
appear to be randomly distributed throughout the 
centromeric repeat arrays (Supplemental Figure 
12). The high frequency of nonfunctional b-boxes, 
their random distribution, and their positioning 
within nucleosomes (Iwata-Otsubo et al. 2017) 
would be expected to plausibly make it common 
for neighboring linkers between nucleosomes to 
alternate (one with and one without CENP-B 
binding): matching the predominant pattern in 
humans. 

In a diverse sample of new world monkeys, 
centromeric monomers were found to be ~345 bp 
long (range = 340-350), and b-boxes have 
apparently evolved independently in three species 
(marmosets, squirrel monkeys and tamarins; 
Kugou et al. 2016). In each species only a single 
b-box per monomer has evolved, leading to ~340 
bp  b-box spacing that is very similar to the 
predominant spacing found in humans. 
Centromeric b-boxes that bind CENP-B have also 
been reported in red-necked Wallabies (Bulazel et 
al. 2006), green monkeys (Yoda et al. 1996) and 
also tree shrews, giant pandas, gerbils, and 
ferrets (see Kipling and Warburton 1997): but too 
little sequence is available to determine the 
distribution of spacing between functional b-boxes 
in these species. 

Collectively, these studies in mammals indicate 
that the positioning of b-boxes at every other 
linker between nucleosomes (the predominant 
pattern in humans) may be common. This pattern 
across distantly related species suggests that the 
juxtaposition of nucleosomes with and without 
C E N P - B - b i n d i n g m a y h a v e f u n c t i o n a l 
significance. A hypothesis explored in the 
companion paper (Rice 2019) is that CENP-B 
bound to l inkers between nucleosomes 
strengthens kinetochores by recruiting more 
CENP-C (Fachinetti et al. 2015), but when the 
binding of this large protein (a dimer with 80-
kDa  subunits) is not frequently interrupted by 
CENP-B-free linkers, it interferes with other 
necessary centromeric molecular interactions, 
such as the transcription by RNA-Pol-II (Scott 
2013; McNulty et al. 2017).

Centromeric n-box and b-box monomers differ 
in consensus sequence, length, and variation 
characteristics 
The consensus sequences of n- and b-box 
monomers from canonical b/n-box dimers are 
diverged by 15.8% and most of this divergence 
(70%) is outside the n- and b-box regions 
(Supplemental Figure S13). The n- and b-box 
monomers also differ in average length (170.8 vs 
168.7 bp, respectively, p < 0.0001, Welsh test) 
and b-box monomers are far more variable in 
length (Var[b-box-monomer] / Var [n-box-
monomer] = 8.6, p  < 0.0001, Levine test). The 
differences in length parameters suggest that 
there may be different functional constraints on 
the size of the two major monomer types. 
 
A graphical classification of monomers and 
dimers within human HORs
To further search the 19 HORs from the 
hydatidiform mole for structural characteristics, I 
expressed each HOR symbolically. The idea here 
is that replacing DNA sequences by symbols of 
their internal structure would generate insight into 
their organization: much like replacing an ordered 
list of the serial numbers of train cars (an array of 
non-informative numbers) by symbols of their 
internal structure (engine, caboose, box car, 
tanker car, etc.) would provide more insight in the 
structure of trains. 

To generate a schematic representation for the 
the the sequences of the monomers and dimers 
constituting each HOR (Supplementary Table S1), 
I began by a cluster analysis (neighbor-joining 
tree) of all the monomers. They clustered into 
three well-defined groups: b-monomers, n-
monomers, and intermediate monomers. Nearly 
all b-monomers had a b-box at their 5‘ end and 
while nearly all n-monomers had an n-box at this 
location.  However, the n- and b-box sequences 
alone did not determine cluster identity. For 
example, some monomers with a b-box clustered 
with the n-monomers (examples are shown in 
Supplemental Figure S14). Dimers were also 
classified by how much they deviated from a 
canonical b/n-box dimer, as described in the next 
paragraph.

In Figure 3, monomers are depicted by small 
arrows: b-monomers are black, n-monomers are 
white, and those that clustered intermediately 
between these types are grey. The b-boxes are 
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classified as: i) functional (containing the 9 base 
pairs with the proper spacing required to bind the 
CENP-B protein, depicted by a blue box at the left 
side of a small arrow), or ii) non-functional (black 
box at the left side of a small arrow). Each dimer 
(large arrows bracketing a b-monomer followed 
by an n-monomer) is classified as: i) canonical (a 
b/n-box dimer in which there is a CENP-B-binding 
b-box monomer followed by an n-box monomer; 
depicted in dark red), ii) broken (mutated b-box 
that does not bind CENP-B, but otherwise the 
same as a canonical b/n-dimer; white with dashed 
outline), iii) non-canonical (b-box spacing is every 
other monomer but the n- and/or b-box monomer 
is atypical [see Figure 3]; pink), iv) out-of-context 
(the monomer preceding a canonical b-box/n-box 
dimer contains a b-box [data from Hasson et al. 
2013 { the i r F igu re 6 } i nd i ca ted these 
arrangements may interfere with CENP-A 
recruitment and normal nucleosome positioning]; 
orange), or v) both non-canonical and out-of-
context; yellow). Supplemental Figure S14 
illustrates how monomers and dimers were 
classified in the context of specific HORs. Figure 
4 depicts all of the 19 HORs found in the 
hydatidiform mole (plus the Y HOR from the 
diploid male genome) using this schematic 
representation. The figure visually illustrates the 
substantial predominance b/n-box dimers within 

the centromeric HORs found on the X and 
autosomes: a highly non-random structure. 

Dimers within an HOR share sequence 
similarity
To search for additional structure within active 
centromeric HORs, I next made a neighbor-
joining tree (CLC Sequence Viewer version 7) for 
all of the 108 dimers (large arrows) shown in 
Figure 4. There are four well defined clusters with 
substantial bootstrap  support (Figure 5, 
Supplemental Figure S15). I named each cluster 
by the lowest number chromosome in the group 
(human autosomes are labelled based on size, 
with 1 = largest and 22 = smallest), with the 
exception of the cen-6-like cluster which contains 
all but one dimer from the chromosome 6 cluster. 
When I clustered all monomers from all HORs, 
clustering similar to that found among dimers was 
observed within the n-box and b-box monomer 
types (Supplemental Figure S16).

I next looked for structure among the dimers that 
make up each HOR. In Figure 6, I color-coded all 
of the dimers from all of the 19 autosomal and X 
HORs (Figure 4) based on their cluster affiliation 
in Figure 5. There is a strong pattern: if one dimer 
in an HOR comes from a cluster then so too do all 
others, with only two rare exceptions to this rule 
(< 2%). This pattern suggests that HORs are not 
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Figure 3. A classification framework for monomers and dimers. Monomers are classified by their cluster position 
(b-monomer, n-monomer, or intermediate) in a cluster analysis based on their entire sequence.
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random combinations of monomers but groups 
that share sequence similarity. This pattern 
indicates that any recruitment of dimers or 
monomers to an HOR (during their initial 
establishment or when new repeat elements are 
added to an established HOR) is facilitated by 
sequence similarity (Supplemental Figure S17). 
High sequence similarity, however, is not required.  
This is illustrated by the HOR shared by 
chromosomes 14 and 22, where none of the 
dimers are closely related despite all coming from 
the same cluster (Supplemental Figure S15).

HOR structure changes with HOR length
I also looked for structure among the 20 HORs by 
arranging them by size (Figure 7). Canonical b/n-
box dimers dominate the composition of shorter 
HORs (≤ 10 monomers in length) whereas larger 
HORs nearly always have at least some 
deviations from canonical dimer structure (logistic 
regression: presence/absence of any monomers 
outside of canonical dimers vs. number of 
monomers; p < 0.0001; Kendal’s concordance 
test: proportion monomers outside of canonical 
dimers vs. number monomers, p  = .0004). I also 
found that the proportion of b-monomers with 
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Figure 4. Schematic diagrams of the 19 consensus HORs from from PacBio reads from a hydatidiform mole genome 
(CHM1), plus the consensus HOR of  the Y  chromosome from PacBio reads from a diploid male genome (KOREF): 
see Figure 3 for arrow key. The 185 above an n-box monomer within chromosome X,  denotes its unusual length of 
185 bp, rather than a value close to 170 bp, as is  seen in all other monomers. Long reads from chromosomes with 
an asterisk have primarily  the consensus sequence but indels (of  one or more monomers) are not uncommon (see 
Supplemental Figures 5-6). Chromosome 1 has two asterisks because it is especially variable and contains long 
reads with up  to three additional dimers (see Supplemental Figure S4). Note that b/n-box dimers within the same 
HOR (large red arrows) do not  have the same sequence but do have the same dimeric structure (b-box monomer + 
n-box monomer) This is also true for b/n-box dimers in different chromosomes with the exception of three groups of 
chromosomes ([1, 5, and 19], [13 and 21],  and [14 and 22]) where each of the groups shares a group-specific HOR 
sequence.
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Figure 5. A  neighbor-joining tree of the dimers (pairs of b-
monomers and n-monomers enclosed by arrows in Figure 
4) from all of the consensus HORs from the hydatidiform 
mole genome (CHM1). Numbers between clusters are 
bootstrap  support values. Lineages with less than 67% 
bootstrap  support are collapsed. Clusters are named by 
the lowest-number chromosome they contain except the 
cen-6-like cluster, which is composed entirely of dimers 
from chromosomes six with a single dimer from 
chromosome three.
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broken b-boxes increased with increasing HOR 
size (Kendal’s concordance test: proportion 
monomers with broken b-boxes vs. number 
monomers, p  = .0161). In the above tests I 
excluded the Y chromosome (which has no b-box 
monomers), but all of the p-values become more 
statistically significant when the Y 
c h r o m o s o m e i s i n c l u d e d . 
Chromosome 11 is a clear outlier. 
However, the two b-box/no-b-box 
dimers and the single lone no-b-box 
m o n o m e r t h a t m a k e u p t h i s 
consensus HOR are closely related to 
a contiguous piece of one of the 
fl a n k i n g , i n a c t i v e H O R s o n 
chromosome 11 (Supplemental Figure 
S18A): suggesting that this HOR is 
feasibly a contraction (via a multi-
monomer deletion) of a longer flanking 
(p laus ib ly o lder ) HOR. These 
observations collectively indicate that 
HOR structure is dominated by 
canonical b-box dimers in shorter 
HORs and that this modular structure 
is diminished in longer HORs -in 
substantial part by the reduction of 
functioning b-boxes.

Another interesting pattern seen in the 
ordering of HORs from smallest to 
largest is that the dimers that make up 

the shortest HORs are closely related to 
dimers found in longer HORs on other 
chromosomes. The one-dimer HOR 
shared by chromosomes 1, 5, and 19 is 
95.7% identical in sequence to the b 
dimer (second from left in Figures 4 and 
7) of chromosome 16 (Supplemental 
Figure S18B). Similarly, the two dimers 
of the active HOR on chromosome 2 are 
closely related to dimers g (second from 
right; 96.4% identical in sequence) and h 
(right-most dimer; 93.5% identical in 
sequence) of the longer active HOR on 
chromosome 20 (Supplemental Figure 
S18B). And as mentioned above, the 

active HOR on chromosome 11 is feasibly 
a contraction (via a multi-monomer 
deletion; Supplemental Figure S18A) of a 
longer flanking HOR (which is inactive). 
These observations suggest that pieces 
of HORs can be exchanged among 
chromosomes and that short HORs are 
feasibly derived from pieces of longer 

HORs on different or the same chromosomes.
 
Low sequence similarity is common between 
flanking HORs on the same chromosome
At least 14 of the 24 human chromosomes have 
one or more HORs that flank the active HOR 
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(UCSC genome browser [GRCh38]). These 
flanking HORs are usually inactive (e.g., see 
Supplement Figure S7) but in some cases a 
flanking HOR may be the active HOR in a 
minority of individuals (feasibly this occurs when 
there is a large deletion in the typically active 
HOR, e.g., on chromosome 17; Aldrup-
MacDonald et al. 2016). In Figure 8, I have color-
coded the active HORs (circles with dark 
perimeters and a white central spot) in the HuRef 
lymphoblastoid line and (from consensus 
sequences from centromere reference models 
found in the UCSC genome browser [GRCh38]) 
the closest flanking HORs (right, left, or both 
when both are present). Some chromosomes 
have more than one flanking HOR on one or both 
sides (UCSC genome browser [GRCh38]) but 
here I analyze only the closest flanking HORs, 
because these are predicted to be the youngest 
(Schueler et al. 2005; Shepelev et al. 2009) and 
hence least degraded by mutation since they 
became inactive. Colors depict the cluster (Figure 
5) to which the dimers in the HOR map. The 
yellow cluster represents the 17 “dimers” from the 
Y chromosome that were made by pairing 
neighboring monomers (all of which lack b-
boxes). The grey cluster contains a group  of 
related dimers only found in the flanking HORs. 
Flanking arrays on the acrocentric chromosomes 
13, 14, 21, and 22 are incompletely resolved on 
the UCSB genome browser, so I report a single 
flanking HOR for this group  labeled 13+. In sharp 
contrast to the strong cluster-concordance seen 
for dimers within HORs, flanking HORs are just as 
likely to be cluster-discordant as cluster-
concordant, indicating that sequence similarity 
has a weaker role in the recruitment of new HORs 
to chromosomes. If unequal crossing over 
generated new centromeric HORs, flanking HORs 
would be derived ‘one from the other,’ and hence 
they should be closely related: but contrary to this 
prediction, flanking HORs were commonly 
distantly related. 

Flanking, inactive HORs are smaller and have 
low canonical b/n-box dimeric structure
Inactive, flanking HOR arrays are generally much 
sma l le r than the i r ac t i ve coun te rpar ts 
(Supplementary Figure S7) and they have been 
hypothesized to be both nurseries (i.e., they will 
expand and become the HORs of the of future) 
and graveyards (i.e., they are shrinking toward 
extinction via recurrent deletions). I compared the 
structure of active HORs (active status indicated 

by ChIP-seq analysis; Supplemental Figure S7-
S8) and inactive flanking HORs (inactive status 
indicated by ChIP-seq analysis, Supplemental 
Figure S7). It should be noted that some 
“inactive”, flanking HORs can (usually at low 
frequency) be the active centromeric sequence in 
some individuals (see Table 1 of McNulty and 
Sullivan 2017) . For each of the human 
chromosomes known to have flanking HORs, I 
have (in Figure 9) schematically depicted 
consensus sequences of the active and inactive 
(immediately flanking) HORs (as described in 
Figure 4). Consensus sequences for the flanking, 
inactive HORs were calculated from the reference 
model sequences found in the UCSC genome 
browser (GRCh38; Miga et al. 2014). The pattern 
is visually apparent and born out by statistical 
analysis: on average flanking HORs are longer 
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Figure 8. The HORs immediately flanking the active HORs 
on the chromosomes that contain them (the active HORs are 
depicted by bold circles with white centers).  All HORs are 
color-coded by the dimer cluster they map to in Figure 5.  The 
grey cluster represents a new cluster (not shown in Figure 5) 
found only in the flanking HORs and the yellow cluster 
represents ‘dimers’ on the Y chromosome constructed by 
pairing adjacent monomers: 1 and 2, 3 and 4, 5 and 6, ... , 33 
and 34). Flanking HORs on the same chromosome that lack 
close sequence similarity are depicted by different shapes. 
Flanking HORs on the same chromosome that  show strong 
sequence similarity are depicted by the same shape but 
different shades of  the same color. Flanking HORs are nearly 
equally likely to be cluster-concordant  with the active HOR 
as they are to be cluster-discordant.
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(more monomers per repeat unit; Welsh test, p  = .
0123), have a lower density of canonical b-box 
dimers (Welsh test, p  < .0001), have a  lower 
density of monomers that fall into the b-
monomers cluster (see Supplemental Figure S14; 
Welsh test, p  < .0001), and have a higher density 
of monomers with broken b-boxes (that are 
predicted to not bind CENP-B) (Welsh test, p  < .
0001). In sum, flanking, inactive HORs on 
average have: i ) longer repeats (more 
monomers), ii) shorter array sizes, iii) reduced 
canonical b/n-box dimer structure, and iv) more 
broken b-box monomers (that are predicted not to 
bind CENP-B). These structural differences are 
not predicted by the unequal crossing over model.

Long runs of b-box monomers are absent 
Long runs of n-box monomers are found on the Y 
chromosome (34 in a row, Figure 4) and also on 
flanking HORs on the autosomes (up to 20 in a 
row, Figure 9). In the flanking HORs, there are 
also many long runs of monomers lacking 
functional b-boxes (including both monomers with 
broken b-boxes that do not bind CENP-B, and 
also n-box monomers; Figure 9). In sharp 
contrast, long runs of b-box monomers are absent 

in active HORs, with the longest 
run being a single case of three 
in a row on chromosome 17 
(Figure 4). This avoidance of 
long runs of b-box monomers 
(but not monomers lacking 
them) suggests some form of 
func t iona l cons t ra in t tha t 
disfavors them. Avoidance of 
runs of b-box monomers is not 
pred ic ted by the unequal 
crossing over model. 

Flanking, inactive HORs are 
predicted to make weak 
kinetochores
Monomers containing CENP-B-
binding b-boxes are expected to 
contribute to stronger, more 
functional centromeres because 
they increase the level of the 
kinetochore protein CENP-C 
rec ru i t ed t o cen t romeres 
( F a c h i n e t t i e t a l . 2 0 1 5 ) . 
Kinetochore proteins bind DNA 
at nucleosomes containing the 
histone H3 variant CENP-A. 
Fachinetti et al. (2015) showed 

that CENP-C (a foundational kinetochore protein 
that recruits down-stream kinetochore proteins; 
Tanaka et al. 2009) binds to CENP-A containing 
nucleosomes at two sites: i) the carboxyl end of 
the CENP-A protein, and ii) near the amino end of 
this protein where CENP-A, -B, and -C form a 
triplex in which CENP-C binds DNA-bound CENP-
B  –but only if CENP-B is bound to the amino end 
of CENP-A (Supplemental Figure S19). Binding of 
CENP-C to DNA-bound CENP-B requires a b-box 
in the DNA linker separating neighboring 
nucleosomes (Masumoto et al. 1989; Masumoto 
et al. 1993). When CENP-B is absent, the amount 
of CENP-C recruited to centromeres is halved 
because it is absent near the amino end of 
CENP-A (Fachinetti et al. 2015; Supplemental 
Figure S19). This reduction in CENP-C is 
associated with weaker centromeres that have 
increased miss-segregation rates (Fachinetti et al. 
2015). Centromeric repeats with no (or a low 
density of) b-box monomers are therefore 
expected to produce weak, poorly functioning 
centromeres. 

Canonical b-box dimers place a b-box adjacent to 
every nucleosome within an HOR array (see 
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Figure 9. Comparison of the HOR structure of the active HORs and their inactive 
flanking HORs (immediately to their left or right in the UCSC genome browser 
[GRCh38]). Active HORs are only included for chromosomes that have flanking 
HORs. The flanking arrays on chromosomes 13, 14, 21, and 22 are not fully 
resolved in the UCSC genome browser [GRCh38] (Ziccardi et  al.  2016), so a single 
flanking array (labeled 13+) is used for this group of four chromosomes.
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Supplemental Figure S12 in the companion 
paper; Rice 2019) and this arrangement would 
feasibly permit maximal recruitment of CENP-C 
and thereby produce strong centromeres. If 
currently inactive, flanking HORs were to become 
activated, the substantially reduced density of 
monomers containing b-boxes (compared to 
presently active HORs; Figure 9) would be 
expected to produce weak, lower-functioning 
centromeres. This feature indicates that flanking 
HORs are most feasibly older HORs that have 
been replaced by currently active, higher 
functioning HORs. Using the metaphor described 
earlier, most or all flanking, inactive HORs appear 
to be graveyards, not nurseries. The difference in 
predicted centromere strength of active and 
inactive HORs is not predicted by unequal 
crossing over model.

The lifecycle of HORs
The observed structure at active HORs and 
inactive flanking HORs motivates a hypothesis for 
a lifecycle during the evolution of centromeric 
repeats (Figure 10). In this cycle, HORs begin as 
short dimeric repeats (e.g., the 1-dimer HORs 
observed on chromosomes 1, 5, and 19) with 
canonical b/n-box dimeric structure. The high 
sequence similarity of the dimers that make up 
the short HORs located on chromosomes 1, 2, 5, 
and 19 to dimers found on much longer HORs on 
other chromosomes (Supplemental Figure S18) 
suggest that new HORs are recruited by ectopic 
exchange with established HORs, e.g., via 
ectopic gene conversion or Break-Induced Repair 
(BIR) with template switching. Once established, 
new, short HORs initially expand only by adding 
additional b/n-box dimers (not single monomers) 
with substantial sequence similarity to the existing 
dimers, i.e., dimers that map  to the same cluster 
in Figure 5 (see also Figure 6 and Supplemental 
Figure S17). The high sequence similarity 
between some dimers of long HORs located on 
different chromosomes (e.g., the X and 
chromosome 17, and chromosomes 4 and 9; 
Supplemental Figure S15) suggest that ectopic 
exchange between chromosomes may contribute 
to HOR expansion. Once large enough (i.e., > 4 
dimers in length), HORs begin to expand by 
adding both canonical b/n-box dimers as well as 
unpaired b-box and n-box monomers (with a 
genetic similarity constraint). At these larger sizes, 
they also begin to lose functional b-boxes by 
mutation (i.e., convert canonical b/n-box dimers to 

broken b/n-box dimers that cannot recruit CENP-
B), further reducing canonical b/n-box modular 
structure. Once there is sufficient proportional 
loss of canonical b/n-box dimeric structure, these 
long HORs lose their ability to recruit half of a 
foundational kinetochore protein CENP-C. As a 
consequence, these HOR arrays make weaker 
kinetochores, and are replaced (possibly via 
centromere drive [Malik and Henikoff 2002] for 
stronger kinetochores [Iwata-Otsubo et al. 2017]) 
by short HORs containing canonical b/n-box 
dimers (originating from pieces of existing, 
HORs). Once inactive, HOR arrays eventually 
shrink to complete loss via recurrent deletion 
pressure (especially due to repair of DSBs via the 
SSA pathway). 

If the hypothesized sequence of events for a HOR 
life history is correct (Figure 10), then many 
questions immediately arise. How and why:

• do HORs grow from short to long?, 
• is expansion of short HORs restricted to the 

addition of b/n-box dimers?
• does canonical b-box/n-box structure decay 

once HORs become long?
• do new, short canonical b-box/n-box dimers 

invade and expand within an array of 
longer, b-box-depleted HORs?
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Figure 10. The inferred life history of a human HORs across 
time.
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• does the active state (CENP-A epigenetic 
mark) of an HOR move between new and 
old HORs? 

• do HORs evolve so much more rapidly then 
the rest of the genome, and sometimes in a 
punctuated manner?

These questions I address in the companion 
paper (Rice 2019).
Evaluating the unequal crossing 
over model of Smith
The Smith model is missing an important 
recombination repair pathway 
The foundation of the Smith model for the 
evolution of repetitive DNA is mitotic, out-of-
register recombination between repeat arrays on 
sister chromatids, i.e., mitotic unequal crossing 
over (Smith 1976). Unequal crossing over is one 
outcome of Homology Directed Repair (HDR), 
which includes repair by the Synthesis-Dependent 
Strand Annealing pathway (SDSA; no crossing 
over), and the Double Strand Break Repair 
pathway (DSBR; repair via the formation of 
double Holliday structures that sometimes results 
in crossing over); Fishman-Lobell et al. 1992; 
Schildkraut et al. 2005. Missing from the Smith 
model (because it had not yet been discovered) is 
repair of DSBs via the Single Strand Annealing 
pathway (SSA; no crossing over). In the long 
arrays of tandem rDNA repeats in yeast, repair of 
endonuclease-induced DSBs typically leads to the 
deletion of one repeat unit per DSB  (Ozenberger 
and Roeder 1991). Subsequent studies support 
the general conclusion that SSA-repair within 
many different types of tandem repeats typically 
leads to small deletions of one repeat unit per 
DSB  (Muchova et al. 2014; Bhargava et al. 2016; 
Warmerdam et al. 2016). Chakraborty et al. 
(2016) conclude that SSA is the major DSB  repair 
pathway used within most highly repetitive 
genomic regions, and that this pathway is favored 
in these regions because it limits large-scale 
rearrangements. Although I have not found 
studies screening for SSA repair of DSBs at 
human centromeric HORs, there is experimental 
evidence for SSA repair of DSBs in the 
centromeric repeats of mice –in combination with 
repair via HDR (Tsouroula et al. 2016). 

The importance of the presence of even low 
levels of SSA repair at centromeric repeats is that 
it is expected to act as a deterministic process 

that continuously erodes the length of HOR arrays 
–in small steps of one repeat unit per DSB. The 
unequal crossing over process is length neutral 
(at the population level) because an unequal 
crossover lengthens the HOR array on one sister 
chromatid by the same amount that it shortens 
the other. When repair of DSBs at centromeric 
repeats uses both the length-neutral HDR and 
length-eroding SSA repair pathways, as was 
found for the centromeric repeats in mice 
(Tsouroula et al. 2016), HOR arrays are expected 
to gradually shrink over time. Some factor besides 
HDR-induced out-of-register sister chromatid 
recombination is required to explain the evolution 
and persistence of the multi-megabase-long 
arrays of centromeric repeats observed at human 
centromeres (Willard 1991; Miga et al. 2014). 

Natural selection for sufficiently long centromeric 
arrays would be a simple mechanism, to maintain 
their long length in the face of continuous erosion 
due to SSA-repair of DSBs. This intuitive solution 
seems unlikely, however, because the length of 
most centromeric arrays is far in excess of that 
needed for normal cellular functioning (Lo et al. 
1999; Yang et al. 2000). So some other process is 
maintaining the extremely large size of human 
centromeric HOR arrays, despite their continual 
erosion by SSA repair of DSBs.. In the next 
section (and more extensively in the companion 
paper; Rice 2019), I explore the hypothesis that 
repair of collapsed DNA replication forks via the 
BIR pathway is this missing process.

The Smith model cannot account for levels of 
length polymorphism at the centromeric HOR 
arrays of the sex chromosomes
The foundation of the Smith model is that most 
length variation at centromeric HOR arrays arises 
from unequal crossing over between these arrays 
on sister chromatids during the repair of DSBs. As 
described below, a comparison of length variation 
at the cent romer ic repeats o f the sex 
chromosomes indicates that an alternative 
process –repair of collapsed DNA replication forks 
via the BIR pathway– more plausibly generates 
this variation.

In general, neutral standing genetic variation 
increases with an increasing neutral mutation rate 
(μ, the gain parameter for new genetic variants) 
and an increasing effective population size (Ne, 
the sampling error parameter for segregating 
genetic variants). Larger Ne decreases the loss 
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rate of extant genetic variants by decreasing 
sampling error (which causes segregating genetic 
variants to be lost stochastically across 
generations). These input and sampling error 
relationships have been quantified for neutral 
SNP variation with the result that expected 
standing genetic diversity (π) is proportional to the 
product of the gain (μ) and loss (Ne) parameters, 
i.e., π ~ Ne*μ. (Watterson 1975).

The effective population size (Ne) of the human Y 
chromosome (Ne(Y)) is smaller than that of the X 
(Ne(X)) because it is male-limited and hemizygous: 
causing it to have 67% fewer population-wide 
copies compared to the X. The effective size is 
further reduced for the male-limited Y due to: i) 
lack of recombination along most its length, and ii) 
stronger sexual selection in males compared to 
females. These two features both cause elevated 
levels of Hill-Robertson interfering linkage 
disequilibrium that further reduces Ne(Y) (Wilson 
Sayres et al. 2014). Collectively, the Y’s male-
limited transmission, hemizygosity, and lack of 
recombination make Ne(Y) << Ne(X). Empirical 
studies clearly demonstrate this large inequality in 
humans based on the much lower standing 
genetic variation on the Y compared to the X 
(e.g., Wilson Sayres et al. 2014). This pattern is 
also seen in other mammals (Hellborg and 
Ellegren 2004). 

The substantially reduced Ne(Y) compared to Ne(X) 
causes sampling error to be substantially elevated 
on the Y compared to the X, leading to the 
prediction that –when gain parameters (i.e., 
unequal mitotic crossing over rates between sister 
c h r o m a t i d s ) a r e s i m i l a r o n b o t h s e x 
chromosomes– the Y will have far less standing 
variation in centromeric HOR array length 

compared to the X. A large empirical data set (372 
X and 372 Y chromosomes, sampled from around 
the world; Miga et al. 2014) indicates that the 
variance (V) in HOR array size is about 70% less 
on the Y compared to the X (Table 1). But this 
comparison does not account for the much 
smaller mean size of the centromeric HOR arrays 
on the Y chromosome compared to the X (Table 
1): and hence its much smaller target size for the 
DSBs that would generate unequal crossovers. 
When standing variation is more appropriately 
measured as the coefficient of variation (CV) to 
account for array size differences, the Y has as 
high or higher standing variation compared to the 
X (means, variances and CVs calculated from 
Figure 4 and Table 1 of Miga et al. 2014) This 
surprising and highly counterintuitive finding of 
high standing variation on the Y compared to the 
X, despite Ne(Y) << Ne(X), indicates that the gain 
parameter for HOR array length variation must be 
substantially larger on the Y chromosome 
compared to the X. 

The centromeric HOR arrays on the X and Y have 
similar DNA sequences and chromatin structure. 
They are: i) composed of AT-rich repeat elements 
(monomers that are ~170 bp with substantial 
sequence similarity between the X and Y), ii) 
complexed with the same kinetochore-associated 
proteins, and iii) similar in chromatin composition 
(CENP-A replaces H3 histones at many of their 
nucleosomes [Scott & Bloom 2014], and the DNA 
of their repeat arrays is packaged as about one 
th i rd ‘cent rochromat in ’ , and two th i rds 
heterochromatin; Sullivan & Karpen 2004; 
Sullivan et al. 2011). All else being equal, this 
strong similarity in DNA sequence and chromatin 
structure makes it enigmatic that there could be a 
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Table 1. Standing length variation on the human X and Y (Means are from Table 1 and Variances and 
Coefficients of Variation are calculated from and Figure 4B of Miga et al. 2014).
_________________________________________________________________________________________________________________________

Chromosome! Array Group! Mean (M)!! Variance (V)! Coefficient of 
! ! ! ! ! ! ! ! Variation (CV)

             X& &           All& &  3.175& &    0.673&   &           26.67
& &            1& &  2.698& &    0.183&   &           10.84
& &            2& &  4.062& &    0.332&   &           21.93

             Y& &             All& &  0.803& &    0.204&   &           59.22
& &               1& &  0.399& &    0.024&   &           44.42
& &               2& &  1.186& &    0.078&   &           24.71
_________________________________________________________________________________________________________________________
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large difference in the gain parameter for length 
variation (unequal crossover rate) in their 
centromeric arrays. 

But all else is not equal. There are two major 
differences between the centromeric repeats of 
the X and Y sex chromosomes that could 
plausibly contribute to large differences in this 
gain rate. The Y chromosome: i) has an HOR that 
completely lacks the 17 bp binding sites for 
CENP-B  (b-boxes) that are present at high 
density on the centromeric repeats of the X and 
autosomes, and ii) is restricted to males and 
therefore replicates exclusively within the male 
germ line. Below I consider two molecular 
mechanisms by which these differences could 
combine to feasibly elevate the gain rate for 
centromeric array length variation on the Y 
compared to the X. These mechanisms, however, 
require length variation to be generated by a 
process other than mitotic unequal crossing over 
between sister chromatids.

Replication-induced DSBs do not contribute to 
unequal crossing over between sister chromatids. 
In humans, the male-limited Y differs from the X 
by experiencing more DNA replications per 
generation due to substantially more mitoses per 
generation in the the male vs. female germ line 
(Wilson Sayers and Markova 2011). Unequal 
crossing over between sister chromatids is 
necessarily restricted to the late S and G2 phases 
of the cell cycle when sisters co-occur (note that 
DSBs are not repaired during M phase of the cell 
cycle: repair is delayed until G1 or the G1/S 
transition stages of the following cell cycle; 
Bakhoum et al. 2017). This timing constraint 
would seem to indicate that most DSBs generated 
during S-phase cannot lead to crossing over 
between sisters, and therefore that more rounds 
of DNA replications per generation in the male 
germ line should not elevate the crossover rate on 
the Y chromosome. However, DNA replication can 
potentially induce DSBs that are produced and 
repaired in late S and G2 (when sisters can 
potentially crossover) due to the intertwining 
(catenation) of DNA strands from newly 
synthesized sister chromatids. Post-replication 
DSBs could be generated due to ligation errors 
during decatenation of the intertwined sisters by 
Topoisomerase-II (Liu et al. 2014). However, this 
route to replication-induced sister chromatid 
exchange is feasible everywhere in the genome 
except at centromeres

At human centromeres, intertwined sister 
chromatid DNA acts as a cohesion agent that –
along with cohesin– joins sisters (along centric 
and/or pericentric regions of chromosomes) until 
they segregate at anaphase. Correspondingly, 
and unlike the rest of the genome, the 
decatenation process at centromeric DNA is 
delayed until anaphase and early telophase of 
mitosis (Wang et al. 2010). So despite the intuitive 
possibility that more DNA replication in the male 
germ line might elevate sister chromatid 
crossover rate by generating catenations that 
later produce DSBs that are repaired during late S 
and G2 phases of the cell cycle, this possibility 
does not apply to centromeric repeats. This 
possibility is further reduced by the finding of 
Chan and Hickson (2011) of no detectable DSBs 
generated by decatenation of centromeres at the 
end of mitosis in human cells, as revealed by 
!H2AX staining. Furthermore, even if some 
decatination-induced DSBs did occur at 
centromeres but went undetected by Chan and 
Hickson (2011), they would be repaired during G1 
or at the entry of the S-phase of the next cell 
cycle when sister chromatids are absent: and 
hence could not generate unequal crossing over 
between sisters. Therefore, the rate of mitotic 
crossover should not be substantially influenced 
by DNA-replication, and hence little affected by 
the number of mitoses per generation. For this 
reason, if the Smith model were correct, the 
smaller effective size of the Y (NeY) compared to 
the X (NeX) should lead to much smaller standing 
variation in HOR array length on the Y: but, as 
described above, it does not. This finding 
indicates that some process other than unequal 
crossing over between sister chromatids (and that 
operates during DNA replication) is responsible 
for generating much of the length variation of 
centromeric HOR arrays. 

Collapsed replication forks can generate length 
variation at centromeric repeats. An important 
molecular process generating DSBs during DNA 
replication is fork-stalling followed by fork-collapse 
(fork-stalling/collapse; Syeda et al. 2014; Cannan 
and Pederson 2016). Unlike the two-ended DSBs 
generated by factors like free radicals or 
topoisomerase-II ligation errors, fork-collapse 
during DNA replication generates one-ended 
DSBs that are repaired by Break-Induced Repair 
(BIR; Costantino, et al. 2014). Repair of these 
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one-ended DSBs generates length variation in 
tandem repeat arrays via out-of-register re-
initiation of DNA replication (Kobayashi 2014). 
BIR repair of collapsed replication forks has been 
studied extensively in the rDNA repeats of 
budding yeast and found to be biased toward 
array expansion rather than contraction 
(Kobayashi 2014). Empirical evidence indicates 
that fork-stalling/collapse is common during the 
replication of centromeric DNA in humans 
(Crosetto et al. 2013; Aze et al. 2016) and non-
humans (Greenfeder and Newlon 1992; Mitra et 
al. 2014), as described in more detail in the 
companion paper (Rice 2019). BIR repair of 
collapsed DNA replication forks would feasibly 
have two results: i) it generates length variation 
that increases with more mitoses per generation 
(as occurs on the Y compared to the X), and ii) it 
could feasibly counterbalance array shrinkage 
due to SSA repair of DSBs due to its bias toward 
array expansion over contraction (as indicated at 
yeast rDNA arrays; Kobayashi 2014).

Although the average number of cell divisions per 
generation is more that an order of magnitude 
higher in human males compared to females 
(Wilson Sayres and Makova 2011), this 
asymmetry alone is probably insufficient to fully 
explain the paradox of the Y centromeric arrays 
displaying near parity in their level of length 
variation compared to the X, despite Ne(Y) << 
Ne(X). This conclusion comes from the fact that 
SNP variation on these same chromosomes is 
much lower on the Y than the X (Wilson Sayres et 
al. 2014), despite DNA replication contributing 
substantially to the total SNP mutation rate (Cui et 
al. 2012) and the same mitoses/generation 
difference between the sex chromosomes applies 
to SNPs. However, the absence of CENP-B 
binding sites within the centromeric array of the 
human Y (but not the X) could feasibly magnify 
the effect of the Y’s higher cell divisions per 
generation. 

CENP-B can influence the rate of collapsed 
replication forks. CENP-B  almost certainly has 
function(s) outside its role in kinetochore 
formation because the protein is found in most 
mammal species (Yoda et al. 1992; Casola et al. 
2008) yet its binding site is absent at the 
centromeres of most of these species (Haaf et al. 
1995; Alkan et al. 2011; Kugou et al. 2016). 
C E N P - B  m e d i a t e s s u r v e i l l a n c e f o r 
retrotransposons in fission yeast (Cam et al. 

2008) and it may have a similar function in 
mammals (Kipling and Warburton 1997; Casola et 
al. 2008). In fission yeast, CENP-B  binds to AT-
rich regions of LTR transposons and recruits other 
proteins that reduce the fork-stalling/collapse that 
is required for the transposons to replicate 
(Zaratiegui et al. 2011). Assuming CENP-B 
produces a similar phenotype in humans, its 
absence on the centromeric repeat array on the Y, 
and presence on the X, would raise the relative 
rate of fork-stalling/collapse on the the Y 
compared to the X (on a per bp  basis), and this in 
turn would elevate the input rate of length 
variation. Together, the Y chromosome’s i) higher 
cell divisions per generation, and ii) feasibly 
higher rate of fork-stalling/collapse due to lack of 
CENP-B binding, could plausibly combine to 
contribute substantially to the unexpectedly high 
variation in HOR array length found on the low-Ne 
Y chromosome –but as described above, these 
DNA replication features would not be expected to 
increase the length variation input rate via 
conventional mitotic unequal crossing over 
between sister chromatids.

In sum, the high HOR array length variation on 
the Y relative to the X, despite Ne(Y) << Ne(X), is 
enigmatic under the Smith model that assumes 
unequal crossing over between sister chromatids 
is responsible for most length variation at 
centromeric repeats. This finding, however, is 
plausible when one instead assumes that fork-
collapse during DNA replication (followed by out-
of-register BIR) is responsible for this length 
variation, especially if CENP-B bound to 
centromeric DNA reduces this fork-collapse 
phenotype, as it does in fission yeast.

The Smith model cannot account for high 
between-species sequence divergence 
observed at the X-linked centromeric HOR 
arrays of humans and chimps.
In most cases, gradual sequence divergence via 
base pair substitutions and small indels cannot be 
measured between the orthologous HORs of 
humans and chimps because almost all 
centromeric HOR arrays have experienced a 
replacement by distantly related HOR sequences 
within one or both lineages (Archidiacono et al. 
1995). The X chromosome is the sole exception. 
As described in more detail in the companion 
paper, X-linked HOR sequences have diverged at 
a rate that is at least 5-fold faster than the rest of 
the euchromatic and heterochromatic genome. 

18

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 10, 2019. ; https://doi.org/10.1101/731430doi: bioRxiv preprint 

https://doi.org/10.1101/731430
http://creativecommons.org/licenses/by-nd/4.0/


This highly elevated divergence rate is not 
predicted by Smith’s unequal crossing over model 
–unless centromeric regions have: i) exceptionally 
high mitotic crossover rates between sister 
chromatids (for which I have found no evidence), 
and ii) high CpG content (Arbeithubera et al. 
2015; which is not the case for human monomers 
(Supplementary Table S1). The high base pair 
substitution rate is predicted, however, if most 

length variation at human HORs is generated by 
fork-collapse during DNA replication followed by 
re-initiation of DNA replication via out-of-register 
BIR.  This elevation occurs because BIR 
generates long replication tracts with error-prone 
DNA polymerases that increase the base 
substitution mutation rate over 1,000-fold 
compared to DNA replication without fork-
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Box 1. Structure at different levels within the consensus sequences of all centromeric HORs.
1) All consensus monomers within all active centromeric HORs have the same head-to-tail orientation, i.e., there are no inversions among the monomers 

that make up centromeric HORs. All monomers also contiguously align to a single consensus sequence, indicating that there are no large inversions 
within individual monomers. The persistence of these structural patterns despite strong sequence divergence among monomers suggests functional 
constraint. 

2) The spacing among b-box elements (including broken b-boxes) is highly nonrandom: they are separated by an integer number of monomers (never 
two b-boxes within one monomer) and a spacing of every other monomer strongly predominates (Figure 2). This nonrandom spacing of b-boxes 
within HORs supports the hypothesis that their placement is functionally constrained.

3) Monomers that do not contain a b-box at their 5’ end have a different conserved sequence that is 19 bp in length (n-box, Supplemental Figure S10B). 
These conserved n-boxes support the hypothesis of functional constraint on the 5’ end of monomers lacking b-boxes. 

4) There is highly significant length differentiation between n-box and b-box monomers: b-box monomers are significantly shorter (averaging ~2 bp 
shorter) and 8.6 times more variable in length than n-box monomers. Differences in mean and variance of the length of n-box and b-box monomers, 
despite substantial sequence divergence among them, support the hypothesis that they have different functional constraints.

5) Runs of b-box monomers of at least moderate length (> 3 in a row) are absent (longest run is a single case of 3 in-a-row on chromosome 17). In sharp 
contrast, exceptionally long runs of n-box monomers are present on the Y chromosome (34 n-box monomers in-a-row; Figure 4) and on the flanking 
arrays of the autosomes (up 20 n-box monomers in a row; Figure 9). In addition, long runs of monomers that lack a functional b-box (runs of no-b-box 
monomers that are a mixture of n-box monomers and those with broken b-boxes) are common in the flanking, inactive HORs (Figure 9). The absence 
of long runs of b-box monomers (but not no-b-box monomers) supports the hypothesis of functional constraint on the spacing of b-box and n-box 
monomers within HORs. 

6) Short HORs (≤ 10 monomers in length) have a nearly perfect modular structure composed of canonical b/n-box dimers, whereas longer HORs usually 
deviate from this modularity by having reduced density of functional b-box monomers (i.e., including broken b/n-box dimers and/or lone monomers) 
(Figure 7). This pattern supports the hypothesis of different functional constraint on short vs. long HORs. 

7) The HOR on the male-limited Y chromosome is the only one of the active HORs that lacks a high density of b-boxes (Figure 4). This pattern of b-
boxes present within the centromeric repeats of the X and all of the autosomes but absent on the Y chromosome is also seen in the laboratory mouse 
(Mus musculus domesticus; Pertile et al. 2009). The absence of b-boxes on only the Y chromosome among distantly related taxa is unlikely by 
chance alone and indicates that monomer sequences are not random, i.e., they are influenced by some aspect of Y-linkage.

8) The consistent position of both n-box and b-box elements near the 5’ end of monomers (Supplemental Figure S10) positions them within the linker 
DNA regions between nucleosomes (Tanaka et al. 2005; Hasson et al. 2013; Fujita et al. 2015; Henikoff et al. 2015). The fact that the position of 
these short sequences has not drifted away from this linker position, despite substantial sequence divergence among monomers (and when b-boxes 
are absent –as they are on the HOR on the Y chromosome), supports the hypothesis that monomer sequence is nonrandom and somehow promotes 
this consistent nucleosome positioning.

9) It is common for repeat elements (monomers or dimers) to be most closely related to repeat elements from a different HOR on another chromosome 
rather than those from the same HOR on the same chromosome (Supplemental Figures S15, S16), suggesting that they frequently originate by 
ectopic exchange (e.g., gene conversion or Break-Induced Repair with template-switching; Hastings 2010) rather than unequal crossing within an 
HOR. Nontrivial levels of ectopic exchange are also indicated by several chromosome groups ([1, 5 and 19]. [13 and 21], and [14 and 22]) that each 
sharing a common HOR sequence. Also, the dimers of the shortest active HORs have strong sequence similarity to b/n-box dimers from longer active 
HORs on different chromosomes (Supplemental Figure S18). These patterns support the hypothesis that ectopic exchange of HOR parts among 
chromosomes, rather than unequal crossing over within an HOR, contributes substantially to the evolution of HOR sequences. 

10) All active HORs on the X and autosomes have a high density of b-box monomers and there is experimental evidence for a strong association 
between b-box presence and centromere strength: HORs lacking b-boxes, like the one on the Y chromosome, or those with b-boxes but experiencing 
experimentally lowered levels of cellular CENP-B, make weak centromeres with elevated mis-segregation rates (Supplemental Figure 19; Fachinetti 
et al. 2015). This pattern supports the hypothesis that HOR sequence is nonrandom and can strongly influence kinetochore structure and function. 

11) In comparison to active HORs, inactive flanking HORs are on average (Figure 9): 1) longer, 2) lower in the density of functional b-boxes, 3) higher in 
the density of n-box monomers (with strongly conserved n-boxes), 4) reduced in modular b/n-box structure, and 5) predicted to form weak 
kinetochores with high mis-segregation rates if they were to become active (Fachinetti et al. 2015). These structural differences between active and 
inactive HORs support the hypothesis that there are functional differences between their sequences.  

12) While most HORs are a monotonous repetition of the same sequence of monomers, some (like the HOR shared by chromosomes 1, 5, and 19) are 
highly heterogeneous and contain subregions of expanded, longer HORs. The dimers in these regions of longer HORs are closely related to dimers 
from longer HORs on other chromosomes. These observations support the hypothesis that some HORs are currently in the process of increasing 
their length by recruiting new dimers via ectopic exchanges between chromosomes –rather than out-of-register unequal crossing over within an HOR. 

13) Active HOR arrays are far longer than required for normal cellular functioning (Lo et al. 1999; Yang et al. 2000). This extreme size is not predicted by 
the unequal crossing over model, especially with the expected perpetual contraction of HOR arrays due to SSA repair of DSBs. Adding to the Smith 
model selection for sufficient array size would not be expected to generate the extreme sizes observed in nature.
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collapse. I will explore this possibility in the 
companion paper (Rice 2019). 

Smith model does not predict the many levels 
of centromeric HOR structure
The patterns observed when comparing the 
consensus sequences from all of the active HORs 
to each other, and to their flanking, inactive HORs 
(consensus sequences from from GRCh38), can 
be compared to what would be expected under 
the Smith (1976) model of evolution within a 
tandem repeat (that is based on out-of-register 
crossover between sister chromatids). This 
neutral model predicts that the centromeric 
repeats will be composed of essentially random 
sequences with no substantive structural 
constraint except the avoidance of harmful 
sequences, such as those producing fold-back 
loops that stall replication forks. In sharp  contrast, 
and as described in the preceding sections, I 
found the consensus sequences of active 
centromeric repeats to be highly structured, at 
multiple levels (Figures 7 and 9), despite 
sequence divergence among monomers as large 
as 36% (Figure 5). This diversity of structure is 
summarized in Box 1. 

Collectively, the diverse structural patterns listed 
in Box 1 are not predicted by the Smith model of 
random sequence evolution solely via unequal 
exchange between sister chromatids, and indicate 
substantial functional constraints on HOR 
sequence and organization.

Nucleosome positioning over the highly 
diverged repeat sequences of the Y 
centromere indicate non-random sequence 
evolution
The 34 monomers that make up  the centromeric 
HOR on the Y chromosome all lack b-boxes and 
differ in sequence from each other by as much 
28% (Supplementary Table S1). Despite this 
substantial sequence divergence, Hasson et al. 
(2013) found highly conserved nucleosome 
positioning over orthologous nucleotide positions 
among the Y’s monomers. This conserved 
nucleosome positioning, despite considerable 
sequence divergence, would not be expected if 
the divergence were unconstrained and randomly 
generated by unequal crossing over, as predicted 
by the Smith model. 

Conclusions
Many attributes of the human centromeric HORs 
appear to be in conflict with the widely accepted 
Smith (1976) model for the evolution of 
centromeric tandem repeats via unequal crossing 
over between sister chromatids. First, the Smith 
model predicts an essentially random sequence 
(excepting intrinsically harmful sequences, such 
as those that are self-complementary) for the 
monomers that make up  human centromeric 
HORs, yet as described here, they have 
substantial non-random structure at many 
organizational levels: i) within monomers (e.g., 
strongly conserved b- and n-boxes located near 
the 5’ end of monomers that form the linker 
regions between nucleosomes), ii) between 
monomer types (e.g., differing means and 
variance in the length of b- and n-box monomers, 
suggesting they have different constraints on their 
length), iii) between pairs of adjacent monomers 
(e.g., b/n-box dimers are the predominate HOR 
substructure), iv) among tandem groups of 
monomers (e.g., all monomers within HORs have 
the same head-to-tail orientation), v) among 
HORs of different length (e.g., levels of b/n-box 
dimeric structure of HORs are strongly correlated 
with HOR length), and vi) between active and 
inactive HORs (e.g., inactive HORs are on 
average longer, have more broken b-boxes, and 
form shorter arrays [usually much shorter]). 
Additional evidence for functional constraint on 
centromeric HORs is i) the absence of runs of >3 
monomers with b-boxes, ii) the strong level of 
nucleosome positioning on b/n-box dimers as well 
as on the 34 monomers of the Y chromosome 
despite substantial sequence divergence among 
these dimers and Y-linked monomers, iii) the 
observation that active centromeres are predicted 
to be stronger (recruit more kinetochore proteins) 
than inactive, flanking HORs. The Smith model 
also does not include the SSA pathway for the 
repair of DSBs, and when this process operates 
during at least some repairs, centromeric repeats 
are predicted to continually shrink –yet this 
perpetual contraction has not been reported. One 
might rescue the underlying logic of the Smith 
model by simply adding constraints on features 
like array length, b-box position within monomers 
and density within HORs, and so on. However, 
the foundation of the Smith model is unequal 
crossing over between sister chromatids, which is 
assumed to generate the substantial length 
variation we see among extant centromeric repeat 
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arrays. But the high length variation on the Y 
compared the the X despite Ne(Y) << Ne(X) is 
incompatible with the assumption that most length 
variation at centromeric repeats is generated by 
unequal crossing over between sister chromatids. 
The much larger-than-needed size (for cellular 
functioning) of centromeric repeats is also 
inconsistent with Smith’s length-neutral unequal 
crossing over model and indicates that some 
deterministic lengthening process is continually 
expanding HOR arrays and offsetting their 
continual shrinkage via SSA repair of DSBs. 
Alternatively, these patterns are consistent with a 
different array expansion/contraction mechanism 
that is biased toward array expansion: out-of-
register repair of collapsed DNA replication forks 
via the BIR pathway during the replication of 
tandem repeats. For all of these reasons it seems 
appropriate to consider alternatives to the Smith 
model for the evolution of human centromeric 
HORs. In the companion paper (Rice 2019), I 
consider such an alternative that is based on 
length variation that is generated via BIR repair of 
collapsed DNA replication forks.
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Cenp-b-box

ATTCGTTGGAAACGGGA
CTTCGTAGTAAACGGGA
CTTCGTTCGAAACGGGT
CTTCGTTGCAAACGGGG
CTTCGTTGGAAACGGGA
CTTCGTTGGAAACGGGG
CTTCGTTGGAAACGGGT
CTTCGTTGGAAGCGGGA
GTTCGTTGGAAACGGGA
TTTCGCTGGAAGCGGGA
TTTCGTGGGAAACGGGA
TTTCGTTGCAAACGGGA
TTTCGTTGGAAACGGGA
TTTCGTTGGAAACGGGC
TTTCGTTGGAAACGGGT
TTTCGTTGGAAGCGGGA
TTTCGTTGGACACGGGA

Frequencies

Level 
ATTCGTTGGAAACGGGA
CTTCGTAGTAAACGGGA
CTTCGTTCGAAACGGGT
CTTCGTTGCAAACGGGG
CTTCGTTGGAAACGGGA
CTTCGTTGGAAACGGGG
CTTCGTTGGAAACGGGT
CTTCGTTGGAAGCGGGA
GTTCGTTGGAAACGGGA
TTTCGCTGGAAGCGGGA
TTTCGTGGGAAACGGGA
TTTCGTTGCAAACGGGA
TTTCGTTGGAAACGGGA
TTTCGTTGGAAACGGGC
TTTCGTTGGAAACGGGT
TTTCGTTGGAAGCGGGA
TTTCGTTGGACACGGGA
Total

Count
59
35
57
99

1496
13

315
97
12
59
88
22

1816
37

183
332
42

4762

Prob
0.01239
0.00735
0.01197
0.02079
0.31415
0.00273
0.06615
0.02037
0.00252
0.01239
0.01848
0.00462
0.38135
0.00777
0.03843
0.06972
0.00882
1.00000

 N Missing 0
17  Levels

Supplemental Figure S1. The most commonly found CENP-B binding b-box sequences 
(consensus = (5’-YTTCGTTGGAAUCGGGA-3’ ) from a sample of Illumina reads from a 
homozygous human female hydatidiform mole (SRR1514950, Chaisson et al. 2015).  In 
vitro studies indicate that only the properly spaced boldface bases in this sequence are 
required to allow binding of the CENP-B protein (Masumoto et al. 1989; Masumoto et al. 
1993). Based on this  minimal binding sequence, I  first searched a large sample of  Illumina 
101 bp reads (8.76 x 107) for all 17 bp  hits containing the properly spaced 9 bp  sequence 
needed for binding of the CENP-B protein.  Only 17 functional b-box sequences were 
common in the hydatidiform mole genome, and only two of these predominated. These 17 
CENP-B-box sequences were used for the BLAST analysis of long PacBio SMRT reads 
from the same hydatidiform mole.
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SRR1304343.134424

62

87

Supplemental Figure  S2. Clustering (neighbor-joining tree) of 68 sub-reads produced by cutting a single PacBio read at all 
BLAST hit  sites for the 17 bp  b-box sequence (using the 17 predominant sequences shown in Supplemental Figure S1). All 
branches with less than 60% bootstrap support were collapsed and bootstrap support for remaining clusters are shown. 
BLAST of the consensus of each of the three clusters (on GRCh38 at  the NCBI web site https://blast.ncbi.nlm.nih.gov/
Blast.cgi?PAGE_TYPE=BlastSearch&BLAST_SPEC=OGP__9606__9558&LINK_LOC=blasthome) mapped to the 
centromeric region of chromosome 7.

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 10, 2019. ; https://doi.org/10.1101/731430doi: bioRxiv preprint 

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch&BLAST_SPEC=OGP__9606__9558&LINK_LOC=blasthome
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch&BLAST_SPEC=OGP__9606__9558&LINK_LOC=blasthome
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch&BLAST_SPEC=OGP__9606__9558&LINK_LOC=blasthome
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch&BLAST_SPEC=OGP__9606__9558&LINK_LOC=blasthome
https://doi.org/10.1101/731430
http://creativecommons.org/licenses/by-nd/4.0/


Supplemental Figure  S3.  In a sample of 510 PacBio reads containing a total of 19.5 x 103 dimers that mapped to 
chromosome 1, I found four major sequence clusters of b-box/no-b-box dimers (labeled 1 through 4 with numbers 
after the decimal point indicating less common subgroups).  Most (about two thirds) of the dimers mapped to the blue 
cluster of 1 - 1.3).
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Supplementary Figure  S4. Representative repeat graphs (two for each type) from PacBio reads 
containing centromeric sequences mapping to chromosome 1 (that also map to chromosomes 5 and 
19). A. About a quarter of the PacBio reads were homogeneous repeats of the same dimer or dimers 
from the same cluster with nearly the same sequence (see clusters in Supplemental Figure S3). B. 
However, most reads were a disorganized mixture of dimers that mapped to two or more clusters (see 
Supplemental Figure S3). C. About 2.5% of the reads were a highly homogeneous 4-dimer HORs with 
two dimers from clusters one and one each from clusters two and three.
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Supplementary Figure S5. Representative repeat graphs from PacBio reads containing centromeric 
sequences mapping to chromosome 2. A. Many PacBio reads were long homogeneous stretches of 
the consensus two-dimer HOR reported in Supplementary Table S1 (dimer 2_a = 1 and dimer 2_b =  2). 
B. But most reads were heterogeneous with frequent, short tandem repeats of the same dimer 
interspersed with more common two-dimer HOR.
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Supplementary Figure S6. Representative repeat graphs from PacBio reads containing centromeric 
sequences mapping to chromosome 9. In the graphs, using the labeling from Supplemental Table 1,  dimer 
9_a =  1, 9_b  = 2, 9_c = 3, etc., but “dimer 9_f”  includes the 6th dimer plus a following lone monomer. A. Many 
PacBio reads were long homogeneous stretches of the consensus seven-dimer HOR reported in 
Supplementary Table S1. B. But most reads were heterogeneous with frequent indels of one or more dimers.
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Supplemental Figure S7. ChIP-seq data compiled from Supplementary Table 4 of Nechemia-Arbely et al. (2017). The DNA 
sample was MNase digested to mononucleosomes prior to sequencing. The top  (H3) sample are Illumina sequences 
(merged 100 bp  paired-end reads) precipitated with antibodies against histone H3 and the bottom (CENP-A) sample was 
precipitated with antibodies against CENP-A. Numbers along the X axis (i.e., A_B) denote HOR array positions: ‘A’ denotes 
chromosome and ‘B’ denotes the centromeric HOR array’s position (1 = 1st, 2 = 2nd, ...) in the left-to-right order seen on the 
UCSC genome browser [GRCh38].  The Y axis is the number of reads mapping to different HORs (read depth).  The asterisks 
denote the region containing the consensus HORs identified here from the PacBio reads of the hydatidiform mole genome 
(CHM1, Supplementary Table S1). Variation in bar heights (read depths) in the top panel (H3) depict variation in the relative 
sizes of HORs, but noting that those for chromosomes (1, 5, and 19) and (13,14, 21, and 22) are higher because they 
combine reads from the multiple chromosomes within each group. Note that the UCSC genome browser does not resolve 
HORs on chromosomes (13 and 21) and (14 and 22) as separate groups. Bar heights in the lower panel measure read 
depth in the CENP-A-precipitated DNA, which is expected to be substantial only at active centromeric repeats. In general, 
each chromosome has one large HOR (strong peaks in top, H3 panel) and this  HOR is the only functioning centromeric 
sequence (strong peaks in bottom, CENP-A panel). Multiple smaller peaks seen on chromosomes 10, 11, and 17 in the 
bottom panel (CENP-A) are commonly associated with high sequence similarity  to the larger, active HOR and may be false 
positives –but  they they may represent joint use of more than one HOR array. The two large peaks seen on the chromosome 
(13,14,21,22) group  represents two active HORs: one on chromosomes 13 and 21 (13_14_21_22_9) and the other on 
chromosomes 14 and 22 (13_14_21_22_13) (Ziccardi et al. 2016).
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Supplemental Figure S8. SRA files from a ChIP-seq study by Henikoff et al. 2015 were used to look for CENP-A 
enrichment at the HORs listed in Supplemental Table 1. DNA was MNase digested to mononucleosomes prior to 
sequencing. A  total of 4.76 x 106 Illumina 100 x 100 bp  paired-end reads from either the ChIP or Input SRA files were 
blasted against each of 20 large-N HORs identified in Supplemental Table 1.  Blast hits needed to be at least 97 bp  long 
and match at a level of at least 97% to be scored. Red = ChIP sample and Blue = Input sample. Because each HOR array 
has only about 400 CENP-A containing nucleosomes, the ChIP/Seq ratio is reduced at larger HOR arrays, i.e., CENP-A 
signal is diluted in larger arrays (compare the tiny HOR array on chromosome Y to all other, larger HOR arrays). Variation 
in read depth among monomers of the same HOR is due in part to sequence divergence between the molar genome and 
the HuRef lymphoblastoid line. Large peaks in chromosomes 16 and 20 are due to strong sequence similarity of these 
monomers to the HORs on chromosomes (1,5,19) and 2, respectively. All monomers of all HORs show a strong CENP-A 
enrichment compared to control, indicating that they are active centromeric sequences. The inactive control is the HOR 
immediately  to the left of the active HOR array on chromosome 15,  as shown in the UCSC genome browser (GJ212851.1 
[GRCh38]) and Supplemental Figure S7. 
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Supplemental Figure  S9. Summary of the pipeline used to identify consensus sequence of all of the 
active HORs within a single homozygous human genome (and the Y  chromosome from a diploid male) 
from long PacBio reads.

1) Sample of 3.25 million PacBio reads from a hydatidiform mole (CHM1)
2) Use BLAST to find reads with a high density of b-boxes (a 17 bp sequence that 
     binds CENP-B)
3) Randomly select a read (>12 kb in length) and cut just before each b-box to 
    form pieces
4) Cluster pieces (neighbor joining tree) and compute consensus of each cluster
5) BLAST consensus of all pieces onto read to obtain ordered consensus HOR (low-N)

7) BLAST high-N HOR onto human genome seq. (GRCh38) to assign to chromosome

6) BLAST PacBio reads with low-N HOR to find hundreds of reads containing 
    the HOR.  Obtain consensus of > 300 HOR copies from the Pac Bio reads to 
    form large-N consensus HOR

8) Repeat steps 1-7 until a HOR is found for all autosomes and the X
9) Blast established Y-linked repeat elements onto sample of Korean PacBio 
     sequences (KOREF) to find Y HOR reads and find consensus for all monomers 
10) BLAST Illumina 100 x 100 bp paired-end reads from CHIP/Seq study (Human 
       Reference cell line) onto putative large-N HORs to verify active centromeric 
      seq. (high ChIP/ref ratio)

Found 19 HORs (+ Y HOR from a male diploid genome)
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Supplemental Figure  S10. Heat maps of sequence conservation of all b-box (A) and no-b-box (B) monomers from 
canonical b/n-dimers with b-boxes that bind CENP-B, i.e.,  the b-box satisfies -TTCG----A--CGGG-.  The 17 bp  b-box 
is strongly conserved at all positions except the first, which as predicted by the consensus sequence, was virtually 
always C or T.  I also observed a strongly conserved 19 bp  “n-box”  sequence (T[G/A][G/A]AAAAGGAAATATCTTC) 
displaced 6 bp  downstream compared to the b-box position. C. The 19 bp  “n-box” sequence is also conserved within 
the 34 no-b-box monomers that make up the consensus sequence of the active HOR on the Y chromosome.
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Supplemental Figure S11. The distribution of the spacing between b-boxes (in a sample of 120,547 b-boxes located 
on PacBio reads >15kb in length [SRR13043]) in humans is highly similar to that seen in chimps ( (in a sample of 
39760 b-boxes located on PacBio reads >15kb  in length [SRR5269456]). Note that small insertion errors are 
common in PacBio reads, causing the expected modes (at multiples of ~170 bp) to be slightly larger.
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Supplemental Figure S12. The distribution of the number of functional b-boxes (i.e., those predicted to bind CENP-B 
because they contain the minimal binding sequence (-TTCG----A--CGGG-) found in a sample of 2946 side-by-side 
mouse monomers (137 bp sequences:  120 bp monomers starting at the 17 bp b-box [functional or non-functional] 
followed by the first 17 bp of the adjacent monomer) found in 150 bp shotgun sequence reads (illumina reads located 
in NCBI file SRR7015105). The red line is the random expectation (based on a binomial distribution).  Note that about 
half of the b-boxes are predicted to be non non-binding for CENP-B, and there is no significant deviation from the null 
random distribution. Assuming that monomers are CENP-B-binding with probability 0.9796, and they are randomly 
placed along an centromeric repeat array, then 76.6% of monomers will be included in a  b-box/no-b-box dimer or no-
b-box/b-box dimer.
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Supplemental Figure S13. The consensus b-box and n-box monomers (from all canonical b/n-dimers in 
Supplemental Table S1) have diverged by 15.8% and much of this divergence is outside the b-box/n-box region.
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Supplemental Figure  S14. Examples of the cluster classification of monomers (chromosomes 4 [left]  and 15 [right]). Each 
diagram is a neighbor joining tree of all monomers in the large-N consensus HOR. Also included is the consensus b-box 
monomer and the consensus n-box monomer from the corresponding dimer cluster of Figure 5. Black-filled circles depict b-
monomers, white-filled depict n-monomers, and grey are intermediate. Arrow symbols as defined in Figure 3.
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Supplemental Figure  S15. The same figure as Figure 5 in the main article but with individual dimers identified. Dimers are 
labeled a, b, c, ..., where dimer a is the first from the left in Figure 4, b is second from left, and so on.
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Supplemental Figure S16. A neighbor-joining tree of all monomers. Clustering of  monomers closely 
matches that of the dimers shown in Figure 5. Monomer names as in Supplemental Table 1.
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Supplemental Figure S17. The pattern shown in Figure 6 of the main text suggests that  if a new dimer 
is added to an existing HOR (white arrow), homology with extant dimers strongly influences this process.
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Supplemental Figure  S18. A. Top: schematic diagram of the consensus HOR immediately to the right of active HOR 
on chromosome 11 in the UCSC genome browser [GRCh38] (monomers are in the order shown in later parts of  the 
paper [Figure 9]).  To compare this  inactive, flanking HOR to the active HOR, the first 3 monomers (grey box) have been 
moved to the end. The active HOR in chromosome 11 has high sequence similarity (percent values shown at bottom of 
figure) to a contiguous segment of the flanking, inactive HOR, and was feasibly  generated via a contraction (deletion) 
within the inactive HOR. B. The smallest  HORs (located on chromosome 1 [also on chromosomes 5 and 19] and 
chromosome 2) show close sequence similarity to dimers found on longer HORs on chromosomes 16 and 20.
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Supplemental Figure S19. CENP-C binds to CENP-A-containing nucleosomes at  two places: the carboxyl and 
amino ends of the molecule, and the attachment to the amino-end is dependent on the presence of CENP-B. 
Adapted from Fachinetti et al. (2015).
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Supplementary Table1. The consensus sequences of active centromeric repeats 
(HORs)  from a single homozygous genome (hydatidiform mole, CHM1). Data base was 
NCBI SRA file SRX533609 generated by Chaisson et al. (2015). Numbers and 
uppercase letters denote chromosomes, lowercase letters denote sequential b/n-box 
dimers (a = first dimer, b= 2nd dimer, c = 3rd dimer, ...), and the following symbols 
denote: 

! * ! ! a b-box/n-box dimer with a broken b-box 
! & ! ! a dimer that is followed by a monomer 

! ++ !  ! a ‘run’ composed of two sequential b-box monomers 
! +-! ! ! + denotes functional b-box that binds CENP-B and 
! -+! !  ! - denotes a broken b-box that does not bind CENP-B 
! --
!
! ’  ! ! a lone monomer containing a b-box (not part of a dimer)  
! ”! ! a lone monomer containing an n-box (not part of a dimer)

The Y chromosome is designated Y_#, where # denotes sequential monomers: 1 = 1st , 
2 = 2nd, 3 = 3rd, ...  See Figure 2 for a graphical representation of the HORs and their 
dimer positions.

______________________________________________________________________

>1,5,19
CTTCGTTGGAAACGGGATTTCTTCATATTCTGCTAGACAGAAGAATTCTCAGTAACTT
CCTTGTGTTGTGTGTATTCAACTCACAGAGTTGAACGATCCTTTACACAGAGCAGAC
TTGAAACACTCTTTTTGTGGAATTTGCAAGTGGAGATTTCAGCCGCTTTGAGGTCAA
TGGTAGAATAGGAAATATCTTCCTATAGAAACTAGACAGAATGATTCTCAGAAACTCC
TTTGTGATGTGTGCGTTCAACTCACAGAGTTTAACCTTTCTTTTCATAGAGCAGTTAG
GAAACACTCTGTTTGTAAAGTCTGCAAGTGGATATTCAGACTCCTTGAGGC

>2a
TTTCGTTGGAAACGGGATTGTCTTCATATAAACTCTAGACAGAAGCATTCTCAGAAG
CTTCATTGGGATGTTTCAATTGAAGTCACAGTGTTGAACAGTCCCTTTCATAGAGCA
GGTTTGAAACACTCTTTTTGTAGTATCTGGAAGTGGACATTTGGAGCGCTCTCAGGA
CTACGGTGAAAAGGAAATATCTTCCAATAAAAGCTAGATAGAAGCAATGTCAGAAACT
TTTTCATGATGTATCTACTCAGCTAACAGAGTTGAACCTTTCTTTGAGAGAGCAGTTT
TGAAACACTCTTTTTGTGGAATCTGCAAGTGGATATTTGTCTAGCTTTGAGGA
>2b
TTTCGTTGGAAACGGGATTACATATAAAAAGCAGACAGCAGCATTCCCAGAACTTCT
TTGTGATGTTTGCATTCAAGTCACAGAGTTGAACATTCCCTTTCATAGAGCAGGTTT
GAAACACTCTTTTTGTAGTATCTGGATGTGGACATTTGGAGCGCTTTCAGGCCTATG
GTGAAAAAGGAAATATCTTCCCTGAAAACTAGACAGAAGCATTCTCAGAATCTTATTT
GTGATGTGCGCCCTCAACTAACAGTGTTGAAGCTTTCTTTTGATAGAGCAGTTTTGA
AACACTCTTTTTGTAAAATCTGCAAGAGGATATTTGGATAGCTTTGAGGA
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>3a*
CTTCGTTGGAAATGGGATTTCTTCATATAATGCTAGACAGAAGACTTCTCAGTAACTG
CTTTTTCTGGTGTGTATTCAACTCTCAGAGTTGAACTTTCCTTTAGAAACAGCAGATT
TGAAACTCTCTTTTTGTGGAATTTGCAAGTGGAGATTTCAGAGCTTTGAGGCCAATG
GTAGAAAAGGAAATATCTTCGTATGCAAACTAGACAGAATCATTCTCAGAAACTACTT
TGGTACGTGTGTGTTCAACTCACAGTGTTTAACCTTTCTTTTCATAGAGCAGTTTGG
AAACACTCAGTTTGTAAAGTCAGCAACTGGATATTTGGATGTATTTGAGGC
>3b
CTTCGTTGGAAACGGGATTTCTTCATATAATGCTAGACAGAAGAATTCTCAGTAACTT
CTTTGGGTTGTGGGTATTCAAGTCACAGAGTTGAAGCTTCCTTTAGGCGGAGCAGA
TTGGAAACACTTTTTGTGGAATTTTCAGGGGGAGACTTCAAGCGCTTTGAAGTGAAT
GGTAGGAAAGGAAATATCTTCGTATAAAAACTAGACGGAGTCATTCTCAGAAACTACT
TTGTGATGTTTGCGTTCAACTCACAGAGTTTAACGTTTCTTTTCATAGAGCAGTTTGG
AAACACTCTTTTTGCAGAATCTGCAAGTGGATATTTGGACCTCTTTGTGGC
>3c
CTTCGTTGGAAACGGGATTTTTCATATAATGCTAGACAGAAGAATTCTCAGTAACTTC
TTTTTGTGGTGTGTATTCAACTCACAGAGTTGAACCTTCCTTTAGACAGAGCAGATT
TGAAACTCTCTTTTTGTGGAATTTGCAAGTGGAGATTTCAAGCGCTTTGAGGCCAAC
GGCAGAAAAGGAAATATCTTCGTAGAAAAAATAGACGGAATCATTCTCAGAAACTGC
TTTGGGATGTGTGCATTGAACTCACAGTGTTTAACACTTCTTTTCATAGAGCACTTTG
GAAACACTCAGTTTGTAATGTCTGCAGCTGGATATTTGGACCTCTTTGAGGC
>3d
CTTCGTAGTAAACGGGATTTCTTCGTGTAATGATAGACAATAGAATTCTCAGTGAATT
TTTTTCTGTGTGTGTGTATTCAACTCACAGGGTTGAACCTTCCTTTAGACAGTGCAG
ATTTGAAACACTTGTCTGTGGAATTTGCAAGGGGAGATTTCAAGCACTTTGAGGCC
ATTGGTGGAAAAGGAAATATCTTCGTATGAAAACTAGACAGAATCATTCTCAGGAACT
ACTTTGTGATATGTGCATTCAACTCCAGAGTTTAACCTTTCTTTTCATAGATGAGTTT
GGAAACAGTCAGTTTGTAAATTCTGCAACTGGATATTTGGACCTCTTTGAGGC
>3e
TTTCGTTGGAAACGGGATTTCTTCACATAATGCTAGACAGAAGAATTCTCAGTAACTT
CTTTTGGGATGTATGTATTCAAATCAGAGAGTTGAACCTTCCTTTAGACAGAGCGGA
TTGGAAACACTCTTTTTGTGGAATTTGCAAGTGGAAAATTCTAGCAGTATGAGGCCA
ATGGTACAAAAGGAAATATCTTCGTATAAAAACTAGACAGTATCATTCTCAGAAACTG
CTTTGTGATGTGTGTATTAAACTCACAGAGTTGAACATTTCTTTGCATAGAGCAGTTT
GGAAAGACTTAGTTTGTGCAGTGTGCAAGTGGATATTTGGAACTCTTTGAGGC
>3f
CTTCGTTGGAAACGGGATTTCTTCTTATAATTCTTGACAAAAGAATTCTCAGTAGCTT
CTTTGTGTGTGTGTATTCAACTCACAGAGTTGAACCTTCCTTTAGACAGAGCAGATT
GGAAACACTCTTTTTGTGGAATTTGCAAGTGGAGAATTCTAGCGCTTTGACGCCAAT
GGTAGAAAGGAAATATCTTCGTATAAAAACTAGACAGTATCATTCTCAGAAGCTACTT
TGTGATGTGTGCGTTCAACTCACAGAGTTTAACCTTTCTTTTCATAGAGCAGTTTGG
AAACCCTCTGTTTGTGAAGTCTGCAAGTGGATATTTAAACGTCTTTGAGGC
>3g&
CTTCGTTGGAAACGGGATTTTTTCATATAAACCAGGACAGAAGAATTCTCAGAAACT
TCTTGATTGTTATGTGTGCATTCAACTCACAGAGTTGAACCTTACTTTGGAAAGAGC
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AGTTTTCTAACACTCTTTTTGTAAAAGTTCCAAGTGAATACTTTGAGTGCTTTGAAGC
CTACGGTTGACAACGAAATATCTTCATGTAAAAACTACAAAGAATCATTCGCAGAAAC
CACGTTGTGATCTCTGCATTCAACTCACAGAGTTCAACCTTTCTTCCTATAGAGCAG
TTATGAAACAGTCTCTTTGTAGAATTTGCAAGGGTGTATTTAGAGGGCATTGAAGC
>3g"
CTACGGTAGAAAAGGAAATATCTTACCATAAAATCTAGTCAGAAGCATTCTCAGAAAC
TGAGTTGTGATGTTTGCATTCAACTCACAGAGTTCAACATTCCTTTTAATGGAGCGG
TTTTGAAACACTCTTTTTGCAGAATCTGCAAGTGGATATTTGGACCTCTTTGAGGC
>3h
CTTCGTTGGAAACGGGATTTCTTCATGTAATGCCAGACAGAAGAATTCTCAGTGAAT
TCTTTCTGTGTGTGTGTATTCAACTCACAGAGTTGAACGTTCCTTTAGACAGAGTAG
ATTGGAAACACTCTTTTTGTGGAATTTTCAGGTGGAGGTATCAAGCGCTTTGAGGCC
AATGATAGAAAAGGAAATACCTTCGTATAATAATTAGACGGAATCATTCTCAGAAACC
GCTTTGCAATGTGTGCGTTCAACTCACAGTGTTTAACCTTTCTTTTCATACAGTTGTT
TCGAAACACTCTTTTTGCAGAATCTGCAAGTGGATATTTGGACCTCTTTGAAGT

>4a
TTTCGTTGGAAACGGGAGTTTCTTCATAGAAACTCAAGACAGATGCATTCTCAGAAA
CATCTCTGTGATGTTTGCATTCCACTCATAGAGTTGAAAACTTCCTTTCATAGAGCAG
GTTTGAAACACTCTTTTTGTAATATTTGGAAGTGGACATTTGCAGCGCTTTGAGGCC
TATGGTGAAAAAGGAAATATCTTCTCATAAAAACCAGAAACAAGCATTCTCAGAAACT
TCTTTTTGATGTGTGTACTCAAGTAACAGAGTTGAACCTTCCTTTTGACACAGCAGT
TTTGAAACAATCTTTTTGTAGAATCTGCAAGTGGATATTTGGATAGCTTTGAGGA
>4b*&
TTTCGTTGGAAAAGGGAATATCTCCATATAAAATCTAGAGGGAAGCATTCTCAGAAAC
TGCTTTGTGATGTTTCCATTCAAGTCACAGAGTTGAATATTCCCTTTTATAGAGCACG
TTTGAAACACTCTTTCTGCACTATCTGGAAGTGGACATTTCGAGCGCTTTGAGGCCT
ATGGTGAAAAAGGAAATATCTTCCCATAAAAACTAGACAGAAGCATTCTCAGAAACTT
GTTTGTGATGTGTGTATTCAACTAACAGAGTTGAACTTTTGTTTTTACAGAGCCGTTT
TAAAACACTCTTTTTGTGGAATCAGAAAGTGGATATTCGGATGGCTCTGAGGA
>4b"-
TTCGTTGGAAAGGGGATATCTTCATATAAAATCTAGACAGAAGCATTCTCAGAAACTT
ATTTGTGATGTGTGTCCTCAACTAACAGAGTTGAACCTTGGTTTTGATACAGCATTTT
GGAAACACTCCTTTTGTAGAATCTGCAGGTGGATATGTGGATAGCTCTGAAGA
>4c
TTTCGTTGGAAGCGGGATTACATATAAAATCTAGAGAGAAGCATTCTCAGGAACTTC
TTTGTGATGTTTGCATTGAAGTCACAGAATTGAACATTCACTTTGATAGAGCAGGTTT
GAAACACTCATTCTGTAGTATCTGGAAGTGGACATTTCAAGCGCTTTCAGGCCTATG
GTGAGAAAGGAAATATCTTCGAATAAAAACTAGACAGAAGCATCCTCAGAAACTTATT
TGTGATGTGTGTCCTCAACTAACAGAGTTGAAACTTTGTTTTGATACAGCATTTTGGA
AACACTCTTTTTGTAGAATCTGCAGGTGGATATTTGGATAGCTTAGAGGGA
>4d
TTTCGTTGGAAACGGGAATTTCTTCATATAAAATCAAACAGAAGCATTCTCAGAAACT
TCTCAGTGATGTTTGCATTCAGCTCATGGAGTTGAACACTTCCTTTCATAGAGCCGG
TTTGAAACACTCTTTCTGCACTACCTGGAAGAGGACATTTCGAGCGCTTTGAGTCCT
ATGGTGAAAAAGGAAATATCTTCTCATAAAAACCAGAAAGAAGCATTCTCAGAAACTT
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CTTTGTGTTGTGTGTACTCATGTAACAGTGTTGAACCATCCTTTTGACAGAGCAGTT
TTGAAACACTCTTTTTGTAGAATCTGCAAGTGGATATTTGGATAGCTTTGAGGA
>4e&
TTTCGTTGGAAACGGGATGACATATAATATCTAGAGAGAAGCATTCTCAGGAACTTCT
TTGTGATGTTTGCATTCAAGTCACAGAATTGAACATTCCCTTTCATAGAGCAGGTTTG
AAACACTCTTTCTCTAGTATCTGGAAGTGGGCATTTCAAGCGCTTTCAGGCCTATGG
AGAGAAAGGAAATACCTTCAAATAAAAACTAGACAGAAGCATTCTCAGAAACTTATTT
GTGATGTGTGTCCTCAACTAACAGAGTTGAACCTTTGTTTTGATACAGCATTTTGGA
AACACTCCTTTTGTAGAATCTGCAGGTGGATATTTGGATAACTTTGAAGA
>4e'
TTTCGTTGGAAACGGGTTATCTTCATATAAAATCCAGACAGGAGCATTCTCAGAAACT
TCTTTGTGCTGCATGTCCTCAATTCACAGAGCTGAACCTTTGTTTGGATACAGCATT
TTGGAAACATTCCTTTAGTAGAATCTGCAAGTTGATATTTAGATAGCTTTGAAGA
>4f*
TTTCGTTGGAAACCGGAATATCTTCATATAAAATCAAGACAGAAGCATTCTCGGAAAC
ATCTCTGTGATGTTTGCATTCAACTCAGTAGAGTTGAACACTTCCTTTCATAGAGCA
GGTTTGAAACACTCTTTCTGCACTACCTGGAAGCGGACATTTCGAGCGCTTTGAGG
CCTATGGTGAAAAAGGAAATATCTTCTCATAAAAACCAGAAAGAAGCATTCTCAGAAA
CTTCTTTGTGTTGTGTGTACTCAAGTAACAGTGTTGAACCTTCCTTTTGACACAGCA
GTTTTGAAACACTCTTTTGGTAGAATCTGCAAGTGGATATTTGGATAGCTTTGAGGA
>4g
TTTCGTTGGAAACGGGAATATCTTCATAGAAAATCTAGACGGAAGCATTCTCAGAAA
CTGCTTTGTGATGTTTGCATTCAAGTCACAGAGTTGAATATTCCCTTTTATAGAGTAG
GTTTGAAACACTCTTTCGGCACTACCTGGAAGTGGATATTTCGAGCTCTTTGAGGCC
TATGGTTAAAAGGAAATATCTTCCCATAAAAACTAGACAGAAGCCGTCTCAGAAACTT
GTTTGTGATGTGTGTATTCAACTAACAGAGTTGAACATTTCTGTTACAGAGCAATTTT
AAAACACTCTTTTTGTGGAATCTGAAAGTGGATAATTGGATAGCTTTGTGGA
>4h&
TTTCGTTGGAAACGGGATGACGTATAAAATCTAGAGAGAAGCATTCTCAGGAACTTC
TTTCTGATGTTTGCATTCAAGTCACAGAATTGAACATTCCTTTTCATAGTGCAGGTTT
GAAACACTCTTTCTGTAGTATCTGGAAGTGGACATTTCAAGCGCTTTCAGGCCTACG
GGGAGAAAGGAAATATCTTCAAATAAAAACTAGACAGAAGGATTCTCAGAAACTTATT
TGTGATGTGTGTCCTAAACGAACACAGTTGAACCTTTGTTTTGATACAGCATTTTGG
AAACACTCCTTTTGTAGGATCTGCAGGTGGATATTTGGATAGATTTTAAGA
>4h"
TTTCGTTGGAAACGGGATATCTTCATATAAAATCTAGACAGAAGCATTCTCAGAAACT
TCTTTGTGCTGTATGTCCTCAATTAACAGAGTTGAACCATTGCTTGGATACAGCATTT
TGGAAACATTCCTTGAGTAGAATCTGCAAGTTGATATTTAGATAGATTTGAAGA

>6a
CTTCGTTGGAAACGGGATTTCTTCATCTAAACCTACAGAGAAGAATTCTCAGTAACT
TCTTCGGATGTGTGCATTCGACGCACAGAATGGAACATTCCTTTGATAGAGCAGTTT
TGAGACACCGTTTTTGTAGAATTCCCAAGTGGATATTTAGAGCACTTTGAAGTCTCT
GCTAGAAAAGGAAACATCTTCATGTAAAAAGTAGATAGAATCGTTCTCAGAAAGTGC
TTAGTGACGTGTGCGTTCAACTCACAGAGTTTAACGTTTCTTTTGATAGAGCGTTTC
TGAAACACCCTTCTTGTAGTAGCTGCAAGTGGATATTTGGACCTATTGGAGGC
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>6b*&
CTTCTTTGGAAATGGGATTTCTTCATGTAACTCTAGATTGAAGAATTCTCAGAAACTC
CTTTGTGATGTGTGCATTCAATTCAAAGAGTGAAACCTCCCTTTTCACAGAGCAGTT
TTGAAACACTGTTTTTGTAGGATTTCCAAGGGATATTTATAGCGCATTGAGCCTACGG
CGGAAAAAGAAACATCTTCCTATAAAAACTAGACAGAATACTTCTCAGAATCTGCTTT
GCGATGTGTGCGTTCAACTCACAGAGTAAAACTTTTCTTTTGATAGAGCAGTTTTGA
AACACTCTTTTTGTAGTATTTGCATGTGTATATTTAGAGCGCATTGAAGC
>6b"
CCACAGTAGAAAAGGAAATAACTTCACCTAAAACCTAGACAGAAGCAATCTCAGAAA
CTACTTTGTGATGTGTACATTCAACTCACAGAGTGGAACTTTCCTCTTTATAGAGCAG
TGTTGAAACACTCTTTTTGTAGAAACTGCAAGTGGATATTTGGACCTCTTTGAGGC
>6c
CTTCGTTGGAAACGGGATTTCTTCCTATAACCCTAGACAGAAGAATTTTCAGAAACC
TCATTGTGATGTGTGCGTTCATCTCACAGAGTGGAGTCTTCCGTTTGATAGAGAAGT
TTTGAAACCCTGTTCTTGTAGGATTTCCAAGTGGATATTTAGACCACTTTGAAGCCTA
TGATAGAAAAGGAAACATCTTCATGGAAAACATAGATAGAATCATCCTCAGAAACAAC
TTTGTGATGTGTGCGTTGAACTCACCGTCTTTAACCTTTCTTTTGGTAGAGAAGTTTT
GAAACACTCTCTTTGTAAAGTCTACAAGTGGATATTTTGAGCCCTTGGAGGC
>6d*
ATTCTTTGGAAAAGGGAATGTCTTCACATAAAAGGCAGACGGAAGTGTTCTCAGAAA
CTGCTTTGTGATGTCTGTGTTCAACTCACAGAGTTTAACATTTCCTTTGATAGAGCG
GTTTAGTAACCCTCTCTTTGTAGAATTTGGAAGTGTATACTAAGAGCGCTTTGAGGC
CTATGGTAGAAAAGGAAATATCTTTCCATAAAAGCTAGACAGAAGCAATCTCAGAAAC
TCCTCTGTGATGTCTGCATTCAACTCACCGAGTGGAACATTCCTCTTGAGAGAGCA
GTTTGGAAACACTCTTTCTGTAGAATCAGCTTGTTTGTATTTGGACCTCCTTGAGGC
>6e
CTTCGTTGGAAACGGGTTTTCATCTTATAAACCCAGACAGAAGAATTCTCAGAGTCT
TCTTTGTGATGTGTGCTTTCAACTCACCGAGATAAAGATTTCTCTTGATAGAGCAATT
TGGAAACACTCTTTTTGTAGAATTTGCAAGGGTACATTGAGAGCGCTTTCAGGCCTA
TGGTAGAAAAGGGAATATCTTTCCATAAAAGGTAGACAGAAGCAATCTCAGAAACTA
CTTTGTGATGTGTGCATTCAACTCACCGAGTGCAACGTTCCTCTTGACCGAGCAGT
TTGGAAACATTGTTTCTGTAGAATCTGCAAGTGGATATTTGGACCTCTTTGAGGC
>6f
CTTCGTTGGAAACGGGATTTCTTCCTATAAACCCAGACAGAAGAATTCTCAGAGACT
TCTTTGTGATGTGTGAATTCAACTCACAGTGTGGATCCTTCCTTTTGATAGAGCAGT
TTTGAAACCCTGTTTTTGTAGTATTTCCAAGCGGATATTTGGAACGCCTTGAAGCGTA
TGGTAGAAAAGGAAATATCTTCCCATAAAACCTAGACAGAACCAATCTCAGAAACGA
CTTTGTGATGTCTGCATTCAAGTCACAGAGTTGAACATTTCTCTTGATAGAGCAGTTT
TGAAACCCTCTTTCTGAAGGATCTGCAAGTGGATATTTGGAACTCCTTTGGGT
>6g&
CTTCGTTGGAAACGGGATTTCTTCGTATAAATCTAGACAGAAGAATTCTCCGAAACTT
CTTTGGTTGTGTGCATTCAAGTCACAGAGTGGAACCTTCCTTTGGATAGAGCAGTTT
GAAACGCCGTGGTTGTAGTATTTCCAAGCGGATATTAGAGCGCCTTGAGGCCTATG
GTAGAAAAGGAAATATCTTCCCATAAAACCTAGACGGAAGCAATCTCAGAAACTACT
GTGTGATGGCTGCATTCCACACACACGGTGGAACATTTCTCTTGATAGAGCAGTTTT
GAAACACTCTTTCTGTAGAATCTGCAAGTGGATAATTGGACCGCCTTGAGGC
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>6g'
CTTCGTTGGAAACGGGATTTCTTCATGTTACTCTAGATAGAAGAATTCTCAAACACTG
CTATGTGATGTTTGCATTCAAGTCACAGAGTGCAACATTCCTCTTGGTAGAGCAGTT
GGGAAACACTCCTTTTGTAGAATCTGCAATGGGATATTTGGACTTCTTTGAG
>6h
CTTCGTTGGAAACGGGATTTCTTCGTATGAATCTAGACAGAAGAATTCTCAGAAACT
TCCTTGTGATGTGTGCATTCAACTCAGCGAGTGGCACCTTCCTTTGGATACAGCAG
TTTTGAAACACTGTTTTTGTAGTATTTCCAAGCGGATATTTAGAGCGCCTTGAAGCCT
ATGCTAGAAATGGAAATATCTCCCCATAAAACCAAGACAGAAGCAATCTCAGAAACTA
ATGTGTGATGGCTGCATTCCACACACACGGTGGACCATTTCTCTTGATAGAGCAGTT
TTGAAACACTCTTTCTGTAGAATCTGCAAGTGGATAATTGGACCTCCTAGAGGC

>7a
CTTCGTTGGAAACGGGATTTCTTCATTGAATGCTAGACGGAAGAATTCTCAGTAAAT
TCTTTGTGTTGTGTGCATTCAACTCACAGAGTGGAACGTCCCTTTAGACAGAGCAG
ATTTGAAACACTCTTTTTGCGGAATTTGCAAGTGGAGATTTCTAGCCATTTGATGCCA
ACAGTAGAAAGGGAAATATCTTCAAATAAAAACCAGACAGAATCATTCTCAGAAAATT
CTTTGTGATGTGTGCGTTCAACTCACATAGTTTAACCTTTCTTTTCATAGAGCAGTTT
GGAAACACTCTGTTTGTAAAGTCTGCAAGTGGATATATGGACCGCATTGAGGC
>7b
CTTCGTTGGAAACGGGATTTCTTCATTTCATGCTAGACAGAAGAATTCTCAGTAACTT
CTTTGTGCTGTGTGTATTCAACTCACAGAGTGGAACGTCCCTTTGCACAGAGCAGA
TTTGAAACACTCTTTTTGTGGAGTTTGCAAGTGGAGATTTCAAGCGATTTGATGCCA
ACAGTAGAAAAGGAAATATCTTCAAATAAAAACTAGACAGAATCATTCTCAGAAACTA
CTTTGTGATGTGTGCCTTCAACTCACAGAGTTTAACCTTTCTTTTCTTAGAGCAGTTT
AGAAACACTCTGCTTGTTATGTCTGCAAGTGGATATTTGGACCTCTTTGAGGC
>7c
CTTCGTTGCAAACGGGGTTTCTTCCTTTCATGCTAGACTAAGAAGAGTTCTCAGTAA
CTTTTTTGTGTTGTGTGTATTCAACTCACAGAGTTGAACCTTGCTTTAGAGAGAGCA
GATTTGAAACACTCTTGCTGTGGCATTTTCAGGTGGAGATTTCAAGCGATTTGAGGA
CAATTGCAGAAAAGGAAATATCTTCGTATAATAACCAGACAGAATCATTCTCAGAAAG
TGCTTTGTGATGTGTGCGTTCAACTCACAGAGTTTAACCTTTCTTTTCATAGAGGAG
TTTGGAAACACACTGTTTGTAAAGTCTGCAATGGATATATGGACCTGTTTGAGGC

>8a
TTTCGTTGGAAACGGGATTATATATAAAAAGTAGACAGCAGCATTCTCAGAAACTTCT
TTGTGATGTTTGCATCCAGCTCTCAGAGTTGAGCATTCCCTTTCATAGAGTAGGTTT
GAAACCCTCTTTTTATAGTGTCTGGAAGCGGGCATTTGGAGCGCTTTCAGGCCTAT
GCTTAAAATAGGAAATATCTACCTACAGAAACTAGACAGAAGCATTCTGAGAATCACG
TTTGTGATGTGGGTACTCAACTAACAGTGTTGATCCATTCTTTTGATACAGCAGTTTT
GAACCACACTTTTTGTAGAATCTGCAAGAGGATATTTGGATAGCTGTGAGGA
>8b
TTTCGTTGGAAACGGGAATGTCTTCAAAGAAAATCTAGACAGAAGCATTCTCAGAAA
CACCTTCGTGATGTTTGCAATCAAGTCACAGAGTTGAACCTTCCGTTTCATAGAGCA
GGTTGGAAACACTCTTATTGTAGTATCTGGAAGTGGACATTTGGAGCGCTTTCAGGC
TATGGTGAAAAAGGAAATATCTTCCCATAAAAACGACATAGAAGCTATCTCAGGAACT
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TGTTTATGATGCATCTAATCAACTAACAGTGTTGAACCTTTGTACTGACAGAGCAGTT
TGAAACACTCTTTTTTTGGAATCTGCAAGTGGATATTTGGATCGCTTTGAGGA
>8c
TTTCGTTGGAAACGGGATGCAATATAAAACGTACACAGCAGCATACTCAGAAAATAC
TTTGCCATATTTCCATTCAAGTCACAGAGTGGAACATTCCCATTCATAGAGCAGGTT
GGAAACACTCTTTTTGGAGTATCTGGAAGTGGACATTTGGAGCGCTTTCTGAACTAT
GGTGAAAAAGGAAATATCTTCCAATGAAAACAAGACAGAAGCATTCTGAGAAACTTA
TTTGTGATGTGTGTCCTCAACAAACGGACTTGAACCTTTCGTTTCATGCAGTACTTC
TGGAACACTCTTTTTGAAGATTCTGCATGCGGATATTTGGATAGCTTTGAGGA
>8d&
TTTCGTTGGAAACGGGCTTACATGTAAAAATTAGACAGCAGCATTCTCAGAAACTTC
TTTGTGGTGTCTGCATTCAAGTCACAGAATTGAACTTCCCCTCACATAGAGCAGTTG
TGCAGCACTCTATTTGTAGTATCTCGAAGTGGACATTTGGAGGGCTTTGTAGCCTAT
CTGGAAAAAGGAAATATCTTCCCATGAATGCGAGATAGAAGTAATCTCAGAAACATG
TTTATGCTGTATCTACTCAACTAACTGTGCTGAACATTTCTATTGATAGAGCAGTTTTG
AGACACTCTTCTTTTGGAATCTGCAAGTGGATATTTGGATAGATTTGAGGA
>8d'
TTTCGTTGGAAACGGGAATGTCTTCATAGAAAATTTAGACAGAAGCATTCTCAGAAC
CTTGATTGTGATGTGTGTTCTCCACTAACAGAGTTGAACCTTTCTTTTGACAGAACT
GTTCTGAAACATTCTTTTTATAGAATCTGGAAGTGGATATTTGGAAAGCTTTGAGGA
>8_e
TTTCGTTGGAAACGGGATTATATATAAAAAGTAGACAGCAGCATTCTCAGAAACTTCT
TTGTGATGTTTGCATCCAGCTCTCAGAGTTGAACATTCCCTTTCATAGAGTAGGTTT
GAAACCCTCTTTTTATAGTGTCTGGAAGCGGGCATTTGGAGCGCTTTCAGGCCTAT
GCTGAAAAAGGAAATATCTACCTATAGAAACTAGACAGAAGCATTCTGAGAATCACG
TTTGTGATGTGGGTACTCAACTAACAGTGTTGATCCATTCTTTTGATACAGCAGTTTT
GAACCACACTTTTTGTAGAATCTGCAAGTGGATATTTGGATAGCTGTGAGGA
>8f
TTTCGTTGGAAACGGGAATATCTTCAAATAAAATCTAGCCAGAAGCATTCTAAGAAAC
ATCTTAGGGATGTTTACATTCAAGTCACAGAGTTGAACATTCCCTTTCACAGAGCAG
GTTTGAAACAATCTTCTCGTACTATCTGGCAGTGGACATTTTGAGCTCCTTGGGGCC
TATGCTGAAAAGGGAAATATCTTCCGACAAAAACTAGACAGAAGCATTTGCAGAATC
ACGTTTGTGATGTGTGCACTCAACTGTCAGAATTGAACCTTGGTTTGGAGAGAGCA
CTTTTGAAACACTCTTTTTGTAGAATCTGCAGGTGGATATTTGGCTAGCTTTGAGGA
>8g*
TTTCGTTGGAAACGGTAATGTCTTCAAAGAAAATCTAGACAGAAGCATTCTCAGAAA
CACCTTCGTGATGTTTGCAATCAAGTCACAGAGTTGAACCTTCCGTTTCATAGAGCA
GGTTGGAAACACTCTTTTTGTAGTATCTGGAAGTGGACATTTGGAGGGCTTTGTAGC
CTATCTGGAAAAAGGAAATATCTTCCCATGAATGCGAGATAGAAGTAATCTCAGAAAC
ATGTTTATGCTGTATCTACTCAACTAACTGTGCTGAACATTTCTATTGATAGAGCAGTT
TTGAGACACTCTTCTTTTGGAATCTGCAAGTGGATATTCGGATAGATTTGAGGA

>9a*
TTTCCTTGGAAACGGGAATATCTTCATATAAAATCTAGACGGAAGCATTCTCAGAAAG
TGCTTTGTGATGTTTGCATTCAAGTCACAGAGTTGAATATTCCCTTTTATAGAGCAGG
TTTGAAACACTCTTTCTGCACTACCTGGAAGTGGACATTTGGAGCGCTTTGAGGCC

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 10, 2019. ; https://doi.org/10.1101/731430doi: bioRxiv preprint 

https://doi.org/10.1101/731430
http://creativecommons.org/licenses/by-nd/4.0/


TATGTTGAAAAAGGAAATATCTTCCCATAAAAACTAGACAGAAGCATTCTCAGAAACT
TGTTTGTGATGTGTGTATTCAACTAACAGAGATGAACCTTTCTTTTTACAGAGCAGTT
TTGAAACACTCTTTTTGTGGAATCTGAAAGTGGATATTTGGATAGCTTTGAGGA
>9b
TTTCGTTGGAAACGGGATTACATATAAAACCTAGAGAGAAGCATTCTCAGGAACTTC
TTTGTGATGTTTGCATTCAAGTCACAGAACTGAACATTCCCTTTCATAGAGCAGGTTT
GAAACACTCTTTCTGTAGTATCTGCAAGCTGACGTTTCAAGCGCTTTCAGGCCTATG
GTGAGAAAGGAAATATCTTCAAGTAAAAACTAGACAGAAGCATTCTCAGAAACTTATT
TGCCATGTGTGTTCTCAACTAACAGAGTTGAACCTTTGTTTTGATACGGCATTTTGG
AAACACTCTTTTTGTAGAATCTGCAGGTGGATATTCGGATAGCTTTGAAGG
>9c
TTTCGTTGGAAACGGGAATATCTTCATATAAAATCTAGACGGAAGCATTCTCAGAAAC
TGCTTTGTGATGTTTTCATTCAAGTCACAGAGTAGAATGTTCCCTGTTATATACCAGG
TTTGAGACACTCTTTCTGCACTACCTGGAAGTGGACATTTGGAGCGCTTTGAGGCC
TATGATGAAAAAGGAAATATCTTCCCATAAAAACTAGACAGAAGCATTCTCAGAAACT
TGTTTGTGATGTGTGTATTCAACTAACAGAGATGAACCTTTCTTTTTACAGAGCAGTT
TTGAAACACTCTTTTTGTGGAATCTGAAAGTGGATATTTGGATAGCTTTGAGGA
>9d
TTTCGTTGGAAACGGGATTACATATAAAATCTAGAGAGAAGCATTCTCAGGAACTTCT
TTGTGATGTTTGCATTCACGTCACAGAACTGAACATTCCCTTTCATAGAGCATGTTTG
AAACACTCTTTCTGTAGTATCTGCAAACGGACATTTCAAACGCTTTCAGGCCTATGG
TGAGAAAGGAAATATCTTCAAATAAAAACTAGACAGAAGCATTCTCAGAAACTTATTT
GCGATGTGTGTCCTCAACTAACAGAGTTGAACCTTTCTTTTGATACAACATTTTGGA
AACACTCTTTTTGTAGAATCTGCAAGTGGATATTTGGATAGCTTTGAAGG
>9e
TTTCGTTGGAAACGGGAATATCTTCATATAAAATCAAGACAGAAGCATTCTCAGAAAC
TTCTCTGTGATGTTTGCATTCAACTCATAGAGTTGAACACTTCCCTTCATACAGCAG
GTTTGAAACACTCTTTTTGTAATATTTGGAAGTGGACATTTGCAGCGCTTTGAGGCC
TATGATGAAAAAGGTAATATCTTCCCATAAAAACTAGACAGAAGCATTCTCAGAAACT
TGTTTGTGATGTGTGTATTCAACTAACAGAGATGAACCTTTCTTTTTACAGAGCAGTT
TTGAAACACTCTTTTTGTGGAATCTGAAAGTGGATATTTGGATAGCTTTGGGA
>9f&
TTTCGTTGGAAACGGGATTACATATAAAATCTAGGGAGAAGCATTCTCAGGAACTTC
TTTGTGATGTTTGCATTCAAGTCACAGAACTGAACATTCCCTTTCATAGAGCAGGTTT
GAAACACTCTTTCTGTAGTATCTGCAAGCGGACGTTTTAAGCGCTTTCAGGCCTGTG
GTGAGAAAGGAAATATCTTCAAATAAAAACTAGACAGAAGCATTCTCAGAAACTTATT
TGCGATGTGTGTCCTCAACTAACAGAGTTGAACCTTTCTTTTGATACAACATTTTGGA
AACACTCTTTTTGTAGAATCTGCAAGTGGATATTTGGATAGCTTTGAAGG
>9f'
TTTCGTTGGACACGGGATATCTTCATATAAAATCTAGACAGAAGCATTCTCAGAAACT
TCTTTGTGCTGTATGTCCTCAATTAACAGAGTTGAACCTTTGTGTGGATACAGCATTT
TGGAAACATTCCTTTAGTAGAATCTGCAAGTTGATATTTAGATAGCTAGGAAGA
>9g
TTTCGTTGGAAACGGGAATATCTTCATATGAAATCAAGACAGAAGCATTCTCAGAAA
CTTCTCTGTGATGTTTGCATTCAACTCATAGAGTTGAACACTTCCCTTCATACAGCAG
GTTTGAAACACTCTTTTTCTAATATTTGGAAGTGGACATTTGCAGCGCTTTGAGGCC
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TATGTTGAAAAAGGAAATATCTTCTCCTAAAAACCAGACAGAAGCATTCTCAGAAACT
TCCTTGTGATGTGTGTACTCAAGTAACAGAGTTGAACCTTCCTTTTGACAGAGCAGT
TTTGAAGCACTCTTTTTGTAGAATCTGCAAGTGGATATTTTGATACCTTTGAGGA

>10a
CTTCGTTGGAAACGGGATTTCTTCATATAACGCTAGACAGAAGAATTCTCAGTAACTT
CTTTGTGTTGTGTGTATTCAACTCACAGAGTTGAACCTTTCTTGAGAGAGAGCAGAG
TTGAAACACTCTTTTTGTGCAATTTGCTAGTGCAGATTTCAAACGCTTCGAAGACAG
TGATAGAAAAGGATATATCTTCGTATTAAAACTAGACAAAATCATTTCAGAAAACACTT
TGTGATGTGTGTGTTCAACTCACAGAGTTTAACCTTTCTTTAATCGAGCTGTTTGGA
AATACACTCTTTGTAAGTCTGCAGGTGGATAATTGTCCCTCTATGAGCC
>10b
CTTCGTTGGAAACGGGATTTCCTCATATAATGCTAGACAGAAGAATTCTCAGTAACTT
CTTTGTGTTGTTTGTATTCAACTCACAGATTTGAACCTTCCTATAGAGAGAGCAGATT
TGAAACACTCTGTTTTTGGAATTTGCAAGTGCAGATTTCAAGCGCTTCTAGGCCTAT
GGCAGAAAAGGAAATATCTTCGTATAAAAACTACACAGAATCATTCTCAACAACTACT
TTGTGATGTGTGCGTTCAACTCACAGAGTTTAACCTTTCTTTTCATAGAGCAGTTTG
GAAACACTCTGTTTGTAAAGTCTGCAGGTGCTTATTTGGACTTCTTTGAGGC
>10c
CTTCGTTGGAAACGGGATTTCTTCATATAATGCTAGACAGAAGAATTCTCAGTCACTT
CTTTGTGTTGTGTGTATTCAAGTCACAGAGTTGAACCTTCCTTTACACAGAGCAGTT
TTGAGAAACTCTTTCTGTGGAATTTGCAAGTGGAGATTTCAAGCGATTTGAGGCTAA
TCTTTGAAATGGAAATATCTTCGTGTAACAACTACACAGAATCATTCTCAGAAACTGC
TTTGTTATGTGTGCGTTCAGCTCACAGAGTTCCACCTTTCTTTTCATAGAGCAGTTT
GGAAAGACTCTGTCTGTAAAGTCTGCAAGTGATTACTTGGACCCCTTTGAGGA
>10d
CTTCGTTGGAAGCGGGATTTTTTCATTTACTGCTAGACAGAAGAATTCTCAGTAAATC
CTTTGTGTTGTGTGTATTCAACTCACAGAGTGGAACCTTCCTTTATTCAGAGCAGTT
TTGAAACACTCTTTTTGTGGAATTTGCAAGTGGAGATTTCAAGCGAATTCACGCCAA
TCTTAGACATGGAAATATCTTCGTATTAAAAGTACACAGAGTCATTCGCAGAAACTAG
TTTGTGATGTGTGCCTTCAACTCACAGAGTTTAACCTTTCTTTTCATAGAGCAGTTTG
GAAACACTCTATTTGTAAAGTCTGCAAGTGGATATCTGGACCTCTTTGAGGC

>11a
TTTCGTTGGAAACGGGATAAACTTCCCAGAACTACACGGAAGCATTCTGAGAAACTT
CTTTGTGATGTTTGCATTCAACTCACAGAGTTGAACCTTGCTTTCATAGTTCAGCTTT
CAAACACTCTTTTTGTAGAATCTGCAAGTGGATATTTGGACCACTTTGTGGCCTTCC
TTCGAAACGGGTATATCTTCACATCAAACCTAGACAGAAGCATTCTCAGAATGTTTCC
TGTGATGACTGCATTCAACTCACAGAGGTGAACAATCCTGCTGATGGAGCAGTTTT
GAAACTCTCTTTCTTTGGATTCTGCAAGTGGATATGTGGACCTCTGTGAAGA
>11b&
TTTCGTTGGAAACGGGTTCATCTTCACAGAAAAACTAAACAGGAGCATTCTCAGAAA
CTGCTTTGTGATGTTTGTGTTCCACTTCAAGAATTGAACTTTCCTCTTGACAGAGCA
GCTCTGAAACCCTCTTTTTCTAGAATCTGCAAGTGGACATTTGGAGGGCTTTGAGG
CCTGTGGTGGAAAAGGAAAATCTTCACATAAAAACTAGATGGAAGCATTCTCAGAAA
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CTACTTTGTGATGATTGCATTCGACTCACAGAGTTGAACATTCCTATAGATAGAGCAG
GTTGTAAACAATCTTTTTGTAGAATCTGCGATTGGAGATTTGGACTGCTTTGAGGC
>11b"
CTACTGTAGTAAAGGAAATAACTTCATCTAAAAACCAAACGGAAGCATTCACAGACA
ATTCTTAGTGATCATTGGATTGAACTAACAGAGCTGAACATTCCTTTAGATGGCGCA
GTTTCCAAACACACTTTCTGTAGAATCTGCAAGTGGATATTTGGACCTCTCTGAGGA

>12a
CTTCGTTGGAAACGGGATTTCTTCATAGAACGCTAGAAAGAAGAATACTGAGTAAGT
TCTTTGTGTTGCCTCTATTCAACTCACAGAGGTGAACTGTCCTTTAGACAGAGCAGA
TGTGAAACCCTCTTTTTGTGATATTTGCAGGTGGAGATTTCAAGCGCTTTTAGGCCA
AATGTAGAAAAGGAAATATCTTCGTATAAAAACTAGACAGAATCATTCTCAGAAACTA
CTTTGTGATGTGTGCGTTCAATTCACAGAGTATAACCTTTCTTTTGATGGAGGAGTTT
GGAGACACTGTCTTTGTAAAGTCTGCAAGTGGATATTTGGACCTCTTTGAGGC
>12b
CTTCGTTGGAAACGGGATTTCCTCATATAATGTTACACAGAAGAATTCTCAGTAACTT
ATTTGTGGTGTGTGTATTCAACTCACAGAGATGAACCTTCCTTCAGAAAGAGCAGAT
TTGAAACACTCTTTTTGTGGAGTTTCCATGTGGAGATTTCAATCGCTTTGAGACCAA
AGGTAGAAAAGGAAACATCTTCGTATAAAACTAGACAGAATCATTCACAGAAACTACT
TTGTGATGTGTGTGTTCAACTCAAGGAGTTTAACCTTTCTTTTGATGGAGCAGTTTG
GAAACACTCTGTCTGTAAAGTCTGCAAGCAGATATTTGGACCTCTTTGAGGC
>12c
CTTCGTTGGAAACGGGATTTCTTCATATAATGTTTGATAGGAGAAGTCTCAGTAACTT
CTTTGTGCTGTGTGTATTCAACTCATAGAGTTGAACTTTCCTTTAGAAGAGCAGATGT
TAAACACCCTTTTTGTGGAATTTGCAGCTGGAGATTTCAAGCGCTTTGAGGCCTACG
GTAGAAAAGGAAACATCTTCTTATAAAATCTAGACAGAATCATTCACAGAAACTTCTT
TTTGATGTGTGTGTTCAGCTCACAGAGTTTAACCTTTCTTTTGATGGAGCAGTTTGG
AAACACTCTGTTTGTAATGTCTGCAAGTGGATATTTGGACCTCTTTGAGGC
>12d
CTTCGTTGGAAACGGGATTTCTTCAAGTAATGTTCGACAGAAGAATTCTCAGTAACT
TATTTGTGGTGTGTGTATTCAACTCACAGAGTTGAACCTTCCTTTAGACAGAGCAGA
TTTGAAACACCCTATTTGTGCAGTTTCCAGTTGGAGATTTCAATCGCTTTGAGACCA
AATGTAGAAAAGGAAACATCTTCGTATAAAAACTAGACAGAATCATTCTCAGAAACTA
CTTTGTGATGTGTGCGTTCAACTCAAGGAGTTTAAGCTTTCTTTTCATAGAGTAGTTT
GGAAACACTCTGTCTGTAAAGTCTGCAAGCAGATATTTGGACCTCTTTGGG

>13_21a
TTTCGTTGGAAACGGGAATATCATCATCTAAAATCTAGACAGAAGCACTATTAGAAAC
TACTTGGTGATATCTGCATTCAAGTCACAGAGTTGAACATTCCCTTACTTTGAGCAC
GTTTGAAACACTCTTTTGGAAGAATCTGGAAGTGGACATTTGGAGCGCTTTGATGC
CTTTGGTGAAAAGGAAACGTCTTCCAATAAAAGCCAGACAGAAGCATTCTCAGAAA
CTTGTTCGTGATGTGTGTACTCAACTAAAAGAGTTGAACCTTTCTATTGATAGAGCAG
TTTTGAAACACTCTTTTTGTGGATTCTGCAAGTGGATATTTGGATTGCTTTGAGGA
>13_21b
TTTCGTTGGAAGCGGGAATTCGTATAAACACTAGACAGCAGCATTCCCAGAAATTTC
TTTCGGATATTTCCATTCAACTCATAGAGATGAACATGGCCTTTCATAGAGCAGGTTT
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GAAACACTCTTTTTGTAGTTTGTGGAAGTGGACATTTCGATCGCCTTGACGCCTACG
GTGAAAAAGGAAATATCTTCCCATAAAAAATAGACAGAAGCATTCTCAGAAACTTGTT
GGTGATATGTGTCCTCAACTAACAGAGTTGAACTTTGCCATTGATAGAGAGCAGTTT
TGAAACACTCTTTTTGTGGAATCTGCAAGTGGATATTTGGATAGCTTGGAGGA
>13_21c
TTTCGTTGGAAGCGGGAATTCAAATAAAAGGTAGACAGCAGCATTCTCAGAAATTTC
TTTCTGATGTCTGCATTCAACTCATAGAGTTGAAGATTCCCTTTCATAGAGCAGGTTT
GAAACACTCTTTCTGGAGTATCTGGATGTGGACATTTGGAGCGCTTTGATGCCTACG
GTGAAAAAGTAAATATCTTCCCATAAAAACGAGACAGAAGGATTCTGAGAAACAAGT
TTGTGATGTGTGTACTCAGCTAACAGAGTGGAACCTCTCTTTTGATGCAGCAGTTTG
GAAACACTCTTTTTGTAGAAACTGTAAGTGGATATTTGGATAGCTCTAATGA
>13_21d
TTTCGTTGGAAACGGGAATATCATCATCTAAAATCTAGACAGAAGCCCTCTCAGAAA
CTACTTTGTGATATCTGCATTCAAGTCACAGAGTTGAACATTCGCTTTCTTAGAGCAC
GTTTGAAACACTCTTTTTGTAGTGTCTGGAAGTGGACATTTGGAGCGCTTTGATGCC
TTTGGTGAAAAAGGGAATGTCTTCCCATAAAAACTAGACAGAAGCATTCTCAGAAAC
TTGTTTGTGATGTGTGTACCCAGCCAAAGGAGTTGAACATTTCTATTGATAGAGCAG
TTTTGAAACACTCTTTTTGTGGAAAATGCAGGTGGATATTTGGATAGCTTGGAGGA
>13_21e&
TTTCGTTGGAAGCGGGAATTCAAATAAAAGGTAGACAGCAGCATTCTCAGAAATTTC
TTTCTGATGTCTGCATTCAACTCATAGAGTTGAAGATTCCCTTTCATAGAGCAGGTTT
GAAACACTCTTTCTGGAGTATCTGGATGTGGACATTTGGAGCGCTTTGATGCCTACG
GTGGAAAAGTAAATATCTTCCCATAAAAACGAGACAGAAGGATTCTCAGAAACAAGT
TTGTGATGTGTGTACTCAGCTAACAGAGTGGAACCTTTCTTTTTACAGAGCAGCTTT
GAAACTCTATTTTTGTGGATTCTGCAAATTGATATTTAGATTGCTTTAACG
>13_21e"
ATATCGTTGGAAAAGGGAATATCGTCATACAAAATCTAGACAGAAGCATTCTCACAAA
CTTCTTTGTGATGTGTGTCCTCAACTAACAGAGTTGAACCTTTCTTTTGATGCAGCA
ATTTGGAAACACCCTTTTGGTAGAAACTGTAACTGGATATTTGGATAGCTCTAACGA

>14_22a
TTTCGTTGGAAACGGGAATATCTTCATATAAAATCTCGACAGAAGCATTCTCAGAAAC
TTCTTTGTGATATCTGCATTCAAGTCACAGAGTTGAATATTCCCTTTCACAGAGTAGG
TTTGAAACACTCTTTTTGTAGTATCTGGAAGTGGACATTTGGAGCGCCTTGACGCCT
ACGGTGAAAAGGGAAATATCTTCCCATAAAAACTAGACAGAAGCAATCTCAGAATCT
TCTTTGGGATATATGCACGCAGCTAACAGAGTTGAACCTTTCTATTGACAGAGCAGT
TTTGAAACAGTCTTTCTGTGGAATCTGCAAGTGGATATTTGGATAGCTTGGAGGA
>13_22b
TTTCGTTGGAAACGGGATTACGTATAAAAAGTAGACAGCAGCATCCTCAGAAACTTC
TTTGTGATGTGTGCATTCAAGTCACAGAGTTGAACATTCCCTTTCGTACAGCAGTTT
TGAAACACTCTTTCTGTAGTATCTGGAAGTGAACATTAGGACAGCTTTCAGGTCTAT
GGTGAGAAAGGAAATATCTTCAAATAAAAACTAGACAGAAGCATTCTCATAAACTTGT
TTGTGATGTGTGAACTCAGCTAACAGAGGTGGATCTTTCTTTTGATAGAGCAGTTCT
GAAAAACACTTTTTGTTGAATCTGCAAGTGGACATTTGGATAGATTTGAAGA
>14_22c
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TTTCGTTGGAAACGGGAATATCTTCATATCAAATCTAGACAGAAGCATTCTCAGAAAC
GTCTTTGTGATGTTTGCATTCAACTCATAGAGTTGAACATTCCTTTCAGAGAGCAGC
TTTGAAGCACTCTTTTTGTAGTATGTGCAAGTGGATATTTGGAGCGCTCTGAGGCCT
ACGGTGAAAAAGCAAATATCTTCCCATAACCACTAGACAGAAACATTCTCAGAAACT
CCTTTATGACGTATGCACTCACCTAACAGAGAAGAACCTTCCTTTTGACAGAGCAGT
TTTGATACACTCTTTTTGTAGAATCTGCAAGTGGATATTTGGATAGCTGTGAAGA
>14_22d
TTTCGTTGGAAACGGGAATATCTTCCTATAAAATCTAGACAGAAGCATTCTCAGAAAC
TGCTCTGTGATGTCTGCATTCAAGTCACAGAGTTGAACATTGCCTTTCATAGAGCAG
GTTTGAAACGCTCTTTTTGTAGTATATGGAAGTGGACGTTTCGGACGGTTTGAGGCC
CATGGTGATAAAGGGAATATCTTCCCCTACAAGCTAGAAAGAAGCATTCTGTGAAAC
TTGTTTGTGATGTGTGTACTCAACTAACAGAGTTGAACCTTTCTTTTTACAGAGCAGT
TTTGAAACACTCTTTTTGTAGAATCTGCGAGGGGATATTTGGATAGATTTCAGGA

>15a
TTTCGTTGGAAACGGGATTACAAATAGAAAGTAGACAGCAGCATTCTCAGAAACTGC
TTTGTGATGTTTGCATTCAAGTCACCTAGTTGAACATTCCCTTTCATAGAGCAGGTTT
GAATCACTGTTTCTGTCGTATCTGGAAGTGGATATTTCGAGCGTTTTCAGGCCTAAG
GTGAGAAAGGAAATGTCTTCAAATAAGAACTAGACAGAAGCATTCTCAGAAACTTAT
TTGTGATGTGTGTCCTCAACTAACAGAGTTGAACCTTTCTTTTGACACAGCAGTTTG
GAAACACTCTTTTTGTAGAATCTACAAGTGGATATTTTGAGAGCATTGAAAA
>15b
TTTCGTTGGAAACGGGAAAACCTTCATATAAAATCTAGACAGAAGCATTCTCAGAAA
CTTCTTTGTAATGTTTGCATTCAACTCATAGAGTTGAACATTCCCTTTCATACAGCAG
GTTTGAAACACTCTTTTTGTAGTATGTGGAGTGGACATTTGGAGCGCTTTGAGGCCT
ACGGTGAAAAAGGAAATATCTTCCCATAAAAACTAGACAGAAGCATTCTCAGAAACT
TGTTTGTGACGTGTGTATTCAACTAACAGAGTTGAACCTTTCTTTTTACAGAGCAGC
TTTGAAACCCTGTTTCTGTGGAATCTGCAATTGGAAATTTCGATAGTTCTGAGGA
>15c
TTTCGTTGGAAACGGGATTACAAATAGAAAGTAGACAGCAGCATTCTCAGAAACTGC
TTTGTGATGTTTGCATTCAAGTCACCTAGTTGAACATTCCCTTTCATAGAGCAGGTTT
GAATCACTGTTTCTGTAGTATCTGGAAGTGGGTATTTCGAGCGCTTTCAGGCCTAAG
GTGAGAAAGGAAATGTCTTCAAATAAGAACTAGACAGAAGCATTCTCAGAAACTTAT
TTGTGATGTGTGTCCTCAACTAACAGAGATGAACCTTTGTTTTGATACAGCAGTTTG
GAAACACTCTTTTTGTAGAATCTACAAGAGGATATTTTGAGAGCATTGAAAA
>15d
TTTCGTTGGAAGCGGGAAAACCTTCATATAAAATCTAGACAGCAGCATTCTCAGAAA
CTTCTTTGTGATGTTTGCATTCAACTCATAGAGTTGAACATTCCCATTCATACAGCAG
GTTTGAGACACTCTTTGTATAGCATGTGGAAATGGATATTTGGAGCGCTTTGAGGCC
TATGGTGAAGAAGGAAATATCTTCCCAAAAAAACTAGACGAAAGCATTCTCGAATCTT
GTTTGCCATGTGTGTACTCAACTAACAGAGTTGAACCTATCTTTTGACAGAGCAGTT
TTGAAACACTCTTTTTGTGGAATCTGCAAGTGGATATTTGGATAGCTTCGAGGA
>15_e
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TTTCGTTGGAAACGGGAATATCCTCATTTAAAATCTAGACGGAAGCATTCTCAGAAC
CTGCTTTGTGATGTTTGCATTCAACTCACAGAGCTGAACATTCCCGTTCATAGAGCA
GGTTTGAAACACTCTTTCTGTACTATCTGGAAGTGGACATTTCGAGCGCTTTCAGGC
CTATGGTGAAAAAGGAAACATCTTCAAATAAAAACTAGACAGAAGCATTCTCAGAAA
CTTATTTGTGATGTGTGTCCTCAACTCACAGAGTTCAACCTTTGTTTTGATACAGCAG
TTTGGAAACACTCTTTTTGTAGAATCTACAAATGGATATTTGGAGACCTTTGAAAA
>15f&
TTTCGTTGGACACGGGAATATCTTCATATAAAATCTAGACAAAAGCATTCTCAGAATC
TTCTTTGTGATGTTTGCATTCAACTCATAGAGTTGAACATTCCCTTTCATACAGCACG
TTTGAAACACACTTTGTGGAGTATGTGGAAATGGACATTTCGAGCACTCTTAGGCCT
AAGGTGAAAAGGGAAATATCTTCAAATAAAAACTAGTCAGCAGCATTCTCAGAAACC
TCTTTGTGATGTGTGTACTCAACTAACAGAGTTGAACCTTCCTTTTCACAGAGCAGT
TTGGAAACACTCTTTTTGTGGCATTTGCAAGTGGATATTTGGATAGCTTTGAGGA
>15f'
TTTCGTTGGAAACGGGAATATTTTCATATAAAATCTAGACAGAAGCATTCTCAGAATC
TTCTTTGTGATGTATGCCCTCAATTCACAGAGTTGAACCTTTGTTTGGATACAGCATT
TTGGAAACATTCCTTTTGTAGAATCTGCAAGTTGATATTTGGATAGCTTTGAGGA
>15g
TTTCGTTGGAAACGGGAATATCTACATATAAAATCTAGACAGAAGCATTCTCAGAAAC
CTCTTTGTAATGCTTGCATTCAACTCATAGGTTTCAACATTCCCTATCATAGAGCAGG
TTTGAAACACTCTTTTTGTAGTATGTGGAAGTGGACATTTGGAGCGCTTTGAGGCCT
ACGGTGAAAAAGGAAATATCTTCCCATAAAAACTAGACAGAAGCATTCTCAGAAACT
TGTTTGTGACGTGTGTATTCAACTAACAGAGTTGAACCTTTCTTTTTACAGAGCAGC
TTTGAAACACGCTTTTTGTGGAATCTGCAATTGGAAATTTCGATAGTTCTGAGGA

>16a
CTTCGTTGGAAACGGGTTTTTTCATGTAAGGTTAGACAGAGGAATTCCCAGTAACTT
CCTTGTGTTGTGTGCATTCAACTCACAGAGTTGAATGATTCTTTACACAGAGCAGAT
TTGAGACACTCTTTTGGTGGAATTTGTAAGTGGAGAATTCAGCCGCTTTGAGGTCAA
CGGTAGAAAAGGAAATATCTTCGTATAAAAACTAGACAGAATGATTCTCAGAAACTGT
TTTGTGATGTGTGCGTTCAACTCACAGAGTTTAACCTTTCTTTTCAAAGAGCAGTTA
GGAAACACTCTGTTTGTAAAGTCTGCAAGTGGATATTCAGACCTCTTTGAGGC
>16b
CTTCGTTGGAAACGGGATTTCTTCATATTATGCTAGACAGATGAATTCTCAGTAACTT
CCTTGTGTTGTGTGTATTCAACTCACAGAGTTGAACGATCCTTTACACAGAGCAGAT
TTGAAACACTGTTTTTCTGGAATTTGCAAGTGGAGATTTCAGCCGCTTTGAGGTCAA
TGGTAGAAAAGGAAATATCTTCGTATAAAAACTAGACAGAATGATTCTCAGAAACTCC
TTTGTGATGTGTGCGTTCAACTCACAGAGTTTAACCTTTCTTTTCACAGAGCAGTTA
GGAAACACTCTGTTTGTGAAGCCTGCCAGTGGATATTCGGACCTCTTTGAGGC
>16c
CTTCGTTGGAAACGGGATTTCTTCATATTATGCTAGACAGAAGATTTCTCAGTAACTT
CTTTGTGTTGTGTGTATGCAACTCACAGAGTTCAACCTTCCTTTAGACAGAGCAGAT
TTGAAACACTCTTTTTGTGGAATTTGCAAGTGGAGATTTCAAGCGCTTCGATGCCAA
TGGTAGAAAAGGAAATATCTTCGTATAAAAACAAGACAAACTCGTTCCCAGACACTG
CGTAGTGATGTGTGTGTTTAACTCACAGAGTTTAACCTTTCTTTTCATACAGCATTCT
GGAAACCCTGTGTTTGTAAAGTCTGCAAGTGGATATTTGGACCTCTTAGATGC
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>16d
CTTCGTTGGAAACGGGATTTCTTCATATAATGCTAGAGGGAAGAATTCTTAGTAACTT
CTTTGTGTTGTGTGTATTCAACTGACAGAGTTGAACCTTCCTTTAGACAGAGCAGAT
TTGAAAGTCTCTTTTTGTGGAATTTGCAAGTGGAGATTTCAAGCGCTTTGAGGCCAA
AAGCAGAAAAGGAAATATTTTCCTATAAAAACTCGACAGAATCTTTCTCAGAAACTGC
TCTGGGATGTGTGCGTTCAACTCACAGAGTTTAACTTTTCTTTTCATTCAGCAGTTT
GGAAACACTCTGTTTGGAAAGTCTGCACGTGGATATTTTGACCTCTTTGAGGC
>16e
CTTCGTTGGAAACGGGTTTTTTTCATGTAAGGCTAGACAGAAGAAATCTCAGTAACT
TCCTTGTGTTGTGTGTATTCAACTGACAGAGTTGAACCTTCCTTTAGACAGAGCAGA
TTCGAAACACTCTTTTTCTGCAATTTGCAAGTGGAGACTTCAAGCGCTTTGAGGCCA
AAGGCAGAAAAGGAAATATCTTCGTATAAAAACCCGACAGAATCATTCTCAGAAACT
GCTCTGTGATGTGTGCGTTCAACTCACAGAGTTTAACTTTTCTTTTCATTCAGCAGTT
TGGAAACACTCTGTTTGTAAAGTCTGCAAGTGGATATCTTGGCCTCTTAGAGGC

>17a&
TTTCGTTGGAAACGGGAGAATCTTCACAGGAAAGCTAAACAGAAGCATTCTCAGAA
ACTTCTTTGTGATGCTTGCATTCAACTCACAGAGTTGAACTTTCCTTTCGAGAGAGA
AGCTTTGAAACACTCTTTTTCCAGAATCTGCAAGTGGACATTTGGAGGGCTTTGAG
GCCTGTGGTGGAAAAGGAATTATCTTCCCGTAAAAGCTAGATAGAAGCATTCTCAGA
AACTACTTTGTGATGATTGCATTCAAGTCACAGAGTTGAACATTCCCTTTGACAGAG
CAGTTTGGAAACTCTCTTTGTGTAGAATCTGCAAGTGGAGATATGGACCGCTTTGAG
GC
>17a"
CTATGGTAGTAAAGGAAATAGCTTCATATAAAAGCTAGACAGTAGCATTCACAGAAAA
CTCTTGGTGACGACTGAGTTTAACTCACAGAGCTGAACATTCCTTTGGATGGAGCA
GTTTCGAAACACACTATTTGTAGAATGTGCAAGTGGATATTTAGGCCTCTCTGAGGA
>17b++
TTTCGTTGGAAACGGGATAAACCGCACAGAACTAAACAGAAGCATTCTCAGAACCTT
CTTCGTGATGTTTGCATTCAACTCACAGTGTTGAACCTTTCTTTGATAGTTCAGGTTT
GAAACGGTCTTTCTGTAGAAACTGCAAGTAGATATTTGGACCTCTCTGAGGATTTCG
TTGGAAACGGGATAACCCGCACAGAACTAAAACAGAAGCATTCTCAGAACCCTCTT
CGTGATGTTTGCATTCAACTCACAGTGCTGAACCTTTCTTTGATAGTTCAGCTTTGA
AACACTCTTTTTGTAGAAACTGCAAGTGGATATTTGGTCCTCTCTGAG
>17c
TTTCGTTGGAAACGGGATAAACTGCACAGAACTAAACAGAAGCATTCTCAGAACCTT
CTTCGTGATGTCTGCATTCAACTCACAGTGTGGAACCTTTCTTTGATAGTTCAGGTT
TGAAACACTCTTTTTGTAGAAACTGCAAGGGGATAATTGCACTCTTTGAGGAGTACC
GTAGTAAAGGAAATAACTTCCTATAAAAAGAAGACAGAAGCTTTCTCAGAAAATTCTT
TGGGATGATTGAGTTGAACTCACAGAGCTGAGCATTCCTTGCGATGTAGCAGTTTA
GAAACACACTTTCTGCAGAATCTGCAAGTGCATATTTGGACCTCTGTGAGGA
>17d++
ATTCGTTGGAAACGGGATAATTTCAGCTGACTAAACAGAAGCAGTCTCAGAATCTTC
TTTGTGATGTTTGCATTCAAATCCCGAGTTGAACTTTCCTTTCAAAGTTCACGTTTGA
AACACTCTTTTTGCAGGATCTACAAGTGGATATTTGGACCACTCTGTGTCCTTCGTT
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CGAAACGGGTATATCTTCACATGACATCTAGACAGAAGCATCCTCAGAAGCTTCTCT
GTGATGACTGCATTCAACTCACGGAGTTGAACACTCCTTTTGAGAGCGCAGTTTTG
AAACTCTCTTTCTGTGGCATCTGCAAGGGGACATGTAGACCTCTTTGAAGA
>17e*&
TTTCGTTGGAAACGGAATCATCTTCACATAAAAACTATACAGATGCATTCTCAGGAAC
TTTTTGGTGATGTTTGTATTCAACTCCCAGAGTTGAACTTTCCTTTGGAAAGAGCAG
CTATGAAACACTCTTTTTCTAGAATCTGCAAGTGGACGTTTGGAGGGCTTTGTGGTT
TGTGGTGGAAAAGGAAATATCTTCACCTAAATACTAGATAGAAGCATTCTCAGAAACT
GCTTTGTGATGATTGCATTCACCTCACAGAGTTGAACATTCCTATTGATAGAGCAGTT
TGGAAACACTCTTGTTGTGGAATGTGCAAGTGGAGATTTGGAGCGCTTTGAGGC
>17e"
CTATGGTAGTAAAGGGAATAGCTTCATAGAAAAACTAGACAGAAGCATTCTCAGAAA
ATACTTTGTGATGATTGAGTTTAACTCACAGAGCTGAACATTCCTTTGGATGGAGCA
GGTTTGAGACACACTTTTTGTAGAATCTACAAGTGGATATTTGGACCTCTCTGAGGA
>17f++
TTTCGTTGGAAACGGGATAACTGCACCTAACTAAACGGAAGCATTCTCAGAAACTTC
TTGGTGATGTTTGCATTCAAATCCCAGAGTTGAACCTTCCTTTGATAGTTCAGGTTT
GAAACACTCTTTTTGTAGGATCTGCAAGTGGATATTTGGACCACTCTGTGGCCTTCG
TTCGAAACGGGTATATCTTCGCATAAAATCTAGACAGAAGCCTTCTCAGAAACTTCTC
TGTGATGATTGCATTCAACTCACAGAGTTGAACCCTCCTATGGATAGAGCAGTGTTG
AAACTCTCTTTTTGTGGAATCTGCAAGTGGATATGTGGACCTCTCCGAAGA
>17g*
TGTCTTTGGAAACGGGAATATCTTCACATAAAAACTAAACAGAAGCATTCTCAGAAAC
TTCTCTGTGATGTTTGTGTTCAACTCCCAGAGTTTCACATTGCTTTTCATAGAGTAGT
TCTGAAACATGCTTTTCGTAGTGTCTACAAGTGGACATTTGGAGCGCTTTCAGGCCT
GTGGTGGAAAACGAATTATGGTCACATAAAAACTGGAGAGAAGCATTGTCAGAAACT
TCTTTGTGATGATTGCATTCAACTCACAGAGTTGAAGGTTCCTTTTCAAAGAGCAGT
TTCCAATCACTCTTTCTGTGGAATCTGCAAGTGGATATTTGGACCTATTTTGAAG

>18a
TTTCGTTGGAAGCGGGAATTCATACAAATTGCAGACTGCAGCGTTCTGAGAAACATC
TTTGTGATGTTTGTATTCAGGACACAGAGTTGAACATTCCCTATCATAGAGCAGGTTT
GAATCACTCCTTTTGTAGTATCTGGAAGTGGACATTTGGAGCGCTTTCAGGCCTATG
TTGGAAAAGGAAATATCTTCCCATAACAACTAGACAGAAGCATTCTCAGAAACTTATT
TGAGATGTGTGTACTCAACTAAGAGAATTGAACCACCGTTTTGAAGGAGCAGTTTTG
AAACACTCTTTTTCTGGAATCTGCAAGTGGATATTTGGCTAGCTTTGGGGA
>18b
TTTCGCTGGAAGCGGGAATACATATAAAAAGCACACAGCAGCGTTCTGAGAAACTG
CTTTCTGATGTTTGCATTCAAGTCAAAAGTTGAACACTCCCTTTCATAGAGCAGTCTT
GAAACACCCTTTTGTAGTATCTGGAACTGGACTTTTGGAGCGTTTCAGGGCTAAGG
TGAAAAAGGAAATATCTTCCCATAAAAACTGGACAGAAGCATTCTCAGAAACTTGTTT
ATGCTGTATCTACTCAACTAACAAAGTTGAACCTTTCTTTTGATAGAGCAGTTTTGAA
ATGTCTTTTTGTGGAATCTGCAAGTGGATATTTGGCTAGTTTTGAGGA
>18c
TTTCGTTGGAAGCGGGAATTCATACAAATTGCAGACTGCAGCGTTCTGAGAAACATC
TTTGTGATGTTTGTATTCAGGACACAGAGTTGAACATTCCCTATCATAGAGCAGGTT
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GGAATCACTCCTTTTGTAGTATCTGGAAGTGGACATTTGGAGCGCTTTCAGGCCTAT
GTTGAAAAGGAAATATCTTCCCATAACAACTAGACAGAAGCATTCTCAGAAACTTGTT
TGTGATGTGTGCCCTCTACTGACAGAGTTGAACCTTTCTTTTCATAGAGCAGTTTTG
AAACACTCTTTTTGTAGAATCTGCAAGAGGATATTTGCATAGCTTTGAGGA
>18d
TTTCGTGGGAAACGGGATTGTCTTCAGGTAAAATCTAGACAGAAGCATTCTCAGAAA
CTTCTTTGGGATGTTTGCATTCAAGTCACAGAGTAGAACATTCCCTTTGGTAGAGCA
GGTTTGAAACACTCTTTTTGTAGTATCTGGAAGTGGACATTTGGAGCGCTTTCAGGC
CCATGTTGGAAAGGGAAATATCTTCCCGTAACAACTAGGCAGAAGCATTCTCAGAAA
CTTATTTGAGATGTGTGTACTCAACTAAGAGAATTGAACCACCGTTTTGAAGGAGCA
GTTTTGAAACACTCTTTTTCTGGAATCTGCAAGAGTATATTTGCCTAGCCTTGAGGA
>18e
TTTCGTTGGAAACGGGATTGTCTTCAGATAAATCTAGACAGAAGCATTCTCAGAAAC
TTCTTTGGGATGTTTGCATTCAAGTCACAGAGTAGAACATTCCCTTTGGTAGAGCAG
GTTTGAAACACTCTTTTTTAGTATATGGAAGTGGACATTTGGAGCGCTTTCAGGCCT
ACGTTGGAAAAGGAAATATCTTCCCATAACAACTAGACAGAAGCATTCTCAGAAACT
AGTTTCTGATGTGTGTCCTCAACTAACACAGTTGAACATTTCTTTAGACAGAACAGTT
TTGAAACACTCTTTTTGTGGAATCTGCAAGTGGCTATTTGGCTAGATTTGAGGA
>18f
TTTCGTTGGAAACGGGATTACATATAAAAAGCAGCAGCAGCATTCTCAGAAAGTTCT
TTGTGATGATTGCATTCAAGTCACAGAATTGAACATTCCCTTTCACAGAGCAGGTTT
GAAACACTCTTTTTGTAGTGTGTGTAAGTGGACATTTGGAGCACTTTCCGGCCTAAG
GTGAAAAAGGAAATATCTTCCCATAAAAACTAGACAGAAGCATTCTCAGAAACTTACT
CGTGATGTGTGTCCTCAACTAAAGGAGTAGAACCTTTCTTTTCATAGAGAAGTTTTG
AAACGCTCTTTTTGTGGAATCTGCAAGTGGATATTTGGCTAGTTTTGAGGA

>20a
TTTCGTTGGAAACGGGAATACGTATAAAAAGCAGACAGCAGCATTGTCAGAAACTAC
TTTGTGATGTTTGCATTCAAGTCACAGAATTGAACACTCCCTTTCACAGAGCAGGTT
TGAAACACTCTTTTTGTAGTGTCTGTAAGTGAACATTTGGATTGCTTTCAGGCCTAA
GGTGAAAAAGGAAATATCTTCCCATAAAAACTAGACAGAAGCATTCTCAGAAACTTG
TTTGTGATGTGTGCCCTCTACTGACAGAGTTGAACCTTTCTTTGCAAAGAGCAGTTT
TGAAACACTCTTTTTGTAGAATCTGCAAGAGGATATTTGGATAGCTTTGAGGA
>20b*
TTTCTTGGGAAACGGGAATGTCTTCAGATAAACTCTAGACAGAAGCATTCTCAGAAA
CTTCTTTGGGATGTTTCAATTGAAGTCACAGTGTTGAACATTCCCTTTCACAGAGCA
GGTTTGAAACACTCTTTTTGTAGTGTCTATAAGTGAACATTTGGCGTGCTTTCAGGC
CTAACGTGAAAAAGGAAATATCTTCCCATAAAAACTAGACAGAAGCATTCTCAGAAA
CTTGTTCTGATGTGTGCCCTCTACTGACAGAGTTGAACCTTTCTTTGCAAAGAGCAG
CTTTGAAACACTCTTTTTGTAGAATCTGCAAGAGGATATTTGGATAGCTTGGAGGA
>20c
TTTCGTTGGAAACGGGTATGTCTTCAGATAAACTCTAGACAGAAGCATTCTCAGAAA
CTTCTTTGGGATGTTGCATTCAAGTCACAGAGTAGAACATTCCCATTCATAGAGCAG
ATTTGAAACACTCTTTTTGTAGTATCTGGAAGTGGACATTTGGAGCGCTTTCAGGCC
TATGTTGAAAAAGGAAATATCTTCCCATAAAAACTAGACGGAAGCATTCTCAGAAACT
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TATTTGTGATGTGTTTGCTCAACTAACAGGATTGAACCATCGTTTTGAAGGAGCAGT
TTTGAAACACTGTTTTCGTGGAATCTGCAAGTGGATATTTGGCTAGCTTTGAGGA
>20d
TTTCGTTGGAAACGGGATTACATATAAAAAGGAGACAGCAGCATTCTCAGAAACTTC
TTTGTGATGTCTGCATTCAATTCACAGAGTTGAGCATTCCCTTTCATAGAGCAGGTT
GGAAACACTCTTTTTGTAGTATCTGGATGAGGACATTTGGAGCGCTTTCAGGCGTAT
GGTGAAAAAGGAAATATCTTCCCGTAAAAACTAGACAGAAGCATTCTCAGAAGTTTA
TTTGTGATGTGTGCCCTCAACTAACAGAGTTGAACCTTTCTTTTGATAGAGCAGTTTT
GAAACACTCTTTTTGTAAAATCTGCAAGAGGATATTTGGATAGCTTTGAGGA
>20e
TTTCGTTGCAAACGGGAATGGCTTCATATAAACTCTAGACAGAAGCATTCTCAGAAA
CTTCGTTGGGATGTTTCGATTGAAGTCCCAGTGTTGAACATTCCCTTTTATAGAGCA
GGTTGGAAACACTCTTTCTGCATTCCCTGGAAGTGGACATTTGGAGCGCTTTCAGG
ACGACGGTGAAAATGGAAATATCTTCCAAGAAAATCTAGATAGAAGCAATGTCAGAA
ACTTTTATGTGATGGATCTACTCAGCTAACAGAGTTGAACCTTTCTTTTGAGAGAGC
AGTTTTGCAACACTCTTTTTGTGGAATATGCAAGTGGATATTAGGGCAGCTTTGAGG
A
>20f
TTTCGTTGGAAACGGGAATACATGTAAAAAGCAGACAGCAGCATTCTCAGAAACTTC
TTTGTGATGTTTGCATTGAAGTCACAGAGTTGAACATTCCCTTTGAGAGAGCAGGTT
TGAAACACGCCTTTTGTCATATCTGGAAGTGTCCATTCGGAGCGCATTCAGGCTTGT
GTTGAAAAAGGAAATATCCTCCCATAAAAACTAGACAGAAGCATTCTCAGAAACTTAT
CTGTGATGTATGTACTCAACTAACAGAACTAAACCATCGTTTTGAAGGAGCAGTTTT
GAAACACTCTTTTTGCGGAATCTGCAAGTGGATATTTGGCTAGCTGGAGGA
>20g
TTTCGTTGGAAACGGGATTACATACAAAAAGCAGACAGCAGCATTCTCAGAAACTTC
TTTGTGATGTTTGCATTCAAGTCACAGAGTTGAACATTCCCTTTCATAGAGCAGGTTT
GAAACACTCTTTTTGTAGTATCTGGATGTGGACATTTGGATCGCTTTCAGGCCTATG
GTGAAAAAGGAAATATCTTCCCATGAAAACTAGACAGAAGCATTCTCAGAAACTTATT
TGTGATGTGTGCCCTCAACTGACAGTGTTGAACCTTTGTTTTGATAGAGCAGTTCTG
AAACACACTTTTTGTAAAATCTGCAAGAGGATATTTGGATAGCTTTGAGGA
>20h
TTTCGTTGGAAACGGGAATGTCTTCATGTAAACTCTAGACAGAAGCATTCTCAGAAA
CTGCTTTGGGATGTTTCAATTGAAGTCCCAGTGTTGAACATTCCCTTTCATAGAGCA
GGTTTGAAACACTCTTTTTGTACTATCTGGAAGTGGACATTTGGAGCGCTTTCAGGT
CTACGGTGAAAAAGGAGATATCTTCCAATAAAAACTAGATAGAAGCAATGTCAGAACT
TTTTTCATGATGTATCTACTCAGCAAACAGAGTTGAACCTTTCTTTTGAGAGAGCAGT
TTTGAAACACTCTTTTTGTGGAATATGCAAGTGGGTATTAGGCCAGCTTGGAGGA

>xa*&
TTTCACTGGAAACGGGATCATCTTCACATAAAAACTAAACAGAAGCATTCTCGGAAA
CTACTTTGTGATGTTTGTATTCAACTCCCAGAGTTGAACTTTCCTTTTGAAAGAGCAG
CTATGAAACACTCTTTTTCGAGAATCTGCAAGTGGACGTTTGGAGGGCTTTGAGGC
CTGTGGTGGAAAAGGAAATATCTTCACATAAAAACTAGATAGAAGCATTCTCAGAAA
CACTTTGTGAGGATGGCATTCAACTCATGGAGTTGAACAATCCTATTGATAGAGCAG
ATTGGAATCACTCTTTTTGTAGAATCTGCAAATGGAGATTTGGACTGCTTTGAGGC
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>Xa"
CTACGGTAGTATAGGAAGGAACTTCATATAAAAGGCAAACGGAAGCATTCTCAGAAT
ATTCTTTGTGATGATGGAGTTTCACTCACAGAGCTGAACATGCCTTTTGATGGAGCA
GTTTCCAAATACACTTTTGGTAGAATCTGCAGGTGGATATTTGGAGCTCTCTGAGGA
>X_b++
TTTCGTTGGAAACGGGAATAATTTCCCATAACTAAACACAAACACTCTGAGAAAGTT
CTTCATGATGAATGCATTTAACTCGCAGAGATGAACCTGCCTTTGAGAGTTCAGGTT
CGAAACACTCTTTCTGTAGAATCTGCAAGTGGATATTTGGACCACTGGTGGCCTTCG
TTCGAAACGGGTATATGTTCACGTAAAAACTAAAGAGAAGCATTCTCAGAAACTTCT
GAGTGATGATTGCATTCAAGTCACACAGTTGAACCCTCCTTTTGATGGAGCAGTTTT
GAAACTGTCTTTTTGTAGAATCTGTAAGTGGATACGTGGACCTCTTTGAAGA
>Xc*
TTTGGAAACGGGAATATTTCCACAGAAAAACTAAACTGAAGCATTCTCAGAAACTGC
TTTGTGATGTTTGTGTTCGAGCCACAGAGTTTAACATTGCTTTTCATAGAGCAGTTTT
GAAATATTCTTTTGGCAGAATCTGCAAGTGGACATTTGGAGCGCTTTCAGGCCTGTG
GTGGAAAAGGCCTGAAAGCCTTTTCCTTTATCTTCACAGAAAGACGAGAGAGAAGC
ATTGTCAGAAACTTCTTTGTGATGATTGCATTCAACTCACAGAGTTGAAGATTCCTTT
TGAAACAGCAGTTTCGAAACACTCTTTCTGTGGGATCCGCAAGGGGATATTTGGAC
CTCTTTGAAG
>Xd&
TTTCGTTGGAAACGGGATAATCTTCACCTAAAAGCTAAACGGAAGCATTCTCAGAAA
CTTCTTTGGGATGTTTGCATTCACCTCACAGAGTTGAACTTTCCCTTTGATAGCGCA
GCTTTGACACACTTTTTCTACAATGTGCAAGTGGCTATTTAGCGGGCTTGGAGGACT
GTGTTGGAAAAGGAAATATCTTCTCCTAAAAACGACATAGAAGCATTCTCAGAAACT
GCTCTGTGATGATTGCATTCAACTCCCAGAGTTGAACATTCCTTTTGATAGAGCAGT
TTGCAAACACTCTTTTTGTAGAATCTGCAAGTGGAGATTTGGACCGCTTTGAGG
>Xd"
CCTGTGGTAGTGAAGGAAAGAACTTCATATAAAAACCAGACGGTAGCACTCTCAGA
AAATTCTTTGTGACGATGGAGTTTAACTCAGGGAGCTGAACATTCGTTATGATGGAG
CAGTTTCCAAACACACGTTTTGTAGAATCTGCAAGGGGATATTTGGACCTCTCTGAG
GA
>Xe+-
TTTCGTTGGAAACGGGATCAACTTCCCATAACTGAACGGAAGCAAACTCAGAACATT
CTTTGTGATGTTTGTATTCAACTCACAGAGTTGAACCTTCCTTTGATAGTTCAGGTTT
GCAACACCCTTGTAGTAGAATCTGCAAGTGTATATTTTGACCACTTTGTAGCCTTCGT
TTGAAACGTCTATATCTTCACATCAAACCTAGACAGAAGCATTCTCAGAAAGTTTTCT
GCGATGACTGCATTCAACTCACAGAGTTGAACAATCCTTCTGATGGAGCAGTTTTGA
AACCCTCTTTCTTTGGAATCTGCAAGGGGATATGTGGACCTCTTTGAAGA

>Y1
CTATGGTGGAAAGGAAAATATCTTCACATAAAAACTACACAGAAGCATTCTGAGAAA
CTACCTTTTGATGTGTGTATTTGTCTCAGACTGGAACCTTCCTTTTGATTGAGCAGTT
CTGAAACACTCTTTTTGTAGAATCTGGAAGTGCATATTTGGAGTGCTTTGAGGC
>Y2
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CTATGGTGGAAAAAGAAATATCTTCATTTAAAAACTACACAGAAGCATTCTGAGAAAC
TTCTTTGTGATGTGTGTATTCATACCACAGAGTCGAAACTATCGTTTGAGAGAGCATT
TCGAAACTTTCTTTTTGTAGGATCTGCAAGTGGATATTTGGAGGGCTTTCAGGC
>Y3
CTATGGTGGAAAAGGAAATATCTTCACATAAACACTACTCAGAAGCATTCTGAGAAA
CTTCTTCACGATGGTTGCACTAAACTCTCAGAGTTGAACTTATCTTTTGATAGAGCA
GTTTTGAAACTCTGTGTTACTAGAATCTGCATGTGGTTATTTGGAGTCCTTTGTGGC
>Y4
CGATGGTGGAAAAGGAAATATCTTCCCCTAAAAAGTACACAGAAGCATTCTGAGAAA
CTTTTTTGACATGTGTGCACTAATCTCACAGAGTTTAATCTATCATTTGATTGAGCAG
TTTTAAAAAACTTTTTTTGTGGAATCTGCAATTGGATATTTGGAACGCTTTGAGGC
>Y5
CTATTGTGGAAAAGGCAATATCTTCACATAAAAACTACACAGAAACATTCCGAGAAAC
TTCTCTGTGATGTGTGCACTCATCTCACGGAGTTGAACCTTTCTTTGATTGACAAGT
TTTGAAAGACTATGTTTCTATAATGTGCAAGTGGATATTTGGAGTGCTTTGAGG
>Y6
CATATGGTGGAAAAGGAAATATATTCACATAAAACTATACAGAAGCGTTCCCAGAAAC
TTATTTGTGATGTGTTTATTCAACTCGCAGAGTTGACCCTATCTTTTGATACAGCAGT
TTTGAAACTCTCTTTTTGTAGAATCTGCAAGTGGATATTTGCAGCGCTTTGAGG
>Y7
CCTGCGGTGGAAAAGGAAATATCTTCACATAAAAACTACACAGAAGCATTCTCAGTA
ACTTCTTTGTAATGTGTGCATTCACCTCACAGACTTGAAACTTCCTCTTGATTGAGCA
GCTTGGAAACACACTTTTAGTGAAATCTGCAAGTGGATATTTGGAGCACCTTGAGG
>Y8
CCTGTTGTGGAAAAGGAAATATCTTCACATAAAAACTACACAGAAGCATTCCAATAAA
CTTGTTTGTGATATGTACCTTCAACTGACAGATTTGAACCTTTCTTTTGATTAAATAGT
TTTGAAAATCTCTTTTTGTAGAATCTGCAAGTGGATATTTGGAGTGCTTTGAGGC
>Y9
CTATGGTGGAAAAGGAAATATCTTTACATAAAAACTACACAGAAGCATTCTGAGAAAC
TACTTTGTGATGTGTGCATTCATATCACATAGTTGAACCTATCTTTTGATAGAGCACTT
TTGAAACTCTCTTTTTGTAGAATCTGCAAGTGGATATTTGGAGCCCTTTGCAGC
>Y10
CTATGGTGGAAAAGGAAACATCTTCACATAAAAACTACACAGAAGCATTCTCAGAAA
CTACTTTGTGATGTGTGCGTTCAGCTCACAGACTTGAAACTTCCTCTTGATTGAGCA
GTTTGGAAACACTCTTTAGTAAAATCTGCAAGTGGATATTCGGAGCACTTTGAGGCC
>Y11
TGTTGTGGAGAAGGAAATATCTTCACATAAAAACTACACAGACGCATTCCGAGAAAC
TTGTTTGTGATATGTGCATTCAACTGACAGAGTTGAACCTTTCTTTTGATTGACTAGT
TTTGAAAATCTCTTTTTGTAGAATCTGCAAGTGGATATTTGGAGTGCTTTGAGGC
>Y12
CTATGGTGGAAAAGGAAATATCTTCATATGAAAACTACACAGAAGCATTCTGAGAAAA
TTCTTTGTGATGTGTGCATTCAAACCACAGACTTGAACTGATCTTTTGATAGAGCAG
TTTTTAAAGTGTCTTTCTGTAGAATCTGCAAGTGGTTACTTGGAGACCTTTGTGGAA
>Y13

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 10, 2019. ; https://doi.org/10.1101/731430doi: bioRxiv preprint 

https://doi.org/10.1101/731430
http://creativecommons.org/licenses/by-nd/4.0/


GATGGTGGAAAAGGAAATGTCTTCCCGTAAAAACTACACAGATGCATTCTGAGAAAC
TTCTTTGTGATGTGTGCATTCATCTCACAGAGTTCAACCTATCTTTTCGTAGAGCAGT
TTTGAAACTCTCTTTTCCTAGAATCTGTAAGTTGATATTTGGAGCCCTTTGCGGC
>Y14
CTATTGTGGAAAAGGAAATAACTTCACATGAAAACTACACAGAAGCTGAGAAACTTC
TTTGTGATGTGTGCATTAATTTCCCAGAGTCGAACCTTTCTTTTGATTGAGCAGTTTT
GAAACACTCTTTTTGTAGAATCTGCAAGTGGACATTTGAAGCACTTTGAGGC
>Y15
CTATTGTTGAAAAGGAAACATCTTCATATAAAAACAACAAGGAAGCATTCTGAGAAAC
CATTTTGTGCTGTGTGCATTCACCTCACAGAGTTCAACTTTATTTGATACAGCAGTTT
TGAAACACTCTTCTTGTAGAATCTGCAAGTGGAAATTGGGAAATATTTAGGC
>Y16
ATATGGTGGAAAAGGAAACATCCGCACATAAAAACTACACAGACACATTCTGTGAAA
CTTCTTTGTGCTGTGTGCATTCAAACCACAGAGTTGAACCTATCTTTTGAATGAGCA
GTTTTGAAACTCTCTTTTCATAGTATCTGCAAGTGGATATTTGGAGCCTTTTGTGGC
>Y17
CTACGGTGGGAAAGGAAATATCTTCATATAAAAACTACACAGAAGCATTCTGAGAAA
CTTCTCAGTGATGTGAGCATTCTTCTCACAGAGTTGAACTATCTTTTGATTGAGCAG
TTTTGAAACACTGTTTTTTTTAGAATCTGCAAGTGAATATTTGGAGCCTTTTGGGTC
>Y18
TTATTGTGGAAAAGGAAATATCTTCACATAAAAACTACACAGAAGCATTCTGAGAAAC
TTCTTTGTCATGTGTGGATTCATCTCACAGAGTTAAATCTTTCTTTTGATTGAGCAGT
TTGCAAACACTCTTTTTGTGGTATCTCCAGGAGGATATTTGGAGTGCTTTGAGGC
>Y19
CTATGTTGGAAAAGGAAGTATCTTCCCTTAAAAGCTATGCAGAAGCATTCTGAGAAA
CTTCCTTCTGATGTGTGCATTCATCTCACCTAGTTGAACCTTTCTTTTGGTTGTGCAC
TTTTGAAACACTCTTTTTGTGGAATCTGCAAGTGGATATCTGGATCACTTTGACGT
>Y20
CTATTGTGGAAAAGGAAATATCTTCACATAAAAACTACACAGAAGAATTCCGACATAG
TTCTTTGTGATGTGTGCATTCAACTCACATAGTTGAAACCATCTCTTGATCGAGTAGT
TTTGAACCTCTCTTGTTGTAGAATCTGAAAGTGGATATTTGTGTCCCCTGGCGGT
>Y21
CTATGGTGGAAAAGAAATATCTTCACAAAAATACTACACAGAAGCATTCTGAGAAACT
TCTTTGTGATGTGTCCATTCATCTCACAGAGTTGAACCTTTCTTTTGATTGAGCAGTT
TTGAAATACTCCTTTTGTAGAATCTGCAAGTGGATATTTTGAGTGCTTTGAGAA
>Y22
CTATTGTGGAAAAGGAATTATCTTCTCATAAAACCTACACTGAAGGATTCTGAGAAAT
TTCTTGTGATGTGTGCATTCATCTCACAGAGTTGAACATTTCCTATGATTGAGCAGTT
TGGAAATATTCTTTTCATAGAATCTGGAAGTGGATATTTGGAGCCCTTTGAGGC
>Y23
CTATTGTGGAAAAGGAAATATCTTCACATAAAAACTACAGAGAAGCATTCTGAGAAAC
TTCTTTGTGATGTGTGCATTCATCAAACAGAATTGAACATTTCTTTTTTTGTGCAGTTT
TGAAACAATCTTCTTGTAGTATCTGCAAGTGGATATTTGGAGCGTTTTAAGAC
>Y24
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CTAAGGTGGGAAAGGAAATATCTTCACATAAAAATTACACAGAGAGATTCTGAGAAA
CTTCTTTGTGATGTGTGCATTCATCTCATATATTTGAACCTTTCTTTTCATTGTGCAGT
TTCCAAGCAATCTTTTTCTAGAATATGTAAGTGGATATTTGGAGCACTTTGTGGA
>Y25
CTATGGAGGGAAAAGAAATGTCTTCACATAAAAACTACACAGAAGCATTGGGAGAAA
ATTCTTGTGATATTTGTGTTCAACCCACAAAGTTGAACATATTGTTTGATAGAGCAGT
TGTGAAACTCTCTTTTTGTAGAATCTGCAAGTGGGTATTTGGAGCCCTTTGTGGC
>Y26
CCATGGTAGAAAAGGAACTATCTTCACAGAAAAACTACCCAGAAGCATTTTGAGAAA
CTCCTTTGTGATTTGTGCACTCATCTCACGGTGTTGAAACTTTATTTTTATTGAGCAA
TTTTGAACATTCCTTTTTATAGAATCTACAAGTGGATATTTGGAGTGGTTTGAGAC
>Y27
CTATGGTAGAAAAAGAACTATCTTCACCGAAAAACCACACAGAAGCATTTTGAGAAG
CTTCTTTTTGATGTATGCATTCAACTCACAGAGACGAACTGATCTTTTGATAGAGCAG
TTTTGAAACTCACTTTTGTAGAATCTGCAGGTGGATATTTGGAGTACATTGCGGC
>Y28
CTATGGTGAAAAAGGAACTATCTTCGCATGAGAACCAGGCAGAAACATTCTGAGAAA
CTAGTTTGTGATGTGTGCATTCATCTCACAGAGTTGAAATCATTTTTTGATTTGAGTA
GTTTGGAAACACTCTTTTTGTGGAATCTCTAAGGGCATATTTGAAGCGTTTTGCACG
>Y29
CTGTTGTGGAAAAGGAAATATCTTCACATAAAAACTACACAGAAGCATTCTGAGAAA
CTACTTTGTGATGTGGGCATTCATGTCACGGTTTTGAACCTTCCATTTGATTGAGCA
GTTTTGAAATACTCGTTTGGTAGAATGTACAAGTGAATATTTGGAGCACTTTGAGGC
>Y30
CTATGATAGAAACGGAAATATGTTTACATAAAAACTACACAGAAGCATGCTGAGAAAC
CTCTTTGTGATGTGTGTATTCACCTCCGGGAGTTCAACCTATCATTTGACAGAGCGG
TTTTGAAACTCTTTTTGTAGAATCTCCAAGTGGATATTTGGAGCCCTTTGCATT
>Y31
CTACTGTGAAAAGGAAATATCTTCACATCAAAACTACACAGACGCATTCTGAGAAAC
TTCTTTGTGATGTTTGCTTTCAACTCACAGAATTGAACCTTTTGTTTGAGTAGTTTTG
AAACTCTCTTTTTGTAGAATCTAGAAGTGGATATTTAGAACGCTTGGAGGC
>Y32
CTATGGTGCAAAAACGAATAACTTCACACAAAAAATACACAGAAGCATTCTGAGAAA
CTTCTTTACGATGTCTGCATTCACCTCACAGATTTGAATGTCTCTTTTGATTGAGCAG
TTTGGAAGCACTCTTTCGGTAGAATCTGCAAGTGGATATGGAGAGAGCTTTGAGGC
>Y33
CTGTTGTGGAAAACTAAATGTCTTCATATAAAAGCTACACAGAAGCATTCTGAGAAAC
TCCTTTGTTATGTGTGCATTCATCTCACAGAGTTGAACCTTTCTTTTGATTCGGCAGT
TTTGAAACACGGTTTCTGTAGAATCTTCAAGTGGATATTTGGAGCACTTTTCTGC
>Y34
CTATTGTGTAAAAGGAAATATCTTTACGTAAGAACTACACAGAAGCATTCTGAGAAAC
TTCTTTGTGATGTTCTTAACTCACAGCGTTAAACTTACCTTTGGTAGAGCAGTTTTGA
AACTCTCTTTTTGTGGAAAATGTAAGTGGGTATTTAGAGCCATTTGTGGC
______________________________________________________________________

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 10, 2019. ; https://doi.org/10.1101/731430doi: bioRxiv preprint 

https://doi.org/10.1101/731430
http://creativecommons.org/licenses/by-nd/4.0/

