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Analysis of the molecular mechanisms underpinning germline dysfunction stemming from 
exposure to environmental chemicals in C. elegans 

 
 

Abstract 
 

Meiosis is a tightly regulated process by which the genetic material of diploid organisms 

is halved giving rise to haploid gametes (i.e. eggs or sperm). Errors during meiosis can lead to 

improper chromosome segregation with a myriad of negative reproductive health consequences. 

Mounting evidence from mammalian studies has linked environmental chemical exposures to 

reproductive health impairments. However, although classical toxicology studies in mammalian 

systems have been informative about the impact of environmental chemicals on human 

reproductive health, knowledge about the molecular mechanisms by which environmentally-

relevant doses of these chemicals impact meiosis remains elusive. Here we investigated the 

mechanisms by which two ubiquitously present chemicals: diethylhexyl phthalate (DEHP) and 

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), impair meiotic prophase I and reproductive capacity 

using the nematode Caenorhabditis elegans as a model. DEHP is a plasticizer widely used in the 

manufacturing of polyvinylchloride-containing plastics. TCDD is a by-product of industrial 

processes well-known for its use as a defoliant herbicide during the Vietnam War era. Our studies 

show that exposure to either DEHP or TCDD alters meiotic progression and impairs double-strand 

break repair (DSBR) in the germlines of adult hermaphrodites. Defects in late meiotic prophase I 

lead to aberrant chromosome morphogenesis and impaired chromosome remodeling in diakinesis 

oocytes. Moreover, we found evidence of elevated DSB formation persisting through late 

pachytene that may stem from impaired DSB negative feedback loop regulation as evidenced by 
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DSB-1-positive nuclei extending into mid and late pachytene, and a reduction in both COSA-

1/CNTD1-marked CO designation sites and Polo-like kinase 1/2 (PLK-1/2)-dependent 

phosphorylation of SYP-4 at those substages. Finally, exposure to either chemical alters the 

germline-specific expression of subsets of genes involved in DSB repair and DNA damage 

response as well as chromosome structure as observed by synaptonemal complex lengthening 

along the X chromosome. We propose that these exposures alter chromosome structure and gene 

expression leading to elevated DSB formation and impaired DSB repair, thereby impairing 

maintenance of genomic integrity and accurate chromosome segregation. Taken together, these 

studies provide new mechanistic insight on the impact that environmentally-relevant exposures to 

DEHP and TCDD exert on meiosis in the context of a metazoan.  
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INTRODUCTION 

 

The Industrial Revolution during the late-18th to mid-19th century marked an era of major 

economic and social growth in Great Britain and the United States as the advent of technological 

advancements revolutionized the production of textiles, iron and steam engines and led to the 

invention of the first machine tools. During this period, power harnessed by the burning of fossil 

fuels (primarily coal) was used for the operation of new machines, and the large-scale production 

of new chemicals, such as sulfuric acid, sodium carbonate and dyes, was used in the glass, textile, 

soap and paper industries (1). Consequently, the Industrial Revolution not only witnessed a boom 

in technological developments, but also spurred an unprecedented era of increasing chemical 

production and environmental pollution that has continued into the present time. 

 

Over a century later since the beginning of industrialization, chemical manufacturing 

experienced a boost with the volume of synthetic organic chemicals produced, which tripled from 

50 million tons to approximately 150 million tons between 1970 and 1995, a number that has 

continued to increase over time (2). In the U.S., the steady rise in the production of chemicals and 

their contribution to environmental pollution, however, did not come without concerns regarding 

environmental and human health. This prompted the establishment of the U.S. Environmental 

Protection Agency (EPA) in 1970 with the mission of safeguarding the environment and human 

health through the regulation of chemical manufacturing, under the Toxic Substances and Control 

Act (TSCA) of 1976, and reinforcement of federal laws implemented for the stewardship of natural 

resources such as water and air. Such environmental movements found their jump-start in Rachel 

Carson’s 1962 groundbreaking book Silent Spring, through which Carson raised public awareness 
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about the pervasive use of pesticides such as DDT and other organochlorine and 

organophosphates, heavily produced in the mid-20th century, and their detrimental effects on 

wildlife, crops and human health (3). Despite the banning of these and other chemicals by the EPA, 

the chemical industry has continued to grow and to introduce thousands of new chemicals in the 

U.S. commerce every year. By 2012, 47.5 trillion pounds of industrial chemicals had been 

produced, and reports from the EPA and The Society of Chemical Manufacturers and Affiliates 

estimate between 25,000 to 84,000 chemicals in the U.S. commerce alone (2). While these 

numbers may be an overestimate of current chemicals in commercial use, approximately 3,000 to 

4,000 chemicals have been identified as high-volume chemicals either produced or imported 

annually (4). Among the most abundant industrial pollutants circulating in the environment are 

heavy metals commonly used in the manufacturing of electronics, carbon dioxide and sulfur 

dioxide emitted from the burning of fossil fuels used for energy, and ozone produced when a 

mixture of oxygen and nitrogen dioxide, emitted by factories and cars, is exposed to sunlight. 

Moreover, environmental chemicals are not only restricted to those produced from industrial 

processes, but also comprise commercial chemicals, such as pesticides and plasticizers (mostly 

phthalates), which “sneak” into the environment more subtly by making their way into consumer 

goods, including: food, food wrappers, medical devices, household and personal care products.  

 

In light of human exposure to a wide and varied pool of natural and synthetic chemicals, 

in the last five decades numerous environmental research efforts have sought to understand the 

effects of environmental chemical exposure on human health. To this end, a large body of research 

has been generated from data compiled from toxicology studies of nonhuman animal models, 

occupational exposures, environmental accidents and epidemiological studies of various 
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populations. In addition, the National Institutes of Health (NIH), the U.S. Food and Drug 

Administration (FDA) and the EPA have more recently initiated efforts to develop high-

throughput (HT) platforms (i.e. ToxCast and Tox 21) for toxicology testing of thousands of 

environmental toxicants using in vivo and in vitro assays (5-7). Classical toxicology studies 

employing nonhuman models (i.e. mice, rats, dogs and nonhuman primates) have examined 

traditional toxicity endpoints (i.e. mortality, reproductive capacity, behavioral, physiological and 

biochemical changes) to establish the highest dose at which exposure to a chemical produces no 

adverse effect (no adverse effect level, NOAEL) and the lowest dose at which an adverse effect 

(lowest observed adverse effect level, LOAEL) is observed. The NOAEL value has then been used 

for risk assessment by extrapolating the acceptable daily intake or reference dose (RfD) of a 

particular chemical in humans (8). These studies, in combination with data from occupational 

exposures, environmental accidents, epidemiological studies, and HT screening platforms have 

revealed a link between environmental chemical exposures and the occurrence of a myriad of 

health outcomes, including: obesity, diabetes mellitus, various types of cancers, congenital 

malformations, cardiovascular, neurodevelopmental, endocrine and reproductive disorders (2, 9, 

10). According to experts in the medical sciences, the rapid pace at which some of these health 

disparities are appearing in the U.S. population lends support to a strong environmental 

contribution rather than a sole contribution of changes in the genetic makeup of an individual (11). 

 

Reproductive health impairments such as infertility, a decline in the age of pubertal onset, 

adverse pregnancy outcomes such as prematurely born babies, early menopause, altered sex ratios, 

and fertility-related diseases (i.e. fibroids, endometriosis and polycystic ovarian syndrome) have 

been on the rise in the last few decades (11-13). Numerous studies have associated the increase in 
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reproductive health disparities with exposure to environmental chemicals. Mounting evidence 

from mammalian studies suggests that exposure to environmental chemicals, such as alcohol, 

chemotherapeutic agents, plastics and pesticides, contributes to the high incidence of aneuploidy, 

characterized by cells harboring an incorrect number of chromosomes (14, 15). Aneuploidy has 

been documented as a leading cause of stillbirths, miscarriages, congenital birth defects and 

infertility problems (16-18). Since aneuploidy arises from errors in meiosis (17), the specialized 

cell division program that produces haploid gametes (i.e. eggs and sperm), an in-depth 

understanding of the mechanisms by which environmental chemicals impact meiosis is imperative 

to uncover the etiology of reproductive health disparities. While HT toxicology in vitro and in vivo 

studies of environmental chemicals have used reproduction as a toxicity endpoint, one limitation 

of these studies is that they have not interrogated the effects that these chemicals have on germline 

dysfunction and reproductive health from a mechanistic standpoint. The gap in our understanding 

of this process is greatly due to the challenges imposed by the study of meiosis in mammalian 

systems, a topic that will be further developed in the ensuing section following a brief and general 

description of meiosis.   

 

Meiosis 

 

Meiosis is a fundamental biological process conserved across all sexually reproducing 

organisms. From an evolutionary standpoint, meiosis contributes to the adaptability of organisms 

to changes in their environmental by introducing genetic variability through the random union 

between haploid gametes, the production of genetic recombinants via crossover (CO) formation 

during meiotic prophase I and the independent assortment of homologous chromosomes and sister 
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chromatids during meiosis I and II. First described by Oscar Hertwig in the late 19th century, during 

meiosis, one round of DNA replication (during the meiotic S phase) is followed by two successive 

rounds of cell division (meiosis I and II) that reduce the genetic content of a diploid (2N) cell by 

half resulting in the generation of haploid (1N) gametes that are genetically different from the 

progenitor cell. This cell division is unlike mitosis in which two identical daughter cells, harboring 

the same number of chromosomes as the parent cell, are produced as a result of one round of DNA 

replication followed by one round of cell division. During meiosis, faithful segregation of 

homologous chromosomes and sister chromatids in meiosis I and II, respectively, is attained 

through five highly regulated sequential stages: prophase, metaphase, anaphase, telophase and 

cytokinesis (Figure 1-1). Briefly, during prophase I, preceded by the meiotic S-phase, condensed 

homologous chromosomes align and pair.  Once pairing is established, homologous recombination 

(inter-homolog) takes place via the formation of crossovers (COs) or non-crossovers (NCOs) 

giving rise to genetic recombinants that are distinct from the parental chromosomes. Throughout 

prophase I, homologs remain physically linked by chiasmata, the physical connections between 

meiotic recombinants generated by COs, until the completion of meiosis I. As they transition into 

metaphase I, microtubule spindle fibers attach to kinetochores on the chromosomes to guide their 

alignment to the metaphase plate in preparation for their segregation towards opposite poles during 

anaphase I. Finally, the first meiotic cell division is completed by telophase I and cytokinesis in 

which homologs reach opposite ends and two new haploid cells, with sister chromatids still 

attached, are produced. Meiosis II proceeds through the same sequential stages to orchestrate the 

disjunction of sister chromatids, leading to the generation of haploid gametes.  
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In humans, meiosis takes place in the confines of reproductive organs, in the ovaries 

(females) and testes (males), during the cell differentiation processes known as oogenesis and 

spermatogenesis in females and males, respectively.  In females, oogenesis take place in the fetal 

ovary while the fetus is in the womb. There, primary oocytes enter meiosis I and remain arrested 

at the dictyate stage for a prolonged time (until puberty). During puberty, oocytes complete meiosis 

I and the resulting asymmetric cell division gives rise to both a secondary oocyte and a small cell, 

known as the polar body. The secondary oocyte contains half of the genetic material of the parent 

cell and a large cytoplasm, while the polar body, characterized by its small cytoplasm, contains 

the other half of the genetic content. As secondary oocytes proceed to meiosis II, extrusion of the 

first polar body ensues, and a second asymmetric division generates a mature ovum (egg) and a 

second polar body, each cell containing a haploid set of chromosomes. The mature ovum is 

arrested at metaphase II until the completion of meiosis upon fertilization. Unlike oogenesis, 

spermatogenesis begins in males at the onset of puberty and continues throughout the lifetime of 

the individual. Furthermore, while meiosis I and II lead to the production of one haploid gamete 

(ovum) per oocyte in females, it produces four haploid gametes (spermatids) per spermatocyte in 

males (19). 

 

The fidelity of meiosis is pivotal for the success of sexual reproduction as failure of 

chromosomes to segregate properly comes at a high cost to human reproductive health.  Hence, 

understanding how the wide range of environmental chemicals impair this fundamental process is 

key to our knowledge of the genesis of rising aneuploidies and reproductive health disparities.  

However, addressing this question in mammalian systems involves several ethical and technical 

challenges. One major limitation of studying meiosis using human oocytes stems from ethical 
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regulations that prohibit the acquisition of oocytes from healthy human fetuses. While human 

oocytes have been used for the study of meiosis, these oocytes are often derived either from 

miscarried fetuses or from in vitro fertilization (IVF) clinics (20, 21). In either case, oocytes 

originating from these sources are not suitable for reproductive toxicology studies as oocytes from 

miscarried fetuses are not devoid of meiotic errors and oocytes from IVF clinics are derived from 

mothers who have gone through extensive hormonal treatment (22). Under these conditions, 

teasing apart errors arising from chemical exposure versus errors already present in oocytes in the 

miscarried fetus or hormonally treated ones would be difficult, if not impossible. Another technical 

challenge is that in vitro recapitulation of meiosis in a tissue culture setting is difficult, and effects 

of environmental chemical exposure dependent on other processes occurring in the context of a 

whole organism would be challenging to capture in vitro. While toxicology studies in mice and 

other higher order mammals have been informative about the effect of chemicals on human health, 

the expensive and time-consuming nature of mammalian animal-based models make it unsuitable 

for HT screening of thousands of chemicals and the dissection of the mechanisms underpinning 

germline dysfunction by these chemicals. However, the use of model organisms, such as 

Caernorhabditis elegans, have recently proven useful in HT screening platforms assessing 

reproduction as a toxicity endpoint (23-25). Moreover, C. elegans has emerged as an ideal system 

to investigate the mechanisms underlying germline dysfunction resulting from environmental 

chemical exposure (23, 26-28). 
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Figure 1-1. Meiosis I and II. Schematic displaying meiosis I and II cell divisions. Each stage of 

meiosis I is indicated above the corresponding cell (light green circle). A single pair of homologous 

chromosomes (2N, red and blue) is indicated for simplicity. Homologs pair and recombine during 

prophase I. The earlier crossover recombination event is represented by the exchange of 

segments/colors indicated on bivalents at metaphase, where homologs align at the metaphase plate 

and segregate away from each other during anaphase I as centromere-attached microtubules (light 

yellow and dark green, respectively) pull them apart to opposite poles giving rise to two new cells 

(cytokinesis). Haploid gametes (1N) are produced as a result of sister chromatid segregation during 

meiosis II. Note that in C. elegans, as in many other eukaryotes (i.e. plants, insects, arachnids), 

chromosomes are holocentric and attach to microtubule along their entire length (29). 
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CAENORHABDITIS ELEGANS AS A MODEL OF REPRODUCTIVE TOXICOLOGY 

 

C. elegans is a powerful system for the study of meiosis as this organism has a well-

described developmental program and it shares a high degree of gene conservation (approximately 

60 to 80%) with mammals (30). In addition, there is a wide array of genetic, cytological and 

biochemical tools available for studies performed in this organism (31). C. elegans is a small, free-

living transparent nematode with a rapid life cycle proceeding from egg to adult, through four 

larval stages (L1-L4), in 3 days at 200C. Self-fertilizing hermaphrodites (XX) produce mostly 

hermaphroditic offspring with males (X0) comprising only 0.2% of their progeny (32). A single 

hermaphrodite produces both sperm and oocytes, and via self-fertilization is able to lay up to 300 

eggs during its entire reproductive life span. By the L4 stage, gonadogenesis is complete in the 

hermaphrodites and spermatogenesis is under way in the two gonad arms (Figure 1-2A). When 

worms molt into young adults, spermatogenesis ends resulting in about 150 spermatids which are 

stored in each of the two spermatheca, and gametogenesis is switched to oocyte production. The 

adult gonad is a bi-lobed structure in which germ cell nuclei are organized in a spatial-temporal 

gradient corresponding to the sequential stages of meiotic prophase I: premeiotic tip (a 

proliferative zone where nuclei are dividing mitotically), transition zone (corresponding to the 

leptotene and zygotene stages of classical meiosis; see next section), pachytene (characterized by 

completion of CO recombination in the context of fully synapsed homologous chromosomes), 

diplotene, and diakinesis (characterized by the clear visualization of six pairs of homologous 

chromosomes or bivalents attached to each other by chiasmata) (Figure 1-2B). 
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C. elegans is a unique model system that provides several advantages for reproductive 

toxicology studies, including: (1) C. elegans hermaphrodites (XX) mostly lay hermaphroditic 

offspring with only <0.2% of its progeny being males, which arise from errors in X chromosome 

segregation. Hence, a high incidence of males (Him phenotype) in the population, which often 

accompanies an increase in embryonic lethality (Emb phenotype), is an ideal readout for 

identifying aneuploidy-inducing environmental toxicants; (2) the spatial-temporal organization of 

the adult gonad greatly facilitates the study of meiotic prophase by allowing the clear visualization 

of defects in nuclear morphogenesis resulting from the action of germline disruptors, as 

exemplified by our studies with the plasticizer Bisphenol A (26); and (3) it is a highly predictive 

model of mammalian reproductive toxicity as shown by studies in which the reproductive toxicity 

exerted by various chemicals (i.e. heavy metals and pesticides) displayed a high correlation 

between C. elegans and rodents  (24-26, 33). Moreover, our studies on BPA displayed similar 

reprotoxic phenotypes, such as abnormal chromosome segregation, as previously reported in mice 

(25, 34). 

 

Given that errors in early meiotic events, such as alterations in meiotic recombination, have 

been shown to result in increased chromosomal non-disjunction, a detailed understanding of 

meiotic prophase I is fundamental. Hence, the following sections will provide a detailed discussion 

of the current state-of-knowledge of key events governing the dynamics of prophase I, with a 

special focus on C. elegans meiosis.  
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Figure 1-2. The C. elegans gonad and organization of germ cell nuclei. (A) Diagram depicting 

a C. elegans adult hermaphrodite with its bi-lobed gonad (one gonad arm is shown in white and 

the other in gray). A magnified gonad arm shows the position along the gonad where each stage 

of meiotic prophase I takes place (35). (B) High-resolution image of a DAPI-stained dissected 

gonad arm in which germ cell nuclei are organized in a spatial-temporal gradient that allows for 

the sequential visualization of each stage of meiotic prophase I. In the premeiotic tip germ cells 

divide mitotically and enter the meiotic program at transition zone (leptotene/zygotene) where 

chromosomes acquire a crescent-shape organization within nuclei that facilitates homologous 

chromosome alignment and pairing. Homologs start to synapse and undergo meiotic DSBs at this 

stage. In pachytene, homologous recombination is completed in the context of fully synapsed 

chromosomes (visualized as parallel tracks in inset). A series of chromosome remodeling events 

starting at late pachytene and continuing through diplotene coupled with increased chromosome 

condensation lead to the formation of six highly compacted DAPI-stained bodies, corresponding 

to the six pairs of homologous chromosomes attached through chiasmata visible in oocytes at 

diakinesis in C. elegans. 
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MEIOSIS I: MOLECULAR MECHANISMS GOVERNING PROPHASE I IN C. 

ELEGANS 

 

In C. elegans, as in other eukaryotes, prophase I sets the stage for inter-homolog CO 

formation resulting in the production of genetic recombinants that introduce genetic variability 

and ensure that homologs remain attached through chiasmata which provide sufficient tension for 

accurate homolog segregation at the first meiotic division. These goals are achieved through four 

highly conserved stages - namely: leptotene/zygotene, pachytene, diplotene and diakinesis. Each 

stage is characterized by major changes in chromosomal organization and morphology within the 

nucleus that enables the pairing between homologous chromosomes during leptotene/zygotene, 

followed by the stabilization of pairing interactions and CO formation in the context of the 

synaptonemal complex (SC) in pachytene and culminating with the further compaction and 

remodeling of chromosomes during diplotene leading to the visualization of densely compacted 

homologous chromosomes joined by chiasmata at diakinesis. 

 

Homologous chromosome pairing and synapsis during the leptotene/zygotene stage of 

prophase I  

 

At the onset of prophase I, chromosome movements during the leptotene and zygotene 

stages promote homologous chromosome pairing, initiation of synapsis and recombination. During 

leptotene, newly replicated chromosomes, visualized as long, thin dispersed threads within the 

nucleus, begin to condense (36). In eukaryotes – including mammals, plants and fungi – dynamic 

chromosome movements during this stage are initiated by the tethering of telomere ends to the 
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inner nuclear envelope (NE) (37, 38). As chromosomes transition into zygotene, tethered telomeres 

cluster at a constrained region of the nuclear periphery near the centrosome or the equivalent 

spindle structure (the spindle-pole body in yeast) giving rise to a bundled polarized configuration 

known as the chromosomal bouquet in which both ends of the chromosomes are attached to the 

NE (36, 39, 40). In C. elegans, unlike Schizosaccharomyces pombe, mice and humans in which 

both ends of the chromosome tether to the NE, tethering of only one end of the chromosome to the 

NE is mediated by specialized cis-acting homology recognition regions, dubbed as pairing centers 

(PCs), instead of telomeres. In Drosophila melanogaster, 240 base pair sequence repeats of 

ribosomal RNA mediate X-Y chromosome pairing interactions, but not autosomal pairing 

interactions (41). In C. elegans, PCs consist of highly repetitive DNA sequence motifs located at 

the end of chromosomes that bind to a family of C2H2 zing finger proteins: ZIM-1, ZIM-2, ZIM-

3 and HIM-8 (42-45). While ZIM-1, ZIM-2 and ZIM-3 mediate pairing interactions between 

autosomes, HIM-8 exclusively facilitates pairing interactions between the X chromosomes (44). 

ZIM-1 and ZIM-3 each mediate pairing interactions of two autosomes, specifically chromosomes 

II and III for ZIM-1 and I and IV for ZIM-3. ZIM-2, on the other hand, only mediates interactions 

for autosome V (44). Upon recruitment of the zinc finger proteins, pairing interactions initiate as 

PCs anchor to the NE via their association with the highly conserved nuclear pore-spanning 

SUN/KASH-domain containing proteins SUN-1 and ZYG-12, which reside in the inner and outer 

NE membranes, respectively (46-48). Phosphorylation of SUN-1 by serine/threonine kinases, such 

as Polo-like kinase 2 (PLK-2) and CHK-2 (49), drives its aggregation and polarization to one half 

of the nuclear periphery, imparting onto chromosomes the characteristic crescent-shaped 

configuration observed in transition zone (leptotene/zygotene) nuclei in the C. elegans germline 

(Figure 1-2B). This configuration has been proposed to facilitate pairing at the PCs by decreasing 
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the homology search volume from a three-dimensional to a two-dimensional nuclear space (50-

52). Moreover, concomitantly to SUN-1 phosphorylation, dynamic nuclear bridges, constituted by 

the SUN-1/ZYG-12 complex, transduce dynein-dependent microtubule-exerted forces to tethered 

PCs resulting in chromosome movements that facilitate homology searching, pairing and the 

initiation of synapsis (53). PCs also play a prominent role in the establishment and stabilization of 

initial pairing interactions in a synapsis-independent fashion in addition to promoting SC 

polymerization (discussed below in detail) (54). The requirements for the functional interplay 

between PCs, SUN-1/ZYG-12 and the cytoskeleton (dynein and microtubules) for the 

establishment of pairing interactions and synapsis initiation between homologs are best 

demonstrated by cases in which abrogation of any of these components resulted in phenotypes in 

which chromosome pairing was delayed, homologs failed to synapse or synapsed promiscuously 

(53). 

 

In C. elegans, synapsis initiation at the PC ends of paired and aligned chromosomes is a 

highly regulated process entailing checkpoint surveillance by components of the synaptonemal 

complex (SC). Upon the establishment of pairing, greatly driven by cytoskeleton-mediated 

movements (53, 54), partial synapsis at the PCs is accomplished through the assembly of the SC, 

a proteinaceous tripartite structure composed of a central region (CR) and a pair of parallel axial 

elements, referred to as lateral elements in the context of a fully assembled SC, along the length 

of chromosomes (Figure 1-3). During synapsis, central region components, comprised by the 

SYP-1/2/3/4 proteins, form a continuous “ladder-like” structure that bridges homologous axes (55-

59). Despite the lack of sequence conservation among CR components of the SC between species, 

a same role in bridging homologous axes has been shown for CR components in other species 
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comprised by SYCP1, SYCE1/2/3, and TEX12 in mammals (60), C(3)G, Corona and Corolla in 

flies (61-64), ZYP1 in plants (65), ZEP1 in rice (66) and Zip1, Emc11 and Gmc2 in budding yeast 

(67). Moreover, most of these proteins are structurally conserved, consisting of a coiled-coil 

dimerization domain flanked by two globular domains. Studies in mammals, flies, worms and 

yeast revealed that CR proteins dimerize through their coiled-coil domain in a head-to-tail 

orientation with their N-termini oriented towards the center of the SC while the C-termini associate 

with the axes of closely juxtaposed chromosomes (Figure 1-3) (55, 68-70). In C. elegans, 

immunoelectron microscopy, co-immunoprecipitation and yeast-two hybrid analyses revealed a 

repetitive framework of interactions by which SYP proteins arrange within the SC giving rise to 

the “ladder-like” structure bridging chromosome axes. That is, SYP-1 homodimers in the central 

region of the SC establish head-to-head homotypic interactions mediated by the N-termini, 

oriented towards the center of the SC. SYP-2 and SYP-3 interact with SYP-1 homodimers through 

their C- and N-termini, respectively, with the SYP-3 C-terminus displaying the closest proximity 

to chromosome axes. Finally, SYP-4, the largest of the SYP proteins identified, interacts with 

SYP-3 via its C-terminus while the N-terminus is oriented towards the central region of the SC 

(55). Moreover, immunoelectron microscopy analysis showed that SC transverse filaments at the 

interface of homologs span a distance of 118 nm (with a range of 90-125 nm) across chromosome 

axes (57), a conserved feature with other eukaryotes where the width of the SC was reported as 

~100 nm (71). Elimination of any of the SYP proteins results in lack of SC formation, hence, 

demonstrating the strong interdependence between these proteins for successful SC assembly (56-

59). Furthermore, defects in SC assembly induce an extended transition zone with nuclei exhibiting 

chromosomes organized in a polarized configuration characteristic of leptotene/zygotene nuclei 
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throughout mid to late pachytene, as observed in syp-1, syp-2, syp-3 and syp-4 null mutants, 

underscoring the importance of SC proteins for normal meiotic progression (56-59, 72). 
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Figure 1-3. Synaptonemal Complex (SC) assembly. Schematic representation depicting the 

organization of the SC central region components (SYP-1, SYP-2, SYP-3 and SYP-4). Homotypic 

and head-to-tail interactions between SYP proteins give rise to a “ladder like” structure that 

connects juxtaposed chromosome axes (55, 56). 
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In C. elegans, unlike in mammals, plants and fungi, the initiation of synapsis is independent 

from meiotic double-strand break (DSB) formation (72-74). However, as in these other organisms, 

proper and timely assembly of the SC central region requires the loading of axial element (AE) 

proteins between sister chromatids of opposing homologs prior to pairing. AEs provide an 

architectural framework that supports homolog pairing, synapsis, and recombination. In addition, 

they function as meiotic checkpoints that regulate the progression of hallmark events during 

prophase I (75). Throughout species, the establishment of evolutionarily-conserved meiosis-

specific cohesin complexes is fundamental not only for mediating sister chromatid-cohesion 

(SCC), but also for both the formation of AEs, comprised by the HORMA (Hop, Rev17 and Mad2) 

domain-containing proteins HIM-3, HTP-1, HTP-2 and HTP-3, and chromosome synapsis. 

Following DNA replication, the loading of proteins along chromosome axes begins with the 

establishment of SCC by cohesin complexes composed of four core subunits: two Structural 

Maintenance of Chromosomes (SMC) proteins, known as SMC-1 and SMC-3, a non-SMC subunit 

called SCC-3, and a kleisin subunit known as SCC-1 in mitosis or REC-8, COH-3, COH-4 in 

meiosis (76). In mammals, the association of the commonly shared cohesin complex components 

SMC1β, SMC3 and SA3 (SCC-3 in C. elegans) to one of three different kleisins REC8, RAD21L 

or RAD21 give rise to cohesin complexes with different specificities. Alike mammals, three 

different α-kleisin subunits in C. elegans, REC-8, COH-3 and COH-4, form a complex with the 

SMC-1/SMC-3 heterodimer giving rise to a proposed ring-like structure that links sister 

chromatids together until anaphase of meiosis II (76-78). Axis recruitment of the HORMA protein 

HTP-3 occurs in tandem to REC-8 association with meiotic chromosomes as both proteins are 

interdependent on each other (76). Sequential axis loading proceeds with the recruitment and direct 

binding of HIM-3 and HTP-1/-2 to the C-terminal “closure motif” of HTP-3. However, 
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biochemical analysis has shown that HTP-1/-2 can also bind to HIM-3 directly (79). The 

indispensable nature of the HORMA domain proteins in SC assembly in worms was shown by 

mutants of him-3, htp-1/-2 and htp-3 in which chromosomes failed to synapse (76, 79, 80). 

Moreover, genetic mutants of htp-1 displayed extensive, non-homologous synapsis indicating an 

important role for HTP-1 in the tight orchestration of synapsis initiation in a manner that is CHK-

2-dependent (80, 81). Once initial SC nucleation is established at PCs, SC polymerization along 

the full length of the chromosomes is highly processive; HTP-2 has been proposed to antagonize 

HTP-1 function by promoting this process (80). Moreover, the processivity of SC polymerization, 

in the absence of recombination, is mediated by the tetratricopeptide repeat (TPR) domain-

containing protein CRA-1 (82). In mouse, the HORMA-domain protein HORMAD1 participates 

in a negative feedback loop whereby it promotes: 1) proper homolog alignment and SC formation 

(upon which its function is downregulated), and 2) the recruitment of the ATR checkpoint kinase 

activity to unsynapsed chromosomes (83). The establishment of fully synapsed chromosomes 

propels their redispersal in the nucleus as nuclei transition into pachytene where homologous 

recombination is completed. 

 

DNA double-strand break formation and crossover recombination, hallmarks of meiotic 

recombination 

 

In C. elegans, meiotic recombination initiates in nuclei at the leptotene/zygotene stage with 

the introduction of programmed DSBs catalyzed by the highly conserved meiosis-specific 

topoisomerase-like protein SPO-11 (73, 84, 85). Unlike in other eukaryotes, in which SPO-11 

generates multiple DSBs distributed non-randomly throughout the genome in regions demarcated 
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as hotspots, in C. elegans DSBs are randomly distributed throughout the length of the 

chromosomes without evident clustering or restrictions (86, 87). In order to exert its function, 

Spo11 requires the action of additional proteins, a feature observed across organisms, including: 

MEI1 in mice (88), Mei-P22, Trem and Vilya in flies (89, 90), and DFO, PRD1, and SW1I in 

Arabidopsis thaliana (91). Moreover, the yeast Saccharomyces cerevisiae homolog requires nine 

additional proteins: Ski8, Mer2, Mei4, Rec102, Rec104, Rec114, Mre11, Rad50, and Xrs2 (92). 

In C. elegans, the activation of double-strand break factor-1 and double-strand break factor-2 

(DSB-1 and DSB-2) proteins by CHK-2 is indispensable for DSB formation (93, 94). Spo11-

catalyzed DSB formation is a robust, carefully overseen homeostatic process. In C. elegans, a 

mechanism that mediates DSB homeostasis entails the PLK-1/-2-dependent phosphorylation of 

SYP-4 which results in  a feedback mechanism that constraints the formation of excess DSBs along 

each chromosome once a DSB undergoes CO designation (94, 95).  

 

SPO-11-catalyzed DSBs are preferentially repaired by the homologous recombination 

(HR) pathway in which the exchange of genetic information between homologous chromosomes 

gives rise to COs, a hallmark of meiotic recombination. In mammals, plants and some fungi enough 

DSBs are introduced so that at least one obligate CO is produced per homolog pair, a principle 

known as CO assurance, although the formation of multiple COs (2 to 3) has also been observed 

in these organisms (95, 96). CO assurance is further reinforced by CO interference, a conserved 

mechanism by which COs are non-randomly distributed and spaced apart so that a CO in a 

particular location prevents the formation of another CO in close proximity (96-101). C. elegans 

displays robust CO interference as only one DSB (~5-12 DSBs introduced along a chromosome 

pair) is processed into the obligate CO, positioned at the terminal third of chromosomes (also 
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known as the off-center position), while the remainder of DSBs are repaired as non-crossovers 

(NCOs) using either a sister chromatid or homologous chromosome template (74, 102). Once DSB 

repair is undertaken by the HR pathway, the conversion of DSBs into COs is a highly controlled 

process entailing the activation of DNA damage checkpoint proteins and the recruitment of DNA 

damage response (DDR) and CO designation factors. 

 

Mechanism of double-strand break repair and crossover formation 

 

DSB formation entails the covalent attachment of SPO11 to the 5’ ends of meiotic DSBs, 

and initial DNA damage sensing is carried out by the conserved ATM kinase which is recruited to 

DSB sites by the highly conserved MRE11-RAD50-NBS1/Xre2 (MRN/X) complex (103, 104). In 

conjunction with the endonuclease COM1/Sae/CtIP/Ctp1, the MRN/X complex resects the 

SPO11-DNA bond resulting in the release of a SPO11-oligonucleotide complex and generation of 

a 3’ ssDNA tail. Further processing entails the extension of the 3’ ssDNA tail by the 5’ to 3’ 

exonuclease Exo1 to facilitate coating of the ssDNA by replication protein A (RPA) (74, 105, 

106). RPA loading onto ssDNA is essential for the recruitment of the DNA damage checkpoint 

kinase ATR (ATL-1 in C. elegans) at the site of ongoing repair. Repair progresses with the gradual 

replacement of RPA by the RecA family members RAD51 and Dmc1 in most eukaryotes (C. 

elegans only has RAD-51) which guides the process of single-end strand invasion to the opposing 

homologous DNA duplex in search of homology (58, 107, 108). The displacement of a 

complementary DNA strand gives rise to the D-loop repair intermediate. Further processing of D-

loop repair intermediates by the second-end capture mechanism gives rise to single-end invasions 

(SEI) recombination intermediates and double Holliday junctions (dHJ), also known as joint 
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molecule (JM) intermediates, which are eventually resolved into COs (109, 110). Alternatively, 

D-loop intermediates are processed into NCOs by the synthesis-dependent strand annealing 

(SDSA) mechanism (111). 

 

In most organisms, the number of DSBs outnumber COs, hence, organisms have evolved 

mechanisms to specify the site of CO maturation. In mice, plants and yeast most COs are processed 

by the ZMM family of proteins, originally described in yeast, involved in the class I CO pathway 

(112). In yeast, ZMM proteins accomplish a variety of functions including the extension of D-

loops by the Mer3 helicase and the stabilization of dHJs by members of the mismatch repair 

(MMR) family Msh4 and Msh5 (113, 114). The ZMM family also includes members of the SUMO 

and/or ubiquitin E3 ligases, Zip2, Zip3 and Zip4, and the SC central region component Zip1 (74, 

115-119). In C. elegans, CO maturation is mediated by CO-promoting complexes analogous to the 

role played by the ZMM family, including: the heterodimer MSH-4/MSH-5 (MutSγ), the cyclin-

related protein crossover site-associated-1 (COSA-1/CNTD1) and ZHP-3 (yeast Zip3 ortholog) 

(95, 120, 121). An orchestrated interplay between MutSγ, COSA-1/CNTD1 and ZHP-3 results in 

a two-step CO specification process consisting of a “CO licensing” step during mid-pachytene 

followed by a “CO designation” step during mid-to-late pachytene. During CO licensing the 

MutSγ complex and ZHP-3 are recruited to CO prospective sites undergoing recombination; the 

MutSγ complex has been implicated in the formation and/or stabilization of JM intermediates at 

these sites, while ZHP-3 has been associated with promoting SC disassembly during late pachytene 

(122). Cytological analysis in worms showed that the MutSγ complex localizes to pachytene nuclei 

as disperse patches while ZHP-3 localizes in stretches along the full length of the SC (95). During 

the mid-to-late pachytene transition, “CO designation” takes place by the localization of 
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concentrated COSA-1 to presumptive CO sites on each chromosome pair (visualized as six discrete 

foci), where it serves as a hub for the subsequent concentration of MutSγ and ZHP-3 resulting in 

CO maturation (95). This two-step process constitutes a mechanism that limits the number of 

recombination sites that will be processed as COs, and it was best exemplified in studies where 

introduction of an excess number of DSBs by irradiation still resulted in the formation of no more 

than one CO per homolog pair (95). This control of CO homeostasis dovetails with the strong CO 

interference exhibited by C. elegans. 

 

In addition to providing a physical link that prevents premature homolog separation, the 

position of the CO has been proposed to determine the orientation of chromosomes on the 

metaphase I plate in preparation for their segregation at anaphase I. Moreover, the maturation of 

COs during late pachytene sets the ground for chromosome remodeling events taking place during 

the subsequent stages of prophase I. 

 

Chromosome remodeling in C. elegans 

  

Following CO formation, a series of structural rearrangements revolving around the CO 

site, a process known as chromosome remodeling, give rise to a highly condensed cruciform-

shaped bivalent structure characterized by two asymmetric perpendicular chromosomal axes (a 

short and long arm) interconnected by the chiasma at the CO site (Figure 1-4). This complex and 

dynamic process entails the rapid and progressive decondensation and re-condensation of 

chromosomes (as chromosomes transit proximally in the germline), the asymmetric disassembly 

and re-distribution of SC components along newly restructured chromosome axes, and the 
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recruitment of a new cohort of proteins that impart different identities to the short and long arms 

of bivalents, thus, making them competent for homolog and sister chromatid separation at 

anaphase I and II, respectively (123, 124). In C. elegans, chromosome remodeling initiates in the 

late pachytene to early diplotene stage with the disassembly and reorganization of the SC (125). 

Studies in budding yeast and C. elegans have shown that the SC is a highly dynamic structure 

undergoing local assembly and disassembly in response to irradiation-induced damage as well as 

turnover or replacement of its central region components throughout meiosis (94, 126-128). Such 

SC dynamics are regulated by post-translational modifications entailing the phosphorylation, de-

phosphorylation and N-terminal acetylation of central region SC components (94, 129, 130). 

Recent studies from our laboratory showed that constitutive phosphorylation of the central region 

SYP-2 protein by the MAP kinase MPK-1 during mid-pachytene prevents early SC disassembly 

from the long arms thus preventing premature disassembly preceding CO designation (94). We 

proposed that during chromosome remodeling the pro-CO factors ZHP-3 and COSA-1 license the 

timely disassembly of the SC through MPK-1 inactivation, which in turn promotes either the de 

novo loading of unphosphorylated SYP-2 or, alternatively, de-phosphorylation of SYP-2 within 

the SC by a yet to be identified phosphatase (94). An analogous mechanism of SC disassembly 

has been observed in other organisms such as in mouse spermatocytes where PLK1 

phosphorylation of the central region components SYCP1 and TEX12 leads to SC disassembly 

(131). In budding yeast, the polo-like kinase Cdc5 is implicated in pachytene exit by promoting 

CO formation and SC breakdown (132). 

  

As the SC disassembles, remodeling re-localizes central region proteins to a domain 

between the CO site and the last terminal third of the chromosome (short arm), while the HTP-1/-
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2 lateral elements are restricted to a domain between the CO site and the opposite end of the 

chromosome (long arm). The lateral element proteins HTP-3 and HIM-3 and the cohesin 

components, however, remain associated to both the short and long arms (77, 133-135). As 

homologs desynapse and chromosome remodeling unfolds, the system faces two main challenges: 

(1) the maintenance of SCC-dependent inter-homolog association prior to their separation at 

anaphase I and (2) the preservation of SCC along sister chromatids until anaphase II. In mammals, 

flies, and yeast, these challenges are met by the Shugoshin/Mei-S322 family of centromeric 

proteins and PLK1, whose interaction regulate the timely separation of homologous chromosomes 

at anaphase I followed by sister chromatid separation at anaphase II. Shugoshin protects 

centromeric cohesion between sister chromatids by recruiting a PP2A phosphatase that precludes 

the premature removal of REC-8 by separase.  In C. elegans, an analogous mechanism regulates 

the stepwise degradation of REC-8 from the short and long arms. Because homologous 

chromosomes become bi-oriented on the meiotic spindle, removal of REC-8 in the short arm is 

required for the proper separation of homologous chromosomes during anaphase I. Targeted 

degradation of REC-8 in the short arm is accomplished via the recruitment of proteins in the 

chromosomal passenger complex (CPC) (Aurora B kinase (AIR-2), IR-1, ICP-1, and CSC-1), 

which form a ring-like organization around the mid bivalent (Figure 1-4). Similar to yeast and 

human mitotic cells, AIR-2 recruitment is dependent on the phosphorylation of histone H3 by the 

serine/threonine Haspin kinase (136-139). Moreover, AIR-2 localization to the short arm of the 

bivalent is guided by the earlier asymmetric localization of SYP-1 to the short arm during SC 

disassembly (123). REC-8 phosphorylation by AIR-2 induces its degradation from the short arm 

by separase activity, hence, leading to the separation of homologs (125, 136, 140-142). On the 

long arm, however, LAB-1, the functional analog of Shugoshin in C. elegans, safeguards REC-8 
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from degradation by recruiting the phosphatase GLC-7-like protein GSP-2 (125, 143) which 

antagonizes AIR-2 activity and restricts its localization to the short arm.      
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Figure 1-4. Events during meiosis I. Schematic representation of events during meiotic 

progression such as recombination, assembly and disassembly of the SC, and late prophase I 

chromosome remodeling, that promote accurate homolog segregation at meiosis I (16).  
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SCREENING FOR NON-DISJUNCTION CAUSING CHEMICALS 

 

In light of the detrimental health outcomes reported as a consequence of environmental 

chemical exposures (11-13, 144, 145), our group set out to investigate the molecular mechanisms 

underpinning the effects of these exposures on meiosis I. A great number of man-made chemicals 

have been classified as endocrine disrupting chemicals (EDCs) by the EPA. EDCs can alter a 

variety of biological processes by interacting with receptors modulating a range of cellular 

responses or with enzymes involved in the synthesis of hormones regulating cell homeostasis, 

reproduction development and/or behavior, or inducing changes in the expression of genes 

mediating cellular defense responses to genotoxic stress or endocrine signaling (146, 147). The 

ability of EDCs to mimic natural hormones/ligands, which typically exert their function at very 

low concentrations (picomolar to nanomolar range) in the body, calls for an in-depth understanding 

of the effect of EDC exposure at levels present internally in the general population 

(environmentally-relevant). To this end, using C. elegans as a model of reproductive toxicity, 

initial studies in our group focused on Bisphenol A (BPA), an industrial chemical widely used for 

the production of some plastics and epoxy resins, which was previously found to induce 

aneuploidy in mouse oocytes and to disrupt meiosis in worms by impairing the DSB machinery 

resulting in sterility and embryonic lethality (26, 34). In light of these results, our laboratory 

initiated broader efforts to establish a HT screening platform with the goal of identifying 

environmental toxicants that disrupt reproductive health in C. elegans at low (or ambient) exposure 

levels (Appendix 1). To this end, an initial library consisting of 46 chemicals falling within the 

following categories was compiled: (1) pesticides, (2) phthalates, (3) chemicals used in hydraulic 

fracturing and (4) chemicals used in crude oil processing (Table 1-1). Chemicals were selected 
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through data mining of the U.S. EPA’s ToxRefDB, a database that compiles over 30 years of 

mammalian in vivo toxicity data on hundreds of chemicals. Out of 46 chemicals screened 19 

displayed aneugenic activity that was higher than that displayed by the DMSO (vehicle control) 

and BPA controls (23). Among the top-ranking chemicals, 2,3,7,8-tetrachlorodibenzo-p-dioxin 

(TCDD), an industrial incineration by-product, and diethylhexyl phthalate (DEHP), a plasticizer, 

were selected for further studies given their ubiquitous presence in the environment and lack of 

mechanistic understanding on their germline disruption ability. Hence, the goal of the herein 

presented thesis work was: (1) To understand the impact that low exposure levels of DEHP 

(Chapter 2) or TCDD (Chapter 3) exert on the germline and (2) To gain mechanistic insight about 

the mode of action of both chemicals using C. elegans as a model of reproductive toxicology.   
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Table 1-1. Aneugenic environmental chemicals identified in HT screen. Top ranking 

chemicals, identified in a C. elegans HT screen of environmental germline disruptors, displaying 

stronger aneugenicity than BPA (23). 
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ABSTRACT 

 

Exposure to diethylhexyl phthalate (DEHP), the most abundant plasticizer used in the 

production of polyvinyl-containing plastics, has been associated to adverse reproductive health 

outcomes in both males and females. While the effects of DEHP on reproductive health have been 

widely investigated, the molecular mechanisms by which exposure to environmentally-relevant 

levels of DEHP and its metabolites impact meiosis in the context of a multicellular organism have 

remained elusive. Using the Caenorhabditis elegans germline as a model for studying 

reprotoxicity, we show that exposure to environmentally-relevant levels of DEHP and its 

metabolites result in increased meiotic double-strand breaks (DSBs), altered DSB repair 

progression, activation of p53/CEP-1-dependent germ cell apoptosis, defects in chromosome 

remodeling at late prophase, aberrant chromosome morphology in diakinesis oocytes, increased 

chromosome non-disjunction and defects during early embryogenesis. Exposure to DEHP results 

in a subset of nuclei held in a DSB permissive state in mid to late pachytene that exhibit defects in 

crossover (CO) designation/formation and reduced Polo-like kinase-1/2 (PLK-1/2)-dependent 

phosphorylation of SYP-4, a synaptonemal complex (SC) protein. Moreover, DEHP exposure 

leads to increased SC length on the X chromosomes and germline-specific changes in the 

expression of genes implicated in the DNA damage response (DDR)/DSB repair (DSBR) 

pathways. Taken together, our data suggest a model by which alterations in chromosome structure, 

together with impairment of a PLK-1/2-dependent negative feedback loop set in place to shut down 

meiotic DSBs, contribute to the formation of an excess number of DSBs leading to genomic 

instability.   
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INTRODUCTION 

 

Errors in achieving accurate chromosome segregation during meiosis can result in the 

formation of either eggs or sperm carrying an incorrect number of chromosomes (aneuploidy) and 

has been implicated in 4% of still births, 35% of clinically-recognized miscarriages, congenital 

birth defects and infertility observed in humans (1-3). Mounting evidence from mammalian studies 

suggests an association between exposures to environmental chemicals and aneuploidy (4). 

However, thousands of man-made chemicals, including endocrine disrupting chemicals (EDCs) 

such as phthalates, are highly prevalent in the environment and their impact on meiosis is not fully 

understood.   

 

Diethylhexyl phthalate (DEHP) is the most frequently used phthalate ester in the 

manufacturing of flexible polyvinyl chloride (PVC)-containing plastics, with approximately one 

to four million tons produced every year (5, 6). Consequently, DEHP is present in a variety of 

consumer products including: clothing, personal care products, children’s toys, food packaging, 

vinyl flooring, carpets, wires, medical devices and construction materials (7). The ubiquity of 

DEHP also extends to non-PVC materials such as makeup, adhesives, fillers, pills and printing 

inks (8). Exposure to DEHP can occur via inhalation, ingestion and dermal absorption as it is 

detected in the air, water and soil, respectively (9, 10). Once in the body, DEHP is rapidly 

metabolized by non-specific lipases and esterases in the gut, liver and blood into the primary 

monoester metabolite mono-(2-ethylhexyl) phthalate (MEHP), which is further oxidized to mono-

(2-ethyl-5-oxohexyl) phthalate (MEOHP), mono-2(ethyl-5-hydroxhexyl) phthalate (MEHHP), 

mono-(2-ethyl-5-carboxypentyl) phthalate (MECPP) and mono-[(2-carboxymethyl) hexyl] 



 55 

phthalate (MCMHP) metabolites. Subsequently, these DEHP metabolites are conjugated mostly 

to glucuronic acid and excreted in the urine as glucuronidated-conjugates, while the remainder are 

conjugated to sulfo groups (via sulfation) and eliminated as sulfates in the urine (11-13). The 

widespread use of DEHP underscores the importance of understanding how it impacts meiosis and 

thereby reproductive health. 

 

DEHP and its metabolites are putative endocrine disruptors with the ability to interfere 

with both the male and female reproductive systems (14-17). Male rats exposed to DEHP in utero 

exhibited altered androgenic steroidogenesis, resulting in decreased production of testosterone, 

hypospadias (a congenital condition in which the opening of the urethra is on the underside of the 

penis instead of at the tip), cryptorchidism (characterized by one or both testicles failing to descend 

from the abdomen to into the scrotum), shortened anogenital distance, reduced cell proliferation 

and increased apoptosis of Sertoli cells, decreased sperm production and fertility, and altered gene 

expression in the fetal testes (18-20). In occupationally exposed Chinese men, elevated DEHP 

levels were associated with a significant reduction in serum free testosterone (21). In female rodent 

studies, DEHP decreased 17β-estradiol levels, induced anovulation, disrupted estrous cyclicity and 

altered folliculogenesis in the ovaries (22, 23). Moreover, an association between DEHP exposure 

and endometriosis or decreased gestational age has been described in women (24). However, while 

DEHP is a well-recognized agent of reproductive toxicity, the mechanisms by which it affects 

meiosis remain unclear. In addition, while studies conducted in rodents have mostly investigated 

the effects of exposures to high doses of DEHP (100-750 mg/kg bw/day), only a limited number 

have examined the effects from low dose exposures (22, 25, 26), which are more in the range of 

exposures detected in the general population. The latter, combined with the observation that DEHP 
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displays a non-monotonic dose response profile, in which doses relevant to human exposure (0.5-

25 μg/kg bw/day) led to reproductive toxicity in male mice, support the need of evaluating the 

effects of low dose exposure in the germline (25). 

 

We used the nematode C. elegans to investigate the effects of exposure to low doses of 

DEHP in female meiosis. C. elegans is an ideal system for such studies given that meiosis in this 

system is well-characterized, this model organism has a rapid life cycle, and its cellular processes 

and pathways share a high degree of conservation with those found in mammals. Furthermore, C. 

elegans is a model that provides unique advantages for studies of reprotoxicity, including: (1) 

nuclei in the adult gonad are organized in a spatial-temporal gradient facilitating the study of 

meiosis and the clear visualization of alterations in chromosome morphogenesis at different 

meiotic stages resulting from the action of germline disruptors and (2) it is a highly predictive 

model of mammalian toxicities (27-30).  

 

Here we identify the mechanisms by which internal circulating levels of DEHP and its 

metabolites, within the range detected in the general human population, exert reprotoxic effects in 

the C. elegans germline. We observed elevated levels of double-strand breaks (DSB), increased 

p53/CEP-1-dependent germ cell apoptosis, the presence of chromosomal defects in oocytes at 

diakinesis suggesting impaired DSB repair progression, and evidence of chromosome non-

disjunction. DEHP also altered meiotic progression as shown by the presence of nuclei detected in 

late pachytene with markers of early prophase, such as phosphorylated SUN-1 and DSB-1. These 

“laggers” also exhibited lower levels of COSA-1/CNTD1, indicative of lower levels of CO 

designation, and reduced Polo-like kinase-1/2 (PLK-1/2)-dependent SYP-4 phosphorylation 
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(pSYP-4), suggesting a defect in the negative feedback loop mechanism normally set in place to 

turn off continued DSB formation in late pachytene. Finally, DEHP exposure resulted in germline-

specific alteration in the expression of DSB repair (DSBR) and DNA damage response (DDR) 

genes as well as an increased X chromosome synaptonemal complex (SC) length in mid-pachytene 

nuclei. We propose that low dose exposure to DEHP alters meiotic progression, germline-specific 

gene expression and chromosome structure in a manner that impairs DSB repair and interferes 

with the negative feedback loop regulation of DSB formation leading to excess DSB formation.  

 

RESULTS 

 

Environmentally-relevant levels of DEHP and its metabolites lead to X chromosome non-

disjunction and altered meiotic progression 

 

We recently identified DEHP in a high-throughput (HT) screen for environmental 

chemicals leading to increased X chromosome nondisjunction in the germline (31). To further 

investigate how DEHP affects the germline we first defined the environmentally-relevant (low 

dose) level of DEHP for our subsequent experiments. Given that DEHP exposure results in 

elevated levels of germ cell apoptosis in mice (32), we used germ cell apoptosis as a readout to 

identify the lowest dose at which DEHP induces a maximal apoptotic response, without 

compromising worm viability. Worms carrying a col-121(nx3) mutation that increases their cuticle 

permeability to chemicals (33) were exposed from eggs to 24 hours post-L4 stage to various 

concentrations of DEHP (10 μM, 50 μM, 100 μM, 250 μM, and 500 μM). Maximal apoptosis was 

observed starting at 100 μM DEHP (Figure 2-1A). Importantly, this dose did not result in sterility 
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(a reduction in the number of eggs laid), embryonic lethality (Emb) or larval lethality (Lvl) (Figure 

2-1B). However, it did result in a high incidence of X0 males (Him, 0.85%, p<0.05 by c2  analysis), 

which is suggestive of errors in X chromosome segregation since males normally account for 

<0.2% of a XX hermaphrodite’s offspring and corroborates the previous finding from our HT 

screen (34, 35).  

To assess if 100 μM DEHP is an environmentally-relevant exposure dose, we determined 

the internal concentrations of DEHP and its metabolites in the worms by isotopic dilution mass 

spectrometric analysis of whole worm lysates (31). Exposure to 100 μM DEHP resulted in internal 

median concentrations of 2.8 μg/g of DEHP, 2.6 μg/g of MEHP, 0.0305 μg/g of MEOHP, 1.2 μg/g 

of MEHHP, 0.0147 μg/g of MECCP, and 0.031 μg/g MCMHP (Figure 2-1C). These internal 

levels of the oxidative metabolites are within the range of previously reported circulating values 

detected both in the general female population in the U.S. and in pregnant women (36, 37).  
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Figure 2-1. DEHP dose-response curve, plate phenotyping analysis and structures and 

representative GC-MS and HPLC-MS/MS chromatograms for DEHP and its metabolites. 

(A) Quantification of germ cell apoptosis from worms exposed to a range of DEHP concentrations 

compared to vehicle alone (0.1% DMSO). Analysis was done for three independent biological 

repeats. More than 25 gonads were scored for each indicated exposure. (B) The brood size, 

embryonic lethality, larval lethality and high incidence of males (HIM) were scored for the 

progeny laid by hermaphrodites continuously exposed to 100 μM DEHP starting from eggs until 

24 hours post-L4 and compared to vehicle alone (0.1% DMSO). N indicates the number of 

hermaphrodites for which plate phenotypes were scored. *p < 0.05 by c2 analysis. (C) 

Representative GC-MS and HPLC-MS/MS chromatograms from the analysis of internal 

circulating levels of DEHP and its metabolites in worms exposed either to vehicle alone (DMSO) 

or to DEHP (left) and chemical structures of DEHP and its metabolites (right). 
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Analysis of chromosome morphogenesis in adult germ cell nuclei from DEHP-exposed 

worms revealed an extended leptotene/zygotene region in 31% (n = 29) of the germlines, as shown 

by the presence of nuclei with chromosomes in a characteristic crescent-shaped organization 

among pachytene nuclei, compared to 9% (n = 22) for vehicle alone (0.1% DMSO) (Figures 2-

2A-B). To determine whether meiotic progression might be affected, we examined the localization 

of phosphorylated SUN-1 (pS8), which forms bright aggregates at the nuclear envelope (NE) 

during leptotene/zygotene and then becomes weaker and dispersed in the nucleus during early to 

mid-pachytene in wild type (38). While most DEHP-exposed worms showed the timely 

appearance and disappearance of SUN-1 (pS8) signal (Figures 2-2C-D), a subset of worms 

displayed a statistically significant number of SUN-1 (pS8)-positive (+) nuclei extending into mid 

and late pachytene (p = 0.0115 as determined by the unpaired two-tailed Mann-Whitney test, 95% 

confidence interval (C.I.)), suggesting problems with meiotic progression. Importantly, the 

extended leptotene/zygotene region was not due to defects in the formation of the synaptonemal 

complex (SC) as evidenced by normal localization of SYP-1, a SC central region protein (Figure 

2-3) (39). SC assembly was observed initiating in leptotene/zygotene, fully synapsed tracks were 

observed in pachytene nuclei, and the SC was fully disassembled by late diakinesis (-2 and -1 

oocytes; n = 9-13 oocytes scored per chemical treatment) as SYP-1 signal was no longer detected 

in this region. The observation that only a subset of worms exhibits alterations in meiotic 

progression, and therefore that not all worms in a population are equally impacted by exposure to 

EDCs, is supported by our previous analysis showing that only 20-30% of worms exhibited defects 

in germline chromosome morphogenesis following dibutyl phthalate (DBP) exposure (31). This 

variability is also evident in rodent studies in which control animals accidentally exposed to BPA 

via cage contamination showed striking variation in meiotic recombination among litters, as 
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determined by quantifying the number of MLH1 foci (40). Taken together, these data indicate that 

environmentally-relevant levels of DEHP can result in X chromosome non-disjunction and alter 

meiotic progression.  
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Figure 2-2. Meiotic progression is altered in the germline of DEHP-exposed hermaphrodites. 

(A) High resolution images of whole mounted gonads from DMSO- or DEHP-exposed worms 

oriented from left to right. Insets show the presence of transition zone-like nuclei in mid-pachytene 

for DEHP-exposed gonads suggesting an extended leptotene/zygotene region. (B) Quantification 

of worms with an extended leptotene/zygotene phenotype. Data is from three independent 

biological repeats for DMSO (n = 22) and DEHP (n = 29); n = number of gonads scored. (C) 

Whole mounted gonads of chemically-exposed worms immunostained against SUN-1 (pS8) 

(green) show defects in meiotic progression as manifested by the persistence of S8-Pi+ nuclei 

(“laggers”, indicated by yellow arrows) into mid to late pachytene. Asterisks indicate the 

premeiotic tip and white arrows show the direction in which nuclei move proximally in the 

germline.  Hatched white lines demarcate the end of rows with all nuclei showing SUN-1 (pS8) 

signal (beginning of mid-pachytene). (D) Quantification of the number of SUN-1 (pS8) laggers 

observed in mid and late pachytene per gonad. Bars represent the mean number of laggers ± SEM. 

*p < 0.05 by the two-tailed Mann-Whitney test, 95% C.I. Data was obtained from three biological 

repeats for DMSO (n=28) and DEHP (n=26); n = number of gonads scored. Scale bars, 5 μm.   
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Figure 2-3. Synaptonemal complex (SC) formation is not altered by DEHP exposure. High-

resolution images of pachytene nuclei immunostained with SYP-1 (green) and co-stained with 

DAPI (blue) show continuous tracks for this central region component of the SC at the interphase 

between DAPI-stained chromosomes (homologs) in a manner indistinguishable from vehicle alone 

(0.1% DMSO) exposed worms. Between five to six gonads from two biological repeats were 

scored for DMSO (n = 130) and DEHP (n = 157); n = number of nuclei scored. Scale bar, 3 μm. 
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DEHP alters chromosome morphology and remodeling in oocytes at diakinesis and leads to 

impaired early embryogenesis 

Analysis of -1 oocytes at diakinesis (the most proximal oocyte to the spermatheca) in 

DEHP-exposed worms revealed significantly elevated levels of aberrant chromosome 

condensation (13.5%, n = 236, where n = total number of bivalents scored, **p < 0.01 by Fisher’s 

exact test) compared to vehicle-control (8%, respectively; n = 174) (Figures 2-4A-B). Although 

we did not observe univalents (unattached homologs), it is possible that univalents were present in 

the chromosomal aggregates observed (Figure 2-4B). To further examine the extent of 

abnormalities observed in diakinesis nuclei, we assessed the localization of the Shugoshin 

functional homolog LAB-1, which functions as a regulator of sister chromatid cohesion (SCC) and 

localizes to the long arm of bivalents in diakinesis upon chromosome remodeling, and 

phosphorylated histone H3 (pS10), used as surrogate indicator of Aurora B kinase (AIR-2) activity, 

which localizes to the short arm of bivalents in -1 oocytes (41, 42). We observed defects in 

chromosome remodeling as manifested by the absence of LAB-1 in 11.5% of bivalents (n = 227, 

****p < 0.0001 by Fisher’s exact test) in comparison to only 0.67% in DMSO (n=150) (Figures 

2-4C-D). H3 pS10 was no longer restricted to the short arm in 13.7% (n = 227, ****p < 0.0001 by 

Fisher’s exact test) of DEHP-exposed bivalents relative to 0% (n = 137) in the DMSO vehicle 

control (Figures 2-4E-F). Furthermore, H3 pS10 signal was absent in 12.8% of DEHP-exposed 

bivalents (n = 227) relative to 8.8% in the DMSO vehicle control (n = 137).  
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Figure 2-4. DEHP disrupts bivalent morphogenesis and chromosome remodeling. (A) High 

resolution images of DAPI-stained bivalents in -1 oocytes at diakinesis exhibiting either normal 

morphology (WT) or defects including evidence of chromosome fragments (CF), elongated 

bivalents suggestive of condensation defects (CD), and chromosome aggregates (Agg) suggestive 

of end-to-end chromosome fusions. Note that DMSO also exhibits some degree of toxicity, as 

previously reported (27, 31, 43). (B) (Left) Quantification of the % of bivalents displaying normal 

morphology or either chromosome fragments or condensation defects (n = 174 for DMSO from a 

total of 26 oocytes and n = 236 for DEHP from a total of 49 oocytes); n = number of bivalents 

scored. Numbers above each bar indicate percentages. (Right) Quantification of the % oocytes 

exhibiting chromosomal aggregates (n = 26 -1 oocytes for DMSO and 49 for DEHP; n = number 

of oocytes scored). (C, E) Bivalents in the -1 oocyte displayed defects in chromosome remodeling 

as shown by (C) the absence of LAB-1 (n = 150 for DMSO and n = 227 for DEHP; n = number of 

bivalents scored) or (E) either the absence or mislocalization of phosphohistone H3 (pS10) (n = 

137 for DMSO and n = 227 for DEHP). (D, F) Quantification of the % of bivalents displaying 

defects in LAB-1 and H3 (pS10) localization, respectively. Scoring of bivalents was done for two 

biological repeats. **p < 0.01, ****p < 0.0001 by Fisher’s exact test. Scale bars, 2 μm.  
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To examine the effects of DEHP on early embryogenesis we performed live imaging 

analysis of the first embryonic division in chemically treated H2B::mCherry; γ-tubulin::GFP; col-

121(nx3) transgenic worms. Pronuclear fusion, chromosome alignment at the metaphase plate and 

chromosome segregation at anaphase in the one-cell embryo was normal in DMSO-treated animals 

with only a small percentage (4.8%, n = 42; n = number of embryos scored) showing abnormalities, 

including congression failure and one aberrant spindle formation. In contrast, the formation of 

multiple spindle poles, congression failure and chromatin bridges at anaphase I was observed in 

14% (n = 49) of DEHP-exposed worms (Figures 2-5A-B). Taken together, these data show that 

DEHP impairs chromosome morphology and remodeling in late prophase as well as early 

embryogenesis. 
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Figure 2-5. DEHP exposure causes defects in the first embryonic division. Representative 

images from time-lapse analysis of the first embryonic division in DMSO- and DEHP-exposed 

H2B::mCherry; γ-tubulin::GFP; col-121(nx3) worms. (A) DEHP exposure led to chromosomes 

failing to properly align on the metaphase plate (indicated by yellow arrow in inset), chromatin 

bridges at the metaphase to anaphase transition (indicated by yellow arrow in inset) and the 

formation of multiple spindles (indicated by yellow arrows). Data for 0.1% DMSO (n = 42) and 

100 μM DEHP (n = 49) was obtained from five biological replicates; n = number of embryos 

scored. Scale bars, 5 μm. (B) Quantification of defects scored by time-lapse analysis of the first 

embryonic division.    
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Germline apoptosis and double-strand break repair progression are altered in DEHP-
exposed worms 
 

Given the presence of chromosomal defects in oocytes at diakinesis (Figure 2-4) and 

elevated germ cell apoptosis in late pachytene (Figure 2-1A), we examined whether these might 

stem from defects in DSBR earlier during prophase. DEHP-exposed worms exhibited p53/CEP-1-

dependent increased germ cell apoptosis suggesting activation of a DNA damage checkpoint 

(Figures 2-6A-B). Since unrepaired DSBs and/or aberrant recombination intermediates persisting 

until late pachytene can result in activation of p53/CEP-1-dependent germ cell apoptosis (44), we 

examined the progression of recombination by quantifying the levels of RAD-51 foci, a protein 

involved in strand invasion/exchange during DSBR (45), on immunostained whole mounted 

gonads. In DMSO-treated worms, low levels of RAD-51 are observed upon entrance into meiosis, 

which then peak during early to mid-pachytene and decrease significantly by late pachytene as 

repair is completed. In contrast, a significant increase in RAD-51 foci was observed in mid-

pachytene nuclei (zone 5) in the germlines of DEHP-exposed worms (Figures 2-6C-D). To 

determine whether the observed increase in RAD-51 foci may be due in part to an increase in the 

number of DSBs we quantified the levels of RAD-51 in a rad-54; col-121 mutant background. In 

the absence of rad-54, which encodes a DNA repair protein that promotes RAD-51 displacement 

during strand-exchange, DSBR is blocked leading to accumulation and co-localization of DSBs 

and RAD-51 foci, hence, allowing for quantification of the total number of DSBs [65]. DEHP-

exposed gonads showed a significant increase in RAD-51 foci in the leptotene/zygotene, early, 

and mid-pachytene stages (zones 3, 4, and 5, respectively) compared to vehicle alone (Figure 2-

6E). Taken together, our data indicates that DEHP exposure results in elevated levels of DSBs and 

altered DSBR likely resulting in the activation of p53/CEP-1-dependent germ cell apoptosis. 
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Figure 2-6. DEHP exposure leads to p53/CEP-1-dependent increased germ cell apoptosis, 

altered meiotic DSB repair progression and increased DSB formation. (A) Schematic of a C. 

elegans gonad depicting the seven zones for which RAD-51 was scored for all nuclei.  Red circles 

represent nuclei undergoing apoptosis (germ cell corpses) which are detected close to the bend of 

the gonad arm at late pachytene. (B) Quantification of germ cell corpses in hermaphrodites 

exposed to 100 μM DEHP from embryogenesis until 24-hours post L4.  0.1% DMSO was used as 

the vehicle control. Error bars represent SEM. ****p < 0.0001 by the two-tailed Mann-Whitney 

test, 95% C.I., when comparing the indicated genotypes. Between 35 to 47 gonads were examined 

for each chemical exposure from four biological replicates. (C) High-resolution images of mid-

pachytene nuclei (zone 5) from whole mounted gonads co-stained with RAD-51 (magenta) and 

DAPI (blue). Scale bar, 3 μm. (D) Bar graph shows the mean number of RAD-51 foci/nucleus (y-

axis) scored along each zone in the germlines (x-axis) of col-121 worms. Five gonads were scored 

per chemical treatment. A significant increase in levels of RAD-51 foci were observed for zone 5 

of DEHP-exposed worms compared to DMSO. Error bars represent SEM from technical repeats 

for each of two biological replicates (*p < 0.05 by the two-tailed Mann-Whitney test, 95% C.I.). 

(E) Bar graph shows the mean number of RAD-51 foci/nucleus for each zone along the germlines 

of rad-54; col-121 worms. Elevated levels of DBSs were observed beginning in early prophase 

(zone 3) persisting until mid-pachytene (zone 5). Error bars represent SEM for technical repeats 

from two to three biological repeats (*p < 0.05, ****p < 0.0001 by the two-tailed Mann-Whitney 

test, 95% C.I.). 
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DEHP exposure results in persistent DSB-1 signal in a subset of germline nuclei  

 

In C. elegans, DSB-1 localizes to chromosomes during early prophase 

(leptotene/zygotene), where it promotes the formation of programmed DSBs, and dissociates from 

chromosomes by mid-pachytene (46). Because problems in early meiotic recombination events 

were previously shown to induce an extended DSB-1 zone (6), we quantified the region of DSB-

1 localization by calculating the ratio of the length of the region encompassing DSB-1+ nuclei 

relative to the length of the gonad spanning the leptotene/zygotene-pachytene (LZP) stages (46). 

Quantification of the DSB-1 localization region (expressed as % LZP) showed that DSB-1 

progression is unaltered by chemical exposure (Figure 2-7A). However, we observed a significant 

increase in the frequency of DSB-1+ nuclei extending into mid and late pachytene for DEHP-

exposed worms, referred to herein as “laggers”, compared to DMSO control (8.6 laggers (mean), 

n = 36, compared to 5.4 laggers, n = 28; p = 0.0012; Figures 2-7B-C). In addition, 67% of DEHP-

exposed worms showed ≥7 DSB-1 laggers in their germlines relative to 29% of DMSO-exposed 

worms. As in the case of SUN-1 (pS8) immunostained gonads, DSB-1 laggers displayed 

chromosomes in a crescent-shape organization reminiscent of leptotene/zygotene stage nuclei 

(Figures 2-7C-D). These results suggest that DEHP exposure leads to a subset of nuclei persisting 

in a DSB-permissive state until late pachytene.  
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Figure 2-7. DEHP exposure results in DSB-1 laggers in mid and late pachytene and impaired 

CO designation. (A) Quantification showing that the % of the LZP (leptotene + zygotene + 

pachytene) region in the germline with rows where all nuclei show DSB-1 signal is not extended 

in DEHP-exposed worms compared to DMSO. (B) However, DEHP-exposed gonads showed 

elevated levels of DSB-1+ nuclei in the mid to late pachytene regions (DSB-1 laggers). **p < 0.005 

by the two-tailed Mann-Whitney test, 95% C.I. Data for DMSO (n = 28; n = number of gonads) 

and DEHP (n = 36) was obtained from four to five biological repeats. Bars indicate mean ± SEM. 

(C) High-resolution images of DAPI-stained gonads co-immunostained against DSB-1 (green) and 

phosphorylated SYP-4 (magenta) from DMSO- and DEHP-exposed worms. DSB-1 signal is 

observed in nuclei from leptotene/zygotene until early pachytene. DSB-1 laggers extend into mid 

and late pachytene (indicated by yellow arrows). pSYP-4 signal is detected in early pachytene and 

remains associated to chromosomes until late prophase (given the extended leptotene/zygotene 

region resulting from DEHP exposure, note that early pachytene nuclei and the corresponding 

pSYP-4 signal are seen later in the DEHP-treated gonad compared to vehicle alone). Scale bars, 

15 μm. (D) High magnification images of boxed DSB-1- and pSYP-4-stained mid-pachytene 

laggers in (C). DSB-1 laggers displayed reduced pSYP-4 signal compared to surrounding nuclei 

lacking DSB-1 staining. Scale bar, 2 μm. (E) Quantification of the number of DSB-1 laggers in 

late pachytene (zones 6 and 7) from DMSO (n = 29)- and DEHP (n = 25)- exposed worms; n = 

number of gonads scored. Although 433 nuclei were scored, only a small number are DSB-1 

laggers at late pachytene (where six COSA-1 foci per nucleus are clearly visible in wild type) and 

therefore no statistical analysis can be performed at this time. Shown is a trend for higher numbers 

of DSB-1+ laggers in DEHP-exposed gonads compared to vehicle alone. (F) High magnification 

images of DSB-1 laggers from DEHP-exposed worms displaying less than six COSA-1 
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foci/nucleus. Scale bar, 2 μm. (G) Quantification of GFP::COSA-1 foci per DSB-1 lagger in late 

pachytene showing a trend towards a decrease in GFP::COSA-1 foci in DSB-1+ laggers at that 

stage in DEHP-exposed gonads.   
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Crossover designation is compromised in the germlines of DEHP-exposed worms 

 

We previously showed that crossover (CO) designation is required for Polo kinase (PLK-

1/2)-dependent phosphorylation of the structural component of the synaptonemal complex SYP-4 

(pSYP-4), triggering a negative feedback mechanism that constrains the formation of further DSBs 

during meiosis (5). Given the increase in DSB levels and the persistence of DSB-1 laggers detected 

in the mid to late pachytene regions of DEHP-exposed worms, we examined whether these may 

be linked to problems in CO designation and SYP-4 phosphorylation. Examination of gonads co-

immunostained for DSB-1 and pSYP-4 revealed that DSB-1+ nuclei at mid-pachytene exhibited 

either reduced or no pSYP-4 signal throughout some chromosomes (Figure 2-7D). This is not due 

to downregulation of SYP-4 expression given that SC assembly, which requires normal expression 

of all SC components (47, 48), namely– SYP-1, SYP-2, SYP-3 and SYP-4 – is unperturbed in 

exposed worms (Figure 2-3). Moreover, DSB-1+ nuclei at mid-pachytene also exhibited reduced 

PLK-2 signal (Figure 2-8). 
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Figure 2-8. DEHP-exposed germlines display reduced PLK-2 signal. (A) High resolution 

images of whole mounted gonads of chemically-exposed worms immunostained against PLK-2 

and DSB-1. Scale bar, 5 μm. (B) High resolution images of mid-pachytene DSB-1 laggers 

displaying reduced PLK-2 signal. Scale bar, 3 μm. 
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To examine whether defects with CO designation may account for the alterations in pSYP-

4 signal in DSB-1 laggers, we quantified the levels of COSA-1 foci, a marker of CO designation, 

in chemically-exposed GFP::COSA-1 transgenic worms. GFP::COSA- 1 foci were scored in both 

nuclei comprising the last six rows of late pachytene and in DSB-1 laggers in late pachytene 

(quantification was restricted to late pachytene, when six GFP::COSA-1 foci are clearly visible in 

wild type nuclei, thus ensuring even scoring among all chemical treatments). The majority of DSB-

1-negative nuclei in late pachytene displayed a mean number of 5.9 COSA-1 foci (n = 448/485 for 

DMSO; n = 419/461 for DEHP, n = number of nuclei scored; Figures 2-9A-B). However, the 

distribution of nuclei displaying either more or less than six GFP::COSA-1 foci per nucleus was 

significantly different between the DMSO and DEHP chemical treatment groups (p = 0.0029 by 

c2 test; Figure 2-9C). While the number of DSB-1+ nuclei detected in late pachytene is low, a 

slightly higher number of DEHP-exposed gonads (36%, n = 25) displayed DSB-1 laggers in late 

pachytene in comparison to the DMSO vehicle control (24%, n = 29) (Figure 2-7E). Moreover, 

DSB-1 laggers in late pachytene showed defects in CO designation as evidenced by either a lack 

or a reduction in the number of GFP::COSA-1 foci detected in these nuclei regardless of the 

chemical treatment (Figures 2-7F-G). Taken together, this analysis suggests that DEHP exposure 

either reduces or delays CO designation and subsequent PLK-1/2-dependent phosphorylation of 

SYP-4. 
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Figure 2-9. Analysis of GFP::COSA-1 levels in chemically-exposed worms. (A) High-

resolution images of nuclei in the last six rows of late pachytene stained with anti-GFP (green) and 

co-stained with DAPI (blue). Scale bar, 5 μm. (B) Quantification of the number of GFP::COSA-1 

foci in the last six rows of late pachytene when six GFP::COSA-1 foci are detected per nucleus in 

wild type representing six COs (one per homolog pair). The number of nuclei scored for DMSO 

and DEHP were n = 485 and n = 461, respectively (from 17 gonads each from three biological 

repeats). (C) Histogram showing the distribution in the number of late pachytene nuclei (y-axis, 

log scale) containing different numbers of GFP::COSA-1 foci (0 through 10) (x-axis) for each 

chemical treatment. c2 = 19.9, **p = 0.0029.  
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DEHP exposure leads to germline-specific changes in the expression of genes involved in DSB 

repair and DNA damage response (DDR) 

 

As DEHP-exposed worms exhibited elevated levels of DSB formation and impaired DSB 

repair leading to increased p53/CEP-1-dependent apoptosis, we assessed germline-specific 

changes in the expression of 15 highly conserved genes involved in DSB formation, repair and 

DNA damage response (DDR) by qRT-PCR analysis. To this end, we used a gpl-1; col-121 double 

mutant which forms a germline when maintained at 15°C, allowing for assessment of gene 

expression from both the germline and soma, but lacks a germline at the restrictive temperature of 

25°C, providing a readout only for somatic gene expression. DEHP exposure resulted in germline-

specific downregulation of three genes (Figure 2-10): atl-1 and hus-1, both DDR checkpoint 

factors, supporting our earlier observations of impaired DSBR; and prmt-5, an arginine 

methyltransferase involved in the modification of histones and receptors involved in signaling and 

transcription regulation, that could lead to altered gene expression or chromosome structure 

resulting in the observed increased levels of DSBs (49). 
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Figure 2-10.  Germline-specific expression of conserved DSBR and DDR genes is altered 

upon DEHP exposure. Quantitative RT-PCR analysis in glp-1(bn18); col-121(nx3) worms, 

which grown at the permissive temperature (150C) develop into worms with a germline compared 

to worms lacking a germline when grown at 250C, revealed a germline-specific decrease in 

expression of atl-1, hus-1 and prmt-5 genes in DEHP-exposed worms compared to vehicle alone. 

Decreased expression of atm-1 was detected only in the soma. Fold-enrichment over DMSO was 

determined using the ΔΔCt method. Experiments were done in technical replicates from three 

biological replicates. Error bars indicate SEM. *p ≤ 0.05, ***p < 0.001 by the unpaired two-tailed 

Mann-Whitney test, 95% C.I. 
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X chromosome SC length is altered following chemical exposures  

 

In C. elegans, elongation of chromosome axis has been shown to alter the distribution and 

frequency of DSBs and COs along the chromosomes (50). Because the germlines of DEHP-

exposed worms displayed elevated levels of DSBs, we investigated changes in chromosome 

structure by measuring the lengths of the SC along the X chromosome in mid-pachytene nuclei of 

DEHP-exposed gonads compared to control (0.1% DMSO). The X chromosome was selected for 

analysis as it can be readily distinguished from autosomes by staining against HIM-8, which 

localizes at one end (pairing center end) of the X chromosomes promoting pairing interactions 

between the sex chromosomes (51). The number of nuclei with increased X chromosome SC 

length was significantly higher in DEHP-exposed worms relative to DMSO (p = 0.0148 by the 

unpaired two-tailed Mann-Whitney test, 95% C.I.) (Figures 2-11A-B). Moreover, 10.4% of nuclei 

from germlines of DEHP-exposed worms showed a two-fold increase in X chromosome SC length 

compared to 5.4% in DMSO (Figure 2-11B). This data indicates that DEHP exposure results in 

alterations in chromosome SC length that may be linked to the elevated levels of DSBs observed 

following this chemical exposure (Figure 2-11C).  
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Figure 2-11. DEHP exposure alters X chromosome SC length. (A) High magnification image 

of a full-projection of a mid-pachytene nucleus immunostained against the central region 

component of the SC, SYP-1 (green), and the pairing center end protein HIM-8 (magenta). Scale 

bar, 2 μm. (B) Scatter plot showing the distribution of X chromosome SC lengths in DMSO- and 

DEHP-exposed worms. The X chromosome SC length is extended in DEHP-exposed pachytene 

nuclei (n = 77 nuclei from 21 gonads) compared to DMSO (n = 74 nuclei from 21 gonads) from 

three biological repeats. *p < 0.05 by the two-tailed Mann-Whitney test, 95% C.I. Shown below 

the graph are X chromosomes, identified based on HIM-8 staining, traced in 3D along the SYP-1 

signal and straightened computationally using Priism 4.7. These X chromosomes are 

representative of those observed in 10.4% of the nuclei from DEHP-exposed worms showing a 2-

fold increase in SC length. (C) Schematic illustrating the potential organization of chromatin loops 

in vehicle alone (DMSO)- treated meiotic nuclei (left) compared to DEHP-treated nuclei (right). 

In the latter, the SC length is increased, which may be associated with decreased loop length and 

increased numbers of chromatin loops at which meiotic DSBs are proposed to take place.  
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DISCUSSION 

 

DEHP exposure is ubiquitous among populations throughout the world and it impairs a 

myriad of reproductive processes in both females and males. While previous studies have reported 

the effects of this phthalate on reproductive health, the mechanisms by which low dose exposure 

impairs the meiotic program have remained poorly understood. Here, we provide insight into the 

molecular mechanisms by which environmentally-relevant levels of DEHP impair meiosis in the 

context of a multicellular organism by using the C. elegans germline as a model. Our data suggests 

that DEHP exposure results in the alteration of early recombination events leading to defects in 

meiotic progression, chromosome remodeling in late prophase and the alteration of chromosome 

structure and surveillance mechanisms operating at the level of DSB formation.  Moreover, our 

study shows that C. elegans is a powerful tool for the study of phthalate-induced reprotoxicity. 

 

C. elegans provides a powerful system for understanding the effects on germline function of 

phthalates and their metabolites  

 

An important goal of this study was to understand how environmentally-relevant levels of 

DEHP lead to germline dysfunction by impairing meiosis. Here, we found that the internal 

circulating levels of DEHP and its metabolites in the exposed worms are within the ranges reported 

in human biomonitoring studies: 9.9 μg/g for MEHP, 20.9 μg/g for MEOHP, 20.3 μg/g for 

MEHHP and 25.8 μg/g for MECPP in the urine of 100 pregnant Dutch women (36). Meanwhile, 

in another study assessing the distribution of DEHP metabolites in follicular fluid and urine of 

infertile women in the United States, the authors reported median levels of 2.80 μg/g for MEHP, 
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0.02 μg/g for MEOHP and 0.15 μg/g for MEHHP (37). Interestingly, we noticed that in the worm, 

unlike in humans, DEHP and MEHP were more abundant than the secondary oxidative 

metabolites, which may be due to species-specific differences in the metabolism of DEHP. 

Because worms lack a liver, where most of the DEHP metabolism occurs in mammals, metabolic 

processing of DEHP may be solely restricted to the esterases in the worm gut. Differences in the 

abundance of DEHP metabolic enzymes have been reported in mice, rats and non-human primates 

(marmosets), hence accounting for the differential levels of DEHP metabolites in these species 

(52). Despite these species-specific differences in metabolism, our study provides evidence of 

reprotoxicity for environmentally-relevant levels of DEHP and its metabolites in the worm, as 

suggested by errors in X chromosome segregation detected in our HT screening of environmental 

germline disruptors and plate phenotyping analysis (31). Importantly, our study highlights the 

suitability of C. elegans as a tool to evaluate the effects of phthalates on the germline as it displays 

conservation of the metabolic pathways mediating phthalate-induced toxicity in humans. 

 

DEHP exposure exerts germline toxicity through the impairment of a DSB formation 

mechanism involving PLK-1/2-dependent SYP-4 phosphorylation  

 

In C. elegans, as in most other organisms, programmed meiotic DSB formation is initiated 

in early prophase and chromosomes undergo multiple DSBs so that at least one is repaired as a 

CO (obligate CO) between each pair of homologs (53, 54). Moreover, surveillance mechanisms 

are set in place such that DSB formation can be “turned off” after CO designation since continued 

DSB formation can be deleterious to the maintenance of genomic integrity (55, 56). Here we show 

that exposure to environmentally-relevant levels of DEHP induces an excess number of DSBs and 
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we suggest that this is linked to disruption of a negative feedback loop mechanism that inhibits 

DSB formation involving PLK-1/2-dependent SYP-4 phosphorylation and CO designation. Our 

data show that defects in CO designation/precursor formation in a subset of DSB-1-stained laggers 

activates a genome-wide response that precludes their exit from a prolonged DSB-permissive state. 

This is further supported by a previous study showing that defects in CO formation on one or more 

chromosomes triggers a DSB-1-mediated DSB-permissive state in mutants with defects in early 

recombination steps (46). Several studies have proposed that nuclei maintaining a DSB-permissive 

state have an extended window for DSB formation to assure proper CO designation/precursor 

formation on all chromosome pairs (46, 57). Here, our RAD-51 foci analysis in a rad-54 mutant 

background revealed a greater number of DSBs introduced throughout the early stages of prophase 

I upon DEHP exposure. This was coupled with an absence of the pro-CO factor COSA-1 on some 

or all chromosomes and either a reduced or absent signal of phosphorylated SYP-4, respectively. 

We have previously shown that chromosomes failing to achieve CO designation are devoid of 

pSYP-4 and that PLK-1/2-dependent phosphorylation of SYP-4 may serve as a mechanism to shut 

down DSB formation upon CO designation (57). Therefore, our current analysis suggests that 

DEHP impairs meiosis by disrupting the negative feedback loop between CO 

designation/precursor formation and SYP-4 phosphorylation, leading to a deregulation of DSB 

formation on chromosomes lacking an “obligate CO” resulting in genome instability.  
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DEHP-induced chromosome morphology defects in late diakinesis may contribute to 

impaired embryogenesis and increased chromosome non-disjunction  

 

The presence of chromosomal aggregates and aberrantly condensed bivalents in -1 oocytes 

at late diakinesis suggest the presence of unrepaired DNA damage bypassing both HR-mediated 

repair and culling by the apoptotic machinery earlier during pachytene. It has been shown that 

nuclei carrying unrepaired chromosomes upon exit from pachytene can engage in alternate error-

prone repair pathways, such as intersister recombination or non-homologous end joining (NHEJ), 

often resulting in chromosomal aggregates suggestive of chromosome end-to-end fusions (29, 45, 

58). Furthermore, bivalents exhibiting condensation defects may suggest problems with the 

condensin machinery, which drives rapid chromosome decondensation and re-condensation during 

late prophase remodeling following CO formation (59). Alternatively, chromosome 

decondensation may be affected by impaired AKIRIN/AKIR-1 activity, previously shown to 

mediate chromosome condensation in a condensin-independent manner (60). Given that we did 

not observe univalents in diakinesis oocytes despite the detection of CO-deficient chromosomes 

in DSB-1 lagging pachytene nuclei, it is possible that cohesin-independent and/or recombination-

independent linkages, shown to be resolved by condensin, may preclude the premature dissociation 

of CO-deficient homologs before the completion of meiosis I (59). On the other hand, molecular 

events affecting the expression/regulation/stability of cohesin complex components at the gene or 

protein level may compromise LAB-1 and AIR-2 bivalent association in late diakinesis, as the 

association of these proteins to chromosomes is unaffected at earlier stages of chromosome 

remodeling. Alternatively, defects impinging on HTP-1 and HTP-2 function may preclude 
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maintenance of LAB-1 chromosomal association (61, 62). In either case, cohesin-independent 

linkages could maintain sister chromatid cohesion despite the absence of LAB-1.  

 

 Analysis of the first embryonic division revealed a higher incidence of chromosome 

congression failure at metaphase and chromatin bridges at anaphase in DEHP compared to DMSO-

exposed worms. While a direct impact of DEHP on mitosis is likely, we cannot rule out the 

possibility that the defects observed during embryogenesis may have been carried over from 

meiosis. While DEHP-induced congression failure has not been previously described, several 

studies suggest that congression failure stems from perturbations of spindle machinery components 

such as microtubules, actin filaments and the dynein and kinesin motor proteins. DEHP was 

recently shown to disrupt meiotic spindle assembly and chromosome alignment by reducing 

cytoskeletal actin expression in mice (63, 64). In depletion studies of human kinesins, involved in 

the regulation of the attachment of spindle MTs to kinetochores, abnormal congression and 

chromosome misalignment was observed (64). Finally, in C. elegans, defects in plus-end directed 

forces mediated by the chromokinesin KLP-19 and the ring complex also resulted in failure of 

chromosomes to congress (65). Therefore, the chromosome congression failure observed in 

DEHP-exposed worms may stem from disruptions to the spindle machinery. In addition, both the 

defects we observed during meiotic prophase I and the observed mitotic defects may account for 

the mild increase in the incidence of males and embryonic lethality detected both by plate 

phenotyping and our recent HT chemical screen (31). The low levels, however, may be explained 

in part by mechanisms set in place during meiotic divisions to recognize and eliminate aberrant 

chromosomes via polar body extrusion thus protecting the chromosomal integrity of the 

developing embryo (66). 
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Elevated DSB levels and changes in gene expression may be linked to DEHP-induced 

alterations in chromosome structure 

 

The interplay between chromatin modifications and the lengths of both chromatin loops 

and chromosome axes is central to the establishment of chromosome structure and, ultimately, to 

the regulation of gene expression. Analysis of meiotic condensin mutants in C. elegans showed 

that perturbations to chromosome structure influence the position and frequency of DSBs in the 

genome and, hence, of COs (50). The elongated X chromosome SCs observed in a subset of 

DEHP-exposed nuclei suggest alterations in chromosome structure resulting in shorter chromatin 

loops and a more relaxed chromatin that could increase the DNA accessibility of DSB-promoting 

factors and increase DSB levels. These observations dovetail with the reduced pSYP-4 signal 

observed in a subset of nuclei as in the absence of pSYP-4 the SC persists in a more dynamic state 

and chromosomes persist in a DSB formation permissive state (57). Moreover, these changes in 

chromosome structure may account for the statistically significant differences observed in the 

frequency of nuclei with different COSA-1 foci between the two chemically-treated groups (Figure 

2-9C) as it was previously shown that extension of the X axis length, upon disruption of any 

condensin subunit I, alters CO number and distribution (50). Alternatively, the induction of a 

greater number of DSBs may be attributed to the interaction of DEHP or its metabolites with the 

peroxisome proliferator-activated receptors (PPARs), a nuclear family of receptors that function 

as transcription factors that activate genes involved in steroidogenesis and antioxidative stress (67, 

68). Given that stimulation of PPAR by DEHP or its metabolites activates an oxidative stress 

response, leading to DNA fragmentation and increased apoptosis of either sperm or oocytes in 

multiple organisms, we cannot discard the possibility that an excess number of DNA lesions may 
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result from oxidative stress damage mediated by the interaction between DEHP and the C. elegans 

PPAR homolog NHR-49 (32, 63, 69, 70). Several studies have shown that elevated exposure to 

DEHP in humans was associated with 8-hydroxy-deoxyguanosine, a biomarker of oxidative 

damage to DNA (71-73).  

 

The ATM/ATR family of kinases recognize DNA damage and downregulate the number 

of DSBs in mice, S. cerevisiae, and Drosophila melanogaster (74-76). In addition, hus-1 activity 

is essential for the meiotic checkpoint in response to persistent DSBs in Drosophila (77). Hence, 

the DEHP-induced downregulation of atl-1 and hus-1 detected in the C. elegans germline may 

also be linked to the formation of excess DSBs upon exposure. PRMT-5 has been implicated in 

the negative regulation of DNA damage-induced apoptosis in mammals and worms. While in 

mammals PRMT-5 can directly modify p53, in C. elegans the interaction between PRMT-5 and 

CBP-1, a co-factor of CEP-1, promotes the CEP-1-dependent transcriptional activity of egl-1 thus 

exerting a regulatory control over apoptosis (78). Therefore, the elevated levels of p53/CEP-1-

dependent apoptosis may be associated with downregulation of prmt-5 in DEHP-exposed gonads. 

Downregulation of genes exerting transcriptional control over pro-apoptotic factors was 

previously shown for bovine oocytes exposed to both DEHP and MEHP (79-81). Furthermore, 

prmt-5 downregulation may be partly accountable for the excess unrepaired DNA damage 

observed in DEHP-exposed germlines as depletion or inhibition of PRMT5 in mouse 

hematopoietic cells induces aberrant RNA splicing of the epigenetic regulator and DNA repair 

factor TIP60 (KAT5), a histone H4 acetyl-transferase, leading to impaired HR DNA repair while 

favoring repair via the NHEJ repair pathway (82). Finally, a potential anti-estrogenic activity of 

DEHP, through its activation of estrogen receptors (ERs), ERα and ERβ, may account for changes 



 99 

in the expression of DSBR/DDR genes. In mice, DEHP can impair estrogen synthesis and 

modulate the methylation of the meiotic-specific STRA8 gene through estrogen receptors (83). In 

zebrafish, low doses of DEHP were shown to reduce the mRNA levels of hormones controlling 

follicle development, oocyte maturation and ovulation, including the luteinizing hormone (LH) 

(84).  

 

Taken together, our findings provide new insights into the mechanisms by which 

environmentally-relevant levels of DEHP impair meiosis by linking changes in chromosome 

structure and increased DSB levels to an impaired negative feedback loop mechanism set in place 

to downregulate DSB formation. Finally, coupled to the wide body of research on DEHP 

reprotoxicity, our results highlight a need for either reducing the use of DEHP as a mainstream 

plasticizer or identifying and advocating for the use of alternate and safer substitutes with the goal 

of minimizing the risk of human exposure. 
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MATERIALS AND METHODS 

 

Strains 

C. elegans lines were cultured at 20°C as described in (85), except for the glp-1(bn18)(I);col-121 

(nx3)(IV) mutant which was cultured at 15°C. All lines used in these analyses carry col-

121(nx3)(IV), which increases cuticle permeability to chemicals allowing for low-dose studies 

(33). The following strains were used in this study: Pxol-1::GFP(V); col-121(nx3)(IV), cep-

1(Ig12501)(I); col-121(nx3)(IV), rad-54 (ok615)(I)/ht2(I;III); col-121(nx3)(IV), glp-1(bn18)(I); 

col-121(nx3)(IV), COSA-1::GFP(I); col-121(nx3)(IV), and H2B::mCherry; γ-tubulin::GFP; col-

121(nx3)(IV). 

 

Chemicals  

Dimethylsulfoxide (DMSO, ≥99.9%) and diethylhexyl phthalate (DEHP) (Pestanal®, ≥98%) 

were purchased from Millipore-Sigma (Burlington, MA).  

 

Plate phenotyping analysis 

Worms were continuously exposed to chemicals from eggs until 24 hours post the L4 stage. 

Embryos were collected from gravid adults treated with potassium hypochlorite solution as 

described in (86). Washed embryos were plated onto cholesterol-free Nematode Growth Medium 

(NGM) agar plates (seeded with OP50 bacteria) containing final concentrations of DMSO (0.1%) 

and DEHP (100 μM). Chemical-containing plates were always prepared two to three days prior to 

exposure. Following 2.5 days of incubation at room temperature (RT), 9 to 10 L4-stage larvae 

were singled onto DMSO- or DEHP-containing cholesterol-free NGM agar plates and transferred 
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onto chemical-containing plates every 24 hours for four consecutive days at RT. Brood size, % 

embryonic viability, % larval lethality and % males were determined by scoring the total number 

of eggs laid, the total number of eggs hatched, the total number of worms dying as larvae and the 

total number of males from among the total number of adult progeny, respectively. 

 

DAPI analysis of whole worm germlines 

Carnoy’s fixation of >20 whole worms was performed 24 hours post-L4. Fixed worms were re-

hydrated with M9 medium and stained with DAPI-containing Vectashield from Vector 

Laboratories (Burlingame, CA). Images of defects in chromosome morphology were visualized 

using a fluorescence Leica DM5000B microscope.   

 

Quantitative germline apoptosis analysis 

Chemical exposures were done as described above. Apoptotic germ cell corpses were scored in 

the germlines of adult hermaphrodites, analyzed 24 to 26 hours post-L4 stage, following incubation 

with Acridine Orange (AO) for 2 hours at RT (87). Apoptotic germ cell corpses from a minimum 

of 30 worms were visualized using a Leica DM5000B fluorescence microscope. Statistical analysis 

was done using an unpaired two-tailed Mann-Whitney test with 95% C.I.  

  

Germline immunostainings 

For germline immunostainings, whole-mount gonads (collected 24 hours post-L4 stage) were 

dissected, fixed with 1% or 4% paraformaldehyde and immunostained as in (88).  

 Primary antibodies were used at the following final dilutions: rabbit α-RAD-51 (1:10,000; 

Novus Biological (SDI)), guinea pig α-SUN-1 Ser8-pi (1:700;(38)), guinea pig α-DSB-1 (1:500; 
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(46)), rabbit α-LAB-1 (1:200; (42)), phosphohistone H3 (1:2,000; Cell Signaling), rabbit α-PLK-

2 (1:100; (89)), goat α-SYP-1 (1:3,000; (90)), rabbit α-HIM-8 (1:500; (32) SDI), rabbit α-

phosphorylated SYP-4 S69 (1:100;(57)), chicken α-GFP (1:500; Abcam). Secondary antibodies 

were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA) and used at the 

following dilutions: α-rabbit Cy-3 (1:200), α-guinea pig Cy-5 (1:100), α-chicken Alexa 488 

(1:300). α-mouse Alexa 488 (1:300) was purchased from Cell Signaling. Immunofluorescence 

imaging was performed using a Delta Vision system equipped with an IX-70 microscope 

(Olympus, Waltham, MA) and a cooled CCD camera (Applied Precision, Pittsburg, PA). Images 

were collected using 60X and 100X objectives and Z-stacks were set at 0.2 μm thickness intervals.  

Image deconvolution was done using the SoftWoRX 3.3.6 software (Applied Precision). 

 

Time course RAD-51 quantification analysis  

RAD-51 immunostained gonads were divided into seven zones and levels of RAD-51 foci on 

nuclei for each zone were quantified as described in (88). Five germlines were scored per chemical 

treatment from three independent biological replicates. The average number of nuclei scored per 

zone for each chemical was as follows: DMSO: zone 1 = 131, zone 2 = 163, zone 3 = 131, zone 4 

= 134, zone 5 = 130, zone 6 = 114, and zone 7 = 93. DEHP: zone 1 = 144, zone 2 = 168, zone 3 = 

140, zone 4 = 127, zone 5 = 126, zone 6 = 104, and zone 7 = 92.   

For the RAD-51 time course analysis in a rad-54; col-121(nx3) background three and four 

germlines were scored for DMSO and DEHP, respectively, from three independent repeats: 

DMSO: zone 1 = 62, zone 2 = 90, zone 3 = 90, zone 4 = 72, zone 5 = 46, zone 6 = 39, and zone 7 

= 39. DEHP: zone 1 = 104, zone 2 = 132, zone 3 = 101, zone 4 = 86, zone 5 = 81, zone 6 = 68, 

and zone 7 = 43. 



 103 

Data was plotted in GraphPad Prism and subjected to statistical analysis using an unpaired two-

tailed Mann-Whitney test with 95% C.I.  

 

Quantification of X chromosome SC length  

Whole mounted gonads from 24 hours post-L4 worms were co-immunostained for SYP-1 (central 

region component of the SC) and HIM-8 (pairing center end protein that marks one end of the X 

chromosome). X chromosomes marked by HIM-8 in pachytene nuclei were traced in 3D along the 

SYP-1 signal and straightened computationally using Priism 4.7 for measuring SC lengths as 

previously described (91). 

 

Quantification of GFP::COSA-1 foci 

Quantification was performed by scoring the number of GFP::COSA-1 foci in nuclei in the last 

six rows of pachytene. Quantification on DSB-1 laggers was restricted to late pachytene as nuclei 

in this region have six GFP::COSA-1 foci in wild type. The mean number of GFP::COSA-1 foci 

was 5.9 as determined by scoring DMSO (n = 485) and DEHP (n = 461) late pachytene nuclei (17 

gonads were scored from three biological repeats); n = number of nuclei scored. Deconvolved full 

nuclei projection images were used for this analysis. Statistical analysis was done using an 

unpaired two-tailed Mann-Whitney test with 95% C.I. A c2 test was applied to assess variability 

in the distribution of GFP::COSA-1 foci.  

 

Live imaging of first embryonic division 

24 to 30 hours post-L4 H2B::mCherry; γ-tubulin::GFP; col-121(nx3)(IV) exposed adult 

hermaphrodites were mounted on 3% agarose pads and immobilized with 0.01% Levamisol 
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(final concentration) in 1X EGG buffer. Images of the first embryonic division were collected at 

10 second intervals for 5 minutes with a 60X objective on an IX-70 microscope (Olympus, 

Waltham, MA) and a cooled CCD camera (CH350; Roper Scientific) controlled by the 

DeltaVision system (Applied Precision, Pittsburg, PA). 

 

Quantitative RT-PCR analysis 

The temperature sensitive (ts) glp-1(bn18)(I); col-121(nx3)(IV) mutant background was used for 

qRT-PCR analysis. Worms were maintained and exposed to chemicals at 15°C and 15 hours post-

exposure 100 L1-stage larvae were shifted to 25°C to block gonad development. Approximately 

30 to 50 24 hours post-L4 stage worms were collected in 100 μl Trizol and RNA was extracted as 

described by the manufacturer’s instructions. cDNA was produced by subjecting RNA to reverse 

transcription using iSCRipt (Biorad) and quantitative real time PCR was performed using the 

SsoFast EvaGreen supermix (Biorad) according to the manufacturer’s instructions. Experiments 

were done in technical repeats from three biological runs. Cq numbers were normalized to gpd-1 

and statistical analysis was done by comparing DEHP-treated samples with the normalized values 

of vehicle control (DMSO)-treated samples. Statistical analysis was done using an unpaired two-

tailed Mann-Whitney test with 95% C.I. 

 

Mass spectrometric analysis of DEHP and its metabolites 

Internal concentrations of DEHP and five of its metabolites in worm lysates. Extraction and 

analysis were performed by using the protocol similar to that reported previously (31). Briefly, 

DEHP was extracted with hexane and analyzed by gas chromatography mass spectrometry (GC-

MS). For the measurement of DEHP metabolites [five metabolites: mono-2-ethylhexyl phthalate 
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(mEHP), Mono-(2-ethyl-5-carboxypentyl) phthalate (mECPP), mono-(2-ethyl-5-hydroxyhexyl) 

phthalate (mEHHP), mono-(2-ethyl-5-oxohexyl) phthalate (mEOHP) and mono-[(2-

carboxymethyl) hexyl] phthalate, (mCMHP)] in C. elegans, we adopted the procedure that was 

used previously for mono-butyl phthalate (mBP) measurement (31). Briefly, DEHP metabolites 

were extracted using solid-phase extraction (SPE) after enzymatic deconjugation and analyzed 

using high performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS). 

Quality control samples include analysis of National Institute of Standards and Technology (NIST) 

standard reference materials (SRM 3672 and SRM 3673) for DEHP metabolites in urine. The 

recoveries of DEHP metabolites from SRM ranged from 78 to 125%. There were trace levels of 

DEHP metabolites found in procedural blanks (mEHP: 1.2 ng/mL, mECPP: 0.30 ng/mL and 

mEHHP: 0.20 ng/mL) and these values were subtracted for those in worm samples to report final 

concentrations.  
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compromises genome integrity by altering 
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ABSTRACT 

 

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), the archetype of a family of polychlorinated 

dibenzo dioxins, is a prevalent contaminant emitted to the environment as a by-product of 

municipal waste and industrial incineration processes. Notorious for being a contaminant of Agent 

Orange, a defoliant sprayed during the Vietnam War, exposure to TCDD has been associated to a 

wide array of reproductive health defects in multiple species. Although TCDD is a known 

endocrine disruptor, the molecular mechanisms by which TCDD affect meiosis in the context of a 

multicellular organism remain elusive. Using the nematode Caernorhabditis elegans as a model 

for studying reprotoxicity, we reveal that exposure to TCDD leads to increased chromosome non-

disjunction, germ cell apoptosis, and meiotic double-strand break (DSB) formation, as well as 

altered DSB repair as evident by persistent RAD-51 foci and defects in chromosome 

morphogenesis during late prophase. Exposed worms also exhibited nuclei in late prophase 

showing phosphorylated SUN-1(pS8) and DSB-1 signal, suggesting they are “laggers” being held 

in a DSB permissive state in mid to late pachytene. DSB-1+ laggers displayed reduced numbers of 

GFP::COSA-1 (a marker for CO designation) and reduced Polo-like kinase-1/2 (PLK-1/2)-

dependent phosphorylation of the synaptonemal complex (SC) protein SYP-4. Moreover, TCDD 

exposure induced germline-specific alterations in gene expression of a subset of genes involved in 

the DNA damage response (DDR) and/or DSB repair (DSBR) pathways. Finally, TCDD alters 

chromosome structure through lengthening of the SC on X chromosomes. Overall, our study 

suggests that TCDD impairs meiosis by promoting elevated levels of DSB formation stemming 

from alterations to chromosome structure and misregulation of a DSB formation negative feedback 

mechanism entailing PLK-1/2/-dependent phosphorylation of SYP-4 and CO designation. 
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INTRODUCTION 

 

Dioxins encompass a major group of persistent environmental contaminants produced as 

by-products of various industrial processes, municipal waste incineration, chlorination, herbicide-

application, forest fires and volcanic emissions (1). Extensive animal studies support a link 

between dioxin exposure and adverse pregnancy effects (i.e. still births, spontaneous abortions, 

birth defects, preterm delivery), infertility, decreased spermatogenesis, altered sexual behavior, 

altered sex ratios, abnormal menstrual cycles and endometriosis (2-6). While dioxin-mediated 

reprotoxicity has been associated with disruption of endocrine signaling, how dioxin exposure 

affects meiosis, the specialized cell division program producing haploid gametes (i.e. eggs and 

sperm), remains unclear. 

 

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), the most toxic dioxin congener in the family 

of polychlorinated dibenzo dioxins (PCDDs), is best known for its presence as a major contaminant 

in Agent Orange, a defoliant sprayed during the Vietnam War. When emitted into the atmosphere, 

TCDD is deposited on the soil resulting in the contamination of vegetation and crops which are 

subsequently consumed by livestock and cattle. As a result, TCDD is found in a number of fatty 

consumable goods including eggs, dairy products, meat, and seafood. Consequently, while 

exposure to TCDD can occur via inhalation of airborne particles and dermal absorption, the 

primary source of exposure is via dietary intake (1, 7-10). Once ingested, TCDD is highly stable 

in humans and remains stored in adipose and/or liver tissues for decades with an estimated half-

life of 11.3 years in adults (7, 11). The persistence of TCCD in different tissues and body fluids, 



 119 

including the ovarian follicular fluid, highlights the importance of understanding how this dioxin 

compromises meiotic events. 

 

TCDD, a putative endocrine disruptor (ED), perturbs reproductive processes and endocrine 

homeostasis in both females and males. Studies of women accidentally exposed to high levels of 

TCDD ( mean = 272 ppt in highly exposed women; mean = 15-20 ppt in unexposed women) during 

a chemical plant explosion in Seveso, Italy support a positive correlation between TCDD exposure 

and a longer time to pregnancy, earlier onset of natural menopause, infertility and a significantly 

low male:female ratio at birth in the offspring (12, 13). Likewise, males exposed to TCDD in 

Seveso during infancy 22 years post-exposure exhibited a reduction in sperm concentration, sperm 

motility, and estradiol as well as increased follicle stimulating hormone (FSH), the latter being 

essential to stimulate sperm production in the testes (14). Alterations in the male:female sex ratio 

were also observed in the offspring of workers in a Russian pesticide factory, who exhibited 30 

times higher than ambient levels of TCDD in their blood (15). Low dose TCDD exposure was also 

associated with infertility in adult zebrafish and alterations in the sex ratio in their offspring (16, 

17). In the ovary, TCDD interferes with steroidogenic processes leading to a reduction of 

circulating estrogen levels and ovarian follicular growth in pre-pubertal female rats and human 

granulosa cells surrounding the oocyte (1, 18). Moreover, in rodents, TCDD decreases the 

production of progesterone, androsteneidione, testosterone, and estradiol levels in a non-

monotonic fashion, as low concentrations of TCDD had more pronounced effects than higher ones 

(19). The resemblance between reproductive defects linked to either high or low dose exposure 

further highlights the toxic nature of this dioxin and a need for understanding the mode of action 

by which it interferes with the meiotic program. 
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Using the nematode C. elegans, we investigated the molecular mechanisms underpinning 

TCDD-exerted toxicity on female meiosis. C. elegans is a highly predictive model of mammalian 

toxicities that is also extremely tractable for reprotoxicity studies as it has a rapid life cycle, 

produces many off-spring in a span of three to four days and shares a high degree of gene 

conservation with mammals, including pathways operating in meiosis. Moreover, the adult gonad 

is a transparent bi-lobed structure in which germ cells are organized in a spatial-temporal gradient 

that eases both their visualization and the detection of nuclear morphogenesis defects stemming 

from exposure to germline disruptors (20, 21). 

 

Here we reveal the mechanisms by which TCDD exposure disrupts prophase of meiosis I 

leading to adverse effects in the C. elegans germline. TCDD-exposed worms exhibited increased 

X chromosome non-disjunction and defects in the first embryonic division. Underlying these 

defects were altered meiotic progression, as shown by the persistence of SUN-1 and DSB-1 signal  

in mid to late pachytene nuclei, an increase in the number of double-strand breaks (DSBs), and 

impaired DSB repair (DSBR), as evident by persistent levels of elevated RAD-51 foci, elevated 

levels of DNA damage-dependent germ cell apoptosis and the presence of chromosome fragments 

and condensation defects in bivalents at diakinesis. Excess DSB formation was associated with 

dysfunction of a negative feedback mechanism involving crossover (CO) designation and 

phosphorylation of SYP-4 by Polo-like kinase 1/2 (PLK-1/2). Gene expression analysis revealed 

germline-specific upregulation of rad-51 and downregulation of the methyltransferase prmt-5. 

Finally, chromosome structure was altered as revealed by increased length for the synaptonemal 

complex (SC) on the X chromosomes in mid-pachytene nuclei. Altogether, these data suggest that 

TCDD exposure may affect germline genomic integrity by altering chromosome structure and 
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gene expression as well as disrupting a cross-talk between CO designation and phosphorylation of 

SYP-4 resulting in elevated DSB formation.  
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RESULTS 

 

TCDD induces chromosome non-disjunction  

 

In a recent high-throughput (HT) chemical screen, we identified TCDD as an aneugenic 

environmental toxicant leading to increased X chromosome non-disjunction in C. elegans (20). To 

understand how low dose exposure levels of TCDD exert germline toxicity, we first determined 

the lowest dose at which TCDD impairs germline function without compromising worm 

health/viability. Because TCDD has been reported to induce apoptosis of human luteinized 

granulosa cells (18), we exposed worms carrying a col-121(nx3) mutation, which increases cuticle 

permeability allowing for analysis of lower doses of exposure without affecting the worm’s life 

cycle (22), to a range of TCDD concentrations (10 nM, 50 nM, 100 nM, and 311 nM) from 

embryogenesis to 24 hours post-L4 stage and assessed germ cell apoptosis. While all doses tested 

induced significantly higher levels of germ cell apoptosis relative to vehicle control (0.1% DMSO; 

*p < 0.05, **p < 0.01 and ***p < 0.001 by the unpaired two-tailed Mann-Whitney test, 95% C.I.) 

(Figure 3-1A), they were not statistically significant among each other. However, because 100 

nM TCDD displayed the highest levels of germ cell apoptosis, it induced X chromosome non-

disjunction in worms as shown by our HT screen, and resulted in impaired ovarian function in 

mice (19), all subsequent experiments described herein were performed using 100 nM TCDD in 

the cuticle-sensitized background. While we did not observe altered brood sizes (total number of 

eggs laid) or either embryonic lethality (Emb) or larval lethality (Lvl) compared to vehicle alone 

(0.1% DMSO) on plates, in accordance with our previous HT chemical screening, we observed a 

modest, yet statistically significant, high incidence of males (Him) among the offspring of exposed 
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worms (p = 0.0367) suggestive of errors in X chromosome segregation as C. elegans 

hermaphrodites (XX) mostly lay hermaphroditic offspring with only <0.2% of its progeny being 

males, which arise from errors in X chromosome segregation (Figure 3-1B). Moreover, live 

imaging analysis of the first embryonic cell division in vehicle- and TCDD-exposed 

H2B::mCHerry; γ-tubulin::GFP; col-121 (nx3)(IV) transgenic worms revealed defects including 

chromosome congression failure, chromatin bridges and abnormal spindles in 15% (n = 52) of 

TCDD-exposed embryos compared to 8% (n= 48) for vehicle control, extending our HT and plate 

phenotypic analysis by suggesting that the effects exerted by TCDD on chromosome segregation 

are not limited to the X chromosome (Figures 3-1C-D). 

 

Uptake of TCDD in exposed worms 

 

To assess the internal levels of TCDD present in the exposed worms, we carried out 

isotopic dilution mass spectrometric analysis of whole worm lysates (20). Exposure to 100 nM 

TCDD resulted in circulating internal median levels of 1.5 μg/g (1.5 ppm) (Figure 3-1E). While 

a tissue-specific comparison is limited due to scarce comparable data from other systems, the value 

we detected in our whole worm lysates is several orders of magnitude higher than the levels 

reported from blood serum samples from occupational exposures and Vietnam War veterans or 

from the maternal blood, cord blood, placenta and breast milk of pregnant or nursing mothers (23, 

24). However, the chromosome non-disjunction events observed upon TCDD exposure bear 

resemblance to defects induced at low dose TCDD exposures including infertility problems in 

adult zebrafish exposed to 6.4 nM TCDD or defects in chromosome segregation in rat pre-

implantation embryos exposed to 50 ng/kg (25, 26). This suggests that, despite the higher internal 



 124 

levels of TCDD detected in the worm, the reproductive phenotypes induced at the higher 

concentration reported here are relevant to effects observed at low dose exposure. 
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Figure 3-1. TCDD dose-response curve, plate phenotyping analysis, live imaging of the first 

embryonic division and internal uptake measurement. (A) Quantification of germ cell 

apoptosis from worms exposed to a range of TCDD concentrations compared to vehicle alone 

(0.1% DMSO). More than 30 gonads were scored for each chemical exposure from three 

independent biological repeats. *p < 0.05, **p < 0.01 and ***p < 0.001 by the unpaired two-tailed 

Mann-Whitney test, 95% C.I (B) The brood size, embryonic lethality, larval lethality and high 

incidence of males (HIM) were scored for the progeny laid by hermaphrodites continuously 

exposed to 100 nM TCDD starting from eggs until 24 hours post-L4 stage and compared to vehicle 

alone (0.1% DMSO). N indicates the number of hermaphrodites for which plate phenotypes were 

scored. * p < 0.05 by c2 analysis.  (C) Representative images from time-lapse analysis of the first 

embryonic division in DMSO- and TCDD-exposed H2B::mCherry; γ-tubulin::GFP; col-121(nx3) 

worms. Exposure to TCDD resulted in congression failure as chromosomes failing to properly 

align on the metaphase plate (indicated by blue arrows in inset) and chromatin bridges at the 

metaphase to anaphase transition (indicated by blue arrow in inset). Data for 0.1% DMSO (n = 48) 

and 100 nM TCDD (n = 52) was obtained from seven biological replicates; n = number of embryos 

scored. Scale bars, 5 μm. (D) Quantification of defects scored by time-lapse analysis of the first 

mitotic embryonic division. (E) Representative HRGC-HRMS chromatograms from the analysis 

of internal circulating levels of TCDD in worms exposed either to vehicle alone (DMSO, left) or 

TCDD (right) and the chemical structure of TCDD. 
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Exposure to TCDD alters meiotic progression but does not affect the synaptonemal complex 

in the germline  

 

Cytological analysis of chromosome morphogenesis in TCDD-exposed germlines showed 

an extended leptotene/zygotene region in 21% (n = 29) of the gonads, evident by DAPI-stained 

chromatin with a polarized or crescent-shaped nuclear organization at mid-pachytene that is 

characteristic of the earlier leptotene/zygotene stages, compared to 9% (n = 22) for vehicle alone 

(Figures 3-2A-B). As defects in early events of meiosis can lead to an extended region of 

phosphorylated SUN-1 (pS8), a nuclear envelope protein that together with the KASH domain 

containing protein ZYG-12 mediates chromosome movements at the onset of meiosis (27), we 

assessed the localization of SUN-1 (pS8)-positive (+) nuclei in the germlines of TCDD-exposed 

worms. In wild-type worms, SUN-1 (pS8) signal is first detected as bright aggregates at the nuclear 

envelope of leptotene/zygotene nuclei and then disperses in early to mid-pachytene nuclei (27, 28). 

In contrast, TCDD-exposed germlines showed a significant increase in the number of SUN-1 

(pS8)+ nuclei in mid and late pachytene, referred to as “laggers” compared to vehicle alone (p = 

0.0002 as determined by the unpaired two-tailed Mann-Whitney test, 95% confidence interval 

(C.I.)). SUN-1 (pS8)+ laggers displayed a characteristic polarized DAPI-stained chromatin 

appearance reminiscent of leptotene/zygotene nuclei, concurring with our observation of an 

extended leptotene/zygotene region (Figures 3-2C-D). The presence of SUN-1 (S8) Pi+ nuclei in 

mid-pachytene can be due to impaired chromosome synapsis, therefore we examined the integrity 

of synaptonemal complex (SC) assembly in TCDD-exposed worms (29). Immunolocalization of 

SYP-1, a SC central region component, revealed normal SC formation as shown by continuous 

SYP-1 tracks localized between DAPI-stained aligned homologous chromosomes (Figure 3-2E). 
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Moreover, SYP-1 signal was no longer detected on chromosomes by late diakinesis (-2 and -1 

oocytes; n = 7-13 oocytes scored per chemical treatment) suggesting normal SC disassembly. 

Therefore, TCDD exposure affects meiotic progression, but not chromosome synapsis, in a subset 

of germlines, akin to the partially penetrant effects previously reported for the plasticizer dibutyl 

phthalate in worms (20) and Bisphenol A (BPA) in mice (30).  
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Figure 3-2. Meiotic progression is altered in the germline of TCDD-exposed hermaphrodites 

and synaptonemal complex (SC) assembly is not compromised upon TCDD exposure.  (A) 

High resolution images of whole mounted gonads from DMSO- or TCDD-exposed worms, 

oriented from left to right, exhibiting extended leptotene/zygote. Insets show the presence of 

transition zone-like nuclei in mid-pachytene for TCDD-exposed gonads. (B) Quantification of 

worms with an extended leptotene/zygotene phenotype for each chemical treatment. Data is from 

three independent biological repeats for DMSO (n = 22) and TCDD (n = 29); n = number of gonads 

scored. (C) Whole mounted gonads of chemically-exposed worms immunostained against SUN-1 

(pS8) (green) show defects in meiotic progression as shown by the extension of S8-Pi+ nuclei 

(“laggers”, indicated by yellow arrows) into mid to late pachytene. Asterisks indicate the 

premeiotic tip and white arrows indicate the direction in which nuclei move proximally in the 

germline. Hatched white lines demarcate the end of rows where at least half of nuclei show a SUN-

1 (pS8) signal (beginning of mid-pachytene). (D) Quantification of the number of SUN-1 (pS8) 

laggers observed in mid and late pachytene per gonad. Bars represent the mean number of laggers 

± SEM. * p<0.05 by the unpaired two-tailed Mann-Whitney test, 95% C.I. Data was obtained from 

three biological repeats for DMSO (n = 28) and TCDD (n = 28); n = number of gonads scored. 

Scale bars, 5 μm. (E) High-resolution images of pachytene nuclei immunostained against the 

central region component of the SC, SYP-1 (green), and co-stained with DAPI (blue). Continuous 

SYP-1 tracks are readily visible at the interphase between DAPI-stained chromosomes (homologs) 

in a manner indistinguishable from vehicle alone (0.1% DMSO) exposed worms. Between five to 

six gonads from two biological repeats were scored for DMSO (n = 130) and TCDD (n = 125); n 

= number of nuclei scored. Scale bar, 3 μm.  
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TCDD exposure leads to DNA damage-dependent increased germ cell apoptosis as a result 

of altered DSB repair progression and increased DSB formation during meiosis 

 

In C. elegans, meiotic programmed DSBs introduced by the conserved SPO-11 

endonuclease are repaired by homologous recombination (HR) (31, 32). Because unrepaired DSBs 

can trigger germ cell apoptosis as a means of eliminating meiocytes carrying unrepaired or 

aberrantly repaired DSBs (Figure 3-3A), we scored apoptotic corpses in the germlines of DMSO- 

and TCDD-exposed worms. A significant increase in germ cell apoptosis (****p < 0.0001, n = 

46) was observed in worms exposed to TCDD relative to vehicle-control (n = 48). Moreover, 

increased germ cell apoptosis was p53/CEP-1-dependent as shown by the significant decrease in 

germ cell apoptosis observed in cep-1; col-121 TCDD-exposed worms (****p < 0.0001, n = 44) 

supporting DNA damage checkpoint activation (Figure 3-3B).  

 

Since elevated levels of germ cell apoptosis in late pachytene can be due to the presence of 

unrepaired or aberrantly repaired DSBs (29, 33, 34), we assessed DSBR progression by 

quantifying the number of RAD-51 foci, a protein involved in strand invasion/exchange during 

DSB repair (35), in nuclei throughout the germlines of chemically-exposed worms. In germlines 

exposed to vehicle alone, as in wild type, very low levels of RAD-51 foci are detected in 

mitotically dividing nuclei in the pre-meiotic tip (zones 1 and 2) and levels increase upon entrance 

into meiosis (zone 3) peaking in mid-pachytene (zone 5) and decreasing through late pachytene as 

HR repair is completed (Figures 3-3A, C-D, top graph). In contrast, TCDD-exposed germline 

exhibited a significant increase in RAD-51 foci levels in nuclei from leptotene/zygotene and early 
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pachytene (zones 3 and 4; *p < 0.05, by the unpaired two-tailed Mann-Whitney test. 95% C.I.) 

through late pachytene (zone 7; **p < 0.01) (Figures 3-3C-D).  

 

To examine whether the elevated levels of RAD-51 foci may be due at least in part to 

elevated levels of DSB formation we quantified RAD-51 foci in chemical-exposed germlines from 

rad-54; col-121 worms in which DSBR progression is blocked leading to the co-localization of 

DSBs and RAD-51 foci, hence, allowing for scoring of total numbers of DSBs (36). A significant 

increase in levels of RAD-51 foci was observed in pre-meiotic (zone 2) and mid-pachytene (zones 

4 and 5) germline nuclei from TCDD-exposed worms relative to DMSO (Figure 3-3D, bottom 

graph; *p < 0.05, **p < 0.01 and ****p < 0.0001 by the unpaired two-tailed Mann-Whitney test, 

95% C.I.). As nuclei move proximally in the germline, an inability to repair DSBs results in the 

continuous accumulation of RAD-51 foci observed in late pachytene (zones 6 and 7) for all 

exposure groups. Taken together, these data show that elevated p53/CEP-1-dependent germ cell 

apoptosis in late pachytene is linked to elevated DSB formation and impaired DSBR progression 

due to TCDD exposure. 
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Figure 3-3. TCDD exposure results in altered meiotic DSB repair progression, elevated DSB 

formation, p53/CEP-1-dependent increased germ cell apoptosis, and both impaired 

chromosome morphology and remodeling in late diakinesis. (A) Schematic of a C. elegans 

gonad depicting the stages of prophase I divided into seven zones for which RAD-51 foci were 

scored for all nuclei. Red circles represent nuclei undergoing apoptosis (germ cell corpses) which 

are detected in proximity to the bend of the gonad arm at late pachytene. (B) High-resolution 

images of mid-pachytene nuclei (zone 5) from whole mounted gonads co-stained with RAD-51 

(magenta) and DAPI (cyan). Scale bar, 3 μm. (C) Top: Quantification of the mean number of 

RAD-51 foci/nucleus (y-axis) scored on all nuclei in each zone in the germlines (x-axis) of col-

121 worms. A significant increase in levels of RAD-51 foci were observed for zones 3 through 7 

of TCDD-exposed worms compared to vehicle control (DMSO). Four to five gonads were scored 

per chemical treatment. Error bars represent SEM from technical repeats for each of two biological 

replicates (*p< 0.05, **p < 0.01 by the two-tailed Mann-Whitney test, 95% C.I.). Bottom: 

Quantification of the mean number of RAD-51 foci/nucleus for each zone along the germlines of 

rad-54; col-121 worms. Increased DSB levels were observed beginning in the pre-meiotic tip 

(zone 2) and early prophase (zone 4) persisting until mid-pachytene (zone 5). Error bars represent 

SEM for technical repeats from three biological repeats (*p < 0.05, **p < 0.01, ****p < 0.0001 

by the two-tailed Mann-Whitney test, 95% C.I.). (D) Quantification of the number of germ cell 

corpses in hermaphrodites exposed to 100 nM TCDD from embryogenesis until 24-hours post L4 

stage. 0.1% DMSO was used as the vehicle control. Error bars represent SEM. ****p < 0.0001 by 

the two-tailed Mann-Whitney test, 95% C.I., when comparing the indicated genotypes. Apoptotic 

corpses from 44 to 48 gonads were scored for each chemical exposure from four biological 

replicates.  (E) Quantification of the % of bivalents in -1 oocytes at diakinesis displaying either 
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normal morphology or defects for DMSO (n = 174) and TCDD (n = 184); n = number of bivalents 

scored. (F) High-resolution images of DAPI-stained bivalents in -1 oocytes at diakinesis exhibiting 

either normal morphology (WT; wild type) or defects such as chromosome fragments (CF), 

elongated bivalents suggestive of condensation defects (CD), and chromosome aggregates (Agg) 

suggestive of end-to-end chromosome fusions. Note that DMSO also elicits morphogenesis defects 

as it exhibits some degree of toxicity, as previously reported (20, 37, 38). (G) Quantification of 

the % of bivalents in -1 oocytes displaying either the absence or mislocalization of phosphohistone 

H3 (pS10) which was used as a surrogate marker of AIR-2 (n = 137 for DMSO and n = 168 for 

TCDD). Scoring of bivalents was done for two biological repeats. (H) High-resolution images of 

DAPI-stained single bivalents (blue) co-stained for phosphorylated Histone H3 (pS10) (green). 

Schematics show H3(pS10) localization restricted to the short arm of the bivalent as seen normally 

in wild type and either absent or mislocalized as seen following TCDD exposure. Scale bars, 2 

μm. 
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TCDD alters chromosome morphology and remodeling in oocytes at diakinesis  

 

To further assess whether DSBR progression is impaired following TCDD exposure, we 

analyzed chromosome morphology in the -1 oocyte at diakinesis, the most proximal oocyte to the 

spermatheca. We observed chromosome fragmentation and condensation defects in 10.8% and 

20.7%, respectively, of TCDD-exposed oocytes (n = 184; n = number of bivalents scored) 

compared to 3.4% and 8% (n = 174) in vehicle control (Figures 3-3E-F).  

 

During late prophase I, chromosomes undergo a remodeling process revolving around the 

off-centered single crossover formed between each pair of homologs (39, 40). Specifically, late 

prophase chromosome remodeling starts upon exit from pachytene and culminates in the cruciform 

configuration of bivalents in -1 oocytes consisting of long and short intersecting arms and the 

restricted localization of proteins along chromosome subdomains that play important roles in 

regulating either loss or retention of sister chromatid cohesion and accurate homolog segregation 

at meiosis I (41, 42). Given the defects in DSBR detected earlier in prophase, and the chromosome 

fragments and condensation defects observed in bivalents at diakinesis, we assessed whether these 

might be linked to late prophase I chromosome remodeling defects by examining the 

immunolocalization of phosphohistone H3 (pS10), a surrogate marker of Aurora B kinase (AIR-

2) which is restricted to the short arms of bivalents at this stage (41, 43). Phosphohistone H3 (pS10) 

was mislocalized in 16% and absent in 18% (n = 168) of the bivalents scored from TCDD-exposed 

germlines compared to 0% and 8.8% (n = 137), respectively, in DMSO-exposed bivalents (Figures 

3-3G-H). These results suggest that TCDD exposure perturbs both chromosome integrity and 

remodeling during late prophase. 
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TCDD alters early meiotic recombination events and crossover designation 

 

The increase in DSB formation observed upon TCDD exposure may be due in part to 

impaired regulation of the tight control exerted via a negative feedback loop that shuts down 

additional DSB formation following crossover designation as a strategy to preserve genomic 

integrity (44). To start to assess this we examined the immunolocalization of DSB-1, a factor 

involved in programmed DSB formation, since DSB-1 signal persists in nuclei that are maintained 

in a DSB-permissive state (45). In wild type, DSB-1 localizes to chromosomes in 

leptotene/zygotene nuclei when meiotic DSB formation is thought to be initiated and dissociates 

from chromosomes by mid pachytene (46). The presence of DSB-1+ nuclei in the region of the 

germline spanning the leptotene-zygotene-pachytene (% LZP) stages was quantified as described 

previously (45). Our analysis did not reveal differences between the DSB-1 localization regions 

(58% LZP) in DMSO- and TCDD-exposed germlines (Figure 3-4A). However, when focusing on 

rows of nuclei in which less than half of nuclei exhibited DSB-1 signal we detected a tendency 

towards an increase in the number of DSB-1 “laggers” present in mid and late pachytene in the 

germlines of TCDD- compared to DMSO-exposed worms. Although the mean value of DSB-

laggers in TCDD-exposed germlines was not significant (Mean = 7.1, n = 34, p = 0.1453 by the 

unpaired two-tailed Mann-Whitney test, 95% C.I.), 53% of TCDD-exposed worms displayed ≥7 

DSB-1 laggers in their germlines in comparison to only 29% of DMSO-exposed worms (Figures 

3-4B-C). Consistent with an extended leptotene/zygotene phenotype, the DAPI-stained chromatin 

morphology observed for DSB-1 laggers was reminiscent of the crescent-shape organization 

observed in nuclei at the leptotene/zygotene stages (Figure 3-4D).  
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Meiotic mutants displaying an extended DSB-1 localization region were previously shown 

to be defective for CO precursor formation, thus underscoring the requirement of the CO precursor 

proteins COSA-1, MSH-5 and ZHP-3 for the timely disassociation of DSB-1 from chromosomes 

(47). Moreover, CO formation is critical for Polo kinase (PLK-1/2)-dependent phosphorylation of 

SYP-4 (pSYP-4), which participates in the negative feedback loop that limits the formation of 

DSBs upon CO designation/formation (44). The presence of DSB-1 laggers in mid and late 

pachytene, the impairment of DSBR progression and increased levels of DSBs in TCDD-exposed 

worms prompted us to assess the integrity of CO designation and SYP-4 phosphorylation. Using 

GFP::COSA-1; col-121 transgenic worms we assessed CO designation by high-resolution imaging 

of nuclei within the last six rows of nuclei in late pachytene as well as in DSB-1+ laggers in the 

same region. In wild type, CO formation is tightly regulated in C. elegans with only one CO 

forming between each pair of homologs resulting in the detection of six COSA-1 foci per nucleus 

corresponding to one CO for every one of the six pairs of homologs in this system (47). The 

number of GFP::COSA-1 foci in nuclei within the last six rows of pachytene (DSB-1-) in TCDD-

exposed worms was significantly different from vehicle control (**p = 0.0056 as determined by 

the unpaired two-tailed Mann-Whitney test, 95% C.I.; n = 433 and 485 for TCDD and DMSO, 

respectively) (Figures 3-4E-G). Furthermore, the distribution of late pachytene nuclei exhibiting 

different numbers of GFP::COSA-1 foci was also significantly different in TCDD- compared to 

DMSO-exposed germlines (c2 = 28.14, p < 0.0001) (Figures 3-4F-G). Analysis of DSB-1 laggers 

in late pachytene (Figure 3-4H) showed that 50% (n = 10/20) carried one to four GFP::COSA-1 

foci per nucleus in TCDD-exposed germlines compared to 37.5% in DMSO (n = 3/8) (Figures 3-

4I-J). Given that this analysis was limited to DSB-1 laggers detected in late pachytene, since this 
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is the region in which six clear COSA-1 foci are visible per nucleus in wild type, the total number 

of DSB-1 laggers scored was limited thereby precluding an assessment of statistical significance. 

However, our analysis shows a trend of reduced CO designation/formation in TCDD-exposed 

worms. Moreover, we found that DBS-1 laggers defective for CO designation (Figure 3-4D) were 

devoid of pSYP-4 signal suggesting that TCDD exposure either reduces or delays CO designation 

and PLK-1/2-dependent phosphorylation of SYP-4. The reduced levels of pSYP-4 were not due 

to lower levels of SYP-4 as our analysis of SC assembly showed an intact SC whose formation 

requires all four SC central components, SYP-1, SYP-2, SYP-3 and SYP-4. Overall, these results 

suggest that TCDD exposure impairs a negative feedback loop linking CO designation/formation 

and phosphorylation of SYP-4 to cessation of DSB formation.  
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Figure 3-4. TCDD-exposed germlines exhibit an extension of DSB-1 laggers in mid and late 

pachytene, reduced SYP-4 phosphorylation and impaired CO designation. (A) Quantification 

of the %LZP (leptotene + zygotene + pachytene) region encompassed by DSB-1+ nuclei in the 

germline. Both DMSO- and TCDD-exposed germlines displayed comparable %LZP. (B) 

However, an increasing trend in the levels of DSB-1+ nuclei (DSB-1 laggers) in the mid to late 

pachytene regions was observed in TCDD-exposed worms (DMSO, n = 28; TCDD, n = 34; n = 

number of gonads scored). Bars indicate mean ± SEM. (C) High-resolution images of DAPI-

stained dissected gonads co-immunostained against DSB-1 (green) and phosphorylated SYP-4 

(magenta) from DMSO- and TCDD-exposed worms. DSB-1 signal is observed in nuclei from 

leptotene/zygotene until early pachytene. Elevated levels of DSB-1 laggers extend into mid and 

late pachytene (indicated by yellow arrowheads) in TCDD-exposed worms. pSYP-4 signal is 

detected in early pachytene and remains associated to chromosomes until late prophase. Yellow 

dashed lines demarcate the last row where all nuclei are DSB-1+. DBS-1+ nuclei observed in 

subsequent rows were scored as laggers. Scale bars, 15 μm. (D) High magnification images of 

DSB-1- and pSYP-4-stained mid-pachytene laggers in (C). DSB-1 laggers (indicated by yellow 

arrowheads) displayed reduced pSYP-4 signal compared to surrounding nuclei lacking DSB-1 

staining. Scale bar, 2 μm. (E) Quantification of GFP::COSA-1 foci in late pachytene nuclei. The 

variability in the number of GFP::COSA-1 foci in nuclei from TCDD-exposed germlines was 

significantly different from vehicle alone (DMSO). **p = 0.0056 as determined by the unpaired 

two-tailed Mann-Whitney test, 95% C.I. (F) Histogram displaying the distribution in the number 

of late pachytene nuclei with different numbers of GFP::COSA-1 (0 through 9) in DMSO- and 

TCDD-exposed worms. c2 = 28.14, ****p < 0.0001. (G) High magnification images of late 
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pachytene nuclei (blue) stained against the CO marker GFP::COSA-1 (green). (H) Quantification 

of the number of DSB-1 laggers in late pachytene from DMSO (n = 29)- and TCDD (n = 27)- 

exposed worms; n = number of gonads scored. Although 433 nuclei at late pachytene (in the last 

six rows) were scored for TCDD, only a small number of DSB-1+ laggers reached late pachytene 

(where six COSA-1 foci per nucleus are readily visible in wild type) and, consequently, no 

statistical analysis can be performed at this time. Shown is a trend for higher numbers of DSB-1+ 

laggers in TCDD-exposed gonads compared to vehicle alone. (I) Quantification of GFP::COSA-1 

foci per DSB-1 lagger in late pachytene showing a trend towards a decrease in GFP::COSA-1 foci 

in DSB-1+ laggers at that stage in TCDD-exposed gonads. (J) High resolution images of a DSB-

1+ lagger at late pachytene from a TCDD-exposed worm showing less than six COSA-1 

foci/nucleus. Scale bar, 2 μm. 
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qRT-PCR analysis reveals germline-specific changes in expression for genes involved in 

DSBR and DNA damage response (DDR) in the germlines of TCDD-exposed worms 

 

EDCs are able to alter the gene expression profile of germ cells in rats, mice and zebrafish 

(48-50). Therefore, we assessed changes in the expression of 15 highly conserved genes involved 

in DSB formation, DSBR and DDR by qRT-PCR in gpl-1(bn18)(III); col-121(nx3)(IV) double 

mutants, which grow into adults lacking a germline at the restrictive temperature of 25°C while 

developing with a germline when maintained at 15°C. Comparisons of gene expression levels 

detected between TCDD- and DMSO-exposed worms grown at both temperatures allows for 

assessment of changes in expression specific to either the soma (25°C) or the germline (15°C). 

TCDD exposure resulted in upregulation of rad-51 gene expression in the germline, concurring 

with the elevated levels of RAD-51 foci observed in TCDD-exposed germlines (Figure 3-5A). 

Furthermore, pmrt5, an arginine methyltransferase involved in the modification of histones and 

receptors involved in signaling and transcription regulation, was downregulated in a germline-

specific fashion suggesting potential alterations in the chromatin landscape, which may contribute 

to the incorporation of more DSB upon changes in chromatin accessibility (i.e. chromatin loop 

length and number) (36). 

 

Following up on our gene expression analysis, we assessed alterations to chromosome 

structure by using X chromosome SC length as a proxy. Our selection of the X chromosome for 

these measurements was motivated by the ease of identification of this chromosome via 

immunostaining against the pairing center protein HIM-8, which exclusively localizes to this 

chromosome, thus facilitating its identification and allowing for comparison of changes in SC 
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length on the same chromosomes between different chemical treatments. Co-immunostaining for 

SYP-1 was used as a guide for tracing the full length of the X chromosome (Figure 3-5B). We 

observed a significant increase in the frequency of nuclei with increased X chromosome SC length 

in TCDD-exposed worms (n = 84 nuclei; p = 0.0198 by the unpair3ed two-tailed Mann-Whitney 

test, 95% C.I.) relative to vehicle alone (DMSO, n = 74 nuclei) (Figure 3-5C). This data suggests 

that exposure to TCDD alters chromosome structure, which may then contribute to excess DSB 

formation.  
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Figure 3-5. TCDD exposure alters germline-specific expression of conserved DSBR and DDR 

genes and chromosome structure. (A) Quantitative RT-PCR analysis in glp-1(bn18); col-

121(nx3) worms, which grown at the permissive temperature (150C) develop into worms with a 

germline compared to worms lacking a germline when grown at 250C, revealed a significant 

germline-specific upregulation of rad-51, while downregulation of rad-54 was observed in the 

soma, in TCDD-exposed worms compared to vehicle alone. Fold-enrichment over DMSO was 

determined using the ΔΔCt method. Experiments were done in technical replicates from three 

biological replicates. Error bars indicate SEM. *p ≤ 0.05 by the unpaired two-tailed Mann-Whitney 

test, 95% C.I. (B) Magnified half-projection image of a mid-pachytene nucleus showing 

immunostaining against the central region component of the SC, SYP-1 (green), and the pairing 

center end protein HIM-8 (magenta). Scale bar, 2 μm. (C) Scatter plot showing the distribution of 

X chromosome SC lengths in DMSO- and TCDD-exposed worms. An extended SC length was 

observed on the X chromosome in TCDD-exposed pachytene nuclei (n = 84 nuclei from 25 

gonads) compared to DMSO (n = 74 nuclei from 21 gonads) from three biological repeats. *p < 

0.05 by the unpaired two-tailed Mann-Whitney test, 95% C.I. Shown next to the graph are X 

chromosomes, identified based on HIM-8 staining, traced in 3D along the SYP-1 signal and 

straightened computationally using Priism 4.7. These X chromosomes are representative of those 

observed in 14.3 % of the nuclei from TCDD-exposed worms showing a 2-fold increase in SC 

length over the DMSO mean.  
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DISCUSSION 

 

TCDD, the most toxic dioxin known to mankind, is a hallmark agent of reprotoxicity in 

multiple species, including humans based on evidence from occupational exposures, industrial 

accidents and the Vietnam War. Despite the wealth of knowledge on TCDD reprotoxic effects, a 

substantial understanding of the molecular mechanisms underlying its effect on meiosis remains 

elusive. Here, we investigated the molecular mechanisms by which TCDD interferes with meiosis 

leading to germline dysfunction using C. elegans as a model for assessing reprotoxicity. Our work 

revealed that TCDD exposure disrupts CO designation and the negative feedback loop signaling 

mechanism set in place to regulate DSB formation leading to excess DSB formation, defects in 

meiotic progression, aberrant chromosome morphogenesis and remodeling in late prophase. 

Moreover, we show that alterations to germline gene expression and chromosome structure may 

underlie alterations in DSB formation and repair. The importance of this study is underscored by 

the dearth of knowledge of the pathways by which TCDD impairs meiosis directly. 

 

TCDD exposure impacts a DSB formation surveillance mechanism dependent on CO 

designation and SYP-4 phosphorylation in the C. elegans germline 

 

During meiosis, programmed DSB formation by the meiosis specific topoisomerase-like 

protein SPO-11 is tightly regulated by surveillance mechanisms that assure DSBs are turned off 

following CO designation to safeguard genome integrity. In C. elegans, designation of at least one 

CO (“obligate CO”) between each pair of homologs following DSB formation is critical for 

achieving the eviction of nuclei from a DSB-permissive state, in which nuclei are competent for 
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DSB formation, and for shut-down of interhomolog access for DSBR (44-46). Here we show that 

exposure to TCDD produces genomic instability by inducing the formation of an excess number 

of DSBs due at least in part from misregulation of a DSB formation negative feedback mechanism 

entailing CO designation and PLK-1/2-dependent SYP-4 phosphorylation. Our data showed that 

TCDD exposure promotes the persistence of a subset of DSB-1+ laggers in a DSB-permissive state 

due to defects in CO designation. Similarly, mutants defective in meiotic steps, including those 

that are completely defective in DSB formation (spo-11 deficient), those that impair recombination 

(e.g. rad-51, rad-54, zhp-3) and those that are unable to pair or synapse (e.g. him-8 or syp-1, 

respectively), were held in a DSB-1-mediated prolonged DSB-permissive state due to defects in 

CO formation (45). Moreover, nuclei held in a DSB-permissive state, as in the case of SUN-1 

(pS8) and DSB-2 laggers (where DSB-2 is a DSB-1 paralog essential for DSB formation), were 

previously shown to accumulate higher levels of RAD-51 foci (46). Analogous to this were the 

elevated levels of RAD-51 foci detected in the germlines of TCDD-exposed worms indicating 

defects in HR-mediated DSBR. Furthermore, our RAD-51 foci analysis in a rad-54 mutant 

background revealed a greater number of DSBs throughout the early stages of prophase that 

coincided with impaired DSBR and elevated p53/CEP-1-dependent germ cell apoptosis. This 

excess number of DSBs was linked to a deficiency in the designation of the pro-CO factor COSA-

1 on all or some chromosomes in DSB-1 laggers and to either an absence or reduction of 

phosphorylated SYP-4, respectively. Previously, we showed that CO designation is crucial for 

PLK-1/2-dependent phosphorylation of SYP-4, as CO deficient-chromosomes also lacked pSYP-

4, and proposed this to function as a signaling mechanism to shut off DSB formation following 

CO designation (44). Here, our results suggest that TCDD leads to genomic instability by 
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impinging on a negative feedback mechanism by which PLK-1/2-dependent SYP-4 

phosphorylation signals the completion of DSB formation upon CO formation. 

 

TCDD impacts genomic integrity and accurate chromosome segregation 

 

The presence of unrepaired DSBs and/or aberrant recombination intermediates, indicated 

by the elevated levels of RAD-51 foci observed in nuclei persisting into late pachytene, was 

evident as decondensed bivalents and chromosome fragments in diakinesis oocytes. Condensation 

defects may stem from loss of function of the condensin machinery, which mediates the transient 

decondensation and rapid condensation of chromosomes following CO formation and SC 

disassembly in late prophase (39, 40). Previous work has shown that depletion of condensin factors 

results in aberrant organization and distribution of cohesin complex proteins, giving rise to 

cohesin-independent and recombination-independent linkages between sister chromatids or 

homologous chromosomes (40). Although we did not observe univalents in diakinesis oocytes 

despite the detection of CO-deficient chromosomes in late pachytene DSB-1 laggers, cohesin-

independent and/or recombination-independent linkages may be responsible for precluding the 

premature dissociation of CO-deficient homologs before the completion of meiosis I (40). 

Alternatively, condensation defects may arise from impaired AKIRIN/AKIR-1 activity, a protein 

shown to drive chromosome condensation in a cohesin-independent fashion (51). Previous studies 

have shown that in condensin defective mutants cohesin association to sister chromatids is 

compromised leading to chromosome fragmentation (40, 52). Moreover, given the established role 

of cohesin proteins in restricting the association of AIR-2, and therefore of its chromosomal 

substrate phosphohistone H3 (pS10), to the short arms of the bivalent, underpinning the defective 
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association of AIR-2 in late diakinesis bivalents may be alterations in the expression, regulation 

or stability of cohesin complex components at the gene or protein level. In wild-type worms, the 

chromosomal axes components HTP-1 and HTP-2 prevent AIR-2 recruitment onto the long arm 

through the recruitment of LAB-1 and the PP1 phosphatases GSP-1 and GSP-2, which antagonize 

the phosphorylation of H3 in worms and mammals (41, 43, 53). Given that in PPI mutants both 

AIR-2 and phosphohistone 3 display ectopic localization on diakinesis bivalents, the localization 

defects of H3 (pS10) in TCDD-exposed worms may stem from defects in the expression or 

function of PP1 (53). 

 

Chromosome abnormalities observed in oocytes at late diakinesis prompted us to probe for 

defects arising during the first embryonic division as defective bivalents may had been carried over 

from meiosis. Previously, an environmentally-relevant dose (50 ng/kg) of TCDD administered to 

rat pre-implantation embryos induced the loss of cytoskeletal integrity, manifested by a dose-

dependent loss of microtubule and filamentous actin in some blastomeres, poor chromosome 

alignment, and the presence of micronuclei and nuclei of different sizes (25). These data support 

our observations of a higher occurrence of chromosome congression defects and chromatin bridges 

(often arising from chromosome fragments) in TCDD-exposed worms. These defects may stem 

from functionally compromised centromere proteins (CENP-A, CENP-B and CENP-C) and the 

chromosomal passenger protein INCENP, essential for centromeric nucleosome formation and 

kinetochore assembly, as lagging chromosomes were previously observed in INCENP-depleted 

embryos in C. elegans (54). Furthermore, in Cenpa null mouse mutant embryos the formation of 

additional micronuclei, macronuclei and nuclear bridges is reminiscent to the formation of 

chromatin bridges reported here (55). While the first embryonic cell division defects observed in 
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our study may be due to aberrant bivalents carried over from meiosis, we cannot rule out the 

possibility of a direct impact of TCDD exposure on these embryos instead. Moreover, these defects 

along with those observed during meiotic prophase I may be responsible for the increase in the 

incidence of males detected in our plate phenotyping analysis and HT chemical screen (20). In 

addition, mechanisms that recognize and eliminate abnormal chromosomes via polar body 

extrusion during meiotic divisions may be accountable for the low levels of defects detected (56). 

 

TCDD-induced changes in chromosome structure may contribute to elevated DSB formation 

and germline-specific alterations in gene expression  

 

Chromosome structure, defined by interactions between chromatin marks, chromatin loops 

and chromosomal axes, is critical for defining the dynamics of gene expression. In C. elegans 

analysis of meiosis in condensin mutants showed that alterations to chromosome structure 

determine the position and frequency of DSBs, and consequently of COs, in the genome (36). The 

increased SC length detected in a subset of mid-pachytene nuclei in TCDD-exposed germlines 

suggests alterations to chromosome structure that, as proposed for condensin mutants, might result 

in shorter and more frequent chromatin loops along extended axes (more “open” chromatin) 

resulting in excess DSBs. The notion of a more relaxed chromatin fits with the overall reduction 

of pSYP-4 signal in a subset of nuclei as in the absence of pSYP-4 a less stable/more dynamic SC 

structure favors continuous DSB formation (44). In addition, the alterations in chromosome 

structure may explain differences in the frequency of nuclei exhibiting different numbers of 

COSA-1 foci between TCDD- and DMSO-only exposures given that alterations in CO number 

and distribution were previously observed upon increase of the X chromosome axis length (36, 
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57). Mechanisms involving an interaction between TCDD and the aryl hydrocarbon receptor 

(AHR-1 in C. elegans) may also contribute to excess DNA breaks by inducing an oxidative stress 

response resulting from downstream transcription of xenobiotic metabolizing cytochrome P450 

enzymes, such as CYP1A1, CYP1A2 or CYP1B1, which have been associated with free radical 

production via the biotransformation of xenobiotics (58, 59). Alternatively, transcription activation 

via AHR-1 may alter gene expression of other meiosis-specific genes that may be responsible for 

the alteration of recombination events. In zebrafish, for instance, exposure to TCDD was suggested 

to alter methylation levels in the promoters of AHR-target genes through the downregulation or 

upregulation of DNA methyltransferases (DNMTs) during embryonic development (60). 

 

Our model of a more relaxed chromatin is consistent with changes in gene expression. The 

germline-specific upregulation of rad-51 correlates with greater number of DSBs in early prophase 

and altered DSBR progression. Moreover, the downregulation of prmt-5, an arginine 

methyltransferase implicated in the regulation of G protein-coupled receptor signaling, may be 

partly accountable for the elevated levels of germ cell apoptosis observed in TCDD-exposed 

worms. As in mammals, PRMT-5 has been shown to negatively regulate DNA damage-induced 

apoptosis in C. elegans. Inactivation of PMRT-5 leads to elevated germ cell apoptosis due to an 

inability to repress p53/CEP-1 transcriptional activity via its regulation of the CEP-1 co-factor 

CBP-1, the worm ortholog of p300/CBP (61). Therefore, prmt-5 loss of CBP-1 transcriptional 

control may be accountable for the elevated levels of CEP-1/p53-dependent germ cell apoptosis in 

TCDD-exposed worms. A TCDD-induced increase in the expression of pro-apoptotic genes, 

including the death receptors Fas and DR5, death ligand TRAIL and the Bcl-2 family member 

Bax, was previously reported in mice thymocytes (62). In addition, unrepaired DNA damage may 
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be partly attributed to prmt-5 downregulation as in mouse hemopoietic cells depletion or inhibition 

of PMRT-5 results in a loss of function of the DNA repair factor and histone H4 acetyltransferase 

TIP60 (KAT5) resulting in deficient HR-mediated DNA repair and activation of the alternate error-

prone non-homologous end-joining (NHEJ) repair pathway (63). 

 

While AHR-mediated TCDD toxicity has been well-established, our study suggests two 

new mechanisms by which TCDD may exert reprotoxicity in the C. elegans germline via 

impairment of the meiotic program. According to the National Institutes of Environmental Health 

Sciences, in the U.S. strict regulatory control of industrial processes has reduced dioxin emissions 

into the air by 90% in a period of three decades. However, individuals continue to be exposed to 

dioxins through food consumption, a source accounting for more than 90% of dioxin intake. This 

factual knowledge, together with evidence from animal studies supporting TCDD-induced 

reproductive health defects in the descendants of highly exposed individuals, underscores the need 

to better understand the modes of action of this dioxin as its long-term prevalence in the human 

body poses a threat of continuous toxicity spanning decades.  
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MATERIALS AND METHODS 

 

Strains 

C. elegans lines were cultured at 20°C as described in (64), except for the glp-1(bn18)(I);col-121 

(nx3)(IV) mutant which was cultured at 15°C. All lines used in these analyses carry col-

121(nx3)(IV), which increases cuticle permeability to chemicals allowing for low-dose studies 

(22). The following strains were used in this study: Pxol-1::GFP(V); col-121(nx3)(IV), cep-

1(Ig12501)(I); col-121(nx3)(IV), rad-54 (ok615)(I)/ht2(I;III); col-121(nx3)(IV), glp-1(bn18)(I); 

col-121(nx3)(IV), COSA-1::GFP(I); col-121(nx3)(IV), and H2B::mCherry; γ-tubulin::GFP; col-

121(nx3)(IV). 

 

Chemicals  

Dimethylsulfoxide (DMSO, ≥99.9%) was purchased from Millipore-Sigma (Burlington, MA) and 

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD, 99.8%) was purchased as a solution (dissolved in 

DMSO at 100.6 µg/mL) from AccuStandard®, Inc. (New Haven, CT).  

 

Plate phenotyping analysis 

Exposures were done by collecting embryos from gravid adult hermaphrodites, treated with 

potassium hypochlorite solution as described in (65), and exposing them continuously to chemicals 

until 24 hours post-L4 stage. Embryos were washed five times with M9 solution and plated onto 

cholesterol-free Nematode Growth Medium (NGM) agar plates (seeded with OP50 bacteria) 

containing final concentrations of DMSO (0.1%) and TCDD (100 nM). Chemical-containing 

plates were always prepared two to three days prior to exposure. Following 2.5 days of incubation 
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at room temperature (RT), 9 to 10 L4-stage larvae were singled onto DMSO- or TCDD-containing 

cholesterol-free NGM agar plates and transferred onto chemical-containing plates every 24 hours 

for four consecutive days at RT. Brood size, % embryonic viability, % larval lethality and % males 

were determined by scoring the total number of eggs laid, the total number of eggs hatched, the 

total number of worms dying as larvae and the total number of males from among the total number 

of adult progeny, respectively. 

 
DAPI analysis of whole worm germlines 
 
Carnoy’s fixation of >20 whole worms was performed 24 hours post-L4. Fixed worms were re-

hydrated with M9 medium and stained with DAPI-containing Vectashield from Vector 

Laboratories (Burlingame, CA). A Leica DM5000B fluorescence microscope was employed for 

cytological visualization of chromosome morphology defects.  

 

Quantitative germline apoptosis analysis 

Chemical exposures were done as described above. Apoptotic germ cell corpses were scored in 

the germlines of adult hermaphrodites, analyzed 24 to 26 hours post-L4 stage, following incubation 

with Acridine Orange (AO) for 2 hours at RT (66). Apoptotic germ cell corpses were scored from 

a minimum of 30 worms using a Leica DM5000B fluorescence microscope. Statistical analysis 

was done using an unpaired two-tailed Mann-Whitney test with 95% C.I.  

    

Germline immunostainings 

For germline immunostainings, whole-mount gonads (collected 24 hours post-L4 stage) were 

dissected, fixed with 1% or 4% paraformaldehyde and immunostained as in (34).  
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Primary antibodies were used at the following final dilutions: rabbit α-RAD-51 (1:10,000; 

Novus Biological (SDI)), guinea pig α-SUN-1 Ser8-pi (1:700;(27)), guinea pig α-DSB-1 (1:500; 

(45)), rabbit α-LAB-1 (1:200; (41)), phosphohistone H3 (1:2,000; Cell Signaling), rabbit α-PLK-

2 (1:100; (67)), goat α-SYP-1 (1:3,000; (51)), rabbit α-HIM-8 (1:500; (68) SDI), rabbit α-

phosphorylated SYP-4 S69 (1:100;(44)), chicken α-GFP (1:500; Abcam). Secondary antibodies 

were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA) and used at the 

following dilutions: α-rabbit Cy-3 (1:200), α-guinea pig Cy-5 (1:100), α-chicken Alexa 488 

(1:300). α-mouse Alexa 488 (1:300) was purchased from Cell Signaling. Immunofluorescence 

imaging was performed using a Delta Vision system equipped with an IX-70 microscope 

(Olympus, Waltham, MA) and a cooled CCD camera (Applied Precision, Pittsburg, PA). Images 

were collected using 60X and 100X objectives and Z-stacks were set at 0.2 μm thickness intervals.  

SoftWoRX 3.3.6 software (Applied Precision) was used for image deconvolution. 

 

Time course RAD-51 quantification analysis  

Quantification of RAD-51 levels was done by scoring the number of foci on nuclei positioned 

along all seven zones composing the germline (34). Four to five germlines were scored per 

chemical treatment from two independent biological replicates. The average number of nuclei 

scored per zone for each chemical was as follows: DMSO: zone 1 = 131, zone 2 = 163, zone 3 = 

131, zone 4 = 134, zone 5 = 130, zone 6 = 114, and zone 7 = 93. TCDD: zone 1 = 115, zone 2 = 

145, zone 3 = 108, zone 4 = 102, zone 5 = 88, zone 6 = 79, and zone 7 = 65.   

For the RAD-51 time course analysis in a rad-54; col-121(nx3) background three and five 

germlines were scored for DMSO and TCDD, respectively, from three independent repeats: 

DMSO: zone 1 = 62, zone 2 = 90, zone 3 = 90, zone 4 = 72, zone 5 = 46, zone 6 = 39, and zone 7 
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= 39. TCDD: zone 1 = 114, zone 2 = 156, zone 3 = 112, zone 4 = 110, zone 5 = 83, zone 6 = 79, 

and zone 7 = 71. 

Data was plotted in GraphPad Prism and subjected to statistical analysis using an unpaired two-

tailed Mann-Whitney test with 95% C.I.  

 

Quantification of X chromosome SC length 
  
Whole mounted gonads from 24 hours post-L4 worms were co-immunostained for SYP-1 (central 

region component of the SC) and HIM-8 (pairing center end protein that marks one end of the X 

chromosome). X chromosomes marked by HIM-8 in pachytene nuclei were traced in 3D along the 

SYP-1 signal and straightened computationally using Priism 4.7 for measuring SC lengths as 

previously described (69). 

 

Quantification of GFP::COSA-1 foci 

Quantification was performed by scoring the number of GFP::COSA-1 foci in nuclei in the last 

six rows of pachytene. Quantification on DSB-1 laggers was restricted to late pachytene as nuclei 

in this region have six GFP::COSA-1 foci in wild type. The mean number of GFP::COSA-1 foci 

was 6 as determined by scoring DMSO (n = 485) and TCDD (n = 433) late pachytene nuclei (17 

gonads were scored from three biological repeats); n = number of nuclei scored. Deconvolved full 

nuclei projection images were used for this analysis. Statistical analysis was done using an 

unpaired two-tailed Mann-Whitney test with 95% C.I. A c2 test was applied to assess variability 

in the distribution of GFP::COSA-1 foci.  
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Live imaging of first embryonic division 

Chemical exposures were done as described before. H2B::mCherry; γ-tubulin::GFP; col-

121(nx3)(IV) exposed adult hermaphrodites were mounted on 3% agarose pads and immobilized 

with 0.01% Levamisol (final concentration) in 1X EGG buffer 24 to 30 hours post-L4 stage. Data 

collection for the first embryonic division was done at 10 second intervals for 5 minutes with a 

60X objective on an IX-70 microscope (Olympus, Waltham, MA) and a cooled CCD camera 

(CH350; Roper Scientific) controlled by the DeltaVision system (Applied Precision, Pittsburg, 

PA). 

 

Quantitative RT-PCR analysis 

The temperature sensitive (ts) glp-1(bn18)(I); col-121(nx3)(IV) mutant background was used for 

qRT-PCR analysis. Worms were maintained and exposed to chemicals at 15°C, and 15 hours post-

exposure 100 L1-stage larvae were shifted to 25°C to prevent gonad development. Approximately 

30 to 50 24 hours post-L4 stage worms were collected in 100 μl Trizol and RNA was extracted as 

described by the manufacturer’s instructions. cDNA was produced by subjecting RNA to reverse 

transcription using iSCRipt (Biorad) and quantitative real time PCR was performed using the 

SsoFast EvaGreen supermix (Biorad) according to the manufacturer’s instructions. Experiments 

were done in technical repeats from three biological runs. Cq numbers were normalized to gpd-1 

and statistical analysis was done by comparing TCDD-treated samples with the normalized values 

of vehicle control (DMSO)-treated samples. Statistical analysis was done using an unpaired two-

tailed Mann-Whitney test with 95% C.I. 
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Mass spectrometric analysis of TCDD 

TCDD was extracted from the worm lysate by acidic digestion followed by toluene extraction. 

Briefly, 200 µL of worm lysate was spiked with 10 ng of 13C-TCDD (internal standard), acidified 

with 500 µL of 44% formic acid, and vortexed. To the mixture, 1 mL of toluene was added, vortex 

mixed and transferred the clear supernatant into autosampler vial after centrifugation. A high-

resolution gas chromatography-tandem mass spectrometry (HRGC/MS/MS; Agilent GC 7890B 

and JEOL 800D HRMS) connected with a DB-5MS UI (60 m, 0.25 mm i.d., 0.25 µm film 

thickness, Agilent Technologies, GA) capillary chromatographic column was used for selective 

identification and quantification of TCDD in worm extracts. An isotopic dilution method was used 

for the quantification. Procedural blank and matrix spike experiments were performed as quality 

controls. The matrix spike recovery for TCDD was 112%.  

 

REFERENCES 

 
1. Hutz RJ, Carvan MJ, 3rd, Larson JK, Liu Q, Stelzer RV, King-Heiden TC, et al. Familiar and 
novel reproductive endocrine disruptors: xenoestrogens, dioxins and nanoparticles. Curr Trends 
Endocinol. 2014;7:111-122. 

2. Roman BL, Peterson RE. In utero and lactational exposure of the male rat to 2,3,7,8-
tetrachlorodibenzo-p-dioxin impairs prostate development. 1. Effects on gene expression. 
Toxicol Appl Pharmacol. 1998;150(2):240-253. 

3. Sharara FI, Seifer DB, Flaws JA. Environmental toxicants and female reproduction. Fertil 
Steril. 1998;70(4):613-622. 

4. Petroff BK, Gao X, Rozman KK, Terranova PF. The effects of 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) on weight gain and hepatic ethoxyresorufin-o-deethylase (EROD) induction vary 
with ovarian hormonal status in the immature gonadotropin-primed rat model. Reprod Toxicol. 
2001;15(3):269-274. 



 160 

5. Rier SE, Martin DC, Bowman RE, Dmowski WP, Becker JL. Endometriosis in rhesus 
monkeys (Macaca mulatta) following chronic exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin. 
Fundam Appl Toxicol. 1993;21(4):433-441. 

6. Cummings AM, Metcalf JL, Birnbaum L. Promotion of endometriosis by 2,3,7,8-
tetrachlorodibenzo-p-dioxin in rats and mice: time-dose dependence and species comparison. 
Toxicol Appl Pharmacol. 1996;138(1):131-139. 

7. Saito K, Nhu DD, Suzuki H, Kido T, Naganuma R, Sakakibara C, et al. Association between 
dioxin concentrations in breast milk and food group intake in Vietnam. Environ Health Prev 
Med. 2010;15(1):48-56. 

8. Sasamoto T, Ushio F, Kikutani N, Saitoh Y, Yamaki Y, Hashimoto T, et al. Estimation of 
1999-2004 dietary daily intake of PCDDs, PCDFs and dioxin-like PCBs by a total diet study in 
metropolitan Tokyo, Japan. Chemosphere. 2006;64(4):634-641. 

9. Eduljee GH, Gair AJ. Validation of a methodology for modelling PCDD and PCDF intake via 
the foodchain. Sci Total Environ. 1996;187(3):211-229. 

10. Schiavon M, Torretta V, Rada EC, Ragazzi M. State of the art and advances in the impact 
assessment of dioxins and dioxin-like compounds. Environ Monit Assess. 2016;188(1):57. 

11. Khan K, Wozniak SE, Coleman J, Didolkar MS. Wartime toxin exposure: recognising the 
silent killer. BMJ Case Rep. 2016;2016. 

12. Eskenazi B, Mocarelli P, Warner M, Needham L, Patterson DG, Jr., Samuels S, et al. 
Relationship of serum TCDD concentrations and age at exposure of female residents of Seveso, 
Italy. Environ Health Perspect. 2004;112(1):22-27. 

13. Mocarelli P, Gerthoux PM, Ferrari E, Patterson DG, Jr., Kieszak SM, Brambilla P, et al. 
Paternal concentrations of dioxin and sex ratio of offspring. Lancet. 2000;355(9218):1858-1863. 

14. Mocarelli P, Gerthoux PM, Patterson DG, Jr., Milani S, Limonta G, Bertona M, et al. Dioxin 
exposure, from infancy through puberty, produces endocrine disruption and affects human semen 
quality. Environ Health Perspect. 2008;116(1):70-77. 

15. Ryan JJ, Amirova Z, Carrier G. Sex ratios of children of Russian pesticide producers exposed 
to dioxin. Environ Health Perspect. 2002;110(11):A699-701. 



 161 

16. Baker TR, Peterson RE, Heideman W. Early dioxin exposure causes toxic effects in adult 
zebrafish. Toxicol Sci. 2013;135(1):241-250. 

17. Baker TR, King-Heiden TC, Peterson RE, Heideman W. Dioxin induction of 
transgenerational inheritance of disease in zebrafish. Mol Cell Endocrinol. 2014;398(1-2):36-41. 

18. Heimler I, Rawlins RG, Owen H, Hutz RJ. Dioxin perturbs, in a dose- and time-dependent 
fashion, steroid secretion, and induces apoptosis of human luteinized granulosa cells. 
Endocrinology. 1998;139(10):4373-4379. 

19. Karman BN, Basavarajappa MS, Craig ZR, Flaws JA. 2,3,7,8-Tetrachlorodibenzo-p-dioxin 
activates the aryl hydrocarbon receptor and alters sex steroid hormone secretion without 
affecting growth of mouse antral follicles in vitro. Toxicol Appl Pharmacol. 2012;261(1):88-96. 

20. Shin N, Cuenca L, Karthikraj R, Kannan K, Colaiacovo MP. Assessing effects of germline 
exposure to environmental toxicants by high-throughput screening in C. elegans. PLoS Genet. 
2019;15(2):e1007975. 

21. Allard P, Colaiacovo MP. Bisphenol A impairs the double-strand break repair machinery in 
the germline and causes chromosome abnormalities. Proc Natl Acad Sci U S A. 
2010;107(47):20405-20410. 

22. Watanabe M, Mitani N, Ishii N, Miki K. A mutation in a cuticle collagen causes 
hypersensitivity to the endocrine disrupting chemical, bisphenol A, in Caenorhabditis elegans. 
Mutat Res. 2005;570(1):71-80. 

23. Suzuki G, Nakano M, Nakano S. Distribution of PCDDs/PCDFs and Co-PCBs in human 
maternal blood, cord blood, placenta, milk, and adipose tissue: dioxins showing high toxic 
equivalency factor accumulate in the placenta. Biosci Biotechnol Biochem. 2005;69(10):1836-
1847. 

24. Collins JJ, Budinsky RA, Burns CJ, Lamparski LL, Carson ML, Martin GD, et al. Serum 
dioxin levels in former chlorophenol workers. J Expo Sci Environ Epidemiol. 2006;16(1):76-84. 

25. Hutt KJ, Shi Z, Albertini DF, Petroff BK. The environmental toxicant 2,3,7,8-
tetrachlorodibenzo-p-dioxin disrupts morphogenesis of the rat pre-implantation embryo. BMC 
Dev Biol. 2008;8:1. 



 162 

26. Manikkam M, Tracey R, Guerrero-Bosagna C, Skinner MK. Dioxin (TCDD) induces 
epigenetic transgenerational inheritance of adult onset disease and sperm epimutations. PLoS 
One. 2012;7(9):e46249. 

27. Woglar A, Daryabeigi A, Adamo A, Habacher C, Machacek T, La Volpe A, et al. 
Matefin/SUN-1 phosphorylation is part of a surveillance mechanism to coordinate chromosome 
synapsis and recombination with meiotic progression and chromosome movement. PLoS Genet. 
2013;9(3):e1003335. 

28. Penkner AM, Fridkin A, Gloggnitzer J, Baudrimont A, Machacek T, Woglar A, et al. Meiotic 
chromosome homology search involves modifications of the nuclear envelope protein 
Matefin/SUN-1. Cell. 2009;139(5):920-933. 

29. MacQueen AJ, Colaiacovo MP, McDonald K, Villeneuve AM. Synapsis-dependent and -
independent mechanisms stabilize homolog pairing during meiotic prophase in C. elegans. Genes 
Dev. 2002;16(18):2428-2442. 

30. Horan TS, Pulcastro H, Lawson C, Gerona R, Martin S, Gieske MC, et al. Replacement 
Bisphenols Adversely Affect Mouse Gametogenesis with Consequences for Subsequent 
Generations. Curr Biol. 2018;28(18):2948-2954 e2943. 

31. Martinez-Perez E, Colaiacovo MP. Distribution of meiotic recombination events: talking to 
your neighbors. Curr Opin Genet Dev. 2009;19(2):105-112. 

32. Keeney S, Giroux CN, Kleckner N. Meiosis-specific DNA double-strand breaks are 
catalyzed by Spo11, a member of a widely conserved protein family. Cell. 1997;88(3):375-384. 

33. Gartner A, Milstein S, Ahmed S, Hodgkin J, Hengartner MO. A conserved checkpoint 
pathway mediates DNA damage--induced apoptosis and cell cycle arrest in C. elegans. Mol Cell. 
2000;5(3):435-443. 

34. Colaiacovo MP, MacQueen AJ, Martinez-Perez E, McDonald K, Adamo A, La Volpe A, et 
al. Synaptonemal complex assembly in C. elegans is dispensable for loading strand-exchange 
proteins but critical for proper completion of recombination. Dev Cell. 2003;5(3):463-474. 

35. Sehorn MG, Sigurdsson S, Bussen W, Unger VM, Sung P. Human meiotic recombinase 
Dmc1 promotes ATP-dependent homologous DNA strand exchange. Nature. 
2004;429(6990):433-437. 



 163 

36. Mets DG, Meyer BJ. Condensins regulate meiotic DNA break distribution, thus crossover 
frequency, by controlling chromosome structure. Cell. 2009;139(1):73-86. 

37. Allard P, Kleinstreuer NC, Knudsen TB, Colaiacovo MP. A C. elegans screening platform 
for the rapid assessment of chemical disruption of germline function. Environ Health Perspect. 
2013;121(6):717-724. 

38. Boyd WA, McBride SJ, Rice JR, Snyder DW, Freedman JH. A high-throughput method for 
assessing chemical toxicity using a Caenorhabditis elegans reproduction assay. Toxicol Appl 
Pharmacol. 2010;245(2):153-159. 

39. Nabeshima K, Villeneuve AM, Colaiacovo MP. Crossing over is coupled to late meiotic 
prophase bivalent differentiation through asymmetric disassembly of the SC. J Cell Biol. 
2005;168(5):683-689. 

40. Chan RC, Severson AF, Meyer BJ. Condensin restructures chromosomes in preparation for 
meiotic divisions. J Cell Biol. 2004;167(4):613-625. 

41. de Carvalho CE, Zaaijer S, Smolikov S, Gu Y, Schumacher JM, Colaiacovo MP. LAB-1 
antagonizes the Aurora B kinase in C. elegans. Genes Dev. 2008;22(20):2869-2885. 

42. Tzur YB, Egydio de Carvalho C, Nadarajan S, Van Bostelen I, Gu Y, Chu DS, et al. LAB-1 
targets PP1 and restricts Aurora B kinase upon entrance into meiosis to promote sister chromatid 
cohesion. PLoS Biol. 2012;10(8):e1001378. 

43. Rogers E, Bishop JD, Waddle JA, Schumacher JM, Lin R. The aurora kinase AIR-2 
functions in the release of chromosome cohesion in Caenorhabditis elegans meiosis. J Cell Biol. 
2002;157(2):219-229. 

44. Nadarajan S, Lambert TJ, Altendorfer E, Gao J, Blower MD, Waters JC, et al. Polo-like 
kinase-dependent phosphorylation of the synaptonemal complex protein SYP-4 regulates double-
strand break formation through a negative feedback loop. Elife. 2017;6. 

45. Stamper EL, Rodenbusch SE, Rosu S, Ahringer J, Villeneuve AM, Dernburg AF. 
Identification of DSB-1, a protein required for initiation of meiotic recombination in 
Caenorhabditis elegans, illuminates a crossover assurance checkpoint. PLoS Genet. 
2013;9(8):e1003679. 



 164 

46. Rosu S, Zawadzki KA, Stamper EL, Libuda DE, Reese AL, Dernburg AF, et al. The C. 
elegans DSB-2 protein reveals a regulatory network that controls competence for meiotic DSB 
formation and promotes crossover assurance. PLoS Genet. 2013;9(8):e1003674. 

47. Yokoo R, Zawadzki KA, Nabeshima K, Drake M, Arur S, Villeneuve AM. COSA-1 reveals 
robust homeostasis and separable licensing and reinforcement steps governing meiotic 
crossovers. Cell. 2012;149(1):75-87. 

48. Liu Q, Spitsbergen JM, Cariou R, Huang CY, Jiang N, Goetz G, et al. Histopathologic 
alterations associated with global gene expression due to chronic dietary TCDD exposure in 
juvenile zebrafish. PLoS One. 2014;9(7):e100910. 

49. Clement TM, Savenkova MI, Settles M, Anway MD, Skinner MK. Alterations in the 
developing testis transcriptome following embryonic vinclozolin exposure. Reprod Toxicol. 
2010;30(3):353-364. 

50. Anway MD, Rekow SS, Skinner MK. Transgenerational epigenetic programming of the 
embryonic testis transcriptome. Genomics. 2008;91(1):30-40. 

51. Clemons AM, Brockway HM, Yin Y, Kasinathan B, Butterfield YS, Jones SJ, et al. akirin is 
required for diakinesis bivalent structure and synaptonemal complex disassembly at meiotic 
prophase I. Mol Biol Cell. 2013;24(7):1053-1067. 

52. Severson AF, Ling L, van Zuylen V, Meyer BJ. The axial element protein HTP-3 promotes 
cohesin loading and meiotic axis assembly in C. elegans to implement the meiotic program of 
chromosome segregation. Genes Dev. 2009;23(15):1763-1778. 

53. Ferrandiz N, Barroso C, Telecan O, Shao N, Kim HM, Testori S, et al. Spatiotemporal 
regulation of Aurora B recruitment ensures release of cohesion during C. elegans oocyte meiosis. 
Nat Commun. 2018;9(1):834. 

54. Oegema K, Desai A, Rybina S, Kirkham M, Hyman AA. Functional analysis of kinetochore 
assembly in Caenorhabditis elegans. J Cell Biol. 2001;153(6):1209-1226. 

55. Howman EV, Fowler KJ, Newson AJ, Redward S, MacDonald AC, Kalitsis P, et al. Early 
disruption of centromeric chromatin organization in centromere protein A (Cenpa) null mice. 
Proc Natl Acad Sci U S A. 2000;97(3):1148-1153. 



 165 

56. Cortes DB, McNally KL, Mains PE, McNally FJ. The asymmetry of female meiosis reduces 
the frequency of inheritance of unpaired chromosomes. Elife. 2015;4:e06056. 

57. Libuda DE, Uzawa S, Meyer BJ, Villeneuve AM. Meiotic chromosome structures constrain 
and respond to designation of crossover sites. Nature. 2013;502(7473):703-706. 

58. Nebert DW, Dalton TP, Okey AB, Gonzalez FJ. Role of aryl hydrocarbon receptor-mediated 
induction of the CYP1 enzymes in environmental toxicity and cancer. J Biol Chem. 
2004;279(23):23847-23850. 

59. Reichard JF, Dalton TP, Shertzer HG, Puga A. Induction of oxidative stress responses by 
dioxin and other ligands of the aryl hydrocarbon receptor. Dose Response. 2006;3(3):306-331. 

60. Aluru N, Kuo E, Helfrich LW, Karchner SI, Linney EA, Pais JE, et al. Developmental 
exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin alters DNA methyltransferase (dnmt) expression 
in zebrafish (Danio rerio). Toxicol Appl Pharmacol. 2015;284(2):142-151. 

61. Yang M, Sun J, Sun X, Shen Q, Gao Z, Yang C. Caenorhabditis elegans protein arginine 
methyltransferase PRMT-5 negatively regulates DNA damage-induced apoptosis. PLoS Genet. 
2009;5(6):e1000514. 

62. Camacho IA, Nagarkatti M, Nagarkatti PS. Evidence for induction of apoptosis in T cells 
from murine fetal thymus following perinatal exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD). Toxicol Sci. 2004;78(1):96-106. 

63. Hamard PJ, Santiago GE, Liu F, Karl DL, Martinez C, Man N, et al. PRMT5 Regulates DNA 
Repair by Controlling the Alternative Splicing of Histone-Modifying Enzymes. Cell Rep. 
2018;24(10):2643-2657. 

64. Sulston JE, Brenner S. The DNA of Caenorhabditis elegans. Genetics. 1974;77(1):95-104. 

65. Porta-de-la-Riva M, Fontrodona L, Villanueva A, Ceron J. Basic Caenorhabditis elegans 
methods: synchronization and observation. J Vis Exp. 2012(64):e4019. 

66. Craig AL, Moser SC, Bailly AP, Gartner A. Methods for studying the DNA damage response 
in the Caenorhabdatis elegans germ line. Methods Cell Biol. 2012;107:321-352. 



 166 

67. Nishi Y, Rogers E, Robertson SM, Lin R. Polo kinases regulate C. elegans embryonic 
polarity via binding to DYRK2-primed MEX-5 and MEX-6. Development. 2008;135(4):687-
697. 

68. Liu JC, Lai FN, Li L, Sun XF, Cheng SF, Ge W, et al. Di (2-ethylhexyl) phthalate exposure 
impairs meiotic progression and DNA damage repair in fetal mouse oocytes in vitro. Cell Death 
Dis. 2017;8(8):e2966. 

69. Chen H, Hughes DD, Chan TA, Sedat JW, Agard DA. IVE (Image Visualization 
Environment): a software platform for all three-dimensional microscopy applications. J Struct 
Biol. 1996;116(1):56-60. 

 



 167 

 

 

 

 

Chapter 4 

Summary and perspectives 
 

 

 

 

 

 

 

 

 

 

 



 168 

There is growing evidence linking exposure to environmental chemicals and impaired 

human reproductive health, yet how these exposures cause these effects is poorly understood. This 

thesis reveals the modes of action by which environmental toxicants impair meiosis, thereby 

leading to reproductive health dysfunction in the nematode C. elegans, which shares a high degree 

of conservation of its genes and biological pathways with humans. Specifically, our work suggests 

the molecular mechanisms by which the highly abundant phthalate ester DEHP (Chapter 2) and 

the dioxin congener 2,3,7,8-TCDD (Chapter 3), identified as aneuploidy-inducing toxicants in a 

HT screen performed by our group (1), exert reprotoxicity in the context of a multicellular 

organism. Following a historical account on the mass production and release of chemicals into our 

environment and their impact on human health, together with a detailed description of the key 

events taking place during meiotic prophase I with an emphasis on C. elegans (Chapter 1), Chapter 

2 describes the molecular mechanisms by which DEHP and its metabolites impair meiosis at 

internally circulating levels that are environmentally-relevant and comparable to those measured 

in the general human population. This study showed that, similar to mammals, C. elegans is 

equipped with the metabolic enzymatic pathways that convert DEHP into its monoester and 

oxidative metabolites, hence, highlighting the biological relevance of this system for the study of 

phthalate-induced toxicities.  Importantly, we showed that exposure to DEHP and its metabolites 

interferes with meiotic events during prophase I that entail a misregulation of meiotic DSB 

formation and CO designation/formation. First, our analysis showed that DEHP exposure induces 

a modest, yet significant, Him phenotype indicative of problems with accurate chromosome 

segregation as previously indicated by our HT screen (1). Second, DEHP-exposed germlines 

exhibited altered meiotic progression, as manifested by both an extended leptotene/zygotene 

region and the extension of a subset of S8-Pi+ or DSB-1+ nuclei (“laggers”), held in a DSB-
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permissive state, into mid and late pachytene. Third, the exposed germlines displayed elevated 

DSB levels, as determined by elevated RAD-51 foci in rad-54 mutants compared to vehicle alone, 

and altered HR-mediated DSB repair, as determined by elevated levels of RAD-51 foci in mid-

pachytene nuclei and increased DNA damage-dependent germ cell apoptosis as well as defects in 

the first embryonic division. Problems with DSB repair resulted in defects in chromosome 

remodeling shown by the mislocalization of LAB-1 and H3 (pS10) and chromosome morphology 

defects (i.e. aggregates and decondensation) detected in bivalents at late diakinesis. qRT-PCR 

analysis showed that DEHP exposure alters the expression of genes involved in DSBR/DDR, 

namely hus-1 and atl-1, and of the histone methyltransferase prmt-5 in a germline-specific manner. 

Downregulation of the latter correlated with increased SC length, as measured for the X 

chromosome, suggesting a mechanism by which exposure to DEHP alters chromosome structure 

which could increase the number of chromatin loops (and reduce their lengths), thereby resulting 

in increased DSB formation. In addition, the absence of COSA-1 foci and low phosphorylated 

SYP-4 signal on late pachytene laggers suggests a mechanism by which defects in CO 

designation/formation leads to elevated levels of DSBs upon disruption of a PLK-1/2-dependent 

negative feedback loop mechanism that signals the completion of programmed DSBs (2).   

 

In Chapter 3 we showed that TCDD, similar to DEHP, also exhibits elevated DSB levels 

due to impaired CO designation/formation and reduced activation of the PLK-1/2-dependent 

negative feedback loop normally set in place to respond to CO designation/formation by shutting 

down additional DSB formation. TCDD also impairs proper chromosome segregation as shown 

by increased X non-disjunction detected in our HT screen (xol-1::GFP reporter construct; 1) and 

by the presence of a Him phenotype. Moreover, it induces defects in meiotic progression and 
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impaired HR-mediated DSBR, as shown by an increase in RAD-51 foci and a delay in the kinetics 

of repair progression (the latter not observed for DEHP), an elevation of p53/CEP-1-dependent 

germ cell apoptosis, and both altered chromosome morphology and remodeling, as evidenced by 

either the absence or ectopic localization of H3 (pS10), for bivalents in late diakinesis . In 

agreement with the elevated levels of RAD-51 foci, our qRT-PCR analysis showed a germline-

specific increase in rad-51 gene expression. TCDD exposure induced the downregulation of prmt-

5 coinciding with changes in chromosome structure evidenced by increased SC length measured 

for the X chromosome, which may account for the elevated DSB levels resulting from this 

exposure. Similar to DEHP, TCDD-exposed germlines displayed defects in CO 

designation/formation on late pachytene laggers, as shown by a reduction in COSA-1 foci, and 

low signal of PLK-1/2-dependent SYP-4 phosphorylation. Overall, these studies revealed that both 

DEHP and TCDD exert reprotoxicity in the C. elegans germline by inducing the formation of 

excess DNA lesions via two suggested mechanisms: (1) the disruption of a PLK-1/2-dependent 

negative feedback loop that shuts off DSB formation upon CO designation/formation and/or (2) 

alterations to chromosome structure. 

 

The studies presented herein set the ground for future short- and long-term investigations 

which aim at expanding our current mechanistic knowledge about the modes by which 

environmental toxicants exert reprotoxicity and their long-term impact on the health of generations 

descended from exposed ancestors. 

 

In light of the excess DSBs induced upon DEHP or TCDD exposure, short-term 

investigations will probe the contribution of oxidative stress to DSB formation as exposure to these 
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chemicals has been linked to the production of reactive oxygen species (ROS) and DNA damage 

in mammalian cell culture systems and animal tissues (3-5). The redox state of exposed germlines 

will be determined using a reporter strain that expresses GFP under the control of the glutathione-

requiring prostaglandin D synthase (gst-4) promoter, an oxidative-stress response gene (6). An 

increase in GFP signal in dissected germlines will show the contribution of oxidative stress as a 

mechanism underlying the reprotoxicity of these chemicals. This method was successfully applied 

by our group in studies assessing the contribution of BPA exposure to oxidative stress in dissected 

C. elegans germlines (Hornos Carneiro et al., submitted). We will complement these studies by 

assessing the role of AHR-1 in the generation of germ cell oxidative stress; Ahr is a well-

established mediator of TCDD-induced toxicity shown to activate the transcription of Phase I 

xenobiotic metabolizing cytochrome P450 enzymes involved in the generation of ROS 

intermediates (3). Germ cell apoptosis will be used as a readout to assess the role of AHR-1 in 

TCDD-induced germline toxicity using an ahr-1 deletion strain. In the event TCDD-induced 

germline toxicity is AHR-1-depedent, these studies would have identified a new role for ahr-1 as 

this gene has only been previously detected in neurons where it regulates GABAergic motor 

neuron face specification (7, 8). Finally, while our data indicates that exposure to either chemical 

increases DSB formation, it is unclear whether DEHP or TCDD directly or indirectly induce DSBs 

onto DNA. To address this question, we will expose worms in a DSB-deficient spo-11 mutant 

background, in which the lack of programmed DSBs results in the presence of 12 univalents in 

diakinesis oocytes, to determine whether TCDD or DEHP are able to rescue chiasma formation, 

an indication that these chemicals are able to produce DSBs via a direct or indirect interaction with 

DNA. This will also be accompanied by measuring RAD-51 foci levels throughout the germline 
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since these are practically absent in spo-11 mutants, so evidence of elevated RAD-51 foci upon 

chemical exposure would suggest that these chemicals result in SPO-11-independent DSBs.  

 

Several studies have shown the dependence of DSB/CO formation on the nature of 

chromatin marks in the genome. In Saccharomyces cerevisae and mouse, trimethylation of lysine 

4 of histone H3 (H3K4me3) is enriched at DSB sites prior to DSB formation, while 

hyperacetylation of histone H4 is observed after DSB formation in mouse (8). In S. pombe, 

acetylation of histone H3 by SpGcn5, the S. pombe homolog of Gcn5, at the recombination hotspot 

M26 facilitates DSB formation and chromatin remodeling (9). In C. elegans, the X non-disjunction 

factor 1 (xnd-1) regulates the global distribution of COs by modulating the levels of H2A lysine 5 

acetylation (10). The coincidental downregulation of the histone modifier prmt-5 with the 

misregulation of DSB/CO formation upon chemical exposure underscores the need of future 

studies to investigate changes to the chromatin landscape. These studies will be executed by 

immunofluorescence (IF) of whole mounted gonads and chromatin immunoprecipitation coupled 

to detection by quantitative PCR (ChIP/qPCR).   

    

The presence of condensation defects and/or chromosomal aggregates induced upon 

chemical exposures in late diakinesis bivalents, in addition to the mislocalization and/or absence 

of LAB-1 or H3 (pS10) on a subset of bivalents, was not only indicative of defective DNA repair 

in the exposed germlines, but also suggested defects potentially rooted in condensin machinery 

dysfunction. In C. elegans, three condensin complexes with distinct functions and localization 

throughout prophase have been identified, including: complex IDC, involved in the establishment 

of X chromosome dosage compensation, complex I, involved in the establishment of meiotic CO 
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control, and complex II, involved in mediating chromosome resolution, condensation and 

segregation during mitosis and meiosis (11, 12). Previously, it was shown that the non-SMC 

structural component HCP-6 in complex II is essential for promoting chromosome compaction in 

diplotene and diakinesis and proper resolution of bivalents in diakinesis (12). Given that in hcp-6 

or mix-1 mutants chromosome compaction is delayed and the organization and distribution of the 

cohesin complex protein rec-8 is altered, future experiments will qualitatively assess the integrity 

of both condensin and cohesin complex components by IF and high-resolution microscopy of 

whole mounted gonads to establish their respective contribution to the aberrant morphology 

phenotypes observed in late diakinesis bivalents. In the event that the integrity of the cohesin 

complex is compromised, this may provide an explanation for the absence and mislocalization of 

LAB-1 in diakinesis bivalents in DEHP-exposed germlines as it has been shown that LAB-1 

localization is partially interdependent with the localization of specific cohesin complex kleisin 

subunits REC-8, COH-3 and COH-4 (13). Furthermore, in the case that IF experiments reveal a 

reduced association of proteins from either condensin or cohesin complexes, germline-specific 

qRT-PCR gene expression analysis will be employed to clarify whether a decrease in transcript 

levels is an underlying cause for any detected reduced associations.  In addition to the condensin 

complex, we will investigate the contribution of akirin to bivalent decondensation as this protein 

was recently shown to mediate condensin-independent chromosome condensation (14).  

 

To gain an understanding regarding the mechanisms by which environmental chemicals 

exert toxicity in the germline, and for the sake of clarity, we confined our studies by evaluating 

the effects of single chemical exposures. However, humans are exposed to a varied cocktail of 

environmental toxicants through the air we breathe, consumable goods and consumer products. 
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Therefore, subsequent investigations will delve into assessing the effects of chemical mixtures on 

germline integrity as this bears a greater relevance to real-life exposures. These studies will be 

useful to unveil synergistic interactions between chemicals and how such interactions may or may 

not exacerbate single exposure reprotoxicity. Moreover, because the extent to which our 

environment impacts human health depends on a number of factors including the environmental 

window of exposure (prenatal, postnatal, puberty), nutrient availability, and socioeconomic factors 

(15), it will be interesting to determine the effects of chemical exposures in worms subjected to 

other environmental stressors, such as starvation and hyperosmosis, or at different developmental 

stages.       

 

Recent studies have shown a causative relationship between parental exposure to 

environmental toxicants and disease onset manifested in subsequent generations (unexposed to the 

same toxicants), an effect known as transgenerational epigenetic inheritance. Transgenerational 

epigenetic inheritance is a widely conserved mechanism found across taxa, including mammals, 

plants, flies and worms, by which genome epimutations imprinted onto parental DNA exposed to 

a particular environmental trigger are transmitted to future unexposed generations through the 

germline. In humans, transgenerational effects are detected starting in the F3 generation, as the F1 

and F2 generations have been exposed in utero. Initial studies on transgenerational inheritance 

effects induced by environmental chemicals showed that exposure of gestating rats to vinclozolin, 

a well-studied fungicide, elicited defects in the reproductive health of F1 through F4 generations 

as evidenced by a reduction in sperm count and motility (16). Transgenerational inheritance studies 

of 2,3,7,8-TCDD and DEHP alone or in the context of a mixture of endocrine disruptors showed 

transgenerational reproductive toxicity leading to reproductive defects such as reduced fertility, 
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pubertal abnormalities, ovarian abnormalities and alterations in male to female sex ratio (17-21). 

Epigenetic mechanisms involving DNA methylation, histone modification or non-coding small 

RNAs have been shown to play a key role in eliciting a transgenerational epigenetic memory that 

is carried throughout generations. While differential DNA methylation has been identified in F3 

rodents derived from F0 parents exposed to either DEHP or TCDD, a mechanistic understanding 

of the factors underlying the transgenerational effect induced by these chemicals remains elusive 

(18, 20). In C. elegans, DNA methylation, modified histones and non-coding small RNAs are 

required for the establishment/maintenance of a transgenerational epigenetic memory in this 

system (10, 22-24). To dissect the mechanisms behind DEHP or TCDD transgenerational 

epigenetic inheritance future experiments will assess: (1) histone methylation and acetylation 

levels (such as H3K4, H3K9) by immunostaining dissected gonads from early (F2, F3 and F4) and 

late generations (i.e. F20+) and by Western blotting and ChIP experiments on worms with and 

deprived of a germline (glp mutants) in order to enhance the detection of germline-specific 

methylated/acetylated histones; (2) microarray analysis of dissected gonads to determine the gene 

expression profile of chromatin modifiers in worms displaying transgenerational effects; and (3) 

high-throughput sequencing of non-coding small RNAs. Transgenerational effects impairing 

germline function could be attributed to some of the following: (a) increased levels of H3K9me3 

repressive marks in germline genes of both the parent worm and subsequent generations. This in 

turn might lead to a memory of germline gene silencing that is persistent through many 

generations; (b) changes in gene expression of additional histone modifiers (methyltransferases, 

demethyltransferases or acetyltransferases) in the case histone modifications play an important 

role in establishing a transgenerational memory; and (c) changes in the levels of non-coding small 

RNAs (i.e. siRNAs, piRNAs) displaying complementarity to germline genes. It would be 
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interesting to observe a transgenerational enrichment of small RNAs targeting germline genes that 

also display enrichment of H3K9me3 marks, as this would suggest a mechanism by which small 

RNAs and H3K9me3 marks are key for establishing or maintaining a transgenerational epigenetic 

memory throughout generations.  

 

In recent years, environmental toxicology research has emerged with full-fledged force to 

evaluate the effects of thousands of chemicals through the use of HT screening methods and 

computational toxicology approaches implemented by the EPA. The work presented in this thesis 

contributes to such growth in knowledge by demonstrating the reprotoxic effects of two prominent 

environmental toxicants, DEHP and TCDD, and providing a mechanistic understanding of such 

effects on meiosis to a depth never described in the context of a multicellular organism. Altogether, 

our work demonstrates that both DEHP and TCDD share common mechanisms of reprotoxicity 

entailing the disruption of a PLK-1/2-dependent negative feedback loop that regulates DSB 

formation upon CO designation/formation and/or alterations to chromosome structure during 

prophase I of meiosis in C. elegans. Furthermore, the latter mechanism, together with changes in 

the gene expression of a methyltransferase, suggests a role for environmental chemicals in shaping 

the epigenome. While this is not a new concept, as differential DNA methylation has been 

previously reported in the genome of chemically-exposed individuals (18, 20), it is fundamental 

that future studies investigate the mechanisms underlying epigenetic changes and their inheritance 

as a consequence of chemical exposures. Because epigenetic mechanisms (histone modifications) 

display strong conservation across species, the level of comprehension proposed by future studies 

may prove invaluable to predicting the susceptibility of disease onset in individuals descended 

from ancestors exposed to a particular group of chemicals. These studies also promise to provide 
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a more solid ground for the implementation of stronger science policy regulations regarding the 

design and development of new chemicals before they are released into our environment.   
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Abstract

Chemicals that are highly prevalent in our environment, such as phthalates and pesticides,

have been linked to problems associated with reproductive health. However, rapid assess-

ment of their impact on reproductive health and understanding how they cause such delete-

rious effects, remain challenging due to their fast-growing numbers and the limitations of

various current toxicity assessment model systems. Here, we performed a high-throughput

screen in C. elegans to identify chemicals inducing aneuploidy as a result of impaired germ-

line function. We screened 46 chemicals that are widely present in our environment, but for

which effects in the germline remain poorly understood. These included pesticides, phthal-

ates, and chemicals used in hydraulic fracturing and crude oil processing. Of the 46 chemi-

cals tested, 41% exhibited levels of aneuploidy higher than those detected for bisphenol A

(BPA), an endocrine disruptor shown to affect meiosis, at concentrations correlating well

with mammalian reproductive endpoints. We further examined three candidates eliciting

aneuploidy: dibutyl phthalate (DBP), a likely endocrine disruptor and frequently used plasti-

cizer, and the pesticides 2-(thiocyanomethylthio) benzothiazole (TCMTB) and permethrin.

Exposure to these chemicals resulted in increased embryonic lethality, elevated DNA dou-

ble-strand break (DSB) formation, activation of p53/CEP-1-dependent germ cell apoptosis,

chromosomal abnormalities in oocytes at diakinesis, impaired chromosome segregation

during early embryogenesis, and germline-specific alterations in gene expression. This

study indicates that this high-throughput screening system is highly reliable for the identifica-

tion of environmental chemicals inducing aneuploidy, and provides new insights into the

impact of exposure to three widely used chemicals on meiosis and germline function.

Author summary

The ever-increasing number of new chemicals introduced into our environment poses a
significant problem for risk assessment. In addition, assessing the direct impact of
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toxicants on human meiosis remains challenging. We successfully utilized a high-
throughput platform in the nematode C. elegans, a genetically tractable model organism
which shares a high degree of gene conservation with humans, to identify chemicals that
affect the germline leading to aneuploidy. We assessed chemicals that are highly prevalent
in the environment in worms carrying a fluorescent reporter construct allowing for the
identification of X chromosome nondisjunction combined with a mutation increasing
cuticle permeability for analysis of low doses of exposure. Follow up analysis of three
chemicals: DBP, permethrin and TCMTB, further validated the use of this strategy. Expo-
sure to these chemicals resulted in elevated levels of DNA double-strand breaks, activation
of a DNA damage checkpoint, chromosome morphology defects in late meiotic prophase
I as well as impaired early embryogenesis and germline-specific changes in gene expres-
sion. Our results support the use of this high-throughput screening system to identify
environmental chemicals inducing aneuploidy, and provide new insights into the effects
of exposure to DBP, permethrin, and TCMTB on meiosis and germline function.

Introduction

Man-made environmental chemicals such as phthalates, bisphenols, and pesticides, continue
to increase in numbers, and some of them have been linked to reproductive problems [1–5].
However, rapidly identifying chemicals that impact reproductive health and understanding
how they interfere with meiosis remains challenging. This is partly due to the fact that meiosis
is not easily recapitulated in a tissue culture setting and that female mammalian meiosis can
span from several months in mice to decades in humans. Failure to achieve accurate chromo-
some segregation during meiosis causes aneuploidy and can lead to infertility, stillbirths, mis-
carriages and birth defects [6,7]. Thus, high-throughput screens to assess the impact of
environmental chemicals on reproductive health have been in high demand. C. elegans is a
genetically and molecularly tractable model organism that provides many advantages for the
study of meiosis and its use in high-throughput screens, including sharing a high degree of
conservation of its genes and biochemical pathways with humans, carrying a well defined and
characterized germline, a rapid life cycle (it develops from an egg into an adult in approxi-
mately 3 days at 20˚C) and low maintenance costs [8–14].

Using chemotherapeutic agents and environmental compounds from the ToxCast Phase I
library with comprehensive mammalian in vivo end point data (ToxRef database), we previ-
ously demonstrated that a Pxol-1::gfp transcriptional reporter strain in C. elegans can be used
to identify chemicals inducing embryonic aneuploidy. Moreover, we showed that this
approach is highly predictive of mammalian reproductive toxicity (balanced accuracy rate of
70%; this value corresponds to the average of sensitivity (correct identification of true posi-
tives) and specificity (correct identification of true negatives)) [15]. Here, for the first time, we
successfully combined the use of this strain with sorting of live worms based on fluorescence
intensity with a large object flow cytometry system, the COPAS Biosort (Union Biometrica),
in a high-throughput screen. We screened a library of 46 chemicals consisting of pesticides,
phthalates, and chemicals used in hydraulic fracturing and crude oil processing, selected based
on their widespread presence in the environment and yet not well understood effects on the
germline. Nineteen of these chemicals led to a GFP signal fold ratio over vehicle alone that was
higher than the levels detected for bisphenol A (BPA) exposure, a widely used plasticizer and
endocrine disruptor previously shown to affect meiosis in worms and mammals [1,16–20].
Three of these chemicals, dibutyl phthalate (DBP), permethrin and 2-(thiocyanomethylthio)
benzothiazole (TCMTB), all high production volume chemicals, were evaluated further to
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validate the screening platform and gain insight into how they interfere with events in the
germline.

DBP is a phthalate ester widely used as either a solvent or plasticizer. Therefore, it is found
in a variety of items such as personal care products, plastic food wraps, the enteric-coatings of
solid oral drug products, adhesives, and printing inks. DBP is highly prevalent in the environ-
ment and its estimated daily intake for the general population is 7–10 μg/kg/day [21–23].
Higher levels have been detected in human urine, follicular fluid, and serum in different occu-
pationally exposed groups [21,24]. In vitro and animal studies have shown that DBP disrupts
the reproductive system resulting in inhibition of ovarian antral follicle growth and viability,
altered gene expression in ovaries, testicular malformation and dysfunction, inhibition of sper-
matogenesis, and altered androgen signaling in males [25–28]. In humans, a significant inverse
relationship has been observed between levels of DBP metabolites (i.e. mBP) in prenatal urine
and male anogenital distance [29]. Permethrin, a synthetic pyrethroid insecticide, is com-
monly used for crop protection and the treatment of head lice and scabies, since it is consid-
ered to have low toxicity compared to other insecticides [30]. Permethrin enters the body
through skin, inhalation, and oral uptake. This chemical has been detected in adults and chil-
dren [31–34] and its major metabolites, cis-permethrin and trans-permethrin, were detected at
levels of 34 and 36 pg/ml in human cord serum, respectively [35]. Permethrin has been shown
to alter gene expression and induce breaks in genes associated with leukemia and lymphoma
in peripheral blood mononuclear cells exposed in vitro [36]. Finally, TCMTB is widely used as
a wood preservative, an antimicrobial chemical for water systems, as a preservative for paper
products, leather products, paints and wallpaper, and also as a pesticide in seed treatment for
barley, cotton, corn, oats, rice and wheat [37]. While data on human intake is scarce, inhala-
tion has been associated with testicular cancer in rodents (TCMTB risk assessment for the
reregistration eligibility decision (RED) document, 2006). Importantly, the effects on meiosis
from exposures to DBP, permethrin and TCMTB remain poorly understood.

Here we identified a set of chemical exposures affecting the germline and resulting in aneu-
ploidy by using a high-throughput screening strategy in C. elegans. Subsequent analysis of
three chemicals identified in this screen, DBP, permethrin, and TCMTB, provides new insights
into their effects during meiosis and early embryogenesis. Exposure to these chemicals resulted
in elevated DNA double-strand break (DSB) formation during meiosis and activation of a
DNA damage checkpoint as indicated by elevated phosphorylated CHK-1 (pCHK-1) signal
and p53/CEP-1-dependent germ cell apoptosis. Oocytes in diakinesis exhibited defects such as
chromosome fragments suggestive of impaired meiotic DSB repair. Live cell imaging revealed
chromosome segregation defects and spindle abnormalities during early embryogenesis.
Finally, germline-specific expression for conserved DSB formation, repair and DNA damage
checkpoint signaling genes is altered following the chemical exposures. These results show that
this high-throughput screening platform can be successfully applied to rapidly and reliably
identify chemicals affecting germline function and suggest that DBP, permethrin, and TCMTB
interfere with maintenance of genomic integrity during meiosis and achieving accurate chro-
mosome segregation.

Results

High-throughput screening of environmental chemicals encompassing
phthalates, pesticides, and chemicals used in hydraulic fracturing and
crude oil processing

Our high-throughput screening platform takes advantage of two key features of C. elegans:
their transparency and the rarity of males (X0<0.2% of offspring of self-fertilizing XX
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hermaphrodites; [38]), to identify chemical exposures that impair chromosome segregation in
the germline and result in a high incidence of males. Increased X chromosome nondisjunction
is detected using the reporter strain that has GFP expression controlled by a male-specific pro-
moter (Pxol-1::GFP) [39,40], and carrying a collagen gene mutation (col-121(nx3)) that
increases cuticle permeability without affecting the worm’s life cycle [41]. The col-121 collagen
gene mutation allows us to reduce the chemical concentrations to100 μM, which are con-
centrations that circumvent lethality, are frequently used in chemical screens in C. elegans, and
correlate well with mammalian reproductive endpoints ([42]; Fig 1A and Materials and
Methods).

Briefly, we synchronized animals at the L1 larval stage by hypochlorite treatment and placed
them on NGM plates with E. coliOP50 bacteria for food until the last larval stage (L4). Worms
were exposed for 24 hours in 24-well plates starting at the L4 stage, when their gonads are fully
formed, in liquid (M9 buffer) with OP50. Importantly, use of live bacteria is not detrimental
resulting in low false-positive and–negative rates ([15,42,43]; S1A Fig). Gravid exposed moth-
ers were then screened for increased incidence of GFP+ eggs (destined to become males) by
comparison to vehicle alone (0.1% DMSO) using the COPAS Biosort (Union Biometrica),
which allows for rapid sorting of live worms based on fluorescent intensities. We screened
more than 5,000 animals in triplicate biological repeats for each chemical exposure. The 46
chemicals encompassed pesticides, phthalates, and chemicals used in hydraulic fracturing and

Fig 1. Flowchart for high-throughput screening strategy and readout. (A)Worms carrying a collagen gene mutation (col-
121(nx3)) for increased cuticle permeability and a male-specific promoter driving GFP expression in embryos (Pxol-1::gfp),
were synchronized by hypochlorite treatment. Age-matched L1 stage animals were grown on plates (6,000 per 100 mm plate)
until reaching the L4 stage. L4 stage animals were dispensed into 24-well plates (300 worms/well) with each well containing
OP50 E. coli (OD600 = 24) in M9 buffer and a single chemical from our library (100 μM each) followed by a 24-hour
incubation at 20˚C. After thoroughly washed in M9, young adult animals were sorted based on fluorescence intensity with the
COPAS Biosort. Adult worms with GFP+ embryos are detected as distinct from worms carrying GFP- embryos and debris,
which are below the threshold (black horizontal line). Threshold was determined by comparing levels of GFP+ embryos
detected in two genetic mutants, Pxol-1::gfp and Pxol-1::gfp;him-8. More than 5,000 animals were assessed in biological
triplicates for each chemical exposure. (B) Readouts obtained with the COPAS Biosort for the chemicals that showed higher
fold increase in GFP+ embryos compared to DMSO than BPA, a known endocrine disruptor (mean ± SEM; p-values calculated
by the paired two-tailed t-test, 95% C.I.). The three chemicals highlighted in gray, TCTMB, permethrin, and DBP, were
assessed further for their effects on germline functions.

https://doi.org/10.1371/journal.pgen.1007975.g001
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crude oil processing (S1 Table). GFP positive signal above background from each chemical
exposure was calculated as fold increase over DMSO (Fig 1B and S1 Table; also see Materials
and Methods).

We identified nineteen chemicals showing higher fold increase over DMSO than BPA, an
endocrine disruptor shown to affect meiosis leading to increased chromosome nondisjunction
in worms and mammals (Fig 1B). Three of these are chemicals used in crude oil processing
(mercury, benzene and xylene), with mercury scoring highest from among all chemicals tested.
Reprotoxic effects have been previously reported for mercury, benzene and xylene [44,45].
Mercury bioaccumulates and can cause pathophysiological changes in the hypothalamus pitui-
tary gland that may alter follicle-stimulating hormone (FSH) and preovulatory luteinizing hor-
mone (LH) release thereby affecting reproductive function [44]. Women with occupational
exposure to the hydrocarbons benzene and xylene have been shown to have reduced LH and
mid-luteal phase pregnanediol 3-glucuronide (pd3G) as well as increased follicular-phase
pd3G, which can cause reproductive abnormalities [45,46]. Nine of the chemicals were pesti-
cides including thiabendazole, triasulfuron, and pendimethalin, which previous in vivo and in
vitro studies have shown to be genotoxic and can result in mammalian germ cell aneuploidy
[15,47–51]. Piperonyl butoxide, another pesticide in the list, has been shown to induce
decreased female reproductive organ weight and histopathological changes in the ovary, uterus
and vagina in rats likely due to its anti-estrogenic activity [52]. Four were phthalates (DEP,
BBP, DBP, and DEHP), which are commonly added as solvents, additives and stabilizers to
personal care products and medications and have adverse effects on reproductive and develop-
mental health in humans (reviewed in [53]). Exposure to phthalates has also been shown to
disturb sperm function [54,55], increase the percentage of pyriform sperm heads [56], increase
DNA damage in sperm [57–60], impair mouse primordial follicle assembly in vitro [61] and
reduce oocyte quality, embryonic developmental competency as well as alter expression of
ovarian and pre-implantation embryonic genes in mice [62]. Finally, epidemiological studies
suggest that exposure to isopropanol and ethylene glycol, chemicals used in hydraulic fractur-
ing, may have a negative impact on human reproductive health [63]. The observed increase in
X chromosome nondisjunction detected for all of these chemicals suggests effects in germline
functions that will require further investigation. For further validation of this high-throughput
screening strategy, we selected a phthalate, DBP, and two pesticides, TCMTB and permethrin.
These were selected given that they elicited elevated levels of X chromosome nondisjunction
and their reprotoxicity is less understood, allowing us to also gain more insight into their
effects in germline function (see below).

Exposures to DBP, permethrin, and TCMTB result in increased embryonic
lethality and altered germline chromosome morphogenesis

To assess whether DBP, permethrin and TCMTB affect chromosome segregation in general
(including autosomes), and determine the dose of exposure for subsequent studies, we exposed
worms to various concentrations of these chemicals (1, 10, 100 and 500 μM) for 24 hours start-
ing at late L4, as in the high-throughput screen, and scored the number of eggs laid (brood
size), embryonic lethality, and larval lethality. A decreased brood size and increased embryonic
lethality can be due in part to defects during meiosis leading to errors in autosomal chromo-
some segregation and the consequent formation of aneuploid gametes in C. elegans [9,38,64].
We observed approximately a 50% reduction in the mean numbers of eggs laid on plates,
which is indicative of increased sterility, for worms exposed to 500 μMDBP, 500 μM permeth-
rin and both 100 μM and 500 μMTCMTB, compared to vehicle alone (Fig 2A). We also
observed significantly increased embryonic lethality for exposures starting at 100 μM for DBP
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Fig 2. DBP, Permethrin, and TCMTB exposures result in increased embryonic lethality, sterility and defects in chromosomal
organization in the germline. (A) Plate phenotypes for indicated chemical exposures. Embryonic lethality, larval lethality and the
number of eggs laid (brood size) are shown for the indicated doses of exposures and compared to vehicle alone (0.1% DMSO). Error
bars represent SEM. ⇤P<0.05, ⇤⇤P<0.01, and ⇤⇤⇤P<0.001 by the two-tailed Mann-Whitney test, 95% C.I. (B) Images show pachytene
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and permethrin (P<0.001; two-tailed Mann-Whitney test, C.I. 95%) and 10 μM for TCMTB
(P<0.05) (Fig 2A). Furthermore, we observed higher larval lethality among the progeny of
worms exposed to 500 μMTCMTB (P<0.05). These data further support and extend the
results of our high-throughput screen suggesting that all three chemicals affect chromosome
segregation in general and not limited to the X chromosome. Moreover, based on this analysis,
doses of 100 μM for DBP and permethrin, and 10 μM for TCMTB, which result in embryonic
lethality without significantly reducing the brood size or causing larval lethality, were used for
all subsequent analysis.

To determine whether the increased chromosome nondisjunction is due in part to defects
during meiosis, we examined DAPI-stained gonads from worms following exposures. In C. ele-
gans, nuclei are positioned in a spatial and temporal gradient along the germline facilitating the
identification of alterations in chromosome organization at specific meiotic stages [9]. We
observed an increase in the number of gonads with gaps (areas with a reduced density of nuclei)
in worms exposed to DBP compared to vehicle alone (30.2%, n = 53, and 10.9%, n = 55, respec-
tively), as well as the presence of nuclei with DAPI-bright chromatin forming aggregates and
nuclei with DAPI-bright and collapsed chromatin in a leptotene/zygotene-like organization at
late pachytene in the gonads of worms exposed to all three chemicals compared to vehicle
(aggregates: DBP: 20.8%, n = 53; permethrin: 21.7%, n = 46; TCMTB: 33.3%, n = 60; and
DMSO: 7.3%, n = 55; leptotene/zygotene-like organization: DBP: 24.5%, n = 53; permethrin:
47.8%, n = 46; TCMTB: 31.7%, n = 60; and DMSO: 5.5%, n = 55) (Fig 2B and 2C). However,
these defects are not due to overt impairments to early stages of meiotic progression or chromo-
some synapsis (S2A–S2E Fig). This is evidenced by normal localization of phosphorylated SUN-
1 (SUN-1 S8), where SUN-1 corresponds to a conserved inner nuclear envelope protein with
CHK-2- and PLK-2-dependent phosphorylation, with a signal appearing upon entrance into
meiosis at the leptotene/zygotene stage and persisting on nuclei until mid-pachytene [65]. This
is further supported by the normal localization of SYP-1, a structural component of the central
region of the synaptonemal complex, observed associating with nuclei upon entrance into meio-
sis, forming full tracks between homologs at pachytene and starting to disassemble by late pachy-
tene [66]. Taken together, these results show evidence of sterility, embryonic lethality and larval
lethality as well as chromosome defects during pachytene after DBP, permethrin and TCMTB
exposure, but these are not due to defects in meiotic progression or chromosome synapsis.

DBP, permethrin, and TCMTB exposures result in increased germ cell
apoptosis, elevated levels of meiotic DSBs and altered meiotic DSB repair

Nuclei with DAPI-bright and collapsed chromatin at late pachytene have been previously cor-
related with germ cells undergoing apoptosis [67]. To determine whether the chemical expo-
sures are causing increased germ cell apoptosis, we scored germline nuclei undergoing
apoptosis (germ cell corpses, also referred to as apoptotic bodies) by acridine orange staining
as in [39]. In wild type, animals exhibit less than three apoptotic bodies in late pachytene
reflecting regular physiological apoptosis [64,68] (Fig 3A). We observed a significant 2- to
3-fold increase in the levels of germ cell corpses in late pachytene following all three chemical

nuclei in the germlines of whole, undissected worms fixed with Carnoy’s fixative and stained with DAPI that were exposed to vehicle
control, 100 μMDBP, 100 μM permethrin, and 10 μMTCMTB. Chemical exposures lead to increased numbers of gonads with gaps
(discontinuities or spaces lacking germ cell nuclei; arrow in second panel), aggregated nuclei (arrow, third panel) and DAPI-bright
nuclei with chromosomes collapsed to one side (area indicated with a bracket, fourth panel) instead of dispersed throughout the
nuclear periphery and organized in clear parallel tracks as seen in control at that stage. Scale bar, 5 μm. (C) Percentage of gonads
exhibiting gaps, aggregates, or nuclei with chromatin in a leptotene/zygotene-like organization, in pachytene (n = number of gonads
examined). ⇤ P<0.05, ⇤⇤P<0.01, and ⇤⇤P<0.001 by the two-sided Fisher’s exact test.

https://doi.org/10.1371/journal.pgen.1007975.g002

High-throughput screen and analysis of reprotoxicants in C. elegans

PLOSGenetics | https://doi.org/10.1371/journal.pgen.1007975 February 14, 2019 7 / 27

188

https://doi.org/10.1371/journal.pgen.1007975.g002
https://doi.org/10.1371/journal.pgen.1007975


Fig 3. DBP, Permethrin, and TCMTB exposures lead to p53/CEP-1-dependent increased germ cell apoptosis and
CHK-1 activation. (A) Schematic representation of C. elegans and the area where DNA damage checkpoint activation of
germ cell apoptosis is detected in the germline. Inset represents zoom-in of one gonad arm. Black arrow indicates
orientation of progression through meiosis while red arrows indicate germ cell corpses (red) observed at late pachytene
near the gonad bend. (B) Chemical exposures caused a significant increase in the number of germ cell corpses observed at
late pachytene compared to vehicle alone. Gonads are traced to facilitate visualization. On the left is the Nomarski optics
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exposures compared to vehicle alone (Fig 3B and 3C). Moreover, the elevated germ cell apo-
ptosis was observed in a dose-dependent manner, starting at 100 μM for DBP and permethrin,
and 10 μM for TCMTB (S3 Fig). In C. elegans, physiological germ cell apoptosis does not
depend on p53/CEP-1, which responds to genotoxic stress as a result of the activation of a
DNA damage checkpoint [69]. Analysis of germ cell apoptosis levels in cep-1;col-121 worms
revealed the elevated apoptosis following all three chemical exposures was p53/CEP-1-depen-
dent (Fig 3C). Activation of a DNA damage checkpoint was further supported by the increased
signal detected in pachytene nuclei for a checkpoint kinase involved in DNA damage sensing,
phosphorylated CHK-1 [70], following each chemical exposure (Fig 3D). Therefore, DBP, per-
methrin, and TCMTB exposures lead to activation of a DNA damage checkpoint resulting in
increased p53/CEP-1-dependent germ cell apoptosis to clear affected nuclei.

The pachytene DNA damage checkpoint can be activated by the presence of unrepaired
DSBs or aberrant recombination intermediates [64]. To examine this further, we quantified
levels of RAD-51 foci as in [67]. RAD-51 binds to 3’ ssDNA ends at DSBs to promote strand
invasion/exchange during DSB repair [71]. In vehicle-exposed gonads, like in wild type, low
levels of RAD-51 foci were observed in nuclei at the premeiotic tip (zones 1–2) undergoing
mitosis, as well as upon entrance into meiosis at transition zone where leptotene/zygotene
stage nuclei are located (zone 3). Levels continued to rise throughout pachytene, peaking by
mid-pachytene (zone 5), and then decreased by late pachytene (zone 7) as DSB repair pro-
gressed (Fig 4A–4C). In contrast, levels of RAD-51 foci were elevated specifically during
meiosis for all three chemical exposures (Fig 4B and 4C). Levels of RAD-51 foci were indistin-
guishable from vehicle alone throughout the mitotic zone, but were higher than vehicle alone
during pachytene. Moreover, analysis of col-121 worms depleted of SPO-11, the protein
required for meiotic DSB formation, further confirmed that the elevated levels of RAD-51 foci
were SPO-11-dependent and therefore, meiotic-specific and not due to damage from the
chemicals to the chromosomes (S4A–S4D Fig).

To determine whether the elevated levels of RAD-51 foci may be due in part to elevated
DSB levels, we quantified RAD-51 foci in rad-54;col-121 double mutants following chemical
exposures. In a rad-54mutant, DSBs are formed and RAD-51 associates with DSB repair sites,
but further repair is blocked essentially “trapping” DSB-bound RAD-51 and allowing for
quantification of the total number of DSBs [72]. Levels of RAD-51 foci were significantly
higher during meiosis for all three exposures compared to vehicle alone (Fig 4D). Taken
together, these results suggest that exposures to DBP, permethrin and TCMTB result in ele-
vated meiotic DSB levels and impaired DSB repair leading to activation of a DNA damage
checkpoint and p53-dependent increased germ cell apoptosis.

Chemical exposures lead to defects in late prophase I and first embryonic
cell division

To determine whether exposures to DBP, permethrin and TCMTB might also result in defects
at late prophase I, we examined chromosome morphology in oocytes at late diakinesis. In C.

view and to the right are the acridine orange stained germ cell corpses (red). (C)Graphical representation showing mean
number of germ cell corpses detected for each indicated chemical. Levels of germ cell corpses were significantly reduced
in a p53/cep-1-dependent manner. Note that basal level of toxicity for DMSO, as previously described [42,103], is also
reduced in a cep-1mutant background. Analysis was done for three independent biological repeats. More than 30 gonads
were scored for each chemical. Error bars represent SEM. ⇤⇤P<0.01, ⇤⇤⇤P<0.0001 by the two-tailed Mann-Whitney test,
95% C.I. (D)High-resolution images of mid to late pachytene nuclei from whole-mounted gonads immunostained for
phospho CHK-1 (pCHK-1; green) and co-stained with DAPI (blue). Elevated levels of pCHK-1 were observed in
chemical-treated worms compared to control. Scale bar, 5 μm.

https://doi.org/10.1371/journal.pgen.1007975.g003
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Fig 4. Chemical exposures result in increased DSB formation and impaired DSB repair. (A) Schematic representation of a C. elegans germline indicating the
position of the equally sized zones (z1-z7) scored for RAD-51 foci. Nuclei in z1 and z2 are undergoing mitosis. They enter meiosis at z3 when they enter the
transition zone, which corresponds to the leptotene/zygotene stages. Nuclei then proceed through pachytene (z4-z7), diplotene and diakinesis on their way into the
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elegans, the six pairs of attached homologs (bivalents) are detected as six DAPI-stained bodies
during diakinesis (Fig 5B). With high resolution microscopy we analyzed the -1 and -2 oocytes
at diakinesis, which correspond to the two last oocytes proximal to the spermatheca (Fig 4A).
We observed increased numbers of oocytes carrying chromosomes exhibiting a frayed mor-
phology, chromatin bridges and chromosome fragments in germlines exposed to all three
chemicals compared to vehicle alone (Fig 5A and 5B). This suggests that despite activation of
p53-dependent apoptosis in late pachytene, some nuclei that failed to undergo normal DSB
repair are progressing into late diakinesis.

To determine if DBP, permethrin and TCMTB exposures also impact early embryogenesis,
we examined the first embryonic cell division by live imaging using transgenic worms carrying
H2B::mCherry; γ-tubulin::GFP and the col-121(nx3)mutation. We detected the presence of
lagging chromosomes (congression failure) and spindle abnormalities in the embryos exam-
ined from all three chemical exposures, and evidence of chromatin bridges in the metaphase to
anaphase transition from DBP and TCMTB exposures compared to vehicle alone (Fig 5C and
5D). These results suggest that these chemical exposures affect meiosis as well as early embryo-
genesis, supporting the elevated chromosome nondisjunction detected by high-throughput
screening following these treatments.

Chemical exposures cause altered germline gene expression

Given the effects on DSB formation, repair and DNA damage checkpoint activation observed
during meiosis following all three chemical exposures, we next examined whether these defects
arise from alterations in expression of DSB repair and DNA damage response genes. We
examined mRNA levels by quantitative RT-PCR for 15 critical and conserved genes involved
in these processes (Fig 6A and 6B). We used glp-1;col-121 double mutants that develop as wild
type at 15˚C, but grow into adults lacking a germline when shifted to 25˚C [73], to distinguish
changes in gene expression occurring in the soma from those taking place in the germline. All
three chemical exposures led to a significant increase in chk-1 expression at 15˚C (P<0.05),
but not at 25˚C (Fig 6A and 6B), indicating a germline-specific change in gene expression and
correlating with the increased pCHK-1 foci we detected in the germline (Fig 3D). Moreover,
DBP exposure resulted in germline-specific up regulation of spo-11 and down regulation of
mre-11 (P<0.001 and P<0.05, respectively), which are factors involved in DSB formation and
repair, as well as upregulation of prmt-5 (P<0.01), involved in regulation of DNA damage-
induced apoptosis [74,75]. Taken together, these results suggest that germline-specific alter-
ations in the expression of genes involved in DSB formation, repair and response may contrib-
ute in part to the defects in maintaining genomic integrity and achieving accurate
chromosome segregation observed in the germline following these chemical exposures.

Discussion

We showed that a high-throughput screening strategy can be successfully applied to identify
environmental chemicals causing aneuploidy using the nematode C. elegans. Due to the

uterus. sp: spermatheca. -1 indicates the oocyte closest to the spermatheca. (B) Representative images of pachytene nuclei (z5) immunostained for RAD-51 (green)
and co-stained with DAPI (blue). Levels of RAD-51 foci in pachytene nuclei are elevated for each chemical exposure compared with control. Note that chromosomes
in pachytene nuclei still exhibit a leptotene/zygotene-like organization in the cases of DBP and permethrin exposures. Scale bar, 5 μm. (C)Histograms show the
mean number of RAD-51 foci scored per nucleus for each zone from col-121 worms. Elevated levels of foci are observed persisting until late pachytene indicating a
defect in DSB repair.>5 gonads from three independent biological repeats were scored for each indicated exposure. Error bars represent SEM. (D)Quantification of
the mean number of RAD-51 foci scored per nucleus in rad-54;col-121 worms. DSB levels were significantly higher upon the chemical exposures compared to
vehicle alone. 3 gonads were scored for each chemical from two independent biological repeats. Error bars represent SEM. ⇤P<0.05, ⇤⇤P<0.01, ⇤⇤⇤P<0.001 by the
two-tailed Mann-Whitney test, 95% C.I.

https://doi.org/10.1371/journal.pgen.1007975.g004
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Fig 5. Chemical exposures lead to defects at diakinesis and the first embryonic cell division. (A)Quantification of the
chromosome morphology defects observed in diakinesis (-1 and -2 oocytes). a: chromosome fragments, b: chromatin bridges, c:
frayed chromosomes, n = total number of oocytes scored. (B)High resolution images of oocytes at diakinesis positioned right
before the spermatheca (-1 oocyte). Six intact bivalents are observed in control. In contrast, frayed chromosomes, chromosome
fragments and chromosome bridges (arrows and magnified in insets) are observed at higher levels in the germlines of chemical-
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increasing number of chemicals being introduced into the environment and their broad uses,
strategies for rapidly assessing toxicity, in a manner predictive of their effects on human health,
are in high demand. C. elegans is a metazoan system that offers various advantages for this type

exposed worms. Scale bar, 5 μm. (C) Representative images from time-lapse analysis of the first embryonic division in vehicle
alone and DBP-, permethrin- and TCMTB-exposed H2B::mCherry; γ-tubulin::GFP; col-121(nx3) worms. A normal metaphase I
configuration is shown for vehicle alone. Arrows and insets show examples of chromosomes that fail to align at the metaphase
plate, chromatin bridges at the metaphase to anaphase transition and spindle abnormalities observed following exposures to all
three chemicals. Scale bars, 5 μm. (D)Quantification of the time-lapse analysis of the first embryonic division. n = total number
of embryos scored.

https://doi.org/10.1371/journal.pgen.1007975.g005

Fig 6. Germline-specific gene expression of DSB formation, repair and response genes is altered by chemical exposures. Expression levels of a
panel of genes responsible for DSB formation, repair and DNA damage response were examined by quantitative RT-PCR in glp-1(bn18);col-121(nx3)
worms that grow without a germline when shifted from 15˚C (A) to 25˚C (B). Thus, 15˚C represents gene expression in both soma and germline,
while 25˚C represents expression only in the soma. The expression levels of 15 critical and conserved genes were measured from either three (15˚C)
or four (25˚C) independent biological replicates (each performed with technical triplicates) and normalized to gpd-1 (GAPDH). Y-axis indicates gene
expression level change relative to vehicle alone. Error bars represent SEM. ⇤P<0.05, ⇤⇤P<0.01, ⇤⇤⇤P<0.001 by the unpaired two-tailed t-test.

https://doi.org/10.1371/journal.pgen.1007975.g006
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of analysis including low maintenance costs, a rapid life cycle and a high degree of conserva-
tion of its genes and biochemical pathways with humans [9,76–80]. This nematode is also
being successfully used in high-throughput screens of compounds and genes impacting path-
ways related to human disease [11,13,81–83]. C. elegans is also an ideal model system specifi-
cally for studying the effects of chemical exposures on the germline since genes and pathways
involved in regulating key processes such as germ stem cell renewal and differentiation, meio-
sis, ovulation and embryogenesis are conserved between C. elegans and humans. Moreover, its
germline is well characterized and amenable to studies using genetic, biochemical, and molec-
ular biology tools combined with powerful cytological approaches [8,12,14]. Our high-
throughput screen identified several different classes of chemicals that are leading to increased
chromosome nondisjunction and follow up studies will further explore how they are affecting
the germline. Along those lines, here we also provided new insights into the effects of DBP,
permethrin and TCMTB on germline functions.

DBP is metabolized by esterases to form mono-n-butyl phthalate (mBP) once it enters the
body, while permethrin undergoes hydrolysis and oxidation in the liver by carboxylesterases
and cytochrome P450 to conjugated and unconjugated cis/trans 3-(2,2-dichlorovinyl)-
2,2-dimethylcyclopropane carboxylic acid (CVA) with their plasma levels reaching peak values
in 5–7 hours [84–86], and TCMTB is converted into cyanide, 2-mercaptobenzothiazole
(2-MBT) by cytochrome P450 in the liver [87]. In our study, we exposed worms for 24 hours
to 100 μM or 27.8 μg/ml of DBP, which our dose-response studies showed impaired chromo-
some segregation with low overall toxicity, as determined by both growth and behavior of the
worms. Measurement of the internal concentration from whole worm extracts by isotopic
dilution mass spectrometric analysis revealed internal levels of 8.9 μg/ml for DBP, and 2.2 μg/
ml for mBP, confirming that this chemical reaches internal circulation (Fig 7). A study of a
small group of women undergoing IVF in the USA detected a median value of 1.46 ng/ml of
mBP in follicular fluid [88] while a larger study of 110 women undergoing IVF in China
detected median values for mBP of 2.05 ng/ml in follicular fluid and 102.30 ng/ml in urine and
maximum values for DBP of 415 ng/ml in follicular fluid and 2.32 μg/ml in urine [89]. Studies
showing the relationship between prenatal phthalate exposure and anogenital distance (AGD)
as an outcome of reproductive toxicity detected geometric means for mBP of 67.62 ng/ml in
urine from 196 women in Sweden and 15.04 ng/ml in urine from 380 women in the USA
[29,90]. This suggests that the levels which resulted in germline defects in C. elegans are within
the range relevant to human exposures. In this study, worms were exposed for 24 hours to
external doses of 100 μM permethrin and 10 μMTCMTB, corresponding to 39.13 μg/ml and
2.38 μg/ml, respectively. Measurement of the internal concentrations from whole worm
extracts revealed internal levels of 5.6 μg/ml for cis- and trans-permethrin combined, and
0.5 μg/ml for 2-methylthio benzothiazole (2-MeS BTH), showing that these chemicals also
reach internal circulation (Fig 7). TCMTB is apparently metabolized very rapidly in worms
(akin to mammals [87]) and we were unable to detect it in our extracts. We also did not detect
either benzothiazole (BTH) or 2-hydroxy benzothiazole (2-OH BTH) metabolites. Unfortu-
nately, data on the concentrations of these metabolites in non-blood tissue or organs in either
mammalian models or humans is scarce to nonexistent, thus limiting comparisons regarding
exposure levels. However, the internal levels detected for DBP and mBP, coupled with the
effects on germline functions detected by our high-throughput screen and follow up studies
for all three chemicals, suggest that C. elegans offers the necessary sensitivity to detect effects at
environmentally relevant doses of exposure.

Here we showed that all three chemicals resulted in elevated meiotic DSB levels, impaired
DSB repair, activation of p53-dependent germ cell apoptosis and elevated phosphorylated
CHK-1 signal during late pachytene, along with chromosomal abnormalities in oocytes at late
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diakinesis and impaired chromosome segregation during early embryogenesis. In vitro studies
of the effects of DBP exposure on Sertoli cell culture showed increased apoptosis stemming
from inhibiting the PI3K/AKT and mTOR pathways which promote the proliferation and sur-
vival of sperm and the maintenance of testicular homeostasis [26]. Antral follicles isolated
from female mice and exposed to DBP exhibited increased expression of the cyclin-dependent
kinase inhibitors Cdkn1a and Cdkn2a and pro-apoptotic factors Bax and Bid along with down
regulation of cyclin Ccnd2 resulting in growth inhibition and follicular death [28]. Permethrin
has been shown to cause DNA damage in mitotic cells where exposure of peripheral blood
mononuclear cells (PBMCs) induced breaks in the KMT2A and IGH genes which can be driver
mutations for lymphoma and leukemia along with increased aneuploidy [36]. TCMTB has

Fig 7. Structures and representative LC-MS/MS and GC-MS chromatograms for DBP, permethrin, TCMTB and their
metabolites. Chromatograms on the left show results from the analysis of the indicated chemicals and metabolites in worms
exposed to vehicle alone (DMSO; control) and chromatograms on the right show results from worms exposed to DBP,
permethrin, and TCMTB (treated). These chemicals were unambiguously identified and quantified using their respective
internal standards. Y-axis represents relative abundance of signal intensity and X-axis represents retention time in minutes.
The detected concentrations following chemical treatments (right) were consistently greater than in control (note differences
in Y-axis). Note that the peak at 12.81 minutes does not correspond to TCMTB (expected peak for TCMTB is at 8.76),
suggesting that TCMTB is very rapidly metabolized in the worm.

https://doi.org/10.1371/journal.pgen.1007975.g007
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been reported as exhibiting relatively low toxicity upon either oral or dermal uptake since it is
rapidly metabolized into 2-MBT in the body and excreted through the urinary tract, however
it has been considered highly toxic via the inhalation route and resulted in increased incidence
of testicular interstitial cell adenomas in male rats [87], (TCMTB risk assessment for the rereg-
istration eligibility decision (RED) document, 2006).

To our knowledge, the germline-specific upregulation of chk-1 following exposures to DBP,
permethrin and TCMTB, and the downregulation ofmre-11 along with the upregulation of
spo-11 and prmt-5 following DBP exposure, have not been previously reported. This altered
gene expression profile is congruent with the elevated meiotic DSB formation, altered meiotic
DSB repair and activation of a DNA damage checkpoint observed during meiosis. SPO-11 is
the topoisomerase-like conserved protein that catalyzes meiotic DSBs so that the elevated levels
of DSB formation observed in DBP exposed worms may be due in part to deregulation of spo-
11 expression. prmt-5 encodes for the ortholog of human PRMT5, a protein arginine methyl-
transferase involved in the post-translational modification of a variety of proteins including
histones and G protein-coupled receptors, thereby regulating transcription and signaling [91].
Interestingly, PRMT5 has been proposed to regulate the target gene specificity of p53 in mam-
mals [74] and to negatively regulate apoptotic signaling in response to DNA damage in C. ele-
gans by repressing p53/CEP-1 transcriptional activity through downregulation of cbp-1/p300,
which encodes for a cofactor of CEP-1 [75]. Alternatively, upregulation of prmt-5may result
in alterations in transcription or chromatin accessibility, for example via its role in histone reg-
ulation, which in turn could also contribute to elevated DSB formation and/or altered repair.
Finally,mre-11 encodes for a member of the MRX/N (Mre11, Rad50, Xrs2/Nbs1) complex
required for meiotic DSB formation and resection [92–97]. The elevated levels of DSBs and
RAD-51 foci detected following DBP exposure suggest that downregulation ofmre-11may not
be interfering with DSB formation and/or end resection in this case. Finally, although all three
chemical exposures led to elevated germline-specific chk-1 gene expression, additional studies
will be required to determine how permethrin and TCMTB affect DSB formation and repair
during meiosis.

Taken together, our results demonstrate that a high-throughput screening platform can be
used in C. elegans to successfully identify environmental chemicals affecting the germline.
Moreover, our findings revealed the effects of DBP, permethrin, and TCMTB exposures on the
germline and potential mechanisms by which DBP affects germline functions, broadening our
understanding of the potential effects of environmental toxicants on human reproductive
health.

Materials andmethods

C. elegans strains
C. elegans strains were cultured at 20˚C under standard conditions as described in [98]. The
following mutations and chromosome rearrangements were used in this study: LGI, cep-1
(lg12501), rad-54(ok615); LGIII, glp-1(bn18); LGIV, col-121(nx3), him-8(e1489); LGV, yIs34
[Pxol-1::GFP, rol-6].

Calibration of COPAS Biosort parameters and gating of adult population

To ensure the GFP signals detected in the COPAS Biosort stemmed only from gravid worms
and not debris, we first synchronized worms at the L1 stage by hypochlorite treatment as in
[99] and sorted either Pxol-1::gfp; col-121 or Pxol-1::gfp; col-121; him-8(e1489) worms at
different developmental stages (L1 through young adults). Presence of the him-8mutation
results in a high incidence of male progeny (36.7%; [38]) due to increased X chromosome
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nondisjunction. The use of both strains allowed us to exclusively gate adult worms and estab-
lish the threshold for worms carrying GFP+ embryos above background. Thus, only an adult
population from age-matched animals underwent screening (S1B–S1D Fig).

Chemical exposure and screening with the COPAS Biosort

Age-matched embryos were obtained from gravid worms following sodium hypochloride
treatment and subjected to overnight starvation [99]. Thoroughly washed age-matched
L1-stage worms were grown on regular NGM plates up to the L4 stage (5,000 to 6,000 L1
worms were grown on each 100 mm plate). Between twenty to thirty thousand L4-stage ani-
mals were resuspended in M9 buffer with freshly cultured OP50 bacteria (OD600 = 24). 300
worms in 250 μl of M9 with OP50 bacteria were dispensed, along with each chemical, into
individual wells in 24-well plates. All chemicals, except TCDD, were purchased from Sigma
Aldrich (St. Louis, MO) and dissolved in DMSO at 0.1 M except for polyacrylamide and
hydroxyethyl cellulose, which were dissolved in water respectively at 20 mg/ml and 33 mg/ml
for solubility reasons. TCDD was purchased from AccuStandard (New Haven, CT). Final
DMSO and chemical concentrations were 0.1% and 100 μM, respectively, except for dicofol,
mancozeb, parathion-methyl, phosalone, pyridaben, TCMTB, arsenic oxide, and mercury,
which were further diluted 10-fold to circumvent lethality. Chlorpyrifos-methyl and TCDD
were used at 1 μM and 100 nM, respectively, for the same reason. After 24 hours, the exposed
worms were transferred to 1.5 ml tubes, washed five times with M9, and utilized for subse-
quent experiments and analysis through the COPAS Biosort (Union Biometrica, Holliston,
MA). Time-of-flight (Tof) and GFP peak height were used as reading parameters in the
COPAS Biosort. Three independent biological repeats, encompassing a total of more than
5,000 worms for each chemical exposure, were run through the COPAS Biosort. Fold-increase
GFP+ signal over DMSO was calculated for each biological repeat and then an average of the
fold increase was calculated (Fig 1B).

Scoring embryonic lethality, larval lethality and sterility

Age-matched worms were exposed to either vehicle alone (DMSO) or each chemical in liquid
for 24 hours as described above. After 24 hours, the exposed worms were washed five times
with M9, and transferred to regular NGM plates to score their embryonic lethality, larval
lethality and sterility. Worms were moved every 24 hours to new NGM plates (this was done
for three consecutive days). The total number of fertilized eggs laid, hatched, and the number
of progeny that reached adulthood were scored.

Germ cell apoptosis

Germ cell corpses were scored as in [39], utilizing a Leica DM5000B fluorescence microscope.
The germlines of more than 30 worms from at least two independent biological repeats were
scored for each chemical exposure. Statistical comparisons between groups were performed
using the two-tailed Mann-Whitney test, 95% C.I.

Immunofluorescence microscopy

Whole mount preparation of dissected gonads and immunostainings were performed as in
[67]. Primary antibodies were used at the following dilutions: goat α-SYP-1(1:3,000; [100]),
rabbit α-pCHK-1(1:100; Santa Cruz), guinea pig α-pSUN-1 Ser8-pi (1:700; [65]), and rabbit α-
RAD-51 (1:10,000; Novus Biological (SDI)). The following secondary antibodies from Jackson
ImmunoResearch Laboratories (West Grove, PA) were used at a 1:200 dilution: α-rabbit Cy3,
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and at a 1:500 dilution: α-goat Alexa 647, α-rabbit Alexa 488, and α-guinea pig Alexa 488. Vec-
tashield from Vector Laboratories (Burlingame, CA) was used as a mounting media and anti-
fading agent.

Immunofluorescence images were collected at 0.2 μm intervals with an IX-70 microscope
(Olympus, Waltham, MA) and a cooled CCD camera (CH350; Roper Scientific) controlled by
the Delta Vision system (Applied Precision, Pittsburgh, PA). Images were subjected to decon-
volution by using the SoftWoRx 3.3.6 software (Applied Precision).

Time course analysis for RAD-51 foci

Quantitative analysis of RAD-51 foci for all seven zones composing the germline was per-
formed as in [67]. The average number of nuclei scored per zone (n) from 3 to 6 gonads for
each chemical-treated group was as follows, ± standard deviation: For the col-121 line: zone 1
(n = 80.3±4.3), zone 2 (n = 93.5±7.4), zone 3 (n = 97.0±9.3), zone 4 (n = 86.3±6.6), zone 5
(n = 59.3±8.5), zone 6 (n = 56.5±1.7), zone 7 (n = 57.8±10.7). For the rad-54;col-121 line: zone
1 (n = 56.5±5.8), zone 2 (n = 67.0±6.2), zone 3 (n = 59.8±5.2), zone 4 (n = 46.0±6.6), zone 5
(n = 39.8±7.8), zone 6 (n = 31.5±5.4), zone 7 (n = 26.3±2.5). Statistical comparisons were per-
formed using the two-tailed Mann-Whitney test, 95% C.I.

RNA interference

Feeding RNAi experiments were performed at 20˚C in col-121mutants as described in [101]
with the following modifications: three L4-stage animals were placed on each RNAi plate and
F3 generation L4-stage worms were used for chemical exposures at 25˚C. HT115 bacteria
expressing empty pL4440 vector was used as the control RNAi.

Strong RNAi knockdown of spo-11 results in oocytes with 12 DAPI-stained bodies due to
the lack of meiotic DSBs and subsequent crossovers leading to 6 unattached pairs of homologs.
We verified that 100% (n>22) of the oocytes for each chemical exposure exhibited 12 DAPI-
stained bodies. The effectiveness of RNAi was also confirmed by RT-PCR from at least four
individual worms subjected to RNAi. Expression of gpd-1 (GAPDH) transcript was used as a
control.

Quantitative RT-PCR analysis

Three samples of 20 (15˚C) to 30 animals (25˚C) each were collected in 100 μl of Trizol (Invi-
trogen) and RNA was extracted according to the manufacturer’s instructions. The extracted
RNA was subjected to reverse transcription using iScript (Biorad) and quantitative real time
PCR was performed using SsoFast EvaGreen supermix (Biorad) according to the manufactur-
er’s instructions. Each sample was run in triplicate. Cq numbers were normalized to gpd-1,
then the normalized values from DBP, permethrin, and TCMTB treated samples were statisti-
cally compared with the normalized values from vehicle (DMSO) treated samples. Bars in
graphs show mean values normalized to DMSO ± SEM. Statistical comparisons were per-
formed using the unpaired two tailed t-test, 95% C.I.

Live imaging

Strain CV639 (H2B::mCherry; γ-tubulin::GFP;col-121(nx3)) was used for live imaging and
worms were immobilized with 0.01% levamisole on 3% agarose pads. Images were captured
with a 60X objective every 10 seconds on an IX-70 microscope (Olympus, Waltham, MA) and
a cooled CCD camera (CH350; Roper Scientific) controlled by the DeltaVision system
(Applied Precision, Pittsburgh, PA).
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Preparation of worm lysates for mass spectrometric analysis

After exposure to each chemical as described above, worms were washed 10 times in M9 buffer
and frozen with minimal M9 in liquid nitrogen. The worm pellet was resuspended in lysis
buffer [0.5 M sucrose, 25 mMHEPES (pH7.6), 5 mM EDTA, 0.5% CHAPS, 0.5% DOC (Deox-
ychloric acid)]. Samples were then sonicated at 4˚C for 10 cycles (1 minute on and 1 minute
off per cycle) with a Bioruptor Plus 300 (Diagenode, Belgium).

Mass spectrometric chemical analysis

DBP was extracted from worms/lysates using hexane and analyzed using gas chromatography-
mass spectrometry (GC-MS). A Thermo trace 1310 GC and a HP-5MS capillary column (30
m×0.25 mm×0.25 μm) interfaced with ISQ single quadrupole mass spectrometer (Waltham,
MA, USA) was used for the analysis. Procedural blanks and matrix spikes were included for
quality control purposes along with the analysis of control/vehicle and treated C. elegans. The
trace level DBP found in the procedural blank was subtracted from sample values to report the
final concentration. The matrix spike recovery was 91.6%.

mBP (the metabolite of DBP) in worms was analyzed using a method described for urine
earlier, with some modifications [102]. Briefly, the worm lysates were enzymatically (β-glucu-
ronidase) deconjugated followed by extraction using a solid-phase extraction (SPE) method
with a solvent mixture of acetonitrile and ethyl acetate. An API 4500 electrospray QTRAP
mass spectrometer (ESI-MS/MS; Applied Biosystems, AB Sciex, Framingham, MA, USA)
operated in the negative mode of ionization interfaced with an Agilent 1260 HPLC (Agilent
Technologies Inc., Santa Clara, CA) was used for the analysis of mBP. Quantification of mBP
was achieved by an isotopic dilution method.

Permethrin was extracted from worm lysates using a similar protocol to that applied for
DBP analysis. A 1:2 ratio of hexane and dichloromethane solvent mixture was used for the
extraction and analysis was performed using an Agilent single quadrupole GC-MS under elec-
tron ionization mode. The matrix spike recoveries for both cis- and trans-permethrin were
112% and 101%, respectively.

For TCMTB analysis, worm lysate was spiked with 40 ng of D4-Benzothiazole (internal
standard) and maintained at room temperature for equilibration (15 min). Methanol and ace-
tone (1:1 ratio) solvent mixture was used for the extraction of target chemicals. The extracts
were centrifuged and filtered through 0.2 μM nylon membrane filters and transferred into
HPLC amber vials. A Shimadzu Prominence Modular HPLC system (LC-20 AD UFLC; Shi-
madzu Corporation, Kyoto, Japan) equipped with an Agilent Zorbax SB-Aq column (2.1 mm
X 150 mm, 3.5 mm; Santa Clara, CA, USA) serially connected with an AB SCIEX 3200 triple
quadrupole mass spectrometer was used for the identification and quantification of TCMTB
and its metabolites (Benzothiazole (BTH), 2-methylthio benzothiazole (2-MeS BTH) and
2-hydroxy benzothiazole (2-OH BTH)) under the positive electrospray ionization mode.
Although we screened for three major possible metabolites of TCMTB, we could detect only
2-MeS BTH in the treated worms. The gradient mobile phase (A: acetonitrile and B: water that
contains 0.1% formic acid) was eluted at a flow rate of 300 μL/min for the effective separation
of target chemicals.

Supporting information

S1 Fig. Calibration and validation of the automated fluorescence reading platform. (A)
Mean number of germ cell corpses detected for DMSO (0.1%) and DBP (100 μM) exposed
worms grown in the presence of either live or heat inactivated (dead) OP50 E. coli. There were
no differences detected within DMSO or DBP groups (NS), demonstrating that the effects
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were not due to the live bacteria (i.e. their response to the chemical stressor) in the media.
Analysis was done for two independent biological repeats. More than 30 gonads were scored
for each chemical. Error bars represent SEM. ⇤⇤⇤P<0.0001 by the two-tailed Mann-Whitney
test, 95% C.I. (B) L2, L3, L4 and adult populations were sorted through the COPAS Biosort
and used to draw a gate capturing only the adult population. The population in this gate was
measured for GFP fluorescence intensity. ToF, time-of-flight. (C) Two genetic mutants, Pxol-
1::gfp and Pxol-1::gfp;him-8, were used to define the threshold for GFP+ embryos, GFP-

embryos and debris. Reading parameters used were ToF for the x-axis and GFP peak height
for the y-axis. (D) The induction of X chromosome nondisjunction can be visualized by fluo-
rescence microscopy. GFP+ embryos are visible within the chemical treated worm’s uterus
(arrows). Two chemicals that elicit increased chromosome nondisjunction, nocodazole, a
microtubule disruptor, and triflumizole, a pesticide [15], were used as positive controls. Aster-
isks indicate gut autofluorescence.
(TIF)

S2 Fig. Chemical exposures do not affect meiotic progression. (A-D) Low magnification
images of whole mounted gonads immunostained for SYP-1 (red), a central region component
of the synaptonemal complex (SC), and phosphorylated SUN-1 (SUN-1 S8pi; green), a marker
for progression of early prophase I events. All three chemical exposures exhibit normal timing
of SC assembly and disassembly and normal duration of SUN-1 S8 signal compared to vehicle.
Dissected gonads are oriented from left to right as indicated by the white arrows. Blue vertical
bar indicates entrance into meiosis. Gonads are outlined to facilitate visualization. Scale bars,
10 μm. (E)High magnification images of mid pachytene nuclei from whole-mounted gonads
immunostained for SYP-1 (red) and co-stained with DAPI (blue). Continuous full tracks of
SYP-1 were observed between homologs in mid pachytene. Scale bar, 5 μm.
(TIF)

S3 Fig. Chemical exposures induce increased germ cell apoptosis in a dose-dependent
manner. Chemical exposures caused a significant increase in the number of germ cell corpses
observed at late pachytene compared to vehicle alone starting at 100 μM for DBP and permeth-
rin and at 10 μM for TCMTB. Germ cell corpses from more than 30 gonads were scored for
each chemical exposure. Error bars represent SEM. ⇤⇤P<0.01, ⇤⇤⇤P<0.0001 by the two-tailed
Mann-Whitney test, 95% C.I.
(TIF)

S4 Fig. Elevated meiotic DSB levels observed following chemical exposures are SPO-
11-dependent. (A, B) Representative images of pachytene nuclei (z5) immunostained for
RAD-51 (red), co-stained with DAPI (blue) and high magnification images of oocytes at diaki-
nesis positioned right before the spermatheca (-1 oocyte) in col-121 control (empty vector)
RNAi (A) or col-121 spo-11(RNAi) (B). Six bivalents are observed in 100% (n = DMSO: 11,
DBP: 10, permethrin: 25, and TCMTB: 18) of the oocytes scored in control RNAi. In contrast,
12 univalents are observed in 100% (n = DMSO: 28, DBP: 29, permethrin: 25, and TCMTB:
22) of the -1 oocytes upon SPO-11 depletion indicating that RNAi depletion worked effec-
tively. While elevated levels of RAD-51 foci are observed in pachytene nuclei for all indicated
chemical exposures compared with control, scarcely any RAD-51 foci are observed in pachy-
tene nuclei for either the chemical exposures or vehicle alone when SPO-11 is depleted. Scale
bar, 5 μm. (C)Histograms show the mean number of RAD-51 foci scored per nucleus for each
zone from col-121 control(RNAi) (C) and col-121 spo-11(RNAi) worms (D). Three gonads
from two independent biological repeats were scored for each indicated exposure. Error bars
represent SEM. ⇤P<0.05, ⇤⇤P<0.01, ⇤⇤⇤P<0.001 by the two-tailed Mann-Whitney test, 95% C.
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I. (D) RT-PCR of col-121 spo-11(RNAi) compared to col-121 control(RNAi) (empty vector).
Each lane corresponds to a single worm lysate and indicates the effective depletion of spo-11
by RNAi (shown are the single worm lysates from vehicle alone). gpd-1 expression was used as
a loading control.
(TIF)

S1 Table. Readouts from high-throughput screening of the environmental chemicals with
the COPAS Biosort. Categories indicate the class or use of the chemicals tested (pesticide,
phthalate, crude oil processing and hydraulic fracturing; exceptions are TCDD and BPA listed
as dioxin and plasticizer, respectively). Concentrations assessed for each chemical in the high-
throughput screen are indicated (all chemicals were diluted in DMSO). Chemicals are ranked
based on the fold increase in GFP+ embryos detected compared with DMSO-treated (vehicle
alone) worms. A minimum of 5,000 worms were screened for each chemical.
(TIF)

S2 Table. Raw data set. Raw data for plate phenotyping, apoptotic nuclei count, RAD-51 foci
count, and qRT-PCR analysis.
(XLSX)
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Appendix 2 

Generation of gene reporter constructs in a sensitized-

cuticle background for epigenetic transgenerational 

inheritance studies 
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Contributions to this chapter: 

Eight strains, where genes exhibiting germline expression driven by the pie-1 promoter and each 

cloned with its 3’ UTR downstream of GFP::H2B (1), were crossed to the col-121(nx3) sensitized-

cuticle background by Luciann L. Cuenca.  
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In C. elegans, as in all eukaryotes, post-translational modifications of histone proteins, 

including the methylation/acetylation of lysine/arginine residues, result in the establishment of 

transcriptionally active (euchromatin) and silent (heterochromatin) regions in the genome. 

Exposure to environmental chemicals has been associated to alterations in the epigenetic landscape 

of exposed individuals and of subsequent generations in a multigenerational (F1 and F2 in 

mammals) and transgenerational (F3 in mammals) inheritance fashion. As discussed in Chapter 

4, rodent and zebrafish studies have shown that parental exposure to either DEHP or TCDD can 

result in reduced fertility, altered sex ratios, and alterations in gene expression that were also 

manifested in a transgenerational manner (2, 3). Moreover, reprotoxic phenotypes have been 

linked to the identification of differential DNA methylation regions (DMRs) in which differential 

DNA methylation patterns at specific loci persisted throughout generations upon exposure to 

single or mixed chemicals (3-5). Therefore, differential DNA methylation may be partly 

accountable for epigenetic transgenerational inheritance of either phthalate or dioxin-induced 

reprotoxicity. As proposed in Chapter 4, one long-term goal is to investigate the epigenetic 

transgenerational inheritance mechanisms mediating DEHP- and TCDD-induced reprotoxicity in 

the C. elegans germline. Given both the DEHP- and TCDD-induced downregulation of the 

methyltransferase prmt-5 and alterations of chromosome structure revealed by our studies, we are 

keenly interested in addressing the following question: is there a transgenerational inheritance 

effect observed for changes in the expression of germline-enriched genes? Aside from employing 

qRT-PCR as the primary methodology, we plan on addressing this question by assessing changes 

in the expression level/pattern of eight germline-expressed genes (expression driven in the 

germline by the pie-1 promoter, with their 3’ UTRs fused to GFP::H2B; (1)) displaying a specific 

spatial-temporal pattern of expression in the germline (Figure A2-1). These genes were selected 
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based on both their expression pattern in the germline and fluorescence intensity profile. Out of 

the eight strains selected, five showed bright GFP fluorescence by fluorescence microscopy and 

by sorting through the COPAS Biosort and, therefore, were crossed into the col-121 (nx3) 

sensitized-cuticle background for future studies. A functional description of each gene can be 

found in Table A2-1. These studies are important given that animal studies have associated 

alterations to the epigenome with disease on-set during adulthood and in subsequent generations. 
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Figure A2-1. Germline-enriched genes with 3’ UTR fused to GFP::H2B. Expression pattern 

of seven 3’ UTR fusions of germline-enriched genes displaying strong expression of a fused 

GFP::H2B protein reporter at specific locations in the germline. Scale bars 3 μm and 5μm. 
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Table A2-1. Wormbase description of germline-enriched genes. Functional description of each 

germline-enriched gene checked against the wormbase database (http://wormbase.org) 
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