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SUMMARY
Germline and somatic genomes are in general the same in a multicellular organism. However, programmed
DNA elimination leads to a reduced somatic genome compared to germline cells. Previous work on the para-
sitic nematode Ascaris demonstrated that programmed DNA elimination encompasses high-fidelity chromo-
somal breaks and loss of specific genome sequences including a major tandem repeat of 120 bp and ~1,000
germline-expressed genes. However, the precise chromosomal locations of these repeats, breaks regions,
and eliminated genes remained unknown. We used PacBio long-read sequencing and chromosome confor-
mation capture (Hi-C) to obtain fully assembled chromosomes of Ascaris germline and somatic genomes,
enabling a complete chromosomal view of DNA elimination. We found that all 24 germline chromosomes un-
dergo comprehensive chromosome end remodeling with DNA breaks in their subtelomeric regions and loss
of distal sequences including the telomeres at both chromosome ends. All newAscaris somatic chromosome
ends are recapped by de novo telomere healing. We provide an ultrastructural analysis of Ascaris DNA elim-
ination and show that eliminated DNA is incorporated into double membrane-bound structures, similar tomi-
cronuclei, during telophase of a DNA elimination mitosis. These micronuclei undergo dynamic changes
including loss of active histone marks and localize to the cytoplasm following daughter nuclei formation
and cytokinesis where they form autophagosomes. Comparative analysis of nematode chromosomes sug-
gests that chromosome fusions occurred, forming Ascaris sex chromosomes that become independent
chromosomes following DNA elimination breaks in somatic cells. These studies provide the first chromo-
somal view and define novel features and functions of metazoan programmed DNA elimination.
INTRODUCTION

Genomes in the diverse cells of a metazoan are typically the

same. A variety of mechanisms have evolved to maintain and

ensure this genome constancy. Changes in the genome, partic-

ularly rearrangements or significant sequence loss, can be dele-

terious, leading to disease or inviability. However, programmed

DNA elimination is a major exception. It occurs in a breadth of

evolutionarily diverse organisms ranging from ciliates to mam-

mals [1]. MetazoanDNA elimination occurs primarily in twomajor

forms. In the first form, chromosome loss, one or many chromo-

somes are eliminated. This form occurs in a few insects, mites,

nematodes (Strongyloides ratti), hagfish, frogs, songbirds, and

marsupials [1–4], and it is typically associated with sex determi-

nation or species that reproduce by hybridogenesis [1, 5, 6]. In

the second form, chromosomes break with retention of some

chromosome fragments and the elimination of others. The elim-

ination only occurs in somatic cells and leads to a distinct and

reduced somatic cell genome compared to the germline cell
Current Bio
genome. This form of DNA elimination occurs in some parasitic

nematodes (ascarids), copepods, ratfish, hagfish, and lampreys

[2, 3, 7–14]. Programmed DNA rearrangements also occur in cil-

iates distinguishing the germline from somatic nuclei [15–19].

However, aspects of DNA elimination in metazoa appear mech-

anistically distinct from that described in ciliates.

Programmed DNA elimination in ascarid parasitic nematodes

results in the loss of 13%–90% of the germline DNA in forming

the somatic genome [14, 20]. The majority of eliminated DNA

are repetitive sequences organized in tandem repeats that differ

in the three genera examined [14]. One to two thousand genes

are also eliminated, representing 5%–10% of all genes. We

have proposed that DNA elimination in nematodes is a mecha-

nism for silencing germline expressed genes [14, 20]. Instead

of using epigenetic mechanisms to silence germline genes in

somatic cells, these genes are silenced by their elimination

from the genome.

Ascarid programmed DNA elimination involves chromosome

breaks, de novo telomere healing of the breaks, and the selective
logy 30, 3397–3413, September 7, 2020 ª 2020 Elsevier Inc. 3397
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retention and loss of chromosome fragments. Previous analysis

of the DNA breaks, called chromosomal break regions (CBRs)

[21–23], demonstrated they occur with high fidelity within 3–6

kb regions in the chromosomes of 5 independent pre-somatic

cells forming different cell lineages [14, 20]. While the CBRs

are high fidelity at the chromosome level, the telomere healing

occurs randomly within the CBRs. It is currently not known

whether this heterogeneity is due to heterogeneity in DNA breaks

or telomere healing. Extensive analyses of CBRs did not identify

any sequence, structural motifs, histone marks, small RNAs, or

other features that define or target these regions as sites for

the chromosome DNA breaks [14]. CBRs, however, become

more open or chromatin accessible just prior to and during

DNA elimination [14]. Ascaris has holocentric chromosomes

with centromeres/kinetochores extending along the length of

the chromosomes in gametogenic germline cells [24–26]. Prior

to DNA elimination, regions of chromosomes that will be lost

exhibit reduced CENP-A and kinetochores [26]. During a DNA

elimination mitosis, chromosome fragments with reduced

CENP-A and kinetochores remain at or near themetaphase plate

during anaphase, are not segregated into the newly formed

daughter nuclei, and then become localized to the cytoplasm

following telophase and cytokinesis where the DNA is eventually

degraded. Thus, both discrete sites for DNA breaks and

chromosomal changes in centromere/kinetochore localization

contribute to DNA elimination and define which chromosome

fragments will be retained or eliminated.

Our previous work on Ascaris DNA elimination identified

many CBRs and the eliminated DNA [14]. However, the previ-

ous chromosome assemblies were not sufficient to define the

ends of the chromosomes or a comprehensive view of the chro-

mosomal location of the DNA breaks (CBRs) and eliminated

DNA. Here, we used in-depth PacBio Sequel II long read

sequencing and chromosome conformation capture (Hi-C) to

generate comprehensive chromosomal assemblies of Ascaris

germline and somatic chromosomes. The new genome assem-

blies enabled us to define the subtelomeric/telomeric regions of

all the 24 germline chromosomes and identify the chromosomal

location of all CBRs (72 total with 32 new CBRs identified) in the

24 chromosomes, the retained and eliminated DNA regions,

and the location and organization of repetitive elements and

eliminated genes. DNA fluorescence in situ hybridization

(FISH) and comparative genome analysis of the ends of germ-

line and somatic chromosome assemblies demonstrated that

during DNA elimination both ends of all 24 germline chromo-

somes undergo subtelomeric DNA breaks (48 total DNA

breaks), de novo telomere healing of the chromosome ends,

and the loss of distal chromosome sequences. These data indi-

cate that all Ascaris chromosome ends undergo significant re-

modeling during DNA elimination. Electron microscopy (EM)

studies reveal an ultrastructural timeline of DNA elimination

where DNA that will be eliminated does not assemble kineto-

chores or kinetochore microtubules and is incorporated at

telophase into double membrane-bound structures that are

reminiscent of micronuclei. Once incorporated into micronu-

clei, eliminated DNA undergoes chromatin changes and forms

autophagosomes in the cytoplasm. Our studies provide the

most comprehensive genome analysis of DNA elimination in a

metazoan, an ultrastructural timeline of DNA elimination, and
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identify additional novel and key aspects of metazoan DNA

elimination.

RESULTS

PacBio and Hi-C Enable Complete Genome Assembly
Our previous studies established a reference genome for the

Ascaris germline [14]. However, due to the large 120 bp tandem

repeat clusters and other complex repeats including the subte-

lomeric regions, the technologies used (Illumina, PacBio

[average 10 kb reads], and optical mapping) were not sufficient

to assemble a comprehensive full-chromosome genome. To

overcome this, we generated ~3603 raw PacBio Sequel II

long reads including ~1003 coverage for reads with over 40

kb in length (average 52 kb). The over 40 kb PacBio reads

were assembled into 763 contigs (N50 = 4.83 Mb) using Canu

[27]. We obtained and used Hi-C data to further scaffold

and assemble the germline genome into 24 germline chromo-

somes (N50 = 12.43 Mb) with only 2.3% of the genome in 84

unplaced contigs (STAR Methods). Our somatic Hi-C data

and genome assembly indicate that the germline genome

is reduced and split by DNA elimination into 36 somatic chro-

mosomes with no apparent genome recombination or rear-

rangement (Figure 1).

We identified 19 autosomes and 5 sex chromosomes based

on the read coverage for the 24 germline chromosomes (Fig-

ure 1; Table 1). The 5 sex chromosomes are consistent with

previous cytogenetic analyses [28]. We identified 34 genomic

loci in 22 chromosomes for the major 120 bp repeat clusters

lost during DNA elimination (hereafter called 120 bp clusters)

(Table 1; Figure 2). Most of these clusters exceed the length

of the PacBio long reads (50–100 Kb). As the total amount of

the eliminated 120 bp DNA is around 30 Mb, we estimate that

on average each 120 bp cluster is ~900 Kb. PacBio reads of

these clusters consist primarily only of 120 bp repeats and its

variants. However, other repetitive sequences can be inter-

spersed and/or flank these 120 bp repeats. Most of the

120 bp clusters are in subtelomeric regions (25) of the chromo-

somes, while 9 are in internal regions of the chromosomes

(Table 1; Figure 2). All of the 120 bp repeat is eliminated from

somatic cells. We were able to fully assemble 6 (out of 48) sub-

telomeric-telomeric regions for Ascaris germline chromo-

somes. For the remaining subtelomeric-telomeric chromosome

ends, analysis of the PacBio reads suggests that at least

50–100 kb of subtelomeric repetitive sequence precedes the

telomeres (Figure 2) and precluded their complete assembly.

Germline telomere length is on average >15 kb, with many

PacBio reads for the telomeres exceeding 50 kb.

Overall, we have used long PacBio reads and Hi-C to

assemble 24 complete Ascaris germline chromosomes including

the 5 sex chromosomes. Although this genome assembly is

not gap free, we have essentially anchored all sequences into

the 24 chromosomes, identified the locations for the 34 large

120 bp repeat clusters, and characterized the organization of

the 120 bp repeats as well as the subtelomeric repeats. This

complete genome assembly provides a significant new resource

for an important parasite infecting upward of 800 million people

[29, 30] and enables a chromosomal view of programmed

DNA elimination.



Figure 1. Ascaris Chromosome Hi-C Interactions

(A and B) Hi-C interactions in germline and somatic cell genomes (A, overview of all chromosomes; B, selected examples), illustrating the chromosomal changes

before and after Ascaris DNA elimination.

(A) Hi-C data from germline (testis, bottom) and somatic cells (5-day or 32- to 64-cell embryos, top) were mapped to the 24 assembled Ascaris germline

chromosomes. The density of the heatmap (Juicebox v1.11.08) indicates the relative contact probability of two loci. The strongest interactions are within

chromosomes as illustrated in the 24 germline (bottom) or 36 somatic blocks that correspond to chromosomes (top). Eleven chromosomes (marked in black

rhombus boxes) undergo breaks duringDNA elimination, leading to an increase in chromosomes. No chromosomal rearrangementswere identified in the somatic

Hi-C data.

(B) Selected germline chromosomes with the Hi-C interactions are shown (bottom left, germline; top right, somatic). These examples are for germline chro-

mosomes with no internal chromosome changes (Chr4) or increased chromosomes following DNA elimination (Chr8 and ChrX1). Blue arrows point to the CBRs.

Note the loss of DNA in the somatic cells at the chromosome ends. See Figure S1 for details of the Hi-C comparisons in all 24 chromosomes.

(C) Hi-C data showing the interactions between Ascaris autosomes and sex chromosomes (X1–X5) in the testis. The dataset from (A) was used to illustrate the

interchromosomal interactions among Ascaris chromosomes.
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Gene, Repeat, and Centromere Distribution in Ascaris

Chromosomes
The general organization of a nematode autosome, primarily

from studies fromClade VC. elegans [31] and Pristionchus pacif-

icus [32, 33], suggests that the middle third of the chromosome

is enriched for conserved genes and contains fewer repetitive

sequences compared to the chromosome ‘‘arms,’’ which have

fewer numbers of genes and are repeat rich. The genes in chro-

mosome ‘‘arms’’ are in general not well-conserved or newer

genes. In contrast,Ascaris autosomes exhibit a relatively uniform

distribution of genes with a few gene-poor regions adjacent to

subtelomeric regions and the 120 bp repeat clusters, many of

which are in internal regions of chromosomes (Figure 2). Repet-

itive sequences, with the exception of the 120 bp repeat clusters,

are relatively uniformly distributed along the chromosomes

except for increased repeat levels in subtelomeric regions.

Heterochromatic regions (measured by H3K9me2/3 ChIP-seq;

data not shown) are in general associated with the repetitive

sequences in Ascaris chromosomes. Ascaris has holocentro-

meres and the new assembly indicates that the holocentro-

mere/CENP-A is in general distributed along the full length of

the chromosomes, consistent with our previous findings [26].

Chromosomal Break Regions for DNA Elimination
We compared germline and somatic genome coverage to

identify regions of the genome that were lost following DNA

elimination to form the somatic genome [14, 20]. A hallmark

of nematode DNA elimination is a chromosome break, the

loss of DNA sequences, and the formation of a new
chromosome end with a de novo telomere in the somatic

genome [14, 20–23]. We identified 72 DNA break sites (32

new sites), their chromosomal location, and the formation of

new telomeres at the ends of broken chromosomes. All sites

of new telomere addition occur heterogeneously within 3–6

kb regions, known as CBRs [14, 20–23]. The CBRs reproduc-

ibly occur with high fidelity at specific locations in the chromo-

somes in all five pre-somatic cells and individuals that un-

dergo DNA elimination [14, 20]. Our sequence analyses of

the new CBRs did not identify any specific sequence or struc-

tural features (including motifs, hairpins, palindromes, G-

quadruplexes, Z-DNA, or repetitive sequences) within or

near the CBRs or small RNAs targeting the regions that might

specify or recruit machinery to the CBRs as previously

described [14, 20–23]. However, as for the previously

described CBRs, the newly identified CBRs all become more

chromatin accessible (measured by ATAC-seq) just before

the DNA elimination mitosis [14] (Figure S2).

DNA Elimination Remodels the Ends of All Germline
Chromosomes
DNA FISH using a telomere probe indicated that telomeres on

all chromosomes are reduced below detection during a DNA

elimination mitosis (Figures 3A–3C). Telomere re-extension on

the chromosomes seems to be heterogeneous and take multiple

cell cycles to reach signal intensity similar to the germline cell

levels (Figures 3D and 3E). Similar observations were made pre-

viously by Niedermaier andMoritz [28]. The new genome assem-

bly provided information on the subtelomeric regions of the
Current Biology 30, 3397–3413, September 7, 2020 3399



Table 1. Ascaris Germline and Somatic Chromosomes

Germline

Chromosome

Name

Germline

Assembled

Length (Mb)

Terminal

CBRs

Internal

CBRs

Somatic

Chromosome

Number

Somatic

Chromosome

Length (Mb)

PacBio

Reads

(X)

120 bp

Positiona
120 bp

Sites

Eliminated

Left End

(Kb)

Eliminated

Internal

(Kb)

Eliminated

Right End

(Kb)

chr1 18.84 2 2 2 9.86; 7.18 206 MR 2 145 1,254 352

chr2 14.21 2 2 2 7.19; 6.22 219 R 1 218 132 404

chr3 14.13 2 0 1 13.32 215 LR 2 601 0 184

chr4 13.92 2 0 1 12.98 207 LR 2 90 0 829

chr5 13.43 2 2 2 5.25; 6.36 216 LM 2 138 1,248 402

chr6 13.25 2 2 2 4.75; 7.03 207 MR 2 209 872 347

chr7 13.14 2 2 2 7.12; 4.41 213 LMR 3 141 1,020 406

chr8 12.19 2 2 2 7.40; 3.54 209 M 1 392 444 371

chr9 11.53 2 0 1 11.33 200 – 0 104 0 79

chr10 11.05 2 0 1 10.40 211 L 1 298 0 328

chr11 10.27 2 2 2 2.87; 5.98 217 MR 2 287 882 204

chr12 9.83 2 2 2 4.08; 3.90 203 LM 2 198 1,611 3

chr13 8.68 2 0 1 8.23 209 L 1 253 0 178

chr14 8.49 2 0 1 8.31 221 L 1 98 0 60

chr15 8.25 2 0 1 7.62 215 LR 2 333 0 286

chr16 8.14 2 0 1 7.78 190 R 1 168 0 173

chr17 7.35 2 0 1 7.02 199 L 1 114 0 190

chr18 7.08 2 0 1 6.59 219 R 1 96 0 380

chr19 7.08 2 0 1 6.37 210 – 0 104 0 586

chrX1 23.12 2 4 3 6.06; 8.25;

8.05

166 LR 2 122 43 and 49 481

chrX2 12.43b 2 2 2 8.65; 3.13 171 M 1 95 478 43

chrX3 9.86 2 0 1 9.40 171 R 1 66 0 372

chrX4 8.97 2 2 2 3.69; 4.51 162 MR 2 24 290 409

chrX5 7.14 2 0 1 6.88 164 L 1 208 0 26

Total 272.37 Mb 48 24 36 251.74 Mb – – 34 4.50 Mb 8.32 Mb 7.09 Mb
aL, left; M, internal; R, right
bN50 = 12.43 Mb (the 9th largest chromosome)
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Figure 2. Ascaris Chromosomes and Programmed DNA Elimination

Chromosomes are illustrated with the length of the chromosome inMb on the right. Each dot beneath the chromosomes is a gene with the color and transparency

indicating the extent of tissue-specific expression (see the boxed enlarged region from chr12 for legend). Over 70% of all expressed were plotted. The repetitive

sequences in % for a 20-kb window size (with a 4-kb sliding window) in Ascaris chromosomes are illustrated vertically within the chromosome bars, with simple

satellite repeats in red and all other repeats in black across the chromosome. See also Figure S2.
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germline chromosomes that were previously not well assem-

bled. Comparison of the germline and somatic chromosome

termini strikingly demonstrated that CBRs occurred in all subte-

lomeric regions at both ends of each chromosome (2 3 24 = 48

terminal CBRs in Ascaris genome) (Figure 2; Table 1). Thus, the

data indicate that during DNA elimination all germline chromo-

some ends undergo subtelomeric breaks, with the loss of distal

regions including the telomeres. Our somatic sequencing sug-

gests that the new chromosome ends are healed by de novo

telomere addition.

To confirm that the ends of chromosomes were lost during

DNA elimination, we carried out DNA FISH using specific sub-

telomeric probes on each side of the subtelomeric chromo-

some breaks. As shown in Figures 3F and 3H, subtelomeric
probes corresponding to the eliminated side of a break remain

at the metaphase plate during a DNA elimination mitosis and

are not undergoing segregation. In contrast, subtelomeric

probes corresponding to the retained side of a break are

segregated to daughter nuclei. In addition, DNA FISH with

probes corresponding to retained and eliminated regions of

internal DNA breaks are also consistent with genome data

for DNA breaks and sequences lost or retained (Figures 3F

and 3G). Consistently, in later stage embryos (8–32+ cells),

DNA FISH shows that the eliminated DNA derived from the

ends or internal regions of chromosome is absent in somatic

nuclei (Figure S3). Overall, our DNA FISH and genome com-

parisons demonstrate that DNA breaks in subtelomeric re-

gions of chromosomes lead to the loss of all chromosomes
Current Biology 30, 3397–3413, September 7, 2020 3401



Figure 3. Subtelomeric and Telomeric Loss in DNA Elimination
(A) DNA FISH of a non-DNA elimination anaphase in a 3-cell embryo showing that the telomeric and 120 bp tandem repeat DNA are segregated.

(B) DNA FISH of a DNA elimination anaphase in a 4-cell embryo showing that the telomeric and 120 bp repeat DNA remain at themetaphase plate. DNA remaining

at the metaphase plate is eliminated.

(C) DNA FISH shows telomeric and 120 bp repeat DNA are not incorporated into daughter nuclei and become cytoplasmic (8-cell embryo). Note the absence of

telomeric signal (and 120 bp repeat) in somatic nuclei that have undergone DNA elimination compared to the two germ cells (dotted circle).

(D and E) DNA FISH shows the dynamics of telomere re-extension in somatic nuclei after DNA elimination.

(D) Post-elimination somatic nuclei in a 24-cell embryo show less telomeric DNA FISH signal with heterogeneous intensities compared to germ cells (dotted

circle).

(E) DNA FISH for telomeres in somatic nuclei of a 64+-cell embryo shows comparable signal intensities to the germ cells (dotted circle). Single channel images for

(C)–(E) are shown in Figure S3.

(F) DNA FISH on internal and terminal chromosome 7CBRs. <br>(G) DNA FISH on a terminal CBR from chromosome 6. <br>(H) DNA FISH on a terminal CBR from

chromosome 12.

Scale bars, 5 mm. See also Figure S7.
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ends during Ascaris DNA elimination. Thus, Ascaris chromo-

somes undergo comprehensive end remodeling during DNA

elimination.

Eliminated DNA
Previous work demonstrated that the eliminated DNA consisted

primarily of a tandem 120 bp repeat and unique sequences

including 1,000 genes [14, 20]. The new chromosome assem-

blies indicate that the eliminated 120 bp tandem repeat consti-

tutes ~30 Mb of DNA, 10% of the genome, and 54% of the elim-

inated DNA. This repetitive sequence is present in 25/48 of the

chromosome ends that are eliminated and 9/12 of the internally

eliminated regions of chromosome, but absent in all small inter-

nal eliminated regions. While the 120 bp tandem repeat is not

present in all eliminated regions, genes are present in all regions

of the genome eliminated. The size of the eliminated regions con-

taining the 120 bp tandem repeat is a minimum length. The

length of the tandem repeat was typically greater than the Pac-

Bio reads (on average 900 kb) and thus assembly across the

repeat was not possible.

All chromosomes undergo remodeling of the ends of their chro-

mosomes (Figure 2) with the loss of genes and repetitive se-

quences from these regions. The range of sequence lost from
3402 Current Biology 30, 3397–3413, September 7, 2020
the ends of chromosomes is from 24 to 829 kb with an average

length of 247 kb and a total of 11.5Mb eliminated. Twelve internal

regions of chromosomes are also eliminated (Figure 2), with a

range of sequence lost from 43 kb to 1.6 Mb with an average

length of 694 kb and a total of 8.3 Mb eliminated. Thus, while

the size of the DNA eliminated from internal regions of chromo-

somes is on average larger than from the ends of the chromo-

somes, the total amount of DNAeliminated from the chromosome

ends ismuch greaterwhen including the 120bp and subtelomeric

repeats lost. Furthermore,while all chromosomeends are remod-

eled, only 11/24 chromosomes (8/19 autosomes and 3/5 sex

chromosomes) undergo internal DNA elimination. We estimate

the average length of the subtelomeric repeats is ~100 kb and

the telomeres are ~15 kb. Overall, the eliminated DNA consists

of 30Mb120bp repeat, 11.5Mb terminal deletion, 8.3Mb internal

deletion, and 5.5Mb of subtelomeric and telomere repeats. Thus,

the total amount of eliminated sequence is 55.3 Mb or 18%of the

genome with a germline genome of ~308 Mb.

Internal CBRs Split 11 Germline Chromosomes into 23
Somatic Chromosomes
DNA breaks near the ends of all the chromosomes remove the

subtelomeric and telomeric sequences, but do not contribute



Figure 4. Eliminated DNA Is Marked with H3S10P, Localizes to the Cytoplasm, and Is Associated with Autophagosomes

(A) Anaphase of 4-cell DNA elimination mitosis. DAPI in blue and H3S10P IHC in green. The fourth cell nucleus is out of the image plane. Inset: merged DAPI and

H3S10P IHC.

(B) Eliminated DNA fragments in the cytoplasm retain H3S10P. Six-cell stage with DAPI DNA fragments in cytoplasm (left panel) and higher magnification of DNA

fragments with H3S10P IHC in right panel and in the merged inset. Note that not all DNA fragments in the cytoplasm show H3S10P staining. Chromosomes at

prophase prior to a DNA elimination do not exhibit uniform H3S10P staining of chromosomes (Figure S4A).

(C–E) Nuclear pore complex (NPC) IHC during a DNA elimination telophase. Note that the NPC, absent during anaphase (C), is present in daughter nuclei forming

in (D) and in the nuclei of the eight-cell stage in (E), but that eliminated DNA in micronuclei do not exhibit NPCs (see also EM text below).

(F and G) H3K4me3 IHC shows no differential staining between segregated and eliminated material in DNA elimination anaphase of 4-cell embryo (F) but is

depleted from eliminated DNA at telophase (G).

(H) LGG-1 IHC in an 8-cell embryo suggests DNA containing membrane-bound structures in the cytoplasm form autophagosomes (inset, arrowheads). DAPI

staining in left panel, LGG-1 IHC in right panel, and inset zoom of merged DAPI and LGG-1 IHC.

Scale bars, 5 mm. See also Figure S4.
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to changes in chromosome number. Twenty-four internal CBRs

in 11 chromosomes split the germline chromosomes into 23

smaller somatic chromosomes (Figure 2; Table 1), thus

increasing the number of autosomes from 19 in the germline to

27 in somatic cells and the number of sex chromosomes from

5 in the germline to 9 in somatic cells. The largest chromosome

(X1) is broken into three somatic chromosomes whereas the

other 10 germline chromosomes are split into 2 somatic chromo-

somes. To determine if there are any features that distinguish the

internal versus terminal CBRs, we carried out DNA motif, ATAC-

seq, and other analyses on these two types of CBRs. No distinc-

tive features were identified between these two types of CBRs

and both become similarly more chromatin accessible for DNA

elimination (Figure S2). Overall, while the internal chromosome

breaks contribute to the increased somatic chromosome num-

ber, there are no differences in characteristics between the inter-

nal and terminal CBRs.

Histone Changes during DNA Elimination
During a DNA elimination mitosis, DNA that will be eliminated

initially remains at the metaphase plate and is not segregated
during anaphase (Figure 4A). Following telophase and cytoki-

nesis, this DNA localizes to the cytoplasm, where it is eventually

degraded (Figure 4B). To further examine DNA elimination mito-

ses and the fate of eliminated DNA, we conducted light and EM

analyses. We first asked whether DNA that was destined for

elimination at anaphase of an elimination mitosis exhibited

different histone marks compared to DNA that would be re-

tained. Immunohistochemical (IHC) analysis of several active

and repressive histone marks (H3K4me1/3, H3K9me2/3,

H3K36me2/3, H4K16ac, and H3K27me3) during anaphase of a

DNA elimination indicated no clear differences between retained

versus eliminated DNA (Figure S4C). However, H3S10P prefer-

entially marked eliminated DNA (Figures 4A and 4B) and

H2AK119ub (Figure S4B) was reduced in the eliminated DNA

during anaphase of a DNA elimination. Histone H3S10P remains

on the DNA that is relegated to the cytoplasm. At telophase of a

DNA elimination mitosis, active histone marks (H3K4me3 and

H4K16ac; Figures 4F, 4G, and S4B) are lost on the eliminated

DNA. The eliminated DNA in the cytoplasm disappears over

time and is gone after several cell divisions. To determine

whether autophagy might be involved in the degradation and
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Figure 5. Electron Microscopy Provides an Ultrastructural Timeline of Ascaris DNA Elimination

(A–C) Immuno-EM using an antibody to H3S10P and a secondary antibody coupled to 15 nmgold identifies double membrane-bound structures containing DNA.

(A) Telophase cell in a DNA elimination mitosis. Nuclear envelope surrounds segregated DNA at the spindle poles (D) (see also I). Numerous membrane-bound

organelles containing electron-dense material label with this antibody (arrowheads; black arrow points to granule surrounded by double membrane in inset; white

arrow points to granule shown at higher magnification in B). Scale bar, 500 nm. Membrane compartments containing dense material (above and below the star)

were also observed spanning the region of DNA elimination.

(B) H3S10P antibody preferentially labels dense material within double membrane-bound organelles (black arrowheads). ER, endoplasmic reticulum. Scale bar,

100 nm.

(C) H3S10P antibody labels numerous structures in the cytoplasm of post-diminution cells. Scale bar, 500 nm.

(D–G) Late prometaphase of a DNA elimination mitosis at the 4-cell stage.

(D) Overview shows darkly stained, condensed chromosomes at themetaphase plate. Lighter staining chromatin (*) was observed in the spindle proper and close

to the metaphase plate. Scale bar, 1 mm. Inset shows a model from a tomographic volume computed from two serial sections (green, MTs that do not end on

chromatin or go out of the reconstructed volume; purple, KMTs that end on the chromosomes). Serial, tomographic slices and projected 3D model from this

region are shown in Video S1. White and black arrows indicate regions from selected tomographic slices shown in (E) and (F), respectively.

(E) Tomographic slice showing fine structure of the lighter staining, diffuse chromatin in the spindle (white arrow in D). Kinetochores were not observed on this

diffuse chromatin, but it was always surrounded by numerous MTs in close, lateral proximity (arrowheads; scale bar, 100 nm). Serial, tomographic slices showing

modeled MTs are shown in Video S2.

(legend continued on next page)
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elimination of the cytoplasmic DNA, we used an antibody against

a C. elegans marker for autophagosomes LGG-1 [34, 35], an or-

tholog of Atg8/LC3 protein involved in autophagy [36]. LGG-1

IHC staining in Ascaris embryos (Figure 4H) shows distinct

LGG-1 puncta, similar to patterns observed in C. elegans em-

bryos [34, 37, 38], and these puncta are coincident with DNA

and H3S10P membrane-bound structures (see Figure 5 below),

suggesting that eliminated DNA degradation likely occurs

through autophagy. Overall, our data suggest that the eliminated

DNA undergoes dynamic changes over time and its degradation

involves autophagy.

Eliminated DNA Is Packaged into Double Membrane-
Bound Structures (Micronuclei)
EM of DNA elimination mitoses identified numerous double

membrane-bound structures of heterogeneous size and shape

in telophase cells (Figures 5A–5C). These structures appear

when the nuclear membrane reforms around the retained

daughter nuclear DNA and are present in the cytoplasm of cells

that have undergone DNA elimination (Figure 5C). Immuno-EM

(using an antibody to H3S10P) demonstrated that the telophase

structures and those present in the cytoplasm following DNA

elimination were positive for H3S10P, indicating the presence

of chromatin. These results indicate that the eliminated DNA is

compartmentalized into double membrane-bound structures

(Figures 5A–5C, insets; Figures S5A and S5B). Overall, the struc-

tures have characteristics of micronuclei and will hereafter be

called micronuclei [39]. The H3S10P antibody preferentially

labeled electron-dense material within the core of the structures,

indicating the material is hyper-condensed DNA (Figure 5B). In

addition, the cytoplasm of cells after DNA elimination contained

numerous structures that labeled with the H3S10 antibody (Fig-

ure 5C). No labeling was detected on control sections (Fig-

ure S5C and S5D). Consistent with what was observed by IHC,

the H3S10P antibody did not label DNA that had segregated to

daughter nuclei (Figures 4 and 5A). Notably, based on IHC and

EM, the micronuclei have limited or no nuclear pore complexes

(Figures 4C–4E and 5).

Ultrastructural Timeline of DNA Elimination
We next used EM to study the timeline of DNA elimination. Late

prometaphase spindles contain highly condensed chromo-

somes at the metaphase plate (Figure 5D). Surprisingly, lighter

staining, more diffuse chromatin was observed near the meta-

phase plate and in the body of each half-spindle (Figure 5D, *).

Electron tomography of adjacent sections was performed to

characterize the 3D organization of spindle microtubules (MTs),
(F) In contrast, the highly condensed chromosomes (C) at the metaphase plate ass

100 nm. Video S3 and Figure S6 show serial, tomographic slices from another a

(G) 3Dmodel of theMTs in 3 serial, 200 nm thick sections from the prometaphase

Serial, tomographic slices and projected 3D model from this region are shown in

(H and I) Double membranes begin to surround eliminated DNA at telophase.

(H) Overview of a DNA elimination mitosis in anaphase shows segregated chromos

to mass of lightly condensed material. Higher magnification (inset) shows that thi

(I) Membranes begin to surround eliminated DNA at telophase. Nuclear envelope

containing eliminated DNA appear more darkly stained and are surrounded by d

(J) Cytokinesis following a DNA elimination mitosis shows two daughter nuclei (N

2 mm; inset bar, 500 nm.

See also Figure S5 and S6.
both at the condensed chromosomes and the lighter stained,

more diffuse chromatin (Figure 5D, inset model). Shown in this

model and in Video S1, 115 MTs were identified as kinetochore

microtubules (KMTs) that made end-on attachments to kineto-

chores on condensed chromosomes (Figure 5D, purple; Video

S1). Such structures and connections were only found on

condensed chromosomes. The other 345 MTs tracked (Fig-

ure 5D, green; Video S1) were identified as non-KMTs; these

either did not end on chromosomes or went out of the volume

of the reconstruction. These non-KMTs surround the regions

containing diffuse chromatin but do not make end-on attach-

ments (Video S1). The diffuse chromatin in the half-spindles

was structurally different from the highly condensed chromo-

somes at the metaphase plate (compare Figures 5E and 5F)

and appeared more lightly stained and less compact. Tomo-

graphic reconstructions revealed that this material does not

assemble kinetochores and does not contain MT end-on attach-

ments. Instead, MTs pass this material, making close, lateral

contacts (Figure 5E, arrowheads; Video S2). In contrast, the

highly condensed chromosomes at the metaphase plate appear

more compact and assemble clear kinetochores to which KMTs

attach (Figure 5F). Figure S6 and Video S3 show that even when

diffuse chromatin was situated near condensed chromosomes,

only the condensed chromosomes assemble kinetochores and

have KMTs. A larger tomographic volume was computed from

a different region of the prometaphase spindle. Of the 663 MTs

tracked, 187 were identified as KMTs (Figures 5G, S6C, and

S6D, purple; Video S4) that were only at the condensed chromo-

somes. Again, there were no recognizable kinetochores or end-

on attachments of MTs (green; n = 476) to the diffuse, less

condensed chromatin present in the volume (Figure 5G, green;

Video S4). These data demonstrate that there are two distin-

guishable forms of chromatin condensation, one of which leads

to normal chromosomes whereas the other leads to chromatin

masses that do not assemble kinetochores or bind to KMTs.

This diffuse, less condensed chromatin that will be eliminated

can be distinguished ultrastructurally from the condensed chro-

mosomes and can be identified in the spindle prior to

metaphase.

EM of DNA elimination anaphase spindles shows segregated

chromosomes near the spindle poles and eliminated DNA re-

maining at the spindle midplane (Figure 5H, c’s and arrow,

respectively). The eliminated DNA at the spindle midplane was

not attached to MTs and appeared as masses of diffuse chro-

matin similar in structure to that observed in prometaphase (Fig-

ure 5H, inset). This material was not surrounded bymembrane at

this stage. The nuclear envelope begins to reform around
emble kinetochores (k) that are associated with KMTs (arrowheads). Scale bar,

rea showing KMTs at chromosomes, but not at the diffuse chromatin.

spindle. KMTs (purple) end on condensed chromosomes only. Scale bar, 1 mm.

Video S4.

omes (C) at each pole with eliminated DNA at the spindle equator. Arrow points

s material is not surrounded by membrane. Scale bar, 2 mm; inset bar, 500 nm.

begins to form around segregated DNA at the spindle poles (D’s). Micronuclei

ouble membranes (arrow, inset). Scale bar, 500 nm; inset bar, 500 nm.

) and numerous micronuclei near the spindle midbody (arrow, inset). Scale bar,
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Figure 6. Comparison of Ascaris and

C. elegans Chromosomes

The reciprocal best blast hits for orthologous

C. elegans and Ascaris proteins (6,402) were

identified and plotted on each chromosome.

C. elegans and Ascaris chromosomes are each

boxed with distinct colors. The color of the vertical

bars in Ascaris chromosomes indicates the chro-

mosome of origin in C. elegans (based on the

C. elegans chromosome box color) and vice versa

for Ascaris genes inC. elegans chromosomes. The

top half vertical lines correspond to genes on the

forward strand whereas the bottom vertical lines

are genes on the reverse strand. The chromo-

somes are labeled on the left. On the right of each

chromosome indicates the corresponding major

chromosome of either C. elegans or Ascaris. The

top of the Ascaris sex chromosomes also shows

the orthologous C. elegans chromosome. Full

vertical red lines in the Ascaris chromosomes

indicate the chromosomal break regions where

DNA breaks occur during DNA elimination. See

Table S2 for all orthologous proteins and their

chromosomal coordinates. Figure S6
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segregated DNA at late anaphase/telophase (Figures 5A and 5I).

Double membranes surrounding the eliminated DNA, micronu-

clei, are first observed at this stage (Figure 5I, inset; Figure 5A).

The DNA in these structures becomes more condensed

compared to the diffuse chromatin observed in prometaphase

and anaphase. At cytokinesis, the micronuclei are observed

near the cleavage furrow (Figure 5J, arrow). Overall, the EM

data suggest that retained and eliminated DNA can be identified

and differentiated with the diffuse, less condensed chromatin

(DNA for elimination) appearing adjacent to the metaphase but

without kinetochores or KMTs. DNA FISH for the eliminated

120 bp repeat (Figure S6) also shows that this eliminated DNA

is adjacent to the metaphase plate.
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Chromosome Fusion in Ascaris Sex
Chromosomes
Ascaris has a large number of germline

chromosomes [28] compared to most

other known nematodes (most have 4–

12 or less) [40]. To further examine

Ascaris chromosomes, particularly the

unusual multiple sex chromosomes, we

compared the 24 Ascaris germline chro-

mosomes to the 6 chromosomes in the

free-living nematode C. elegans, which

likely represents an ancestral chromo-

some state (Figure 6). All 19 Ascaris auto-

somes can be traced to an individual

C. elegans chromosome; thus, the

expansion of Ascaris autosomes is likely

due to the subdivision of individual ances-

tral chromosomes (Figure 6). While in

general gene linkage for these 19 auto-

somes is maintained between the two

species, there is little overall chromo-

somal synteny. This suggests that there
has been extensive genome rearrangement within chromo-

somes after the separation of the species, as seen in other nem-

atodes [41–43]. In contrast, the majority of Ascaris sex chromo-

somes (X1, X2, X4, and X5) were traced to multiple C. elegans

chromosomes (Figure 6B). While some rearrangements are pre-

sent in chromosome X5, the three other Ascaris sex chromo-

somes (X1, X2, and X4) are devoid of rearrangement between

the blocks of chromosomes, particularly for the blocks matching

C. elegans chromosome I. This suggests that these Ascaris sex

chromosomes are likely derived from recent chromosome fusion

events. Interestingly, the boundaries for these fused chromo-

some blocks coincide with the Ascaris CBRs (Figure 6B). With

the DNA breaks at the CBRs during DNA elimination, the Ascaris
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sex chromosomes become orthologous to single C. elegans

chromosomes following DNA elimination. Finally, the Ascaris

eliminated DNA regions have very few unique orthologous genes

to C. elegans, suggesting that these eliminated regions have

recently evolved or are evolutionarily more flexible than the rest

of the genome. These more flexible regions may readily enable

the birth of new genes, consistent with the observation that novel

genes are often enriched and expressed in the testis and also

consistent with their propensity for elimination in Ascaris [44–

46]. Overall, our comparative analysis of the C. elegans and

Ascaris chromosomes reveals that many Ascaris sex chromo-

somes are the result of recent fusion events and that DNA elim-

ination chromosome breaks re-subdivide these chromosomes

into single chromosomes that are orthologous to individual

ancestral chromosomes.

DISCUSSION

We describe significantly improved germline and somatic

genome assemblies for the parasitic nematode Ascaris that

provide novel insights into programmed DNA elimination. The

full-chromosome assemblies provide the first and most compre-

hensive chromosomal view of DNA elimination in a metazoan.

Comparison of these assemblies demonstrated that all germline

chromosomes undergo breaks in subtelomeric regions with loss

of distal sequences and healing of chromosome ends by de novo

telomere addition. EM and IHC analyses indicate that eliminated

DNA is packaged into double membrane-bound structures,

which we call micronuclei, at telophase. These micronuclei un-

dergo chromatin changes over time including the loss of active

histone marks, localize to the cytoplasm, and become autopha-

gosomes degrading the DNA. Comparative analysis of the

Ascaris chromosomes suggests that Ascaris sex chromosomes

were formed by chromosome fusions that are resolved into inde-

pendent chromosomes through the DNA breaks at CBRs during

DNA elimination. Our comprehensive genomic and cytological

studies on DNA elimination provide key new insights into meta-

zoan DNA elimination.

Remodeling of Chromosome Ends
DNA FISH for telomeres indicates telomeres are removed from

all Ascaris chromosomes during DNA elimination, and subse-

quent telomere length extension was asynchronous, requiring

several cell cycles, consistent with a previous study [28] (Figures

3 and S3). Our genome analyses indicate that during DNA elim-

ination, subtelomeric chromosome breaks occur, releasing the

distal portions of chromosome with their intact telomeres. Our

subtelomeric DNA FISH experiments support that chromosomes

undergo subtelomeric breaks and confirm the loss of distal chro-

mosome regions and their telomeres during DNA elimination.

Thus, all Ascaris germline chromosomes undergo chromosome

end remodeling during DNA elimination (Figures 2, 3, and S3).

The new finding that all germline chromosome ends undergo

remodeling through subtelomeric breaks and addition of de

novo telomeres raises a variety of questions. For example,

what impact does the remodeling have on chromosome archi-

tecture? Subdivision of single chromosomes into two or more

chromosomes and the remodeling of the chromosome ends

are likely to alter the overall architecture of each chromosome
and inter-chromosome interactions. It remains to be determined

what overall impact DNA elimination has on Ascaris chromo-

some architecture and whether the architecture prior to and dur-

ing DNA elimination might contribute to DNA elimination as

recently observed in the ciliate Tetrahymena [47]. An open ques-

tion is whether the breaks in subtelomeric regions (and internal

regions) are facilitated by chromosome looping mechanisms

that contribute to the DNA breaks. Further high-resolution and

stage-specific Hi-C and FISH work is needed to address these

questions.

The remodeling of chromosome ends may also impact the

overall gene expression of the chromosomes. Muller [48] first

suggested that the chromosome breaks and addition of new

telomeres may lead to a ‘‘telomere position effect’’ on gene

expression following DNA elimination [49]. No pattern of gene

silencing or activation was identified in previous studies on a sin-

gle CBR [48] and within 50 kb of a number of CBRs [14] using

steady-state RNA level analyses. Future comprehensive nascent

RNA sequencing before, during, and after DNA elimination is

required to determine if the all-inclusive chromosome end re-

modeling described here impacts gene expression near the

ends of the newly remodeled chromosomes.
DNA Elimination of the Ascaris 120 bp Repeat
The majority of the eliminated DNA (54%) consists of a 120 bp

tandem repeat, with over 99% of this repeat lost. The large

amount of repeat eliminated has historically led to the specula-

tion that the repeat may be mechanistically involved in the elim-

ination process. Our new chromosome assemblies enabled us to

identify the location of these repeats on the chromosomes and

their proximity to the DNA breaks. The location of the 120 bp tan-

dem repeats within the eliminated regions is variable, but typi-

cally not near where the chromosomal DNA breaks (CBRs)

occur; the majority of the CBRs (50/72, 70%) are not within

200 kb of the repeats. This suggests it is unlikely the 120 bp re-

peats play a direct role in the DNA breaks and DNA elimination.

However, we cannot rule out that the repeats may contribute to

some higher-order 3D chromosome organization that contrib-

utes to DNA elimination. Notably, not all eliminated genome re-

gions contain the 120 bp tandem repeat. However, all eliminated

genome regions contain genes. This suggests that the loss of

genes is not simply a consequence of being linked to regions

of the genome where the 120 bp tandem repeat is located.

Thus, Ascaris DNA elimination serves not to just simply remove

the 120 bp repeats. The findings support our model that the elim-

ination of genes is a key component of DNA elimination [14, 20].
DNA Breaks
Analysis of all the sites for DNA breaks (including 32 new sites in

the current study) further supports that there are no sequence,

structural motifs, histone marks, small RNAs, or other features

that define or target the 3–6 kb CBRs as sites for the chromo-

some DNA breaks that occur during DNA elimination [14, 20–

23]. Overall, these characteristics suggest it is unlikely a

sequence-specific endonuclease is involved in generating the

DNA breaks. However, we cannot rule out that an enzyme similar

to a Type I restriction enzyme [50] that recognizes unique se-

quences at a distance from the CBRs might be involved.
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Domesticated transposases, such as RAG1-RAG2 for V(D)J

recombination [51–53] and PiggyBac in ciliate DNA elimination

[54–57], recognize specific sequences in the genome during

development to generate double-strand DNA breaks. However,

we have not identified any transposases or their signatures in

Ascaris that might generate the DNA elimination chromosome

breaks. In ciliates, programmed DNA rearrangements involve

the elimination of short internal sequences followed by re-liga-

tion of the boundaries (IES) and many chromosomal break sites

(CBSs) that lead to new chromosomes and loss of sequences

[15–19, 58]. While there is some understanding of the DNA

breaks at IESs, the mechanism for the CBS is unknown. Thus,

the mechanism(s) for key DNA breaks in DNA elimination remain

unknown. The open chromatin we identified at the CBRs likely

contributes to identification of regions for the Ascaris breaks, fa-

cilitates the generation of the breaks, and/or is a consequence of

molecular processes that contribute to the generation of the

breaks [14].

Compartmentalization of Eliminated DNA into
Micronuclei during Telophase
Using improved methods for EM specimen preparation [59–61],

we observed two distinguishable forms of chromatin condensa-

tion: one leads to normal chromosomes whereas the other leads

to chromatin masses that are less diffuse and compact. The

diffuse, less condensed chromatin destined for elimination can

be identified near the metaphase plate and in the spindle proper

in late prometaphase. Electron tomography confirmed that this

material does not assemble a kinetochore or make end-on con-

nections with KMTs; it is instead surrounded by lateral MTs. This

is consistent with reduced CENP-A in chromosome regions that

will be lost in Ascaris DNA elimination [26] (this study) and EM

studies in Parascaris [24, 25]. Notably, DNA FISH (Figure S7) in-

dicates that the eliminated 120 bp repeat is present at the

boundary of the metaphase plate. Furthermore, previous studies

suggested that chromosome DNA destined for elimination in

both Ascaris and Parascaris was less condensed [28]. Overall,

these data show that DNA to be eliminated undergoes differen-

tial condensation and is often situated at the boundary of the

metaphase plate. This diffuse chromatin is not segregated in

anaphase, remaining in the spindle midplane as retained chro-

mosomes move to the poles. Concurrent with nuclear envelope

reformation at telophase, the eliminated DNA is surrounded by a

double membrane at telophase, forming structures similar to mi-

cronuclei. During telophase and cytokinesis, the DNA within the

micronuclei becomes more condensed, which may be related to

the loss of active histone marks. These micronuclei persist in the

cytoplasm following the end of a DNA elimination mitosis for

some time and eventually disappear. The EM studies presented

thus provide new details of mitotic spindle organization and

further our understanding of the ultrastructural timeline of DNA

elimination in Ascaris.

During mitosis, H3S10P marks chromosomes for condensa-

tion and is removed as anaphase progresses [62]. We observed

that DNA to be eliminated that remains at the metaphase plate

contained high levels of histone H3S10P whereas segregated

and retained DNA did not (Figures 4 and 5). We suggest that

the DNA to be eliminated does not undergo the metaphase to

anaphase transition, thus retaining H3S10P [63, 64]. Notably,
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eliminated DNA (Figures 3 and 5) is incorporated intomicronuclei

at telophase, localizes to the cytoplasm, and is eventually

degraded. Thus, eliminated DNA is sequestered into micronuclei

at telophase during a DNA elimination and also undergoes

changes in histone modifications (Figures 4 and S4). The micro-

nuclei have significantly reduced nuclear pore complexes (Fig-

ures 4 and 5).

Micronuclei have been described associated with DNA elimi-

nation in lampreys, the cartilaginous rat fish, and water frogs

[5, 11, 12, 65]. EM studies in water frogs and the rat fish provide

structural evidence for micronuclei demonstrating double mem-

brane-bound vesicles. Micronuclei in water frogs exhibited fewer

nuclear pore complexes and greater heterochromatinization

than the main nuclei. In lampreys, micronuclei did not possess

lamin B1 or nuclear pore O-linked glycoproteins. Thus, elimi-

nated DNA appears to be incorporated into micronuclei-like ves-

icles in all these organisms. The micronuclei-like vesicles in the

cytoplasm of Ascaris embryos show association with LGG-1

puncta suggestive of different stages of autophagosome forma-

tion (Figure 4H). Similar associations have been observed in DNA

elimination events in water frogs [5] and the ciliate Tetrahymena

[66], and autophagy has been shown to play a role following

meiosis in the programmed nuclear death of the old macronu-

cleus in Tetrahymena. In the copepod, Cyclops kolensis, elimi-

nated DNA is present in double membrane-bound structures

late in interphase and early prophase of an elimination division

[67]. We recently observed similar double membrane-bound

structures in another copepod, Mesocyclops edax (M.Z.,

E.T.O., and R.E.D., unpublished data), where DNA ‘‘droplets’’

were described [68]. InC. kolensis, the doublemembrane-bound

structures increase in size, speculated to result from fusion of the

structures, and the double membrane is reduced to a poreless

single membrane by late telophase. These structures with the

DNA become cytoplasmic and are rapidly degraded.

Timing of DNA Breaks
Previous models for Ascaris DNA elimination postulated that the

DNA breaks likely occurred at the metaphase plate during an

elimination mitosis [28]. Our previous data indicate that chromo-

some regions that will be lost have reduced CENP-A and kineto-

chores prior to a DNA elimination mitosis [26]. If the DNA breaks

occurred prior to mitosis, some alternative mechanism would be

required to congress eliminated chromosome fragments to the

metaphase plate. The EM structural data described here suggest

there are chromosome fragments at the boundary of the meta-

phase plate during a DNA elimination mitosis that do not have ki-

netochores or KMTs attached. This suggests that DNA breaks in

the chromosomes may have occurred prior to metaphase. Strik-

ingly, preliminary END-seq data [69] to define the timing and the

sites of Ascaris DNA breaks suggest that the DNA breaks may

occur prior to the mitosis of a DNA elimination (J.W. and

R.E.D., unpublished data). In addition, DNA FISH for the elimi-

nated 120 bp repeat indicates this DNA localizes adjacent to

the metaphase plate during a DNA elimination. Thus, these

data suggest that the DNA elimination breaks likely occur prior

to mitosis. Our EM observations clearly indicate that the elimi-

nated DNA must reach the metaphase plate through mecha-

nisms that are independent of kinetochores and KMTs. Remark-

ably, studies in C. elegans have shown that chromosomes



ll
Article
congress to the spindle midplane after depletion of kinetochore

complex proteins using RNAi, although these chromosomes

remain disorganized and are not segregated [70, 71]. Thus, alter-

native mechanisms for congression of the eliminated DNA to the

metaphase plate must be involved since the DNA lacks CENP-A

and kinetochores [26]. These mechanisms could include the

contribution of polar ejection forces involving dynamic instability

of pole-initiated MTs, plus-end directed chromokinesins, the

contribution of interpolar microtubules, or scaffolding or tethering

proteins within the spindle [72–77].

Ascaris Sex Chromosome Fusions and Their Separation
in Somatic Cells by DNA Elimination
Nematodes typically have a small number of chromosomes (4–

12) [40]. Assuming that the Clade V free-living C. elegans and

Pristionchus pacificus [33] represent an ancestral chromosome

state with six chromosomes, our chromosome comparisons

indicated that all of theAscaris autosomes are likely independent

regions of these ancestral chromosomes (Figure 6). In contrast,

several Ascaris germline sex chromosomes appear to be fusions

of independent regions of ancestral chromosomes (also defined

by using Nigon elements in other studies [78, 79]) (Figure 6B).

These fused chromosomes become independent chromosomes

in somatic cells after DNA elimination as the regions are sepa-

rated by CBRs that break the chromosomes. Extreme fusion of

chromosomes appears to have occurred in some ascarids

where the complete germline genome becomes a single chro-

mosome as in Parascaris univalens. Notably, following DNA elim-

ination, this single P. univalens germline chromosomes is subdi-

vided into 35 somatic chromosomes (29 autosomes and 6 sex

chromosomes) [28]. Thus, while the fusion of chromosomes

may be accommodated in the germline genome, their separation

by DNA elimination chromosome breaks may be necessary in

somatic cells. Overall, we suggest that Ascaris ancestral chro-

mosomes may have undergone multiple breaks to form many

smaller chromosomes. These chromosomes recently fused to

form multiple germline sex chromosomes, only to be separated

in somatic cells during DNA elimination (5 in germline cells and 9

in somatic cells). An open question is why sex chromosomes

are increased and separated in somatic cells compared to

germ cells.

DNA Elimination in Other Organisms
In ciliates, formation of macronuclear chromosomes (somatic

genome) results frommany chromosome breaks in the micronu-

clear chromosomes (germline) and the healing of the broken

ends by telomere addition. In Tetrahymena thermophila, for

example, 225 chromosome break sites in the 5 germline chro-

mosomes lead to 181 small amplified (~45 copies on average

900 kb chromosomes) macronuclear chromosomes (somatic)

[80]. The chromosome end remodeling observed in Ascaris dif-

fers from that described in ciliates in that the breaks do not

generate a large number of relatively small chromosomes and

no amplification occurs.

In copepods, large amounts of DNA are eliminated while

chromosome numbers, in general, do not change [7, 67].

One model for DNA elimination in copepods is that internal

elimination within chromosomes involves looping out of DNA,

excision of the DNA, and ligation of the ends. However, the
contribution of internal versus terminal DNA elimination re-

mains unknown. Programmed DNA elimination in lampreys is

associated with decreased chromosome numbers (chromo-

some loss and/or fusion) and loss of ~20% the germline DNA

(500 Mb DNA) in somatic cells, both repetitive sequences,

and some germline expressed genes [9, 10, 12, 13]. In hagfish,

to date, loss of only repetitive sequences has been identified

[2, 8]. DNA FISH and cytogenetic analysis indicate the loss

of whole hagfish chromosomes and chromosome termini en-

compassing 21%–75% of the germline DNA in different spe-

cies [2, 8]. It is not known whether the loss at hagfish chromo-

some termini is similar to that observed here in Ascaris or if an

excision event (internal deletion and fusion) occurs removing

subtelomeric regions without loss of the telomere from the

chromosome.

Conclusions
Programmed DNA elimination occurs in diverse organisms from

ciliates to vertebrates. Here, we have generated complete chro-

mosome assemblies of all Ascaris germline and somatic chro-

mosomes. Comparison of these assemblies provides the first

chromosome view of metazoan DNA elimination including the

location of all DNA breaks and the locations of eliminated se-

quences including repeats and genes. The predominant DNA

elimination events in Ascaris are comprehensive chromosome

end remodeling through breaks in the subtelomeres of all 24

germline chromosomes, loss of distal chromosome sequences,

and healing of the breaks by de novo telomere addition. The

major eliminated sequence, a 120 bp satellite repeat (30 Mb),

is not present in all eliminated regions of the genome. All elimi-

nated DNA contains genes (~1,000 genes in total) that are pre-

dominantly expressed in the germline. We provide an ultrastruc-

tural timeline for a DNA elimination mitosis and describe the

incorporation of eliminated DNA into double membrane-bound

structures, micronuclei, at telophase. Chromatin in these micro-

nuclei exhibit loss of active histone marks and appear to be

degraded through autophagy. Our data also suggest recent

chromosome fusions in the germline that are broken into multi-

ple sex chromosomes during DNA elimination. These studies

provide the most comprehensive genome analysis of DNA elim-

ination in a metazoan, an ultrastructural analysis of DNA elimi-

nation, and identify additional novel and key aspects of meta-

zoan DNA elimination.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-H3K36me2 Hiroshi Kimura [81] Cat# 2C3; RRID: AB_2616102

Rabbit polyclonal anti-H3K4me1 Abcam Cat# ab8895; RRID: AB_306847

Mouse monoclonal anti-H4K16ac Hiroshi Kimura [81] http://compbio.med.harvard.edu/antibodies/

antibodies/258

Mouse monoclonal anti-H3K9me2 Hiroshi Kimura [81] Cat# HK00008; RRID: AB_2616100

Mouse monoclonal anti-H3K9me3 Hiroshi Kimura [82] Cat# HK00009; RRID: AB_2616099

Mouse monoclonal anti-H3K36me3 Hiroshi Kimura [82] Cat# HK00012; RRID: AB_2616098

Mouse monoclonal anti-H3K27me3 Hiroshi Kimura [82] Cat# 1E7; RRID: AB_2819243

Mouse monoclonal anti-H3K4me3 (clone CMA304) Hiroshi Kimura/

Active Motif [81]

Cat# 61379; RRID: AB_2793611

Rabbit monoclonal anti-Lgg-1 [83] N/A

Rabbit monoclonal anti-Ubiquitil H2A (K119)

(clone D27C4)

Cell Signaling Cat# 8240; RRID: AB_10891618

Rabbit polyclonal anti-H3S10P Millipore Cat# 06-570; RRID: AB_310177

Mouse monoclonal anti-Nuclear Pore Complex

Proteins (clone Mab414)

Abcam Cat# ab24609; RRID: AB_448181

Goat anti-Rabbit IgG (H+L) (AH) 15nm gold Ted Pella Cat# 15727

Biological Samples

Ascaris suum US Slaughterhouses N/A

Chemicals, Peptides, and Recombinant Proteins

CleanCut agarose, 2% Bio-rad Cat# 1703594

Proteinase K Ambion Cat# AM2548

Beta-agarase NEB Cat# M0392

Membrane Filter, 0.1 mm pore size Millipore Cat# VCWP04700

Glycoblue Ambion Cat# AM9515

LongAmp Taq DNA Polymerase NEB Cat# M0323

Nick Translation DNA Labeling System 2.0 Enzo Cat# ENZ-GEN111

Gold 550 dUTP Enzo Cat# ENZ-42521

Red 650 dUTP Enzo Cat# ENZ-42522

SPRI beads Beckman Coulter Cat# B23318

Micro Bio-Spin P-30 Tris RNase-free Bio-Rad Cat# 7326251

Image-iT FX Signal Enhancer Invitrogen Cat# I36933

Prolong Diamond antifade mounting medium Invitrogen Cat# P36970

Deposited Data

Raw sequence data NCBI SRA BioProject PRJNA62057

Genome assembly and annotation files NCBI GenBank JACCHR000000000

Oligonucleotides

DNA FISH probe: Telomere: 50-Quasar

570-TTAGGCTTAGGCTTAGGCTTAGGC

This paper N/A

DNA FISH probe: 120 bp repeat: 50-Fam-

CGAATAAATCCCAATTGCAG

This paper N/A

Primers for CBR DNA FISH probes, see Table S1 This paper N/A

Software and Algorithms

Canu v1.8 [27] https://github.com/marbl/canu

SALSA [84] https://github.com/marbl/SALSA

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

juicer v1.5.7 [85] https://github.com/aidenlab/juicer

MashMap v2.0 [86] https://github.com/marbl/MashMap

RepeatMasker v4.0.6 [87] http://www.repeatmasker.org/

LTRharvest v1.5.6 [88] https://www.zbh.uni-hamburg.de/

RepeatScout v1.0.5 [89] https://bix.ucsd.edu/repeatscout/

RepeatExplorer v0.9.7.8 [90] http://repeatexplorer.org

dnaPipeTE v1.2_04 [91] http://lbbe.univ-lyon1.fr-dnaPipeTE-.

html?lang=fr

CDhit v4.6.1 [92] http://weizhongli-lab.org/cd-hit/

Fiji [93] https://fiji.sc/

SerialEM image acquisition software [94] https://bio3d.colorado.edu/SerialEM/

IMOD 4.9 tomography software package [95, 96] https://bio3d.colorado.edu/imod/

softWoRx GE Healthcare and

Applied Precision

N/A

Oligo 7 Oligo Primer

Analysis Software

Cat# M7SF02
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Richard E.

Davis (richard.davis@cuanschutz.edu) or Jianbin Wang (jianbin.wang@utk.edu).

Materials Availability
Materials from this study are available on request.

Data and Code Availability
DNA sequences and genome assemblies are deposited at the NCBI SRA in BioProject PRJNA62057 and at NCBI GenBank:

JACCHR000000000.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All Ascaris suum material are derived from wild adult and females collected at US Slaughterhouses from the intestines of pigs.

METHOD DETAILS

Ascaris and megabase-size DNA isolation
Collection of pig Ascaris suum tissues, zygotes, and embryonation were as previously described [97, 98]. DNA isolation for PacBio

sequencing was prepared from embryos embedded in agarose. The chitinous shell was removed by treatment for 90 min in 0.5 N

NaOH and sodium hypochlorite at 30�C followed by extensive washing in PBS, pH 7.4. The embryos were treated for 1 min in

90% isopropanol (this removes the ascaroside-based impermeable layer), washed with PBS, pH 7.4, suspended in 10 mM Tris,

pH 7.2, 20 mM NaCl, 50 mM EDTA and embedded in 2% CleanCut agarose (BioRad) in BioRad plug molds for a final agarose con-

centration of 0.75%. Agarose plugswere incubated in 2.5mL of lysis buffer (10mMTris pH 8, 25mMEDTA, 100mMNaCl, 0.5%SDS)

with 1.4 mg/mL Proteinase K (Ambion, AM2548) in a 50�C water bath for 2 h with intermittent mixing and then overnight with fresh

Proteinase K solution. The plugs were extensively rinsed and washed (3X rinse and 5X wash) in 10 mM Tris pH 8.0, 50 mM EDTA and

then rinsed and washed twice in 10 mM Tris pH 8.0, 1mM EDTA. To release and extract the genomic DNA, the plugs were digested

with beta-agarase (NEBM0392) as described by the manufacturer to liberate DNA, followed by drop-dialysis (VCWP04700 Millipore)

against 15 mL of TE buffer. The DNAwas further treated with 0.1%SDS and proteinase K (400 ug/mL) before precipitation with 15 mg

of glycoblue carrier (Ambion, AM9515), 0.3 M NaOAc pH 5.2, and 2.5 volumes of 100% ethanol. The precipitated DNAwas dissolved

in low TE buffer (10 mM Tris-HCl pH 8.0, 0.1 mM EDTA) or water.

PacBio sequencing and initial assembly
Two PacBio libraries derived from 2-cell (48 h) and 4-cell (65 h) embryo DNA were prepared and sequenced by the University of

Washington PacBio Sequencing Services (https://pacbio.gs.washington.edu/) using the Sequel II system. From two SMRT Cell
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runs, we obtained ~360X raw reads with average read length of 15 kb. PacBio reads over 40 kb (average 52 kb, total ~100X read

coverage) were used to assemble the initial germline genome assembly using Canu [27] with parameters ‘‘corOutCoverage=1000

correctedErrorRate=0.105 corMinCoverage=0 genomeSize=330m.’’ The initial assembly had 763 contigs with N50 = 4.83 Mb

(N50 number = 23).

Hi-C data and scaffolding
Nuclei isolated as described [26, 99] from both germline (testis) and somatic cells (5-day, 32-64 cell embryos) were used to generate Hi-

C libraries using anadaptedprotocol [100, 101]. TheHi-Cdatawere used to further scaffold the initial contigs into chromosomes.Briefly,

we first scaffolded the 763 contigs into 570 scaffolding (N50 = 10.24 Mb; N50 number = 13) using SALSA [84]. We then divided these

scaffolds into 24 groups that correspond to the 24 germline chromosomes based on the contact information using Juicer and Juicebox

[85]. For each chromosomegroup,we thenmapped all original PacBio reads (360X) usingMashMap [86] to retrieve all reads that can be

uniquely mapped to the chromosome. The PacBio reads for each chromosome were then independently assembled using Canu, re-

sulting in only 1 or 2 dominant contigs per chromosome for 20 chromosomes (the other 4 chromosomes have 3 or 4 large contigs). Each

chromosome assembly was further evaluatedmanually using Juicer and Juicebox and scaffolded when necessary. The final assembly

contains 24 scaffolds (N50 = 12.43 Mb; N50 number = 9) and 84 unplaced small contigs (2.3% of the genome).

Genes and their tissue-specific expression analysis
Wemapped our previously defined transcripts [14] to define genes in the new genome assembly. Over 99.9% (61,766/61,820) of the

genome-based transcripts and over 95.7% (59,965/62,645) de novo assembled transcripts can bemapped to the new genome, sug-

gesting the current genome assembly is highly complete. To gauge the tissue-specific expression of the genes, we used RNA-seq

data from 9 broadly defined tissues from Ascaris, including testis, ovary, zygote (zygote1-4), early embryos (1-4 cell, 24 h-64 h), late

embryos (16 - >500 cell, 96 h - 7day), larvae (L1 - L3), carcass, muscle and intestine [14, 20, 98]. The tissue-specific expression was

scored by comparing each gene’s RNA level (rpkm) in the tissue where this gene is mostly highly expressed (has the highest rpkm) to

the other 8 tissues. The expression of the gene in the tissue is considered as tissue specific (score = 100) if its expression is 4-fold

higher than in any of the other 8 tissues. The fewer the number of tissues thatmeet the 4x expression cutoff the less tissue-specific the

expression of the gene. Genes with expression < 4X higher than in all other tissues are considered as genes without tissue specific

expression (score = 0); these genes are most likely house-keeping genes, particularly if their overall expression level is high.

Repetitive sequence identification
Repetitive sequences were identified using a combination of homology-based and de novo approaches, including RepeatMasker

[87], LTRharvest [88], RepeatScout [89], RepeatExplorer [90], and dnaPipeTE [91]. The repeats library was filtered for redundancy

with CD-hit [92].

Antibodies and immunohistochemistry
Monoclonal histone antibodies used (H3K9me2, H3K9me3, H3K36me2, H3K36me3, H3K27me3, H3K4me3, and H4K16ac) were

from Hiroshi Kimura [81, 82] and have been previously validated for use in the modENCODE project for C. elegans and other organ-

isms (see antibody validation database: http://compbio.med.harvard.edu/antibodies/). The C. elegans Lgg-1 antibody was provided

by Thorsten Hoppe [83] and detects both the non-lipidated (LGG-1-I) and the lipidated (LGG-1-II) forms of LGG-1. Commercial an-

tibodies were obtained for rabbit Ubiquityl-Histone H2A (Lys119) (Cell Signaling D27C4), rabbit H3S10P (Millipore 06-570), rabbit

H3K4me1 (Abcam ab8895), and Nuclear Pore Complex Proteins (AbcamMab414). Ascaris embryo immunohistochemistry was car-

ried as described [26, 98] using a modified freeze-crack method to permeabilize and fix embryos with some modifications. Briefly,

decoated embryoswere suspended in 50%methanol and 2% formaldehyde solution andwere frozen and thawed 3 times using a dry

ice/ethanol bath. The embryos were re-hydrated with 25% methanol in PBS pH 7.4 for 1 min. After washing twice with PBS pH 7.4,

the embryos were suspended in blocking solution (0.5% BSA in PBS pH 7.4) for 1 h at room temperature, followed by overnight in-

cubation in primary antibodies at 4�C, and then a 2 h incubation in secondary antibodies (Invitrogen) at room temperature. Nuclei

were stained with DAPI and slides mounted in anti-fade medium (Invitrogen).

DNA FISH Probes
Telomere (50-Quasar 570-TTAGGCTTAGGCTTAGGCTTAGGC) and 120 bp repeat (50-Fam-CGAATAAATCCCAATTGCAG) oligonu-

cleotide probes were obtained from LGC Biosearch (Petaluma, CA). For unique sequence FISH, 5-11 kb PCR products covering a

total of 12-32 kb were generated for both retained and eliminated genome regions adjacent to internal and subtelomeric chromo-

some breaks. PCR primers were designed using theOligo 7 software and PCRwas performed using Long-Amp TaqDNA polymerase

(New England Biolabs) following the manufactures directions. PCR products for a region were pooled, purified with SPRI beads

(Beckman Coulter) and labeled with Gold 550 dUTP (Enzo) or Red 650 dUTP (Enzo) by nick translation using the Nick Translation

DNA Labeling System 2.0 kit (Enzo). Labeled probes were then purified using Micro Bio-Spin Columns with Bio-Gel P-30 (BioRad).

DNA FISH
A freeze-crack method was used to permeabilize [26, 98] and fix the embryos in methanol/acetic acid (3:1). Methanol/acetic acid-

fixed embryos were progressively rehydrated with 90%, 70%, 50% and 25% MeOH in PBS pH 7.4 for 10 min each at room
e3 Current Biology 30, 3397–3413.e1–e4, September 7, 2020
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temperature. Embryos were then washed once with PBS pH 7.4 and treated with 100 ug/mL RNase A in PBS pH 7.4 for 30 min at

37�C, followed by incubation in signal enhancer solution (Invitrogen) for 30 min at room temperature. Next, embryos were re-sus-

pended in blocking solution (1% BSA in PBS pH 7.4) for 1 h at room temperature and re-fixed in fresh 3.7% paraformaldehyde/

1X PBS for 10 min at room temperature. Embryos were then washed with PBS pH 7.0, 2X SSC, and then incubated for 2 h at

37�C in pre-hybridization buffer (10% formamide in 2X SSC). Following pre-prehybridization, embryos were denatured in denatur-

ation buffer (oligonucleotide probe buffer = 50% formamide in 2X SSC; Nick-translated probe buffer = 70% formamide in 2X

SSC) for 5 min at 75�C. Oligonucleotide hybridization was carried out with 400 nM probes (telomere and 120 bp repeat) in hybridi-

zation buffer 1 (10% formamide/10% dextran sulfate/0.5 mg/mL salmon sperm DNA/0.2% SDS/2X SSC) overnight at 37�C. Duplex
DNA probes were denatured for 5 min at 75�C, placed on ice for 2 min, pre-warmed at 37�C, and hybridization was carried out

with 50 ng of nick-translated probe in hybridization buffer 2 (50% formamide/10% dextran sulfate/0.5 mg/mL salmon sperm DNA/

0.2% SDS/2X SSC) overnight at 37�C. Post-hybridization washes for oligonucleotide probes were done in 2X SSC/0.1% Nonidet-

P40 at 37�C for 5 min and for unique probes in 0.4X SSC at 45�C for 15 min followed by 2X SSC/0.1% Nonidet-P40 at room temper-

ature for 10 min. Nuclei were stained with DAPI, slides mounted in anti-fade medium (Invitrogen), and kept in the dark at room tem-

perature for 24 h before imaging.

Image acquisition
Ascaris embryo immunohistochemistry and FISH imageswere acquired on an Applied Precision DeltaVisionmicroscope, using a 60X

immersion objective and FITC/Cy3/Cy5/DAPI excitation filter sets. Images were deconvolved with Applied Precision’s Softworx soft-

ware and analyzed using Fiji software [93].

Preparation of Ascaris embryos for electron microscopy
Embryos were prepared for electron microscopy using high pressure freezing and freeze substitution essentially as described [59]

with the following modifications. Intact 4 cell and 8-16 cell embryos were collected as described above, mixed with 15% dextran,

loaded into 100 mm or 200 mm aluminum planchettes, and then rapidly frozen under high pressure in a Wohlwend Compact 02

High Pressure Freezer (Technotrade International). The frozen samples were then freeze substituted in 2% OsO4 and 0.2% uranyl

acetate in acetone for three days at �80�C, rinsed in acetone, warmed to �20�C, 4�C and then room temperature and embedded

in Epon resin over 4 days. For immunolabeling, the frozen samples were freeze substituted in 0.1% glutaraldehyde and 0.01% uranyl

acetate in acetone and embedded in Lowicryl HM20.

Serial section electron microscopy, immuno-EM and electron tomography
Serial, 100-200 nm thick sections were cut using a Leica Ultracut UCT microtome. Sections were collected onto formvar-coated,

copper slot grids and post stained with 2%uranyl acetate and Reynolds lead citrate. The grids with serial sections were imaged using

a Tecnai T12 microscope to identify embryos with mitotic cells, track the spindle through serial sections and to confirm the cell stage

of a particular embryo.

For immuno-electron microscopy, serial, thin (80nm) sections were collected onto formvar-coated nickel slot grids. The grids were

incubated in a blocking buffer containing 0.1% or 0.2% nonfat dry milk dissolved in PBS/Tween20, followed by incubation with the

H3S10P antibody at 1:10 or 1:50 dilution. Control grids were incubated in blocking buffer without the primary antibody. The grids

were rinsed and incubated with a rabbit secondary antibody conjugated to 15 nm gold at a 1:20 dilution in blocking buffer (Ted Pella,

Redding, CA). Grids were post stained with 2% uranyl acetate and Reynolds lead citrate and imaged in a Tecnai T12 microscope.

Images from serial sections were collected to confirm labeling on specific organelles.

Tomography was performed as essentially as described [60]. Briefly, grids containing serial, 200nm thick sections were imaged

using a Tecnai F30 (Thermo Fisher Scientific, Waltham, MA) operating at 300kV. Montaged images were collected using a Gatan

OneView camera (Gatan, Pleasanton, CA) to record images at a 1.7nm pixel size over an area approximately 7mm x 7mm. Single

axis tilt series were collected over a +60� to �60� range at 1� increments using the SerialEM image acquisition program [94]. The

tilted views were aligned using local patch tracking and tomograms generated using the IMOD 4.9 software package (https://

bio3d.colorado.edu/imod/) [95, 96].

Tomogramswere displayed andmicrotubulesmodeled using the 3dmod program of the IMOD software package. The image slicer

window was used to orient a slice of image data to follow and track individual MTs along their lengths. The model contours were

projected in 3D and rotated to study the spindle MT organization during DNA elimination mitosis.
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