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Developmental toxicity of Tetrakis (hydromethyl) phosphonium chloride (THPC) in
Zebrafish (Danio rerio) embryos

An Honors thesis submitted in partial fulfillment of the requirements for
Honors on the Biology Department.
By
Lan Nguyen
Under the mentorship of Dr. Vinoth Sittaramane
Tetrakis (hydromethyl) phosphonium chloride (THPC) is a tetrakis (hydromethyl)
phosphonium salt commonly used by the textile industry and is polymerized onto cotton
fabrics to provide a flame-retardant finish. Traces of THPC were found in the Ogeechee
River, a 294 mile-long black river in Georgia, and could have been a toxin contributing to
the mass killing of aquatic animals in May 2011. THPC has been known to be
carcinogenic and cause other systemic toxicity in various mammalian animals. However
given that the chemical is mostly discharged in natural waters, the environmental impact
of the discharge on water quality and there by on aquatic organisms following exposure is
completely unknown. This study is aimed to provide a knowledge base for assessing
toxicological risks associated with this class of flame-retardant chemicals on aquatic
organisms. Utilizing zebrafish (Danio rerio) embryos as a model, development and stress
responses the fish elicited were evaluated, specifically visible embryonic developmental
criteria were evaluated including mortality, morphological malformation, nervous system
developments, heart rate, and pericardial edema. In addition, RT-qPCR was used to
quantify gene expression changes specifically in stress response genes, including
biomarkers of oxidative stress and chemical exposure. Findings provide general
knowledge advantageous to understanding toxicological risks associated with THPC
exposure and promote implementing future management.
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Introduction
In May 2011, Georgia experienced one of the largest mass killings of aquatic
animals in the state’s history. Covering a 70 mile stretch of the Ogeechee River, a 294mile-long black river in Southeast Georgia, an overwhelming 38,000 fish in addition to
other wildlife species, including alligators, birds, and turtles, were found dead (Georgia
Conservancy, 2011). In an investigation lead by the U.S Environmental Protection
Agency, water samples were analyzed and elevated amounts of formaldehyde, ammonia,
and hydrogen peroxide were measured in the river. In addition, trace amounts of tetrakis
(hydromethyl) phosphonium chloride (THPC) were discovered, which we were
especially interested in further studying (Georgia Conservancy, 2011). Introduced in
1953, THPC is a water-soluble tetrakis (hydromethyl) phosphonium salt polymerized
onto cotton textiles and fabrics to provide a crease-resistant and flame-retardant finish
(IARC, 1990) and could have been a key contributor to this mass killing of aquatic
animals. In 2006, King America Finishing Inc. textile treatment plant expanded its
facilities to producing flame resistant fabrics, and undiscovered, had been dumping
wastewater containing pollutants into the river without a permit (Georgia Conservancy,
2011). With fish appearing dead downstream to King America Finishing Inc. owned
discharge pipe in Dover, investigators believed that the wastewater discharge into the
Ogeechee River could have been responsible for this mass killing. Not only does the river
basin support a diversity of wildlife, but it also provides both drinking water and
recreational uses to thousands of Georgians. Therefore, we believe it is important to
understand how this chemical impacts aquatic life and water quality, especially with

limited current-dated studies available evaluating the toxicity of this class of flame
retardant chemicals. Currently, toxicology and carcinogenicity studies in mice and rats
models reported that THPC dermal exposure can result in severe body weight loss, skin
irritation, skin necrosis, and death in certain doses, indicating the THPC can be absorbed
through the skin. Greater incidence of mononuclear cell leukemia and malignant
lymphomas were observed in rats and mice administered THPC or THPS, tetrakis
(hydromethyl) phosphonium sulfate. Hind limb paralysis, vascular degeneration of
hepatocytes, increased incidence of hepatocellular lesions, and axonal degeneration were
also noted in both species following exposure (National Institute of Health, 1987).
Adverse effects observed in these model organisms suggests health risks associated with
THPC exposure, but further hazard identification and dose-response assessment studies
are still necessary. Findings can provide a knowledge base for quantitative risk
assessment and possible implications for future management could be determined.
In this study, we utilized zebrafish (Danio rerio) embryos, which have been used
extensively as a toxicological model for ecological and pharmaceutical studies, as a
model to study the embryonic development defects and stressor effects induced by THPC
exposure. Zebrafish are freshwater fish, approximately 1-inch in size, and display a
distinguishable blue and gold striped pattern. Native to slow moving streams of northern
India, Pakistan, Nepal, and Bhutan, these fish have now emerged as a widely used
powerful model for studying vertebrate development and genetics (Detrich et al., 2011).
Such investigations have contributed to our understanding of basic vertebrate
development and the factors controlling the specification of cell types, organ systems,

and organization of body axes. Remarkably, genomic sequencing projects have
determined that 70% of human genes have at least one zebrafish orthologue (Howe et al.,
2013). Therefore, this organism is especially advantageous in studying human genetic
diseases and disorder through studying zebrafish gene function. Zebrafish also serve as
excellent models because of their ease of manipulation, sensitivity to environmental
stress, transparent embryos, low cost of maintenance, and high fecundity. Another
notable characteristic includes rapid embryogenesis, which can be visualized through
their characteristic transparent externally developing embryo (Detrich et al, 2011).
Figure 1 provides a schematic of the rapid development of zebrafish embryos, showing
that a hatched, free swimming larva develops after only 72 hours post fertilization (hpf).

Vertebrate development I. Memorial University ofNewfoundland [Internet][Cited 2015 April 13] Available
from http://www.mun.ca/biology/desmid/brian/BIOL3530/DEVO_03/devo_03.html

Figure 1. Zebrafish (Danio rerio) developmental life cycle, including depictions of
embryo undergoing cleavage (high cell stage), embyro at 14-somite stage, and adult
zebrafish.

Stress response biomarkers
Fish embryonic development is highly sensitive to environmental stress, making
this system an ideal model for studying toxicity during early stage development. In this
investigation, we evaluated specific criteria for effects of THPC on zebrafish embryos,
including mortality, hatching rate, morphology, malformations, heart rate, and gene
expression patterns of specific biomarkers for stress. Stress response genes that were
assessed included p53, Heat shock protein 70 (Hsp70), Cytochrome p450 oxidoreductase
(p450), Cytochrome P450 1A (CYP1A), Catalase (CAT), and Cytochrome c oxidase
subunit 17 (Cox17). These genes were specifically selected because their expression has
been shown to be altered, down or up regulated, in response to environmental
disturbances, providing us a good knowledge base for the types of stress responses the
fish elicit induced by THPC exposure. P53 gene is important in mediating cell cycle
arrest and apoptosis, programmed cell death, and its activity is increased in response to
cellular stress. In addition, heat shock protein 70 is a biomarker for stress in that it is
induced in response to environmental stress, such as heat shock and chemical exposure,
and has a molecular chaperone function that is expressed to enhance anti-apoptotic
activity against cellular stress. Both catalase and cox17 activity are indicators of
oxidative stress, defined as a disturbance in the balance between the production of
reactive oxygen species (ROS), which are side products of metabolism, and antioxidant
defenses. Enhanced ROS levels have been observed in organisms in the presence of
pollutants, and this excess of ROS can cause disturbances in cellular metabolism and lead
to cellular damage, such as growth inhibition or cell death (Gambino et al., 2013).

CYP1A, a detoxifying gene responsible for the metabolism of pollutant compounds, has
been widely used as a pollutant biomarker and as a biomarker for environmental
exposure to hypoxia and organic xenobiotic chemicals (Behrendt et al., 2010). For the
purpose of this study, the expression of stress response genes could therefore be
compared between control and treated zebrafish. Analysis of these biomarkers at the
cellular level can aid in identifying mechanisms responsible for defects at a tissue and
organismal level, such as deficiencies in growth, swimming ability, and predator
avoidance.
Materials and Methods
Zebrafish breeding and harvesting embryos
In order to obtain embryos for experimentation, male and female zebrafish (Danio
rerio) were placed in breeding tanks in the evening separated by a screen. The duel
compartment breeding tanks allowed the fish to remain in the top compartment and the
eggs to fall through into the bottom compartment, preventing adults from feeding on the
embryos as depicted in (Figure 2). Since zebrafish are photoperiodic breeders, the
laboratory lights were automated to turn on in the morning and off at night to stimulate
natural optimal breeding conditions. At 8 o’clock in the morning, the screens were
removed and embryos were collected every few hours. The top compartments with the
adult zebrafish were moved into new tanks, and the bottom compartments of the tanks
containing the fertilized embryos were poured through a net strainer, transferred into petri
dishes, and held in an incubator (28 °C) until needed.

Zebrafish Care and Experimental Technique. Lom Lab Protocols Resources [Internet][Cited 2015 April
13]Available from: http://protocols.davidson.edu/comments.php?DiscussionID=51

Figure 2. Depiction of zebrafish dual compartment breeding tanks and collection process.
Chemical treatment procedure
Once embryos reached 6 hpf (hours post fertilization), at which embryos have
reached the embryonic shield stage (50% epiboly), unfertilized embryos were separated
from fertilized ones using a stereomicroscope. Approximately 50 fertilized embryos
were placed in a 6 well polystyrene plate for each treatment type, as much existing water
was removed from the wells and was replaced by THPC solution. THPC solution was
both prepared and changed daily over the duration of the 5 day experiment. THPC
(tetrakis (hydromethyl) phosphonium chloride) 80% in H2O (CAS Number 124-64-1)
was diluted to 400-4ppm in E3 Embryo Medium. Contents for E3 embryo medium
preparation displayed in (Figure 4). Treatment and control water (10 mL) were prepared
precisely in a 15 mL Falcon conical centrifuge tube by measuring appropriate amounts of
80% THPC stock solution with a micropipette and adding this to E3 Embryo medium.
All solutions were mixed thoroughly on a vortex mixer to evenly diffuse the chemical.

Tetrakis (hydomethyl) phosphonium salts. IARC Monographs Vol 71 [Internet][Cited 2015 April
13]Available from: http://monographs.iarc.fr/ENG/Monographs/vol71/mono71-111.pdf

Figure 3. Chemical structure, molecular weight, and chemical formula for Tetrakis
(hydromethyl) phosphonium chloride.

Figure 4. E3 embryo medium preparation recipe, which was used for the control
treatment and for THPC dilution.
Criteria for observations
Over the 5 days of experimentation, criteria such as hatching rate, heart rate
mortality, and growth were measured. With the normal hatching period occurring
between 48 to 72 hpf, the hatching rate (%) was calculated by counting the number of
embryos hatched out of the embryos remaining by the end of Day 3 (72 hpf). On Day 5
(120 hpf), 4 larvae from each treatment were randomly selected and transferred to new

petri dishes containing Tricaine, an anesthetic, and positioned in lateral view orientation
for imaging. Pictures and videos were captured utilizing stereomicroscope imaging
software, which would be used to measure heart rate and for morphometric analysis of
pericardial area, trunk length, and eye diameter. The heart rate of the embryos was
counted (beats per minute) live or from recorded video clips. Measurements for
pericardial area were performed by simply outlining the pericardial sac, eye diameter was
taken by measuring across the eye anterior to posterior end, and trunk length was
measured beginning at the base of the neck to the end of the tail. Stereomicroscope
imaging computer software with length and area measuring capabilities quantified
outlines for pericardial area (µm2), eye diameter (µm), and trunk length (µm). Lastly,
mortality rate (%) was calculated at the end of Day 5. The number of remaining larvae in
each treatment was recorded in relation to the number of embryos beginning on Day 1.
RNA extraction, cDNA synthesis, and qPCR/RT-PCR
On Day 5 (120 hpf) following exposure to THPC, RNA extraction was performed
according to Invitrogen RNA extraction protocol. The remaining larvae from each
treatment were homogenized in Trizol Reagent. Trizol Reagent maintains the integrity of
RNA while disrupting cells and dissolving cell components in order to isolate RNA from
tissue. The addition of chloroform and centrifugation separated the solution into an
aqueous phase and organic phase, which contains unwanted DNA and proteins. The
aqueous phase containing RNA was transferred and recovered by precipitation using
isopropyl alcohol. As a result, we are left with an isolated sample of RNA, stripped of as
many impurities as possible. The RNA was then transcribed into complementary DNA

(cDNA) in a reaction catalyzed by reverse transcriptase. Before synthesizing cDNA,
concentration and quality of RNA was measured at 260 and 280 nm using Nanodrop
spectrophotometer. The ratio of absorbance (260/280nm) can be used to assess purity of
DNA and RNA. Generally, a ratio of ~1.8 is accepted as pure for DNA, and a ratio of
~2.0 is accepted as pure for RNA (NanoDrop Technologies, 2007). Ratios below these
values may indicate the presence of impurities, and our samples that fell below this value
underwent further purification. cDNA synthesis followed Invitrogen Superscript III FirstStrand Synthesis SuperMix for qRT-PCR protocol. Our synthesized first-stand cDNA
was synthesized from extracted RNA through reverse transcriptase and was then used for
qRT-PCR, which monitors the progress of DNA amplification in a PCR reaction through
the emission of florescence. We used SYBR Green fluorescent dye and this dye binds
specifically to double stranded DNA (dsDNA) as DNA polymerase amplifies the target
sequence during PCR. The qRT-PCR was normalized to an internal reference gene,
“housekeeping” gene, beta-actin. The housekeeping genes are stable in expression across
different tissues, developmental stages, and after exposure to toxicants. Therefore, this
assessment allowed us to quantify gene expression changes specifically in stress response
genes; p53, Heat shock protein 70 (Hsp70), cytochrome p450 oxidoreductase (p450),
Cytochrome P4501A (CYP1A), Catalase (CAT), and Cytochrome c oxidase subunit 17
(Cox17).
Data analysis
For analyzing the gene expression of specific stress response genes, we used
Relative Gene Expression Tool (REST) software. This method of gene expression

analysis standardizes the target gene by a non-regulated reference gene. The
mathematical algorithms are based on PCR efficiencies and the mean crossing point
deviation between treatment and control groups. Expression ratios are tested for
significance by randomization test (Saunders et al., 2009).
Results
Mortality/Lethal Dosage (LD50)
To begin our study and obtain a broad understanding of THPC lethality, we
attempted to measure for an approximate lethal dose 50% (LD50). The LD50 of a
substance is a standardized measurement of acute toxicity and represents the dose
required to kill 50% of a test population. The approximate LD50 was determined by
treating embryos at 6 hpf in a series of dilutions of 80% stock THPC. Results from initial
trial experiments revealed tremendous embryonic toxicity to THPC when embryos
(n=10) treated in 10% and 5% solution, causing 100% mortality. Further dilutions were
tested until survival increased among treatment groups, and it was determined that THPC
levels ≥400ppm caused 100% mortality. Therefore, we began preparing a stock THPC
solution (400ppm) and diluted it 5-100X (400-4ppm). For each experiment, the number
of embryos that survived until Day 5 was recorded in relation to the initial amount treated
(n=50, n=25, n=10). As expected, mortality rate decreased as the concentration of THPC
decreased respectively, and the approximate LD50 was determined to be between
approximately 26.7-40ppm (Figure 5).
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Figure 5. Mortality rate (%) of zebrafish embryos (6hpf) treated in a series of dilutions of
stock (400ppm) THPC. Stock was diluted 5-100x, equivalent to 80-4ppm respectively.
Approximate LD50 was determined between THPC levels 26.7-40ppm. Numbers in
parentheses represent total number of embryos evaluated across all experiments.

Morphological developmental defects due to THPC treatment
While studying THPC lethality though LD50 trial experiments, we observed
developmental defects in embryos of certain treatments, with severity of defects
increasing with THPC concentration respectfully. The presence of developmental defects
and malformations are good indications that development is adversely impacted by
chemical exposure. After 24 and 120 hpf, observations and images were made by
stereomicroscopy (Figure 6). As soon as 24 hpf, embryos treated in THPC concentration
at (16ppm) already displayed a shorter trunk or spinal curvature (Figure 6B).
Approaching Day 5, larvae were underdeveloped and exhibited irregular spinal curvature,

curled tail, and pericardial edema, swelling due to accumulation of fluid in the
pericardium cavity.
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Figure 6. Morphological developmental defects exhibited in embryos treated at 6hpf
following exposure to THPC (16ppm). (B) Embryos treated in THPC solution displayed
S-shaped spinal curvature. For enhanced visualization, embryos were dechorionated.
(D)Spinal curvature and pericardial edema seen on Day 5. Stereomicroscope image
magnification 24h (24.0x) 120h (10.4x).
Physiological disturbances in zebrafish larvae
Physiological disturbances evaluated in this experiment included heart rate and
hatching rate during early development. We found that the hatching rate decreased as
THPC concentrations increased, but once concentration levels of THPC reached 40ppm,
a 100% delay in hatching was observed. No embryos hatched by Day 3 when treated in
concentration of 40ppm, but instead hatching began between 72-96 hours. In comparison
to THPC treated embryos, the average hatching rate of control embryos was 94.97% by
Day 3. Decreases in hatching rate suggests that motor function or muscle development,
which are critical in an organism’s ability to break free of the egg, is possibly disrupted

during early embryonic development. However, further studies are required to fully
understand tissue and cellular level molecular pathways controlling normal embryonic
development to prepare for hatching and how THPC exposure adversely affects these
cellular level processes. When measuring heart rate of embryos treated in THPC
concentration at 16ppm, no significance was found when compared to the control sample
(Figure 8).
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Figure 7. Hatching rate (%) recorded by number of embryos hatched by Day 3 (72 hpf)
out of total embryos remaining that day. Numbers in parentheses represent total number
of embryos evaluated across all experiments.
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Figure 8. Heart rate of control and THPC (16ppm) treated larvae (120hpf) measured beats
per minute. Using Student t-test, no significance was found between the groups.
p=0.056. Numbers in parentheses represent total number of embryos evaluated.
Morphometric analysis
From each treatment group, 4 zebrafish larvae (120hpf) were randomly chosen,
and images were captured to be used in analyzing morphometric differences between
control and THPC treatment (16-20ppm). Statistical analysis of data showed significant
differences in trunk length and eye diameter between control and treated groups (Figure
9). Morphologically, defects in eye and trunk formation may hinder eyesight, responsive
behaviors, and swimming abilities. As a result, survival of the organism could be
significantly impacted.
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Figure 9. Morphometric analysis of trunk length, eye diameter, and pericardial area for
control and 16ppm THPC treated zebrafish at experimental day 5 (120 hpf). Significance
between the groups was determined using Student t-test and Kruskal-Wallis test.
Asterisks indicate significant differences from control: *p<.0001 **p<.001 p<.024

qPCR/RT-PCR
Quantitative real time PCR was used to quantify expression of stress response
genes, including heat shock protein 70 (hsp70), cytochrome c oxidase subunit 17(cox17),
catalase (cat), p53, cytochrome P4501A (CYP1A), and cytochrome p450 oxidoreductase
(p450), normalized to housekeeping gene beta-actin (bact). Up regulation of target gene
hsp70 and down regulation of CYP1A was measured for THPC treated embryos (16ppm)
relative to control. Our findings indicate THPC exposure induce stress in zebrafish
embryos due to the fact that hsp70 proteins act as a molecular chaperone that plays an

important role in the cellul
cellular response to protect protein machinery from unfolding and
aggregation (Wood et al.,2011).
,2011). Expression patterning of other stress response genes did
not show significant up regulation. CYP1A down regulation may indicate stress induced
by hypoxia, which has been shown to be down regu
regulated
lated in other aquatic organisms in
response to hypoxia.
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Figure 10. Expression changes of target genes in THPC treated embryos (16ppm) relative
to control. Target genes included heat shock protein 70 (hsp70), cytochrome c oxidase
subunit 17(cox17), catalase (cat), p53, cytochrome P4501A (cyp1a), and cytochrome
c
p450 oxidoreductase (p450) and were normalized to housekeeping gene, beta-actin
(bact).

Discussion
Zebrafish embryo assay was effective in toxicology and risk assessment studies.
Results from LD50 determination studies revealed embryonic sensitivity
ity to changes in

THPC levels. Increases in THPC concentration induced developmental defects and
increased mortality rate, and the approximate LD50 was determined to be between 26.740ppm. THPC concentrations ≥400ppm caused 100% mortality in embryos, but it is still
possible that lower concentrations between 400-80ppm not tested in this study will cause
100% or high mortality rate. Significantly, morphological defects in trunk length and eye
diameter and physiological disturbances observed in THPC treated embryos suggest
possible disruption in underlying mechanisms or signaling pathways that control
embryonic development and regulation of organ systems. For instance, muscle and brain
development could possibly be disrupted following THPC exposure, affecting their role
in regulating motor function and hatching rate. Observed morphological and
physiological abnormalities could alter swimming ability, eye sight, and response to
stimuli, ultimately negatively affecting overall health and survival of an organism. In
addition, up regulation in HSP70 gene expression indicates that THPC exposure is
inducing cells cellular stress in zebrafish embryos. Therefore, our findings should be
considered for possible implications of management of THPC-containing waste through
policies and regulations for wastewater treatment and dumping. Not only is regulation of
this chemical imperative for the conservation of wildlife populations, but this is also
important for human risk assessment as well.
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