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SUMMARY

Female meiosis provides an opportunity for selfish
genetic elements to violate Mendel’s law of segrega-
tion by increasing the chance of segregating to the
egg [1]. Centromeres and other repetitive sequences
can drive in meiosis by cheating the segregation
process [2], but the underlying mechanisms are un-
known. Here, we show that centromeres with more
satellite repeats house more nucleosomes that
confer centromere identity, containing the histone
H3 variant CENP-A, and bias their segregation to
the egg relative to centromeres with fewer repeats.
CENP-A nucleosomes predominantly occupy a sin-
gle site within the repeating unit that becomes
limiting for centromere assembly on smaller centro-
meres. We propose that amplified repetitive se-
quences act as selfish elements by promoting
expansion of CENP-A chromatin and increased
transmission through the female germline.

RESULTS AND DISCUSSION

Mendelian inheritance assumes that alleles are transmitted
through the germline with equal probability to gametes. Selfish
elements on chromosomes can violate Mendel’s law of segrega-
tion, however, to increase their transmission. The asymmetry of
female meiosis, which produces a single egg from two rounds of
cell division, provides an opportunity to cheat by increasing the
chance of segregating to the egg. Such female meiotic drive de-
pends on three components [1]. The first is asymmetry in meiotic
cell division and cell fate, which is explained by having half of the
genome eliminated in polar bodies. The second is asymmetry in
the meiotic spindle (T.A. and M.A.L., unpublished data) that can
be exploited by selfish elements if they preferentially attach to
the side that will keep them in the egg. The third component is
a difference between the homologous chromosomes that influ-
ences their segregation, such as the presence of a selfish

element. Putative selfish elements in various plants and animals
include those that implicate centromeres [3-5], the chromo-
somal locus that typically directs chromosome inheritance by
nucleating the kinetochore at cell division [6, 7], and those that
involve non-centromeric loci [8, 9]. In all cases, the underlying
mechanisms by which any of these selfish elements violate Men-
delian segregation are unknown. For centromeres, because
there is a strong epigenetic component to specifying their loca-
tion at a single location on the chromosome, both epigenetic
and genetic features must be considered. In principle, a selfish
element could consist of an alteration in local epigenetic informa-
tion, a special DNA sequence, and/or copy-number variation of a
functional repetitive centromere element. Here, using a mouse
model system to study differences between centromeres, we
test these models for meiotic drive in the mammalian female
germline.

We first focused our attention on the specialized nucleosomes
containing the histone variant, CENP-A, which defines the loca-
tion of kinetochore formation [10-13]. Because these nucleo-
somes contain both the epigenetic mark and the functional
centromeric DNA, they represent the primary candidate to be
altered between centromeres that are unequally segregated in
female meiosis. In our model system to examine differences be-
tween centromeres, we previously measured abundance of a
microtubule-binding kinetochore protein (HEC1) at centromeres
from three mouse strains: CF-1, C57BL/6J, and CHPO [5]. We
refer to CF-1 and C57BL/6J centromeres as “stronger” because
they have increased HEC1 levels relative to “weaker” CHPO
centromeres. CF-1 and C57BL/6J have complementary advan-
tages as stronger centromere strains: C57BL/6J is an inbred
strain with its reference genome available, and CF-1 is an
outbred strain that efficiently produces hybrid offspring with
CHPO. We first considered the possibility that centromere
strength relates to sequence changes in the CENP-A protein, it-
self, which is rapidly evolving relative to core histones [14].
CENP-A is extremely long-lived at centromeres [13, 15, 16],
and changes in CENP-A levels are heritable on some Drosophila
centromeres from one generation to the next [17]. The CENP-A
polypeptide is 100% identical in all three strains (as we found
by sequencing the open reading frame [ORF] from each strain;
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Figure 1. CENP-A Nucleosomes Occupy a Larger Proportion of Minor Satellite DNA in Weaker Centromeres and Are Highly Phased

(A) Schematic for CENP-A ChIP analysis of nuclease-protected DNA fragments from stronger (C57BL/6J) or weaker (CHPO) centromere strains. See also
Table S1.

(B) CENP-A ChlIP sequencing results. Fold enrichment was calculated as the fraction of reads that are minor or major satellite in the ChIP sample divided by the
fraction in the input sample (mean + SEM; n = 3 independent experiments). See Figure S1E.

(C—F) Midpoint position of CENP-A ChIP (C and E) or input (D and F) reads (size 100-160 bp) along the trimer minor satellite consensus sequence. Vertical lines
indicate the 17-bp CENP-B box. The major CENP-A nucleosome position (identified in the CENP-A ChIP samples) is indicated by a horizontal black line above the
respective midpoint values and schematized (inset) for CENP-A ChlIP with a triangle representing the dyad position. The same nucleosome position is indicated in
the input samples. Numbers to the left of the positions indicate the percentage of reads (mean + SEM; n = 3 independent experiments) where the midpoint spans
the 10 bp at the 3’ end of the CENP-B box (yellow, labeled B). Horizontal gray lines indicate other major nucleosome positions in the input samples. See Fig-
ure STH for multiple sequence alignment. Similar results were obtained from a CENP-A ChIP-seq analysis in another stronger centromere strain (CF-1; Figures
S1B-S1D).

corresponding to GenBank: NP_031707), however, indicating input nucleosomes are present at multiple highly populated po-
that the molecular determinants of centromere strength are sitions throughout the monomer repeat sequence (Figures 1D
most likely in the DNA. and 1F). This strong and specific phasing of CENP-A nucleo-
To isolate centromeric DNA from stronger and weaker centro- somes on both CHPO and C57BL/6J centromeres highlights
mere strains, we enriched CENP-A nucleosomes from C57BL/6J  the extraordinarily close relationship between the typical centro-
and CHPO, respectively, by native chromatin immunoprecipita- meric DNA sequence and the centromere-specifying CENP-A
tion (ChIP). High-throughput sequencing and qPCR showed nucleosomesin mouse. The major site occupied by CENP-A nu-
enrichment of repetitive minor satellite DNA (hereafter referred  cleosomes is centered—the location of its presumed dyad axis
to as minor satellite) in isolations from each strain (Figures 1A,  of symmetry—within 10 bp of the 3’ end of the CENP-B box,
1B, S1A, and S1E), as expected because minor satellite is the the 17 bp recognition motif for CENP-B [24] (Figures 1C and
major site of CENP-A nucleosome assembly in mouse strains  1E). Thus, the relationship between CENP-A nucleosomes and
studied to date [18]. Other than canonical centromere satellites, minor satellite could be intrinsic to the local DNA sequence or
we find no enrichment in CENP-A nucleosome ChIP of repetitive = mediated via CENP-B.
elements in either CHPO or C57BL/6J that could have formed an Given the close association of CENP-A nucleosomes with
alternative centromere assembly site, as proposed in M. Caroli minor satellite sequences, two other results from our ChIP
[19] (Table S1). Mouse CENP-A nucleosomes protect a shorter  sequencing (ChIP-seq) experiments suggest how stronger and
length of DNA from micrococcal nuclease (MNase) digestion weaker centromeres might differ from each other. First, the
relative to the total (input) nucleosome population (Figures S1F  enrichment of minor satellite in CENP-A ChIP from CHPO
and S1G), similar to humans and rice [20-23]. Furthermore, (weaker) centromeres, relative to input, was much greater
high-throughput sequencing of the isolated DNA revealed a (300- to 400-fold) than the enrichment from C57BL/6J (75- to
striking specificity of CENP-A nucleosomes for a single major  100-fold) (Figures 1B and S1A; Table S1). This difference raises
position within minor satellite (Figures 1C and 1E), whereas the the possibility that there is less minor satellite overall in CHPO
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and therefore fewer of these sequences in the input. Second, mi-
nor satellite sequences associated with the input nucleosomes
reveal the signature CENP-A phasing as the dominant minor sat-
ellite nucleosome site in CHPO, whereas it is only one of several
similarly populated sites in C57BL/6J (Figures 1F and 1D,
respectively). The analysis of minor satellite from C57BL/6J is
consistent with centromeres from human cells, where CENP-A
nucleosomes are a minor component of centromeric chromatin
(<10% of total nucleosomes) [25]. Minor satellite from CHPO,
however, exhibits more of the preferred nucleosome positions
characteristic of those containing CENP-A, which indicates
less minor satellite occupied by other nucleosomes. Together,
these two results suggest the hypothesis that weaker (CHPO)
centromeres have a restricted number of minor satellite repeats
that can act as functional assembly sites for CENP-A nucleo-
somes, which would restrict the amount of centromeric chro-
matin. Additionally, major satellite DNA, which typically forms
constitutive heterochromatin and not CENP-A nucleosomes
[18, 26], is slightly enriched in CHPO isolations, but not in
C57BL/6J (Figures 1B and S1A; Table S1). This finding suggests
that, although CENP-A nucleosomes are predominantly found
on minor satellite, they extend partially into major satellite
because of the limited availability of minor satellite in CHPO.
To test our hypothesis that weaker centromeres are limited for
CENP-A assembly sites, we determined the abundance, nucleo-
somal DNA length distributions, and sequence composition of
minor satellite in weaker and stronger centromere strains.
We performed MNase digestion coupled to high-throughput
sequencing (MNase-seq) to analyze total mononucleosome
populations from primary cell cultures from each strain (Fig-
ure 2A). We first confirmed that the MNase-digested material
that we sequenced included most detectable minor and major
satellite DNA from both species (Figures S2A and S2B). Our
sequencing revealed that the fraction of the genome aligning to
major satellite was similar for the two strains (7% to 8%) and
consistent with a previous report [27]. In contrast, only 0.05%
of the CHPO genome aligned to minor satellite, compared to
0.5% for C57BL/6J (Figures 2B-2D). Notably, there was a
2.4- = 0.4-fold higher proportion of short nucleosomal DNA
lengths (100-119 bp) for minor satellite in CHPO relative to
C57BL/6J, whereas major satellite nucleosome lengths were
similar between the strains (Figures S2D-S2F). This finding is
consistent with the notion that CENP-A nucleosomes occupy a
very high proportion of minor satellite DNA at weaker (CHPO)
centromeres. Importantly, the sequences of the minor satellite
monomers were similar between the two strains (Figure S2G),
which allowed us to use fluorescence in situ hybridization
(FISH) as a second approach to probe the amount of minor sat-
ellite at each centromere. FISH analysis of metaphase chromo-
some spreads from CF-1, C57BL/6J, and CHPO primary embry-
onic fibroblasts shows a 6-fold increase in minor satellite at CF-1
and C57BL/6J centromeres compared to CHPO centromeres,
whereas the amount of major satellite DNA is similar among
these strains (Figures 2E-2G and S3). Together, these results
show, based on two complementary approaches, that stronger
centromeres from CF-1 or C57BL/6J contain 6- to 10-fold
more minor satellite at centromeres than weaker centromeres
from CHPO. Indeed, accounting for the size of the genome
and the percentage that is minor satellite repeats and assuming

a similar number of CENP-A nucleosomes as measured for hu-
man centromeres [25], CENP-A nucleosomes would account
for 2%-8% in C57BL/6J versus 13%-52% in CHPO of the total
number of nucleosomes assembled on minor satellite DNA (see
Table S2).

To determine how centromere chromatin is organized at stron-
ger and weaker centromeres, we simultaneously visualized
CENP-A by immunofluorescence and minor satellite by FISH
on stretched chromatin fibers. The length of minor satellite is
~6-fold greater at stronger (CF-1) centromeres compared to
weaker (CHPO) (30 + 13 versus 4.7 + 1.6 um), as expected
from our sequencing and metaphase chromosome FISH ana-
lyses. We detect CENP-A only on minor satellite in both cases,
but it occupies only 20% of the total minor satellite region, on
average, at stronger centromeres compared to 70% at weaker
centromeres (Figure 3). These results suggest a model in which
CENP-A nucleosomes are restricted to minor satellite, filling
the length of available minor satellite at weaker centromeres
but only a small fraction of the minor satellite at stronger centro-
meres. Current models of centromeric chromatin include an
important role for interspersed nucleosomes containing histone
H3 [28-30], to spatially separate kinetochore and inner centro-
mere functions and/or provide sites for nascent CENP-A nucle-
osome assembly that doubles the total number of CENP-A
nucleosomes at centromeres upon exit from cell division [6, 7].
Taking these H3 nucleosomes into account, our centromere
stretching (Figure 3) and sequencing (Figure 2) experiments sup-
port the notion that weak centromeres are at or near the lower
limit for the remaining nucleosome assembly sites available for
CENP-A.

To test the functional significance of observed differences in
centromere DNA sequence and chromatin organization, we
crossed CF-1 and C57BL/6J to CHPO to examine bivalents
with the homologous chromosomes paired in meiosis | (Fig-
ure 4A). Both stronger and weaker centromeres are present
on the same bivalent, so any differences must be intrinsic to
the centromeres. We examined the centromere proteins
CENP-A, which specifies the sites of kinetochore assembly,
and CENP-C, which directly interacts with CENP-A nucleo-
somes and recruits other kinetochore proteins [6, 13]. We find
differences in both CENP-A and CENP-C levels across the biva-
lents in CF-1 x CHPO and C57BL/6J x CHPO hybrid oocytes,
with a median ratio of 1.3 in each case (Figures 4B and S4A-
S4C). We did not see such differences across bivalents from
the parental CF-1 strain, in which centromeres of homologous
chromosomes should be the same. In contrast, an epigenetic
mark at pericentric heterochromatin (H3K9me3) is similar
across bivalents in CF-1 x CHPO hybrid oocytes and CF-1 oo-
cytes (Figure S4D). Consistent with our results in oocytes, we
find more CENP-A at CF-1 centromeres compared to CHPO
centromeres in CF-1 x CHPO hybrid embryonic fibroblast cells,
using minor satellite FISH to distinguish the two (Figures S4E-
S4G). These results indicate that greater abundance of minor
satellites is associated with increased levels of proteins that
bind the centromere DNA in both oocytes and somatic cells.
Centromeric chromatin is most likely similar, therefore, in these
cell types, although we cannot exclude the possibility that the
organization in oocytes might be different from what we observe
in somatic cells (Figure 3).
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Figure 2. Stronger Centromeres Contain More Minor Satellite Than Weaker Centromeres

(A-D) MNase-seq of C57BL/6J (stronger) and CHPO (weaker), as shown in the schematic (A). Reads were aligned to a trimer of minor satellite or a dimer of major
satellite consensus sequences (see Figure S1E). Histograms show distribution of reads aligning to minor (B) or major (C) satellite, with 80%-100% range

(legend continued on next page)
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We previously found that bivalents in CF-1 x CHPO hybrid oo-
cytes are positioned off center on the spindle at metaphase
1, with differences in HEC1 levels consistent with what we show
here for CENP-A and CENP-C [5]. Taken together, these findings
lead to a prediction of functional differences in microtubule inter-
actions between weaker and stronger centromeres, which could
bias meiotic segregation. To test this prediction, we examined
the orientation of bivalents labeled with fluorescently tagged
CENP-B in CF-1 x CHPO hybrid oocytes. Because minor satel-
lite contains CENP-B boxes, intensity of the CENP-B signal
should allow us to distinguish between CF-1 and CHPO centro-
meres due to the massive difference in minor satellite abun-
dance. Indeed, we find a 5-fold difference in CENP-B intensity
at centromeres in CF-1 oocytes versus CHPO oocytes (Fig-
ure 4C). In CF-1 x CHPO hybrid oocytes, each bivalent con-
tained one bright and one dim CENP-B signal, corresponding

constrains the spreading of CENP-A nu-
cleosomes. Even when minor satellite is
severely limited, as at weaker centro-
meres, we find only slight enrichment of
major satellite associated with CENP-A.
At stronger centromeres, in contrast, CENP-A chromatin
can expand because it occupies only a fraction of the
available minor satellite. CENP-A expansion would lead to for-
mation of a larger kinetochore, preferential orientation on an
asymmetric spindle, and retention in the egg in female
meiosis. Our findings indicate that the number of CENP-A
nucleosomes is not simply determined by the amount of
minor satellite, as the differences in CENP-A levels between
weaker and stronger centromeres are not as large as the differ-
ences in minor satellite abundance. Indeed, there is a well-
established epigenetic pathway for assembly of new CENP-A
chromatin in each cell cycle [6, 7] that may limit its expansion.
The relationship between satellite DNA abundance and CENP-A
chromatin most likely has important consequences in many con-
texts in biology. For example, competition between neighboring
repetitive a-satellite DNA arrays has been proposed to underlie

L]
CHPO
n=45

expanded in insets. The percent of reads that aligned with >80% identity was calculated (D; mean + SEM; n = 3 independent experiments). See Figure S2 for

additional sequence analysis and Table S2 for calculations of centromere size.

(E-G) FISH analysis of minor (red) and major (green) satellite on metaphase chromosomes of C57BL/6J and CHPO (see also Figure S3). Representative images
are shown (E), with single chromosomes magnified in insets. Minor (F) and major (G) satellite signals were quantified for CF-1, C57BL/6J, and CHPO. Each dot
represents one centromere; red bar, mean; n > 260 in each case; *p < 0.0001; scale bars, 5 um.
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Figure 4. Stronger Centromeres Bind More CENP-A and CENP-C and Orient Preferentially to the Egg in Meiosis |

(A) Progeny of a CF-1 x CHPO cross have meiotic bivalents with both weaker (CHPO) and stronger (CF-1) centromeres.

(B) CF-1 x CHPO oocytes were stained for CENP-A and CENP-C at metaphase | (see also Figures S4A-S4C). Image shows CENP-A staining, with a single
bivalent magnified in the inset (arrows indicate paired centromeres). Graph is a histogram of CENP-A (red) and CENP-C (blue) intensity ratios, calculated as the
brighter divided by the dimmer signal for each bivalent. CF-1 oocytes (dashed lines) are shown as controls.

(C) CF-1 or CHPO oocytes expressing CENP-B-mCherry and H2B-EGFP were imaged live at metaphase |. Graph shows quantification of CENP-B signals
(mean + SEM; n > 340 centromeres from >27 oocytes in each case, pooled from three independent experiments). *p < 0.001; A.U., arbitrary units.

(D) Schematic shows bivalents in CF-1 x CHPO oocytes, with CF-1 centromeres facing the egg. Image shows a CF-1 x CHPO oocyte expressing CENP-B-EGFP
and H2B-mCherry, shortly before anaphase onset; dashed white lines show cortex and spindle outline. The orientation of each bivalent was determined using
CENP-B-EGFP intensity to distinguish CF-1 (brighter) and CHPO (dimmer) centromeres. *Significantly different from 50% (n = 133; p < 0.005). Images (B-D) are
maximal intensity z projections; insets are optical slices showing single bivalents. Scale bars, 10 um.

(legend continued on next page)
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the preferential epigenetic silencing of the smaller array in
humans [31].

An alternative to our model is that differences in CENP-A levels
between weaker and stronger centromeres are maintained
solely by an epigenetic pathway, independent of DNA sequence.
In the Drosophila male germline, for example, pre-existing
CENP-A in spermatocytes influences the amount of CENP-A in
the offspring [17]. In support of our model, as opposed to a
purely epigenetic model, the phasing of CENP-A nucleosomes
and the restriction of CENP-A nucleosomes to minor satellite ar-
gues that these sequences are significant. A dependence on
DNA sequence is also the most straightforward explanation for
how differences between weaker and stronger centromeres
are maintained over many mitotic cell cycles and through the
germline in our experimental system. Overall, our findings
explain how amplified repetitive sequences can act as selfish el-
ements and provide a molecular basis for centromere drive.
Furthermore, they reconcile the epigenetic pathway for centro-
mere specification with the typical accumulation of repetitive se-
quences in centromere evolution.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Alexa Fluor 488 Goat Anti-Human IgG (H+L) Life technologies A11013

Alexa Fluor 594 donkey anti-rabbit IgG Life technologies A11008

Alexa Fluor 594 donkey anti-rabbit IgG Life technologies A21207

Fluorescein antidigoxigenin Roche 11207741910; RRID: AB_514498
CREST Human Autoantibody Against Centromere Immunovision HCT-0100

Anti-histone H3K9me3 antibody

CENP-A (C51A7) Rabbit antibody for
immunostaining

Abcam
Cell signaling

ab8898; RRID: AB_306848
2048; RRID: AB_1147629

Rabbit a-mouse-specific CENP-A antibody for ChIP Beth Sullivan, Duke University [32] N/A
Rabbit a-mouse-specific CENP-C antibody Yoshinori Watanabe, N/A
University of Tokyo [33]
Chemicals, Peptides, and Recombinant Proteins
SuperScript Il Reverse Transcriptase Invitrogen 18064014
Rediprime Il DNA labeling kit GE RPN1633
MicroSpin G-25 columns GE 27-5325-01
Nocodazole Sigma M1404
Dextran sulfate Amresco E516
Sheared single-stranded salmon DNA Sigma D7656
TransIT-X2 Dynamic Delivery System Mirus MIR 6004
A-phosphatase New England Biolabs P0753S
STLC Sigma 164739
Pregnant Mare Serum Gonadotropin (PMSG) Calbiochem 367222
mineral oil Sigma M5310
milrinone Sigma M4659
Transcript Aid T7 High Yield Transcription kit ThermoFisher K0441
Digoxigenin-11-dUTP, alkali-stable Roche 11093088910
Anti-Digoxigenin-Fluorescein, Fab fragments Roche 11207741910
Nick Translation Kit Roche 10976776001
Biotin-16-dUTP Roche 11093070910
Streptavidin AF 594 Life technologies S11227
Alexa Fluor 647 streptavidin ThermoFisher S21374
Micrococcal Nuclease Affymetrix 70196Y; CAS: 9013-53-0
Protein G Sepharose 4 Fast Flow GE 17061801
KAPA HiFi DNA Polymerase with dNTPs Kapa Biosystems KK2102
10X T4 DNA Ligase Buffer with 10 mM ATP New England Biolabs B0202S
T4 DNA Polymerase New England Biolabs M0203S
Klenow DNA Polymerase New England Biolabs M0210S
T4 Polynucleotide Kinase (PNK) New England Biolabs M0201S
Klenow Fragment (3’ to 5’ exo minus) New England Biolabs M0212S
Quick DNA Ligation Kit New England Biolabs M2200S
QIAquick PCR Purification Kit QIAGEN 28104
MinElute PCR Purification Kit QIAGEN 28004
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical Commercial Assays

SYBR Green JumpStart Tag ReadyMix Sigma S4438

Agilent High Sensitivity DNA Kit Agilent 5067-4626

NextSeq 500/550 Mid Output Kit v2 (300 cycles) lllumina FC-404-2003

Deposited Data

Raw high-throughput sequencing data This paper SRA: SRP109959

Experimental Models: Cell Lines

Primary mouse embryonic fibroblasts of C57BL/6J This paper N/A

Primary mouse embryonic fibroblasts of CF-1 This paper N/A

Primary mouse embryonic fibroblasts of CHPO This paper N/A

Immortalized mouse embryonic fibroblasts of CF-1 x This paper N/A

CHPO hybrid mice

Primary lung fibroblasts of C57BL/6J This paper N/A

Primary lung fibroblasts of CHPO This paper N/A

Experimental Models: Organisms/Strains

Mouse: C57BL/6J The Jackson Laboratory 000664

Mouse: ZALENDE/EiJ (CHPO) The Jackson Laboratory 001392

Mouse: NSA (CF-1) Envigo 033

Oligonucleotides

CENP-A cDNA sequencing primer1: (FW 5’-CTC This paper N/A

GCGTTCGGTTTCGGCAGCAGGACC-3/, RV:

5'-CTCCTCCGACACCACTGTCAAGC-3')

CENP-A cDNA sequencing primer2: (FW 5'-ACT This paper N/A

GCTGGCGACCGAGTTCTGG-3', RV: 5'-ACA

GTTTTAAGGGCACCGTGTAGCC-3')

Primers for cloning of minor satellite repeats: FW: This paper N/A

5'-GGAAAATGATAAAAACCACACTG-3', RV:

5-TCATTGATATACACTGTTCTACA-3'

Major satellite primers for gqPCR: (FW: 5'-GACG [34] N/A

ACTTGAAAAATGACGAAATC-3', RV: 5'-CATA

TTCCAGGTCCTTCAGTGTGC-3')

Minor satellite primers for gqPCR: (FW: 5'-CAT [34] N/A

GGAAAATGATAAAAACC-3', RV: 5'-CATCT

AATATGTTCTACAGTGTGG-3')

Recombinant DNA

Plasmid containing minor satellite repeats Rachel O’Neill, University of N/A
Connecticut

Plasmid containing major satellite repeats Rachel O’Neill N/A

Plasmid containing SV40 large T antigen Brad Johnson, University of N/A

Pennsylvania [35]

Software a