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	 Aquatic	oil	spills	have	resounding	effects	on	surrounding	ecosystems,	and	 thus	significant	 resources	are	
committed to oil spill responses to remove the oil from the environment as quickly as possible. Oil has immu-
notoxic	 effects	 and	may	be	 particularly	 harmful	 to	 larval	 and	 juvenile	fish	 as	 it	 can	 cause	 a	 number	 of	 devel-
opmental	 defects	 and	 stunt	 growth.	 In	 spite	 of	 significant	 efforts	 to	 clean	 oil,	 it	 is	 unclear	whether	 larval	 and	
juvenile	fish	can	recover	from	the	effects	of	oil	and	no	work	has	been	done	on	the	effect	crude	oil	has	on	devel-
oping	threespine	stickleback	(Gasterosteus	aculeatus)	fish.	Threespine	stickleback	are	a	ubiquitous	sentinel	spe-
cies	 in	 the	northern	hemisphere	 and	are	 an	 important	 food	 source	 for	many	 larger,	 economically	valuable	fish.	
As	fish	with	 fully	marine,	 anadromous,	 and	 freshwater	 populations,	 stickleback	 are	 exposed	 to	oil	 in	 a	variety	
of aquatic environments. We hypothesized that oil exposure would suppress both growth and immunity of de-
veloping	stickleback,	but	 that	fish	health	could	be	recovered	by	removal	of	 the	crude	oil.	Fish	were	exposed	to	
Alaska North Slope crude oil and then were moved to water without crude oil for two weeks (depuration).  Mea-
surements of growth and immunity were taken before and after the depuration. We found that crude oil effect-
ed	different	developmental	pathways	independently,	significantly	impacting	some	but	not	others.	This	is	the	first	
study	 to	 examine	 the	 effect	 crude	oil	 has	on	early	 stages	of	 stickleback	development,	 and	 that	 stickleback	fish	
are unable to recover from exposure after being transferred to clean water for two-weeks, suggesting larval/ju-
venile stickleback exposed to crude oil need longer than two-weeks to recover if they are able to recover at all.
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1. Introduction

 Thousands of oil spills occur annually around 
the	world.	Crude	oil	has	profound	impacts	on	fish	spe-
cies, including alteration of reproduction, mortality, car-
diac function, development, immunity, and the microbi-
ota (Bayha et al., 2017; Heintz et al., 2000; Incardona et 
al., 2004; Benjamin J Laurel et al., 2019; Reynaud and 
Deschaux, 2006; Song et al., 2011). Crude oil and poly-
cyclic aromatic hydrocarbons (PAHs) found in crude oil 
also	suppress	immunity	in	fish,	such	as	southern	flounder,	
Japanese	flounder,	 and	Chinook	 salmon	 (Arkoosh	 and	
Collier, 2002; Bayha et al., 2017; Song et al., 2011). For 
example, crude oil increases susceptibility to the patho-
genic	bacteria	Vibrio	anguillarum	in	southern	flounder	
(Paralichthys lethostigma) and Chinook salmon (Onco-
rhynchus tshawytscha) by suppressing the immune sys-
tem, which leads to increased mortality (Arkoosh et al., 

2002; Arkoosh and Collier, 2002; Bayha et al., 2017). 
Exposure to crude oil has acute and chronic effects on 
salmon	 fisheries,	 such	 as	 decreased	 marine	 survival	
and decreased reproductive output, which can impact 
runs for many salmon generations (Heintz et al., 2000).
 Oil exposure during development is arguably the 
worst	time	for	fish	to	be	exposed	as		crude	oil	can	cause	
many developmental defects during this time (Heintz et 
al., 2000; Incardona et al., 2004; Benjamin J Laurel et al., 
2019). Embryonic crude oil exposure in Atlantic haddock 
(Melanogrammus	 aeglefinus)	 and	polar	 cod	 (Boreoga-
dus saida) causes cardiac and craniofacial defects (Ben-
jamin J. Laurel et al., 2019; Sørhus et al., 2016). PAH 
exposure	 in	 embryonic	 zebrafish	 (Danio	 rerio)	 causes	
spinal curvature (Incardona et al., 2004). Pink salmon 
exposed to oil as juveniles have decreased marine surviv-
al	(Heintz	et	al.,	2000).	These	defects	can	affect	a	fish’s	
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ability to survive and, thus, overall population survival.
 Recovery from crude oil exposure after oil is 
removed,	 and	fish	 are	 allowed	 to	 depurate,	 is	 species,	
time, and tissue dependent. For example, juvenile pink 
salmon	exposed	to	crude	oil	weighed	less	than	those	fish	
not exposed, but at maturity (after oil is removed) there 
were no differences, although not as many oil treated 
fish	survived	to	maturity	(Heintz	et	al.,	2000).	In	Aus-
tralian	 Crimson-Spotted	 Rainbowfish	 crude	 oil	 water	
accommodated fractions (WAFs) caused an increase 
in citrate synthase, lactate dehydrogenase, and ethoxy-
resorufin-O-deethylase	(EROD),	but	all	levels	returned	
to normal after a two-week depuration period (Pollino 
and Holdway, 2003). In Seahorse Hippocampus reidi 
exposed to crude oil, genotoxic damage was increased 
(number of micronuclei), but recovery was possible 
after 7 days (Delunardo et al., 2013). Transcription of 
most genes in rainbow trout exposed to crude oil re-
turned to normal after a 96 hour recovery period in gill 
tissue, but differential transcription was still observed 
in liver tissue after the recovery period, suggesting that 
recovery can be tissue dependent (Hook et al., 2010). 
Immune suppression following exposure to heavy crude 
oil	is	observed	in	Japanese	flounder,	but	fish	were	able	
to recover after about 1 week (Song et al., 2012b). Un-
fortunately, most studies with a recovery time period did 
not use statistical analysis that allowed for the examina-
tion of the interaction between treatment and time, but 
rather the effect of treatment and time individually or 
just the effect of treatment at each sampling time point.  
	 Threespine	 stickleback	 fish	 (Gasterosteus	 acu-
leatus) are important to the ecosystem as a ubiquitous 
sentinel species and food source in the northern hemi-
sphere, existing as anadromous, oceanic, and freshwa-
ter populations (Gard and Bottorff, 2014). Decreased 
stickleback populations due to crude oil spills can limit 
food sources for other species already challenged with 
oil exposure. Anadromous stickleback can be exposed 
to marine oil spills as adults in the ocean or as spawning 
adults, embryos, larvae, and juveniles in estuaries and 
streams if oil spreads into these waterways. Freshwater 
populations of stickleback can be exposed to oil from 
oil pipeline spills or spills from other ground transport 
or	storage	of	crude	oil.	Stickleback	eggs	do	not	float,	so	
eggs would not be exposed to surface slicks, but rather 
dispersed oil in the water column or oil that sinks to the 
bottom. Stickleback eggs are smaller (1.33-2.16 mm) 
than	fish	species	typically	used	for	studies	on	the	effects	
of crude oil or PAHs, such as salmon (6 mm) (Glippa 
et al., 2017; Thorn and Morbey, 2018). Fish eggs that 
are large and have a smaller surface area to volume 

ratio do not as rapidly accumulate PAHs as smaller 
eggs, so stickleback embryos may be more suscepti-
ble to the effects of crude oil (Edmunds et al., 2015).
 The objective of this study was to determine 
how developing stickleback are affected by crude 
oil	 exposure,	 specifically	 how	 growth	 and	 the	 ex-
pression of two immune genes would be affected, 
and	 if	fish	are	able	 to	 recover	after	crude	oil	 removal.	
 Statistical analysis that addresses the interaction 
between treatment and time was used for this study, mak-
ing inferences about recovery more robust than some 
previous studies. Fish were exposed to Alaska North 
Slope crude oil for one-week, between 7- and 14-days 
post fertilization (dpf), followed by a two-week depu-
ration period. Somatic measurements and immune gene 
expression were measured at both 14 and 28 dpf. This 
experiment	was	 the	first	 to	characterize	morphological	
and immune impacts and resiliency of threespine stick-
leback	 to	 crude	 oil	 and	 the	 first	 to	 use	 larval/juvenile	
stage threespine stickleback in an oil toxicology study.

2. Materials and Methods

	 Adult	fish	were	collected	from	Bear	Paw	Lake	in	
Houston, Alaska (61.61396, -149.75309) under Alaska 
Department of Fish and Game permit P-18-006 on Oc-
tober	5,	2018.	These	fish	were	acclimated	in	the	lab	for	
four months under a short light cycle of 10 hours of light 
per day, and then shifted to 20 hours of light per day to 
induce egg and viable sperm production. Embryos were 
generated from in vitro crosses on February 7, 2019. 
Sperm from 2 males were mixed and used to fertilize egg 
clutches from 7 females, following an IACUC approved 
protocol (IACUC #1302464-1, 1302466-3).  Eggs were 
fertilized, incubated for several hours to ensure viability, 
and then viable eggs were distributed randomly to six cul-
ture	flasks	(47	fish/flask)	with	filter	caps	(150	cm2,	TPP	
Techno Plastic Products AG, Trasadingen, Switzerland), 
containing 175 ml of 4 ppt instant ocean stickleback em-
bryo	medium	(SBEM).	All	fish	were	incubated	at	18°C	
on	a	20-hour	light	cycle	in	these	flasks	until	14	days	post	
fertilization	(dpf).	At	8	dpf	the	flasks	were	flicked	to	re-
lease	the	remaining	unhatched	fish	from	their	chorions.	
Randomly	 assigned	flasks	were	 exposed	 to	 oil	 at	 sev-
en	dpf	while	fish	were	still	in	the	larval	stage	of	devel-
opment (details discussed in 2.3). Between 14 and 28 
dpf	 the	 fish	 enter	 into	 the	 juvenile	 stage	 of	 develop-
ment.	At	 14	 dpf,	 fish	 not	 randomly	 selected	 for	 lethal	
sampling were moved into breeder nets within individ-
ual tanks for depuration on the same recirculating wa-

2.1 Fish Husbandry
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2.2 Image and Tissue Collection

ter that was free of crude oil, with an average salinity 
of 4.16 ppm and kept on a 20-hour light cycle at 16.3-
17.6°C.	 Fish	were	 fed	 brine	 shrimp	 and	Golden	Pearl	
Reef	and	Larval	Fish	flake	food	(Brine	Shrimp	Direct,	
Ogden, Utah, USA) daily.  Mortality was recorded daily.

	 At	14	and	28	dpf,	a	subset	of	each	flask	or	tank	
respectively	 (n=12/flask	 or	 tank,	 except	 for	 one	 tank,	

Fig. 1. Experimental Timeline and Workflow	This	workflow	was	used	to	determine	the	effects	of	crude	oil	on	
juvenile	 threespine	 stickleback.	Fish	were	 reared	 in	 culture	flasks	 from	1-14	dpf	 and	 in	 tanks	 from	14-28	dpf.	
Alaska	North	Slope	crude	oil	or	untreated	water	was	added	to	randomly	assigned	flasks	at	seven	dpf.	Samples	of	
12	fish/flask	were	taken	at	14	and	28	dpf.	Fish	were	imaged,	guts	were	dissected	out	(DNA	yield	too	low	for	any	
analysis),	and	the	whole	bodies	of	three	fish	(from	the	same	flask)	were	pooled	for	RNA	isolation	and	qRT-PCR.

n=8,	 where	 only	 8	 fish	 survived	 to	 28	 dpf)	 were	 eu-
thanized using a lethal dose of buffered MS-222 (IA-
CUC	 #1363107-1).	 Standardized	 images	 of	 each	 fish	
were taken. After removing intestines for future se-
quencing analysis (DNA yield was deemed too low 
for analysis so no data is available), tissues from three 
individuals from the same tank were added to 200 µl 
Trizol with a 1:1 mix of 0.5 and 1.0 mm zirconia ox-
ide beads in a RINO tube (Next Advance Inc. Troy, NY, 
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USA),	flash-frozen	using	liquid	nitrogen,	and	stored	at	
-80°C	 until	 processing.	A	 timeline	 of	 the	 experiment	
and	 sample	 processing	workflow	 is	 detailed	 in	Fig.	 1.

2.3 Treatments

 To determine the effects of crude oil on 
threespine	 stickleback,	 randomly	 assigned	 flasks	were	
exposed to either 10 mL of parental water containing 
no	 crude	 oil	 (3	 flasks)	 or	 10	mL	 of	 a	 crude	 oil/water	
mixture	 (3	flasks)	 at	 seven	dpf	 (IACUC	#1363107-1),	
prior to addition, 10 mL of SBEM were removed from 
each	flask.	The	oil	mixture	of	Alaska	North	Slope	Crude	
Oil was prepared by adding 1.2 µL of crude oil to 10 
mL of SBEM in a 15 mL falcon tube and then shak-
ing the crude oil and water for 11.5 hours on a bench-
top shaker at room temperature before addition to the 
flasks.	Fish	remained	in	these	flasks,	with	no	additions	
of	 water	 or	 water	 changes,	 until	 fish	 were	 moved	 to	
tanks with freshwater at 14 dpf. An equal volume of pa-
rental	populations’	water	was	added	at	seven	dpf	to	the	
three	control	flasks	and	were	moved	to	tanks	at	14	dpf.	
Samples and data were collected at both 14 and 28 dpf.

2.4 Somatic Development

 Somatic development was measured using Im-
ageJ software on images taken directly before gut dis-
sections at 14 and 28 dpf on a dissecting scope. All 
photos from the same collection were taken with the 
same	 magnification,	 along	 with	 an	 image	 of	 a	 rul-
er for scale. Snout-vent length, eye diameter, swim 
bladder length, and swim bladder area were all mea-
sured	 from	 each	 fish	 (Fig.	 2).	 Each	 measurement	
was blinded for treatment and taken in triplicate by 
a single measurer and then averaged for analysis.

2.5 Immune Gene Expression

 Expression levels of several innate immune sys-
tem genes were measured using a well-established quan-
titative real-time polymerase chain reaction (qRT-PCR) 
protocol	for	samples	taken	at	14	and	28	dpf.	A	modified	
RNA isolation protocol using Trizol was used to isolate 
RNA from a pooled sample of 3 individuals (Leung and 
Dowling, 2005). Thawed samples were bead-beat on a 
Bead	 Mill24	 homogenizer	 (Thermo	 Fisher	 Scientific,	
Waltham, Massachusetts, USA) before an additional 800 
µl	of	Trizol	was	added,	and	the	samples	were	flash-fro-
zen again. The resulting homogenate was passed through 
a Qiashredder centrifuge column (Qiagen, Hilden, Ger-
many) before two rounds of phase separation with chlo-
roform in 2.0 phase lock gel tubes (QuantBio, Beverley, 

MA, USA) was performed. RNA was washed and elut-
ed using the Qiagen RNAeasy Kit (Qiagen). RNA con-
centration, quality, and integrity were measured using a 
Qubit 4.0 Fluorometer, using the RNA High Sensitivity, 
Broad Range, and IQ Assay kits (Thermo Fisher Scien-
tific).	Average	initial	RNA	concentration	at	14	dpf	was	
67.11 ng/µl with a standard deviation of 28.59 ng/µl. 
Average initial RNA concentration at 28 dpf was 108.90 
ng/µl with a standard deviation of 78.46 ng/µl.  Initial 
RNA	concentration	did	not	significantly	impact	the	ex-
pression of either gene. Working samples were creat-
ed to a concentration of 50 ng/µl in RNase free water.
 Each sample was analyzed in triplicate qRT-PCR 
reactions using the Luna Universal One-Step RT-qPCR 
kit (New England Bio Labs, Ipswich, MA, USA) ac-
cording	 to	 the	manufacturer’s	 protocol.	 Each	 reaction	
contained 10 µl reaction mix, 1 µl WarmStart reverse 
transcriptase, 0.8 µl forward primer (10 µM), 0.8 µl re-
verse primer (10 µM), 6.4 µl RNase free water, and 1 µl 
standardized RNA sample (50 ng). Relative normalized 
expression of several innate immune genes that promote 
inflammation,	 interleukin	 1	 beta	 (IL-1ß),	 and	 tumor	
necrosis	factor	alpha	(TNF-α)	were	analyzed	using	es-
tablished immune gene primers for stickleback (Robert-
son et al., 2016). The qRT-PCRs were run on a BioRad 
CFX96 Touch Real-Time PCR Detection System (Bio-
Rad Laboratories, Hercules, CA, USA). The BioRad 
CFX Manager software version 2.1 (Bio-Rad, 2013) 
calculated	 the	 relative	normalized	expression	of	 IL-1ß	
and	TNF-α	against	no	template	controls	and	published,	
well-established	 stickleback	 reference	 genes,	 specifi-
cally beta-2-microglobulin (B2M) and L13A ribosom-
al binding protein (RPL13A) (Hibbeler et al., 2008).

2.6 Statistical Analysis

	 The	 proportion	 of	 dead	 fish	 in	 control	 and	 oil	
treatment groups from 7-28 dpf (0-7 dpf was excluded 
as	fish	were	not	yet	exposed	to	oil)	was	compared	using	
an N-1 chi-squared test to assess differences in mortali-
ty. To assess the effects of oil exposure over time on both 
somatic responses and immune gene expression, a linear 
mixed-effects model of the following form was used:

			y	=	α	+	ai	+	δ	+	γ	+	δ	*	γ	+	ε	 	 Equation	1

where y is the dependent variable (snout-vent length, eye 
diameter,	swim	bladder	length,	swim	bladder	area,	IL-1ß	
or	TNF-α),	α	is	the	overall	intercept,	ai	is	a	random	effect	
of	flask	i	(1-6),	δ	is	the	effect	of	treatment	(oil	or	con-
trol),	γ	is	the	effect	of	time	(28	dpf	or	14	dpf),	δ	*	γ	is	the	
interaction	of	treatment	and	time,	and	ε	is	a	residual	with	
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mean	0	and	variance	σ2.	Because	of	apparent	differences	
in variances between 14 and 28 dpf, the model estimated 
separate variances by time. When the interaction between 
treatment	and	dpf	was	not	significant,	a	reduced	model	
with the interaction term was removed, and only the re-
sults from the additive model were reported. Snout-vent 
length and swim bladder length could be allometrically 
correlated but were determined to not be correlated by a 
Pearson Correlation test (p= 0.926) and therefore were 
analyzed	separately.	Data	and	the	R	markdown	file	can	
be found at https://github.com/kellysue94/effects_of_

3. Results

 To determine how crude oil affects the sur-
vival, development, and immune system in develop-
ing	 stickleback,	 fish	 were	 exposed	 to	 Alaska	 North	
Slope crude oil between 7 and 14 dpf, and then were 
moved to tanks with water free of crude oil for a 
two-week depuration period. Somatic measurements 
and the expression of two immune genes were mea-
sured at both 14 and 28 dpf to determine how oil ex-

Fig. 2. Somatic Measurements	 Measurements	 of	 somatic	 growth	 in	 oil-treated	 and	 untreated	 fish.	 Snout-
vent length (A), eye diameter (B), swim bladder length (C), and swim bladder area (D) measurements were 
made	 on	 12	 fish	 from	 each	 flask	 (except	 one	 28	 dpf	 flask	 that	 only	 had	 eight	 fish	 survive)	 at	 14	 and	 28	 dpf.	
There	were	 three	flasks/treatment.	Boxplots	 represent	 control	 (blue)	 and	oil-treated	 (black)	fish	with	 the	medi-
an,	 25th,	 and	 75th	 quartiles,	 whiskers,	 and	 all	 outlying	 data.	 Dots	 represent	 measurements	 of	 individual	 fish.	

crude_oil_on_juvenile_threespine_stickleback_020719. 
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posure	 affects	 growth	 and	 immunity	 and	whether	 fish	
growth can recover after two weeks of depuration.

3.1 Mortality

	 Crude	 oil	 can	 increase	 mortality	 in	 fish,	 but	
this varies by concentration, species, and life stage in 
which	fish	were	exposed.	To	determine	whether	 crude	
oil increases mortality in developing stickleback, 
deaths	 of	 fish	were	 recorded	 daily	 and	mortality	 rates	
between 7-28 dpf were compared between the control 
and	 oil	 treatments.	 Oil	 exposure	 did	 not	 significant-
ly affect mortality rates (p=0.9288, 5.08% mortality 
in	control	fish	and	2.72%	mortality	in	oil-treated	fish).

3.2 Somatic Development

 Snout-vent length, eye diameter, swim blad-
der length, and swim bladder area are all impacted by 
crude	oil	 in	other	fish	(Carls	et	al.,	2000;	Incardona	et	
al., 2014, 2004; Benjamin J. Laurel et al., 2019; Li et 
al., 2019; Meador and Nahrgang, 2019; Raimondo et al., 
2016; Sørhus et al., 2016). Thus, we measured each of 
these in stickleback one week after exposure (14 dpf) 
and after a two-week depuration (28 dpf). We hypoth-
esized all somatic measurements would be reduced at 
both	14-	and	28-days	post	fertilization	(dpf)	in	fish	ex-
posed	to	crude	oil	compared	to	control	treated	fish.	Dpf	
caused	 a	 significant	 increase	 in	 all	 somatic	 measure-
ments	(Fig.	2	and	table	1)	as	 the	fish	grew	from	14	to	
28 dpf (p=0.000 for all measurements). Both additive 

Fig. 3. Immune Gene Expression Measurements of innate immune genes in oil-treated and untreat-
ed	 fish.	 Relative	 normalized	 expression	 of	 IL-1ß	 (A)	 and	 TNF-α	 (B) was measured on four pooled samples 
of	 three	 individuals	 from	each	flask	 (except	 one	28	dpf	flask	 that	 only	 had	 two	pooled	 samples)	 at	 14	 and	28	
dpf.	 There	 were	 three	 flasks/treatment.	 Boxplots	 represent	 control	 (blue)	 and	 oil-treated	 (black)	 fish	 with	 the	
median, 25th, and 75th quartiles, whiskers, and all outlying data. Dots represent individual measurements.

and interaction models were analyzed but given that the 
interaction	term	wasn’t	significant,	only	the	additive	ef-
fect of dpf and treatment is reported. Oil exposure sig-
nificantly	 reduced	 snout-vent	 length	 (Fig.	 2A	&	Table	
1, t=-4.14, df = 4, p=0.0144) and eye diameter (Fig. 2B, 
t=-2.86, df=4, p=0.0460) when time was held constant, 
meaning that snout-vent length and eye diameter were 
smaller	in	oil	exposed	fish	across	the	course	of	the	ex-
periment, not just at 14 or 28 dpf. Oil exposure does 
not	significantly	change	swim	bladder	length	(Fig.	2C,	
t=0.00132, df=4, p=0.999) and swim bladder area (Fig. 
2D, t=-0.500, p=0.644) over the course of the experi-
ment.	 These	 results	 indicate	 that	 oil	 exposure	 signifi-
cantly decreases snout-vent length and eye diameter, 
without recovery after a two-week depuration, but has 
no	significant	 impact	on	swim	bladder	 length	or	swim	
bladder area in this population of threespine stickleback, 
indicating that oil exposure effects development of some 
structures (like the length and eyes), but not others (like 
the swim bladder) at this concentration of crude oil. 

3.3 Immune Gene Expression

	 Oil	is	immunotoxic	to	several	fish	species,	but	it	is	
unknown whether oil exposure also causes immune sup-
pression in stickleback. The expression of two innate im-
mune	genes	involved	in	inflammation,	interleukin	1	beta	
(IL-1ß)	and	tumor	necrosis	factor	alpha	(TNF-α),	were	
measured. These innate immune genes were chosen as 
stickleback lack adaptive immunity until later in their ju-
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venile stage and because the innate immunity appears to 
be	more	affected	by	oil	exposure	in	other	fish	than	adap-
tive immunity (Bo et al., 2012; Milligan-Myhre et al., 
2016; Palm et al., 2003; Reynaud and Deschaux, 2006). 
	 There	 was	 no	 significant	 effect	 of	 treatment	
alone across the course of the experiment on the ex-
pression	of	 IL-1ß	(t=2.490,	df=4,	p=0.1148)	or	TNF-α	
(t=1.442, df=4, p=0.2226) (Fig. 3). However, there was 
a	significant	positive	effect	of	dpf	on	the	expression	of	
both	 genes	 (p=0.000)	 and	 a	 significant	 negative	 effect	
of the interaction between treatment and dpf in both IL-
1ß		(t=-2.543,	df=39,	p=0.0000)	and	TNF-α	(t=-4.532,	
df=132,	p=0.0000)	indicating	that	in	control	fish	IL-1ß	
and	TNF-α	 tended	 to	 be	 upregulated	 over	 time	 (from	
14	to	28	dpf).	However,	in	oil-treated	fish,	there	was	a	
downward trend in the expression of both genes from 14 
to 28 dpf. The variance in the expression of both genes 
is decreased in the oil treated group. A Bartlett test indi-
cated	that	the	variance	of	both	IL-1ß	expression	(14	dpf	
– p= 0.000709,28 dpf - p=1.66e-05) and TNF-A expres-
sion (14 dpf – p=0.00133, 28 dpf – p=2.91e-06) in oil 
treated	fish	at	14	and	28	dpf	was	significantly	reduced.

4. Discussion

	 This	study	is	the	first	to	examine	how	survival,	
growth, and innate immunity of developing threespine 
stickleback is affected by exposure to crude oil, and 
to determine whether the effects of crude oil in devel-
oping	 stickleback	 fish	 can	 be	 reversed	 by	 depuration.

4.1 Mortality

 Oil exposure did not increase mortality in lar-
val/juvenile threespine stickleback. In this experiment, 
the	 oil	was	 added	 to	 flasks	 at	 seven	 dpf,	 just	 prior	 to	
hatching,	which	allowed	fish	to	develop	longer	in	their	
chorions before oil exposure, likely giving them an ad-
vantage in surviving. These results are similar to polar 
cod	 where	 mortality	 is	 not	 increased	 in	 fish	 exposed	
prior	 to	 hatching,	 but	 different	 than	 southern	 flounder	
where mortality is increased (Brown-Peterson et al., 
2017, 2015; Benjamin J. Laurel et al., 2019). Howev-
er,	juvenile	southern	flounder	and	Liza	ramada	exposed	
to oil post-hatch do not have increased mortality (Bay-
ha et al., 2017; Milinkovitch et al., 2011). In Japanese 
flounder	 post-hatch	 increases	 in	 mortality	 only	 occur	
at higher concentrations of crude oil at 0.3 g/L (Song 
et al., 2011), well above the exposure concentration in 
this study. Adult stickleback are also quite resilient to 
crude oil exposure, with a median tolerance of 6.89 mg/
liter (Moles et al., 1979), so it could be that develop-

ing stickleback are also fairly resilient to oil exposure. 
 While oil may not cause any increases in mor-
tality ex-situ, oil exposure could increase mortality 
in-situ. Oil induced decreases in snout-vent length and 
eye diameter could impair visual acuity and swim per-
formance, which can impact prey availability and pre-
dation (Benjamin J Laurel et al., 2019). There is also 
a trend of downregulation of innate immune genes, 
IL-1ß	and	TNF-α,	which	may	make	fish	more	suscep-
tible to pathogens, thus increasing mortality in the wild. 

4.2 Somatic Development

 Snout-vent length and eye diameter are both sig-
nificantly	 decreased	 in	 developing	 threespine	 stickle-
back exposed to crude oil. In Sheepshead Minnow, there 
were	significant	differences	in	length	and	weight	when	
exposed	to	PAHs	at	as	low	as	50	mg	∑PAH/kg	dry	sed-
iment (Raimondo et al., 2016). In pink salmon, weight 
was	lower	in	oil	exposed	fish	at	doses	greater	than	18	ppb	
before entering the marine environment, but there was no 
difference	in	size	or	weight	when	fish	returned	to	their	
natal streams (Heintz et al., 2000). Crude oil exposure 
also	decreases	total	length	in	Pacific	herring	(Carls	et	al.,	
2000). Eye diameter is also reduced by oil exposure in 
polar cod (Benjamin J Laurel et al., 2019). Eye defects 
are	also	observed	in	bluefin	tuna,	yellowfin	tuna,	amber-
jack, Atlantic haddock, and more (Incardona et al., 2014, 
2004; Meador and Nahrgang, 2019; Sørhus et al., 2016).
 Threespine stickleback size was not able to re-
cover during a two-week depuration period, suggest-
ing if stickleback can recover, like salmon, it would 
take longer than two weeks. As mentioned in 4.1, 
the reduction of snout-vent length and eye diame-
ter could impair visual acuity and swim performance, 
thus impacting prey availability and predation and ul-
timately survival (Benjamin J Laurel et al., 2019).
	 The	swim	bladder	is	required	for	fish	to	rise	in	
the water column, which is needed to capture prey and 
react to changes in the water environment. Crude oil can 
prevent	swim	bladders	from	inflating	in	zebrafish	(Incar-
dona et al., 2004; Li et al., 2019) resulting in a decrease 
in swim bladder area. In this study, threespine stickle-
back swim bladders area and length were not affected 
by	crude	oil	exposure.	Stickleback	and	zebrafish	do	have	
quite different swim bladder physiologies which may be 
a potential reason why crude oil exposure causes non-in-
flation	of	the	swim	bladder	in	zebrafish	and	not	stickle-
back.	Zebrafish	are	physostomes	(fish	with	a	pneumatic	
duct to the swim bladder) and stickleback are physoclists 
(fish	without	a	pneumatic	duct)	(Price	and	Mager,	2020;	
Thomas and Ollevier, 1992). However, it is not known 
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if threespine stickleback are transient physostomes or 
complete physoclists. Transient phystosomes are physo-
clists that during the larval stage have a pneumatic duct 
to	 the	 swim	bladder	 that	 allows	 for	 initial	 inflation	 of	
the	 swim	 bladder,	 but	 then	 atrophies	 after	 inflation.	

4.3 Immune Gene Expression

	 PAH	 exposure	 upregulates	 both	 IL-1ß	 and	
TNF-α	 transcription	 associated	 with	 inflammation	 in	
other	 fish	 species	 (Bo	 et	 al.,	 2012;	 Nakayama	 et	 al.,	
2008; Song et al., 2012a, 2011; Volz et al., 2005). How-
ever,	treatment	alone	did	not	have	a	significant	effect	on	
IL-1ß	or	TNF-α	expression.	Instead,	there	was	a	signif-
icant interaction of dpf and treatment on the expression 
of both, in which transcript levels of the genes tended 
to	be	 lower	over	 time	 in	oil-treated	fish	and	 increased	
in	the	control	fish.		This	is	opposite	to	adult	sheepshead	
minnow – where immune genes were downregulated 
after seven days of exposure to crude oil, but upregu-
lated after 14 days of exposure (Jones et al., 2017).
 Pathogen susceptibility and pathogen-induced 
mortality	is	increased	in	oil	exposed	fish	(Arkoosh	et	al.,	
2002; Bayha et al., 2017; Song et al., 2011); thus, the de-
creased	level	of	transcripts	of	both	inflammatory	genes	
over time may make threespine stickleback more suscep-
tible to pathogens, increasing their mortality in situ. IL-
1ß	encodes	for	a	cytokine	that	induces	inflammation,	fe-
ver, cell proliferation, differentiation, and pyroptotic cell 
death (Fink and Cookson, 2005; Martinon et al., 2002). 
The	activation	of	IL-1ß	can	occur	from	sterile	urban	par-
ticulate matter, not just pathogens (Hirota et al., 2012). 
TNF-α	 encodes	 for	 a	 cytokine	 that	 induces	 inflamma-
tion, cell proliferation, apoptosis, lipid metabolism, and 
coagulation (Cryns et al., 1996; Szlosarek et al., 2006).  
TNF-α	expression	 is	also	known	 to	 increase	when	ex-
posed to aryl hydrocarbons receptor ligands like PAHs 
(Korashy and El-Kadi, 2006). However, the expression 
of both genes was not changed by oil exposure alone.
	 These	genes	are	not	the	only	inflammation	mark-
ers	 that	are	 influenced	by	crude	oil.	PAH	exposure	 in-
creases macrophage activity in some species (like kill-
fish)	but	decreased	activity	 in	other	species	(like	carp)	
(Reynaud and Deschaux, 2006). Splenic melano-mac-
rophage centers also increase in number and size in sea 
trout	and	Gulf	killfish	when	exposed	to	crude	oil	(Ali	et	
al., 2014). Thus, future experiments in stickleback should 
include	other	markers	of	 inflammation	 to	determine	 if	
other	inflammatory	pathways	are	impacted	by	crude	oil	
alone. In vivo experiments of threespine stickleback 
with combination oil and pathogen challenges, should 

also be performed to determine the potential pathogenic 
susceptibility due to immunotoxic effects of crude oil.  
	 Genes	not	associated	with	inflammation	should	
also be examined to determine whether crude oil affects 
immunity in stickleback in other ways (Arkoosh et al., 
2002; Arkoosh and Collier, 2002; Bayha et al., 2017; 
Heintz et al., 2000). Primer sets for innate immune genes 
not	 associated	 with	 inflammation,	 such	 as	 the	 natural	
killer	 cell	 enhancing	 factor	 (NKEF-ß),	 are	 limited	 for	
threespine	 stickleback.	NKEF-ß	enhances	 the	 cytotox-
icity of natural killer cells and protects cells against oxi-
dative	damage	(Stutz	et	al.,	2015).	Nonspecific	cytotoxic	
cells, which are similar to natural killer cells, are reduced 
in	carp,	oyster	toadfish,	and	mummichog	by	PAH	expo-
sure (Reynaud and Deschaux, 2006). Thus, we hypothe-
size	that	NKEF-ß	could	also	be	reduced	by	PAH	exposure.	

4.4 Potential Limitations

 Fish oil toxicity studies typically expose sub-
jects to high-energy water-accommodated fractions 
(HEWAFs) of crude oil (Incardona et al., 2015, 2014; 
Sørhus et al., 2016). HEWAFs are prepared by manual 
shaking of crude oil and water in a separatory funnel 
or by using a blender and blending the water and crude 
oil. The oil in this experiment was added to water and 
shaken on a benchtop orbital shaker before addition to 
the	flasks.	There	was	visible	oil	slicking	and	attachment	
to the sides of the tubes. The oil could potentially not 
have dispersed into the water as effectively as studies 
using HEWAFs. We were not able to perform analyt-
ical	chemistry	to	confirm	the	concentration	of	oil	as	
the	volume	of	the	water	in	the	flasks	was	under	the	
standard volume needed for gas chromatography mass 
spectrometry (1L). In the future, gas chromatography 
mass	spectrometry	could	be	used	to	determine	∑PAH.

 Oil exposure in developing threespine stickle-
back has variable effects. Exposure does not impact the 
survival of developing stickleback, however exposure 
did	significantly	reduce	eye	diameter,	which	may	impact	
visual acuity and swim performance and thus survival 
in the wild. Snout-vent length was also smaller in crude 
oil exposed stickleback, similar to salmon, which have 
reduced total length when exposed to oil (Heintz et al., 
2000).	The	inflation	of	the	stickleback	swim	bladder	is	
not	 affected	 by	 oil	 exposure,	 unlike	 zebrafish	 (Incar-
dona et al., 2004; Li et al., 2019). Oil exposure alone 
also does not affect the expression of innate immune 
genes,	 IL-1ß,	 or	TNF-α.	However,	 fish	 exposed	 to	 oil	

5. Conclusions
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