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Abstract 
 

Coastal marine environments have become increasingly impacted by anthropogenic 

contamination, particularly from industrialisation, agricultural run-off and marine traffic. It 

is essential that we better understand the underlying mechanisms of toxicity that these 

pollutants pose to natural populations of marine species. Oxidative stress (OS) in 

organisms occurs when the rate of reactive oxygen species (ROS) generation exceeds the 

scavenging capacity of an organism’s antioxidant (AO) system and is an important 

unifying feature underlying the toxicity of many chemical contaminants in aquatic 

organisms. Oxidative stress is also thought to be a possible mediator of trade-offs between 

current and future reproduction. The studies included in this thesis utilized AO enzyme 

activities, levels of the molecular antioxidant glutathione, protein carbonylation, lipid 

peroxidation and levels of 8-OHdG in DNA as OS biomarkers in a range of marine 

invertebrates. The objectives were to evaluate the general effectiveness of these 

biomarkers for detecting contaminant stress and, more specifically, to assess the 

reproductive impacts of contaminant-induced OS using sea urchins as a model system. 

 

Antioxidants and oxidative damage were shown to be significantly elevated in Austrovenus 

stutchburyi (Bivalvia: Veneridae) and Micrelenchus tenebrosus (Gastropoda: Trochidae) 

from a contaminated site in Otago Harbour, New Zealand and in Laternula elliptica 

(Bivalvia: Laternulidae) and Sterechinus neumayeri (Echinoidea: Echinidae) from a 

contaminated site in McMurdo Sound, Antarctica when compared with levels in 

individuals collected from clean reference sites in both locations. Contaminants at these 

sites predominantly included heavy metals and polycyclic aromatic hydrocarbons (PAHs). 

The same trends were observed in laboratory experiments in which the New Zealand sea 

urchin Evechinus chloroticus (Echinoidea: Echinometridae) was exposed to dietary PAHs, 

specifically phenanthrene, fluoranthene, pyrene and benzo[a]pyrene, indicating that these 

chemical contaminants had the capacity to induce OS in this species. All biomarkers that 

were tested proved to be useful indicators of contamination exposure although, in general, 

oxidative damage showed the greatest sensitivity as a diagnostic measure.  

 

To explore the physiological and ecological costs of such contaminants, later experiments 

assessed correlations between OS status and core components of fitness including 
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reproductive effort, gamete quality and the carry-over potential from parent-to-offspring in 

E. chloroticus and S. neumayeri. Contaminant exposure resulted in oxidative damage in the 

reproductively mature gonad tissues of these sea urchins despite a significant upregulation 

of AO defences, however oxidative damage to eggs for both species was generally 

negligible, demonstrating that damage measured in the gonad was predominantly occurring 

in immature ova and/or somatic tissues. Sperm had negligible concentrations of the 

majority of antioxidants, and experienced greater levels of DNA damage than eggs. An 

additional key finding was that early stage offspring reflected maternal antioxidant status 

with populations derived from contaminant-experienced mothers demonstrating 

significantly higher baseline AO levels compared to those derived from contaminant-naïve 

mothers. This maternally inherited protection enhanced the capacity of embryos to 

minimise oxidative damage to lipids, proteins and DNA during early development when 

embryos were exposed to additional hydrocarbon contaminants. In contrast, when early 

embryos were exposed to UVR, a different stressor to that which parents were conditioned 

for, while the greater levels of AO afforded protection from lipid and protein damage, no 

additional protection was provided against oxidative DNA damage. In contrast, paternal 

contaminant history had limited influence on whether embryos were more or less capable 

of protecting themselves from oxidative damage in response to additional stressors. 

Interestingly, abnormal embryonic development in response to either pollutants or UVR 

was largely independent of oxidative damage, implying that an inherited resilience against 

OS may not necessarily translate to a fitness or survival gain in these species, at least in the 

early life stages.  

 

In conclusion, these OS biomarkers provide a useful tool, not only to evaluate the 

biological effects of exposure to chemical pollutants, but also to understand the mode of 

action of the toxicants. As such they are of increasing interest in biomonitoring programs 

as well as in ecotoxicological studies. Furthermore, results suggest that antioxidants are 

strong candidates for a ‘currency’ underlying resource trade-offs in sea urchins with 

reduced fecundity acting as at least one apparent cost.  



Acknowledgments 
 

 

!iv!

Acknowledgments 
 

They say a PhD can break you and turn you into someone else. While I’m sure that’s not 

always the case, it’s a true enough description of my own experience. This thesis has been 

loved, hated and, at times, bullied into being but I am a stronger and richer person for 

having written it. Perhaps surprisingly, I am as grateful for the difficult times as I am for 

the good times, because through them I learnt the most, and learning is, after all, what I set 

out to do here. So many people have contributed to this research and I am so grateful for 

all the help and support I received.  

 

I would like to thank my primary supervisor Dr. David Burritt for being supportive of my 

good ideas and gently dissuasive of my not-so-good ones, for the hours of time and 

intellectual energy you invested in me, for your invaluable guidance and assistance, and for 

teaching me that a PhD is so much more than just some clever (?) thoughts wrestled down 

onto paper. Thanks also to my co-supervisor Dr. Miles Lamare for logistical support and 

constructive feedback on the thesis. 

 

Thanks are also due to: 

 

The staff of the Botany and Marine Science Departments for being so welcoming and 

helpful, with particular thanks to Stewart Bell, Hadley O’Sullivan, Trish Fleming, Mary 

Anne Miller, Rebecca McDonald, Paul Meredith and Reuban Pooley.  

 

The network of supportive friends who have been or are going through the same journey 

and understand - you know who you are - thanks for all the scientific and non-scientific 

discussions, company in the lab or field and for your friendship. Thanks also to my friends 

outside of work for laughter and good times and a focus away from the PhD.  

 

The team members of K-068 and K-067 (2012) for help with Antarctic field work, with 

special thanks to Kane, Esther and Collette for the hours you spent helping me in the lab 

with really cold hands.   

 



Acknowledgments 
 

 

! v!

My family for their unwavering love and support, and Mum, Marie, Stina and Rach in 

particular for proofreading the final draft.  

 

Most importantly, and for more reasons than I can list, I would like to thank my partner 

and best friend, Derek, for loving and supporting me, for laughter and friendship, for 

always being my rock during the ups and downs of the past few years, and not least of all 

for the gruelling hours you spent proofreading, helping me with graphing and knocking 

figures and maps into shape. 

 

This work was supported financially by the University of Otago (PhD Scholarship), the 

New Zealand Federation of Graduate Women (Brenda Shore Award) and Antarctica New 

Zealand in combination with Kelly Tarlton’s (Antarctic field scholarship).  



Table of contents 
 

!vi!

Table of Contents!

!"#$%&'$ ((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( ))!
!'*+,-./012/+$# (((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( )3!
4)#$5,657)18%/#((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( )9!
4)#$5,65:&"./#(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((9)3!
;<&=$/%5>(! ?/+/%&.5@+$%,08'$),+ ((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( >!
>(>(5A&%)+/5=,..8$),+(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( B!
"#"#"#!$%&&'()%*!+*,!)(-!)./+0(!%*!.+1)*2!)*321(241+(2- ###################################################################5!
"#"#5#!$%&6060&)0!+1%.+()0!76,1%0+14%*-##################################################################################################8!
"#"#8#!9)%.+1:21-!)*!.+1)*2!)*321(241+(2- #############################################################################################;!

>(B(5C9)0&$)3/5#$%/## ((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( D!
"#5#"#!<=6>2*!(%=)0)(6 ########################################################################################################################################;!
"#5#5#!?2&&!,+.+>2 ###############################################################################################################################################@!
"#5#8#!A*()%=),+*(!,2B2*02 ########################################################################################################################### ""!

>(E(5C9)0&$)3/5#$%/##5&+05.)6/F<)#$,%G5$%&0/F,66#((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((>H!
"#8#"#!<=),+()32!-(12--!20%&%>6!+*,!&)B2C7)-(%16!(1+,2C%BB-############################################################# "D!
"#8#5#!E2/1%,'0()%*######################################################################################################################################### ";!

>(I(5J/G5*+,-./01/51&=#(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((>K!
"#F#"#!G07)*%,21.-########################################################################################################################################## "H!
"#F#5#!?+116C%321 ############################################################################################################################################## "H!
"#F#8#!I*(21+0()32!-(12--%1- ########################################################################################################################## 5J!
"#F#F#!A*(+10()0!321-'-!(2./21+(2############################################################################################################# 5J!

>(H(5:</#)#5&)2#5&+05,"L/'$)3/# ((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((BB!
;<&=$/%5B(! C9)0&$)3/5#$%/##5"),2&%*/%#5)+5$/2=/%&$/5&+05!+$&%'$)'5"/+$<)'5
2&%)+/5,%1&+)#2#56%,25',+$&2)+&$/05#)$/#(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((BE!
B(>(5@+$%,08'$),+((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((BI!
B(B(5A&$/%)&.#5&+052/$<,0#((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((BM!
5#5#"#!K+./&)*>!-)(2-!+*,!+*).+&!0%&&20()%*-######################################################################################## 5H!
5#5#5#!$AL!2=(1+0()%*-#################################################################################################################################### 8J!
5#5#8#!9)%072.)0+&!+--+6- ############################################################################################################################# 8"!
5#5#F#!K(+()-()0+&!+*+&6-2-############################################################################################################################## 8D!

B(E(5N/#8.$#(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((EH!
5#8#"#!A4'*,+*02!+*,!4)%.+--################################################################################################################### 8D!
5#8#5#!$AL!+00'.'&+()%*############################################################################################################################### 8@!
5#8#8#!A*()%=),+*(!,2B2*02 ########################################################################################################################### FJ!
5#8#F#!<=),+()32!,+.+>2################################################################################################################################ DJ!

B(I(5O)#'8##),+((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((HE!
B(H(5;,+'.8#),+# (((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((HP!

;<&=$/%5E(! O)/$&%G5=,..8$&+$#5)+08'/5,9)0&$)3/5#$%/##Q5&.$/%)+15%/=%,08'$)3/5
,8$=8$5&+052&$/%+&.5&+$),9)0&+$5.,&0)+15)+5$</5$/2=/%&$/5#/&58%'<)+5!"#$%&'()*
$%+,-,.&$()/5 HM!
E(>(5@+$%,08'$),+((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((DR!
E(B(5A&$/%)&.#5&+052/$<,0#((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((DE!
8#5#"#!K+./&)*>!-)(2-!+*,!+*).+&!0%&&20()%*-######################################################################################## ;8!
8#5#5#!G=/21).2*(+&!,2-)>* ########################################################################################################################## ;F!
8#5#8#!K/+M*)*>!+*,!2>>!0'&('12################################################################################################################ ;F!
8#5#F#!G.416%!0'&('12!+*,!B21()&)-+()%*!-'002--################################################################################## ;D!
8#5#D#!A4*%1.+&!,232&%/.2*(#################################################################################################################### ;;!



Table of contents 
 

! vii!

8#5#;#!<=),+()32!,+.+>2!+*,!+*()%=),+*(!,2B2*02############################################################################# ;;!
8#5#N#!$AL!2=(1+0()%*- ################################################################################################################################### ;;!
8#5#@#!9)%072.)0+&!+*+&6-2-######################################################################################################################### ;;!
8#5#H#!K(+()-()0+&!+*+&6-2-############################################################################################################################## ;;!

E(E(5N/#8.$# (((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( DP!
8#8#"#!$AL!+00'.'&+()%*############################################################################################################################### ;N!
8#8#5#!O%*+,!+*,!2>>!+*()%=),+*(!,2B2*02 ############################################################################################ ;N!
8#8#8#!O%*+,!+*,!>+.2(2!%=),+()32!,+.+>2######################################################################################### N"!
8#8#F#!P20'*,)(6Q!2>>!-)R2!+*,!B21()&)-+()%*!-'002--########################################################################### N5!
8#8#D#!G.416%*)0!+*()%=),+*(!,2B2*02#################################################################################################### N8!
8#8#;#!G.416%*)0!%=),+()32!,+.+>2!+*,!+4*%1.+&!,232&%/.2*(############################################## ND!

E(I(5O)#'8##),+ ((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( PP!
E(H(5;,+'.8#),+#((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( KB!

;<&=$/%5I(! A)$)1&$),+5,65=,..8$&+$F)+08'/05,9)0&$)3/50&2&1/5)#5/+<&+'/05)+5
/2"%G,#5,65$</5$/2=/%&$/5#/&58%'<)+5!"#$%&'()*$%+,-,.&$()*3)&52&$/%+&.5
&+$),9)0&+$5=%,3)#),+)+1(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((KE!
I(>(5@+$%,08'$),+ ((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( KI!
I(B(5A&$/%)&.#5&+052/$<,0# ((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( KK!
F#5#"#!K+./&)*>!-)(2-!+*,!+*).+&!0%&&20()%*- ####################################################################################### @@!
F#5#5#!G=/21).2*(+&!,2-)>* ########################################################################################################################## @@!
F#5#8#!K/+M*)*>!+*,!2.416%!0'&('12 ###################################################################################################### @H!
F#5#F#!P21()&)-+()%*!-'002--########################################################################################################################### @H!
F#5#D#!$AL!G=/%-'12!G=/21).2*( ############################################################################################################# HJ!
F#5#;#!$AL!2=(1+0()%*- ################################################################################################################################### H"!
F#5#N#!9)%072.)0+&!+*+&6-2-######################################################################################################################### H"!
F#5#@#!K(+()-()0+&!+*+&6-2-############################################################################################################################## H5!

I(E(5N/#8.$# (((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( ME!
F#8#"#!$AL!+00'.'&+()%*############################################################################################################################### H8!
F#8#5#!O%*+,!+*,!>+.2(2!+*()%=),+*(!,2B2*02 #################################################################################### HF!
F#8#8#!O%*+,!+*,!>+.2(2!%=),+()32!,+.+>2#######################################################################################"JJ!
F#8#F#!P21()&)-+()%*!-'002--#########################################################################################################################"J8!
F#8#D#!G.416%*)0!+*()%=),+*(!,2B2*02##################################################################################################"JF!
F#8#;#!G.416%*)0!%=),+()32!,+.+>2 ######################################################################################################"JN!
F#8#N#!A4*%1.+&!,232&%/.2*(##################################################################################################################"JN!

I(I(5O)#'8##),+ (((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((>>R!
I(H(5;,+'.8#),+#(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((>>D!

;<&=$/%5H(! S,..8$&+$5%/#).)/+'/5)+5/2"%G,#5,65$</5!+$&%'$)'5#/&58%'<)+5
0.#-#$%&'()*'#(123#-&5%/6./'$#52&$/%+&.5&+$),9)0&+$5#$&$8#( ((((((((((((((((((((((((((((((( >>K!
H(>(5@+$%,08'$),+ (((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((>>M!
H(B(5A&$/%)&.#5&+052/$<,0# (((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((>BE!
D#5#"#!K+./&)*>!-)(2-!+*,!+*).+&!0%&&20()%*- #####################################################################################"58!
D#5#5#!K/+M*)*>!+*,!2.416%!0'&('12 ####################################################################################################"58!
D#5#8#!P21()&)-+()%*!-'002--#########################################################################################################################"58!
D#5#F#!AS@!P'2&!G=/%-'12!G=/21).2*(##################################################################################################"5F!
D#5#D#!A4*%1.+&!,232&%/.2*(##################################################################################################################"5D!
D#5#;#!<=),+()32!,+.+>2!+*,!+*()%=),+*(!,2B2*02###########################################################################"5;!
D#5#N#!9)%072.)0+&!+*+&6-2-#######################################################################################################################"5;!
D#5#@#!K(+()-()0+&!+*+&6-2-############################################################################################################################"5;!

H(E(5N/#8.$# ((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((>BD!
D#8#"#!P21()&)R+()%*!-'002--#########################################################################################################################"5;!
D#8#5#!A*()%=),+*(!,2B2*02 #########################################################################################################################"5N!
D#8#8#!<=),+()32!,+.+>2##############################################################################################################################"8F!



Table of contents 
 

!viii!

D#8#F#!A4*%1.+&!,232&%/.2*(################################################################################################################# "8D!
H(I(5O)#'8##),+((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( >EP!
H(H(5;,+'.8#),+# (((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( >IE!

;<&=$/%5D(! A&$/%+&.5&+$),9)0&+$#5=%,3)0/5=%,$/'$),+56%,25,9)0&$)3/50&2&1/5
$,5.)=)0#5&+05=%,$/)+#5"8$5+,$5OT!5)+5%/#=,+#/5$,5UV5%&0)&$),+5)+5/2"%G,#5,65
$</5!+$&%'$)'5#/&58%'<)+50.#-#$%&'()*'#(123#-&/ ((((((((((((((((((((((((((((((((((((((((((((((((((((((( >II!
D(>(5@+$%,08'$),+((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( >IH!
D(B(5A&$/%)&.#5&+052/$<,0#((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( >IK!
;#5#"#!K+./&)*>!-)(2-!+*,!+*).+&!0%&&20()%*-##################################################################################### "F@!
;#5#5#!K/+M*)*>!+*,!2.416%!0'&('12#################################################################################################### "F@!
;#5#8#!P21()&)-+()%*!-'002-- ######################################################################################################################## "FH!
;#5#F#!TUE!G=/%-'12!G=/21).2*(########################################################################################################### "FH!
;#5#D#!A4*%1.+&!,232&%/.2*(################################################################################################################# "DJ!
;#5#;#!V2(20()%*!%B!)*(1+02&&'&+1!12+0()32!%=6>2*!-/20)2-!WE<KX############################################### "DJ!
;#5#N#!9)%072.)0+&!+*+&6-2-###################################################################################################################### "D"!
;#5#@#!K(+()-()0+&!+*+&6-2-########################################################################################################################### "D"!

D(E(5N/#8.$#(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( >H>!
;#8#"#!P21()&)R+()%*!-'002--######################################################################################################################## "D"!
;#8#5#!O%*+,##################################################################################################################################################### "D5!
;#8#8#!P%1.+()%*!%B!)*(1+02&&'&+1!E<K################################################################################################### "DN!
;#8#F#!A*()%=),+*(!,2B2*02 ######################################################################################################################## "D@!
;#8#D#!<=),+()32!,+.+>2############################################################################################################################# ";8!
;#8#;#!A4*%1.+&)(6######################################################################################################################################## ";8!

D(I(5O)#'8##),+((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( >DD!
D(H(5;,+'.8#),+# (((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( >PB!

;<&=$/%5P(! ?/+/%&.5O)#'8##),+ (((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( >PH!
P(>(5W822&%G5,656)+0)+1# ((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( >PD!
N#"#"#!<4Y20()32!"#!V%!<K!4)%.+1:21-!/1%3),2!+*!2BB20()32!(%%&!B%1!+--2--)*>!0%*(+.)*+*(!
)./+0(-!)*!.+1)*2!)*321(241+(2-Z########################################################################################################## "NN!
N#"#5#!<4Y20()32!5#!V%2-!2=/21).2*(+&!)*,'0()%*!%B!<K!&2+,!(%!*2>+()32!0%*-2['2*02-!B%1!
12/1%,'0()32!/+1+.2(21-!)*!-2+!'107)*-Z ########################################################################################## "N@!

P(B(578$8%/50)%/'$),+#(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( >K>!
N/6/%/+'/#((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( >KE!
!



List of figures 
 

! ix!

List of Figures 
Figure 1-1. Balance between the production and elimination of reactive oxygen species 

(ROS) and their potential biological effects. Modified from Isaksson et al. (2011) and 
Lushchak (2011). ...................................................................................................3!

Figure 1-2. Main cellular antioxidant defences and formation of oxidised lipid products. 
Modified from Regoli et al. (2011b)....................................................................10!

Figure 1-3. Theoretical divisions in resource allocation driven by oxidative stress using the 
life cycle of a broadcast spawning sea urchin as an example. Modified from Isaksson 
et al. (2011). .........................................................................................................17!

Figure 2-1. Sampling sites, Otago, New Zealand: Papanui Inlet and Portobello Drain.26!

Figure 2-2. Sampling sites, Ross Island, Antarctica: Cape Evans, RO Water Intake Jetty 
and Historic Dump. ..............................................................................................27!

Figure 2-3. Abundance ± SE (individuals per m2) (N = 3), weight ± SE (g or mg) (N = 30) 
and shell length ± SE (mm) (N = 30) of Austrovenus stutchburyi and Micrelenchus 
tenebrosus collected from Papanui Inlet and Portobello Drain, Otago Harbour, New 
Zealand. ...............................................................................................................36!

Figure 2-4. Mean shell length ± SE (mm) of Laternula elliptica (N = 4) and mean test 
diameter (mm) ± SE of male and female Sterechinus neumayeri (N = 5) collected 
from Cape Evans, McMurdo Jetty and the Historic Dump, Antarctica...............37!

Figure 2-5. Mean ± SE activities of superoxide dismutase (SOD), catalase (CAT), 
glutathione reductase (GR) and glutathione peroxidase (GPx) in whole body tissues of 
Austrovenus stutchburyi  (N = 8 pooled samples of 5 individuals) and Micrelenchus 
tenebrosus (N = 8 pooled samples of 50 individuals) collected from Papanui Inlet and 
Portobello Drain, Otago Harbour, New Zealand. ................................................41!

Figure 2-6. Mean ± SE activities of glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), 
glutathione-S-transferase (GST), total glutathione (GSH + GSSG) and reduced 
glutathione (GSH) in whole body tissues of Austroveus stutchburyi  (N = 8 pooled 
samples of 5 individuals) and Micrelencus tenebrosus (N = 8 pooled samples of 50 
individuals) collected from Papanui Inlet and Portobello Drain, Otago Harbour, New 
Zealand. ...............................................................................................................42!

Figure 2-7. Mean ± SE activities of superoxide dismutase (SOD), catalase (CAT), 
glutathione reductase (GR) and glutathione peroxidase (GPx) in gonad tissue of male 
and female Sterechinus neumayeri and gonad and muscle tissue of Laternula elliptica 
(N = 3) collected from Cape Evans, McMurdo Jetty and the Historic Dump, 
Antarctica. ............................................................................................................46!

Figure 2-8. Mean ± SE activities of glyoxalase-I (Glx-I), glyoxalase-II (Glx-II) and 
glutathione-S-transferase (GST) in gonad tissue of male and female Sterechinus 
neumayeri and gonad and muscle tissue of Laternula elliptica (N = 3) collected from 
Cape Evans, McMurdo Jetty and the Historic Dump, Antarctica. ......................47!



List of figures 
 

!x!

Figure 2-9. Mean ± SE activities of total glutathione (GSH + GSSG) and reduced 
glutathione (GSH) in gonad tissue of male and female Sterechinus neumayeri and 
gonad and muscle tissue of Laternula elliptica (N = 3) collected from Cape Evans, 
McMurdo Jetty and the Historic Dump, Antarctica. ..........................................48!

Figure 2-10. Mean ± SE protein carbonyl and lipid hydroperoxide concentrations in whole 
body tissues of Austrovenus stutchburyi  (N = 8 pooled samples of 5 individuals) and 
Micrelenchus tenebrosus (N = 8 pooled samples of 50 individuals) collected from 
Papanui Inlet and Portobello Drain, Otago Harbour, New Zealand. ...................51!

Figure 2-11. Mean ± SE protein carbonyl and lipid hydroperoxide concentrations in male 
and female Sterechinus neumayeri and gonad and muscle tissue of Laternula elliptica 
(N = 3) collected from Cape Evans, McMurdo Jetty and the Historic Dump, 
Antarctica. ...........................................................................................................52!

Figure 3-1 Mean ± SE activities of superoxide dismutase (SOD), catalase (CAT), 
glutathione reductase (GR), glutathione peroxidase (GPx), glutathione-S-transferase 
(GST), total glutathione (GSH + GSSG) and reduced glutathione (GSH) in gonad 
tissue from female Evechinus chloroticus fed PAH-contaminated versus control Ulva 
pertusa. N = 4. .....................................................................................................68!

Figure 3-2 Mean ± SE activities of superoxide dismutase (SOD), catalase (CAT), 
glutathione reductase (GR), glutathione peroxidase (GPx), glutathione-S-transferase 
(GST), total glutathione (GSH + GSSG) and reduced glutathione (GSH) in Evechinus 
chloroticus eggs derived from mothers fed PAH-contaminated versus control Ulva 
pertusa. N = 12 pooled samples of ~50,000 eggs per sample. ............................69!

Figure 3-3 Mean ± SE protein carbonyl and lipid hydroperoxide levels in gonad tissue and 
isolated eggs from female Evechinus chloroticus fed PAH-contaminated versus 
control Ulva pertusa. Gonad tissue: N = 4, Eggs: N = 12 pooled samples of ~50,000 
eggs per sample....................................................................................................71!

Figure 3-4. Mean ± SE fecundity (N = 4) and egg diameter (N = 4 pooled means of 10 eggs 
per count) in egg populations derived from female Evechinus chloroticus fed PAH-
contaminated versus control Ulva pertusa. .........................................................72!

Figure 3-5 Mean ± SE percentage fertilisation success at three sperm-to-egg ratios (40, 400 
and 4000:1) in egg populations derived from female Evechinus chloroticus fed PAH-
contaminated versus control Ulva pertusa. N = 4 (pooled means of 50 eggs per count). 
.............................................................................................................................73!

Figure 3-6. Mean ± SE activities of superoxide dismutase (SOD), catalase (CAT), 
glutathione reductase (GR), glutathione peroxidase (GPx), glutathione-S-transferase 
(GST), total glutathione (GSH + GSSG) and reduced glutathione (GSH) in Evechinus 
chloroticus embryos derived from mothers fed PAH-contaminated versus control 
Ulva pertusa. N = 12 pooled samples of ~50,000 embryos per sample. .............74!

Figure 3-7. Mean ± SE protein carbonyl and lipid hydroperoxide levels and percentage 
abnormal development in Evechinus chloroticus embryos derived from mothers fed 
PAH-contaminated versus control Ulva pertusa at 24 and 48hrs post-fertilisation. N = 
12 pooled samples of ~50,000 embryos per sample. ..........................................76!



List of figures 
 

! xi!

Figure 4-1 Mean ± SE activities of superoxide dismutase (SOD), catalase (CAT), 
glutathione reductase (GR), glutathione peroxidase (GPx), glyoxalase-I (Glx-I), 
glyoxalase-II (Glx-II), glutathione-S-transferase (GST), total glutathione (GSH + 
GSSG) and reduced glutathione (GSH) in gonad tissue from male and female 
Evechinus chloroticus fed PAH-contaminated versus control Ulva pertusa. N = 4. 
..............................................................................................................................95!

Figure 4-2 Mean ± SE activities of superoxide dismutase (SOD), catalase (CAT), 
glutathione reductase (GR) and glutathione peroxidase (GPx) in the gametes of male 
and female Evechinus chloroticus fed PAH-contaminated versus control Ulva 
pertusa. N = 3. .....................................................................................................96!

Figure 4-3. Mean ± SE activities of glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), 
glutathione-S-transferase (GST), total glutathione (GSH + GSSG) and reduced 
glutathione (GSH) in the gametes of male and female Evechinus chloroticus fed 
PAH-contaminated versus control Ulva pertusa. N = 3. ....................................97!

Figure 4-4 Mean ± SE protein carbonyl and lipid hydroperoxide levels in gonad tissue 
from male and female Evechinus chloroticus fed PAH-contaminated versus control 
Ulva pertusa. N = 4............................................................................................101!

Figure 4-5. Mean ± SE protein carbonyl, lipid hydroperoxide and 8-
hydroxydeoxyguanosine levels in the gametes of male and female Evechinus 
chloroticus fed PAH-contaminated versus control Ulva pertusa. N = 3. .........102!

Figure 4-6. Mean ± SE percentage of eggs fertilised in Evechinus chloroticus egg 
populations derived from contaminant-naïve versus –experienced parents. N = grand 
mean of 3 counts (50-80 eggs per count)...........................................................104!

Figure 4-7. Mean ± SE activities of superoxide dismutase (SOD), catalase (CAT), 
glutathione reductase (GR), glutathione peroxidase (GPx), glyoxalase-I (Glx-I), 
glyoxalase-II (Glx-II), glutathione-S-transferase (GST), total glutathione and 
percentage reduced glutathione (GSH) in 3-day old Evechinus chloroticus embryos 
exposed to 0, 540 and 1080 ng/L PAH mixture. Embryos were derived from 
contaminant-naïve versus –experienced parents. N = 3. ...................................105!

Figure 4-8. Mean ± SE protein carbonyl, lipid hydroperoxide and 8-
hydroxydeoxyguanosine levels in 3-day old Evechinus chloroticus embryos exposed 
to 0, 540 and 1080 ng/L PAH mixture. Embryos were derived from contaminant-
naïve versus contaminant-experienced parents. N = 3. .....................................108!

Figure 4-9. Mean ± SE percentage abnormality in 24, 48 and 72hr-old Evechinus 
chloroticus embryos exposed to 0, 540 and 1080 ng/L PAH mixture. Embryos were 
derived from contaminant-naïve versus –experienced parents. N = grand mean of 3 
counts (40-60 embryos per count). ...................................................................109!

Figure 5-1. Mean ± SE percentage fertilisation success in Sterechinus neumayeri embryo 
populations derived from contaminant-naïve versus –experienced parents. N = 6.127!

Figure 5-2. Mean ± SE activities of glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), 
glutathione-S-transferase (GST), total glutathione and percentage reduced glutathione 
(GSH) in female and male gametes of Sterechinus neumayeri from a moderately 



List of figures 
 

!xii!

contaminated site (McMurdo Jetty, Winter Quarters Bay) and a relatively pristine site 
(Cape Evans). N = 3. .........................................................................................128!

Figure 5-3. Mean ± SE activities of glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), 
glutathione-S-transferase (GST), total glutathione and percentage reduced glutathione 
(GSH) in female and male gametes of Sterechinus neumayeri from a moderately 
contaminated site (McMurdo Jetty, Winter Quarters Bay) and a relatively pristine site 
(Cape Evans). N = 3. .........................................................................................129!

Figure 5-4. Mean ± SE activities of superoxide dismutase (SOD), catalase (CAT), 
glutathione reductase (GR), glutathione peroxidase (GPx), glyoxalase-I (Glx-I), 
glyoxalase-II (Glx-II), glutathione-S-transferase (GST), total glutathione and 
percentage reduced glutathione (GSH) in Sterechinus neumayeri embryos exposed to 
0, 100, 300 and 900ppm AN8 fuel. Embryos were derived from contaminant-naïve 
versus –experienced parents. N = 3. ..................................................................132!

Figure 5-5. Mean ± SE lipid hydroperoxides and protein carbonyl concentrations in female 
and male gametes of Sterechinus neumayeri from a moderately contaminated site 
(McMurdo Jetty, Winter Quarters Bay) and a relatively pristine site (Cape Evans). N 
= 3. .....................................................................................................................134!

Figure 5-6. Mean ± SE lipid hydroperoxides concentrations, protein carbonyl 
concentrations and percentage abnormal development in Sterechinus neumayeri 
embryos exposed to 0, 100, 300 and 900ppm AN8 fuel. Embryos were derived from 
contaminant-naïve versus –experienced parents. N = 3.....................................136!

Figure 6-1. Mean ± SE percentage fertilisation success in Sterechinus neumayeri embryo 
populations derived from contaminant-naïve versus –experienced parents. N = 6.152!

Figure 6-2. Mean ± SE activities of superoxide dismutase (SOD), catalase (CAT), 
glutathione reductase (GR), glutathione peroxidase (GPx), glyoxalase-I (Glx-I), 
glyoxalase-II (Glx-II), glutathione-S-transferase (GST), total glutathione (GSH + 
GSSG) and reduced glutathione (GSH) in female and male Sterechinus neumayeri 
gonad tissue from a moderately contaminated site (McMurdo Jetty, Winter Quarters 
Bay) and a relatively pristine site (Cape Evans). N = 3. ...................................153!

Figure 6-3. Mean ± SE (A) protein carbonyl, (B) lipid hydroperoxide and (C) 8-hydroxy 
deoxyguanosine levels in female and male Sterechinus neumayeri gonad tissue from a 
moderately contaminated site (McMurdo Jetty, Winter Quarters Bay) and a relatively 
pristine site (Cape Evans). N = 3. .....................................................................156!

Figure 6-4. Intracellular formation of reactive oxygen species (ROS), detected by changes 
in diclorofluorescene (DCF) fluorescence, in 2 and five day old Sterechinus 
neumayeri embryos exposed to 0, 37.3 and 74.5 kJ m-2 UVR. Embryos were derived 
from different combinations of contaminant-naïve versus contaminant-experienced 
parents. Vis = visible light, Flu = fluorescent light. Scale bars = 200µm. ........157!

Figure 6-5. Mean ± SE activities of superoxide dismutase (SOD), catalase (CAT), 
glutathione reductase (GR), glutathione peroxidase (GPx), glyoxalase-I (Glx-I), 
glyoxalase-II (Glx-II), glutathione-S-transferase (GST), total glutathione and 
percentage reduced glutathione (GSH) in two day old Sterechinus neumayeri embryos 



List of figures 
 

! xiii!

exposed to 0, 37.3 and 74.5 kJ m-2 UVR. Embryos were derived from contaminant-
naïve versus –experienced parents. N = 3. .........................................................159!

Figure 6-6. Mean ± SE activities of superoxide dismutase (SOD), catalase (CAT), 
glutathione reductase (GR), glutathione peroxidase (GPx), glyoxalase-I (Glx-I), 
glyoxalase-II (Glx-II), glutathione-S-transferase (GST), total glutathione and 
percentage reduced glutathione (GSH) in five day old Sterechinus neumayeri embryos 
exposed to 0, 37.3 and 74.5 kJ m-2 UVR. Embryos were derived from contaminant-
naïve versus –experienced parents. N = 3. ........................................................160!

Figure 6-7. Mean ± SE protein carbonyl, lipid hydroperoxide, 8-hydroxydeoxyguanosine 
levels and percentage abnormal development in two and five day old Sterechinus 
neumayeri embryos exposed to 0, 37.3 and 74.5 kJ m-2 UVR. Embryos were derived 
from contaminant-naïve versus –experienced parents. N = 3. ..........................164!



List of tables 
 

!xiv!

List of Tables 
Table 1-1. The 16 priority PAH pollutants defined by the EPA. Descriptions of defining 

properties include diagrams of their molecular structure, number of rings, molecular 
weight (g/mole) and solubility in water (mg/L). ...................................................5!

Table 1-2.  Dominant reactive oxygen species (ROS) in biological systems, together with a 
summary of defining properties including half-life and the macromolecules they react 
with. .......................................................................................................................7!

Table 1-3. Examples of key oxidative stress biomarkers employed in biological systems, 
including measures of oxidative damage and enzymatic antioxidant defence. .....8!

Table 2-1. ANOVA on Austrovenus stutchburyi and Micrelenchus tenebrosus abundance, 
weight and length, Laternula elliptica shell length and Sterechinus neumayeri test 
diameter. .............................................................................................................38!

Table 2-2. Mean concentrations in ng per g-1 DW  ± SE of the 16 priority PAHs (!16PAH) 
in Austrovenus stutchburyi  (N = 4 pooled samples of 5 individuals) and Micrelenchus 
tenebrosus (N = 4 pooled samples of 50 individuals) collected from Papanui Inlet and 
Portobello Drain, Otago Harbour, New Zealand. ...............................................39!

Table 2-3. Mean concentrations ng per g-1 DW ± SE of the 16 priority PAHs (!16PAH) in 
(A) male and female Sterechinus neumayeri and (B) Laternula elliptica gonad and 
muscle tissue (N = 3) collected from Cape Evans, McMurdo Jetty and the Historic 
Dump, Antarctica.................................................................................................40!

Table 2-4. ANOVA on concentrations of enzymatic defence markers superoxide dismutase 
(SOD), catalase (CAT), glutathione reductase (GR), glutathione peroxidase (GPx), 
glutathione-S-transferase (GST), glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total 
glutathione and percentage reduced glutathione in whole body tissues of Austrovenus 
stutchburyi from a contaminated and a clean site in Otago Harbour, New Zealand. 
.............................................................................................................................43!

Table 2-5. ANOVA on concentrations of enzymatic defence markers superoxide dismutase 
(SOD), catalase (CAT), glutathione reductase (GR), glutathione peroxidase (GPx), 
glutathione-S-transferase (GST), glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total 
glutathione and percentage reduced glutathione in whole body tissues of 
Micrelenchus tenebrosus from a contaminated and a clean site in Otago Harbour, 
New Zealand. ......................................................................................................44!

Table 2-6. ANOVA on concentrations of enzymatic defence markers superoxide dismutase 
(SOD), catalase (CAT), glutathione reductase (GR), glutathione peroxidase (GPx), 
glutathione-S-transferase (GST), glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total 
glutathione and percentage reduced glutathione in gonad and muscle tissues of 
Laternula elliptica from two contaminated and one clean site, Antarctica. ........49!

Table 2-7. ANOVA on concentrations of enzymatic defence markers superoxide dismutase 
(SOD), catalase (CAT), glutathione reductase (GR), glutathione peroxidase (GPx), 
glutathione-S-transferase (GST), glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total 
glutathione and percentage reduced glutathione in gonad tissue of male and female 
Sterechinus neumayeri from two contaminated and one clean site, Antarctica. .50!



List of tables 
 

! xv!

Table 2-8. ANOVA on oxidative damage markers (protein carbonyls and lipid 
hydroperoxides) in Austrovenus stutchburyi, Micrelenchus tenebrosus, Laternula 
elliptica and Sterechinus neumayeri from contaminated and clean reference sites in 
Otago Harbour, New Zealand and Antarctica. ....................................................53!

Table 3-1 Mean concentrations ± SE of total PAHs in U. pertusa (N = 9) and female E. 
chloroticus (N = 4). ..............................................................................................67!

Table 3-2. ANOVA on concentrations of enzymatic defence markers superoxide dismutase 
(SOD), catalase (CAT), glutathione reductase (GR), glutathione peroxidase (GPx), 
glutathione-S-transferase (GST), total glutathione and percentage reduced glutathione 
in PAH-fed and control female Evechinus chloroticus gonad tissue (A) and eggs (B)..
..............................................................................................................................70!

Table 3-3 ANOVA on oxidative damage markers (protein carbonyls and lipid 
hydroperoxides) in PAH-fed and control Evechinus chloroticus female gonad tissue 
(A) and egg samples (B). . ...................................................................................72!

Table 3-4 ANOVA on concentrations of enzymatic defence markers superoxide dismutase 
(SOD), catalase (CAT), glutathione reductase (GR), glutathione peroxidase (GPx), 
glutathione-S-transferase (GST), total glutathione and percentage reduced glutathione 
in embryos (24 and 48 hrs post-fertilisation) derived from PAH-fed and control 
Evechinus chloroticus mothers. . .........................................................................75!

Table 3-5 ANOVA on oxidative damage markers (protein carbonyls and lipid 
hydroperoxides) and abnormal development in embryos (24 and 48 hrs post-
fertilisation) derived from PAH-fed and control Evechinus chloroticus mothers. 77!

Table 4-1 Mean concentrations ± SE of total PAHs (ng/g DW) in E. chloroticus gonad 
tissue (female and male) and eggs followed by the percentage composition of 
individual PAHs. Gonad tissue: N = 4. Eggs: N = 3 pooled samples of ~50,000 eggs 
per sample. ..........................................................................................................93!

Table 4-2. ANOVA on concentrations of enzymatic defence markers superoxide dismutase 
(SOD), catalase (CAT), glutathione reductase (GR), glutathione peroxidase (GPx), 
glutathione-S-transferase (GST), glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total 
glutathione and percentage reduced glutathione in PAH-fed and control male and 
female Evechinus chloroticus gonad tissue. .......................................................98!

Table 4-3. ANOVA on concentrations of enzymatic defence markers superoxide dismutase 
(SOD), catalase (CAT), glutathione reductase (GR), glutathione peroxidase (GPx), 
glutathione-S-transferase (GST), glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total 
glutathione and percentage reduced glutathione in eggs derived from PAH-fed and 
control female Evechinus chloroticus. ................................................................99!

Table 4-4. ANOVA on concentrations of enzymatic defence markers superoxide dismutase 
(SOD), catalase (CAT), glutathione reductase (GR), glutathione peroxidase (GPx), 
glutathione-S-transferase (GST), glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total 
glutathione and percentage reduced glutathione in sperm samples derived from PAH-
fed and control male Evechinus chloroticus. ....................................................100!



List of tables 
 

!xvi!

Table 4-5. ANOVA on oxidative damage markers (protein carbonyls, lipid hydroperoxides 
and 8-OHdG) in Evechinus chloroticus male and female gonad tissue, sperm and egg 
samples and 3-day old embryos derived from PAH-fed versus control parents. 103!

Table 4-6. ANOVA on concentrations of enzymatic defence markers superoxide dismutase 
(SOD), catalase (CAT), glutathione reductase (GR), glutathione peroxidase (GPx), 
glutathione-S-transferase (GST), glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total 
glutathione and percentage reduced glutathione in PAH exposed embryos derived 
from PAH-fed and control Evechinus chloroticus parents. ..............................106!

Table 4-7. ANOVA on abnormality following PAH exposure in three-day old Evechinus 
chloroticus embryos derived from PAH-fed versus control parents. ................110!

Table 5-1. Concentrations of polycyclic aromatic hydrocarbons (PAHs) and individual 
metals in AN8 fuel doses used. Samples were analysed by Hill Laboratories 
(Hamilton, New Zealand). Trace levels of 16 individual PAHs were tested via 
liquid/liquid extraction, SPE (if required) using GC-MS SIM analysis. Heavy metals 
were tested via nitric acid digestion (Antimony, Arsenic, Beryllium, Cadmium, 
Chromium, Copper, Lead, Selenium, Thallium and Zinc), boiling nitric/hydrochloric 
acid digestion (Silver) or bromine oxidation followed by atomic fluorescence 
(Mercury). ..........................................................................................................125!

Table 5-2 ANOVA on concentrations of enzymatic defence markers superoxide dismutase 
(SOD), catalase (CAT), glutathione reductase (GR), glutathione peroxidase (GPx), 
glutathione-S-transferase (GST), glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total 
glutathione and percentage reduced glutathione in Sterechinus neumayeri eggs (A) 
and sperm (B) from McMurdo Jetty and Cape Evans, Antarctica. ...................130!

Table 5-3 ANOVA on concentrations of enzymatic defence markers superoxide dismutase 
(SOD), catalase (CAT), glutathione reductase (GR), glutathione peroxidase (GPx), 
glutathione-S-transferase (GST), glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total 
glutathione and percentage reduced glutathione in five-day old Sterechinus neumayeri 
embryos derived from contaminant-naïve Cape Evans versus contaminated-
experienced McMurdo Jetty parents and exposed to AN8 fuel treatments. .....133!

Table 5-4 ANOVA on on oxidative damage markers (protein carbonyls, lipid 
hydroperoxides and 8-OHdG) in Sterechinus neumayeri eggs (A) and sperm (B) from 
McMurdo Jetty and Cape Evans, Antarctica. ...................................................135!

Table 5-5 ANOVA on oxidative damage markers (protein carbonyls, lipid hydroperoxides 
and 8-OHdG) and abnormal development in five-day old Sterechinus neumayeri 
embryos derived from contaminant-naïve Cape Evans versus contaminated-
experienced McMurdo Jetty parents and exposed to AN8 fuel treatments. ......137!

Table 6-1. ANOVA on concentrations of enzymatic defence markers superoxide dismutase 
(SOD), catalase (CAT), glutathione reductase (GR), glutathione peroxidase (GPx), 
glutathione-S-transferase (GST), glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total 
glutathione and percentage reduced glutathione in male and female Sterechinus 
neumayeri gonad tissue from McMurdo Jetty and Cape Evans, Antarctica......154!

Table 6-2. ANOVA on concentrations of enzymatic defence markers superoxide dismutase 
(SOD), catalase (CAT), glutathione reductase (GR), glutathione peroxidase (GPx), 
glutathione-S-transferase (GST), glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total 



List of tables 
 

! xvii!

glutathione and percentage reduced glutathione in two-day old Sterechinus neumayeri 
embryos derived from contaminant-naïve Cape Evans versus contaminated-
experienced McMurdo Jetty parents. ................................................................161!

Table 6-3. ANOVA on concentrations of enzymatic defence markers superoxide dismutase 
(SOD), catalase (CAT), glutathione reductase (GR), glutathione peroxidase (GPx), 
glutathione-S-transferase (GST), glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total 
glutathione and percentage reduced glutathione in five-day old Sterechinus neumayeri 
embryos derived from contaminant-naïve Cape Evans versus contaminated-
experienced McMurdo Jetty parents. ................................................................162!

Table 6-4. ANOVA on oxidative damage markers (protein carbonyls, lipid hydroperoxides 
and 8-OHdG) in Sterechinus neumayeri male and female gonad tissue, two-day old 
embryos and five-day old embryos derived from contaminant-naïve Cape Evans 
versus contaminated-experienced McMurdo Jetty individuals. ........................165!

Table 6-5. ANOVA on abnormality in two- and five-day old Sterechinus neumayeri 
embryos derived from contaminant-naïve Cape Evans versus contaminated-
experienced McMurdo Jetty parents. ................................................................166!





Chapter 1. General Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Above – Scott Base, Antarctica. Below – Doubtful Sound, New Zealand 

 



Chapter 1.                     General Introduction 
 

 2!

1.1. Marine pollution 

1.1.1. Pollution and its impact on marine invertebrates 

The continuous growth of anthropogenic activities, such as industrialisation, urbanisation, 

and agriculture have led to increased levels of chemical pollutants, or ‘xenobiotics’, in the 

marine environment. The continuous input of these contaminants, particularly into the 

coastal marine environment, is a major concern and it is important to not only measure 

contamination levels in the water and sediments, but also to understand how the resident 

organisms are affected. Furthermore, it is becoming increasingly important to better 

understand the underlying mechanisms of toxicity that these pollutants pose to marine 

populations (Isaksson 2010). Marine organisms can uptake chemical pollutants directly 

from sediments, suspended particulate matter or the surrounding water and indirectly 

through their diets (Regoli et al. 2011b). A range of different mechanisms of toxicity exist 

for different contaminants, and exposure can impair cellular or biological function, 

ultimately leading to disease, reduced lifespan and lowered survival rates at the population 

level (Livingstone 2003). Many of the contaminants that marine species are exposed to, 

including trace metals, aromatic xenobiotics such as polycyclic aromatic hydrocarbons 

(PAHs) and polychlorinated biphenyls (PCBs), are ‘pro-oxidant’ chemicals that can induce 

considerable oxidative challenges and cascade effects at the cellular level (Regoli and 

Giuliani 2014). For some xenobiotics, the final metabolites of biotransformation processes 

are reactive oxygen species (ROS), which, although produced as a component of routine 

metabolic processes, can indiscriminately damage macromolecules if not tightly scavenged 

by antioxidant (AO) mechanisms (Halliwell and Gutteridge 2007). Excess ROS can disrupt 

membrane lipids, cause protein oxidation, inhibit enzyme activity and ultimately damage 

DNA, impacting the fitness and survival of marine organisms (Halliwell and Gutteridge 

2007). Oxidative stress (OS) occurs when the rate of ROS generation exceeds the 

scavenging capacity of an organism’s antioxidant (AO) system and is an important 

unifying feature underlying the toxicity of chemical contaminants in aquatic organisms 

(Figure 1-1) (Isaksson 2010; Regoli and Giuliani 2014). 
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Figure 1-1. Balance between the production and elimination of reactive oxygen species (ROS) and their 
potential biological effects. An imbalance between the production of ROS and antioxidant (AOX) defences 
can cause damage to cellular components. Modified from Isaksson et al. (2011) and Lushchak (2011).  

!

1.1.2. Polycyclic aromatic hydrocarbons 

PAHs are a large group of widespread and highly toxic organic contaminants in the marine 

environment originating from natural and anthropogenic sources (Hylland 2006). They 

originate primarily from biogenic (e.g. algae and plants), diagenic (i.e. biogeochemical), 

pyrogenic (incomplete combustion) and petrogenic (fossil fuels) processes. However, 

unnaturally high concentrations can be caused by other human activities such as transport, 

or uncontrolled oil spills. PAH compounds are composed of two or more condensed 

aromatic and other cyclic rings with delocalized electrons (Hylland 2006) (Table 1-1). 

Oxidative stress
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(electron transport chain)
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Adaptation
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Protection against 
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Protein, lipid and DNA repair

ROS > AOX

Excreted
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They have no functional groups and are relatively non-reactive chemically, however, they 

can be oxidized biochemically and by natural environmental processes. PAHs are 

ubiquitous in their distribution, impacting on all media, and are considered a serious 

pollution problem. Their toxicity and widespread environmental presence has seen the 

inclusion of 16 PAHs on the US EPA (United States Environmental Protection Agency) 

priority pollutant list (EPA 1987). 

 

Due to their high persistence, low water solubility and hydrophobic nature, hydrocarbons 

are readily adsorbed onto particulate organic matter and ultimately accumulated in marine 

sediments (Hylland 2006).  PAHs pose particular risks to marine organisms, which achieve 

uptake by passive diffusion or via dietary pathways (Camus et al. 2003; Bellas et al. 2008; 

Baussant et al. 2009; Galgani et al. 2011; Martins et al. 2013). Although PAH metabolism 

is generally efficient in invertebrates, a range of direct and indirect impacts can ensue 

including carcinogenic effects, immune and endocrine system disruption, DNA damage 

and the production of ROS leading to oxidative stress (Hylland 2006). These impacts can, 

in turn, elicit either subtle or strong physiological and behavioural consequences 

(Livingstone 2001; Regoli and Giuliani 2014). An additional mechanism of toxicity for 

PAHs is phototoxicity, whereby UVR or natural sunlight can increase their toxicity, 

however this has not been widely assessed in marine environments (Hylland 2006). 

Furthermore, PAHs frequently occur in complex mixtures rather than singly in marine 

ecosystems (Bellas et al. 2008), and there can be synergistic or antagonistic interactions 

between low and high molecular weight PAHs (Hylland 2006). There is limited knowledge 

about these interactions, and a clear need for experimental studies that assess the impacts 

of PAH mixture toxicity to marine organisms.  
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Table 1-1. The 16 priority PAH pollutants defined by the EPA. Descriptions of defining properties include 
diagrams of their molecular structure, number of rings, molecular weight (g/mole) and solubility in water 
(mg/L).  
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1.1.3. Biomarkers in marine invertebrates 

Oxidative stress can occur as a result of increased ROS production, a decrease in defence 

mechanisms, or both. The production of ROS is prevalent in the world’s oceans via 

photochemical reactions in the water column as a consequence of the absorption of solar 

radiation by dissolved organic matter (DOM), and OS is an important component of the 

stress response in marine organisms (Abele et al. 2011). Marine species can adjust their 

AO systems, and thereby maintain a stable redox state following exposure to a variety of 

both natural and anthropogenic environmental stressors such as thermal shifts, ultraviolet 

radiation and exposure to pollution (Lesser 2006; Buttemer et al. 2010). Environmental 

stressors can be important at the cellular, biochemical and molecular levels, and up to the 

level of the individual, population or ecosystem. Measuring the former can provide early 

warning signs of the impacts of exposure to stressors, including anthropogenic pollution. 

The oxidative damage and antioxidant defence parameters detailed in the following 

sections provide a common suite of biomarkers with which to study stress responses to 

chemical contaminants, such as PAHs, in the marine environment.  

 

1.2. Oxidative stress  

1.2.1. Oxygen toxicity 

Atmospheric oxygen became available around 2.5 billion years ago as a result of the 

evolution of photosynthetic cyanobacteria, and allowed the development of more efficient 

aerobic respiration (Kasting and Siefert 2002). With its greater efficiency and higher 

energy yields, aerobic respiration was instrumental to the development of complex 

multicellular organisms. However, it was also more toxic and organisms encountered the 

additional problems associated with gas and nutrient transport (Lesser 2006). Molecular 

oxygen (O2) is distinctive among the elements as it possesses two unpaired electrons, 

making it non-reactive with most biological compounds (Halliwell and Gutteridge 2007). 

The univalent reduction of O2, however, produces reactive oxygen species (ROS), which 

are highly reactive molecules possessing an unpaired electron. These are produced 

continuously in cells as by-products of cellular metabolism, largely via leakage from the 

mitochondrial electron-transport chain (Halliwell and Gutteridge 2007). ROS include the 

superoxide radical (O2
-), hydrogen peroxide (H2O2), singlet oxygen (1O2) and the hydroxyl 

radical (HO•) (Table 1-2). H2O2 is formed by the reduction of O2
- and, because it is 

uncharged, is a highly diffusible cellular oxidant capable of inactivating a number of 
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important enzymes. If H2O2 is reduced further, via reactions with transition metal ions, it 

can produce the highly reactive hydroxyl radical (HO•). HO• is the most damaging of all 

the ROS as it reacts non-specifically with nearly all cellular components (Halliwell and 

Gutteridge 2007). 

 
Table 1-2.  Dominant reactive oxygen species (ROS) in biological systems, together with a summary of 
defining properties including half-life and the macromolecules they react with.  

 
 

Cell signalling 

ROS, and other reactive molecules, such as nitric oxide (NO•), play a fundamental role as 

signalling and messenger molecules that facilitate critical processes including apoptosis, 

autophagy and necrosis (Figure 1-1) (Abele et al. 2011). O2
-, for example, controls 

ventilation, muscle relaxation, immunological functions and OS responses (Droege 2002).   

ROS can also induce heat-shock carrier proteins, nuclear factors and the cell-cycle gene 

p53. Low levels of excess ROS lead to cell-cycle arrest and initiate apoptosis, or cell death, 

through several cell-cycle genes and high levels can result in cellular necrosis (Lesser 

2006). Chemical contaminants can interfere with these signalling processes by altering 

ROS production in the cell, either directly or indirectly.   

 

Oxidative stress 

Oxidative stress is a fundamental component of the stress responses of many marine 

species, ultimately resulting in perturbations to redox status and important consequences 

for a variety of fitness parameters, such as growth and ageing (Abele et al. 2011). The 

direct quantification of ROS would be very useful in determining OS within an organism, 

but is difficult to perform in vivo, particulalry in adult animals, due to the technical 

difficulties associated with measuring such transient molecules (Lushchak 2011). The 

oxidation products of biological molecules and the expression and activities of enzymatic 

and molecular antioxidants are therefore more commonly measured. These measures 

provide a useful set of biomarkers to monitor OS and many have been successfully utilised 

ROS Half life
Protein Lipid DNA

Singlet oxygen (1O2) 1 µs Trp, His, Tyr, Met, Cys PUFAs Mainly guanine
Superoxide (O2

!-) 1 µs Fe-S centres Hardly No
Hydrogen peroxide (H2O2) 1 ms Cys Hardly No
Hydroxyl radical (HO!) 1 ns Trp, Phe, Tyr, Met, Cys PUFAs Guanine

Reacts with
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in marine model systems (Lushchak 2011; Regoli et al. 2011b). The major biomarkers of 

oxidative damage and examples of key antioxidant defence enzymes are summarised in 

Table 1-3 below. Those specifically employed in the experiments presented in this thesis 

are detailed further below, and were selected after consideration of their biological 

relevance and the available equipment.  

 
Table 1-3. Examples of key oxidative stress biomarkers employed in biological systems, including measures 
of oxidative damage and enzymatic antioxidant defence.  

 
 

1.2.2. Cell damage 

Protein oxidation 

Oxidation of proteins can manifest in a range of ways, including amino acid modifications, 

peptide chain fragmentation, aggregation of cross-linked reaction products and increased 

susceptibility to degradation or removal (Lesser 2006). Protein carbonyl groups are 

introduced into proteins primarily as a consequence of metal-catalysed oxidation of protein 

side chains, or by cleavage of peptide bonds (Catalgol et al. 2011). The most susceptible 

protein side chains include lysine, arginine, proline, histidine and threonine (Catalgol et al. 

2011).  In addition to these ROS catalysed reactions, carbonyls can form via secondary 

reactions with products derived from the oxidation of non-protein cellular components, 

Oxidative damage
Lipid Protein DNA

Ethane and pentane in exhaled gas Protein carbonyls Comet assay
Thiolbarbituric acid reactive substances (TBARS) Hydroperoxides Thymine glycol

Conjugated dienes Nitro-, chloro-, bromo-amino acid 5-Hydroxyuracil
Hydroperoxides Disulfide -SS- 2-,8-Hydroxyadenine

Aldehydes  -SOH, -SOOH, -SOOOH 8-Hydroxyguanine
Ketones Aldehyde-modified proteins 8-Nitro-, chloro-, brome-

Isoprostanes Hydroperoxide-modified proteins Guanine
Neurofuranes Cross-linked proteins

Hydroxyoctadecadienoic acid (HODE) Dityrosine
Lyso PC Albumin dimmer

Oxidised LDL Advanced oxidation products
Oxysterols Creatol

Myeloperoxidase

Antioxidant defence
Antioxidant Role Reaction

Superoxide dismutase (SOD) Removes O2
!- O2

!- + O2
!- + 2H+ " 2H2O2 +O2

EC 1.15.1.1
Catalase (CAT) Removes H2O2 H2O2 " H2O + # O2

EC 1.11.1.6
Glutathione reductase (GR) Maintenance of GSH GSSG +NAD(P)H " 2GSH

EC 1.6.4.2
Glutathione peroxidase (GPx) Removes H2O2 H2O2 + GSH " H2O + GSSG

EC 1.11.1.9
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such as lipids or sugars (Requena et al. 2003). Protein carbonylation is important as it can 

directly affect the function of enzymes and transport molecules, and can also contribute to 

secondary damage to other biomolecules, for example via the inactivation of DNA repair 

enzymes (Halliwell and Gutteridge 2007). The accumulation of damaged proteins in cells 

has been implicated in disease and ageing (Requena et al. 2003).  Protein carbonyls are a 

widely measured and reliable marker of oxidative protein damage, as they are formed 

relatively early during oxidative stress, and they are stable, irreversible products and 

therefore not transient (Catalgol et al. 2011).   

 

Lipid peroxidation 

Lipid structure or function can be altered by ROS, particularly HO•, which are able to 

extract hydrogen atoms from unsaturated C–H bonds, such as those found on the 

hydrocarbon side chains of polyunsaturated fatty acids (PUFAs). This extraction process 

creates carbon-centred radicals, which react rapidly with O2 to generate peroxyl radicals 

that can then oxidise membrane proteins and attack adjacent PUFA side chains, thus 

propagating a chain reaction, and causing the accumulation of damaged lipids (Figure 1-2). 

This reaction will continue until it is interfered with by an antioxidant, such as the 

enzymatic action of glutathione peroxidase (Regoli and Giuliani 2014). Lipid peroxidation 

can cause changes in membrane fluidity, damage to membrane proteins, and inactivation 

of enzymes and ion channels (Halliwell and Gutteridge 2007). Lipid peroxidation is a 

common biomarker in aquatic studies, since the membranes of aquatic organisms contain 

high amounts of PUFA, which helps to maintain membrane fluidity (Monserrat et al. 

2007). 
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Figure 1-2. Main cellular antioxidant defences and formation of oxidised lipid products: 6-phospogluconate 
(6PG), catalase (CAT), cysteine (cys), D-hydroxyacid (DHA), dehydroascorbate reductase (DHAR), DT-
diaphorase (DTD), glucose 6-phosphate (G6PDH), !-glutamylcysteine synthetase (GCL), glyoxalase I (Glx-
I), glyoxalase II (Glx-II), glutathione peroxidises (GPx), glutathione reductase (GR), glycine (gly), glutamic 
acid (glu), glutathione synthetase (GS), reduced glutathione (GSH), oxidised glutathione (GSSG), 
glutathione-S-transferases (GST), GSH conjugated xenobiotic (GS-X), hydroquinone (HQ), "-keto 
aldehydes ("KA), multidrug-resistance-related protein (MRP), quinone (Q), semiquinone radical (Q•), 
superoxide dismutase (SOD) and xenobiotic (X). Enzymes and other components of the antioxidant system 
are shown in orange, blue (glutathione-dependent) or green (detoxification). Oxidised molecules or products 
are shown in red. Modified from Regoli et al. (2011b).  

!

DNA damage 

Many types of damage can occur in DNA molecules as a consequence of endogenous ROS 

production, including deletions, mutations, adducts and other lethal genetic effects. The 

analysis of DNA alterations in marine organisms provides a sensitive tool for evaluating 

the genotoxic effects of chemical contaminants and other environmental stressors, and is 
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particularly useful in that DNA damage can be detected at very low levels of exposure. As 

with lipids and proteins the most prevalent causative agent is the HO• ion. Oxidative 

damage to DNA can produce a range of modifications, including base and sugar lesions, 

strand breaks, DNA-protein cross-links and adducts (Imlay 2003). As well as direct DNA 

oxidation, ROS can indirectly modify DNA by involving conjugation of the PUFA 

breakdown product, monodehydroascorbate (MDA), with guanine being the most 

commonly observed modification (Imlay, 2003). Oxidised DNA can also lead to changes 

in the methylation of cytosine, an important aspect of regulating gene expression 

(Halliwell and Gutteridge 2007). Chemical contaminants initially induce the formation of 

adducts with toxic molecules, and secondary modifications of DNA follow, including 

strand breaks, base oxidation, cross-links and inhibition of repair mechanisms. Ultimately, 

cells then exhibit altered function, which can lead to disease (Monserrat et al. 2007). As 

damage caused by ROS is the most frequent type of DNA damage encountered by aerobic 

cells, DNA oxidation products are commonly utilised markers of oxidative stress in 

environmental studies. A variety of oxidised bases have been identified, with 8-hydroxy-

2’-deoxyguanosine (8-OHdG) being one of the most abundant and readily formed 

(Friedmann Angeli et al. 2011). The prevalence of 8-OHdG in marine invertebrates has 

been associated with pollutant-induced oxidative stress (Livingstone 2001; Almeida et al. 

2007). 

!

1.2.3. Antioxidant defence 

Aerobic organisms have developed comprehensive antioxidant defence systems to provide 

protection from ROS-induced damage. These systems are comprised of low molecular 

weight scavengers and antioxidant enzymes, which interact in a comprehensive network 

with both direct and indirect effects (Halliwell and Gutteridge 2007)(Figure 1-2). Under 

unmodified or baseline conditions, marine organisms modulate their antioxidant systems in 

response to increased levels of ROS, and thus maintain a stable redox state and prevent 

adverse effects (reviewed by Lesser 2006; Regoli and Giuliani 2014). However, when the 

balance between prooxidants and antioxidants is disturbed, and oxidative stress occurs, 

antioxidant systems can be rapidly overwhelmed leading to damage and a range of 

negative impacts for the organism. The principle functions of AO defences in biological 

systems are to quench singlet oxygen at the site of production, and to reduce the flux of 

other ROS in order to ultimately prevent the formation of the highly damaging hydroxyl 
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radical, HO• (Figure 1-2). Environmental pollutants can unbalance AO systems by reducing 

the capacity of individual antioxidants to remove ROS (Regoli and Giuliani 2014).  As a 

final resort, organisms can employ repair mechanisms that remove oxidised lipids, protein 

or DNA products (Lesser 2006). All aerobic organisms experience oxidative stress to some 

extent, but it is the balance between damage, defence and repair that determines the overall 

fitness and survival of an organism (Lesser 2006).  

 

Molecular defences 

There are a number of molecules that function as scavengers by reacting directly with 

ROS, becoming temporarily oxidised before reconversion to their active form by specific 

reductases (Regoli and Giuliani 2014).  These scavengers can act as antioxidants in the 

cytoplasm, or they can arrest the propagation of lipid peroxidation reactions on the cell 

membrane. Major molecular scavengers include the well-known dietary antioxidant 

molecules ascorbate (vitamin C), retinoic acid (vitamin A) and tocopherol (vitamin E) 

(Regoli and Giuliani 2014).  In addition, carotenoids, which are also acquired through an 

animal’s diet, represent important membrane associated antioxidants. However, reduced 

glutathione (GSH) is the most abundant cytosolic scavenger and a key component in an 

organism’s antioxidant defence system (Regoli and Giuliani 2014) (Figure 1-2).  

 

GSH is a low-molecular-weight tripeptide thiol compound that plays an essential role in 

detoxification in animal tissues. It performs this function both directly, by scavenging ROS 

through its oxidation to GSSG, and indirectly by acting as a co-factor for several 

glutathione-dependent antioxidant enzymes (Figure 1-2). Levels of GSH are regulated via 

the activity of glutathione reductase (GR), and synthesised in a two-step process involving 

glutathione synthetase (GS) and !-glutamylcysteine synthetase (GCS) (Figure 1-2). When 

oxidation of GSH exceeds the reconversion capacity of GR, cells actively eliminate the 

excess GSSG leading to an overall reduction in levels of total glutathione. Levels of total 

glutathione are thus a sensitive biomarker of oxidative stress in cells, with the ratio of 

GSH/GSSG providing an additional marker (Regoli et al. 2011b). The maintenance of a 

reducing environment by sustaining GSH levels is critical in preventing oxidative damage 

to organisms exposed to OS-inducing stressors in their environment. The properties of 

glutathione have been reasonably well studied in marine invertebrates (Winston and 

Digiulio 1991; Regoli and Principato 1995; Viarengo et al. 1995; Regoli et al. 2011b). 
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Enzymatic defences 

Compared to molecular scavengers, which interact with more than one type of ROS, 

enzymatic antioxidants catalyse highly specific reactions with specific substrates (Regoli 

and Giuliani 2014) (Figure 1-2). The removal of chemical pollutants is catalysed by a 

number of phase I and phase II enzymes. Phase I enzymes are involved in 

biotransformation via the introduction of a polar moiety which renders a lipophilic 

contaminant more hydrophilic and therefore more soluble and easily excreted. The 

cytochrome P450 (CYP) family is one of the most well studied in marine organisms, 

particularly CYP1A, which is inducible by a number of contaminants, such as PAHs and 

PCBs (Regoli and Giuliani 2014). Phase II enzymes, such as glutathione-S-transferase 

(GST) are involved in conjugating metabolised contaminants to endogenous molecules, 

resulting in non-toxic water-soluble products that are easily excreted. The activity of 

phase-I enzymes can generate the production of O2
- through multiple pathways and a range 

of antioxidant enzymes are available that facilitate the removal of these ROS. Glutathione-

S-transferases comprise a multi-gene family encoding for several isoenzymes, which act as 

the catalysts of a wide range of conjugation reactions of GSH with chemical contaminants 

(Regoli et al. 1997). The activity of GST can either increase or decrease in response to 

contaminants in marine invertebrates (Regoli and Principato 1995; Almeida et al. 2007). 

 

Superoxide dismutase (SOD) detoxifies O2
- by adding an electron and forming the less 

reactive hydrogen peroxide (H2O2) (Figure 1-2). SOD occurs as different metalloproteins 

with different cellular distributions. In animals, the Cu/Zn SOD is primarily a cytosolic 

enzyme and the Mn SOD is primarily found in mitochondria (Lesser 2006). Although it is 

an antioxidant, the formation of H2O2 requires that SOD activity is coordinated with H2O2-

reducing enzymes, such as catalase (CAT) and glutathione peroxidases (GPx) (Figure 1-2). 

The catalases directly catalyse decomposition of H2O2 to ground state oxygen and H2O. 

Peroxidases, such as GPx, which are widely distributed in animal tissues, remove H2O2 by 

using GSH as an electron donor to catalyse the reduction of H2O2 to H2O (Figure 1-2).  

Catalase activity in animals is largely located in subcellular peroxisomes, but is also 

present in the mitochondria and cytosol (Halliwell and Gutteridge 2007). In the presence of 

reduced iron (Fe2+), the Fenton reaction efficiently converts H2O2 to the highly damaging 

hydroxyl radical, HO•, which is poorly neutralised by AO mechanisms. By removing the 

precursor molecule of these highly destructive ROS, CAT is an essential component of the 

AO systems of marine organisms (Regoli and Giuliani 2014).  
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As discussed previously, oxidised glutathione is reconverted to GSH by the enzyme GR 

(Halliwell and Gutteridge 2007). GR is distributed mainly in the cytosol and mitochondrial 

matrix of invertebrates, and some activity has also been associated with other membrane-

bound organelles such as the endoplasmic reticulum (Regoli and Giuliani 2014). When 

ROS enhance the formation of GSSG above the reducing capacity of GR, the ratio of 

GSSG/GSH is altered until excess GSSG can be excreted, making GR essential to the 

maintenance of intracellular redox status in marine organisms (Regoli and Giuliani 2014). 

Excess GSSG, along with other metabolites (e.g. GS-X) resulting from the action of GST, 

is mainly excreted via the multidrug resistance-related protein 1 (MRP1) (Figure 1-2). 

Other enzymes, such as DT diaphorase (DTD) can react directly with redox cycling 

compounds, such as quinones, reducing them in a two electron reaction, preventing the 

redox cycle and facilitating removal (Regoli and Giuliani 2014). Glucose-6-phosphate 

dehydrogenase (G6PDH) is involved in the production of NADPH, which is an essential 

cofactor for many of the antioxidant enzymes described above, and can be measured as an 

additional component of the antioxidant system (Figure 1-2).  GCL and G6PDH are not 

commonly measured as environmental biomarkers, due to the limited sensitivity of the 

biochemical assays currently available, however recent molecular techniques have 

provided an alternative approach (Regoli et al. 2011b).  

 

Glutathione is also used by glyoxalase enzymes, which provide an efficient detoxification 

mechanism in animals by neutralising highly toxic "-ketoaldehydes ("-KA) that can form 

during oxidative processes (Figure 1-2) (Regoli and Giuliani 2014). Glyoxalase-I (Glx-I) 

utilizes GSH as coenzyme to form an intermediate thiolester and S-D-lactoylglutathione 

(S-D- LGSH), while glyoxalase-II (Glx-II) converts the thiolester to a D- hydroxyacid 

(DHA) with regeneration of GSH (Figure 1-2) (Regoli and Giuliani 2014). These markers 

are less commonly utilised in marine environmental studies, however they have been 

documented in mussels (Regoli and Principato 1995; Regoli et al. 1997; Regoli et al. 

2000). 
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1.3. Oxidative stress and life-history trade-offs 

1.3.1. Oxidative stress ecology and life-history trade-offs 

In recent years, a new area of ecological research has emerged, in which the study of 

oxidative stress and antioxidant defence in organisms is integrated with several core 

evolutionary concepts, such as life-history trade-offs, senescence and sexual selection 

(Costantini 2008; Dowling and Simmons 2009; Monaghan et al. 2009; Costantini et al. 

2010). The large amount of interest in these ideas is indicated by a collection of papers 

presented in a special feature in Functional Ecology called ‘The Ecology of Antioxidants 

and Oxidative Stress in Animals’ in 2010. Although there have been considerable advances 

in our understanding of the ecological and evolutionary relevance of oxidative stress 

physiology, there remains a substantial lack of information regarding how OS challenges 

or AO responses shape the life-histories of organisms in their natural settings (Costantini et 

al. 2010). Understanding why and how particular individuals pass on a greater number of 

traits to the following generation is at the core of evolutionary ecology and evidence is 

growing to suggest that the capacity to withstand oxidative stress plays an important role in 

shaping fecundity and survival. Indeed, oxidative stress and ROS can be selective forces 

acting on the design of almost any phenotypic trait, promoting critical trade-offs 

throughout an individual’s life-history (Metcalfe and Alonso-Alvarez 2010). 

 

Life-history theory suggests that trade-offs can occur when the allocation of limiting 

resources to one trait has negative consequences for other traits requiring the same 

resource (Zera and Harshman 2001), or as a consequence of the performance of one 

activity generating negative consequences for other traits. A division of energy or 

resources exists in all organisms with the costs associated with growth and reproduction 

forming the most prominent life-history trade-off (Stearns 1992). These parameters are 

often compromised following exposure to environmental stressors, whereby energy is 

conserved instead for costly physiological defences which in turn increase chances of 

survival (Stearns 1992). Physiological responses to stress thus form one key pathway likely 

to contribute to the division of resources observed (Zera and Harshman 2001), however 

little is actually known about the mechanisms that determine their nature and outcome, or 

indeed constrain the evolution of particular life-history strategies (Monaghan et al. 2009). 

Organisms need to balance their energy requirements for fuelling biological processes 

against the potential toxicity of ROS generated as by-products of metabolic processes 
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(Halliwell and Gutteridge 2007). OS can therefore result in important consequences for a 

variety of fitness parameters and can act as a central mediator of resource or energy trade-

offs during an animal’s life (Monaghan et al. 2009).  

  

1.3.2. Reproduction  

In the context of reproduction, which requires high energy and resource use, greater 

investment in current reproduction may potentially be achieved only at the cost of somatic 

growth, survival and/or future reproduction, as a result of the parent(s) not being able to 

invest as heavily in responding to OS (Figure 1-3) (Metcalfe and Monaghan 2013). The 

past decade has seen an increase in evidence suggesting that the capacity of individual 

organisms to withstand OS may play a key role in shaping reproductive trade-offs (Bize et 

al. 2008; Costantini 2008; Meitern et al. 2013). 
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Figure 1-3. Theoretical divisions in resource allocation driven by oxidative stress using the life cycle of a 
broadcast spawning sea urchin as an example. Greater energetic investment in reproduction can, for example, 
increase reactive oxygen species (ROS), which can also result in greater antioxidant (AOX) production. The 
potential costs of such energy use can manifest in reduced energy available for somatic maintenance. 
Alternatively, if AOX are not increased, oxidative damage will increase, which, if not repaired, can also 
result in less energy available for somatic maintenance. Ultimately a balance will exist whereby the outcomes 
of impaired adult or juvenile development (and thus reduced survival and wider population effects) are traded 
against current energy use during an organisms life-span. Modified from Isaksson et al. (2011).  

!

Oxidative challenges may also be considerably higher in the early life stages of most 

animal species given the high metabolic activities required for growth (Monaghan et al. 

2009). Given that development potentially imposes high levels of ROS it has been 

hypothesized that animals should have evolved comprehensive mechanisms to counteract 

the effects of ROS during this period (Metcalfe and Monaghan 2013). Evidence to support 
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this suggestion has been found in several recent studies on birds (Alonso-Alvarez et al. 

2006), rats (Tarry-Adkins et al. 2008) and sheep (Nussey et al. 2009). Female reproductive 

traits, including fecundity and egg quality, play a major role in determining offspring 

fitness and the impacts of environmental contaminants on these parameters have been well 

studied in marine invertebrates (Au et al. 2001a; Marshall 2006). Less common are such 

marine invertebrate studies that also utilise measures of OS, although Almeida et al. (2007) 

reviews studies using marine bivalves that have investigated OS and reproduction in the 

wild. Going forward, testing the role of OS as a mediator of life-history trade-offs requires 

a broader array of biomarkers, across a range of different taxa and tissue types and the use 

of appropriate experimental designs.  

 

1.4. Key knowledge gaps 
Although rapid progress has been made in the last decade, we are still far from 

comprehensively understanding the role of OS in ecological systems. The main reasons for 

this are (1) the shortage of studies which utilise an appropriate range of the available 

biomarkers of oxidative status, (2) a taxonomic bias towards terrestrial vertebrates and (3) 

insufficient evidence to clarify whether and how increased OS impacts resource allocation 

and ultimately fitness and survival in natural populations. Furthermore, the few ecological 

studies on free-living animals that exist are methodologically distinct and thus difficult to 

compare between. While variations in individual antioxidants or damage products can be 

sensitive markers, they can also be difficult to interpret due to different responses 

according to tissue, time and exposure intensity (Regoli and Giuliani 2014).  

 

Physiological systems are fundamentally complex, and measuring ROS levels, oxidative 

damage parameters or antioxidant and detoxification enzyme concentrations alone will not 

enable us to tease out causal relationships between a given stressor and the state of 

oxidative imbalance or stress that results (Costantini et al. 2010).  A broad suite of markers 

from both sides of the balance between ROS generation and quenching must be measured 

to accurately infer the level of OS an organism experiences. Furthermore, these parameters 

can be difficult to interpret without knowledge of baseline natural variation in individual 

antioxidant levels and how these respond to normal physiological processes, such as 

growth and reproduction (Costantini et al. 2010). Investigations into the consequences of 
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exogenous sources of oxidative stress, such as pollutants like PAHs, allow us to test 

hypotheses regarding natural variation in antioxidant defences. 

 

1.4.1. Echinoderms 

As discussed, there have been many studies that have utilised OS parameters as markers of 

pollutant-induced stress in marine invertebrates, however studies of OS in echinoderms 

(sea stars, sea urchins, sea cucumbers and crinoids) are few and limited to natural stressors 

(Lesser et al. 2003; Lesser 2010; Lister et al. 2010b; Lister et al. 2010a). Echinoderms are 

ubiquitous within the marine environment, and many members of the phyla are long-lived, 

numerically dominant and act as keystone species within regions they occupy (Fletcher 

1987). Most echinoderms have a dichotomous life cycle whereby they develop through 

short-lived embryonic and larval stages before metamorphosing into a juvenile which then 

develops further, reaching reproductive maturity and a long-lived adult stage (Figure 1-3) 

(McEdward and Miner 2006). The planktonic embryos and larval stages that dominate the 

life histories of many echinoderms are particularly sensitive to the surrounding seawater 

chemistry and have therefore been extensively utilised as model organisms in 

ecotoxicology studies (King and Riddle 2001; Lesser et al. 2003; Bellas et al. 2005; Bellas 

et al. 2008). Despite this considerable research, little is known about the effects of 

contaminants on echinoderm life-history development, or the parent-to-offspring transfer 

of contaminant-mediated trait changes. 

 

1.4.2. Carry-over 

In the marine environment, studies have suggested that pollution exposure may induce an 

adaptive maternal effect (Marshall 2008), however OS has not previously been examined 

as the potential mechanism. Managing oxidative stress is likely to be a major determinant 

of marine invertebrate life histories, as virtually all activities generate ROS (Monaghan et 

al. 2009), and there has been an increasing amount of interest in how OS is related to 

different components of animal performance. Important considerations are that the 

different components of the antioxidant system may not all be equally functional 

throughout ontogeny (Fontagne et al. 2008) and that levels of oxidative stress incurred by 

organisms may also vary with environmental conditions and levels of activity (Monaghan 

et al. 2009). Differences in nutritional conditions early in life might also have long-term 

consequences for antioxidant systems, although such effects are not well understood. 
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1.4.3. Interactive stressors 

An additional major knowledge gap is our limited understanding of the interactive effects 

of climate change stressors with respect to OS. Research into the impacts of environmental 

change on marine biota has typically been via single stressor studies, while investigations 

into the cumulative and interactive impacts of multiple stressors is lacking, despite the fact 

that natural systems are almost always simultaneously subjected to numerous natural and 

human-derived stressors (Crain et al. 2008). Global environmental change or ‘climate 

change’ is a major challenge of the 21st century and a key focus of ongoing scientific 

research. Many ecosystems are affected by changes to a large suite of environmental 

factors such as the accumulation of anthropogenic CO2 in the atmosphere and in the ocean 

or changes in UV radiation, temperature and salinity. These same environments are also 

commonly affected by human-induced contaminant exposure from a variety of sources 

(Nikinmaa 2013). To date, most research has focused on climate change and pollution 

stress sources independently, when in reality environmental change can and does affect 

contaminant exposure and toxicity and the interaction of multiple stressors will impact 

marine organisms and ecosystems. Oxidative stress is emerging as a common theme when 

investigating the impacts of global environmental change on marine ecosystems (Abele et 

al. 2011).  

 

1.4.4. Antarctic versus temperate 

Although largely pristine, the Antarctic region is affected by human activities and facilities 

that support scientific research as well as tourism, and is increasingly vulnerable to the 

risks of anthropogenic pollution (Chapman and Riddle 2003). Fuels, metals and other 

contaminants of anthropogenic origin have been documented in sediments and seawater at 

several Antarctic locations, particularly in sites previously used for waste disposal or 

currently used for fuel handling around scientific bases. Legacy pesticides, polychlorinated 

biphenyls and PAHs have been reported for many Antarctic marine environments (Negri et 

al. 2006; Kennicutt et al. 2010; Goutte et al. 2013). A variety of monitoring programs have 

monitored these impacts for many years in different locations (Kennicutt et al. 2010) and 

while several important contaminants are degrading over time, anthropogenic disturbance 

of the marine environment is likely to persist for decades. The importance of 
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understanding the effect that these pollutants have on marine biota cannot be overstated, 

yet polar species remain poorly represented in the current literature.  

 

Antarctic organisms possess specific biological adaptations, such as low rates of 

respiration and high AO capacities, as a result of their evolution in an extreme environment 

characterized by low water temperatures, high levels of dissolved oxygen, and strong 

seasonal changes in ice cover, light intensity and food availability (Regoli et al. 2011a). 

Cold-water adapted species are suspected to be highly vulnerable to chemical contaminants 

due to their long life spans, slow enzymatic activities and higher susceptibility to the 

uptake of lipophilic contaminants (Chapman and Riddle 2005). For example, the Antarctic 

bivalve Laternula elliptica has been shown to exhibit a greater potential for lipid 

peroxidation than a similar temperate species, Mya arenaria, with comparable total lipid 

concentrations (Estevez et al. 2002). Susceptibility to oxidative stress may, however, be 

tempered by other features of cold-adaptation such as lowered metabolic rates (Regoli et 

al. 2011a) and it is therefore important to assess the complexity of oxidative challenges.  

 

To date, basic comparative studies have documented elevated antioxidant capacities in 

polar marine invertebrates indicating a highly pro-oxidant environment (Viarengo et al. 

1995; Regoli et al. 1997; Regoli et al. 2000; Regoli et al. 2002). This is most likely a result 

of the highly variable light environment of polar regions which promotes low ROS for 

many months during the winter followed by rapid increases during the spring when sea ice 

breaks up (Regoli et al. 2011a). However, there are few ecotoxicological studies on 

Antarctic marine invertebrates (Lenihan et al. 1995; Duquesne et al. 2000; King and Riddle 

2001; Liess et al. 2001) and even fewer that have measured parameters of OS (Regoli et al. 

1997; Estevez et al. 2002). Our understanding of the potential differences in sensitivity to 

toxicants between polar and temperate species is therefore limited (de Hoop et al. 2011). 

Furthermore, several species of marine invertebrates are important broadcast spawners in 

the benthic communities around the Antarctic coastline and their gametes and larvae can 

be found throughout the water column during the spring when enhanced light brings 

greater food availability (Pearse et al. 1991). In addition to enhanced ROS as a result of 

melting sea ice each year, the well documented reduction in ozone in the Antarctic region 

means that organisms in surface waters are exposed to damaging UV radiation during this 

time as well (Lamare et al. 2007; Lister et al. 2010a). The consequences for Antarctic 

marine invertebrates additionally exposed to anthropogenic pollutants, particularly for 
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these vulnerable early life stages, are largely unknown. There have, however, been several 

studies on the oxidative responses of polar fish following exposure to chemical 

contaminants that can be looked to for comparison (Regoli et al. 2005; Benedetti et al. 

2007; Ghosh et al. 2013). 

 

1.5. Thesis aims and objectives 
The research outlined in this thesis contributes to the field of OS ecology by addressing 

knowledge gaps using marine invertebrates as model organisms. Primarily using PAHs, a 

class of known pro-oxidant pollutants readily found in the marine environment, the 

following research examines antioxidant defence upregulation and associated changes in 

reproductive health and offspring resilience. The two core objectives were to: 

 
• Assess whether oxidative damage and antioxidant biomarkers provide an effective 

tool for assessing long-term contaminant impacts in a range of marine invertebrate 

species using natural populations. 

 

• Evaluate, using sea urchins as a model species, whether parental exposure to 

dietary or environmental PAHs affects OS status and consequently: 

 

- The quantity and quality of gametes produced. 

- Fertilisation success. 

- The capacity of next generation embryos to tolerate additional PAHs or 

other oxidative stressors (UV radiation) in their environment. 

 

The thesis is based on five chapters written as manuscripts of independent studies and 

more specific aims are detailed within each chapter.  



!

Chapter 2. Oxidative stress biomarkers in temperate and Antarctic 
benthic marine organisms from contaminated sites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Above – McMurdo Station, Winter Quarters Bay, Antarctica. Below – Portobello Road 

Drain, Otago Harbour, New Zealand. 
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2.1. Introduction 
The continuous growth of anthropogenic activities, such as industrialization, urbanization, 

and agriculture have led to increased levels of chemical pollutants in the marine 

environment. Marine organisms can uptake these pollutants directly from sediments, 

suspended particulate matter or the surrounding water and indirectly through their diets 

(Regoli et al. 2011b). Many of the contaminants that marine species are exposed to, 

including trace metals and organic xenobiotics, are pro-oxidant chemicals that can induce 

considerable oxidative challenges and cascade effects at the cellular level (Regoli and 

Giuliani 2014). For some xenobiotics, the final metabolites of biotransformation processes 

are reactive oxygen species (ROS) that, although produced as a component of routine 

metabolic processes, can indiscriminately damage macromolecules if not scavenged by 

antioxidant (AO) mechanisms (Halliwell and Gutteridge 2007). Excess ROS can disrupt 

membrane lipids, cause protein oxidation, inhibit enzyme activity and ultimately damage 

DNA, impacting the fitness and survival of marine organisms (Halliwell and Gutteridge 

2007). Oxidative stress (OS) occurs when the rate of ROS generation exceeds the 

scavenging capacity of an organism’s antioxidant (AO) system and is an important 

mechanism of toxicity in aquatic organisms exposed to pollution (Regoli and Giuliani 

2014).  

 

Measures of AO defence and the accumulation of ROS-induced cellular damage can 

provide useful semi-specific biomarkers to evaluate the effects of chemical pollutants and 

are of increasing interest in the field of ecotoxicology. Benthic molluscs, particularly filter-

feeding bivalves, have been used extensively for monitoring contaminant levels and 

biological impacts in marine environments, as they display high sensitivity (Regoli and 

Principato 1995; Valavanidis et al. 2006; Monserrat et al. 2007; Edge et al. 2012), and the 

use of OS biomarkers for this purpose is well established (Lam 2009; Isaksson 2010). 

However, in addition to environmental stressors, OS can vary with intrinsic factors 

including age, size, sex, reproductive fitness, nutritional status and levels of activity 

(Monserrat et al. 2011). Baseline information regarding these factors is important for 

putting impacts of exogenous stressors into perspective. These baseline data are limited, 

particularly for marine invertebrates, and it is necessary to confirm the utility of OS 

biomarkers in field-collected material and in previously unstudied species.  
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Antarctic organisms possess specific biological adaptations, such as low rates of 

respiration, altered cell membranes and high AO capacities, as a result of their evolution in 

an extreme environment characterized by low water temperatures, high levels of dissolved 

oxygen, and strong seasonal changes in ice cover, light intensity and food availability 

(Regoli et al. 2011a). Cold-water adapted species are suspected to be highly vulnerable to 

chemical contaminants due to their long life spans, slow enzymatic activities and higher 

susceptibility to the uptake of lipophilic contaminants (Chapman and Riddle 2005). 

Contaminant exposure studies have been conducted on polar fish (Regoli et al. 2005; 

Nahrgang et al. 2009; Nahrgang et al. 2010; Ghosh et al. 2013). However, there are few 

ecotoxicological studies on Antarctic marine invertebrates (Lenihan et al. 1995; Duquesne 

et al. 2000; King and Riddle 2001; Liess et al. 2001) and even fewer that have measured 

parameters of OS (Regoli et al. 1997; Estevez et al. 2002). Our understanding of the 

potential differences in sensitivity to toxicants between polar and temperate species is 

therefore limited (de Hoop et al. 2011).  

 

Otago Harbour, servicing the city of Dunedin, on the east coast of the South Island, New 

Zealand (Figure 2-1), is a busy harbour that has been extensively urbanized over the past 

150 years (Smith et al. 2010).  The Upper Harbour is subject to elevated contamination 

input from residential and industrial activities in Dunedin city, and previous studies have 

shown elevated levels of heavy metals and polycyclic aromatic hydrocarbons (PAHs) in 

the sediments and resident organisms (Stewart 2007).  



Chapter 2.                                                                                                                  Oxidative stress biomarkers 
 

 26!

 
Figure 2-1. Sampling sites, Otago, New Zealand: Papanui Inlet and Portobello Drain.  
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Although largely pristine, the Antarctic continent is also affected by human activities and 

facilities that support scientific research as well as tourism, and is increasingly vulnerable 

to the risks of anthropogenic pollution (Chapman and Riddle 2003). Fuels, metals and 

other contaminants of anthropogenic origin can be found in sediments and seawater at 

several Antarctic locations, particularly in sites previously used for waste disposal or 
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currently used for fuel handling around scientific bases (Negri et al. 2006; Kennicutt et al. 

2010). Ross Island is home to two such research stations, the United States McMurdo 

Station and New Zealand’s Scott Base (Figure 2-2). Historic disposal practices (of general 

ship and station waste as well as raw sewage) in particular along with current fuel 

handling, have resulted in an area of several hundred square meters of contaminated 

sediments in Winter Quarters Bay near these two research stations (Negri et al. 2006).  

 

 
Figure 2-2. Sampling sites, Ross Island, Antarctica: Cape Evans, RO Water Intake Jetty and Historic Dump.  
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To assess the ongoing effects of anthropogenic pollutants on the Otago Harbour and 

Winter Quarters Bay fauna, resident model species and their counterparts from control 

sites were collected. Measurements of polycyclic aromatic hydrocarbons (PAHs) were 

made as indicators of the degree of organic pollution at impacted sites. PAHs are highly 

toxic, ubiquitous in their distribution in the marine environment, and are considered a 

serious pollution problem, with 16 individually named on the United States environmental 

protection agency (EPA) priority pollutant list (EPA 1987). Due to their high persistence, 

low water solubility and hydrophobic nature, hydrocarbons are readily adsorbed onto 

particulate organic matter and ultimately accumulated in marine sediments (Hylland 2006). 

Two filter feeding organisms: the New Zealand little-neck clam Austrovenus stutchburyi 

and the Antarctic soft-shelled clam Laternula elliptica; and two grazers: the temperate 

gastropod Micrelenchus tenebrosus and the Antarctic sea urchin Sterechinus neumayeri 

were selected. These species were abundant and easily accessible from both ‘clean’ and 

polluted sites with comparable depths and benthic geology. M. tenebrosus is a micro-

grazer, which inhabits open seaweed beds throughout New Zealand, although mainly in 

Southern regions (Powell 1979). A. stutchburyi is an economically and culturally important 

infaunal filter-feeding bivalve found extensively throughout New Zealand (De Luca-

Abbott, 2001). L. elliptica is a large (~10 cm) and long-lived (>10 years) infaunal filter-

feeding organism that plays a key role in the carbon cycle within the Antarctic coastal 

ecosystem (Ahn et al. 1996). The Antarctic sea urchin, S. neumayeri, is an important 

keystone species commonly found in the shallow subtidal benthos surrounding Antarctica, 

and is a benthic feeder with a varied diet (Brey and Gutt 1991).  

 

The main objective of the present study was to assess whether oxidative damage and 

antioxidant biomarkers provide a good tool for assessing environmentally relevant 

contaminant impacts in a range of marine invertebrate species using natural field 

populations. This objective was achieved by measuring a broad suite of OS parameters in 

benthic invertebrate species from sites moderately to highly impacted by anthropogenic 

contamination versus relatively pristine reference sites. Additional objectives were to 

compare OS biomarker responses between: (1) different tissue types and sexes; (2) species 

with different feeding and ecological modes; and (3) temperate and Antarctic species. 

Specifically, the following questions were addressed: 
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1. Does long-term contamination in the field cause detectable changes in oxidative 

damage (lipid hydroperoxides, protein carbonyls) and antioxidant biomarkers 

(SOD, CAT, GR, GPx, GST, Glyx-I, Glyx-II and glutathione redox) in adult 

marine invertebrates compared to those from an uncontaminated site?  

2. Do OS markers differ between species, tissue types and sexes? 

3. Do OS markers in response to environmental pollution differ between temperate 

and Antarctic species? 

 

2.2. Materials and methods 

2.2.1. Sampling sites and animal collections 

A. stutchburyi and M. tenebrosus were collected by hand from two sites at low tide: 

Papanui Inlet and Portobello Drain, Otago Harbour, New Zealand (45°50´59.58´S, 

170°42´20.15´E) (Figure 2-1). Papanui Inlet is a sheltered inlet, located on the Otago 

Peninsula, and remains relatively unaffected by anthropogenic pollution (Koenig et al. 

2008). Portobello Drain (45°53´36.24´S, 170°31´04.36´E) is the name given to a 

stormwater outfall on Portobello Road, and is highly contaminated site (Stewart 2007) 

located at the head of the inner harbour, some 20 kilometers from Papanui Inlet and 

separated physically by the open coast. Prior to collection, species abundances were 

calculated out to per m2 using counts within 0.5 m2 quadrats randomly positioned along a 

20 m transect line on the exposed shore at low tide. The first 30 individuals of both 

invertebrate species were weighed (± 0.01 g) and the longest shell lengths  (± 0.1 mm) 

were measured using vernier digital callipers. Collected animals (40 clams and 400 snails 

during each of two distinct sampling times; one during the summer and one during the 

winter) were transported back to the Portobello Marine Laboratory (up to 30 minute 

journey) in cool, dark conditions in enclosed containers to minimise transport stress. In the 

laboratory they were allocated to large fibre glass tanks (144 x 74 x 20 cm) supplied with 

flowing filtered (0.22 "m) seawater (FSW) and maintained under ambient light conditions 

at 15 ± 1°C. Animals were left in these aquaria for 72 hours to evacuate their guts in 

preparation for dissection. Shells were removed from 10 individual A. stutchburyi and 100 

M. tenebrosus collected in each of 8 replicates. The combined flesh from 5 A. stutchburyi 

per replicate was kept for PAH extraction and the combined flesh from the remaining 5 

was kept for biochemical analyses (>4 g per replicate). Similarly, the flesh from 50 

individual M. tenebrosus was kept for PAH extraction and biochemical analyses separately 
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(>4 g per replicate). All tissue samples were immediately snap frozen in liquid nitrogen 

and stored at -80°C until analysis.  

 

Three Antarctic sites were selected for collection of adult S. neumayeri and L. elliptica 

based on prior knowledge of pollution impacts (Negri et al. 2006). The McMurdo Station 

historic dump site (77°50.78´S, 166°39.16´E) and the McMurdo Station RO water intake 

jetty (77°51.07´S, 166°39.86´E) less than 100 meters away were selected as highly and 

moderately impacted sites respectively and Cape Evans (77°38.33´S, 166°23.13´E), 40 km 

upstream of the prevailing water currents, was selected as a relatively pristine site (Figure 

2-2).  Due to the logistical constraints of working in the Antarctic, no abundance 

information was collected. Five mature Antarctic soft-shelled clams, L. elliptica, and 10 

mature (five female and five male) sea urchins, S. neumayeri, were collected by SCUBA 

divers and/or by a remotely operated vehicle (ROV) from the seafloor in the immediate 

vicinity of each study site from between 15 and 18 metres, during spring (late October – 

early November 2012). Collected animals were transported back to the laboratory at Scott 

Base and placed in indoor flowing-seawater tanks plumbed directly with water from 

around Ross Island, maintained at approximately -1.5°C. Horizontal test diameters (± 0.1 

mm) of five male and five female urchins, and longest shell lengths (± 0.1 mm) of four 

bivalves from each site were measured using vernier digital callipers. Animals were left in 

these aquaria for 72 hours to evacuate their guts in preparation for dissection. Three female 

and three male urchins from each site were dissected and the gonads removed. Three 

bivalves from each site were dissected and both gonad and muscle tissues separated out.  

All tissue samples were immediately snap frozen in liquid nitrogen and stored at -80°C 

until analysis.  

 

2.2.2. PAH extractions 

PAHs were extracted from all tissue samples using the method of Burritt (2008) with 

modifications. Briefly, freeze-dried tissue was ground to a fine powder and weighed into 

glass Kimax tubes. PAHs were then extracted with hexane:dichloromethane (85:15, v/v) 

using a ratio of 10 ml g-1 DW for 15 minutes with ultrasonication. Extracts were then 

centrifuged at 1500 g for 10 minutes and the supernatants passed through NaSO4 columns 

(5 ml bed volume). Extracts were then evaporated to dryness for 24 hours in a fume 

cupboard, redissolved in 3 ml hexane and passed through silica columns (2 g of silica) 
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using hexane:dichloromethane (1:1 v/v) as the elutant. The extracts were then evaporated 

to dryness and redissolved in 1 ml of acetonitrile. Percentage recovery of selected C14 

labelled PAHs from spiked samples was between 92 and 96% using this method. 

 

PAH levels were determined by high performance liquid chromatography (HPLC) using a 

Perkin-Elmer liquid chromatography system, interfaced to a PC running Turbochrom 

software. The system consisted of a Series 200 pump, diode array, fluorescence detector 

and auto-sampler. PAHs were separated on an EnviroSep-PP 125 x 4.6 mm column 

(Phenomenix), using water (A) and acetonitrile (B) as the mobile phases at a flow rate of 2 

ml/min-1. Separations were conducted according to the column manufacturer’s instructions 

for PAH separation (EPA 610) with starting conditions of A/B (60:40) run isocratically for 

2 minutes after injection, followed by a linear gradient to 100% B over 25 minutes. PAHs 
were detected by UV at 245 nm and by programmed fluorescence: 0 minutes Ex#: 240 nm 

Em#: 425 nm; 16 minutes Ex#: 254 nm Em#: 395 nm. Authentic standards (Aldrich 

Chemical Co., Milwaukee, WI), dissolved in acetonitrile and run under the same 

conditions, were used for PAH identification and quantification. Method detection limits 

ranged from 31 ng/g-1 DW for naphthalene to 1 ng/g-1 DW for chrysene.  

 

2.2.3. Biochemical assays 

The activities of antioxidant enzymes were assessed through the use of enzyme kinetics 

using well-established methods. Total protein was extracted for analysis of protein 

carbonyls and AO enzyme activities by homogenising frozen gonad, muscle or whole body 

tissue samples (ground to a fine powder) in a 1:9 ratio (w/v) of 100mM potassium 

phosphate buffer (pH 7.0) containing 0.1mM Na2 EDTA, 1% PVP-44, 1mM PMSF and 

0.5% v/v TritonX-100. Each homogenate was centrifuged at 13,000 g for 15 minutes at 

4°C, the supernatant decanted off and centrifuged a second time at 45,000 g for 15 minutes 

at 4°C. After centrifugation, supernatants were collected and stored at -80°C until 

biochemical analysis. Soluble protein contents were determined using the Lowry protein 

assay as per Fryer et al. (1986) with a bovine serum albumin (BSA) standard. 

 

Superoxide dismutase (SOD) (EC 1.15.1.1)  

Superoxide dismutase was assayed using the microplate assay described by Banowetz et al. 

(2004) with minor modifications. Briefly, standards were prepared using bovine liver SOD 
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(Sigma–Aldrich, St. Louis, MO, U.S.A.) where one unit of SOD corresponded to the 

amount of enzyme that inhibited the reduction of cytochrome c by 50% in a coupled 

system with xanthine oxidase at pH 7.8 and 25oC. 50 µl aliquots of tissue extract, diluted 

extract or standard were mixed with 125 µl of freshly prepared reaction solution 

(containing piperazine-1,4-bis(2-ethanesulfonic acid) (Pipes) buffer at pH 7.8, 0.4 mM o-

dianisidine, 0.5 mM diethylenetriaminepentaacetic acid (DTPA) and 26 µM riboflavin). 

The absorbance at 450 nm (A450) was measured immediately (t = 0 minutes). The samples 

were then illuminated with an 18W fluorescent light placed 12 cm above the plate for 30 

minutes (t = 30 minutes) and the A450 was measured again. A regression analysis was used 

to prepare a standard line relating SOD activity to the change in A450. SOD activities in the 

extracts, calculated with reference to the standard line, were expressed as units SOD per 

milligram of total protein.  

 

Catalase (CAT) (EC 1.11.1.6)  

The chemiluminescent method of Maral et al. (1977), as adapted by Janssens et al. (2000) 

for 96-well microplates, was used to assay catalase (CAT) activity. Briefly, 50 µl of tissue 

extract, diluted extract or a standard of purified bovine liver catalase in homogenization 

buffer (Sigma–Aldrich, St. Louis, MO, U.S.A.) was mixed with 100 µl of 100 mM 

phosphate buffer (pH 7.0) containing 100 mM NaEDTA and 10-6 M H2O2. Samples were 

then incubated at 25°C for 30 minutes after which time 50 µl of a solution containing 20 

mM luminol and 11.6 units ml#1 of horseradish peroxidase (Sigma–Aldrich, St. Louis, 

MO, U.S.A.) was injected into each well. Light emission, proportional in intensity to the 

amount of H2O2 remaining in the mixture, was measured. A regression analysis was used 

to prepare a standard line relating standard CAT activities to the intensity of light emission. 

CAT activities in the extracts were then calculated with reference to the standard line and 

expressed as µM of H2O2 consumed per min/mg of total protein.  

 

Glutathione reductase (GR) (EC 1.8.1.7)  

Glutathione reductase was assayed using the method described by Cribb et al. (1989) with 

minor modifications. Briefly, 50 µl of tissue extract, diluted extract or a standard obtained 

from wheat germ in homogenization buffer (Sigma–Aldrich, St. Louis, MO, U.S.A.) was 

mixed with 150 µl of 100 mM sodium phosphate buffer (pH 7.6) containing 0.1 mM 5,5’-

dithiobis(2-nitrobenzoic acid) (DTNB) and 10 µl of NADPH (10 mg/ml; 12 mM). The 

reaction was initiated by the injection of 10 µl of oxidized glutathione (GSSG) (1 mg/ml; 
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3.25 mM) and the absorbance at 415 nm (A415) was measured every 30 seconds for 3 

minutes, with the plate shaken automatically before each reading. The rate of increase in 

A415 per minute was calculated and a regression analysis was used to prepare a standard 

line relating standard GR activities to the change in A415. GR activities in the extracts were 

then calculated with reference to the standard line and expressed as nmoles of oxidized 

glutathione reduced per min/mg of total protein.  

 

Glutathione peroxidase (GPx) (EC 1.11.1.9)  

GPx was quantified using the method described by Paglia and Valentine (1967), adapted 

for use with a microplate reader. 20 µl of extract or standard was mixed with 170 µl of 

assay buffer containing 50 mM Tris-HCl buffer (pH 7.6), 5 mM Na2EDTA, 0.14 mM 

NADPH, 1 mM GSH and 3 units ml-1 glutathione reductase (from wheat germ, Sigma–

Aldrich, St. Louis, MO, U.S.A.; EC 1.6.4.2). The reaction was initiated by the addition of 

20 µl t-butyl hydroperoxide to give a final concentration of 0.2 mM. The consumption of 

NADPH was monitored at 340 nm (A340) every 30 seconds for 3 minutes, with the plate 

shaken automatically before each reading. GPx activities in the extracts were calculated 

with reference to a standard line constructed with GPx purified from bovine erythrocytes 

(Sigma–Aldrich, St. Louis, MO, U.S.A.) in extraction buffer. GPx activity was expressed 

as nmol per min/mg of total protein. 

 

Glutathione-S-transferase (GST) (EC 2.5.1.13)  

Total glutathione-S-transferase (GST) activity (cytosolic and microsomal) was determined 

using the method of Habig et al. (1974), modified by Brogden and Barber (1990) for use in 

a microplate reader, by measuring the conjugation of 1-chloro-2,4-dinitrobenzene (CDNB) 

to reduced glutathione, which is by an increase in absorbance at 340 nm. The rate of 

increase is directly proportional to the GST activity in the sample. GST was assayed using 

the photometric 1-chloro-2,4-dinitrobenzene (CDNB). GST activities in extracts were 

calculated with reference to a standard line constructed with GST purified from equine 

liver (Sigma–Aldrich, St. Louis, MO, U.S.A.) in extraction buffer. GST activity was 

expressed as nmol per min/mg of total protein. 

 

Glyoxalase-I (Glx-I) (EC 4.4.1.5)  

Glx-I activity was determined according to Hossain et al. (2010) with minor modifications. 

The assay mixture contained 100 mM potassium phosphate buffer (pH 7.0), 15 mM 
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magnesium sulfate, 1.7 mM GSH and 3.5 mM Methylglyoxal (MG) and 25 !l of extract, 

diluted extract or standard (prepared from (G4252) Glx-I from Saccharomyces cerevisiae 

(Sigma–Aldrich, St. Louis, MO, U.S.A.)), in a final volume of 200 !l. The reaction was 

started by the addition of MG and the increase in absorbance was recorded at 240 nm for 2 

min. Glx-I activity was expressed as nmol per min/mg of total protein. 

 

Glyoxalase-II (Glx-II) (EC 3.1.2.6)  

Glx-II activity was determined according to the method of Principato et al. (1987), with 

minor modifications, by monitoring the formation of GSH at 410 nm for 2 minutes. The 

reaction mixture contained 100 mM Tris–HCl buffer (pH 7.2), 0.2 mM DTNB and 1 mM 

S-D-lactoylglutathione (SLG) and 25 !l enzyme extract, in a final volume of 200 !l. The 

reaction was started by the addition of SLG and Glx-II activity was calculated using the 

extinction coefficient of 13.6 mM"1 cm"1, which was corrected for path-length. Glx-II 

activity was expressed as nmol per min/mg of total protein. 

 

Protein carbonyls 

Protein carbonyls were determined via reaction with 2.4-dinitrophenylhydrazine (DNPH) 

as described by Reznick and Packer (1994) with modifications for the removal of 

interfering substances. Protein extracts were subjected to ultrafiltration using Porvair 

(Porvair Filtration Group Inc., Ashland, Virginia, USA) filtration plates (96-well 10KD 

MWCO) according to the manufacturer’s instructions and reconstituted with 100 mM 

potassium phosphate (pH 7.5). Protein carbonyl content was determined using the 

extinction coefficient of DNPH at 370 nm (0.022 / "M / cm), corrected for the calculated 

path-length of the solution (0.6 cm).  Protein carbonyl content was expressed as nmol 

protein carbonyl per mg of total protein. 

 

Glutathione 

Glutathione was extracted by homogenising powdered tissue samples in a 1:10 ratio (w/v) 

of ice-cold 5% sulfosalicylic acid and centrifuged at 10,000 RPM for 15 minutes at 4°C. 

After centrifugation, supernatants were collected and stored at -80°C until biochemical 

analysis. Total GSH concentration was quantified according to Rahman et al. (2006) by 

mixing 20 "l of extract with 20 "l KPE buffer (0.1 M, pH 7.5) containing potassium 

phosphate buffer (0.1 M) and EDTA disodium salt (5 mM). Additionally, 60 "l of DTNB 

and 60 "l GR were added allowing the conversion of GSSG to reduced GSH (30 sec.) and 
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followed by the addition of 60 "l of $-NADPH. Subsequently, reduced GSH was 

quantified by measuring the absorbance at 412 nm (A412) every 30 seconds. A calibration 

curve created with GSH standard at several concentrations was analyzed at A412, and its 

equation allows determining the concentration of total GSH through its regression. GSH 

concentration was expressed as "g mg-1 protein. 

 

Lipid hydroperoxides 

Lipids were extracted by homogenising powdered tissue samples in a 1:6 ratio (w/v) of 

methanol:chloroform (2:1 v/v) and leaving the suspension to stand for 1 minute at room 

temperature. Chloroform (400"l) was added and the sample mixed by vortexing for 30 

seconds. Deionised water (400"l) was then added and the sample mixed by vortexing for 

30 seconds. The phases were allowed to separate and 50 "l of the chloroform phase was 

collected and used for lipid hydroperoxide analysis. Lipid hydroperoxides were determined 

using the ferric thiocyanate method described by Mihaljevic et al. (1996), with adaptations 

for measurement in a microplate reader. Levels were determined by measuring the 

absorbance at 480 nm. A calibration curve with t-butyl hydroperoxide was used and the 

lipid hydroperoxide content calculated as nmol lipid hydroperoxides per sample.  

 

2.2.4. Statistical analyses 

Statistically significant differences (P <0.05) in species abundances, weights and sizes 

among sites were analysed using one-way ANOVA with the exception of S. neumayeri test 

diameter, which was analysed by two-way ANOVA. OS markers in Otago Harbour species 

were analysed among sites by one-way ANOVA and across sites and among sexes/tissue 

types in Antarctic species by two-way ANOVA. Any statistically significant effects were 

further analysed using a posthoc Tukey HSD test. ANOVAs included tests for normality 

(Kolmogorov-Smirnov) and homogeneity of variance (Levene’s test). All analyses were 

performed using SigmaStat 2.03 (SPSS Inc.) or JMP (7.0) (SAS). 

 

2.3. Results 

2.3.1. Abundance and biomass 

There were significantly greater numbers of A. stutchburyi and M. tenebrosus at the less 

impacted Papanui Inlet compared to the highly polluted Portobello Drain site (27-fold and 
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10-fold higher respectively) (Figure 2-3, Table 2-1). A. stutchburyi individuals from 

Papanui Inlet were significantly larger (1.2-fold greater length and more than 2 times 

heavier) than their counterparts from the PAH-contaminated site at Portobello Drain. In 

contrast, the grazer M. tenebrosus were a similar weight and significantly larger (1.2-fold) 

at the PAH-contaminated site compared to Papanui Inlet (Figure 2-3, Table 2-1).  

 

!
Figure 2-3. Abundance ± SE (individuals per m2) (N = 3), weight ± SE (g or mg) (N = 30) and shell length ± 
SE (mm) (N = 30) of Austrovenus stutchburyi and Micrelenchus tenebrosus collected from Papanui Inlet and 
Portobello Drain, Otago Harbour, New Zealand. * indicates a significant difference between sites at the 0.05 
level.  

!

L. elliptica individuals from Cape Evans were significantly larger (1.3-fold) than those 

from the two McMurdo Sound sites (Figure 2-4, Table 2-1). S. neumayeri were also 

significantly larger at Cape Evans than at the Historic Dump (~1.3-fold for both sexes), 

however those from the moderately polluted site at the McMurdo Jetty were the largest 
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(~1.2 and 1.5-fold greater diameter than at Cape Evans and the Historic Dump site 

respectively) (Figure 2-4, Table 2-1).  

 

 
Figure 2-4. Mean shell length ± SE (mm) of Laternula elliptica (N = 4) and mean test diameter (mm) ± SE of 
male and female Sterechinus neumayeri (N = 5) collected from Cape Evans, McMurdo Jetty and the Historic 
Dump, Antarctica. Dissimilar notations indicate significant differences between sites at the 0.05 level.  

 

 

 

 

 

 



Chapter 2.                                                                                                                  Oxidative stress biomarkers 
 

 38!

Table 2-1. ANOVA on Austrovenus stutchburyi and Micrelenchus tenebrosus abundance, weight and length, 
Laternula elliptica shell length and Sterechinus neumayeri test diameter. All analyses were one-way 
ANOVA with site as the fixed factor, with the exception of S. neumayeri test diameter, which was a two-way 
ANOVA with site and sex as fixed factors.  

 

 
!

2.3.2. PAH accumulation 

A strong contamination difference was found between the Otago Harbour and Papanui 

Inlet sites with A. stutchburyi and M. tenebrosus collected from Portobello Drain 

exhibiting tissue concentrations of total PAHs in excess of 36 and 27 times baseline 

concentrations found in individuals from Papanui Inlet respectively (Table 2-2). Overall, 

A. stutchburyi accumulated between 1.5- and 2-fold higher levels of total PAHs than M. 

tenebrosus. At both sites, the primary PAHs found in animal tissues were phenanthrene, 

fluorene, pyrene, chrysene and indeno[1,2,3-cd]pyrene, with benzo[a]anthracene and 

benzo[a]pyrene also contributing noticeably towards levels in organisms from Portobello 

Drain (Table 2-2).  

!

Parameter Source df SS MS F-value P-value
A. stutchburyi Site 1 552066.667 552066.667 140.93 <0.001

Abundance Residual 4 15669.333 3917.333
Total 5 567736.000

A. stutchburyi Site 1 1354.225 1354.225 55.04 <0.001
Weight Residual 58 1426.990 24.603

Total 59 2781.215
A. stutchburyi Site 1 385.928 385.928 15.87 <0.001

Length Residual 58 1410.197 24.314
Total 59 1796.126

M. tenabrosus Site 1 246442.667 246442.667 20.48 0.011
Abundance Residual 4 48138.667 12034.667

Total 5 294581.333
M. tenabrosus Site 1 28601.667 28601.667 1.29 0.261

Weight Residual 58 1287856.667 22204.425
Total 59 1316458.333

M. tenabrosus Site 1 17.691 17.691 6.26 0.015
Length Residual 58 163.973 2.827

Total 59 181.664
L. elliptica Site 2 1383.339 691.669 30.81 <0.001

Length Residual 9 202.019 22.447
Total 11 1585.357

S. neumayeri Site 2 1970.062 985.031 36.65 <0.001
Diameter Sex 1 10.092 10.092 0.38 0.546

Site x Sex 2 41.483 20.742 0.77 0.473
Residual 24 644.977 26.874

Total 29 2666.614 91.952
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Table 2-2. Mean concentrations in ng per g-1 DW  ± SE of the 16 priority PAHs (!16PAH) in Austrovenus 
stutchburyi  (N = 4 pooled samples of 5 individuals) and Micrelenchus tenebrosus (N = 4 pooled samples of 
50 individuals) collected from Papanui Inlet and Portobello Drain, Otago Harbour, New Zealand. BDL = 
below detectable limits, T = trace detected, but too low to accurately quantify. 

 

 

Clear contamination differences were found between the reference (Cape Evans) and 

impacted Antarctic sites (McMurdo Jetty and the Historic Dump).  Total PAH levels in 

organisms collected from Cape Evans were all below detectable levels, with the exceptions 

of naphthalene, flourene and phenanthrene, which were present in trace amounts (<1% 

combined) (Table 2-3). In contrast, although variable between individuals, S. neumayeri 

and L. elliptica from McMurdo Jetty contained moderate PAH levels and those from the 

Historic Dump site contained highly elevated PAH levels (greater than 5- and 10-fold 

higher than levels in McMurdo Jetty urchin and bivalve samples respectively). All 16 

priority PAHs were present in either trace or higher amounts in animals from the 

contaminant-impacted Winter Quarters Bay sites, however naphthalene, flourene and 

phenanthrene were proportionately dominant followed by flouranthrene, pyrene and 

benzo[a]pyrene (Table 2-3).  

Papanui Inlet Portobello Drain Papanui Inlet Portobello Drain
!16PAH 87.75 (8.31) 3222.75 (298.30) 57.5 (7.45) 1587.63 (164.08)
%
Naphthalene T 2 T 2
Acenaphthene BDL BDL BDL BDL
Acenaphthylene BDL BDL BDL BDL
Flourene T T T T
Phenanthrene 13-18 11-12 11-12 11-12
Anthracene T T T T
Flouranthene 34-36 22-23 35-37 25
Pyrene 31-32 23-26 33-35 22-25
Benzo[a]anthracene T 6-7 T 3-6
Chrysene 5-8 6-7 5-6 6-7
Benzo[b]fluoranthene T 3-7 T 3-5
Benzo[k]fluoranthene T 2 T 2-3
Benzo[a]pyrene T 9-10 T 7-9
Diben(a,h)anthracene T T T T
Benzo(g,h,i)perylene T 3-4 T 2-3
Indeno[1,2,3-cd]pyrene 10-11 5-6 8-9 8-9

A. stutchburyi M. tenebrosus
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Table 2-3. Mean concentrations ng per g-1 DW ± SE of the 16 priority PAHs (!16PAH) in (A) male and 
female Sterechinus neumayeri and (B) Laternula elliptica gonad and muscle tissue (N = 3) collected from 
Cape Evans, McMurdo Jetty and the Historic Dump, Antarctica. BDL = below detectable limits, T = trace 
detected, but too low to accurately quantify. 

 

2.3.3. Antioxidant defence 

Both temperate species from Portobello Drain expressed significantly higher levels of all 

the antioxidant defence and detoxification enzymes tested as well as a greater pool of the 

non-enzymatic antioxidant glutathione than those collected from the less contaminant-

impacted Papanui Inlet (Figure 2-5, Figure 2-6, Table 2-4, Table 2-5). While total 

glutathione levels were elevated in the Portobello Drain animals, there was a marked 

reduction in glutathione redox status, with the proportion of reduced glutathione falling by 

20% in both species (Figure 2-5, Figure 2-6, Table 2-4, Table 2-5). Overall, the levels of 

these markers were inherently higher in A. stutchburyi than in M. tenebrosus, however the 

latter species experienced greater proportional increases in AO activities at the polluted 

(A) S. neumayeri

Male Female Male Female Male Female

!16PAH BDL BDL 231.67 (43.34) 217.33 (17.91) 1271.00 (426.19) 1173.00 (377.41)

%
Naphthalene T T 73 71 59 57
Acenaphthene BDL BDL T T 1 1
Acenaphthylene BDL BDL T T 1 1
Flourene T T 8 9 8 6
Phenanthrene T T 13 12 11 13
Anthracene BDL BDL T T 1 1
Flouranthene BDL BDL 3 5 4 3
Pyrene BDL BDL T T 3 5
Benzo[a]anthracene BDL BDL T T 1 1
Chrysene BDL BDL T T 1 1
Benzo[b]fluoranthene BDL BDL T T 1 1
Benzo[k]fluoranthene BDL BDL T T 1 1
Benzo[a]pyrene BDL BDL 2 2 4 4
Diben(a,h)anthracene BDL BDL T T 1 1
Benzo(g,h,i)perylene BDL BDL T T 2 2
Indeno[1,2,3-cd]pyrene BDL BDL T T 1 2

(B) L. elliptica

Gonad Muscle Gonad Muscle Gonad Muscle
!16PAH BDL BDL 574.00 (209.55) 1491.00 (368.38) 9111.67 (7033.39) 15870.00 (8237.74)
%
Naphthalene T T 70 75 53 58
Acenaphthene BDL BDL T T 1 1
Acenaphthylene BDL BDL T T 1 1
Flourene T T 10 8 9 7
Phenanthrene T T 13 11 13 11
Anthracene BDL BDL T T 1 1
Flouranthene BDL BDL 3 3 3 4
Pyrene BDL BDL T T 6 5
Benzo[a]anthracene BDL BDL T T 1 1
Chrysene BDL BDL T T 1 1
Benzo[b]fluoranthene BDL BDL T T 1 1
Benzo[k]fluoranthene BDL BDL T T 1 1
Benzo[a]pyrene BDL BDL 3 2 4 3
Diben(a,h)anthracene BDL BDL T T 1 1
Benzo(g,h,i)perylene BDL BDL T T 2 2
Indeno[1,2,3-cd]pyrene BDL BDL T T 2 2

Cape Evans McMurdo Jetty Historic Dump

Cape Evans McMurdo Jetty Historic Dump
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site (up to 4.8-fold) in comparison to the cockles (up to 2.7-fold) (Figure 2-5, Figure 2-6, 

Table 2-4, Table 2-5).  

 
Figure 2-5. Mean ± SE activities of superoxide dismutase (SOD), catalase (CAT), glutathione reductase (GR) 
and glutathione peroxidase (GPx) in whole body tissues of Austrovenus stutchburyi  (N = 8 pooled samples 
of 5 individuals) and Micrelenchus tenebrosus (N = 8 pooled samples of 50 individuals) collected from 
Papanui Inlet and Portobello Drain, Otago Harbour, New Zealand. * indicates a significant difference 
between sites at the 0.05 level.  
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!

!
Figure 2-6. Mean ± SE activities of glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), glutathione-S-transferase 
(GST), total glutathione (GSH + GSSG) and reduced glutathione (GSH) in whole body tissues of Austroveus 
stutchburyi  (N = 8 pooled samples of 5 individuals) and Micrelencus tenebrosus (N = 8 pooled samples of 
50 individuals) collected from Papanui Inlet and Portobello Drain, Otago Harbour, New Zealand. * indicates 
a significant difference between sites at the 0.05 level.  
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!

Table 2-4. ANOVA on concentrations of enzymatic defence markers superoxide dismutase (SOD), catalase 
(CAT), glutathione reductase (GR), glutathione peroxidase (GPx), glutathione-S-transferase (GST), 
glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total glutathione and percentage reduced glutathione in whole 
body tissues of Austrovenus stutchburyi from a contaminated and a clean site in Otago Harbour, New 
Zealand. All analyses were one-way ANOVA with site as the fixed factor.  

 
 

Parameter Source df SS MS F-value P-value
SOD Site 1 22139.208 22139.208 10.30 0.006

Residual 14 30083.446 2148.818
Total 15 52222.654

CAT Site 1 27580.075 27580.075 31.15 <0.001
Residual 14 12395.352 885.382
Total 15 39975.428

GR Site 1 661.261 661.261 55.08 <0.001
Residual 14 168.063 12.004
Total 15 829.324

GPx Site 1 4417.596 4417.596 13.34 0.003
Residual 14 4636.202 331.157
Total 15 9053.798

GST Site 1 101601.563 101601.563 25.57 <0.001
Residual 14 55621.375 3972.955
Total 15 157222.938

Glx-I Site 1 56882.250 56882.250 59.33 <0.001
Residual 14 13422.750 958.768
Total 15 70305.000

Glx-II Site 1 2280.063 2280.063 9.21 0.009
Residual 14 3464.375 247.455
Total 15 5744.438

Total Site 1 407682.250 407682.250 26.81 <0.001
glutathione Residual 14 212874.750 15205.339

Total 15 620557.000
Reduced Site 1 1580.063 1580.063 26.40 <0.001
glutathione Residual 14 837.875 59.848

Total 15 2417.938
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Table 2-5. ANOVA on concentrations of enzymatic defence markers superoxide dismutase (SOD), catalase 
(CAT), glutathione reductase (GR), glutathione peroxidase (GPx), glutathione-S-transferase (GST), 
glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total glutathione and percentage reduced glutathione in whole 
body tissues of Micrelenchus tenebrosus from a contaminated and a clean site in Otago Harbour, New 
Zealand. All analyses were one-way ANOVA with site as the fixed factor.  

 
 

Overall, both Antarctic species from the highly contaminated Historic Dump site exhibited 

significantly greater levels of all the antioxidant defence and detoxification enzymes tested 

as well as a greater pool of the non-enzymatic antioxidant glutathione than the 

contaminant-naïve Cape Evans individuals. Specifically, these markers were on average 2-

fold higher in L. elliptica and 1.4 to 2-fold higher in S. neumayeri from the Historic Dump 

compared to Cape Evans. The exception was glutathione levels in L. elliptica, which were 

elevated, but not significantly, and only in gonad tissues of individuals collected from the 

Historic Dump site (Figure 2-7, Figure 2-8, Figure 2-9, Table 2-6, Table 2-7). Both species 

also experienced a significant reduction in the percentage of reduced glutathione, with 

urchins and bivalves from the Historic Dump site expressing 15% and 36% less 

respectively than Cape Evans individuals, although this was limited to muscle tissues in L. 

elliptica. AO markers were also elevated in animals collected from the McMurdo Jetty site 

in comparison to PAH-naïve Cape Evans animals, although increases were minor (up to 

1.5-fold higher) and not always statistically significant (Figure 2-7, Figure 2-8, Figure 2-9, 

Table 2-6, Table 2-7). 

Parameter Source df SS MS F-value P-value
SOD Site 1 13848.582 13848.582 40.43 <0.001

Residual 14 4795.950 342.568
Total 15 18644.532

CAT Site 1 6681.019 6681.019 23.63 <0.001
Residual 14 3959.071 282.791
Total 15 10640.090

GR Site 1 130.931 130.931 11.74 0.004
Residual 14 156.132 11.152
Total 15 287.062

GPx Site 1 2415.723 2415.723 22.22 <0.001
Residual 14 1522.153 108.725
Total 15 3937.876

GST Site 1 20449.000 20449.000 25.02 <0.001
Residual 14 11440.750 817.196
Total 15 31889.750

Glx-I Site 1 42333.063 42333.063 139.29 <0.001
Residual 14 4254.875 303.920
Total 15 46587.938

Glx-II Site 1 552.250 552.250 2.93 0.109
Residual 14 2635.750 188.268
Total 15 3188.000

Total Site 1 45582.250 45582.250 32.10 <0.001
glutathione Residual 14 19877.500 1419.821

Total 15 65459.750
Reduced Site 1 1501.563 1501.563 59.32 <0.001
glutathione Residual 14 354.375 25.313

Total 15 1855.938
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With the exceptions of SOD, Glx-I and reduced glutathione, the levels of AO markers 

were significantly higher in S. neumayeri females than males at all three sites  (Figure 2-7, 

Figure 2-8, Figure 2-9, Table 2-6, Table 2-7). With respect to L. elliptica, these markers 

were higher overall in gonad tissue than in muscle tissue, although proportionately these 

differences were greatest and more likely to be statistically significant in individuals from 

the Historic Dump site (Figure 2-7, Figure 2-8, Figure 2-9, Table 2-6, Table 2-7). 

Glutathione, and the glutathione-dependent enzymes, were noticeably lower in S. 

neumayeri than L. elliptica, whereas SOD and CAT were higher in the urchins.  
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Figure 2-7. Mean ± SE activities of superoxide dismutase (SOD), catalase (CAT), glutathione reductase (GR) 
and glutathione peroxidase (GPx) in gonad tissue of male and female Sterechinus neumayeri and gonad and 
muscle tissue of Laternula elliptica (N = 3) collected from Cape Evans, McMurdo Jetty and the Historic 
Dump, Antarctica. Dissimilar notations indicate a site effect or the results of a significant interaction effect 
between site and tissue type (P < 0.05) and an * indicates a significant tissue type or sex effect (P < 0.05).  

!
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Figure 2-8. Mean ± SE activities of glyoxalase-I (Glx-I), glyoxalase-II (Glx-II) and glutathione-S-transferase 
(GST) in gonad tissue of male and female Sterechinus neumayeri and gonad and muscle tissue of Laternula 
elliptica (N = 3) collected from Cape Evans, McMurdo Jetty and the Historic Dump, Antarctica. Dissimilar 
notations indicate a site effect or the results of a significant interaction effect between site and tissue type (P 
< 0.05) and an * indicates a significant tissue type or sex effect (P < 0.05).  

!
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Figure 2-9. Mean ± SE activities of total glutathione (GSH + GSSG) and reduced glutathione (GSH) in 
gonad tissue of male and female Sterechinus neumayeri and gonad and muscle tissue of Laternula elliptica 
(N = 3) collected from Cape Evans, McMurdo Jetty and the Historic Dump, Antarctica. Dissimilar notations 
indicate a site effect or the results of a significant interaction effect between site and tissue type (P < 0.05) 
and an * indicates a significant tissue type or sex effect (P < 0.05).  

!
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Table 2-6. ANOVA on concentrations of enzymatic defence markers superoxide dismutase (SOD), catalase 
(CAT), glutathione reductase (GR), glutathione peroxidase (GPx), glutathione-S-transferase (GST), 
glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total glutathione and percentage reduced glutathione in gonad 
and muscle tissues of Laternula elliptica from two contaminated and one clean site, Antarctica. All analyses 
were two-way ANOVA with site and tissue type as the fixed factors.  

 
 

Parameter Source df SS MS F-value P-value
SOD Site 2 7929.960 3964.980 14.96 <0.001

Tissue 1 2447.667 2447.667 9.24 0.01
Site x Tissue 2 2418.577 1209.289 4.56 0.034

Residual 12 3179.713 254.976
Total 17 15975.918 939.760

CAT Site 2 1946.650 973.325 9.19 0.004
Tissue 1 331.102 331.102 3.13 0.102

Site x Tissue 2 301.645 150.822 1.43 0.279
Residual 12 1270.330 105.861

Total 17 3849.727 226.455
GR Site 2 449.938 224.969 19.24 <0.001

Tissue 1 769.627 769.627 65.84 <0.001
Site x Tissue 2 132.437 66.218 5.66 0.019

Residual 12 140.281 11.690
Total 17 1492.283 87.781

GPx Site 2 3187.746 1593.873 28.64 <0.001
Tissue 1 3603.439 3603.439 64.75 <0.001

Site x Tissue 2 564.783 282.392 5.08 0.025
Residual 12 667.775 55.648

Total 17 8023.744 471.985
GST Site 2 45790.515 22895.257 11.86 0.001

Tissue 1 25067.844 25067.844 12.99 0.004
Site x Tissue 2 11174.245 5587.126 2.89 0.094

Residual 12 23165.220 1930.435
Total 17 105197.832 6188.108

Glx-I Site 2 234306.873 117153.436 27.21 <0.001
Tissue 1 86945.890 86945.890 20.19 <0.001

Site x Tissue 2 48761.522 24380.761 5.66 0.019
Residual 12 51668.649 4305.721

Total 17 421682.933 24804.878
Glx-II Site 2 3970.646 1985.323 23.06 <0.001

Tissue 1 645.123 645.123 7.49 0.018
Site x Tissue 2 895.009 447.504 5.20 0.024

Residual 12 1033.278 86.107
Total 17 6544.056 384.944

Total Site 2 146.012 73.006 0.59 0.57
glutathione Tissue 1 978.146 978.146 7.90 0.016

Site x Tissue 2 824.361 412.181 3.33 0.071
Residual 12 1486.539 123.878

Total 17 3435.058 202.062
Reduced Site 2 911.410 455.705 4.34 0.038

glutathione Tissue 1 1327.327 1327.327 12.65 0.004
Site x Tissue 2 1168.563 584.281 5.57 0.019

Residual 12 1259.151 104.929
Total 17 4666.450 274.497
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Table 2-7. ANOVA on concentrations of enzymatic defence markers superoxide dismutase (SOD), catalase 
(CAT), glutathione reductase (GR), glutathione peroxidase (GPx), glutathione-S-transferase (GST), 
glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total glutathione and percentage reduced glutathione in gonad 
tissue of male and female Sterechinus neumayeri from two contaminated and one clean site, Antarctica. All 
analyses were two-way ANOVA with site and sex as the fixed factors.  

 
!

2.3.4. Oxidative damage 

In Otago Harbour, A. stutchburyi and M. tenebrosus from the Portobello Drain site 

experienced significantly greater oxidative damage to proteins (3.9- and 3.3-fold 

respectively) and lipids (4.9- and 2.1-fold respectively) than those from Papanui Inlet 

(Figure 2-10, Table 2-8). Although oxidative damage was similar between the two species 

at Papanui Inlet, A. stutchburyi exhibited considerably greater levels of protein carbonyls 

Parameter Source df SS MS F-value P-value
SOD Site 2 17554.662 8777.331 11.87 0.001

Sex 1 7.233 7.233 0.01 0.923
Site x Sex 2 238.081 119.041 0.16 0.853
Residual 12 8875.706 739.642

Total 17 26675.682 1569.158
CAT Site 2 9060.099 4530.050 30.70 <0.001

Sex 1 2062.104 2062.104 13.97 0.003
Site x Sex 2 137.752 68.876 0.47 0.638
Residual 12 1770.943 147.579

Total 17 13030.899 766.523
GR Site 2 4.240 2.120 59.55 <0.001

Sex 1 0.665 0.665 18.69 <0.001
Site x Sex 2 0.020 0.010 0.27 0.765
Residual 12 0.427 0.036

Total 17 5.351 0.315
GPx Site 2 1025.440 512.720 38.91 <0.001

Sex 1 99.546 99.546 7.56 0.018
Site x Sex 2 12.201 6.101 0.46 0.64
Residual 12 158.118 13.177

Total 17 1295.305 76.194
GST Site 2 291.451 145.752 8.19 0.006

Sex 1 148.322 148.322 8.33 0.014
Site x Sex 2 30.313 15.156 0.85 0.451
Residual 12 213.661 17.805

Total 17 683.746 40.220
Glx-I Site 2 157080.460 78540.230 17.58 <0.001

Sex 1 10837.355 10837.355 2.43 0.145
Site x Sex 2 983.672 491.836 0.11 0.897
Residual 12 53625.393 4468.783

Total 17 222526.880 13089.816
Glx-II Site 2 589.042 294.521 7.14 0.009

Sex 1 306.776 306.776 7.44 0.018
Site x Sex 2 5.658 2.829 0.07 0.934
Residual 12 494.906 41.242

Total 17 1396.383 82.140
Total Site 2 1609.353 804.676 76.34 <0.001

glutathione Sex 1 160.862 160.862 15.26 0.002
Site x Sex 2 24.435 12.217 1.16 0.347
Residual 12 126.495 10.541

Total 17 1921.144 113.008
Reduced Site 2 905.346 452.673 53.66 <0.001

glutathione Sex 1 40.081 40.081 4.75 0.05
Site x Sex 2 5.010 2.505 0.30 0.748
Residual 12 101.239 8.437

Total 17 1051.676 61.863
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(~15 nmol/mg protein) and lipid hydroperoxides (~20 nmol/sample) than M. tenebrosus at 

the Portobello Drain site (Figure 2-10, Table 2-8).  

 

 
Figure 2-10. Mean ± SE protein carbonyl and lipid hydroperoxide concentrations in whole body tissues of 
Austrovenus stutchburyi  (N = 8 pooled samples of 5 individuals) and Micrelenchus tenebrosus (N = 8 pooled 
samples of 50 individuals) collected from Papanui Inlet and Portobello Drain, Otago Harbour, New Zealand. 
* indicates a significant difference between sites at the 0.05 level.  

!

In Antarctica, L. elliptica from the Historic Dump site experienced significantly greater 

oxidative damage to proteins and lipids in their muscle tissue than those from Cape Evans 

(2.6- and 2.4-fold respectively) (Figure 2-11, Table 2-8). McMurdo Jetty individuals also 

exhibited significant elevations of lipid damage in muscle tissue compared to those from 

Cape Evans (1.8-fold), but no difference in protein damage (Figure 2-11, Table 2-8). 

Oxidative damage to gonad tissue in L. elliptica was limited to protein carbonyls, which 

were significantly elevated in Historic Dump individuals (1.9-fold) in comparison to Cape 

Evans and McMurdo Jetty animals. S. neumayeri experienced similar levels of baseline 
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oxidative lipid and protein damage to L. elliptica at Cape Evans and McMurdo Jetty with 

levels not exceeding 1.9 nmol/mg protein and 5.1 nmol/sample respectively (Figure 2-11, 

Table 2-8). As with the bivalves, but to an even greater extent, urchins from the Historic 

Dump site experienced significantly greater protein and lipid damage than those from Cape 

Evans and McMurdo Jetty (3.4- and 5.5-fold respectively). Overall, male and female 

urchins experienced similar damage, with the exception of lipid hydroperoxides, which 

were significantly greater in females at the Historic Dump site (Figure 2-11, Table 2-8).  

 

!
 

Figure 2-11. Mean ± SE protein carbonyl and lipid hydroperoxide concentrations in male and female 
Sterechinus neumayeri and gonad and muscle tissue of Laternula elliptica (N = 3) collected from Cape 
Evans, McMurdo Jetty and the Historic Dump, Antarctica. Dissimilar notations indicate a site effect or the 
results of a significant interaction effect between site and tissue type/sex (P < 0.05).  

!

!

!



Chapter 2.                                                                                                                  Oxidative stress biomarkers 
 

 53!

Table 2-8. ANOVA on oxidative damage markers (protein carbonyls and lipid hydroperoxides) in 
Austrovenus stutchburyi, Micrelenchus tenebrosus, Laternula elliptica and Sterechinus neumayeri from 
contaminated and clean reference sites in Otago Harbour, New Zealand and Antarctica. All Otago Harbour 
analyses were one-way ANOVA with site as the fixed factor. All Antarctic analyses were two-way ANOVA 
with site and tissue type (L. elliptica) or sex (S. neumayeri) as the fixed factors.   

 
!

2.4. Discussion 
The present study quantified a range of oxidative stress biomarkers in two temperate and 

two Antarctic marine invertebrate species from natural populations in contaminant-

impacted and reference sites. These biomarkers provide a useful tool, not only to evaluate 

the biological effects of exposure to chemical pollutants, but also to understand the mode 

of action of the toxicants. As such, they are of increasing interest in biomonitoring 

programs as well as in ecotoxicological studies. PAHs were detected in all benthic 

organisms from study sites in both locations, except Cape Evans in Antarctica, confirming 

uptake and characterising levels of anthropogenic contamination determined a priori. 

PAHs are highly lipophilic organic pollutants that are ubiquitous in the marine 

environment (Hylland 2006) and while PAH levels measured in this study are 

Parameter Source df SS MS F-value P-value
A. stutchburyi Site 1 475.022 475.022 41.73 <0.001

Protein Residual 14 159.377 11.384
carbonyls Total 15 634.399

A. stutchburyi Site 1 1119.906 1119.906 93.77 <0.001
Lipid Residual 14 167.199 11.943

hydroperoxides Total 15 1287.105
M. tenebrosus Site 1 131.561 131.561 40.68 <0.001

Protein Residual 14 45.277 3.234
carbonyls Total 15 176.838

M. tenebrosus Site 1 109.988 109.988 8.71 0.011
Lipid Residual 14 176.894 12.635

hydroperoxides Total 15 286.882
Site 2 13.484 6.742 21.02 <0.001

L. elliptica Tissue 1 1.805 1.805 5.63 0.035
Protein Site x Tissue 2 2.387 1.193 3.72 0.055

carbonyls Residual 12 3.850 0.321
Total 17 21.526 1.266
Site 2 115.023 57.512 21.31 <0.001

L. elliptica Tissue 1 57.925 57.925 21.47 <0.001
Lipid Site x Tissue 2 26.081 13.041 4.83 0.029

hydroperoxides Residual 12 32.379 2.698
Total 17 231.408 13.612
Site 2 68.933 34.467 124.77 <0.001

S. neumayeri Sex 1 0.079 0.079 0.29 0.603
Protein Site x Sex 2 1.039 0.520 1.88 0.195

carbonyls Residual 12 3.315 0.276
Total 17 73.366 4.316
Site 2 545.054 272.527 23.11 <0.001

S. neumayeri Sex 1 76.179 76.179 6.46 0.026
Lipid Site x Sex 2 100.963 50.482 4.28 0.04

hydroperoxides Residual 12 141.502 11.792
Total 17 863.698 50.806
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representative of the total contaminant load, other organic and metal contaminants not 

measured will also be important contributors. Previous studies have reported considerable 

levels of polychlorinated biphenyls (PCBs), heavy metals and other contaminants in 

sediments and invertebrates in and around these sites in Otago Harbour (Brown and Peake 

2006; Stewart 2007) and Winter Quarters Bay (Negri et al. 2006). The levels of 

contamination at the polluted Antarctic sites adjacent to McMurdo station selected in this 

study are severe on a global context, however the pollution gradient is steep with 

concentrations of major contaminants dropping by an order of magnitude within hundreds 

of meters of the Historic Dump site (Kennicutt et al. 2010). Although a very small PAH 

burden was found in our control population at Papanui Inlet in Otago Harbour, much 

higher levels were documented at the Portobello Drain site indicating a strong pollution 

gradient. These baseline findings at the reference site likely resulted from nearby road run-

off or boating activities close to the time of collection and demonstrate the ecological 

relevance of PAH contamination in the marine environment.  

 

Organisms from the highly contaminated sites in both locations exhibited a greater degree 

of OS than those from reference sites, evidenced by an upregulation of all AO defences 

tested, as well as increases in oxidative lipid and protein damage to whole body or isolated 

muscle and gonad tissues. The moderately contaminated McMurdo Jetty site in Antarctica 

was predictably in between with respect to OS, with some evidence of AO upregulation 

and a slight increase in oxidative damage being observed. All biomarkers tested proved to 

be useful indicators of contamination exposure, although oxidative lipid and protein 

damage showed the greatest elevation at contaminated sites in comparison to reference 

sites. Lipid peroxidation and protein carbonylation are sensitive measures of ROS-induced 

damage and have been indicated in response to a variety of environmental contaminants in 

marine habitats (Valavanidis et al. 2006; Lushchak 2011). Oxidative damage to these core 

macromolecules, as well as to DNA, is both energetically expensive to prevent and 

resource intensive to repair and can impair cellular function leading to negative 

consequences for an animal’s fitness and survival (Lesser 2006).  

 

Active detoxification is also a crucial aspect of protection from environmental 

contaminants. Glutathione in its reduced form is one of the most important antioxidants 

involved in protection from lipid peroxidation, and is the cofactor of many enzymes 

catalyzing the detoxification and excretion of several toxic compounds (Halliwell and 
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Gutteridge 2007). A recent meta-analysis on pollution and OS in wild animals found that 

glutathione and the associated enzymes, GST and GPx, were the most sensitive and 

reliable biomarkers of pollution-induced OS in natural populations (Isaksson 2010). 

Although not singularly more important than other AO markers in the present study, 

glutathione and associated enzymes were all present in higher concentrations in animals 

from contaminated environments showing the importance of these markers in the stress 

response of the species tested. It is important to note that many environmental factors can 

directly or indirectly influence the oxidative stress status of animals in their natural habitats 

(Nussey et al. 2009; Costantini et al. 2010; Isaksson 2010; van de Crommenacker et al. 

2011) and establishing cause and effect relationships is therefore difficult. A variety of 

factors other than the PAHs analysed in the present study could have contributed to the 

levels of OS observed, such as diet quantity and quality, habitat type, light availability and 

other contaminants, all of which could influence OS physiology directly or indirectly. For 

example, the diets of S. neumayeri and L. elliptica have both been shown to differ between 

Cape Evans and sites near McMurdo Station as a result of differences in sea ice coverage 

and associated algal communities (Wing et al. 2012). Furthermore, the biological effects 

caused by exposure to multiple different chemical pollutants are complex and difficult to 

predict given that the interactions, cascades and indirect mechanisms of co-exposure can 

considerably change the expected responses (Benedetti et al. 2007). While PAHs have 

been shown in laboratory studies to induce OS in temperate and polar invertebrates 

(Camus et al. 2002; Baussant et al. 2009; Martins et al. 2013), so too have other pollutants 

known to be present in Winter Quarters Bay and Otago Harbour, such as heavy metals 

(Regoli et al. 1997; Valavanidis et al. 2006).    

 

Overall, grazing animals accumulated similar levels of PAHs at the contaminated sites in 

both locations whereas the Antarctic filter-feeder L. elliptica accumulated levels between 5 

and 10 times higher than the temperate filter-feeder A. stutchburyi from Otago Harbour. 

Given that tissue PAH concentrations alone do not necessarily reflect bioavailability (Paine 

et al. 1996), whether this was an artefact of sediment levels, uptake rates or differences in 

metabolism is unclear. Furthermore, while densities of both temperate species were vastly 

greater at the less impacted Papanui Inlet compared to the highly polluted Portobello Drain 

site, growth appeared to be less constrained in the grazing animals compared to the filter 

feeders, the latter of which were consistently smaller in the highly contaminated sites. 

Indeed, the temperate grazers showed the opposite pattern and were slightly larger at the 
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highly impacted site, and in Antarctica, the largest urchins collected were those from the 

moderately contaminated McMurdo Jetty. While these patterns in abundance and size may 

be as a result of PAHs or other contaminants, a number of other factors including age, food 

availability and competition that were beyond the scope or intention of the present study, 

must also be considered. Freshwater inputs and sea ice cover are additional important 

factors in Otago Harbour and Antarctica, respectively. Sea ice plays an important role in 

the provision of organic matter from sea ice microbial communities (SIMCO) to coastal 

marine organisms in Antartcica (Wing et al. 2012). Nevertheless, infaunal filter-feeding 

organisms are less selective in their feeding strategy than grazers and are potentially 

exposed to contaminants from both sediment and water sources. It is therefore not 

surprising that the filter feeders presented with greater tissue burdens of PAHs than either 

grazer in the present study.  

 

Impacts of chemical contaminants have previously been documented in a range of taxa 

within Winter Quarter’s Bay (Lenihan et al. 1995; Negri et al. 2006; Kennicutt et al. 2010), 

however OS parameters are less well studied in marine organisms at these sites (Lister et 

al. 2010a) and not previously in relation to chemical pollutants. Adaptation to the 

permanently cold, oxygen-rich environment can potentially reduce susceptibility to OS, 

through reduced metabolic rates that limit inherent levels of mitochondrial ROS output. 

Alternatively, Antarctic marine organisms can have increased susceptibility in other ways 

such as through elevated polyunsaturated fatty acid (PUFA) levels and a reduced scope for 

the induction of defence mechanisms due to low exogenous ROS levels (Regoli et al. 

2011a). Differences in the way polar organisms respond to contaminants is expected, not 

only as a result of these physiological differences, but also because characteristics of the 

polar marine environment such as low temperatures and marked seasonality can influence 

the way in which contaminants behave chemically (de Hoop et al. 2011). Antarctic marine 

invertebrates, although well adapted to their cold environment, have been shown to be 

highly sensitive to OS (Abele and Puntarulo 2004). Although it is difficult to draw direct 

comparisons between species in this study, overall results do not show a clear indication of 

greater or lesser sensitivity of the Antarctic species. Results do, however, indicate that AO 

enzymes and detoxification pathways can be utilised differently among species. Such 

differences have been shown in other marine invertebrates (Viarengo et al. 1995; Regoli et 

al. 1997).  
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Oxidative biomarkers can also be affected by changes during an animal’s reproductive 

period when increased oxygen demand and activation of other biochemical pathways 

occurs (Monserrat et al. 2011). While the majority of AO markers were more useful 

indicators for gonad tissue in L. elipitca, reduced glutathione and oxidative damage 

markers were more sensitive markers in muscle tissue indicating that tissue type can 

influence results. Previous studies have also found that different tissues reveal conflicting 

results. For example, the polar scallop Admussium colbecki, has higher AO levels in the 

digestive gland than in the gills (Viarengo et al. 1995) likely as a result of the former tissue 

being a major source of uptake of chemical pollutants (Livingstone 2001). The fact that 

reduced glutathione was maintained in L. elliptica gonad tissue but utilised heavily by 

muscle tissue in the reproductively mature individuals collected in this study may indicate 

the importance of glutathione for gamete production and warrants further investigation. 

With respect to the Antarctic urchin, male gonad tissue exhibited lower baseline levels of 

the majority of antioxidants than females, and males experienced similar or slightly lower 

levels of oxidative damage. It is difficult to ascertain the reasons for this sex-specific 

difference, however sperm generally contain higher amounts of polyunsaturated fatty acids 

(PUFAs) than eggs in a variety of animal phyla (Halliwell and Gutteridge 2007). PUFAs 

are prone to oxidation so a possible reason for lower AO levels in the sperm could be they 

are constantly being heavily utilised to combat the high susceptibility to OS. Pollution may 

impair reproductive success in marine invertebrates by reducing the quality of either 

gamete, with sperm often proving more susceptible to chemical stress than eggs (Au et al. 

2001b), although this is not always the case (Schafer et al. 2011) and analysing the eggs 

and sperm separate from somatic tissue within the gonad would be useful in future studies. 

Variation in gamete quantity and quality are important drivers of offspring survival in 

marine invertebrates and while the impacts of environmental pollutants on adults or early 

life stages of marine species are well studied, the underlying mechanisms and the parent-

to-offspring transfer of impacts are less well understood. To date there are only a few 

studies linking biomarker responses to ecologically relevant endpoints, such as offspring 

development and survival (Edge et al. 2012).  

 

2.5. Conclusions 
Oxidative stress biomarkers, particularly the accumulation of oxidative damage products, 

proved useful as indicators of chemical contaminants in temperate and Antarctic benthic 
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invertebrates in the present study. However, it is imperative to consider several 

environmental and biological factors beyond pollution when utilising OS biomarkers in 

biomonitoring programs.  Furthermore, it is important to choose model species, analyse a 

range of tissues and collect information about gender, reproductive state and age in order 

to understand the relevance of life-history related physiological change on OS parameters 

in marine species. In addition, a broad suite of markers from both sides of the balance 

between ROS generation and quenching must be measured to accurately infer the level of 

OS an organism experiences. Understanding the underlying mechanisms and the impacts 

of anthropogenic pollution on natural populations is increasingly important as urbanisation 

continues to rapidly increase on a global scale.  



Chapter 3. Dietary pollutants induce oxidative stress, altering 
reproductive output and maternal antioxidant loading in the temperate 

sea urchin Evechinus chloroticus. 

 

 

 

 
Evechinus chloroticus community – photo courtesy of Chris Hepburn 
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3.1. Introduction 
Reactive oxygen species (ROS) are ubiquitous in aerobic organisms, and although they are 

produced as a component of routine cellular function they can also indiscriminately disrupt 

membrane lipids, cause protein oxidation, inhibit enzyme activity and ultimately damage 

DNA if not kept in balance by antioxidant (AO) mechanisms (Halliwell and Gutteridge 

2007). Oxidative stress (OS) occurs when the rate of ROS generation exceeds the 

scavenging capacity of an organism’s AO system, and is a fundamental component of the 

stress responses of many marine species, ultimately resulting in perturbations to redox 

status and important consequences for a variety of fitness parameters, such as growth and 

ageing (Lesser 2006). The past decade has seen an increase in evidence suggesting that the 

capacity to withstand OS may also play a key physiological role in shaping life-history 

trade-offs, such as the division of resources between reproduction and longevity - reviewed 

by Monaghan et al. (2009); Constantini et al. (2010). Organisms need to balance their 

energy requirements for fuelling these critical biological processes against the potential 

toxicity of ROS (Halliwell and Gutteridge 2007). The damaging effects of ROS on lipids, 

proteins and DNA are therefore highly relevant to an organism’s fitness (Dowling and 

Simmons 2009; Monaghan et al. 2009; Metcalfe and Alonso-Alvarez 2010; Garratt et al. 

2011). In addition to oxidative damage, antioxidants are strong candidates to correlate with 

fitness outcomes in responses to oxidative challenges.  This is primarily because many 

types are involved in important biological functions, such as sexual signalling and embryo 

provisioning, as well as playing a critical role in preventing ROS damage (Costantini et al. 

2013).  

 

A broad suite of markers from both sides of the balance between ROS generation and 

quenching must be measured to accurately infer the level of OS an organism experiences, 

however it is ultimately the outcome of oxidative damage in terms of impaired fitness or 

function that is fundamental to our understanding of trade-offs (Monaghan et al. 2009). 

Understanding why and how particular individuals pass on a greater number of traits to the 

following generation is at the core of evolutionary ecology, and although rapid progress 

has been made in the last decade, we are still far from comprehensively understanding the 

role of OS in ecological systems. The main reasons for this are (1) the shortage of studies 

which utilise an appropriate range of the available biomarkers of oxidative status, (2) a 

taxonomic bias towards terrestrial vertebrates and (3) insufficient evidence to clarify 
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whether and how increased OS directly impacts resource allocation and ultimately fitness 

and survival. Furthermore, little is known regarding the impacts of OS on traits other than 

growth and lifespan, and recent research has been hampered by unrealistic manipulations 

of OS in experimental work (Monaghan et al. 2009). For example, studies using 

Drosophila as a model organism to investigate OS and reproduction employed lethal doses 

of chemical oxidants that killed all experimental animals within a short time frame 

(Salmon et al. 2001). 

 

The consequences of exogenously stimulated ROS production, either from natural or 

anthropogenic stressors, provide an experimental framework to test hypotheses regarding 

the role of OS-mediated resource trade-offs. Reproduction is a physiologically demanding 

process and reproductive parameters are often compromised following exposure to 

environmental stressors, whereby energy is conserved instead for costly physiological 

defences which in turn increase chances of survival (Stearns 1992). Female reproductive 

traits, including fecundity and egg quality, play a major role in determining offspring 

fitness and the impacts of environmental contaminants on these parameters have been well 

studied in marine invertebrates (Au et al. 2001a; Marshall 2006). In addition to 

environmental stressors, OS can vary with developmental stage, nutritional conditions and 

levels of activity (Monaghan et al. 2009). Furthermore, the different components of the 

antioxidant system may not all be equally functional throughout ontogeny (Fontagne et al. 

2008). Despite these confounding variables, few studies examining OS in aquatic 

organisms obtain information about gender, age or reproductive state. 

 

The present study aimed to establish associations between a range of oxidative damage and 

defence markers and key reproductive fitness parameters in the temperate sea urchin 

Evechinus chloroticus. This was carried out using experimental induction of OS via dietary 

administration of polycyclic aromatic hydrocarbons (PAHs), a group of common 

contaminants in the marine environment. Examining the influence of environmental 

control on short-term trade-offs is less complicated for species with short generation times 

and where the organism’s environment can be experimentally manipulated. E. chloroticus 

was therefore selected as a model organism in the present study as adults are widespread in 

the subtidal benthos surrounding New Zealand, and gametes are numerous and easily 

obtainable. Echinoderms are a diverse group of marine invertebrates, and a range of life-

history strategies have been documented within the phylum, including brooding and 
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vivipary (Hart 2002). Furthermore, the planktonic embryos and larval stages that dominate 

the life histories of many echinoderms, including E. chloroticus, may be particularly 

susceptible to environmental contaminants (Bellas et al. 2008). Consequently many 

echinoderm species, and particularly the larval stages, have been extensively used as 

model organisms in studies examining environmental stress physiology (King and Riddle 

2001; Lesser et al. 2003; Bellas et al. 2005; Bellas et al. 2008). Despite this considerable 

research, little is known about the effects of contaminants on echinoderm reproduction and 

life histories, or the parent-to-offspring transfer of contaminant-mediated trait changes. 

 

PAHs are highly toxic, ubiquitous in their distribution in the marine environment, and are 

considered a serious pollution problem, with 16 individually named on the United States 

environmental protection agency (EPA) priority pollutant list (EPA 1987). Due to their 

high persistence, low water solubility and hydrophobic nature, hydrocarbons are readily 

adsorbed onto particulate organic matter and ultimately accumulated in marine sediments 

(Hylland 2006). PAHs pose particular risks to marine organisms, which achieve uptake by 

passive diffusion or via dietary pathways (Camus et al. 2003; Bellas et al. 2008; Baussant 

et al. 2009; Galgani et al. 2011; Martins et al. 2013). In aquatic systems, macroalgae can 

rapidly assimilate PAHs and are frequently used as bioindicator species in highly polluted 

coastal environments (Burritt 2008). Ulva pertusa (family: Ulvaceae) is a common green 

seaweed species found in New Zealand, occurring both intertidally and subtidally in 

harbours and on open coasts (Heesch et al. 2009). U. pertusa was selected for use as a food 

source in the present study as it is a known bioaccumulator (Ho 1990), is easy to collect 

and is readily consumed by E. chloroticus (K. Lister, pers. obs). Although PAH 

metabolism is generally efficient in invertebrates, a range of direct and indirect impacts 

can ensue including immune and endocrine system disruption, DNA damage and the 

production of ROS leading to oxidative stress (Hylland 2006). These consequences can in 

turn elicit either subtle or strong physiological and/or phenotypic trade-offs (Livingstone 

2001; Regoli and Giuliani 2014). 

 

Few studies that have examined impacts of pollutants on marine invertebrates have 

included a full suite of OS markers or examined the potential costs associated with the 

increased energy utilised for defence and repair. The objectives of the present study were 

therefore to: (1) test how PAH-induced OS affects a range of oxidative damage and 

antioxidant defence parameters in gonad tissue of reproductively mature female E. 
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chloroticus; (2) assess whether any connections exist between these measures of OS status 

and core components of fitness including reproductive effort and gamete quality; and (3) 

examine the carry-over effects from parent-to-offspring by measuring OS parameters in 

embryos derived from PAH-naïve versus PAH-experienced mothers. Specifically, the 

following questions were addressed: 

 
1. Do short-term (21 day) dietary exposures to PAHs during the peak reproductive 

period cause changes in oxidative damage (lipid hydroperoxides, protein carbonyls) 

and antioxidant biomarkers (SOD, CAT, GR, GPx, GST, and glutathione redox 

status) in adult female E. chloroticus gonad tissue and released eggs? 

2. Are PAH-exposed E. chloroticus females less fecund and do they produce smaller 

gametes compared to females not exposed to dietary PAHs?  

3. Do populations of E. chloroticus eggs derived from PAH-exposed mothers 

experience impaired levels of fertilisation success across a range of sperm 

concentrations compared to those from mothers not pre-exposed?  

4. Are differences in oxidative damage and defence biomarkers observed in adult 

females, as a result of dietary PAH exposure, also observed in their offspring? 

 

3.2. Materials and methods 

3.2.1. Sampling sites and animal collections 

Reproductively mature Evechinus chloroticus, that had not yet spawned naturally, were 

collected from Blanket Bay in Doubtful Sound, Fiordland, New Zealand (45°18´03.82´S, 

166°58´44.49´E). Eighty individuals were transported back to Portobello Marine 

Laboratory (PML) and placed randomly within large fibre glass tanks (144 x 74 x 20 cm) 

each divided into 10 units, independently supplied with 0.22 "m flowing filtered seawater 

(FSW).  Tanks were arranged in a randomized block design receiving ambient light from 

nearby windows, and seawater temperature was approximately 16°C for the duration of the 

21-day experiment. Animals were acclimated to the laboratory conditions for three weeks 

prior to the start of the experiment and during this time were fed every 2-3 days with Ulva 

pertusa collected from a clean site and tested to ensure PAHs were below detectable limits. 

Urchins were measured for horizontal test diameters (HTD) (± 1 mm) using vernier digital 

callipers to ensure all experimental individuals used were within the same age cohort (80-

100 mm). 
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3.2.2. Experimental design 

Vegetative thalli of Ulva pertusa were collected from Papanui Inlet, Otago Harbour, New 

Zealand (45°50´59.58´S, 170°42´20.15´E) by hand at low tide. Three replicate samples of 

approximately 5g wet weight each were immediately rinsed in FSW, picked clean of 

epiphytes, patted dry, snap frozen in liquid nitrogen and stored at -80°C. An additional 200 

g was transported to the laboratory in covered containers and divided evenly between two 

20 L buckets containing either 10 L control FSW (3ml acetone added) or a PAH mixture 

containing phenanthrene, fluoranthene, pyrene and benzo[a]pyrene at a ratio of 1:2:2:1 and 

a final concentration of 1080ng/L (dissolved in 3ml acetone). PAHs frequently occur in 

complex mixtures rather than singly in marine ecosystems so combined effects have been 

taken into account in the present study, with the specific selection of PAHs, ratios and 

concentrations based on previous data of typical levels found in a moderately polluted 

temperate harbour (See Chapter 2, Section 2.3.2). The algae were then incubated for three 

days in a Contherm 620 growth cabinet set to 12°C and provided with 375 "mol quanta m-

2s-1 photosynthetically active radiation (PAR) by lamps (Phillips, Aquarella) under a 12 hr 

light/dark cycle. An aquarium pump provided constant aeration. After 24 and 48 hours, an 

additional dose of the PAH mixture or acetone was added to the treatment and control 

containers respectively. Following exposure, three replicate 5 g w/w U. pertusa samples 

from both the control and treatment containers were rinsed in fresh FSW to remove surface 

PAHs, patted dry, snap frozen in liquid nitrogen and stored at -80°C for later analysis of 

final PAH concentrations. Collection and uploading in this way was repeated once per 

week for 3 weeks providing approximately 255 g in total of either PAH-contaminated or 

control food. All 10 individuals per tank from four randomly selected tanks were fed 

contaminated U. pertusa and the individuals in the remaining four tanks received non-

contaminated U. pertusa. Animals were checked twice daily to ensure all food was eaten 

and that no dose was lethal. Each urchin received a total of approximately 6 g of algae over 

the three feeding periods. 

 

3.2.3. Spawning and egg culture 

One control and one treatment tank were randomly selected each day for four days, and 

urchins were induced to spawn in the laboratory by an inter-coelomic injection of 1–2 ml 

of 0.5 M KCl solution into the coelom until one successfully spawning female from each 
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tank was obtained (8 female urchins in total over the course of the experiment). Gametes 

were released into beakers of FSW for 30 minutes, after which time, whether spawning 

was finished or not the density of eggs was determined. The egg solution from each female 

was then diluted or concentrated to establish a density of 100 eggs per ml in 6 litres. After 

gametes had been collected, each individual female was dissected and the gonads were 

removed, homogenized, snap frozen in liquid nitrogen and stored at -80°C for later use in 

biochemical analyses. At the same time (30 minutes post release) 1 ml subsamples of eggs 

were collected from each female in 2 ml Eppendorf tubes and fixed in 7% formalin for 

later analysis of size. Egg diameter was measured by direct microscopic observations of 

100 eggs per female at magnifications of X100 and X400 and the average diameter 

calculated. Four replicate subsamples of 500 ml were then filtered through a 50 "m filter 

and the concentrated eggs stored in 1.5 ml Eppendorf tubes. These were snap frozen in 

liquid nitrogen and immediately stored in -80°C for later biochemical analyses.  

 

3.2.4. Embryo culture and fertilisation success 

A sufficient volume of egg solution from each female was distributed evenly among three 

glass jars (2 litres per jar) to establish densities of 100 eggs per ml. A single male from an 

untreated tank was induced to spawn and dry sperm was kept in a tube on ice until needed. 

To achieve final sperm-to-egg ratios of 4000:1, 400:1 and 40:1, sperm concentrations were 

quantified for a 1"l sample activated in 10ml FSW using haemocytometer counts. A 

volume of diluted sperm solution required to achieve the appropriate sperm-to-egg ratio 

was added to each of the three egg suspensions to obtain independent embryo populations. 

After 15 minutes seawater was removed by gentle aspiration to remove excess sperm and 

the eggs were resuspended in fresh FSW. The remaining egg solution from each female 

was filtered and concentrated down in 12 lots of 50 mg (~50,000 eggs), snap frozen in 

liquid nitrogen and immediately stored in -80°C for later biochemical analyses.  Five 

minutes following the addition of sperm, 3 replicate 1 ml samples from each jar were 

collected in a 2 ml Eppendorf tube and fixed in 7% formalin for later analysis of 

fertilisation success. This was scored as the proportion of eggs with raised fertilization 

envelopes out of 50 eggs for each female.  
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3.2.5. Abnormal development 

Two subsequent 1 ml subsamples were taken at 24 and 48 hours post-fertilisation from 

each container and fixed in 7% formalin. Abnormality was later scored by assessing the 

proportion of embryos (50 per replicate) with normal development compared to those 

either arrested at the one cell or cleavage stage, or that had undergone exogastrulation or 

had protruding cellular masses (Lamare et al. 2007). These measurements were made by 

direct microscopic observations of X100 and X400. The grand mean of these counts from 

the four independent female urchins was used for statistical analysis. 

 

3.2.6. Oxidative damage and antioxidant defence 

Also at 24 and 48 hours, each jar was divided evenly into 4 replicates of 250 ml and 

embryos were concentrated using a 50 "m filter and stored in 1.5 ml Eppendorf tubes. 

Each sample contained ~25,000 embryos and weighed approximately 50 mg. These were 

snap frozen in liquid nitrogen and immediately stored in -80°C for later biochemical 

analyses. The experiment was terminated while larvae were still at pre-feeding stages so as 

to avoid the potentially confounding influence of algal food.  

 

3.2.7. PAH extractions 

PAH concentrations were analysed in U. pertusa and E. chloroticus gonad tissue samples 

as per methods detailed previously in Chapter 2, Section 2.2.2. 

 

3.2.8. Biochemical analyses 

Gonad, egg and embryo samples were analysed for oxidative damage (lipid 

hydroperoxides and protein carbonyls) and antioxidant biomarkers (SOD, CAT, GR, GPx, 

GST, GSH and GSSG). Refer to Chapter 2, Section 2.2.3 for general methods regarding 

these extractions and assays. 

 

3.2.9. Statistical analyses 

Statistically significant differences (P <0.05) in fecundity, egg diameter and gonad and egg 

OS markers were analysed using one-way ANOVA. Fertilisation success was analysed 

across sperm concentrations and among parental diets by two-way ANOVA.  Embryo 

abnormality and OS markers were analysed across maternal diet and among embryo ages 

by two-way ANOVA. Any statistically significant maternal diet or embryo age effects 
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were then analysed using a posthoc Tukey HSD test. ANOVAs included tests for 

normality (Kolmogorov-Smirnov) and homogeneity of variance (Levene’s test). All 

analyses were performed using SigmaStat 2.03 (SPSS Inc.) or JMP (7.0) (SAS). 

 

3.3. Results 

3.3.1. PAH accumulation 

No PAHs were present in control E. chloroticus gonad tissue whereas those fed a PAH-

contaminated diet accumulated an average of 20.85 ng/g dry weight, representing an 

uptake rate of ~14% (Table 3-1).  

 
Table 3-1 Mean concentrations ± SE of total PAHs in U. pertusa (N = 9) and female E. chloroticus (N = 4). 
BDL = below detectable limits. 

 

3.3.2. Gonad and egg antioxidant defence 

Exposure to dietary PAHs resulted in significant upregulation of the antioxidant defence 

and detoxification enzymes SOD, CAT, GR, GPx and GST, as well as a greater pool of the 

non-enzymatic antioxidant glutathione in E. chloroticus gonad tissue and eggs (Figure 3-1, 

Table 3-2). The increase in the activities of these markers in gonad tissue of PAH-exposed 

individuals compared to those fed a non-polluted food source ranged between 2.5- and 3-

fold, and in the case of GPx 4.5-fold (Figure 3-1, Table 3-2). AO activities were greater in 

eggs than in gonad tissue and the proportional increase was slightly less with AO markers 

ranging from 1.5- and 2.5-fold higher in eggs from PAH-exposed mothers (Figure 3-2, 

Table 3-2). In contrast, glutathione redox status was not affected by dietary PAH exposure 

with the percentage of reduced glutathione remaining at approximately 80% in both gonad 

tissue and released eggs regardless of parental diet (Figure 3-1, Figure 3-2, Table 3-2).  

  Control PAH 

Ulva pertusa tissue     

!16PAH (ng/g dry wt) BDL 117.3 ± 10.3 

Female E. chloroticus gonad tissue     

!16PAH (ng/g dry wt) BDL 20.85 ± 2.74 

!
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Figure 3-1 Mean ± SE activities of superoxide dismutase (SOD), catalase (CAT), glutathione reductase (GR), 
glutathione peroxidase (GPx), glutathione-S-transferase (GST), total glutathione (GSH + GSSG) and reduced 
glutathione (GSH) in gonad tissue from female Evechinus chloroticus fed PAH-contaminated versus control 
Ulva pertusa. N = 4. * indicates a significant difference between diet at the 0.05 level.  
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Figure 3-2 Mean ± SE activities of superoxide dismutase (SOD), catalase (CAT), glutathione reductase (GR), 
glutathione peroxidase (GPx), glutathione-S-transferase (GST), total glutathione (GSH + GSSG) and reduced 
glutathione (GSH) in Evechinus chloroticus eggs derived from mothers fed PAH-contaminated versus 
control Ulva pertusa. N = 12 pooled samples of ~50,000 eggs per sample. * indicates a significant difference 
between maternal diet at the 0.05 level.  

!
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Table 3-2. ANOVA on concentrations of enzymatic defence markers superoxide dismutase (SOD), catalase 
(CAT), glutathione reductase (GR), glutathione peroxidase (GPx), glutathione-S-transferase (GST), total 
glutathione and percentage reduced glutathione in PAH-fed and control female Evechinus chloroticus gonad 
tissue (A) and eggs (B). All analyses were one-way ANOVA with dietary treatment as the fixed factor.  

!

 

 

 

Parameter Source df SS MS F-value P-value
(A) Gonad tissue

SOD Treatment 1 21225.125 21115.125 24.32 0.003
Residual 6 5209.750 868.292
Total 7 26324.875

CAT Treatment 1 29282.000 29282.000 10.24 0.019
Residual 6 17163.500 2860.583
Total 7 46445.000

GR Treatment 1 2.205 2.205 10.58 0.017
Residual 6 1.250 0.208
Total 7 3.455

GPx Treatment 1 3156.151 3156.151 20.30 0.004
Residual 6 932.718 155.453
Total 7 4088.869

GST Treatment 1 1290.320 1290.320 7.50 0.034
Residual 6 1032.020 172.003
Total 7 2322.340

Total Treatment 1 7994.801 7994.801 9.04 0.024
glutathione Residual 6 5304.418 884.070

Total 7 13299.219
Reduced Treatment 1 12.005 12.005 1.78 0.231
glutathione Residual 6 40.475 6.746

Total 7 52.480
(B) Eggs

SOD Treatment 1 43605.375 43605.375 19.37 <0.001
Residual 22 49537.583 2251.708
Total 23 93142.958

CAT Treatment 1 62424.000 62424.000 19.70 <0.001
Residual 22 69727.333 3169.424
Total 23 132151.333

GR Treatment 1 15.844 15.844 53.52 <0.001
Residual 22 6.512 0.296
Total 23 22.356

GPx Treatment 1 5289.570 5289.570 17.49 <0.001
Residual 22 6653.069 302.412
Total 23 11942.640

GST Treatment 1 1513.682 1513.682 16.92 <0.001
Residual 22 1967.852 89.448
Total 23 3481.533

Total Treatment 1 12453.370 12453.370 23.84 <0.001
glutathione Residual 22 11492.879 522.404

Total 23 23946.250
Reduced Treatment 1 51.334 51.334 2.15 0.156
glutathione Residual 22 524.526 23.842

Total 23 575.860
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3.3.3. Gonad and gamete oxidative damage 

Baseline levels of oxidative damage to proteins and lipids within gonad tissue as well as 

isolated unfertilised eggs were low in individual E. chloroticus fed a non-contaminated 

food source, not exceeding 2.0 nmol/mg protein and 2.1 nmol/sample, respectively. 

Individuals fed PAH-loaded U. pertusa experienced greater than three- and five-fold 

increases in oxidative protein and lipid damage in gonad tissue (Figure 3-3, Table 3-3). In 

contrast, eggs released from PAH-fed females maintained low levels of oxidative damage, 

not differing from baseline levels found in eggs released from PAH-naïve mothers (Figure 

3-3, Table 3-3).  

 

 
Figure 3-3 Mean ± SE protein carbonyl and lipid hydroperoxide levels in gonad tissue and isolated eggs from 
female Evechinus chloroticus fed PAH-contaminated versus control Ulva pertusa. Gonad tissue: N = 4, Eggs: 
N = 12 pooled samples of ~50,000 eggs per sample. * indicates a significant difference between female diet 
at the 0.05 level.  
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Table 3-3 ANOVA on oxidative damage markers (protein carbonyls and lipid hydroperoxides) in PAH-fed 
and control Evechinus chloroticus female gonad tissue (A) and egg samples (B). All analyses were one-way 
ANOVA with dietary treatment as the fixed factor.  

!

3.3.4. Fecundity, egg size and fertilisation success 

Dietary PAH exposure resulted in reduced fecundity of reproductively mature females, 

with close to half the number of eggs released during the 30 minute spawning event 

compared to control mothers (F1,6 = 5.41, P = 0.055), but no significant alteration in egg 

diameter (F1,6 = 0.93, P = 0.339) (Fig. 3.4). Although PAH-exposed females released 

fewer eggs, successful fertilisation of those eggs was significantly enhanced (Figure 3-5), 

with average rates ranging from 90 to 99% in comparison to 76 to 90% in eggs derived 

form control mothers (F1,6 = 4.26, P = 0.054). Sperm concentration had no significant 

effect on fertilisation rate (F1,6 = 2.50, P = 0.110).  

 
Figure 3-4. Mean ± SE fecundity (N = 4) and egg diameter (N = 4 pooled means of 10 eggs per count) in egg 
populations derived from female Evechinus chloroticus fed PAH-contaminated versus control Ulva pertusa. 
* indicates a significant difference between maternal diet at the 0.05 level.  

Parameter Source df SS MS F-value P-value
(A) Gonad tissue

Protein Treatment 1 36.551 36.551 5.64 0.055
carbonyls Residual 6 38.877 6.480

Total 7 75.429
Lipid Treatment 1 160.205 160.205 25.51 0.002

hydroperoxides Residual 6 37.675 6.279
Total 7 197.880

(B) Eggs
Protein Treatment 1 0.007 0.007 0.04 0.849
carbonyls Residual 22 3.953 0.180

Total 23 3.960
Lipid Treatment 1 1.084 1.084 2.39 0.137

hydroperoxides Residual 22 9.986 0.454
Total 23 11.070
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Figure 3-5 Mean ± SE percentage fertilisation success at three sperm-to-egg ratios (40, 400 and 4000:1) in 
egg populations derived from female Evechinus chloroticus fed PAH-contaminated versus control Ulva 
pertusa. N = 4 (pooled means of 50 eggs per count). Dissimilar notations indicate a significant difference 
between maternal diet at the 0.05 level.  

!

3.3.5. Embryonic antioxidant defence 

Antioxidant concentrations in 24 and 48 hr old E. chloroticus embryos were maternally 

influenced with embryos derived from mothers exposed to dietary PAHs exhibiting 

significantly higher levels of all tested markers (between 1.3- and 2-fold higher), compared 

to those derived from mothers fed a control diet, with the exception of reduced glutathione 

(Figure 3-6, Table 3-4). The activities of CAT, GR, GST and the total pool of glutathione 

also showed a significant increase with embryo age (Figure 3-6, Table 3-4). 
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Figure 3-6. Mean ± SE activities of superoxide dismutase (SOD), catalase (CAT), glutathione reductase 
(GR), glutathione peroxidase (GPx), glutathione-S-transferase (GST), total glutathione (GSH + GSSG) and 
reduced glutathione (GSH) in Evechinus chloroticus embryos derived from mothers fed PAH-contaminated 
versus control Ulva pertusa. N = 12 pooled samples of ~50,000 embryos per sample. Dissimilar notations 
indicate a significant difference between maternal diet and * indicates a significant age difference at the 0.05 
level.  

!

!
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Table 3-4 ANOVA on concentrations of enzymatic defence markers superoxide dismutase (SOD), catalase 
(CAT), glutathione reductase (GR), glutathione peroxidase (GPx), glutathione-S-transferase (GST), total 
glutathione and percentage reduced glutathione in embryos (24 and 48 hrs post-fertilisation) derived from 
PAH-fed and control Evechinus chloroticus mothers. All analyses were two-way ANOVA with parental 
exposure history and embryo age as fixed factors.  

!

!

3.3.6. Embryonic oxidative damage and abnormal development 

Comparable baseline levels of oxidative protein and lipid damage were observed in 24 and 

48 hr-old E. chloroticus embryos derived from control females, with levels not exceeding 

2.7 nmol/mg protein and 4.7 nmol/sample respectively. Although low, these levels were 

significantly greater (on average 1.5-fold higher) than those found in embryos derived 

from mothers exposed to dietary PAHs (Figure 3-7, Table 3-5). Oxidative damage to these 

macromolecules did not increase with embryo age (Figure 3-7, Table 3-5). Abnormal 

embryonic development was also not significantly influenced by maternal dietary exposure 

to PAHs (Figure 3-7, Table 3-5).  

Parameter Source df SS MS F-value P-value
SOD Parental cross 1 84516.639 84516.639 28.69 <0.001

Age 1 81.084 81.084 0.03 0.869
Parental cross x age 1 9060.084 9060.084 3.08 0.087

Residual 43 126668.076 2945.769
Total 46 219363.404 4768.770

CAT Parental cross 1 50858.445 50858.445 21.98 <0.001
Age 1 11763.111 11763.111 5.09 0.029

Parental cross x age 1 574.311 574.311 0.25 0.621
Residual 43 99478.326 2313.449

Total 46 163921.872 3563.519
GR Parental cross 1 4.229 4.229 23.79 <0.001

Age 1 0.781 0.781 4.39 0.042
Parental cross x age 1 0.098 0.098 0.55 0.462

Residual 43 7.645 0.178
Total 46 12.853 0.279

GPx Parental cross 1 3886.226 3886.226 38.71 <0.001
Age 1 6.761 6.761 0.07 0.796

Parental cross x age 1 29.387 29.387 0.29 0.591
Residual 43 4317.195 100.400

Total 46 8236.322 179.050
GST Parental cross 1 1564.230 1564.230 41.62 <0.001

Age 1 188.873 188.873 5.03 0.03
Parental cross x age 1 3.188 3.188 0.08 0.772

Residual 43 1615.981 37.581
Total 46 3395.619 73.818

Total Parental cross 1 6285.894 6285.894 41.32 <0.001
glutathione Age 1 1274.167 1274.167 8.38 0.006

Parental cross x age 1 72.116 72.116 0.47 0.495
Residual 43 6540.909 152.114

Total 46 14319.742 311.299
Reduced Parental cross 1 44.063 44.063 2.03 0.161

glutathione Age 1 13.464 13.464 0.62 0.435
Parental cross x age 1 8.553 8.553 0.39 0.533

Residual 43 933.181 21.702
Total 46 999.577 21.730
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Figure 3-7. Mean ± SE protein carbonyl and lipid hydroperoxide levels and percentage abnormal 
development in Evechinus chloroticus embryos derived from mothers fed PAH-contaminated versus control 
Ulva pertusa at 24 and 48hrs post-fertilisation. N = 12 pooled samples of ~50,000 embryos per sample. 
Dissimilar notations indicate a significant difference between maternal diet at the 0.05 level.  
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Table 3-5 ANOVA on oxidative damage markers (protein carbonyls and lipid hydroperoxides) and abnormal 
development in embryos (24 and 48 hrs post-fertilisation) derived from PAH-fed and control Evechinus 
chloroticus mothers. All analyses were two-way ANOVA with parental exposure history and embryo age as 
fixed factors.  

 

 

3.4. Discussion 
Evidence is growing in ecological studies to suggest that the capacity to withstand 

oxidative stress may play an important role in shaping life-history trade-offs (Monaghan et 

al. 2009), however to date the majority of the research has been limited to terrestrial 

vertebrates. In the present study a broad suite of oxidative damage and antioxidant defence 

biomarkers were measured in the sea urchin Evechinus chloroticus and links between these 

measures of OS status and core components of fitness including reproductive effort, 

gamete quality and the carry-over potential from parent-to-offspring were assessed. Short-

term acute dietary PAH exposure resulted in considerable oxidative lipid and protein 

damage in reproductively mature female E. chloroticus gonad tissues despite a significant 

upregulation of detoxification enzymes and antioxidant defences. In addition to causing 

oxidative damage, PAH exposure resulted in reduced fecundity of reproductive females 

with PAH-fed mothers releasing on average almost half the volume of eggs as those fed a 

non-contaminated diet. Critically, however, eggs released from these PAH-fed mothers 

were entirely protected from oxidative lipid and protein damage and experienced greater 

fertilisation success than the already high baseline fertilisation of eggs from PAH-naïve 

mothers. Furthermore, early stage offspring reflected maternal antioxidant status with 

populations derived from mothers exposed to dietary PAHs demonstrating significantly 

higher baseline AO levels compared to those derived from PAH-naïve mothers. This 

maternally inherited protection enhanced the capacity of embryos to minimise oxidative 

damage to lipids and proteins during early development but, despite this, did not reduce the 

Parameter Source df SS MS F-value P-value
Protein Parental cross 1 6.014 6.014 6.61 0.014

carbonyls Age 1 1.298 1.298 1.43 0.239
Parental cross x age 1 0.839 0.839 0.92 0.342

Residual 43 39.126 0.910
Total 46 47.306 1.028

Lipid Parental cross 1 22.196 22.196 4.68 0.036
Hydroperoxides Age 1 15.753 15.753 3.32 0.075

Parental cross x age 1 1.367 1.367 0.29 0.594
Residual 43 203.983 4.744

Total 46 242.965 5.282
Abnormality Parental cross 1 18.750 18.750 0.04 0.847

Age 1 574.083 574.083 1.15 0.289
Parental cross x age 1 10.083 10.083 0.02 0.888

Residual 44 21929.000 498.386
Total 47 22531.917 479.402
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proportion of morphological abnormalities in the population. These findings indicate that, 

when faced with short-term contaminant stress, E. chloroticus has the capacity to sacrifice 

high reproductive output during a spawning event for greater AO investment in eggs and 

therefore the production of potentially more resilient offspring. Variation in gamete 

quantity and quality are important drivers of offspring survival and successful recruitment 

in broadcast spawning marine invertebrates, and while the impacts of environmental 

disturbances on these parameters are well studied, the underlying mechanisms are less well 

understood. 

 

Acute, short-term dietary PAH exposure resulted in the uptake of parent PAH compounds 

in treated animals and clear biochemical effects in female gonad tissue, released eggs and 

early stage offspring. The present study achieved low, but environmentally relevant, 

contamination in adult females with PAH concentrations falling just below the range (25 - 

51 µg/kg dry weight) of those recently documented in the same species following an oil 

spill off the northwest coast of New Zealand (Battershill 2013). As a result of dietary PAH 

exposure and uptake of these toxic molecules, oxidative lipid and protein damage occurred 

in female gonad tissues despite a clear upregulation of AO defences. Importantly, 

oxidative damage to eggs was negligible, demonstrating that damage measured in the 

gonad was predominantly occurring in immature ova and/or somatic tissues. In support of 

this, Schafer and Kohler (2009) in a study on the sea urchin Psammechinus milliaris, found 

that exposure to the PAH phenanthrene severely impacted previtellogenic oocytes, but 

caused no obvious effects on vitellogenic oocytes and mature ova.  

 

Whether eggs were protected from oxidative damage as a result of greater endowment of 

AO levels from their PAH-fed mothers or whether mature eggs possess exclusion 

mechanisms against toxic molecules, such as PAHs, and were therefore never truly 

exposed is unknown. The incubation period would also be expected to influence the extent 

of oxidative damage experienced. Nevertheless, the results provide evidence that 

antioxidants are strong candidates as a ‘currency’ for resource trade-offs in E. chloroticus, 

with reduced fecundity acting as the apparent cost. These findings are logical, given that 

for broadcast spawners, such as E. chloroticus and many other marine invertebrates, 

maternal influence on offspring fitness is limited to an adjustment of investment in 

gametes. The high fecundity and low juvenile survival that is common to broadcast 

spawning marine invertebrates represents one extreme of the continuum of trade-off 
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between quantity and quality of offspring (Marshall et al. 2009). However, it is important 

to note that fecundity is a plastic trait and can be highly variable across individuals and 

among populations (Llodra 2002). Furthermore, it is possible that the observed increase in 

oxidative damage in gonad tissue will be transient or biologically trivial and have no long-

term effects. Alternatively, the cumulative impacts of oxidative damage might not become 

evident until much later in life, and further information regarding age-associated decline in 

adult performance and health of future spawning events would be a valuable addition in 

forthcoming research. Nevertheless, even minor reductions in fecundity can significantly 

impact adult populations of these species since free-living developmental stages already 

face high rates of larval mortality (Lamare and Barker 1999).  

 

The production of gametes is energetically expensive and, based on the present study’s 

findings, sensitive to selection pressure from environmental PAHs. However in addition to 

the quantity of eggs, their quality was investigated via measures of egg size as well as OS 

parameters. Egg size is an important aspect of the life-histories of marine organisms and is 

known to be linked with a range of fundamental traits, including fertilisation success, 

larval development time and juvenile growth and survival (Moran and McAlister 2009). 

However, the relationships between egg size and energy content and the role that various 

biochemical constituents play during development in echinoderms are not well understood 

(Moran and McAlister 2009). Results of the present study indicate that egg size may lack 

the plasticity required to be a useful marker of OS-mediated changes, at least in the short-

term, given that we found no difference in size between eggs derived from PAH-fed and 

PAH-naïve mothers. Similar results have previously been observed in sea urchins exposed 

to cadmium (Au et al. 2001a) although, as with the present study, adverse affects may only 

become measurable following prolonged exposure. In a study investigating AO 

supplementation, George et al. (2001) also found that egg size was not as sensitive a 

marker as fecundity in the sea urchin Lytechinus variegatus, and that most of the variation 

observed in size was due to inherent variation among females.  

 

The production and release of eggs into the external environment is not alone sufficient to 

ensure the supply of larvae into a population - eggs must also be successfully fertilised. 

Fertilization of gametes is thus an additional limiting event in the life histories of broadcast 

spawning organisms and eggs in these species must therefore incorporate features that will 

allow fertilisation as well as providing sufficient resources for embryo development 
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(Levitan et al. 1991; Levitan 2000). While fecundity was negatively impacted in PAH-fed 

E. chloroticus in the present study, eggs that were released from these mothers were 

physiologically more robust and experienced highly successful fertilisation. This was true 

across a range of sperm concentrations, despite the local concentrations of sperm being one 

of the most important limiting factors (Levitan et al. 1991). While sperm from PAH-naïve 

males were utilised in the current study, in a natural setting exposure of male and female 

animals would occur concurrently. The direct impacts of contaminants on sperm quality 

and subsequent fertilising capacity in marine invertebrates have been well documented 

(Vaschenko et al. 1999; Au et al. 2001b), however indirect effects following adult male 

exposure remain unclear and future investigations of paternal effects would be useful. 

Thorough analyses of sperm quality and concentration effects were not included in this 

study, but the limited data do provide additional evidence of the high quality of eggs 

released from both PAH-fed and PAH-naïve mothers. The observed increase in 

fertilisation rates in egg cohorts from PAH-exposed mothers over and above the already 

high baseline levels can be explained by the selection bias created by the experimental 

design. Specifically that fewer, but better quality, eggs were released from PAH-fed 

mothers creating a superior, at least physiologically, pool of gametes to work with. Finally, 

successful recruitment and establishment of populations requires that all ontogenetic stages 

are completed successfully and therefore successful fertilisation does not necessarily 

guarantee normal development or offspring longevity (Byrne 2012).  

 

There is limited literature available that examines oxidative damage and ontogenetic 

antioxidant defence parameters in early, pre-feeding developmental stages of marine 

invertebrates (Lesser et al. 2003; Lesser 2010; Lister et al. 2010b; Lister et al. 2010a). A 

core hypothesis posed by this study was that adult female urchins exposed to known OS-

inducing PAHs would pass on either a reduced or enhanced capacity to withstand ROS 

encountered during normal early development. Embryos in the present study, both 24 and 

48 hours post-fertilisation, reflected maternal antioxidant status with populations derived 

from PAH-fed mothers demonstrating higher than baseline levels. These maternally 

inherited high AO concentrations resulted in the former population of embryos 

experiencing lower than baseline levels of oxidative damage under normal metabolic 

conditions. Given that the planktonic stages of E. chloroticus spend 30-60 days completing 

development in the water column (Walker 1984), exposure to additional OS-inducing 

stressors during this particularly vulnerable time is highly likely. Thus any advantage in 
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the fight for equilibrium between ROS and AO defence would be expected to have 

important consequences for population recruitment and wider ecosystem effects. 

Interestingly, irrespective of damage to these key macromolecules, a similar proportion of 

each population of E. chloroticus embryos experienced abnormal or delayed development. 

Undoubtedly, multiple pathways will influence normal embryonic and larval development, 

and a range of other factors may have also contributed to these findings, such as inherent 

levels of compromised or damaged DNA. Abnormal development as a result of obviously 

deviant growth was not differentiated from arrested development in the present study. The 

experimental design also did not take into account survival, but it is possible that the 

density of embryos from one or both treatments had considerably reduced by 24 or 48hrs 

and an inadvertent exclusion of dead individuals and thus a biased selection of ‘fittest’ 

surviving individuals took place. An analysis of embryo density over time as a proxy for 

survival would provide valuable additional information in future studies. Despite these 

difficulties in measuring and interpreting abnormality, it provides a valuable indicator of 

the ultimate outcome for physiologically stressed organisms.  

 

Offspring provisioning has a direct impact on development and future survival and has 

generally been shown to be predominantly under maternal control in a wide range of 

organisms (Marshall 2008; Homberger et al. 2013). The parent-to-offspring transfer of a 

range of contaminant-mediated trait changes is not rare in nature (Beckerman et al. 2002), 

and inter-generational trade-offs may be particularly important in understanding how 

environmental variables contribute to life-history traits (Suryan et al. 2009). Avian studies 

have laid much of the groundwork for developing hypotheses regarding the influence of 

OS on reproduction or vice versa. In domesticated zebra finches, a greater number of 

breeding bouts per lifetime and raising more offspring per breeding bout both reduce AO 

defences (Alonso-Alvarez et al. 2004; Alonso-Alvarez et al. 2006). Bize et al. (2008) also 

found that female alpine swifts with greater resistance to OS laid larger clutches. In the 

marine environment, studies have suggested that maternal pollution exposure may induce 

an adaptive maternal effect (Marshall 2008), however OS has not previously been 

examined as the potential mechanism. In addition, maternal experience can have complex 

effects on offspring phenotypes, increasing performance in one life-history stage but 

reducing it in another. For example, Marshall (2008) found that early stage offspring of 

copper-exposed female bryozoans (Bugula neritina) were more resistant to copper stress 

but suffered greater mortality later on during post-metamorphic stages. Even relatively 
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small perturbations in larval survival can result in considerable impacts on adult 

populations (Uthicke et al. 2009) and developmental failure, regardless of stage, can 

therefore have negative consequences at the population and ecosystem levels.  

 

3.5. Conclusions 
The present study provides evidence for a possible OS-mediated resource trade-off in E. 

chloroticus whereby females exposed to known OS-inducing contaminants released fewer 

eggs, but those eggs had greater AO defences, fertilised successfully and produced 

physiologically more robust early-stage embryos. On the other hand, although these 

embryos were able to minimize oxidative damage under the normal challenge of ROS from 

routine metabolism, this protection did not translate to a greater proportion of the 

population developing normally. These results imply that inherited resilience against 

oxidative stress may not necessarily translate to a fitness or survival gain, at least in early 

developmental stages. Given that oxidative damage to core macromolecules is both 

energetically expensive to prevent and resource intensive to repair, it is clear the 

underlying mechanisms that determine resource divisions and how these affect normal 

development and ultimately survival are complex. For example, these results may only 

apply when adults are in good condition, as in the present study, and can afford to invest in 

endogenous AO defences. Although this study did not follow development and monitor 

larval survival, it is interesting that E. chloroticus can exhibit rapid shifts in resistance to 

pollutants over a small temporal scale, and it is worth speculating that PAH exposure in 

this study forced a low fecundity/high survival pathway on a species that would under 

optimal conditions usually follow a low survival/high fecundity life-history trajectory. 

Understanding the physiological mechanisms underlying environmental pressure on life-

history trade-offs, as well as the rate of potential adaptation is important for elucidating 

anthropogenic impacts in the marine environment. Whether OS-mediated trade-offs are 

limited to maternal control and whether the inherited general resilience to OS would 

increase the ability of offspring to withstand PAHs themselves in the future, or indeed a 

range of physiological stressors, are questions addressed in the following chapters.  



Chapter 4. Mitigation of pollutant-induced oxidative damage is 
enhanced in embryos of the temperate sea urchin Evechinus chloroticus 

via maternal antioxidant provisioning. 

 

 

 
Collection of Evechinus chloroticus experiment photos – diving photos courtesy of Chris 

Hepburn 
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4.1. Introduction 
Reactive oxygen species (ROS) are ubiquitous in aerobic organisms and, although they are 

produced as a component of routine metabolic processes, they can also indiscriminately 

damage macromolecules if not scavenged by antioxidant (AO) mechanisms (Halliwell and 

Gutteridge 2007). Oxidative stress (OS) results when the rate of ROS generation exceeds 

the capacity of an organism’s AO system to quench them, resulting in perturbations to its 

redox status and important consequences for a variety of fitness parameters. The past 

decade has seen an increase in evidence suggesting that the capacity of individual 

organisms to withstand OS may play a key role in shaping reproductive trade-offs (Bize et 

al. 2008; Costantini 2008; Monaghan et al. 2009). Organisms need to balance their energy 

requirements for fuelling critical reproductive processes against the potential toxicity of 

ROS (Halliwell and Gutteridge 2007). The damaging effects of ROS on lipids, proteins 

and DNA are therefore highly relevant to an organism’s fitness (Dowling and Simmons 

2009; Monaghan et al. 2009; Metcalfe and Alonso-Alvarez 2010). In addition to oxidative 

damage, antioxidant defence systems may be important drivers of life-history strategies 

because they play a critical role in preventing ROS damage to macromolecules, and many 

types (e.g. carotenoids and glutathione) are involved in sexual signalling and embryo 

provisioning (Costantini et al. 2010).  

 

The cost of reproduction represents one of the most fundamental life-history trade-offs, 

whereby at the most simplistic level investment in current reproduction must be traded off 

against future reproductive potential, survival and longevity (Stearns 1992). Reproduction 

parameters are often compromised following exposure to environmental stressors, whereby 

energy is conserved or diverted to physiologically costly defences that, in turn, increase 

chances of immediate survival (Stearns 1992). Physiological responses to stress thus form 

one key pathway likely to contribute to the division of resources observed (Zera and 

Harshman 2001), however little is actually known about the mechanisms that determine 

their nature and outcome, or indeed constrain the evolution of particular life-history 

strategies (Monaghan et al. 2009). Research investigating the link between reproduction 

and OS has so far been limited to a handful of vertebrate studies, reviewed by Metcalfe and 

Monaghan (2013), and the impacts of ROS on life-history evolution across other taxa 

remain to be explored.  
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Oxidative stress is an important component of the stress response in marine organisms 

exposed to a variety of both natural and anthropogenic environmental stressors such as 

thermal shifts, ultraviolet radiation, or exposure to pollution (Lesser 2006). Reproductive 

traits, including fecundity and gamete quality, play a major role in determining offspring 

fitness and the impacts of environmental contaminants on these parameters have been well 

studied in marine invertebrates (Au et al. 2001a; Marshall 2006). Furthermore, ROS 

production is a known feature of many marine invertebrates (Abele and Puntarulo 2004) 

and has been documented in response to pollutant exposure (Chapters 2 and 3, (Regoli et 

al. 1997; Valavanidis et al. 2006; Almeida et al. 2007; Martins et al. 2013)). Besides 

environmental stressors, OS can vary between sexes and with developmental stage, 

nutritional conditions and levels of activity (Monaghan et al. 2009). In addition, the 

different components of the antioxidant system may not all be equally functional 

throughout ontogeny (Fontagne et al. 2008). Differences in nutritional conditions early in 

life may have particularly important long-term consequences for antioxidant systems, 

although such effects are not well understood. Despite these confounding variables, few 

studies examining OS in aquatic organisms obtain information about gender, age or 

reproductive state and comprehensive analyses of OS in relation to stressor-induced 

reproductive trade-offs are lacking. 

 

Although in most circumstances the greatest oxidative threat comes from endogenous ROS 

production (Lesser 2006), the consequences of exogenously generated ROS provide an 

experimental framework to test hypotheses regarding the role of OS in resource allocation, 

physiological adaptations and ultimately life-history trade-offs and species longevity. The 

present study aimed to establish correlations between a range of oxidative damage (to 

lipids, proteins and DNA) and defence biomarkers (antioxidant enzymes and glutathione 

redox status) and key reproductive fitness parameters in the temperate sea urchin 

Evechinus chloroticus. This was carried out using experimental induction of OS via dietary 

administration of polycyclic aromatic hydrocarbons (PAHs), a group of widespread and 

highly toxic contaminants found in the marine environment originating from natural and 

anthropogenic sources, such as incomplete combustion, transport, or uncontrolled oil spills 

(Hylland 2006). PAHs are considered a serious pollution problem, with 16 individually 

named on the United States environmental protection agency (EPA) priority pollutant list 

as a consequence of their potential adverse effects on organisms (EPA 1987). Due to their 

high persistence, low water solubility and hydrophobic nature, hydrocarbons are readily 
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adsorbed onto particulate organic matter and ultimately accumulated in marine sediments 

(Hylland 2006).  PAHs pose particular risks to marine organisms, which achieve uptake by 

passive diffusion or via dietary pathways (Camus et al. 2003; Bellas et al. 2008; Baussant 

et al. 2009; Galgani et al. 2011; Martins et al. 2013). Although PAH metabolism is 

generally efficient in invertebrates, a range of direct and indirect impacts can ensue 

including immune and endocrine system disruption, DNA damage and the production of 

ROS leading to oxidative stress (Hylland 2006). These consequences can, in turn, elicit 

either subtle or strong physiological and/or phenotypic trade-offs (Livingstone 2001; 

Regoli and Giuliani 2014). 

 

Echinoderms are ubiquitous within the marine environment, and many members of the 

phyla are long-lived, numerically dominant and act as keystone species within regions they 

occupy (Fletcher 1987). Most echinoderms have a dichotomous life cycle whereby they 

develop through short-lived embryonic and larval stages before metamorphosing into a 

juvenile that then develops further, reaching reproductive maturity and a long-lived adult 

stage (McEdward and Miner 2006). The planktonic embryos and larval stages that 

predominate the life histories of many echinoderms are particularly sensitive to the 

surrounding seawater chemistry and have therefore been extensively utilised as model 

organisms in environmental stress physiology studies (King and Riddle 2001; Lesser et al. 

2003; Bellas et al. 2005; Bellas et al. 2008; Lister et al. 2010b; Lister et al. 2010a). E. 

chloroticus was selected as a model organism in the present study since it is an important 

keystone species widespread in the subtidal benthos surrounding New Zealand (Barker 

2013). In addition, E. chloroticus is a broadcast spawner and its gametes are numerous and 

easily obtainable under controlled conditions.  

 

Environmental imprinting, or stress memory, is an important consideration when designing 

stressor experiments. However, the capacity to resist oxidative damage in embryonic and 

early life stages and the subsequent impacts on growth and survival have rarely been tested 

or correlated in an ecological setting. The larval stage is a critical period in the life-history 

of species with planktonic larvae, such as E. chloroticus, as recruitment success is 

primarily determined by the survival of the embryos and larvae (McEdward and Miner 

2006). Oxidative challenges may be considerably higher in the early life stages of most 

animal species given the high metabolic activities required for growth (Monaghan et al. 

2009). Evidence to support this suggestion has been found in several recent studies on 
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birds (Alonso-Alvarez et al. 2006), rats (Tarry-Adkins et al. 2008) and sheep (Nussey et al. 

2009). Given that development potentially imposes high levels of ROS it has been 

hypothesized that animals should have evolved comprehensive mechanisms to counteract 

the effects of ROS during this period (Metcalfe and Alonso-Alvarez 2010). Despite their 

widespread use as model organisms, studies employing OS biomarkers in echinoderms are 

few (Lesser et al. 2003; Lesser 2010; Lister et al. 2010b; Lister et al. 2010a) and our 

knowledge regarding the stage(s) of development at which marine invertebrate embryos 

start to generate their own antioxidant systems rather than relying on those that are 

maternally derived is lacking. Furthermore, studies that have examined impacts of 

pollutants on a wide range of marine invertebrates rarely include a full suite of OS markers 

or examine the potential costs associated with the increased energy utilised for defence and 

repair.  

 

The objectives of the present study were therefore to: (1) document a range of oxidative 

damage and antioxidant defence parameters in gonad tissue and released gametes of 

reproductively mature male and female E. chloroticus following dietary PAH exposure; (2) 

assess whether any connections exist between these measures of OS status and fertilisation 

success; and (3) investigate physiological responses of exposure to additional PAHs in E. 

chloroticus embryos derived from PAH-naïve versus PAH-experienced parents. 

Specifically, the following questions were addressed: 

 

1. Do short-term (21 day) dietary exposures to PAHs during the peak reproductive 

period cause changes in oxidative damage (lipid hydroperoxides, protein carbonyls 

and 8-OHdG/106 dG) and defence biomarkers (SOD, CAT, GR, GPx, GST, Glyx-I, 

Glyx-II and glutathione redox) in adult male and female E. chloroticus gonad tissue 

and released gametes? 

2. Is fertilisation rate in egg populations altered when one or both parents have been 

exposed to dietary PAHs?  

3. Are differences in oxidative damage (lipid hydroperoxides, protein carbonyls and 

8-OHdG/106 dG) and defence biomarkers (SOD, CAT, GR, GPx, GST, Glyx-I, 

Glyx-II and glutathione redox) observed in adults due to dietary PAH exposure also 

observed in their offspring? 

4. Does oxidative status inherited from the parents serve embryos in response to 

additional waterborne PAH exposure? 
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5. Are maternal or paternal gametes, or both, responsible for passing on resilience or 

lack thereof to the offspring? 

 

4.2. Materials and methods 

4.2.1. Sampling sites and animal collections 

Evechinus chloroticus were collected from Shag Point (45°28´03.56´S, 170°49´48.32´E) 

along the East Otago Coast, New Zealand. Thirty individuals were transported back to 

Portobello Marine Laboratory (PML) and placed randomly within 10 L plastic tanks (1 

individual per tank), each independently supplied with flowing filtered (0.22 "m) seawater 

(FSW).  Tanks were arranged in a randomized block design receiving ambient light from 

nearby windows, and seawater temperature was approximately 16°C for the duration (21 

days) of the experiment. Animals were acclimated to the laboratory conditions for three 

weeks prior to the start of the experiment and during this time were fed every 2-3 days 

with Ulva pertusa collected from a clean site and tested to ensure PAHs were below 

detectable limits. Urchins were measured for horizontal test diameters (HTD) (± 1 mm) 

using vernier digital callipers to ensure all experimental individuals used were within the 

same age cohort (80-100 mm).  

 

4.2.2. Experimental design 

Vegetative thalli of Ulva pertusa were collected from Papanui Inlet, Otago Harbour, New 

Zealand (45°50´59.58´S, 170°42´20.15´E) by hand at low tide. Three replicate samples of 

approximately 5 g wet weight each were immediately rinsed in FSW, picked clean of 

epiphytes, patted dry, snap frozen in liquid nitrogen and stored at -80°C. An additional 200 

g was transported to the laboratory in covered containers and divided evenly between two 

20 L buckets containing either 10 L control FSW (3 ml acetone added) or a PAH mixture 

containing phenanthrene, fluoranthene, pyrene and benzo[a]pyrene at a ratio of 1:2:2:1 and 

a final concentration of 1080 ng/L (dissolved in 3 ml acetone). PAHs frequently occur in 

complex mixtures rather than singly in marine ecosystems, so combined effects were taken 

into account in the present study, with the specific selection of PAHs, ratios and 

concentrations based on previous data of typical levels found in a moderately polluted 

temperate harbour (See Chapter 2, Section 2.3.2). The algae were then incubated for three 

days in a Contherm 620 growth cabinet set to 12°C and provided with 375 "mol quanta m-
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2s-1 photosynthetically active radiation (PAR) by lamps (Phillips, Aquarella) under a 12 hr 

light/dark cycle. An aquarium pump provided constant aeration. After 24 and 48 hours, an 

additional dose of the PAH mixture or acetone was added to the treatment and control 

containers respectively. Following exposure, three replicate 5 g w/w U. pertusa samples 

from both the control and treatment containers were rinsed in fresh FSW to remove surface 

PAHs, patted dry, snap frozen in liquid nitrogen and stored at -80°C for later analysis of 

final PAH concentrations. Collection and uploading in this way was repeated once per 

week for 3 weeks providing approximately 255 g in total of either PAH-contaminated or 

control food. Contaminated U. pertusa contained on average 212.1 ng/g dry weight (± 

24.8). Urchins from 15 randomly selected tanks were fed contaminated U. pertusa and 

those from the remaining 15 tanks received non-contaminated U. pertusa. Animals were 

checked twice daily to ensure all food was eaten and that no dose was lethal. Each urchin 

received a total of 15 g of algae over the three feeding periods. 

 

4.2.3. Spawning and embryo culture 

One week following the last feed, all urchins were induced to spawn in the laboratory by 

an inter-coelomic injection of 1–2 ml of 0.5 M KCl solution. Females were inverted over 

appropriate sized beakers containing FSW in order to collect eggs. After the gamete flow 

had stopped, animals were removed and the eggs cleaned by serial partial water changes. 

Sperm from four ripe males from each treatment was collected dry, combined and kept in 

tubes on ice until needed. After gametes had been collected, each individual urchin was 

dissected and the gonads were removed, homogenized, snap frozen in liquid nitrogen and 

stored at -80°C for later use in biochemical analyses. Three replicate concentrated 

subsamples of pooled eggs and sperm (~50 mg per sample) were collected in 1.5 ml 

Eppendorf tubes, snap frozen in liquid nitrogen and immediately stored in -80°C for later 

biochemical analyses.  

 

4.2.4. Fertilisation success 

The eggs from four females per treatment were combined in order to gain sufficient 

material for the embryo stress experiment and each egg solution divided evenly between 

two 1 L glass beakers. To achieve a sperm-to-egg ratio of 500:1, sperm concentrations 

were quantified for a 1 "l sample activated in 10 ml FSW using haemocytometer counts. A 

volume of diluted sperm solution (from the four pooled males of each treatment) required 
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to achieve the appropriate sperm-to-egg ratio was added to each of the four egg 

suspensions to obtain four independent embryo populations with each possible parental 

cross: NFNM (naïve female gamete fertilized by naïve male gamete); NFEM (naïve female 

gamete fertilized by experienced male gamete); EFNM (experienced female gamete 

fertilized by naïve male gamete); EFEM (experienced female gamete fertilized by 

experienced male gamete). Sixty minutes post-fertilisation each concentrated embryo 

population was gently cleaned via serial partial water changes to remove any excess sperm, 

and diluted appropriately to obtain a density of approximately 80 eggs per ml in 20 litre 

sterile plastic containers. Three replicate 1ml samples from each population were fixed in 

7% formalin, and fertilization success was later scored as the proportion of eggs with a 

raised fertilization envelope for 50-80 eggs per replicate. Temperature was maintained at 

the environmental ambient of approximately 15°C by keeping the containers in a 

controlled-temperature room. Embryos were not fed as they were used within 3 days post-

fertilisation and therefore remained at a pre-feeding stage throughout the experiment.  

 

4.2.5. PAH Exposure Experiment 

Using a randomized block design, 36 plastic containers (2 L) were allocated a position in a 

controlled environment cabinet set on a 12 hr day/night cycle and a constant temperature 

of 15°C. Stock solutions of the PAH mixture were added to each experimental container to 

give final concentrations of 1080 ng/L for the high dose and 540 ng/L for the low dose 

with an acetone control. PAH mixtures and acetone for the controls were initially added to 

a small volume of FSW and left for 30 minutes for the acetone to evaporate off. Each 

container was then made up to 2 L with a volume of embryo solution calculated to give 

correct final PAH concentrations and to keep densities constant at 80 embryos per ml. At 

no stage were developing larvae fed so as to avoid the potentially confounding influence of 

their algal food. Three subsequent 1 ml subsamples were taken at 24, 48 and 72 hours post-

fertilisation, from each treatment group and fixed in 7% formalin. Abnormality was later 

scored by assessing the proportion of embryos (the grand mean of 40-60 per replicate) with 

normal development compared to those either arrested at the one cell or cleavage stage, or 

that had undergone exogastrulation or had protruding cellular masses (Lamare et al. 2007). 

These measurements were made by direct microscopic observations at magnifications of 

X100 and X400. At the termination of the experiment (72 hours post-fertilisation) the 

remaining embryo solutions in each jar were divided evenly into 4 subsamples 

(approximately 500 ml each), filtered through a mesh filter (80 "m) and the concentrated 
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embryos stored in 1.5 ml Eppendorf tubes. These were snap frozen in liquid nitrogen and 

immediately stored in -80°C for later biochemical analyses.  

 

4.2.6. PAH extractions 

PAH concentrations were analysed in U. pertusa, gonad and egg samples as per methods 

detailed previously in Chapter 2, Section 2.2.2. 

 

4.2.7. Biochemical analyses 

Gonad, egg and embryo samples were analysed for oxidative damage (lipid 

hydroperoxides, protein carbonyls) and defence biomarkers (SOD, CAT, GR, GPx, GST, 

GSH and GSSG). Refer to Chapter 2, Section 2.2.3 for general methods regarding these 

extractions and assays.  

 

Sperm, egg and embryo samples were also analysed for levels of 8-OHdG as follows: 

 

Powdered tissue was homogenised in 100µl Tris Buffer and 200 µl Total Lysis solution 

(per 50 mg sample). Proteinase K (20 µl) and RNase A (3 µl) were added and the solution 

vortexted for 10 seconds, followed by incubation at 50°C for 10 minutes until tissues were 

completely lysed and a final vortex for 10 s. DNA was isolated by centrifuging samples at 

12,000 RPM for 3 min using minicolumns. Wash solution (500 µl) was added and samples 

were centrifuged at 12,000 RPM for 1 minute. This step was repeated with an additional 

400 µl wash solution. Samples were incubated for 5 minutes at room temperature in 100 µl 

Tris buffer (preheated to 75°C) and centrifuged at 12,000 RPM for 1 minute. An additional 

100 µl of preheated Tris buffer was added and the samples centrifuged for a further minute 

at 12,000 RPM. Isolated DNA was collected and stored at -80°C until biochemical 

analysis.   

 

A sample of extracted DNA was precipitated by the addition of 0.1 volume of 4 M NaCl 

and 2.5 volumes of cold ethanol and digested as per Shigenaga et al. (1994) with 

modifications. Briefly, the precipitated DNA was re-dissolved in 200 ml of sterile DNA 

hydrolysis buffer (1 mM deferoxamine, 20 mM sodium acetate, pH 5). Nuclease P1 was 

added (4 µl; 3.3 mg ml-1) and samples were incubated at 65°C for 15 minutes. Alkaline 

phosphatase (4 U in 1 M Tris-HCl (pH 8)) was added and the samples were incubated at 
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37°C for 60 minutes.  Finally, 20 µl 3 M sodium acetate was added to each sample, 

followed by 20 µl of chelating solution (50 mM EDTA, 10 mM deferoxamine).  The 

solutions were filtered through a 30 kDa cut-off filter-membrane and the filtered solutions, 

containing the nucleotides, were collected for 8-OHdG analysis. 

 

Digested DNA samples were analysed using high-performance liquid chromatography 

(HPLC) followed by UV detection of G and electrochemical detection (colourimetric) of 

8-OHdG. The procedure was performed essentially as described by Shigenaga et al. 

(1994), using a C18 reverse-phase (5 mm, 4.6 mm x 250 mm) column (JASCO, Ishikawa-

cho, Hachioji-shi, Tokyo, Japan), a Perkin-Elmer HPLC system (Boston, U.S.A.) and an 

electrochemical detector (model 5100, ESA, Chelmsford, MA). The oxidation potentials of 

the analytical cell of the electrochemical detector were set to 150 mV and 350 mV for 

electrodes 1 and 2, respectively, with the guard cell potential set at 400 mV. Unmodified 

nucleosides were detected by their absorbance at 260 nm. Separation, of 50 ml of digested 

DNA, was achieved using an isocratic mobile phase consisting of 50 mM potassium 

phosphate (pH 5.5) and 10% methanol, at a flow rate of 1 ml min-1, with the column 

maintained at 30oC. Peak data were collected and analyzed using a DataCenter 4000 

general-purpose laboratory data interface, and Delta chromatography data acquisition and 

analysis software (DataworkX, Brisbane, Australia). The retention times for G and 8-

OHdG were 12 and 17 min, respectively. Solutions of 8-OHdG and G (Sigma, Chemical 

Co, St Louis, MO, USA), prepared in HPLC-grade water (Merck, Darmstadt, Germany) 

and sterilised by passage through 0.22 µm filters (Millipore, Bedford, MA, USA), were 

used as standards. For each sample, the amount of DNA injected into the column was 

estimated using the signal for G, and 8-OHdG was quantified by comparison to external 

standards. 

 

4.2.8. Statistical analyses 

Statistically significant differences (P <0.05) in fertilisation success and gamete AO 

markers among treatments were analysed using one-way ANOVA. Gonad OS markers and 

gamete damage markers were analysed by two-way ANOVA with parental PAH-exposure 

and sex as fixed factors. Embryo abnormality and OS markers were analysed across PAH 

treatments and among parental crosses by two-way ANOVA. Any statistically significant 

effects were further analysed using a posthoc Tukey HSD test. ANOVAs included tests for 



Chapter 4.                                                                                             Evechinus chloroticus embryo resilience 
 

! 93!

normality (Kolmogorov-Smirnov) and homogeneity of variance (Levene’s test). All 

analyses were performed using SigmaStat 2.03 (SPSS Inc.) or JMP (7.0) (SAS). 

 

4.3. Results 

4.3.1. PAH accumulation 

E. chloroticus that were fed a PAH-contaminated diet exhibited total gonad tissue 

concentrations of the parent PAH compounds (phenanthrene, fluorene, pyrne and 

benzo[a]pyrene) in excess of  4 and 5 times baseline levels, for females and males 

respectively (Table 4-1). Eggs accumulated these four dominant dietary PAHs to levels 

more than 3-fold greater than baseline concentrations. In addition, all urchins exhibited 

trace levels of naphthalene, chrysene, benzo[k]fluoranthene and indeno[1,2,3-cd]pyrene 

(Table 4-1). 

 

 
Table 4-1 Mean concentrations ± SE of total PAHs (ng/g DW) in E. chloroticus gonad tissue (female and 
male) and eggs followed by the percentage composition of individual PAHs. Gonad tissue: N = 4. Eggs: N = 
3 pooled samples of ~50,000 eggs per sample. BDL = below detection limits, T = trace detected, but too low 
to accurately quantify.  

 

Female Gonad Eggs Male Gonad Female Gonad Eggs Male Gonad

!16PAH 19.50 (9.82) 9.00 (1.73) 14.75 (8.15) 79.50 (4.66) 30.67 (4.18) 85.00 (10.25)

%
Naphthalene T BDL T T BDL T
Acenaphthene BDL BDL BDL BDL BDL BDL
Acenaphthylene BDL BDL BDL BDL BDL BDL
Flourene BDL BDL BDL BDL BDL BDL
Phenanthrene 20 20 19 19 19 16
Anthracene BDL BDL BDL BDL BDL BDL
Flouranthene 35 33 36 35 34 34
Pyrene 36 37 34 35 35 32
Benzo[a]anthracene BDL BDL BDL BDL BDL BDL
Chrysene T BDL T T BDL T
Benzo[b]fluoranthene BDL BDL BDL BDL BDL BDL
Benzo[k]fluoranthene T BDL T T BDL T
Benzo[a]pyrene 8 10 10 10 12 17
Diben(a,h)anthracene BDL BDL BDL BDL BDL BDL
Benzo(g,h,i)perylene BDL BDL BDL BDL BDL BDL
Indeno[1,2,3-cd]pyrene T BDL T T BDL T

Control PAH-fed
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4.3.2. Gonad and gamete antioxidant defence 

 

Exposure to dietary PAHs resulted in significant upregulation of all tested antioxidant 

defence and detoxification enzymes except GR, as well as a greater pool of the non-

enzymatic antioxidant glutathione in E. chloroticus gonad tissue of both sexes (Figure 

4-1). Specifically, the activities of SOD, CAT and GPx were 2-fold higher in gonad tissue 

of PAH-fed females and between 1.3- and 2-fold higher in PAH-fed males compared to 

those fed a non-polluted diet. GR, Glx-I, Glx-II, GST and glutathione were upregulated to 

a lesser extent, ranging between 1.1- and 1.5-fold higher in gonad tissue of PAH-exposed 

individuals (Figure 4-1, Table 4-2). Both male and female urchins also experienced a 

concurrent reduction (11% and 7% respectively) in levels of reduced glutathione following 

dietary PAH-exposure. Overall, the levels of these markers were higher in females than 

males, both in control and PAH-fed animals, significantly so for CAT and glutathione, as 

well as GPx in PAH-fed animals only (Figure 4-1, Table 4-2). Eggs derived from PAH-fed 

females also contained significantly higher levels of all tested AO defence and 

detoxification markers (between 1.3- and 2.3-fold higher) compared to those from females 

fed a non-contaminated diet, with the exception of reduced glutathione levels which 

remained unchanged at approximately 90%. In contrast, sperm from both control and 

PAH-fed males contained negligible levels of the majority of AO markers, with the 

exception of SOD, and to a lesser extent GR and GPx (Figure 4-2, Figure 4-3, Table 4-3, 

Table 4-4).  
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Figure 4-1 Mean ± SE activities of superoxide dismutase (SOD), catalase (CAT), glutathione reductase (GR), 
glutathione peroxidase (GPx), glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), glutathione-S-transferase (GST), 
total glutathione (GSH + GSSG) and reduced glutathione (GSH) in gonad tissue from male and female 
Evechinus chloroticus fed PAH-contaminated versus control Ulva pertusa. N = 4. Dissimilar notations 
indicate a significant diet effect (P < 0.05) and an * indicates a significant difference between the sexes (P < 
0.05).  
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Figure 4-2 Mean ± SE activities of superoxide dismutase (SOD), catalase (CAT), glutathione reductase (GR) 
and glutathione peroxidase (GPx) in the gametes of male and female Evechinus chloroticus fed PAH-
contaminated versus control Ulva pertusa. N = 3. An * indicates a significant diet effect (P < 0.05). BDL = 
below detection limit.  
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!
 

Figure 4-3. Mean ± SE activities of glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), glutathione-S-transferase 
(GST), total glutathione (GSH + GSSG) and reduced glutathione (GSH) in the gametes of male and female 
Evechinus chloroticus fed PAH-contaminated versus control Ulva pertusa. N = 3. An * indicates a significant 
diet effect (P < 0.05). BDL = below detection limit.  

 

!
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Table 4-2. ANOVA on concentrations of enzymatic defence markers superoxide dismutase (SOD), catalase 
(CAT), glutathione reductase (GR), glutathione peroxidase (GPx), glutathione-S-transferase (GST), 
glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total glutathione and percentage reduced glutathione in PAH-fed 
and control male and female Evechinus chloroticus gonad tissue. All analyses were two-way ANOVA with 
diet and sex as fixed factors.  

 
 

 

Parameter Source df SS MS F-value P-value
SOD Diet 1 28346.773 28346.773 37.44 <0.001

Sex 1 9.030 9.030 0.01 0.915
Diet x sex 1 5697.230 5697.230 7.53 0.018
Residual 12 9084.971 757.081

Total 15 43138.004 2875.867
CAT Diet 1 55974.828 55974.828 46.22 <0.001

Sex 1 22615.648 22615.648 18.67 <0.001
Diet x sex 1 4394.364 4394.364 3.63 0.081
Residual 12 14534.215 1211.185

Total 15 97519.055 6501.270
GR Diet 1 1.531 1.531 3.54 0.084

Sex 1 1.458 1.458 3.37 0.091
Diet x sex 1 0.052 0.052 0.12 0.735
Residual 12 5.186 0.432

Total 15 8.227 0.548
GPOX Diet 1 1758.544 1758.544 54.24 <0.001

Sex 1 642.116 642.116 19.81 <0.001
Diet x sex 1 236.083 236.083 7.28 0.019
Residual 12 389.069 32.422

Total 15 3025.812 201.721
GST Diet 1 581.172 581.172 5.19 0.042

Sex 1 30.113 30.113 0.27 0.613
Diet x sex 1 19.869 19.869 0.18 0.681
Residual 12 1343.259 111.938

Total 15 1974.413 131.628
Glx-I Diet 1 20582.206 20582.206 4.83 0.048

Sex 1 4446.889 4446.889 1.04 0.327
Diet x sex 1 1713.546 1713.546 0.40 0.538
Residual 12 51151.977 4262.665

Total 15 77894.618 5192.975
Glx-II Diet 1 131.618 131.618 7.78 0.016

Sex 1 7.116 7.116 0.42 0.529
Diet x sex 1 4.484 4.484 0.27 0.616
Residual 12 202.927 16.911

Total 15 346.144 23.076
Total Diet 1 881.348 881.348 16.45 0.002

glutathione Sex 1 4796.601 4796.601 89.54 <0.001
Diet x sex 1 168.286 168.286 3.14 0.102
Residual 12 642.825 53.569

Total 15 6489.059 432.604
Reduced Diet 1 324.991 324.991 12.58 0.004

glutathione Sex 1 0.452 0.452 0.02 0.897
Diet x sex 1 11.748 11.748 0.46 0.513
Residual 12 310.113 25.843

Total 15 647.303 43.154
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Table 4-3. ANOVA on concentrations of enzymatic defence markers superoxide dismutase (SOD), catalase 
(CAT), glutathione reductase (GR), glutathione peroxidase (GPx), glutathione-S-transferase (GST), 
glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total glutathione and percentage reduced glutathione in eggs 
derived from PAH-fed and control female Evechinus chloroticus. All analyses were one-way ANOVA with 
parental diet as a fixed factor.  

 
 

Parameter Source df SS MS F-value P-value
SOD Parental diet 1 16081.833 16081.833 28.67 0.006

Residual 4 2243.583 560.896
Total 5 18325.415

CAT Parental diet 1 39995.436 39995.436 527.30 <0.001
Residual 4 303.397 75.849

Total 5 40298.833
GR Parental diet 1 5.881 5.881 83.35 <0.001

Residual 4 0.282 0.071
Total 5 6.163

GPOX Parental diet 1 1219.800 1219.800 54.92 0.002
Residual 4 88.850 22.213

Total 5 1308.650
GST Parental diet 1 216.000 216.000 8.84 0.041

Residual 4 97.726 24.431
Total 5 313.726

Glx-I Parental diet 1 8936.672 8936.672 37.25 0.004
Residual 4 959.545 239.886

Total 5 9896.217
Glx-II Parental diet 1 186.261 186.261 46.76 0.002

Residual 4 15.934 3.983
Total 5 202.195

Total Parental diet 1 4452.650 4452.650 64.73 0.001
glutathione Residual 4 275.138 68.785

Total 5 4727.788
Reduced Parental diet 1 21.433 21.433 0.34 0.591

glutathione Residual 4 252.565 63.141
Total 5 273.998
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Table 4-4. ANOVA on concentrations of enzymatic defence markers superoxide dismutase (SOD), catalase 
(CAT), glutathione reductase (GR), glutathione peroxidase (GPx), glutathione-S-transferase (GST), 
glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total glutathione and percentage reduced glutathione in sperm 
samples derived from PAH-fed and control male Evechinus chloroticus. All analyses were one-way ANOVA 
with parental diet as a fixed factor.  

 
 

!

4.3.3. Gonad and gamete oxidative damage 

Baseline levels of oxidative damage to proteins and lipids within E. chloroticus gonad 

tissue as well as in unfertilised eggs and dry sperm samples were low in individuals fed a 

non-contaminated diet, not exceeding 1.9 nmol/mg protein and 4.0 nmol/sample 

respectively. Both male and female urchins fed PAH-contaminated U. pertusa experienced 

significant increases in oxidative protein and lipid damage in gonad tissue (1.7- and 1.8-

fold respectively) (Figure 4-4, Table 4-5).  In contrast, eggs and sperm released from PAH-

fed animals maintained low levels of oxidative lipid and protein damage, not differing 

from the baseline levels found in the gametes of minimally PAH-exposed field animals 

(Figure 4-5). Gametes also experienced no change in oxidative DNA damage following 

dietary PAH-exposure (Figure 4-5, Table 4-5). While similar levels of protein carbonyls 

were found in both sexes, male urchins experienced significantly lower levels of oxidative 

lipid damage (in both gonad tissue and isolated sperm) and higher levels of oxidative DNA 

damage, regardless of dietary PAH-exposure (Figure 4-4, Figure 4-5, Table 4-5).  

Parameter Source df SS MS F-value P-value
SOD Parental diet 1 1699.493 1699.493 1.62 0.272

Residual 4 4199.356 1049.839
Total 5 5898.849

GR Parental diet 1 0.024 0.024 0.78 0.428
Residual 4 0.124 0.031

Total 5 0.148
GPOX Parental diet 1 11.070 11.070 1.20 0.336

Residual 4 37.039 9.260
Total 5 48.109

Glx-I Parental diet 1 0.150 0.150 0.01 0.931
Residual 4 70.135 17.534

Total 5 70.285
Total Parental diet 1 12.127 12.127 0.52 0.51

glutathione Residual 4 93.086 23.271
Total 5 105.212
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Figure 4-4 Mean ± SE protein carbonyl and lipid hydroperoxide levels in gonad tissue from male and female 
Evechinus chloroticus fed PAH-contaminated versus control Ulva pertusa. N = 4, Different letters indicate a 
significant diet effect and an * indicates a significant difference between the sexes (P < 0.05).  

!

!
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Figure 4-5. Mean ± SE protein carbonyl, lipid hydroperoxide and 8-hydroxydeoxyguanosine levels in the 
gametes of male and female Evechinus chloroticus fed PAH-contaminated versus control Ulva pertusa. N = 
3. An * indicates a significant difference between the sexes (P < 0.05).  

!
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Table 4-5. ANOVA on oxidative damage markers (protein carbonyls, lipid hydroperoxides and 8-OHdG) in 
Evechinus chloroticus male and female gonad tissue, sperm and egg samples and 3-day old embryos derived 
from PAH-fed versus control parents. All analyses were two-way ANOVA with diet and sex as fixed factors 
for gonad and gamete analyses and treatment and parental cross as fixed factors for embryo analyses.  

 
!

4.3.4. Fertilisation success 

The proportion of fertilised eggs was greater than 87% for all egg populations with no 

significant effect of parental exposure to dietary PAHs (ANOVA: F3,8 = 0.33, P = 0.804) 

(Figure 4-6). 

 

Parameter Source df SS MS F-value P-value
GONAD Diet 1 7.223 7.223 29.30 <0.001
Protein Sex 1 0.004 0.004 0.02 0.902

carbonyls Diet x sex 1 0.000 0.000 0.00 0.988
Residual 12 2.958 0.247

Total 15 10.185 0.679
GONAD Diet 1 38.720 38.720 89.45 <0.001

Lipid Sex 1 8.688 8.688 20.07 <0.001
hydroperoxides Diet x sex 1 1.238 1.238 2.86 0.117

Residual 12 5.195 0.433
Total 15 53.840 3.589

GAMETE Diet 1 0.006 0.006 0.20 0.668
Protein Gamete 1 0.004 0.004 0.12 0.738

carbonyls Diet x gamete 1 0.003 0.003 0.10 0.762
Residual 8 0.245 0.031

Total 11 0.258 0.023
GAMETE Diet 1 0.002 0.002 0.01 0.926

Lipid Gamete 1 11.821 11.821 45.65 <0.001
hydroperoxides Diet x gamete 1 0.013 0.013 0.05 0.83

Residual 8 2.071 0.259
Total 11 13.907 1.264

GAMETE Diet 1 5.590 5.590 4.49 0.067
8-OHdG Gamete 1 16.685 16.685 13.39 0.006

Diet x gamete 1 0.085 0.085 0.07 0.801
Residual 8 9.966 1.246

Total 11 32.326 2.939
EMBRYO PAH treatment 2 36.934 18.467 198.67 <0.001

Protein Parental cross 3 11.780 3.927 42.24 <0.001
carbonyls PAH treatment x parental cross 6 7.762 1.294 13.92 <0.001

Residual 24 2.231 0.093
Total 35 58.706 1.677

EMBRYO PAH treatment 2 278.823 139.411 406.57 <0.001
Lipid Parental cross 3 18.969 6.323 18.44 <0.001

hydroperoxides PAH treatment x parental cross 6 22.281 3.713 10.83 <0.001
Residual 24 8.229 0.343

Total 35 328.302 9.380
EMBRYO PAH treatment 2 64.107 32.053 46.78 <0.001
8-OHdG Parental cross 3 6.283 2.094 3.06 0.048

PAH treatment x parental cross 6 1.582 0.264 0.39 0.881
Residual 24 16.445 0.685

Total 35 88.417 2.526
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Figure 4-6. Mean ± SE percentage of eggs fertilised in Evechinus chloroticus egg populations derived from 
contaminant-naïve versus –experienced parents: NFNM (naïve female gamete fertilized by naïve male 
gamete); NFEM (naïve female gamete fertilized by experienced male gamete); EFNM (experienced female 
gamete fertilized by naïve male gamete); EFEM (experienced female gamete fertilized by experienced male 
gamete). N = grand mean of 3 counts (50-80 eggs per count). 

!

4.3.5. Embryonic antioxidant defence 

Antioxidant enzyme concentrations in 3-day old E. chloroticus embryos were maternally 

influenced, with populations derived from PAH-fed mothers exhibiting higher baseline 

levels of all tested AO defence and detoxification markers (between 1.5- and 2.2-fold 

higher), except reduced glutathione, than those derived from mothers fed a non-

contaminated diet (Figure 4-7, Table 4-6). Overall, exposure to additional PAHs in the 

surrounding seawater at a concentration of 540 ng/L elicited negligible upregulation of AO 

and detoxification enzymes in all embryo populations, while exposure to a higher dose of 

1080 ng/L caused a small but significant increase in all AO and detoxification markers, 

except GST (Figure 4-7).  These increases were proportionately greater in embryo 

populations derived from the minimally PAH-experienced mothers collected from the field 

than in those derived from mothers exposed to additional dietary PAHs. In addition, 

embryos experienced a significant decrease in the total pool of glutathione as well as a 

marked alteration in glutathione redox status following exposure to additional waterborne 

PAHs (Figure 4-7, Table 4-6).  
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Figure 4-7. Mean ± SE activities of superoxide dismutase (SOD), catalase (CAT), glutathione reductase 
(GR), glutathione peroxidase (GPx), glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), glutathione-S-transferase 
(GST), total glutathione and percentage reduced glutathione (GSH) in 3-day old Evechinus chloroticus 
embryos exposed to 0, 540 and 1080 ng/L PAH mixture. Embryos were derived from contaminant-naïve 
versus –experienced parents: NFNM (naïve female gamete fertilized by naïve male gamete); NFEM (naïve 
female gamete fertilized by experienced male gamete); EFNM (experienced female gamete fertilized by 
naïve male gamete); EFEM (experienced female gamete fertilized by experienced male gamete). N = 3. 
Dissimilar notations indicate a parental diet effect within each PAH dose group (P < 0.05) and an * indicates 
a PAH-dose effect that is significantly different to the 0 ng/L control (P < 0.05).  
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Table 4-6. ANOVA on concentrations of enzymatic defence markers superoxide dismutase (SOD), catalase 
(CAT), glutathione reductase (GR), glutathione peroxidase (GPx), glutathione-S-transferase (GST), 
glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total glutathione and percentage reduced glutathione in PAH 
exposed embryos derived from PAH-fed and control Evechinus chloroticus parents. All analyses were two-
way ANOVA with PAH treatment and parental cross as fixed factors.  

 
!

Parameter Source df SS MS F-value P-value
SOD PAH treatment 2 4967.667 2483.834 7.44 0.003

Parental cross 3 75760.041 25253.347 75.67 <0.001
PAH treatment x parental cross 6 3521.445 586.908 1.76 0.151

Residual 24 8009.164 333.715
Total 35 92258.317 2635.952

CAT PAH treatment 2 7924.478 3962.239 6.48 0.006
Parental cross 3 85688.628 28562.876 46.72 <0.001

PAH treatment x parental cross 6 12783.884 2130.647 3.49 0.013
Residual 24 14671.747 611.323

Total 35 121068.737 3459.107
GR PAH treatment 2 2.708 1.354 14.18 <0.001

Parental cross 3 14.334 4.778 50.05 <0.001
PAH treatment x parental cross 6 1.523 0.254 2.66 0.04

Residual 24 2.291 0.096
Total 35 20.856 0.596

GPOX PAH treatment 2 568.242 284.121 12.10 <0.001
Parental cross 3 3120.753 1040.251 44.30 <0.001

PAH treatment x parental cross 6 324.326 54.054 2.30 0.067
Residual 24 563.519 23.480

Total 35 4576.840 130.767
GST PAH treatment 2 191.072 95.536 2.85 0.078

Parental cross 3 2014.478 671.493 20.00 <0.001
PAH treatment x parental cross 6 20.435 3.406 0.10 0.996

Residual 24 805.791 33.575
Total 35 3031.776 86.622

Glx-I PAH treatment 2 10629.865 5314.933 6.11 0.007
Parental cross 3 108211.038 36070.346 41.45 <0.001

PAH treatment x parental cross 6 2923.402 487.234 0.56 0.758
Residual 24 20885.842 870.243

Total 35 142650.146 4075.718
Glx-II PAH treatment 2 84.626 42.313 7.15 0.004

Parental cross 3 849.031 283.010 47.85 <0.001
PAH treatment x parental cross 6 18.914 3.152 0.53 0.778

Residual 24 141.962 5.915
Total 35 1094.533 31.272

Total PAH treatment 2 790.141 395.070 5.57 0.01
glutathione Parental cross 3 14385.190 4795.063 67.60 <0.001

PAH treatment x parental cross 6 361.008 60.168 0.85 0.546
Residual 24 1702.482 70.937

Total 35 17238.821 492.538
Reduced PAH treatment 2 3473.067 1736.533 30.86 <0.001

glutathione Parental cross 3 675.231 225.077 4.00 0.019
PAH treatment x parental cross 6 503.809 83.968 1.49 0.223

Residual 24 1350.674 56.278
Total 35 6002.782 171.508
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4.3.6. Embryonic oxidative damage  

Comparable baseline levels of oxidative protein, lipid and DNA damage were observed in 

E. chloroticus embryos derived from all parental crosses, with levels not exceeding 1.6 

nmol/mg protein, 2.9 nmol/sample and 2.9 8-OHdG per 106 dG respectively (Figure 4-8, 

Table 4-5). Overall, a significant increase in protein carbonyls occurred following 

exposure to both 540 ng/L and 1080 ng/L PAHs (1.8- and 2.7-fold greater than control 

levels, respectively). Oxidative lipid and DNA damage was only elicited by the higher 

PAH dose with levels increasing 3- and 2-fold higher than control levels respectively. In 

addition, embryos derived from mothers fed a non-contaminated diet experienced 

significantly greater damage to lipids and proteins compared to those derived from PAH-

fed mothers (Figure 4-8, Table 4-5). Oxidative DNA damage in embryos following 

exposure to additional PAHs in the surrounding seawater followed a similar trend but was 

much less pronounced (Figure 4-8, Table 4-5).  

 

4.3.7. Abnormal development 

24hrs post-fertilisation, abnormal development was paternally influenced with significantly 

greater proportions of embryo populations derived from PAH-fed fathers developing 

abnormally (21 - 28%) compared to those from dietary PAH-naive fathers (9 - 11%). This 

trend persisted following exposure to PAHs in the surrounding seawater, with no further 

increases in the proportion of abnormal embryos across all populations (Figure 4-9, Table 

4-7).  By 48 hrs post-fertilisation, the paternal effect was lost and embryos derived from 

PAH-fed mothers experienced higher levels of abnormality (38 - 66%) than those derived 

from dietary PAH-naïve mothers (17 - 22%).  This maternal influence was not present in 

embryos developing in PAH-contaminated water, with approximately 50% of all 

populations developing abnormally, regardless of parental history (Figure 4-9, Table 4-7). 

By 72 hrs post-fertilisation, abnormal early larval development was significantly elevated 

in populations from which one or both parents were exposed to dietary PAHs. All 

populations developing in PAH-contaminated seawater experienced similar levels of 

abnormality with levels in populations derived from dietary PAH-naïve parents increasing 

almost 2-fold bringing them into line with populations from which one or both parents 

were exposed to dietary PAHs (~50%) (Figure 4-9, Table 4-7).  
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Figure 4-8. Mean ± SE protein carbonyl, lipid hydroperoxide and 8-hydroxydeoxyguanosine levels in 3-day 
old Evechinus chloroticus embryos exposed to 0, 540 and 1080 ng/L PAH mixture. Embryos were derived 
from contaminant-naïve versus contaminant-experienced parents: NFNM (naïve female gamete fertilized by 
naïve male gamete); NFEM (naïve female gamete fertilized by experienced male gamete); EFNM 
(experienced female gamete fertilized by naïve male gamete); EFEM (experienced female gamete fertilized 
by experienced male gamete). N = 3. An * indicates a PAH-dose effect that is significantly different to the 0 
ng/L control (P < 0.05). Where significant interaction effects were present, dissimilar notations indicate 
differences (P < 0.05) using multiple comparisons testing (Tukey’s HSD). 
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!

Figure 4-9. Mean ± SE percentage abnormality in 24, 48 and 72hr-old Evechinus chloroticus embryos 
exposed to 0, 540 and 1080 ng/L PAH mixture. Embryos were derived from contaminant-naïve versus –
experienced parents: NFNM (naïve female gamete fertilized by naïve male gamete); NFEM (naïve female 
gamete fertilized by experienced male gamete); EFNM (experienced female gamete fertilized by naïve male 
gamete); EFEM (experienced female gamete fertilized by experienced male gamete). N = grand mean of 3 
counts (40-60 embryos per count). Dissimilar notations indicate significant treatment effects (P < 0.05) using 
multiple comparisons testing (Tukey’s HSD). 

!
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Table 4-7. ANOVA on abnormality following PAH exposure in three-day old Evechinus chloroticus 
embryos derived from PAH-fed versus control parents. Analyses were two-way ANOVA with PAH 
treatment and parental cross as fixed factors.  

 
!

4.4. Discussion 
In an effort to elucidate the role of ROS-mediated reproductive trade-offs using a marine 

model species, the present study quantified a range of OS biomarkers in Evechinus 

chloroticus adults and their embryos following exposure to PAHs and examined the 

influence of parental pre-exposure on physiological adaptation and offspring resilience. 

Short-term acute dietary PAH exposure induced oxidative stress in both male and female 

adults, evidenced by an upregulation of AO defences as well as an increase in oxidative 

lipid and protein damage to gonad tissues. In addition, early stage offspring reflected their 

maternal antioxidant status with populations derived from mothers exposed to dietary 

PAHs demonstrating significantly higher baseline AO levels compared to those derived 

from mothers fed a non-contaminated diet. This maternal exposure history enhanced the 

capacity of embryos to minimise oxidative damage to lipids and proteins following 

exposure to additional PAHs in their surrounding environment, but provided less of an 

advantage in protection against oxidative DNA damage. Paternal exposure history, on the 

other hand, had little influence on whether embryos were more or less susceptible to 

oxidative damage when exposed to waterborne PAHs, at least in the early pre-feeding 

stages examined. Interestingly, abnormal or delayed embryonic development in response 

to PAHs was largely independent of oxidative damage in the present study, remaining high 

in all embryo populations regardless of parental PAH-history. Overall, results document 

evidence for maternal transfer of antioxidant potential in E. chloroticus, but imply that an 

Parameter Source df SS MS F-value P-value
Abnormality PAH treatment 2 67.646 33.823 0.79 0.464

24hrs Parental cross 3 1434.424 478.141 11.22 <0.001
PAH treatment x Parenatl cross 6 38.883 6.480 0.15 0.987

Residual 24 1023.237 42.635
Total 36 2564.189 73.263

Abnormality PAH treatment 2 2491.592 1245.796 21.21 <0.001
48hrs Parental cross 3 2546.024 848.675 14.45 <0.001

PAH treatment x Parenatl cross 6 2224.659 370.777 6.31 <0.001
Residual 24 1409.990 58.750

Total 36 8672.266 247.779
Abnormality PAH treatment 2 101.605 50.802 1.08 0.354

72hrs Parental cross 3 1988.642 662.881 14.14 <0.001
PAH treatment x Parenatl cross 6 1484.343 247.390 5.28 0.001

Residual 24 1124.832 46.868
Total 36 4699.422 134.269
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inherited resilience against OS may not necessarily translate to a fitness or survival gain 

when faced with additional contaminant stress.  

 

Although a small PAH burden was found in our control population, additional acute 

dietary PAH exposure resulted in considerably greater concentrations of parent PAH 

compounds in treated animals and clear biochemical effects both in adults and offspring. 

These baseline findings likely resulted from nearby road run-off or boating activities close 

to the time of collection and again demonstrate the ecological relevance of PAH 

contamination in the marine environment. A recent monitoring program following the 

wreck of the MV Rena and consequent oil spill off New Zealand’s northwest coast 

documented PAH concentrations in nearby E. chloroticus gonad and gut tissue that were 

similar to those found in our PAH-treated animals, demonstrating that the levels we 

achieved experimentally were environmentally relevant (Battershill 2013). Following the 

Rena spill, primarily phenanthrene, fluoranthene and pyrene were found in the range of 25-

51 µg/kg dry weight in individuals close to the affected Otaiti reef, whereas lower but 

variable levels in the range of 5.5–35.9 µg/kg dry weight were found in tissues from 

individuals from more remote (> 100 km) reefs. An important finding in the present study 

was that eggs carried less than half the burden of parent PAH molecules than female gonad 

tissue, indicating a possible exclusion mechanism. These data are interesting since E. 

chloroticus eggs have high lipid contents and most PAHs are lipophilic (Schafer et al. 

2011).  Nevertheless, even low PAH levels will likely be highly problematic in eggs as 

they could be released slowly while the reserves are mobilised during early embryonic 

development. While it was not possible to analyse sperm samples for PAH uptake due to 

limited material, sperm also contain high lipid levels and might be expected to be 

susceptible to lipophilic contaminants. PAH toxicology with respect to invertebrate germ 

cells has received limited attention in the literature (Schafer and Kohler 2009; Schafer et 

al. 2011) and warrants further investigation.  

 

As a result of dietary PAH exposure and uptake, greater oxidative lipid and protein damage 

was observed in both male and female adults despite a clear upregulation of AO defences. 

Critically however, eggs and sperm were largely protected from damage to these 

macromolecules, demonstrating that damage measured in the gonad was predominantly 

occurring in somatic tissues. In comparison, elevated, but not statistically significant, 

increases in DNA damage to both gametes was observed following parental dietary PAH 
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exposure, indicating that DNA damage may be a more sensitive biomarker for pollutant 

stress in these organisms, as has recently been shown in avian OS research (Meitern et al. 

2013). Pollution may impair reproductive success by reducing the quality of either gamete, 

with sperm often proving more susceptible to chemical stress than eggs (Au et al. 2001b), 

although this is not always the case (Schafer et al. 2011). Sex specific differences observed 

both prior to and following dietary PAH exposure in the present study included greater 

lipid damage to eggs but greater DNA damage to sperm, upholding only in part the greater 

sensitivity of sperm. These results are consistent with those found in a study of the sea 

urchin Psammechinus miliaris in which a range of biochemical parameters differed 

between male and female animals, but were minimally affected by exposure to the PAH 

phenanthrene (Schafer et al. 2011). Furthermore, sperm in the present study had low to 

negligible levels of antioxidants whereas eggs had considerable baseline AO 

concentrations, and these increased markedly following dietary PAH exposure. While 

sperm have limited antioxidant potential due to the small cytoplasmic volume and thus 

contribute few resources to a developing embryo, they do contribute genetic material and 

high rates of DNA damage can have important effects on fertilisation success and normal 

embryo development (Donnelly et al. 2000). Given that both male and female gametes are 

released prior to fertilisation in broadcast spawning organisms, and therefore females are 

unable to bias investment in their eggs in response to sperm quality, paternal effects may 

be as likely to develop as maternal effects in these systems, however paternal influences 

have only recently received any attention (Crean et al. 2013).  

 

No significant effect of parental treatment history on fertilisation success was observed, 

providing additional evidence that the populations of gametes as a whole were not 

negatively affected by adult PAH exposure. In contrast, Au et al. (2001a) in a dose-

response study found that sperm were damaged and more likely to reduce fertilisation 

success than eggs following adult exposure of the sea urchin Anthocidaris crassipina to 

cadmium. The impacts of contaminants on sperm quality and subsequent fertilising 

capacity in marine invertebrates have been well documented (Vaschenko et al. 1999; Au et 

al. 2001b) and it seems likely that we would have seen a paternal effect had fertilisation 

occurred in PAH-contaminated water, rather than under optimal lab conditions. It is also 

important to note that fertilisation rates can be affected by sperm densities, whereby if 

densities are high enough fertilisation will occur regardless of a high percentage of 

impairment (Levitan 2002). Both the present study and Au et al. (2001a) used only one 
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concentration of sperm and direct comparison between studies must be treated with 

caution. Furthermore, when gametes are pooled from multiple parents high rates of 

fertilisation can occur as a result of over-representation by the most stress tolerant male(s) 

(Byrne 2012; Sewell et al. 2014). An assessment of individual male/female pairs, and 

utilising a fertilisation kinetics approach with a range of sperm densities, would be 

warranted in future studies as it would provide a better means to test whether OS-mediated 

changes to eggs, sperm or both may be affecting fertilisation. Nevertheless, despite the 

complexities associated with accurately interpreting fertilisation dynamics in broadcast 

spawners, the pooled gamete approach reflects natural conditions and provides insights 

into the likely population response to environmental stressors. Furthermore, successful 

recruitment and establishment of populations requires that all ontogenetic stages are 

completed successfully and therefore successful fertilisation does not necessarily guarantee 

normal development or offspring longevity (Byrne 2012).  

 

There is limited literature available that examines oxidative damage and ontogenetic 

antioxidant defence parameters in early, pre-feeding developmental stages of marine 

invertebrates (Lesser et al. 2003; Lesser 2010; Lister et al. 2010b; Lister et al. 2010a). A 

core hypothesis posed by this study was that embryos derived from adults potentially pre-

adapted to known OS-inducing PAHs would either have a reduced or enhanced capacity to 

respond to additional PAH exposure compared with those derived from PAH-naïve 

parents. Interestingly, although AO protection was not sufficient to prevent damage to key 

macromolecules from occurring across all embryo populations in response to waterborne 

PAHs, embryos derived from dietary PAH-naive mothers experienced proportionally 

greater rates of upregulation. Indeed, AO activities in embryos derived from PAH-fed 

mothers remained more or less constant regardless of PAHs in the surrounding seawater, 

potentially demonstrating that the capacity for quenching excess ROS or detoxifying toxic 

by-products was already operating at the upper limit in these embryos. The fact that 

oxidative damage, particularly to lipids and proteins, was considerably greater in the 

embryo populations generated from dietary PAH-naïve compared to PAH-experienced 

mothers may indicate that the higher baseline AO levels in the latter populations and the 

reduced requirement for additional synthesis did in fact infer greater protection through 

energy savings. Certainly, the synthesis of protective enzymatic antioxidants is an 

energetically expensive process for marine invertebrates requiring amino acids, ATP and 

other cellular metabolites (Lesser 2006).  
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Given that planktonic stages are particularly vulnerable to environmental stressors, the cost 

of protection and/or repair of oxidative damage can represent important resource trade-offs 

in broadcast spawning marine invertebrates. Any relocation of resources from growth and 

development to the prevention or repair of oxidative damage could significantly influence 

larval fitness and survival. Abnormal or delayed development in E. chloroticus embryos in 

response to PAHs was largely independent of oxidative damage in the present study, 

remaining high in all embryo populations regardless of parental history. Furthermore, 

baseline levels of abnormality in embryo populations developing without additional 

exposure to waterborne PAHs was highly stage-specific making conclusions regarding the 

influence of parental PAH history difficult. Multiple pathways influence normal embryonic 

and larval development, and different genetic and physiological triggers may be 

responsible for the present study’s findings at each developmental stage. For example, 

abnormal development can be a consequence of delays in cell division, programmed cell 

death or apoptosis or the breakdown of a range of cellular repair mechanisms (Lesser 

2006). PAHs have been shown previously to delay and disrupt normal development in 

echinoderm larvae (Steevens et al. 1999; Pillai et al. 2003; Bellas et al. 2008) although the 

underlying mechanisms are not always clear.  

 

The levels of 8-OHdG measured in the present study are similar to those previously 

documented in another temperate sea urchin, Strongylocentrotus droebachiensis, in which 

baseline levels were ~1 ng 8-OHdG/ml and rose to above 3 ng 8-OHdG/ml following 

exposure to UVR (Lesser 2010). However these levels are low in comparison to other 

marine invertebrates in response to environmental stressors (reviewed by Valavanidis et 

al., (2006); Almeida et al., (Almeida et al. 2007)). For example, levels ranged from 5.8 8-

OHdG/ 106dG up to 24.2 8-OHdG/ 106dG, depending on tissue type, in the mussel Perna 

perna from a polluted site in Brazil (Almeida et al. 2003). Although there is limited 

information regarding oxidative DNA damage in echinoderms, even low levels can be 

detrimental to development if DNA repair is not successful. If repair mechanisms fail, the 

affected cells in the developing embryo undergo apoptosis (Lesser 2006), which would 

certainly have contributed to the abnormalities observed in the present study. Damaged 

DNA can have longer lasting consequences than lipid and protein damage, particularly if 

the damage to lipids and proteins measured in the current study originated in the storage 

forms of these molecules. In addition, the functional integrity of DNA can also be 
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compromised directly from exposure to certain PAHs, such as benzo[a]pyrene, which can 

bind to DNA and interfere with normal development (Cavalieri and Rogan 1992). 

 

Abnormality as a result of obviously deviant growth was not differentiated from arrested 

development in the present study. Furthermore, the experimental design did not take into 

account survival, but it is possible that the density of embryos had reduced by day 3 and an 

inadvertent exclusion of dead individuals and thus a biased selection of ‘fittest’ surviving 

individuals took place across some or all treatments. An analysis of embryo density over 

time as a proxy for survival would provide valuable additional information in future 

studies. Despite these difficulties in measuring and interpreting abnormality, it provides a 

basic indicator of the ultimate outcome for physiologically stressed organisms. Overall, 

results point to a degree of cross-tolerance conferred to offspring as a result of maternal 

PAH exposure, and illustrate the usefulness of AO enzymes as markers of general stress, 

however the significance of OS to normal embryonic development remains unclear. 

 

The parent-to-offspring transfer of a range of contaminant-mediated trait changes is not 

rare in nature (Beckerman et al. 2002), and inter-generational trade-offs may be 

particularly important in understanding how environmental variables contribute to life-

history traits (Suryan et al. 2009). Maternal provisioning can have far reaching impacts on 

the successful development and survival of offspring in a wide range of marine embryos 

and larvae (Hamdoun and Epel 2007; Marshall 2008; Byrne 2011) however OS has not 

previously been examined as a potential mechanism. Developmental plasticity may be due 

to differences in maternal loading of protective factors during oogenesis (Hamdoun and 

Epel 2007) and the current study’s findings provide evidence that antioxidants are 

potentially strong candidates for this. Avian research has documented similar trends in 

maternal investment (De Coster et al. 2012) as well as proving much of the framework for 

investigating the role of OS in reproductive trade-offs. For example, a greater number of 

breeding events per lifetime and raising more offspring per breeding event have both been 

found to reduce AO defences in domesticated zebra finches (Alonso-Alvarez et al. 2004; 

Alonso-Alvarez et al. 2006). In addition, maternal experience can have complex effects on 

offspring phenotypes, increasing performance in one life-history stage but reducing it in 

another. For example, Marshall, (2008) found that early stage offspring of copper-exposed 

female bryozoans (Bugula neritina) were more resistant to copper stress, but suffered 

greater mortality later on during post-metamorphic stages. Even relatively small 
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perturbations in larval survival can result in considerable impacts on adult populations 

(Uthicke et al. 2009) and developmental failure, regardless of stage, can therefore have 

negative consequences at the population and ecosystem levels. For ecologically and 

economically important species, such as E. chloroticus, future research must incorporate 

long-term multigenerational stressor experiments in order to identify sensitivities of all 

ontogenetic stages.  

 

4.5. Conclusions 
The tolerance of an individual organism, as determined by its inherent genetic capabilities 

and maternally derived resources, is crucial to its reproductive potential and survival. In 

the present study, oxidative damage and antioxidant defence biomarkers varied greatly in 

embryos as a result of maternal exposure to dietary PAHs, indicating that OS may be a 

contributing mechanism for stressor-induced phenotypic plasticity. Results demonstrate 

that sperm have a much simpler antioxidant system than eggs and that paternal exposure to 

PAHs has only a limited influence on whether E. chloroticus embryos within a mixed 

population are more or less capable of protecting themselves from oxidative damage in 

response to additional PAHs, at least during the embryonic and early larval stages of the 

life cycle. While the impacts of selective mortality of different genotypes cannot be 

excluded, and thus the direct contribution of sperm or eggs is unknown, it is likely the 

observed differences in OS status are the result of maternal transfer of antioxidant 

potential. Interestingly, abnormal development occurred in response to PAHs in the 

surrounding seawater regardless of the whether embryo populations were endowed with 

higher or lower overall maternal antioxidants despite those with lower AO levels 

experiencing greater oxidative lipid and protein damage. Overall, results imply that an 

inherited resilience against oxidative stress may not necessarily translate to a fitness or 

survival gain.  
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Chapter 5. Pollutant resilience in embryos of the Antarctic sea urchin 
Sterechinus neumayeri reflects maternal antioxidant status. 

 

 

 
Sterechinus neumayeri next to Odontaster validus – photo courtesy of Steve Wing 
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5.1. Introduction 
Oxidative stress (OS) is often associated with pollutant-induced toxicity in marine 

invertebrates (Regoli et al. 1997; Lesser 2006). Reactive oxygen species (ROS) are 

ubiquitous in aerobic organisms, and while they are an important component of healthy 

cellular functions, such as cell signalling, they can also indiscriminately damage 

macromolecules, such as lipids, proteins and DNA, if not scavenged by antioxidant (AO) 

mechanisms (Halliwell and Gutteridge 2007). Oxidative stress results when the rate of 

ROS generation exceeds the scavenging capacity of an organism’s AO system, resulting in 

perturbations to redox status and important consequences for a variety of fitness 

parameters (Halliwell and Gutteridge 2007).  

 

The past decade has seen an increase in evidence suggesting that the capacity to withstand 

oxidative stress may play a key role in shaping reproductive trade-offs (Bize et al. 2008; 

Costantini 2008; Garratt et al. 2011). Previous chapters have contributed to this field by 

examining underrepresented marine species and results have demonstrated (1) the 

usefulness of a range of oxidative damage and antioxidant biomarkers in temperate and 

Antarctic marine invertebrates, (2) a pronounced sex difference in the temperate sea urchin 

Evechinus chloroticus, with females having higher antioxidants than males but suffering 

greater oxidative lipid damage and lower oxidative DNA damage following laboratory 

exposure to known inducers of OS, such as polycyclic aromatic hydrocarbons (PAHs) and 

(3) evidence for parent-to-offspring transfer of antioxidant capacity and stress resilience in 

E. chloroticus. However, as discussed in Chapter 2, by studying oxidative stress in a 

natural ecological setting it is possible to obtain a broader understanding of how 

differences in OS status are correlated with fitness parameters.  

 

Limited ecotoxicological studies have been conducted on polar fish (Regoli et al. 2005; 

Nahrgang et al. 2009; Nahrgang et al. 2010; Ghosh et al. 2013), and even fewer on 

Antarctic marine invertebrates (Lenihan et al. 1995; Duquesne et al. 2000; King and Riddle 

2001; Liess et al. 2001). Fewer still have measured parameters of oxidative stress (Regoli 

et al. 1997; Estevez et al. 2002). Therefore the aim of the present study was to build on 

baseline data collected for the common Antarctic sea urchin Sterechinus neumayeri 

(presented in Chapter 2) and investigate the impact of long-term exposure to a complex 
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array of chemical contaminants and other anthropogenic factors on gamete health and 

parent-to-offspring transfer of stress resilience.  

 

The Antarctic continent is affected by human activities and facilities that support scientific 

research as well as tourism, and is increasingly vulnerable to the risks of anthropogenic 

pollution (Chapman and Riddle 2003). Fuels, metals and other contaminants of 

anthropogenic origin are often found in sediments and seawater at locations in Antarctica, 

particularly in sites previously used for waste disposal or currently used for fuel handling 

around scientific bases (Negri et al. 2006; Kennicutt et al. 2010). Ross Island is home to 

two such research stations, the United States McMurdo Station and New Zealand’s Scott 

Base (Figure 2-2). Petroleum hydrocarbons from fuel are the most prevalent contaminants 

detected in soils at McMurdo Station (Aislabie et al. 2004; Kennicutt et al. 2010), which in 

turn has led to considerable hydrocarbon pollution of near shore marine environments 

within McMurdo Sound (Lenihan 1992; Kennicutt et al. 1995; Negri et al. 2006). Past 

disposal practices in particular have resulted in an area of several hundred square meters of 

contaminated sediments in Winter Quarters Bay (WQB) (Negri et al. 2006). Sediment 

samples from WQB near the McMurdo Station historic dump site (77°52.51´, 166°39.12´) 

collected in the last 10 years have been shown to contain high concentrations of total 

hydrocarbons (THC), polychlorinated biphenyls (PCBs), n-alkanes, oil polycyclic aromatic 

hydrocarbons (PAHs) and combustion PAHs (Negri et al. 2006). Metal contaminants are 

another key consequence of human habitation in the Antarctic, with copper, cadmium, zinc 

and lead often found at elevated levels in marine sites subject to anthropogenic inputs 

(Negri et al. 2006). Furthermore, the use of a variety of fuels for vehicle and energy 

requirements at these bases mean that ongoing low-level contamination continues to occur. 

Due to their high persistence, low water solubility and hydrophobicity, hydrocarbons are 

readily adsorbed onto particulate organic matter and ultimately accumulated in marine 

sediments (Negri et al. 2006), where they pose particular risks to benthic marine organisms 

(Kennicutt et al. 1995; Regoli et al. 2005; Negri et al. 2006; Kennicutt et al. 2010; de Hoop 

et al. 2011; Goutte et al. 2013). Once taken up by an organism, the metabolism of 

hydrocarbons can stimulate the production of ROS leading to oxidative stress (Livingstone 

2001; Torres et al. 2008). Additionally, many fuel oil components such as PAHs and heavy 

metals are known to exert mutagenic effects directly (Livingstone 2001).  
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The United States Antarctic Program has monitored these impacts for many years and 

while several important contaminants are degrading over time, anthropogenic disturbance 

of the marine environment is likely to persist for decades (reviewed in Kennicutt et al., 

(2010)). The importance of understanding the effects that these pollutants have on marine 

biota cannot be overstated, yet polar species remain poorly represented in the current 

literature. Many Antarctic marine invertebrate species are thought to be highly vulnerable 

to chemical contaminants due to their long life spans, slow enzymatic activities and higher 

susceptibility to the uptake of lipophilic contaminants (Chapman and Riddle 2005). 

Susceptibility to oxidative stress may, however, be tempered by other features of cold-

adaptation such as lowered metabolic rates (Regoli et al. 2011a) and it is therefore 

important to assess the complexity of oxidative challenges. To date, basic comparative 

studies have documented elevated antioxidant capacities in polar marine organisms 

indicating a highly pro-oxidant environment (Regoli et al. 1997; Regoli et al. 2000; Regoli 

et al. 2002; Camus et al. 2003). This is most likely a result of the highly variable light 

environment of polar regions which promotes low ROS for many months during the winter 

followed by rapid increases during the spring when sea ice breaks up (Regoli et al. 2011a). 

Several species of marine invertebrates are important broadcast spawners in the benthic 

communities around the Antarctic coastline and their gametes and larvae can be found 

throughout the water column during the spring when enhanced light brings greater food 

availability (Pearse et al. 1991). In addition to enhanced ROS, a reduction in ozone over 

the Antarctic region means that organisms in surface waters are exposed to damaging UV 

radiation during this time as well (Lamare et al. 2007; Lister et al. 2010a). The 

consequences for Antarctic marine organisms additionally exposed to anthropogenic 

pollutants, particularly for these vulnerable early life stages, are largely unknown.  

 

There is currently limited information regarding the effects of petroleum compounds on 

cold-adapted marine organisms. A review by de Hoop et al. (2011) revealed that generally, 

there was no difference in sensitivity between polar and temperate marine species exposed 

to oil and oil components. To my knowledge, no previous studies have examined exposure 

to the commonly used AN8 fuel. AN8 is a form of aviation kerosene, similar to diesel but 

with a cloud point of -50°C, and is the primary fuel source for heavy vehicles and aircraft 

at these research stations. AN8 contains detectable levels of the PAHs fluorene and 

naphthalene as well as trace levels of chromium, cadmium, copper and zinc (Table 5-1). 

Differences in the way polar organisms, compared to temperate or tropical, respond to 
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these contaminants is expected, not only as a result of differences in physiology such as 

metabolism and antioxidant capacity but also because characteristics of the polar marine 

environment such as low temperatures and marked seasonality can influence the way in 

which contaminants behave chemically (de Hoop et al. 2011).  

 

The Antarctic sea urchin, Sterechinus neumayeri, was selected as a model organism in the 

present study as it is one of the most common animals in the shallow subtidal benthos 

surrounding Antarctica, and is considered an important keystone species (Brey and Gutt 

1991). These urchins are benthic feeders with a varied diet and their ecology and 

reproductive biology have been well described (Brey et al. 1995). The objectives of the 

present study were to: (1) document OS parameters in the gametes of reproductively 

mature male and female S. neumayeri from a site moderately impacted by anthropogenic 

inputs (McMurdo Station RO intake jetty: 77°51.07´, 166°39.86´) versus a relatively 

pristine site 40 km upstream of the prevailing water currents (Cape Evans: 77°38.33´S, 

166°23.13´E) (Fig. 2.2); and (2) investigate physiological responses of exposure to AN8 

fuel in S. neumayeri embryos derived from ‘contaminant-naïve’ versus ‘contaminant-

experienced’ adults from these sites. Specifically, the following questions were addressed: 

 

1. Do populations of S. neumayeri eggs derived from adults exposed to long-term 

contamination in the field experience impaired levels of fertilisation success 

compared to those from an uncontaminated site?  

2. Are differences in oxidative damage (lipid hydroperoxides, protein carbonyls and 

8-OHdG/106 dG) and antioxidant biomarkers (SOD, CAT, GR, GPx, GST, Glyx-I, 

Glyx-II and glutathione redox) observed in adults due to differences in their 

environment also observed in their offspring? 

3. Does oxidative status inherited from the parents serve embryos in response to 

additional pollution exposure? 

4. Are maternal or paternal gametes, or both, responsible for passing on resilience or 

lack thereof to their larval offspring? 
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5.2. Materials and methods 

5.2.1. Sampling sites and animal collections 

Considerable numbers of Sterechinus neumayeri were found at Cape Evans and the 

McMurdo Jetty site in Winter Quarters Bay, so individuals from these two sites were used 

as pollutant-naïve and pollutant-experienced populations respectively. The same cohort of 

collected adults as outlined in Chapter 2 was used to assess fertilization success and as 

parents of the embryo populations used in the following stress experiment. Urchins were 

transported back to the laboratory at Scott Base and kept in flow-through aquaria plumbed 

directly with water from around Ross Island, maintained at a temperature of approximately 

-1.5°C.  

 

5.2.2. Spawning and embryo culture 

Urchins were induced to spawn by intracoelomic injection of 1-2 ml of a 0.5 M KCl 

solution and injected animals were inverted over glass beakers containing 0.22 "m filtered 

seawater (FSW) in order to collect gametes. Eggs from 7 females from Cape Evans and 7 

females from the McMurdo Jetty were released separately into 500 ml beakers of FSW 

until spawning naturally ceased. Sperm from 4 reproductively mature males from each site 

was collected dry, combined into a pooled sample and kept in tubes on ice until needed.  

 

5.2.3. Fertilisation success 

The eggs from all 7 females at each site were combined for that site in order to gain 

sufficient material for the embryo stress experiment and each egg solution divided evenly 

in half. To achieve a sperm-to-egg ratio of 700:1, which lies within the optimal range for 

this species (Ericson et al. 2010), sperm concentrations were quantified in a 1 "l sample 

briefly activated in 10 ml FSW using haemocytometer counts. A volume of diluted sperm 

solution from each site’s pooled sample required to achieve the appropriate sperm-to-egg 

ratio was added to each of the four egg suspensions to obtain 4 independent embryo 

populations with each possible parental cross: NFNM (naïve female gamete fertilized by 

naïve male gamete); NFEM (naïve female gamete fertilized by experienced male gamete); 

EFNM (experienced female gamete fertilized by naïve male gamete); EFEM (experienced 

female gamete fertilized by experienced male gamete). At 60 minutes post-fertilisation 

each concentrated embryo population was diluted appropriately to obtain a density of 
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approximately 40 individuals per ml in 20 litre sterile plastic containers. Containers were 

scrubbed with hot water then rinsed with filtered seawater prior to use. Temperature was 

maintained at the environmental ambient of approximately -1.5°C by keeping the 

containers in flow-through water baths. Embryos were not fed as they were used within 5 

days post-fertilisation and therefore remained at a pre-feeding stage throughout the 

experiment. After 6 hours, each embryo solution was gently cleaned via serial partial water 

changes to remove any excess sperm. Six replicate 1 ml samples from each population 

were fixed in 7% formalin, and fertilization success was later scored as the proportion of 

eggs with a raised fertilization envelope for 30-40 eggs per replicate.  

 

5.2.4. AN8 Fuel Exposure Experiment 

Using a randomized block design, 16 clean, pre-conditioned 20 L plastic containers were 

allocated a position in a water bath under controlled laboratory conditions with ambient 

light from surrounding windows. Each initial embryo population was reared to the blastula 

stage 4 days post-fertilisation, concentrated down and evenly distributed across 4 

containers. Each container was made up to 5 L with FSW for the Control (0 ppm) or FSW 

containing 100, 300 or 900 ppm AN8 fuel. These fuel treatments were achieved via serial 

dilutions of a stock emulsion made by dissolving 40 ml AN8 fuel into 4 L FSW and 

continuously stirring for 24 hours. Fluorene and naphthalene were the only PAHs detected 

above trace levels in the AN8 fuel used in this study, and were present in higher 

concentrations with each increasing dose administered  (Table 5-1). Cadmium, chromium, 

copper and zinc were also present at elevated levels in each of the AN8 doses administered 

(Table 5-1).  
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Table 5-1. Concentrations of polycyclic aromatic hydrocarbons (PAHs) and individual metals in AN8 fuel 
doses used. Samples were analysed by Hill Laboratories (Hamilton, New Zealand). Trace levels of 16 
individual PAHs were tested via liquid/liquid extraction, SPE (if required) using GC-MS SIM analysis. 
Heavy metals were tested via nitric acid digestion (Antimony, Arsenic, Beryllium, Cadmium, Chromium, 
Copper, Lead, Selenium, Thallium and Zinc), boiling nitric/hydrochloric acid digestion (Silver) or bromine 
oxidation followed by atomic fluorescence (Mercury).  

 

 

5.2.5. Abnormal development 

Following a 24 hr exposure, three replicate 3ml samples of embryos were taken from each 

container and fixed in 7% formalin. Abnormality was later scored by assessing the 

proportion of embryos (100 per replicate) with normal development compared to those 

either arrested at the one cell or cleavage stage, or that had undergone exogastrulation or 

had protruding cellular masses (Lamare et al. 2007). These measurements were made by 

direct microscopic observations at magnifications of X100 and X400 

 

Contaminant (g/m3) 100ppm 300ppm 900ppm Detection limit

Acenaphthene BDL BDL BDL 0.000008
Acenaphthylene BDL BDL BDL 0.000008
Anthracene BDL BDL BDL 0.000008
Benzo[a]anthracene BDL BDL BDL 0.000008
Benzo[a]pyrene BDL BDL BDL 0.000008
Benzo[b]fluoranthene 
+ Benzo[j]fluoranthene BDL BDL BDL 0.000008
Benzo[g,h,i]perylene BDL BDL BDL 0.000008
Benzo[k]fluoranthene BDL BDL BDL 0.000008
Chrysene BDL BDL BDL 0.000008
Dibenzo[a,h]anthracene BDL BDL BDL 0.000008
Fluoranthene BDL BDL BDL 0.000008
Fluorene 0.000009 0.000017 0.000031 0.000008
Indeno(1,2,3-c,d)pyrene BDL BDL BDL 0.000008
Naphthalene 0.00135 0.00197 0.0066 0.00005
Phenanthrene BDL BDL BDL 0.000008
Pyrene BDL BDL BDL 0.000008

Total Antimony BDL BDL BDL 0.0011
Total Arsenic BDL BDL BDL 0.0042
Total Beryllium BDL BDL BDL 0.00063
Total Cadmium 0.00179 0.00165 0.00172 0.00021
Total Chromium 0.0012 0.0052 0.0012 0.0011
Total Copper 0.002 0.0013 BDL 0.0011
Total Lead BDL BDL BDL 0.0011
Total Mercury BDL BDL BDL 0.00002
Total Selenium BDL BDL BDL 0.0042
Total Silver BDL BDL BDL 0.00043
Total Thallium BDL BDL BDL 0.00021
Total Zinc 0.0049 0.0064 0.0052 0.0042

Polycyclic Aromatic Hydrocarbons

Heavy metals
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5.2.6. Oxidative damage and antioxidant defence 

The remaining sample was divided into 18 aliquots of approximately 270 ml or 11,000 

individuals, and each of these filtered through an 80 "m filter to concentrate embryos 

(approx 100 mg per sample). These were stored in 1.5 ml Eppendorf tubes, snap frozen in 

liquid nitrogen and immediately stored at -80°C for later biochemical analyses.  

 

5.2.7. Biochemical analyses 

Samples were analysed for oxidative damage (lipid hydroperoxides, protein carbonyls and 

8-OHdG) and antioxidant biomarkers (SOD, CAT, GR, GPx, GST, Glyx-I, Glyx-II, GSH 

and GSSG). Refer to Section 2.2.3 and 4.2.7 for general methods regarding these 

extractions and assays. 

 

5.2.8. Statistical analyses 

Statistically significant differences (P <0.05) in fertilisation success and gamete OS 

markers were analysed using a one-way ANOVA and t-test respectively. Abnormality and 

OS markers were analysed across fuel doses and among embryo parentages by two-way 

ANOVA. Any statistically significant fuel dose or embryo parentage effects were then 

analysed using a posthoc Tukey HSD test. ANOVAs included tests for dataset normality 

and equal variance. Levene’s test confirmed homogeneity of variances. ANOVAs included 

tests for normality (Kolmogorov-Smirnov) and homogeneity of variance (Levene’s test). 

All analyses were performed using SigmaStat 2.03 (SPSS Inc.) or JMP (7.0) (SAS). 

 

5.3. Results 

5.3.1. Fertilization success 

Fertilisation success within egg populations derived from contaminant-experienced 

McMurdo Jetty females was approximately 10% lower overall than within egg populations 

from contaminant-naïve Cape Evans females, although variability among replicates was 

high and this was not statistically significant (ANOVA: F3,20 = 2.268, P = 0.112 (Figure 

5-1).  
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Figure 5-1. Mean ± SE percentage fertilisation success in Sterechinus neumayeri embryo populations derived 
from contaminant-naïve versus –experienced parents: NFNM (naïve female gamete fertilized by naïve male 
gamete); NFEM (naïve female gamete fertilized by experienced male gamete); EFNM (experienced female 
gamete fertilized by naïve male gamete); EFEM (experienced female gamete fertilized by experienced male 
gamete). N = 6. 

!

5.3.2. Antioxidant defence 

Eggs from contaminant-experienced McMurdo Jetty females contained elevated levels of 

defence and detoxification enzymes associated with antioxidant metabolism, with 

significantly higher SOD, CAT and Glx-I, and a greater pool of the non-enzymatic 

antioxidant glutathione than those from contaminant-naïve Cape Evans females (Figure 

5-2, Figure 5-3, Table 5-2). Sperm from both sites contained negligible concentrations of 

most AO markers, with the notable exception of SOD, which was similar to levels in eggs, 

and to a lesser extent GR and GPx (Figure 5-2, Figure 5-3, Table 5-2).  
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Figure 5-2. Mean ± SE activities of glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), glutathione-S-transferase 
(GST), total glutathione and percentage reduced glutathione (GSH) in female and male gametes of 
Sterechinus neumayeri from a moderately contaminated site (McMurdo Jetty, Winter Quarters Bay) and a 
relatively pristine site (Cape Evans). N = 3. * indicates a significant difference at the 0.05 level. 
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Figure 5-3. Mean ± SE activities of glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), glutathione-S-transferase 
(GST), total glutathione and percentage reduced glutathione (GSH) in female and male gametes of 
Sterechinus neumayeri from a moderately contaminated site (McMurdo Jetty, Winter Quarters Bay) and a 
relatively pristine site (Cape Evans). N = 3. * indicates a significant difference at the 0.05 level. 
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Table 5-2 ANOVA on concentrations of enzymatic defence markers superoxide dismutase (SOD), catalase 
(CAT), glutathione reductase (GR), glutathione peroxidase (GPx), glutathione-S-transferase (GST), 
glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total glutathione and percentage reduced glutathione in 
Sterechinus neumayeri eggs (A) and sperm (B) from McMurdo Jetty and Cape Evans, Antarctica. All 
analyses were one-way ANOVA with site as the fixed factor.  

!

!

!

Antioxidant enzyme concentrations in five-day old blastulae were comparable to those 

found in egg concentrations (Figure 5-4) and reflected their maternal parentage, with 

EFNM and EFEM embryos exhibiting higher baseline levels of AO markers than NFNM 

and NFEM embryos (Figure 5-4, Table 5-3). Following a 24 hr exposure to increasing 

AN8 fuel doses, all four parental crosses of S. neumayeri embryos experienced a sustained 

increase in the activities of all tested AO enzymes and a steady decrease in the total pool of 

glutathione as well as a marked reduction in glutathione redox status (Figure 5-4, Table 

Parameter Source df SS MS F-value P-value
(A) EGGS

SOD Site 1 634.276 634.276 19.88 0.011
Residual 4 127.648 31.912
Total 5 761.924

CAT Site 1 3776.547 3776.547 30.90 0.005
Residual 4 488.874 122.219
Total 5 4265.421

GR Site 1 0.313 0.313 3.93 0.119
Residual 4 0.318 0.080
Total 5 0.631

GPx Site 1 54.361 54.361 2.77 0.172
Residual 4 78.616 19.654
Total 5 132.977

GST Site 1 27.136 27.136 1.52 0.285
Residual 4 71.361 17.840
Total 5 98.497

Glx-I Site 1 9074.593 9074.593 8.99 0.04
Residual 4 4037.788 1009.447
Total 5 13112.381

Glx-II Site 1 75.260 75.260 4.26 0.108
Residual 4 70.648 17.662
Total 5 145.908

Total Site 1 247.684 247.684 8.85 0.041
glutathione Residual 4 111.960 27.990

Total 5 359.644
Reduced Site 1 0.068 0.068 0.01 0.938
glutathione Residual 4 39.768 9.942

Total 5 39.836
(B) SPERM

SOD Site 1 3852.187 3852.187 4.22 0.109
Residual 4 3653.952 913.488
Total 5 7506.139

GR Site 1 0.014 0.014 0.67 0.459
Residual 4 0.084 0.021
Total 5 0.098

GPx Site 1 7.504 7.504 0.50 0.517
Residual 4 59.556 14.889
Total 5 67.060
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5-3). Enzymes involved in detoxification (GST, Glx-I and Glx-II) followed the same dose-

dependent increases as AO enzymes (Figure 5-4, Table 5-3). Following exposure to 900 

ppm these enzyme markers ranged between 1.4- and 1.9-fold higher than baseline levels in 

EFNM and EFEM populations and 1.7- and 2.1-fold higher in NFNM and NFEM 

populations. Total glutathione levels decreased significantly as AN8 dose increased and 

were between 34 and 51% lower in embryos exposed to 900 ppm compared to baseline 

levels. The percentage of reduced glutathione also showed a significant decline with 

increasing fuel dose, with levels at 900 ppm being 27 and 36% lower than baseline levels 

in NFNM and NFEM embryos, and 12 and 14% lower in EFNM and EFEM embryos 

respectively (Figure 5-4, Table 5-3). In contrast to the lower doses, at 900 ppm AO levels 

were as elevated in the populations of embryos from contaminant-naïve female parents as 

they were in those from contaminant-experienced females, although this was not always 

statistically significant (Figure 5-4, Table 5-3). The notable exceptions to this pattern were 

in levels of Glx-I and in total glutathione as well as the percentage of reduced glutathione, 

all of which remained elevated in EFNM and EFEM embryos compared to NFNM and 

NFEM embryos even at 900 ppm.  
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!
Figure 5-4. Mean ± SE activities of superoxide dismutase (SOD), catalase (CAT), glutathione reductase 
(GR), glutathione peroxidase (GPx), glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), glutathione-S-transferase 
(GST), total glutathione and percentage reduced glutathione (GSH) in Sterechinus neumayeri embryos 
exposed to 0, 100, 300 and 900ppm AN8 fuel. Embryos were derived from contaminant-naïve versus –
experienced parents: NFNM (naïve female gamete fertilized by naïve male gamete); NFEM (naïve female 
gamete fertilized by experienced male gamete); EFNM (experienced female gamete fertilized by naïve male 
gamete); EFEM (experienced female gamete fertilized by experienced male gamete). N = 3. Dissimilar 
lower-case notations indicate a parental diet effect within each AN8 dose (P < 0.05). Dissimilar upper-case 
notations indicate significant AN8 dose effects (P < 0.05). Where significant interaction effects were present, 
dissimilar notations indicate differences (P < 0.05) using multiple comparisons testing (Tukey’s HSD). 
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Table 5-3 ANOVA on concentrations of enzymatic defence markers superoxide dismutase (SOD), catalase 
(CAT), glutathione reductase (GR), glutathione peroxidase (GPx), glutathione-S-transferase (GST), 
glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total glutathione and percentage reduced glutathione in five-day 
old Sterechinus neumayeri embryos derived from contaminant-naïve Cape Evans versus contaminated-
experienced McMurdo Jetty parents and exposed to AN8 fule treatments. All analyses were two-way 
ANOVA with AN8 treatment and parental cross as fixed factors.  

!

!

!

!

Parameter Source df SS MS F-value P-value
SOD Treatment 3 36675.587 12225.196 59.66 <0.001

Parental cross 3 5276.159 1758.720 8.58 <0.001
Treatment x parental cross 9 1829.392 203.266 0.99 0.466

Residual 32 6557.171 204.912
Total 47 50338.309 1071.028

CAT Treatment 3 44230.781 14743.594 52.68 <0.001
Parental cross 3 7598.619 2532.873 9.05 <0.001

Treatment x parental cross 9 815.837 90.649 0.34 0.961
Residual 32 8956.738 279.898

Total 47 61601.976 1310.680
GR Treatment 3 15.893 5.298 64.03 <0.001

Parental cross 3 2.571 0.857 10.36 <0.001
Treatment x parental cross 9 0.801 0.089 1.08 0.407

Residual 32 2.648 0.083
Total 47 21.913 0.466

GPx Treatment 3 1231.660 410.553 61.68 <0.001
Parental cross 3 110.543 36.848 5.54 0.004

Treatment x parental cross 9 143.182 15.909 2.39 0.034
Residual 32 213.011 6.657

Total 47 1698.395 36.136
GST Treatment 3 1355.800 451.933 56.96 <0.001

Parental cross 3 159.681 53.227 6.71 0.001
Treatment x parental cross 9 48.176 5.353 0.68 0.725

Residual 32 253.881 7.934
Total 47 1817.538 38.671

Glx-I Treatment 3 275829.012 91943.004 77.51 <0.001
Parental cross 3 58214.365 19404.788 16.36 <0.001

Treatment x parental cross 9 4471.455 496.828 0.42 0.915
Residual 32 37957.909 1186.185

Total 47 376472.740 8010.058
Glx-II Treatment 3 3412.746 1137.582 61.11 <0.001

Parental cross 3 244.405 81.468 4.38 0.011
Treatment x parental cross 9 200.775 22.308 1.20 0.33

Residual 32 595.663 18.614
Total 47 4453.589 94.757

Total Treatment 3 1745.402 581.801 32.22 <0.001
glutathione Parental cross 3 2017.051 672.350 37.24 <0.001

Treatment x parental cross 9 53.162 5.907 0.33 0.96
Residual 32 577.810 18.057

Total 47 4393.425 93.477
Reduced Treatment 3 3146.417 1048.806 72.96 <0.001

glutathione Parental cross 3 814.939 271.646 18.90 <0.001
Treatment x parental cross 9 586.152 65.128 4.53 <0.001

Residual 32 460.023 14.376
Total 47 5007.532 106.543
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5.3.3. Oxidative damage 

Oxidative damage to baseline levels of key macromolecules was minor in both male and 

female gametes, with protein carbonyls and lipid hydroperoxides not exceeding 2 nmol/mg 

protein and 3 nmol/sample respectively in either egg or sperm samples (Figure 5-5, Table 

5-4).  

 
Figure 5-5. Mean ± SE lipid hydroperoxides and protein carbonyl concentrations in female and male gametes 
of Sterechinus neumayeri from a moderately contaminated site (McMurdo Jetty, Winter Quarters Bay) and a 
relatively pristine site (Cape Evans). N = 3. 
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Table 5-4 ANOVA on on oxidative damage markers (protein carbonyls, lipid hydroperoxides and 8-OHdG) 
in Sterechinus neumayeri eggs (A) and sperm (B) from McMurdo Jetty and Cape Evans, Antarctica. All 
analyses were one-way ANOVA with site as the fixed factor.  

!

Comparable baseline levels of damage were observed in five-day old blastulae derived 

from all possible combinations of maternal and paternal gametes (Figure 5-6, Table 5-5). 

Exposure to AN8 fuel for a 24 hr period induced dose-dependent oxidative damage in all 

embryo populations but damage was proportionately greater in embryos derived from 

contaminant-naïve Cape Evans females (NFNM and NFEM) compared to those derived 

from contaminant-exposed McMurdo Jetty females (EFNM and EFEM) (Figure 5-6, Table 

5-5). This pattern was strongest following exposure to 900 ppm AN8, where lipid and 

protein damage was 5 - 7 times greater than baseline levels in naïve female embryos in 

comparison to 3 - 4 times greater in exposed female embryos.  

!

5.3.4. Abnormal development 

The proportion of abnormal development in five day old S. neumayeri blastulae 

populations ranged from baseline levels of 40 - 51% through to 73 - 80% following 

exposure to 900 ppm AN8 fuel. Prior to exposure, baseline abnormality was lower in 

embryo populations from which both parents were contaminant-naïve compared to those 

from which one or both parents were from the contaminated McMurdo Jetty (Figure 5-6, 

Table 5-5). However, in contrast to oxidative damage and antioxidant metabolism markers, 

whether embryos were derived from Cape Evans or McMurdo Jetty parents had no impact 

on the percentage of abnormal development following exposure to AN8 fuel (Figure 5-6, 

Table 5-5).  

Parameter Source df SS MS F-value P-value
(A) EGGS

Protein Site 1 0.066 0.066 0.42 0.551
carbonyls Residual 4 0.627 0.157

Total 5 0.693
Lipid Site 1 0.132 0.132 0.21 0.669

hydroperoxides Residual 4 2.481 0.620
Total 5 2.613

8-OHdG Site 1 1.179 1.179 8.33 0.045
Residual 4 0.566 0.142
Total 5 1.746

(B) SPERM
Protein Site 1 0.205 0.205 0.92 0.393
carbonyls Residual 4 0.897 0.224

Total 5 1.102
Lipid Site 1 0.002 0.002 0.01 0.926

hydroperoxides Residual 4 0.822 0.205
Total 5 0.824

8-OHdG Site 1 7.820 7.820 18.39 0.013
Residual 4 1.701 0.425
Total 5 9.522
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Figure 5-6. Mean ± SE lipid hydroperoxides concentrations, protein carbonyl concentrations and percentage 
abnormal development in Sterechinus neumayeri embryos exposed to 0, 100, 300 and 900ppm AN8 fuel. 
Embryos were derived from contaminant-naïve versus –experienced parents: NFNM (naive female gamete 
fertilized by naive male gamete); NFEM (naive female gamete fertilized by experienced male gamete); 
EFNM (experienced female gamete fertilized by naive male gamete); EFEM (experienced female gamete 
fertilized by experienced male gamete). N = 3. Dissimilar lower-case notations indicate a parental diet effect 
within each AN8 dose (P < 0.05). Dissimilar upper-case notations indicate significant AN8 dose effects (P < 
0.05). Where significant interaction effects were present, dissimilar notations indicate differences (P < 0.05) 
using multiple comparisons testing (Tukey’s HSD). 
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Table 5-5 ANOVA on oxidative damage markers (protein carbonyls, lipid hydroperoxides and 8-OHdG) and 
abnormal development in five-day old Sterechinus neumayeri embryos derived from contaminant-naïve Cape 
Evans versus contaminated-experienced McMurdo Jetty parents and exposed to AN8 fuel treatments. All 
analyses were two-way ANOVA with AN8 treatment and parental cross as fixed factors.  

!

!

!

5.4. Discussion 
Sterechinus neumayeri from a moderately contaminated site produced eggs with greater 

levels of antioxidants but experienced slightly lower rates of fertilisation success than 

those from a relatively pristine site. Furthermore, embryos that were derived from 

contaminant-experienced mothers were endowed with the higher baseline levels of 

antioxidants from the eggs, which conferred an enhanced capacity to minimize oxidative 

damage when exposed to additional contaminants in AN8 fuel. Despite this inherited 

resilience against oxidative stress, abnormal development was as high in these embryos 

when exposed to AN8 as in those derived from contaminant-naïve mothers, implying the 

conferred advantage may not translate to a fitness or survival gain, at least up to the 

blastula stage. Results present the first evidence for parent-to-offspring transfer of stress 

resilience in an Antarctic marine invertebrate, and add to the currently limited information 

regarding pollutant-mediated oxidative stress in cold-adapted species. 

 

A division of energy or resources exists in all organisms with the costs associated with 

growth and reproduction forming the most prominent life-history trade-off (Zera and 

Parameter Source df SS MS F-value P-value
Protein Treatment 3 178.642 59.547 54.66 <0.001

carbonyls Parental cross 3 9.713 3.238 2.97 0.046
Treatment x parental cross 9 12.777 1.420 1.30 0.274

Residual 32 34.863 1.089
Total 47 235.996 5.021

Lipid Treatment 3 979.355 326.452 90.36 <0.001
hydroperoxides Parental cross 3 61.130 20.377 5.64 0.003

Treatment x parental cross 9 89.646 9.961 2.76 0.017
Residual 32 115.605 3.613

Total 47 1245.735 26.505
8-OHdG Treatment 3 1.278 0.426 3.21 0.036

Parental cross 3 0.311 0.104 0.78 0.513
Treatment x parental cross 9 3.272 0.364 2.74 0.017

Residual 32 4.241 0.133
Total 47 9.101 0.194

Abnormality Treatment 3 7177.019 2392.340 23.98 <0.001
Parental cross 3 27.739 9.246 0.09 0.964

Treatment x parental cross 9 403.613 44.846 0.45 0.897
Residual 32 3192.097 99.753

Total 47 10800.467 229.797



Chapter 5.                                                                       Pollutant resilience of Sterechinus neumayeri embryos  
 

!138!

Harshman 2001). These parameters are often compromised following exposure to 

environmental stressors, whereby energy is conserved for costly physiological defences 

which in turn increase the chance of survival (Stearns 1992). The present findings provide 

evidence for a possible resource trade-off in S. neumayeri where females from a 

contaminated site produce fewer eggs capable of successful fertilisation, but 

physiologically more robust embryos. On the other hand, although these embryos were 

able to minimize oxidative damage when exposed to an additional stressor, they were not 

protected from high rates of abnormal development. Given that oxidative damage to core 

macromolecules (proteins, lipids and DNA) is both energetically expensive to prevent and 

resource intensive to repair, it is clear the underlying mechanisms that determine resource 

divisions and how these affect normal development and ultimately survival are complex, 

particularly in a field scenario as discussed here.  

 

Although eggs had slightly higher levels of antioxidants in individuals from the 

contaminated McMurdo Jetty site, male gametes had low to negligible levels of antioxidant 

enzymes regardless of which site they came from. Overall, oxidative lipid and protein 

damage to both male and female gametes was minor and no greater in the contaminant-

experienced individuals. Similar results have been found for the temperate sea urchin 

Evechinus chloroticus exposed experimentally to dietary PAHs (Chapters 3 and 4). In 

contrast to eggs, the sperm of marine invertebrates have limited antioxidant potential due 

to the small cytoplasmic volume and thus contribute few resources to a developing 

embryo. However, they do contribute genetic material and high rates of DNA damage can 

have important effects on fertilisation success and normal embryo development (Donnelly 

et al. 2000). They also have greater surface area to volume ratios and high levels of 

polyunsaturated fatty acids (PUFAs) in their cellular and intracellular membranes making 

them prone to lipid peroxidation and low DNA repair capabilities (Lu and Wu 2005a). 

Here we present support for limited antioxidant capacities in sperm but found low levels of 

oxidative damage to gametes overall providing no support for higher susceptibility of the 

male gamete in this species. In addition, no significant difference in fertilisation success, 

an accepted indicator of sperm quality, was found between the embryo populations derived 

from contaminant-naïve versus contaminant-experienced males, whereas a slight maternal 

influence was found. There are few studies that examine the impacts of environmental 

stressors on marine invertebrate sperm quality, and even fewer that provide evidence of the 

underlying mechanisms (Au et al. 2001b; Lu and Wu 2005b; Lu and Wu 2005a). 
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Offspring provisioning has a direct impact on development and future survival and has 

generally been shown to be predominantly under maternal control in a wide range of 

organisms (Marshall 2008). However for broadcast spawners, such as S. neumayeri, the 

egg must incorporate features that will allow it to be externally fertilized as well as 

providing sufficient resources for development (Levitan 2006) and the extent of paternal 

influence remains unclear. Male contributions to stress resilience may become apparent 

later on in the life cycle and it could be that the early blastula stage examined here was not 

sufficiently developed to ascertain these effects. Successful recruitment and establishment 

of marine invertebrate populations requires that all ontogenetic stages are completed 

successfully (McEdward and Miner 2006), and future studies would benefit from 

examining a broader suite of life-stages. 

 

Exposure to environmentally relevant concentrations of AN8 fuel, commonly used by 

Antarctic research stations, caused oxidative damage in early blastula-stage S. neumayeri, 

a sustained dose-dependent increase in antioxidant scavenging capacity and detoxification 

enzyme activities and a concurrent decrease in the total pool of the non-enzymatic 

antioxidant glutathione. Overall, embryos in the highest dose group could not produce 

enough antioxidant protection to avoid considerable oxidative damage to essential proteins 

and membrane lipids. Increased AO levels following exposure to AN8 indicate that S. 

neumayeri embryos have an operative defence system, with values comparable to those 

reported previously for this species (Lister et al. 2010a) and with those found in other 

marine species (Regoli et al. 2005; Almeida et al. 2007). 

 

One of the core hypotheses posed by this study was that embryos derived from 

contaminant-experienced adults would either have a reduced or enhanced capacity to 

upregulate antioxidant defences in response to a stressor compared with those derived from 

contaminant-naïve parents. Interestingly, despite embryos from contaminant-experienced 

females having higher baseline levels of all protection or detoxification markers tested, all 

embryo populations’ upregulated enzymes and utilised glutathione at the same rate 

following exposure to all AN8 doses up to 600 ppm. By 900 ppm embryos from 

contaminant-naïve females had a greater proportional increase, which brought their AO 

levels in line with those expressed by embryos from contaminant-experienced females, 

with the notable exceptions of Glx-I and the total pool of glutathione. As highlighted 
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above, these elevated AO defence and detoxification pathways were sufficient to prevent 

oxidative damage from occurring in embryos following exposure to the lower AN8 doses, 

however a marked increase in damage to lipids and proteins was found in embryos 

exposed to 900 ppm. These results indicate that maximum capacity, either for quenching 

excess ROS or detoxifying toxic by-products had been reached at this concentration.  

 

Studies of this kind on Antarctic marine invertebrates are scarce and reveal conflicting 

results, with species being less, more or similarly sensitive to contaminants (Chapman and 

Riddle 2003). One of the first studies to examine the effects of chemical pollutants on 

polar marine invertebrate embryos, King and Riddle (2001), found that S. neumayeri was 

more sensitive to both copper and cadmium contamination than similar species from 

warmer regions but less sensitive to zinc. Greater potential for lipid peroxidation has also 

been exhibited in the Antarctic bivalve Laternula elliptica in comparison to a temperate 

species, Mya arenaria, with similar total lipid contents (Estevez et al. 2002). Adaptation to 

the permanently cold, oxygen-rich environment can potentially reduce susceptibility to 

oxidative stress, through reduced metabolic rates that limit inherent levels of mitochondrial 

ROS output, and increase susceptibility in other ways such as through elevated PUFA 

levels and a reduced scope for the development of defence mechanisms due to low 

exogenous ROS levels (Regoli et al. 2011a). In addition, many polar species grow slowly 

and have relatively long life spans compared to their temperate and tropical counterparts. 

For species such as S. neumayeri, this means the sensitive early life stages spend much 

longer in the water column, which could result in greater susceptibility to environmental 

pollutants (King and Riddle 2001). Growth and larval development rates are slow in S. 

neumayeri due to the low water temperatures, with time to complete development ranging 

from approximately 115 days (Bosch et al. 1987) compared to 30-60 days in the temperate 

E. chloroticus for example (Walker 1984). Furthermore, S. neumayeri embryos are 

dependent on the maternally derived resources in the egg for approximately 3 weeks after 

fertilisation before they are capable of feeding (Bosch et al. 1987; Shilling and Manahan 

1994) leaving them particularly vulnerable to environmental stressors during this stage.  

 

Previous studies have demonstrated oxidative stress in non-polar marine invertebrates 

exposed to persistent organic pollutants such as those found in diesel or fuel oil (Almeida 

et al. 2007; Gorokhova et al. 2013), however few have also examined the parent-to-

offspring transfer of impacts or capacities to respond. The parent-to-offspring transfer of a 
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range of contaminant-mediated trait changes is not rare in nature (Beckerman et al. 2002), 

and inter-generational trade-offs may be particularly important in understanding how 

environmental variables contribute to life-history traits (Suryan et al. 2009). The results of 

this study indicate that resources in the egg contributed directly to differences in baseline 

levels of antioxidant protection and detoxification enzymes in embryos, as well as dictating 

the capacity to respond to environmental stress in the form of AN8 contamination. The 

findings therefore do not provide any evidence for genetic selection of a greater capacity to 

produce antioxidant enzymes since there was no apparent male effect and similar levels of 

antioxidants as well as oxidative damage were found in embryo populations derived from 

contaminant-experienced versus contaminant-naïve males. The fact that oxidative damage 

was considerably greater in the embryo populations generated from contaminant-naïve 

compared to contaminant-experienced females may indicate that the higher baseline levels 

of most antioxidant enzymes in the latter populations and the subsequently smaller 

additional synthesis required did in fact infer greater protection through energy savings. 

Certainly, the synthesis of protective enzymatic antioxidants is an energetically expensive 

process for marine invertebrates requiring amino acids, ATP and other cellular metabolites 

(Lesser 2006). However, with no difference in abnormality seen, these results may indicate 

that the cost of synthesizing defence and detoxification enzymes at even low levels above 

baseline and/or the simultaneous drain on the total glutathione pool and shifts in redox 

balance could contribute to an impairment in normal development and have a significant 

impact on fitness and ultimately survival in this species. An alternative hypothesis may be 

that glutathione and/or glyoxalase-I are the most important factors in antioxidant defence 

in these organisms, and in the case of exposure to chemical contaminants such as in AN8 

fuel, that active detoxification is a crucial aspect of protection. It may be that the other 

antioxidant defence enzymes assessed here may play only a secondary role in balancing 

oxidative status in this species. As with antioxidant upregulation, regeneration of oxidized 

glutathione (GSSG) to the reduced form (GSH) requires NADPH at a considerable 

energetic cost to the organism (Halliwell and Gutteridge 2007). A reduction in glutathione 

has also been documented in the digestive gland of the Antarctic scallop Adamussium 

colbecki following copper and mercury exposure (Regoli et al. 1997). Undoubtedly, 

multiple pathways will influence abnormal development, and other factors may be 

responsible for the present findings, such as DNA damage, heavy metal toxicity and/or a 

breakdown of repair mechanisms. In addition, delayed development was incorporated into 

abnormality counts as well as those with obviously deviant growth in this study, so 
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whether the abnormality in embryos from the populations exposed to 300 ppm and indeed 

100 ppm resulted more from delayed but otherwise normal embryos compared to those 

exposed to 900 ppm was not elucidated. Despite these difficulties in measuring and 

interpreting abnormality, it is likely to be a better indicator of mortality than other 

sublethal endpoint measurements such as oxidative damage and reproduction parameters.  

 

As with abnormal development, many environmental factors can directly or indirectly 

influence the oxidative stress status of wild animals (Nussey et al. 2009; Costantini et al. 

2010; Isaksson 2010; van de Crommenacker et al. 2011) and establishing cause and effect 

relationships is therefore difficult. Although much of the Antarctic coastal environment 

remains pristine, previous studies have documented high levels of pollutants including 

PAHs, PCBs and heavy metals in the sediments in Winter Quarters Bay near the seawater 

intake Jetty (Negri et al. 2006). In contrast, sediments from Cape Evans have been shown 

to contain very low levels of fuel contaminants and heavy metals except arsenic (Negri et 

al. 2006). Impacts of these contaminants have been documented in a range of taxa at this 

site (Lenihan et al. 1995; Negri et al. 2006; Kennicutt et al. 2010). OS parameters are less 

well studied in marine organisms at this site (Lister et al. 2010a) and have not previously 

been studied in relation to chemical pollutants. The differences between the two sites 

chosen in the present study are not limited to toxin exposure, but also other factors such as 

diet quantity and quality, habitat type, turbidity and light availability, all of which are 

likely to affect investment in reproduction and could influence oxidative stress physiology 

directly or indirectly. The sea ice cover in and around Winter Quarters Bay is particularly 

extensive and persists for much of the year, which has important implications for sea ice 

algae and other primary producers which are the main food source for many benthic 

invertebrates (McClintock and Karentz 1997). For example, the diet of L. elliptica has 

been shown to differ between Cape Evans and sites near McMurdo Station as a result of 

differences in sea ice coverage and associated algal communities (Wing et al. 2012). In 

vertebrate literature, there are many examples of the maternal environment during the 

gamete-maturing phase strongly influencing the adaptive potential of offspring to the 

environment the mother experiences (Homberger et al. 2013). In the present study, it is 

likely the higher AO concentrations observed in eggs from McMurdo Jetty females and the 

conferred resilience against protein and lipid damage in consequent embryos were a result 

of anthropogenic influences at the site, including but not limited to chemical contaminants, 
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heavy metals and high nutrient levels, however the influence of other factors not evaluated 

can not be ruled out.  

 

5.5. Conclusions 
The present study contributes to core knowledge in S. neumayeri and provides evidence for 

parent-to-offspring transfer of antioxidant potential and resilience to oxidative stress. 

Results demonstrate that sperm have a much simpler antioxidant system than eggs and that 

the paternal environment has no influence on whether S. neumayeri embryos are more or 

less capable of protecting themselves from oxidative damage in response to fuel 

contaminants, at least at the early blastula stage of the life cycle. Results also demonstrate 

a likely maximum capacity that the majority of AO enzymes tested can achieve in S. 

neumayeri given that they plateau across the different embryo populations following 

exposure to 900 ppm and oxidative damage increases markedly at this point. Abnormal 

development occurred in response to increasing doses of AN8 fuel contamination, 

regardless of the whether embryo populations were endowed with higher or lower overall 

maternal antioxidants despite those with lower AO experiencing greater oxidative lipid and 

protein damage. The present study’s findings demonstrate that questions regarding 

oxidative stress as a mediator for resource allocation and stress resilience in natural 

populations are complex to answer, particularly at this early stage of development. The 

following chapter builds on these results by examining responses to UV radiation, a 

common and less site-specific stressor experienced by S. neumayeri across the Antarctic 

region. Pre-adaptation, or an enhanced capacity to respond to UV stress would not be 

expected in these organisms from either the McMurdo Jetty or Cape Evans site providing 

an opportunity to test the specificity of parent-to-offspring transfer of oxidative stress 

resilience. 



Chapter 6. Maternal antioxidants provide protection from oxidative 
damage to lipids and proteins but not DNA in response to UV radiation 

in embryos of the Antarctic sea urchin Sterechinus neumayeri. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Above - Sterechinus neumayeri ready for induction of spawning. Below - fertilised and 

early cell division stage S. neumayeri eggs 
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6.1. Introduction 
Ultraviolet radiation (UVR), particularly UVB (290-320 nm), is an important abiotic factor 

in the marine environment and a key stressor in biological communities (Hader et al. 2007; 

Dahms and Lee 2010; Dahms et al. 2011). Exposure to UVR is well known to induce 

molecular, cellular and physiological changes in marine invertebrates, leading to the 

impairment of reproduction and disruption of developmental processes (Lamare et al. 

2011). Direct absorption of UVR can degrade or transform key macromolecules (proteins, 

lipids and DNA), which can affect biological function and ultimately normal development 

and survival (Hader et al. 2007; Lamare et al. 2011). For example, UVR can directly affect 

DNA resulting in the formation of cyclobutane-pyrimidine dimers (CPDs) and 6-4 

photoproducts (Lesser 2006). Many studies provide evidence of increased mutation rates in 

the eggs and larval stages of fish and marine invertebrates as a direct result of DNA 

damage (Lesser et al. 2001; Lesser et al. 2003; Lamare et al. 2006; Lamare et al. 2007; 

Lesser 2010). Indirectly, UVR can lead to the production of reactive oxygen species (ROS) 

and cause oxidative stress (OS) (Lesser 2006). ROS are ubiquitous in aerobic organisms 

and, although a normal by-product of routine metabolic processes, they can also 

indiscriminately damage macromolecules if not tightly scavenged by antioxidant (AO) 

mechanisms (Halliwell and Gutteridge 2007). Oxidative stress results when the rate of 

ROS generation exceeds the capacity of an organism’s AO system, resulting in 

perturbations to its redox status and important consequences for a variety of fitness 

parameters. The past decade has seen an increase in evidence suggesting that the capacity 

of individual organisms to withstand oxidative stress may play a key role in shaping 

reproductive trade-offs (Bize et al. 2008; Costantini 2008; Metcalfe and Monaghan 2013). 

 

Antarctic marine organisms have evolved in a relatively low UVR environment, in part 

due to their polar location which facilitates the attenuation of much of the biologically 

damaging UV spectrum by the time it reaches the ocean’s surface, let alone any great 

depths in the water column (Tedetti and Sempere 2006; Hader et al. 2007; Regoli et al. 

2011a). In addition, an absence of light altogether during the winter months, seasonal sea-

ice coverage and high atmospheric ozone (O3) concentrations all result in low 

photoproduction of ROS (Regoli et al. 2011a). Antarctic marine organisms consequently 

benefit from a high degree of protection from exogenous oxidative stressors for most of the 

year, but are faced with correspondingly acute levels of oxidative challenge during the 
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austral spring when the sea-ice breaks up, and a rapid increase in UV radiation occurs 

(Regoli et al. 2011a). Furthermore, a reduction in stratospheric ozone over the past 40 

years has resulted in increased levels of UVB reaching the sea surface (Madronich et al. 

1998) and UV stress is likely to be an ongoing issue for shallow, coastal Antarctic marine 

invertebrates. The important free-living planktonic embryo and larval stages that 

predominate the life-histories of marine invertebrates have been shown to be especially 

sensitive to UVR (Lamare et al. 2011). This is primarily because they have less effective 

mitigation strategies than adults due to their small size, rapid cell division, low metabolic 

activity, potentially limited energy reserves and distribution which is often near the ocean 

surface (Johnsen and Widder 2001; Karentz et al. 2004; Lamare et al. 2007; Lamare et al. 

2011). The penetration of biologically harmful UVB radiation into the water column has 

also increased markedly over the past 40 years as a consequence of stratospheric O3 

depletion (Madronich et al. 1998). Due to the ecological significance of the ozone hole, 

many studies have since investigated the susceptibility of Antarctic marine invertebrates to 

UVR stress (Smith et al. 1992; Karentz 1994; Lamare et al. 2006; Lamare et al. 2007), 

with one field study providing direct evidence of a reduction in atmospheric ozone causing 

an increase in oxidative damage to lipids and proteins in sea urchin embryos growing in 

open waters (Lister et al. 2010a).  

 

Research into the impacts of environmental change on marine biota has typically been via 

single stressor studies, while investigations into the cumulative and interactive impacts of 

multiple stressors is lacking, despite the fact that natural systems are almost always 

simultaneously subjected to numerous natural and human-derived stressors (Crain et al. 

2008). In addition to abiotic stressors, such as UVR, the Antarctic continent is affected by 

human activities and facilities that support scientific research and tourism, and is 

increasingly vulnerable to the risks of anthropogenic pollution (Chapman and Riddle 

2003). Fuel residues, heavy metals and other contaminants of anthropogenic origin are 

often found in sediments and seawater at locations in Antarctica, particularly in sites 

previously used for waste disposal or currently used for fuel handling around scientific 

bases (Negri et al. 2006; Kennicutt et al. 2010). Ross Island is home to two such research 

stations, the United States McMurdo Station and New Zealand’s Scott Base (Figure 2.1). 

Past disposal practices in particular have resulted in an area of several hundred square 

meters of contaminated sediments in Winter Quarters Bay near these two research stations 

(Negri et al. 2006). This highly polluted habitat, in combination with the ozone hole, which 
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exposes resident marine organisms to considerable UVR stress each spring, provides a 

unique opportunity to test the effects of interactive stressors in a natural setting.  

 

Echinoderms have been extensively studied as model organisms for environmental 

physiology and there is considerable evidence that many species possess a range of UVR 

protection and repair mechanisms, such as mycosporine-like amino acids (MAAs), 

carotenoids, antioxidants and DNA repair enzymes (Lamare et al. 2011). However, these 

protective mechanisms are often not sufficient to provide complete protection from UVR-

induced damage (Lesser and Barry 2003; Karentz et al. 2004; Lamare et al. 2007; Lesser 

2010; Lister et al. 2010a). Furthermore, they may pose conflicting selection pressures on 

echinoderms, given that UVR is just one stressor in aquatic environments subjected to 

multiple fluctuating natural and anthropogenic stressors. The present study was carried out 

on the Antarctic sea urchin Sterechinus neumayeri, which is an important keystone species 

in the shallow subtidal benthos (Brey and Gutt 1991). These urchins are benthic feeders 

with a varied diet and their ecology and reproductive biology have been well described 

(Brey et al. 1995). They are broadcast spawners, with gametes released in October – 

December during the spring, and their relatively non-pigmented embryos and larvae 

develop for over two months in the water column before they undergo metamorphosis and 

settle as juveniles (Bosch et al. 1987).  

 

Few studies that have examined impacts of UVR on Antarctic marine invertebrates have 

included measures of oxidative stress or examined carry-over adaptation and acclimation 

potential from one generation to another. The objectives of the present study were 

therefore to: (1) document OS parameters in gonad tissue of reproductively mature male 

and female S. neumayeri from a site highly impacted by anthropogenic inputs (McMurdo 

Station RO intake jetty: 77°51.07´, 166°39.86´) versus a relatively pristine upstream site 

(Cape Evans: 77°38.33´, 166°23.13´) (Figure 2.2); and (2) investigate physiological 

responses of exposure to UVR in S. neumayeri embryos derived from ‘contaminant-naïve’ 

versus ‘contaminant-experienced’ adults from these sites. Specifically, the following 

questions were addressed: 

 

1. Do populations of S. neumayeri eggs derived from adults exposed to long-term 

contamination in the field experience impaired levels of fertilisation success 

compared to those from an uncontaminated site?  
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2. Are differences in oxidative damage (lipid hydroperoxides, protein carbonyls and 

8-OHdG/106 dG) and antioxidant biomarkers (SOD, CAT, GR, GPx, GST, Glyx-I, 

Glyx-II and glutathione redox) observed in adults, due to differences in their 

environment, also observed in their offspring? 

3. Do antioxidants inherited from the parents serve embryos in response to UVR 

exposure? 

4. Are responses to UVR different in two-day old dividing embryos compared to five-

day old early blastulae? 

5. Are maternal or paternal gametes, or both, responsible for passing on resilience to 

UVR or lack thereof to the next generation? 

 

6.2. Materials and methods 

6.2.1. Sampling sites and animal collections 

Sterechinus neumayeri were collected from Cape Evans and the RO-intake Jetty in 

McMurdo Sound and used as parents of contaminant-naïve and contaminant-experienced 

populations respectively. Adult urchins were collected by SCUBA divers and/or by a 

remotely operated vehicle (ROV) from the seafloor in the immediate vicinity of each study 

site from between 15 and 18 metres, during spring (late October – early November 2012). 

Approximately 20 individuals of similar size were transported back to the laboratory at 

Scott Base, where they were kept in flow-through aquaria plumbed directly with seawater 

at an ambient temperature of approximately -1.5°C. 

 

6.2.2. Spawning and embryo culture 

Urchins were induced to spawn by an intracoelomic injection of 1-2 ml of a 0.5 M KCl 

solution and injected animals were inverted over glass beakers containing 0.22 "m filtered 

seawater (FSW) in order to collect gametes. Eggs from 7 females from Cape Evans and 7 

females from the McMurdo Jetty were released separately into 500 ml beakers of FSW 

until spawning naturally ceased. Sperm from 4 reproductively mature males from each site 

was collected dry, combined and kept in tubes on ice until needed.  
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6.2.3. Fertilisation success 

The eggs from all 7 females at each site were combined for that site in order to gain 

sufficient material for the embryo stress experiment and each egg solution divided evenly 

in half. To achieve a sperm-to-egg ratio of 700:1, which lies within the optimal range for 

this species (Ericson et al. 2010), sperm concentrations were quantified in a 1"l sample 

briefly activated in 10ml FSW using haemocytometer counts. A volume of diluted sperm 

solution from each site’s pooled sample, required to achieve the appropriate sperm-to-egg 

ratio, was added to each of the four egg suspensions to obtain 4 independent embryo 

populations with each possible parental cross: NFNM (naïve female gamete fertilized by 

naïve male gamete); NFEM (naïve female gamete fertilized by experienced male gamete); 

EFNM (experienced female gamete fertilized by naïve male gamete); EFEM (experienced 

female gamete fertilized by experienced male gamete). At 60 minutes post-fertilisation 

each concentrated embryo population was diluted appropriately to obtain a density of 

approximately 40 individuals per ml in 20 litre sterile plastic containers. Containers were 

scrubbed with hot water and then rinsed with filtered seawater prior to use. Temperature 

was maintained at the environmental ambient of approximately -1.5°C by keeping the 

containers in flow-through water baths. Embryos were not fed as they were used within 5 

days post-fertilisation and therefore remained at a pre-feeding stage throughout the 

experiment. After 6 hours, each embryo solution was gently cleaned via serial partial water 

changes to remove any excess sperm. Six replicate 1 ml samples from each population 

were fixed in 7% formalin, and fertilization success was later scored as the proportion of 

eggs with a raised fertilization envelope for 30-40 eggs per replicate.  

 

6.2.4. UVR Exposure Experiment 

Embryos from each of the four populations were reared to two ages - the dividing pre-

blastula stage at 48 hrs post fertilization and the early-blastula stage at 5 days post-

fertilisation. Using a randomized block design, plastic containers (3 L) were allocated a 

position in a water bath under controlled laboratory conditions. Containers were scrubbed 

with hot water and then rinsed with FSW prior to use. Embryo populations were exposed 

to UV radiation emitted from two FS20 lamps (General Electric, Schenectady, NY, USA) 

suspended 30 cm above the embryo cultures. Radiation from the lamps was filtered 

through 0.13 mm cellulose diacetate film to eliminate wavelengths below 290 nm for the 

‘UVR’ treatments and through MylarTM film with a transmission cut-off at 400 nm to 

achieve the ‘UV-minus’ treatment or control. Filters were pre-exposed to the lamps for 12 
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hrs prior to the start of each experiment to minimize variation due to changes in optical 

properties and then fitted to cover the open surface of each 3 L container. For both two and 

five-day old embryos, three 1 L replicates from each initial embryo population were 

exposed to either (1) 60 minutes under the lamps but protected from UVR, (2) 30 minutes 

UVR or (3) 60 minutes UVR. These exposures corresponded to 0, 37.3 and 74.5kJ m-2 

total UVR and biologically effective doses of 0, 5.3 and 10.6kJ m-2 UVB respectively. 

Spectral output was measured using a LiCor (Li800UW) spectroradiometer. 

 

6.2.5. Abnormal development 

Following exposure, a 3 ml sample was taken from each container and fixed in 7% 

formalin. Abnormality was later scored by assessing the proportion of embryos (100 per 

replicate) with normal development compared to those either arrested at the one cell or 

cleavage stage, or that had undergone exogastrulation or had protruding cellular masses 

(Lamare et al. 2007). These measurements were made by direct microscopic observations 

at magnifications of X100 and X400.  

 

6.2.6. Detection of intracellular reactive oxygen species (ROS) 

2’, 7’-dichlorodihydrofluorescein diacetate (H2DCFDA, Molecular Probes Catalogue No. 

D-399) was used to detect differences in the overall oxidative state of the embryos. When 

H2DCFDA enters a cell, intracellular esterases cleave off the diacetate group, producing 

H2DCF, which is oxidised to DCF in proportion to the concentration of ROS present 

(Royall and Ischiropoulos 1993; Zhu et al. 1994). DCF accumulation can be detected as 

green fluorescence, using fluorescence microscopy (excitation 450 to 490 nm, emission 

515 to 565 nm). A 0.5 ml subsample of embryos from each treatment was loaded with 10 

µM H2DCFDA, dissolved in 1% dimethylsulphoxide (DMSO), and incubated for 15 

minutes at ambient seawater temperature, in the dark. Fluorescence images of the embryos 

where captured immediately using a peltier cooled CCD camera (Nikon, Digital sight DS-

5Mc), attached to an Olympus IMT-2 fluorescence microscope. Due to time constraints 

these ROS measurements were only taken for two day old embryos and are used purely 

qualitatively.  
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6.2.7. Biochemical analyses 

The remaining sample was divided into 4 aliquots of approximately 250 ml (~10,000 

individuals), and each of these filtered through an 80 "m filter to concentrate embryos 

(approx 10,000 embryos totalling 100 mg per sample). These were stored in 1.5 ml 

Eppendorf tubes, snap frozen in liquid nitrogen and immediately stored in -80°C for later 

biochemical analyses. Samples were analysed for oxidative damage (lipid hydroperoxides, 

protein carbonyls and 8-hydroxydeoxyguanosine) and defence biomarkers (SOD, CAT, 

GR, GPx, GST, Glyx-I, Glyx-II, GSH and GSSG). Refer to Sections 2.2.3 and 4.2.7 for 

general methods regarding these extractions and assays. 

 

6.2.8. Statistical analyses 

Statistically significant differences (P <0.05) in fertilisation success were analysed using a 

one-way ANOVA. Abnormality and OS markers were analysed across UV doses and 

among embryo parentages by two-way ANOVA independently for two and five day old 

embryo populations. Any statistically significant UV dose or embryo parentage effects 

were then analysed using a posthoc Tukey HSD test. ANOVAs included tests for 

normality (Kolmogorov-Smirnov) and homogeneity of variance (Levene’s test). All 

analyses were performed using SigmaStat 2.03 (SPSS Inc.) or JMP (7.0) (SAS). 

 

6.3. Results 

6.3.1. Fertilization success 

Fertilisation success was greater than 60% for all egg populations with no significant effect 

from the parental environment (ANOVA: F3,20 = 0.570, P = 0.641) (Figure 6-1). 
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Figure 6-1. Mean ± SE percentage fertilisation success in Sterechinus neumayeri embryo populations derived 
from contaminant-naïve versus –experienced parents: NFNM (naïve female gamete fertilized by naïve male 
gamete); NFEM (naïve female gamete fertilized by experienced male gamete); EFNM (experienced female 
gamete fertilized by naïve male gamete); EFEM (experienced female gamete fertilized by experienced male 
gamete). N = 6. 

!

6.3.2. Gonad 

Gonad tissue from McMurdo Jetty S. neumayeri contained significantly higher levels of 

the antioxidant defence enzymes CAT, GR and GPx as well as a greater pool of the non-

enzymatic antioxidant glutathione than gonad tissue from contaminant-naïve Cape Evans 

individuals (Figure 6-2, Table 6-1). Overall, the levels of these markers were also 

significantly higher in females than males at both sites (Figure 6-2, Table 6-1).  
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Figure 6-2. Mean ± SE activities of superoxide dismutase (SOD), catalase (CAT), glutathione reductase 
(GR), glutathione peroxidase (GPx), glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), glutathione-S-transferase 
(GST), total glutathione (GSH + GSSG) and reduced glutathione (GSH) in female and male Sterechinus 
neumayeri gonad tissue from a moderately contaminated site (McMurdo Jetty, Winter Quarters Bay) and a 
relatively pristine site (Cape Evans). N = 3. Dissimilar notations indicate a significant difference between 
sites and an * indicates a significant difference between sexes at the 0.05 level.  
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Table 6-1. ANOVA on concentrations of enzymatic defence markers superoxide dismutase (SOD), catalase 
(CAT), glutathione reductase (GR), glutathione peroxidase (GPx), glutathione-S-transferase (GST), 
glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total glutathione and percentage reduced glutathione in male and 
female Sterechinus neumayeri gonad tissue from McMurdo Jetty and Cape Evans, Antarctica. All analyses 
were two-way ANOVA with site and sex as fixed factors.  

!

 

Parameter Source df SS MS F-value P-value
SOD Site 1 3897.366 3897.366 4.30 0.072

Sex 1 130.284 130.284 0.14 0.714
Site x Sex 1 6.307 6.307 0.01 0.936
Residual 8 7252.414 906.522

Total 11 11286.372 1026.034
CAT Site 1 2260.782 2260.782 25.32 0.001

Sex 1 1952.535 1952.535 21.87 0.002
Site x Sex 1 17.304 17.304 0.19 0.671
Residual 8 714.298 89.287

Total 11 4944.919 449.538
GR Site 1 0.599 0.599 19.37 0.002

Sex 1 1.021 1.021 33.03 <0.001
Site x Sex 1 0.154 0.154 4.99 0.056
Residual 8 0.247 0.031

Total 11 2.021 0.184
GPx Site 1 134.804 134.804 30.75 <0.001

Sex 1 45.241 45.241 10.32 0.012
Site x Sex 1 2.448 2.448 0.56 0.476
Residual 8 35.076 4.384

Total 11 217.569 19.779
GST Site 1 0.924 0.924 0.03 0.858

Sex 1 25.027 25.027 0.93 0.363
Site x Sex 1 0.745 0.745 0.03 0.872
Residual 8 215.076 26.884

Total 11 241.772 21.979
Glx-I Site 1 9.205 9.205 0.00 0.951

Sex 1 7105.820 7105.820 3.11 0.116
Site x Sex 1 127.336 127.336 0.06 0.819
Residual 8 18286.019 2285.752

Total 11 25528.380 2320.762
Glx-II Site 1 196.263 196.263 2.56 0.148

Sex 1 204.435 204.435 2.66 0.141
Site x Sex 1 0.195 0.195 0.00 0.961
Residual 8 613.844 76.731

Total 11 1014.738 92.249
Total Site 1 122.113 122.113 8.56 0.019

glutathione Sex 1 85.654 85.654 6.01 0.04
Site x Sex 1 0.635 0.635 0.04 0.838
Residual 8 114.078 14.260

Total 11 322.479 29.316
Reduced Site 1 1.825 1.825 0.12 0.736

glutathione Sex 1 3.203 3.203 0.21 0.656
Site x Sex 1 22.633 22.633 1.51 0.254
Residual 8 119.884 14.986

Total 11 147.545 13.413
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Baseline levels of oxidative damage to key macromolecules were low in both male and 

female S. neumayeri gonad, with protein carbonyl, lipid hydroperoxide and 8-hydroxy-2’-

deoxyguanosine concentrations not exceeding 2 nmol/mg protein, 6 nmol/sample and 2.5 

8-OHdG per 106 dG respectively (Figure 6-3). Male and female urchins exhibited different 

patterns of baseline damage with females experiencing significantly greater lipid damage 

but less DNA damage, and no difference in protein carbonyl levels (Figure 6-3, Table 6-4). 

Oxidative damage to lipids was slightly elevated in contaminant-experienced McMurdo 

Jetty individuals compared to those from the relatively pristine Cape Evans (Figure 6-3, 

Table 6-4).   
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Figure 6-3. Mean ± SE (A) protein carbonyl, (B) lipid hydroperoxide and (C) 8-hydroxy deoxyguanosine 
levels in female and male Sterechinus neumayeri gonad tissue from a moderately contaminated site 
(McMurdo Jetty, Winter Quarters Bay) and a relatively pristine site (Cape Evans). N = 3. Letters indicate a 
significant difference between sites and * indicates a significant difference between sexes at the 0.05 level.  

!
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6.3.3. Formation of intracellular ROS 

Low baseline levels of intracellular ROS were observed in all embryos, however ROS 

formation increased in a dose-dependent manner following exposure to UVR and in 

greater levels in embryos derived from contaminant-naïve Cape Evans mothers compared 

to those from contaminant-experienced McMurdo Jetty mothers (Figure 6-4). 

 
Figure 6-4. Intracellular formation of reactive oxygen species (ROS), detected by changes in 
diclorofluorescene (DCF) fluorescence, in 2 and five day old Sterechinus neumayeri embryos exposed to 0, 
37.3 and 74.5 kJ m-2 UVR. Embryos were derived from different combinations of contaminant-naïve versus 
contaminant-experienced parents. Vis = visible light, Flu = fluorescent light. Scale bars = 200µm. 
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6.3.4. Antioxidant defence 

Antioxidant enzyme concentrations in two and five day old S. neumayeri blastulae were 

comparable to those found in gonad tissue concentrations and were maternally influenced 

with EFNM and EFEM embryos exhibiting higher baseline levels of AO markers than 

NFNM and NFEM embryos (Figure 6-5, Figure 6-6, Table 6-2, Table 6-3). In general, 

exposure to UVR for 30 minutes, which corresponded to a total dose of 37.3 kJ m-2, 

elicited negligible upregulation of AO and detoxification enzymes, in both age cohorts. 

However, following a 1 hr exposure to UVR (a corresponding total dose of 74.5 kJ m-2) all 

embryo populations, regardless of age or parentage, experienced a significant increase in 

the activities of all tested AO defence parameters, with the exception of the detoxification 

enzyme GST (Figure 6-5, Figure 6-6, Table 6-2, Table 6-3).  

 

In addition, embryos experienced a significant decrease in the total pool of glutathione as 

well as a marked reduction in glutathione redox status following exposure to 74.5kJ m-2 

UVR. As well as inheriting lower baseline levels, embryos from contaminant-naïve female 

parents experienced a proportionately greater reduction in glutathione after exposure to a 

high UVR dose (between 20% and 32%) than those from contaminant-experienced females 

(between 9% and 19%). There was also a significant maternal influence on redox balance 

in S. neumayeri blastulae in response to UVR with a greater reduction in reduced 

glutathione in embryos derived from contaminant-naïve females (Figure 6-5, Figure 6-6, 

Table 6-2, Table 6-3).  
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Figure 6-5. Mean ± SE activities of superoxide dismutase (SOD), catalase (CAT), glutathione reductase 
(GR), glutathione peroxidase (GPx), glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), glutathione-S-transferase 
(GST), total glutathione and percentage reduced glutathione (GSH) in two day old Sterechinus neumayeri 
embryos exposed to 0, 37.3 and 74.5 kJ m-2 UVR. Embryos were derived from contaminant-naïve versus –
experienced parents: NFNM (naïve female gamete fertilized by naïve male gamete); NFEM (naïve female 
gamete fertilized by experienced male gamete); EFNM (experienced female gamete fertilized by naïve male 
gamete); EFEM (experienced female gamete fertilized by experienced male gamete). N = 3. Dissimilar 
notations indicate a parental effect within each UV treatment (P < 0.05) and an * indicates significant UV 
treatment effects (P < 0.05) different to the control.  



Chapter 6.                                                                             UVR resilience in Sterechinus neumayeri embryos 
 

!160!

 

Figure 6-6. Mean ± SE activities of superoxide dismutase (SOD), catalase (CAT), glutathione reductase 
(GR), glutathione peroxidase (GPx), glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), glutathione-S-transferase 
(GST), total glutathione and percentage reduced glutathione (GSH) in five day old Sterechinus neumayeri 
embryos exposed to 0, 37.3 and 74.5 kJ m-2 UVR. Embryos were derived from contaminant-naïve versus –
experienced parents: NFNM (naïve female gamete fertilized by naïve male gamete); NFEM (naïve female 
gamete fertilized by experienced male gamete); EFNM (experienced female gamete fertilized by naïve male 
gamete); EFEM (experienced female gamete fertilized by experienced male gamete). N = 3. Dissimilar 
notations indicate a parental effect within each UV treatment (P < 0.05) and an * indicates significant UV 
treatment effects (P < 0.05) different to the control.  
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Table 6-2. ANOVA on concentrations of enzymatic defence markers superoxide dismutase (SOD), catalase 
(CAT), glutathione reductase (GR), glutathione peroxidase (GPx), glutathione-S-transferase (GST), 
glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total glutathione and percentage reduced glutathione in two-day 
old Sterechinus neumayeri embryos derived from contaminant-naïve Cape Evans versus contaminated-
experienced McMurdo Jetty parents. All analyses were two-way ANOVA with UV treatment and parental 
cross as fixed factors.  

!

 

Parameter Source df SS MS F-value P-value
SOD Treatment 2 45844.109 22922.054 55.72 <0.001

Parental cross 3 8766.925 2922.308 7.10 0.001
Treatment x parental cross 6 2408.082 401.347 0.98 0.463

Residual 24 9874.019 411.417
Total 35 66893.136 1911.232

CAT Treatment 2 125392.450 62696.225 88.66 <0.001
Parental cross 3 27497.374 9165.791 12.96 <0.001

Treatment x parental cross 6 2420.202 403.367 0.57 0.75
Residual 24 16972.256 707.177

Total 35 172282.282 4922.351
GR Treatment 2 12.284 6.142 78.10 <0.001

Parental cross 3 2.532 0.844 10.73 <0.001
Treatment x parental cross 6 0.193 0.032 0.41 0.866

Residual 24 1.887 0.079
Total 35 16.896 0.483

GPx Treatment 2 1030.390 515.195 155.61 <0.001
Parental cross 3 141.833 47.278 14.28 <0.001

Treatment x parental cross 6 8.021 1.337 0.40 0.869
Residual 24 79.462 3.311

Total 35 1259.706 35.992
GST Treatment 2 0.861 0.431 0.05 0.952

Parental cross 3 159.872 53.291 6.05 0.003
Treatment x parental cross 6 39.420 6.570 0.75 0.618

Residual 24 211.364 8.807
Total 35 411.517 11.758

Glx-I Treatment 2 116606.798 58303.399 69.51 <0.001
Parental cross 3 102381.368 34127.123 40.69 <0.001

Treatment x parental cross 6 12386.431 2064.405 2.46 0.054
Residual 24 20131.043 838.793

Total 35 251505.641 7185.875
Glx-II Treatment 2 6032.247 3016.123 112.88 <0.001

Parental cross 3 1980.640 660.213 24.71 <0.001
Treatment x parental cross 6 735.707 122.618 4.59 0.003

Residual 24 641.280 26.720
Total 35 9389.874 268.282

Total Treatment 2 257.943 128.972 8.34 0.002
glutathione Parental cross 3 995.225 331.742 21.44 <0.001

Treatment x parental cross 6 36.428 6.071 0.39 0.877
Residual 24 371.370 15.474

Total 35 1660.967 47.456
Reduced Treatment 2 4083.368 2041.684 36.67 <0.001

glutathione Parental cross 3 575.825 191.942 3.45 0.033
Treatment x parental cross 6 245.774 40.962 0.74 0.626

Residual 24 1336.240 55.677
Total 35 6241.208 178.320
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Table 6-3. ANOVA on concentrations of enzymatic defence markers superoxide dismutase (SOD), catalase 
(CAT), glutathione reductase (GR), glutathione peroxidase (GPx), glutathione-S-transferase (GST), 
glyoxalase-I (Glx-I), glyoxalase-II (Glx-II), total glutathione and percentage reduced glutathione in five-day 
old Sterechinus neumayeri embryos derived from contaminant-naïve Cape Evans versus contaminated-
experienced McMurdo Jetty parents. All analyses were two-way ANOVA with UV treatment and parental 
cross as fixed factors.  

 

Parameter Source df SS MS F-value P-value
SOD Treatment 2 99253.494 49626.747 78.31 <0.001

Parental cross 3 9061.806 3020.602 4.77 0.01
Treatment x parental cross 6 2047.172 341.195 0.54 0.774

Residual 24 15209.450 633.727
Total 35 125571.922 3587.769

CAT Treatment 2 132282.645 66141.322 69.81 <0.001
Parental cross 3 28128.631 9376.210 9.90 <0.001

Treatment x parental cross 6 5685.496 947.583 1.00 0.448
Residual 24 22740.165 947.507

Total 35 188836.937 5395.341
GR Treatment 2 12.238 6.119 133.33 <0.001

Parental cross 3 3.404 1.135 24.73 <0.001
Treatment x parental cross 6 0.692 0.115 2.51 0.05

Residual 24 1.101 0.046
Total 35 17.435 0.498

GPx Treatment 2 943.387 471.694 85.48 <0.001
Parental cross 3 176.022 58.674 10.63 <0.001

Treatment x parental cross 6 5.717 0.953 0.17 0.982
Residual 24 132.442 5.518

Total 35 1257.568 35.931
GST Treatment 2 9.761 4.881 1.08 0.355

Parental cross 3 295.734 98.578 21.87 <0.001
Treatment x parental cross 6 47.268 7.878 1.75 0.153

Residual 24 108.182 4.508
Total 35 460.945 13.170

Glx-I Treatment 2 195366.215 97683.108 90.02 <0.001
Parental cross 3 118929.519 39643.173 36.54 <0.001

Treatment x parental cross 6 22526.174 3754.362 3.46 0.013
Residual 24 26042.119 1085.088

Total 35 362864.027 10367.544
Glx-II Treatment 2 4280.391 2140.196 19.93 <0.001

Parental cross 3 4855.195 1618.398 15.07 <0.001
Treatment x parental cross 6 135.708 22.618 0.21 0.97

Residual 24 2576.990 107.375
Total 35 11848.285 338.522

Total Treatment 2 430.870 215.435 8.80 0.001
glutathione Parental cross 3 571.523 190.508 7.78 <0.001

Treatment x parental cross 6 44.674 7.446 0.30 0.929
Residual 24 587.609 24.484

Total 35 1634.676 46.705
Reduced Treatment 2 4186.146 2093.073 44.35 <0.001

glutathione Parental cross 3 795.232 265.077 5.62 0.005
Treatment x parental cross 6 677.276 112.879 2.39 0.059

Residual 24 1132.793 47.200
Total 35 6791.447 194.041
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6.3.5. Oxidative damage 

Comparable baseline levels of oxidative damage were observed in two and five day old 

embryos derived from all parental crosses with protein carbonyl, lipid hydroperoxide and 

8-hydroxy-2’-deoxyguanosine concentrations not exceeding 2.2 nmol/mg protein, 3.4 

nmol/sample and 3.0 8-OHdG per 106 dG respectively (Figure 6-7). Exposure to UVR 

induced dose-dependent oxidative damage in all embryo populations but significantly 

greater damage to lipids and proteins in embryos derived from contaminant-naïve Cape 

Evans females compared to those derived from contaminant-experienced McMurdo Jetty 

females (Figure 6-7, Table 6-4). In contrast, oxidative DNA damage was proportionately 

greater in embryos derived from McMurdo Jetty mothers following UVR exposure, despite 

their elevated antioxidant status (Figure 6-7, Table 6-4).  

 

6.3.6. Abnormality 

Two days post-fertilisation, baseline abnormality was significantly lower in embryo 

populations from which one or both parents were contaminant-naïve compared to those 

from which both parents were from the contaminated McMurdo Jetty site (Figure 6-7, 

Table 6-5). Exposure to UVR elicited a dose-dependent increase in abnormal or delayed 

development in all embryos regardless of parentage and to considerable levels (between 

67% and 84%). By five days post-fertilisation, the early blastulae derived from 

contaminant-experienced mothers, regardless of paternal history had higher baseline levels 

of abnormality than those derived from contaminant-naïve mothers (Figure 6-7, Table 6-5). 

Overall, abnormal development was considerably higher in two day old dividing embryos 

than in surviving five day old blastulae, both prior to and following UVR exposure, 

reaching levels as high as 84% in the former compared to a maximum of 38% in the older 

group (Figure 6-7).  
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Figure 6-7. Mean ± SE protein carbonyl, lipid hydroperoxide, 8-hydroxydeoxyguanosine levels and 
percentage abnormal development in two and five day old Sterechinus neumayeri embryos exposed to 0, 37.3 
and 74.5 kJ m-2 UVR. Embryos were derived from contaminant-naïve versus –experienced parents: NFNM 
(naïve female gamete fertilized by naïve male gamete); NFEM (naïve female gamete fertilized by 
experienced male gamete); EFNM (experienced female gamete fertilized by naïve male gamete); EFEM 
(experienced female gamete fertilized by experienced male gamete). N = 3. Dissimilar notations indicate a 
parental effect within each UV treatment (P < 0.05) and an * indicates significant UV treatment effects (P < 
0.05) different to the control.  
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Table 6-4. ANOVA on oxidative damage markers (protein carbonyls, lipid hydroperoxides and 8-OHdG) in 
Sterechinus neumayeri male and female gonad tissue, two-day old embryos and five-day old embryos 
derived from contaminant-naïve Cape Evans versus contaminated-experienced McMurdo Jetty individuals. 
All analyses were two-way ANOVA with site and sex as fixed factors for gonad analyses and treatment and 
parental cross as fixed factors for embryo analyses.  

 

 

Parameter Source df SS MS F-value P-value
GONAD Site 1 0.124 0.124 0.87 0.378
Protein Sex 1 0.071 0.071 0.50 0.501

carbonyls Site x Sex 1 0.001 0.001 0.01 0.941
Residual 8 1.137 0.142

Total 11 1.333 0.121
GONAD Site 1 8.184 8.184 12.18 0.008

Lipid Sex 1 3.956 3.956 5.89 0.041
hydroperoxides Site x Sex 1 0.484 0.484 0.72 0.421

Residual 8 5.377 0.672
Total 11 18.001 1.636

GONAD Site 1 0.008 0.008 0.03 0.858
8-OHdG Sex 1 1.512 1.512 6.86 0.031

Site x Sex 1 0.002 0.002 0.01 0.934
Residual 8 1.764 0.220

Total 11 3.285 0.299
Day 2 Embryo Treatment 2 10.565 5.283 41.48 <0.001

Protein Parental cross 3 1.242 0.414 3.25 0.039
carbonyls Treatment x parental cross 6 2.323 0.387 3.04 0.023

Residual 24 3.056 0.127
Total 35 17.186 0.491

Day 2 Embryo Treatment 2 544.807 272.403 40.14 <0.001
Lipid Parental cross 3 29.046 9.682 1.43 0.26

hydroperoxides Treatment x parental cross 6 44.413 7.402 1.09 0.396
Residual 24 162.891 6.787

Total 35 781.157 22.319
Day 2 Embryo Treatment 2 346.926 173.463 168.62 <0.001

8-OHdG Parental cross 3 33.761 11.254 10.94 <0.001
Treatment x parental cross 6 15.216 2.536 2.47 0.053

Residual 24 24.690 1.029
Total 35 420.593 12.017

Day 5 Embryo Treatment 2 21.445 10.723 59.66 <0.001
Protein Parental cross 3 4.246 1.415 7.87 <0.001

carbonyls Treatment x parental cross 6 2.890 0.482 2.68 0.039
Residual 24 4.313 0.180

Total 35 32.894 0.940
Day 5 Embryo Treatment 2 497.400 248.700 87.97 <0.001

Lipid Parental cross 3 37.349 12.450 4.40 0.013
hydroperoxides Treatment x parental cross 6 29.253 4.876 1.73 0.158

Residual 24 67.848 2.827
Total 35 631.850 18.053

Day 5 Embryo Treatment 2 495.653 247.827 37.75 <0.001
8-OHdG Parental cross 3 69.543 23.181 3.51 0.03

Treatment x parental cross 6 30.235 5.039 0.77 0.603
Residual 24 157.573 6.566

Total 35 753.005 21.514
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Table 6-5. ANOVA on abnormality in two- and five-day old Sterechinus neumayeri embryos derived from 
contaminant-naïve Cape Evans versus contaminated-experienced McMurdo Jetty parents. Analyses were 
two-way ANOVA with UV treatment and parental cross as fixed factors.  

 

!

6.4. Discussion 
The present study quantified a range of oxidative stress biomarkers in Sterechinus 

neumayeri embryos exposed to UVR and examined the influence of parental environment 

on physiological adaptation and offspring resilience. Both two day old dividing embryos 

and five day old early blastulae reflected maternal antioxidant status, with populations 

derived from contaminant-experienced mothers demonstrating higher baseline levels of 

protective antioxidants compared to those derived from contaminant-naïve mothers. 

Maternally inherited protection enhanced the capacity of embryos to minimise oxidative 

damage to lipids and proteins following exposure to UVR but provided no advantage in 

protection against oxidative DNA damage. Paternal contribution, on the other hand, had 

little influence on whether embryos were more or less susceptible to oxidative damage 

when exposed to UVR, at least at the early blastula stage of the life cycle. Furthermore, 

abnormal or delayed development in S. neumayeri embryos in response to UVR was 

largely independent of oxidative damage to lipids and proteins, but was more closely 

correlated to DNA damage. It is likely that embryos derived from contaminant-

experienced McMurdo Sound mothers experienced a breakdown in DNA repair 

mechanisms and/or some aspect of their DNA promoted a phototoxic response to UVR, 

and in consequence any advantage provided by greater AO protection was overridden. 

Overall, results document evidence for parent-to-offspring transfer of antioxidant potential 

in an Antarctic marine invertebrate, but imply that an inherited resilience against oxidative 

stress may not necessarily translate to a fitness or survival gain in a natural population 

exposed to multiple, dynamic environmental variables. Avian research has documented 

similar trends in maternal investment (De Coster et al. 2012) with many studies pointing 

Parameter Source df SS MS F-value P-value
Day 2 Embryo UV treatment 2 6570.709 3285.355 54.91 <0.001
Abnormality Parental cross 3 1213.018 404.339 6.76 0.002

UV treatment x Parental cross 6 759.925 126.654 2.12 0.089
Residual 24 1436.034 59.835

Total 35 9979.687 285.134
Day 5 Embryo UV treatment 2 382.514 191.257 4.44 0.023
Abnormality Parental cross 3 541.494 180.498 4.19 0.016

UV treatment x Parental cross 6 145.085 24.181 0.56 0.757
Residual 24 1034.790 43.116

Total 35 2103.884 60.111
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out that offspring health may be severely impaired if the conditions they experience do not 

match with those anticipated by the mother. 

 

Exposure to environmental stressors can result in a trade-off whereby an organism 

conserves energy for physiological defence or repair mechanisms at the cost of other 

parameters such as growth or reproduction (Stearns 1992). Male S. neumayeri in the 

present study had lower baseline levels of the majority of antioxidants than females, and 

higher levels of DNA damage in gonad tissue. In contrast, males experienced similar levels 

of protein damage and significantly lower levels of lipid damage than females, despite less 

AO protection. Previous research has highlighted that the gametes themselves are 

responsible for these results, with sperm containing negligible levels of most AO enzymes 

but experiencing greater DNA damage than eggs (see Chapter 5, Section 5.3). Few 

ecotoxicology studies separate male and female effects, despite the importance of gender 

as a confounding factor. While sperm have limited antioxidant potential due to the small 

cytoplasmic volume and thus contribute few resources to a developing embryo, they do 

contribute genetic material and high rates of DNA damage can have important effects on 

fertilisation success and normal embryo development (Dahms and Lee 2010). Furthermore, 

sperm have a reduced capacity to repair DNA in comparison to eggs and embryos 

(Donnelly et al. 2000). Lu and Wu (2005b), in a study on the impact of UVR on the sperm 

of the sea urchin Anthocidaris crassispina, showed that both UVA and UVB radiation 

enhanced the production of ROS resulting in oxidative damage along with a decline in 

sperm motility and fertilisation success. In the present study support was found for lower 

AO capacities and greater susceptibility to DNA damage in males compared to females. 

Importantly, however, oxidative damage to all macromolecules was low overall and no 

different between sites, with the exception of lipid peroxidation which was slightly 

elevated in McMurdo Sound individuals.  

 

In addition, the present study found no significant effect of parental environment on 

fertilisation success, an accepted indicator of sperm quality. However it is important to 

note that fertilisation success, as a marker, may be less useful in studies such as this in 

which multiple parents contributed to the populations of embryos tested. Higher rates of 

success can occur when multiple males are present as a result of over-representation of 

fertilizations by the most compatible male (Sewell et al. 2014).  An assessment of 

individual male/female pairs and a range of sperm concentrations would have enabled a 
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more thorough assessment of the effects of parental environment on fertilisation success. 

Nevertheless, despite the complexities associated with accurately interpreting fertilisation 

dynamics in broadcast spawners, the pooled gamete approach reflects natural conditions 

and provides insights into the likely population response to environmental stressors. 

Interestingly, other authors have found that the spawning quality of S. neumayeri and other 

asteroids collected from Cape Evans is often far superior in terms of egg production 

relative to those sampled from sites close to McMurdo Station (Moore and Manahan 

2007).  

 

A core hypothesis posed by this study was that embryos derived from adults potentially 

pre-adapted to known OS-inducing stressors would either have a reduced or enhanced 

capacity to respond to another stressor (UVR) compared with those derived from more 

stress-naïve parents. Although the capacity to upregulate AO defences was not altered by 

parental environment, contaminant-experienced female urchins endowed offspring with 

greater absolute AO levels via provisioning in the eggs. Exposure to UVR for 60 minutes 

induced a sustained increase in enzymatic antioxidant capacity and a concurrent decrease 

in the total pool of the non-enzymatic antioxidant glutathione in all S. neumayeri 

populations, irrespective of parentage. An exception was the detoxification enzyme GST 

that, although also present in higher baseline concentrations in embryos derived from 

contaminant-experienced mothers, was not upregulated further in response to UVR in both 

pre-blastula and early-blastula. In contrast, exposure to UVR for 30 minutes was either not 

a high enough dose or a long enough time for AO defences to upregulate. Nevertheless, 

AO upregulation 60 minutes post-UVR exposure indicates that S. neumayeri embryos have 

an operative defence system, with values comparable to those reported previously for this 

species (Lister et al. 2010a) and with those found for other marine invertebrates (Regoli et 

al. 1997; Regoli et al. 2000; Regoli et al. 2002; Almeida et al. 2007). Glutathione levels 

and an altered redox state, in which the ratio of oxidised to reduced glutathione shifts, are 

particularly important mechanisms that regulate metabolism following UVR stress (Adams 

et al. 2012). For example, activity of the mitochondrial enzyme, isocitrate dehydrogenase, 

is regulated by glutathionylation during periods of oxidative stress and has been shown to 

decrease in response to UVR (Jo et al. 2001). 
 

Regardless of AO upregulation, intracellular ROS production increased following UVR 

exposure in a dose-dependent manner, as did oxidative damage to lipids, proteins and 
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DNA.  There is limited literature available that examines oxidative damage and 

ontogenetic antioxidant defence parameters in early, pre-feeding developmental stages of 

marine invertebrates (Lesser et al. 2003; Lesser 2010; Lister et al. 2010b; Lister et al. 

2010a). However, the present study’s finding that AO protection was not sufficient to 

prevent damage to key macromolecules occurring supports previous observations about the 

enhanced susceptibility of Antarctic marine species to oxidative stress - reviewed by Abele 

and Puntarulo (2004). Regardless of whether or not higher antioxidant levels provided to 

embryos from McMurdo Jetty mothers were as a direct result of anthropogenic 

contaminant stress or differences in nutrition, ambient light levels or other factors at that 

site, lower protein and lipid damage indicates these embryos were better prepared against 

excess ROS generated by UV exposure. These results point to a degree of cross-tolerance 

conferred to offspring as a result of some aspect of the McMurdo Sound environment, and 

illustrate the usefulness of AO enzymes as markers of general stress. Unexpectedly, 

although inheriting greater antioxidant potential positively correlated with a greater degree 

of protection from oxidative lipid and protein damage, the same was not true for DNA 

damage. Greater oxidative DNA damage, despite the fact that enhanced scavenging 

capacity seems to be operating in embryos from McMurdo Jetty mothers, implies that their 

DNA was compromised making it highly sensitive to ROS attack. There are several 

possible explanations for these surprising data, including inhibition of DNA repair, a 

phototoxic response, or a combination of both, as discussed in detail below.  

 

Numerous reviews detailing the biological effects of UV exposure on aquatic organisms 

are available, and DNA damage in particular is a well documented outcome with a variety 

of DNA lesions caused by UVR (Hader et al. 2007; Dahms and Lee 2010; Lamare et al. 

2011). Previous work has shown that despite the presence of UVR absorbing sunscreen 

compounds, the embryos and larvae of S. neumayeri are highly sensitive to UV-induced 

DNA damage, possibly due to their evolution in a low UV environment and their slow 

physiological adaptation rates in the cold, food-poor Antarctic waters (Lesser et al. 2004; 

Lamare et al. 2006; Lamare et al. 2007; Lesser 2010). Indirectly, ROS can act 

synergistically with UVR to cause extensive oxidative DNA damage, including the 

formation of 8-hydroxy deoxyguanosine (8-OHdG) (Halliwell and Gutteridge 2007), as 

measured in the present study. While levels of 8-OHdG have been documented in a variety 

of marine invertebrates in response to pollutants (Valavanidis et al. 2006), few studies have 

incorporated this measure in echinoderms following exposure to UVR (see Lesser (2010) 
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for one example). A more commonly measured form of DNA damage is the direct 

formation of cyclobutane pyrimidine dimmers (CPDs) that, importantly, can prevent DNA 

replication and have mutagenic, teratogenic and lethal effects (Dahms and Lee 2010). 

Rates of CPD formation and abnormality have been shown to be generally higher in 

embryos from polar than from temperate regions (Lamare et al. 2007) and DNA 

photoreactivation rates are significantly slower in S. neumayeri compared to similar 

temperate and tropical species (Lamare et al. 2006) suggesting a lack of cold-adaptation in 

enzyme-mediated repair processes. In addition, the concentrations of mycosporine-like 

amino acid (MAA) sunscreens are lower in S. neumayeri compared to the temperate sea 

urchin Evechinus chloroticus (Lesser 2006) which could explain the differential rates of 

CPD formation, although this could also simply be due to species-specific differences. 

Although not measured in the present study, a reasonable hypothesis may be that embryos 

derived from McMurdo Jetty mothers’ experienced greater CPD formation than those from 

Cape Evans. This would be feasible given that echinoderms obtain MAAs from their algal 

diet and a greater consistency of sea ice cover and consequent lack of algal cover in 

McMurdo Sound have led to low MAA concentrations in benthic organisms at this site 

(McClintock and Karentz 1997). If this were the case, greater CPD levels and consequent 

inhibition of repair, may account for the increased levels of oxidative DNA damage 

experienced despite clear evidence of greater ROS scavenging capacity.  

 

The loss of functional integrity of DNA can also result from exposure to environmental 

contaminants, creating an opportunity for UVR to exert a phototoxic response, whereby 

damaging ROS are produced resulting in the formation of new compounds that exhibit 

greater toxicity than the original contaminant (Arfsten et al. 1996). Contaminants such as 

polycyclic aromatic hydrocarbons (PAHs) can behave as phototoxic compounds (Dahms 

and Lee 2010) and a variety of studies have shown evidence of phototoxicity in which 

UVR enhanced the toxicity of PAH exposure in marine invertebrates (Bellas et al. 2008; 

Tarrant et al. 2014). An alternative hypothesis to explain the higher sensitivity to oxidative 

DNA damage in embryos derived from contaminant-experienced mothers may be due to 

the specific action of certain PAHs, such as benzo[a]pyrene, which are present in the 

gonad tissues of S. neumayeri from McMurdo Sound but absent from Cape Evans 

individuals (see Chapter 2, Table 2.2). The functional integrity of DNA can be 

compromised directly from exposure to benzo[a]pyrene, which can bind to DNA and 

create adducts that interfere with normal development (Cavalieri and Rogan 1992). 
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Benzo[a]pyrene adducts have been shown to cause higher sensitivity of DNA to UV-

induced damage in mammalian systems (Routledge et al. 2001; Saladi et al. 2003). 

 

The cost of protection and/or repair of oxidative damage can represent important resource 

trade-offs in Antarctic marine organisms. Moreover, S. neumayeri embryos are dependent 

on maternally derived resources in the egg for approximately 3 weeks after fertilisation 

before they are capable of feeding (Bosch et al. 1987), leaving them particularly vulnerable 

to environmental stressors during this time. Thus, any relocation of resources from growth 

and development to the prevention or repair of oxidative damage could significantly 

influence larval fitness and survival. UVR exposure has previously been identified as the 

cause of a variety of disruptions to embryonic development in S. neumayeri (Karentz et al. 

2004; Lamare et al. 2007; Lister et al. 2010a). Results indicated a clear dose-dependent 

UVR effect on abnormal development in both two and five day old embryos in the present 

study, consistent with previous studies. Parental environment was found to influence 

normal offspring development whereby two day old embryos derived from both McMurdo 

Jetty parents, and five day old embryos derived from McMurdo Jetty mothers, regardless 

of paternal environment, had greater rates of abnormality. These findings align more 

closely with rates of DNA damage observed, rather than lipid or protein damage. Although 

there is limited information regarding oxidative DNA damage in echinoderms, this finding 

is logical given that even low levels can be detrimental to development if DNA repair is 

not successful. If repair mechanisms fail, the affected cells in the developing embryo 

undergo apoptosis (Lesser et al. 2003), which would certainly have contributed to the 

abnormalities observed in the present study. Damaged DNA can potentially have longer 

lasting consequences than lipid and protein damage, particularly if the damage to lipids 

and proteins measured in the current study originated in the storage forms of these 

molecules. 

 

Undoubtedly, multiple pathways will influence normal embryonic and larval development, 

and a range of other factors may have also contributed, such as heavy metal toxicity. 

Abnormality as a result of obviously deviant growth was not differentiated from arrested 

development in the present study.  Furthermore, the lack of visible morphological 

abnormalities does not necessarily mean that development has not been impacted, but 

because exposed embryos were not monitored beyond the incubation period it is not 

possible to comment on the longer term success of development. In addition, abnormality 
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was much less pronounced in embryo populations five days post-fertilisation compared to 

two days. The experimental design did not take into account survival but it is possible that 

the density of embryos had reduced by day 5 and an inadvertent exclusion of dead 

individuals and thus a biased selection of ‘fittest’ surviving individuals took place. An 

analysis of embryo density over time as a proxy for survival would provide valuable 

additional information in future studies. Despite these difficulties in measuring and 

interpreting abnormality, it provides a valuable indicator of the ultimate outcome for 

physiologically stressed organisms.  

 

6.5. Conclusions 
The need to understand the interactive effects of multiple stressors is cited as one of the 

most pressing questions in ecology and conservation (Crain et al. 2008). Given the 

potential paradox of high concentrations of dissolved oxygen in Antarctic waters versus 

low metabolic rates, this study is an important contribution to our understanding of the 

physiological mechanisms underlying cold-adaptations associated with the mitigation of 

OS. The impacts of environmental stressors on Antarctic biota are particularly important to 

understand, given the continuing growth of anthropogenic pressure in this region. We 

addressed whether pre-adaptation to known OS-inducing stressors in a natural population 

conferred an enhanced capacity to respond to UVR, an additional common stressor in the 

Antarctic marine environment. S. neumayeri embryos reflected maternal antioxidant status, 

with populations derived from contaminant-experienced mothers demonstrating higher 

baseline levels of protective antioxidants compared to those derived from contaminant-

naïve mothers. Maternally inherited protection enhanced the capacity of embryos to 

minimise oxidative damage to lipids and proteins following exposure to UVR but provided 

no advantage in protection against oxidative DNA damage. Furthermore, abnormal or 

delayed development in S. neumayeri embryos in response to UVR was largely 

independent of oxidative damage to lipids and proteins, but was more closely correlated to 

DNA damage. Although the data presented here allow for limited interpretation regarding 

the biology of ambient UV effects, they do provide insights in evaluating the ecological 

impact of ozone depletion on Antarctic urchin populations and address the effects of 

multiple stressors and parent-to-offspring transfer of resilience. While a myriad of factors 

will determine UVR exposure to marine organisms, and a range of avoidance and 

protection strategies can be utilized, the tolerance of an individual organism, as determined 
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by its inherent genetic capabilities and maternally derived resources, is crucial to its 

reproductive potential and survival. The study’s findings demonstrate that when dealing 

with multiple environmental variables, questions regarding the role of oxidative stress as a 

mediator for resource allocation and stress resilience in natural populations are complex to 

answer, particularly at the early stages of development.  
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Chapter 7. General Discussion 

 

 

 

Marine invertebrate community beneath Antarctic sea ice, dominated by Sterechinus 

neumayeri and Odontaster validus  – photo courtesy of Steve Wing 
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7.1. Summary of findings 
The general objectives of this thesis were to: (1) evaluate whether oxidative stress 

biomarkers provide an effective tool for assessing contaminant impacts in a range of 

previously unstudied marine invertebrate species; and (2) assess the reproductive impacts 

of contaminant-stimulated oxidative stress using sea urchins as a model animal. The 

included studies respond to a call, by a range of review articles (Monaghan et al. 2009; 

Costantini et al. 2010; Metcalfe and Alonso-Alvarez 2010), for further research that could 

provide links between oxidative damage and fitness outcomes in a range of taxa. A 

thorough understanding of the mechanisms controlling life-history traits and of the time 

scales of adaptation has wider implications for predicting how a species or community will 

respond to global climate change (Suryan et al. 2009).  

 

Physiological constraints can dictate fitness parameters, such as reproductive output and 

survival, under changing environmental conditions. The use of environmental stressors, 

such as chemical contaminants, to conduct experimental induction of OS has been shown 

to be a valuable approach for understanding the function and origin of variation in OS 

parameters. Ecotoxicological studies have enabled researchers to begin to interpret 

correlations between OS markers and phentotypic or functional changes, particularly in 

avian studies (Isaksson and Andersson 2008; Galvan and Alonso-Alvarez 2009; Meitern et 

al. 2013). These studies have proven particularly valuable because the use of chemicals 

which directly induce OS with well-established modes of action help to rule out impacts or 

trade-offs that may have occurred as a result of other processes, such as immune activation 

or metabolic costs (Horak and Cohen 2010).  

 

This thesis describes work conducted on five marine invertebrate species used in field 

collections and laboratory exposure studies in order to assess the effects of either general 

anthropogenic pollution or specifically polycyclic aromatic hydrocarbons (PAHs) on 

antioxidant defences and oxidative damage parameters. The sea urchin model, with the 

benefits of an extensive history in reproductive biology and the ease of manipulation of 

reproduction, proved to be highly suitable for use in studies that employed the 

experimental induction of OS approach. Furthermore, the pollutants used in this thesis 

were likely to be encountered in similar concentrations in the selected species’ natural 

habitats making the discussed experiments realistic and of high value. Overall, the studies 
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make several noteworthy contributions to the field of OS ecology. Key findings in answer 

to the general thesis objectives are outlined in further detail below.   

 

7.1.1. Objective 1. Do OS biomarkers provide an effective tool for assessing contaminant 

impacts in marine invertebrates? 

 

Organisms collected from contaminated sites, both in New Zealand and Antarctica, 

exhibited a greater degree of OS than those from reference sites, evidenced by an 

upregulation of all AO defences tested, as well as an increase in oxidative lipid and protein 

damage to whole body or isolated muscle and gonad tissues. The same trends were 

observed in laboratory experiments in which the New Zealand sea urchin Evechinus 

chloroticus was exposed to dietary PAHs, indicating the capacity of these chemical 

contaminants to induce OS in this species. All biomarkers that were tested proved to be 

useful indicators of contamination exposure, although in general oxidative damage showed 

the greatest sensitivity as a diagnostic measure. These findings are interesting given that 

many studies have found that antioxidant enzyme activities often show inconsistent 

responses and therefore do not provide good biomarkers for pollution-induced oxidative 

stress, e.g. Almroth et al. (2008); Meitern et al. (2013). However, the sensitivity of 

oxidative damage products as biomarkers of pollutant-induced OS is consistent with 

previous studies using a range of taxa, including birds (Meitern et al. 2013), fish (Carney 

Almroth et al. 2008) and marine invertebrates (Almeida et al. 2007). These findings 

primarily reflect the fact that antioxidant enzyme activities can be altered following acute 

exposures but rapidly return to normal levels, whereas damage products can persist long 

after the initial stressor has subsided (Regoli and Giuliani 2014). Of the antioxidant 

biomarkers, glutathione has been the most consistent indicator of OS, with many studies 

documenting either increased or decreased levels of total GSH as well as greater levels of 

oxidised glutathione (GSSG) following exposure to chemical pollutants (Regoli et al. 

1997; Carney Almroth et al. 2008; Al-Ghais 2013). A recent meta-analysis on pollution 

and OS in wild animals found that glutathione and the associated enzymes, GST and GPx, 

were the most sensitive and reliable biomarkers of pollution-induced OS in natural 

populations (Isaksson 2010). GSH has also been found in greater concentrations in the 

gonads of marine invertebrates than in other tissues, particularly during reproductive 
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periods supporting the important role it plays in the control of oxidative damage during 

fertilization and development (Ringwood and Conners 2000).  

 

While measuring independent biochemical markers can provide an understanding of the 

overall response of an individual organism, in reality the interpretation of any given 

measure employed in this thesis is highly dependent on the functioning of the entire 

animal. For example, Horak and Cohen (2010) noted that a high or low level of a given 

antioxidant may represent entirely different states of fitness in two individuals of different 

ages, or with different stress levels, or balances of other antioxidants. A holistic 

understanding of biochemical context is critical if we are to interpret responses within 

ecological or evolutionary frameworks. Furthermore, a simplistic comparison of 

antioxidant capacities and levels of oxidative damage across different species, particularly 

those from such different environments as New Zealand and Antarctica, while interesting, 

is not particularly useful, as it is often not possible to compare the same assays across 

disparate groups (Horak and Cohen 2010). Such a comparison would require further 

knowledge concerning baseline antioxidant regulation and accumulation of damage 

products as a consequence of normal physiological process in these species. While much 

of this information is available for marine bivalves, baseline knowledge of oxidative stress 

in echinoderms could be expanded. Nevertheless, OS biomarkers, particularly the 

accumulation of oxidative damage, proved useful as tools for detecting the occurrence of 

contaminant-induced stress in temperate and Antarctic benthic invertebrates in the present 

study. Understanding the underlying mechanisms and the impacts of anthropogenic 

pollution on natural populations is increasingly important as urbanisation continues to 

rapidly increase on a global scale. In addition, these findings were instrumental for the 

development of experiments to test the associated costs of OS to reproductive parameters 

as discussed below.  

 

7.1.2. Objective 2. Does experimental induction of OS lead to negative consequences for 

reproductive parameters in sea urchins? 

 

Primarily using PAHs or fuel emulsions, both known pro-oxidant pollutants readily found 

in the marine environment, four studies were undertaken to test hypotheses regarding 

antioxidant defence upregulation and associated changes in reproductive health and 
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offspring resilience. Specifically, these studies assessed links between measures of OS 

status and core components of fitness including reproductive effort, gamete quality and the 

carry-over potential from parent-to-offspring. Both long-term anthropogenic pollution and 

short-term acute dietary PAH exposure resulted in oxidative damage in reproductively 

mature sea urchin gonad tissues despite a significant upregulation of detoxification 

enzymes and antioxidant defences. Oxidative damage to core macromolecules is 

metabolically expensive to prevent and resource intensive to repair, and accumulation of 

damage can have important consequences for adult health and longevity. Another key 

finding was that oxidative damage to eggs was negligible, demonstrating that damage 

measured in the gonad was predominantly occurring in immature ova and/or somatic 

tissues. In support of this, Schafer and Kohler (2009) in a study on the sea urchin 

Psammechinus milliaris, found that exposure to the PAH phenanthrene severely impacted 

previtellogenic oocytes, but caused no obvious effects on vitellogenic oocytes and mature 

ova. Furthermore, these eggs experienced high fertilisation rates, even higher than the 

control eggs in one study. In contrast to eggs, results repeatedly demonstrated that sperm 

had a much simpler antioxidant system and that paternal contaminant history had limited 

influence on whether embryos were more or less capable of protecting themselves from 

oxidative damage in response to additional contaminant exposure.  

 

A second major finding was that early stage offspring reflected maternal antioxidant status 

with populations derived from contaminant-experienced mothers demonstrating 

significantly higher baseline AO levels compared to those derived from PAH-naïve 

mothers. This maternally inherited protection enhanced the capacity of embryos to 

minimise oxidative damage to lipids, proteins and DNA during early development when 

embryos were exposed to additional hydrocarbon contaminants (either PAHs or AN8 fuel 

emulsion). In contrast, when early embryos were exposed to UVR, a different stressor to 

that which parents were conditioned for, while the greater levels of AO afforded protection 

from lipid and protein damage, no additional protection was provided against DNA 

damage. Regardless of this unusual DNA result following exposure to UVR, the overall 

picture is one of greater resilience to environmental stress in offspring derived from 

parents under greater OS. Given that the planktonic stages of broadcast spawning 

organisms spend considerable amounts of time completing development in the water 

column (30-60 days for E. chloroticus (Walker 1984) and 115 days for S. neumayeri 

(Bosch et al. 1987)), exposure to additional OS-inducing stressors during this particularly 
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vulnerable time is highly likely. Thus, any relocation of resources from growth and 

development to the prevention or repair of oxidative damage could significantly influence 

larval fitness and survival, and would likely result in important consequences for 

population recruitment and wider ecosystem effects. Interestingly, abnormal embryonic 

development in response to either pollutants or UVR was largely independent of oxidative 

damage, implying that an inherited resilience against OS may not necessarily translate to a 

fitness or survival gain in these species at the whole-organism level, at least in the early 

life stages.  

 

The number of individuals of any given population employed in each study presented in 

this thesis is reasonably low and all results have been treated with due caution. However, 

while still acknowledging the correlational rather than causal nature of the results 

presented, as a whole body of work the weight of evidence suggests that antioxidants are 

strong candidates for a ‘currency’ underlying resource trade-offs in sea urchins with 

reduced fecundity acting as at least one apparent cost. It is also important to acknowledge 

that the time scale over which some effects of OS may become apparent could be outside 

the bounds of an individual experiment. While some effects could be immediate, those that 

are mediated through accumulated damage might only become evident later in the lifespan 

of the organism (Monaghan et al. 2009).  

 

It was beyond the scope of these studies to follow up adult health and investigate potential 

costs associated with producing more resilient early offspring. It is possible that the 

observed increase in oxidative damage in gonad tissue will be transient or biologically 

trivial over the life-span of an individual (decades in the case of sea urchin species in these 

studies) and have no long-term effects. However, it is more likely that the cumulative 

impacts of oxidative damage would become evident, although potentially not until much 

later in life. Shorter-lived animals are more likely to show survival costs rather than 

reduced future reproductive output since their life-history strategy usually favours high 

levels of investment in early life reproduction (Hamel et al. 2010). Lifespan is perhaps a 

more important contributor to fitness than the outcome of a particular reproductive event in 

these types of organisms. Further information regarding age-associated decline in adult 

performance and health of future spawning events would be a valuable addition in 

forthcoming research.  

 



Chapter 7.                                                                                                                                General discussion 
 

! 181!

Given the well-established use of echinoderms as model organisms in reproductive biology 

and environmental physiology, it is perhaps not surprising they have proven effective as 

models for OS and related impacts. By connecting the well-studied framework of 

echinoderm ecotoxicology with the emerging field of ‘oxidative stress ecology’ the 

research presented in this thesis has contributed an exciting new perspective and made a 

contribution to existing knowledge.  

 

7.2. Future directions  
Ecologists are increasingly examining oxidative stress and the results presented in this 

thesis suggest that enzymatic and molecular antioxidant defences, as well as oxidative 

damage can be affected by exposure to chemical contaminants in marine invertebrates. 

Future research should continue to utilise a broad suite of markers on both sides of the 

balance between ROS generation and quenching and apply these markers to variety of 

marine taxa. Furthermore, studies should include information about seasonal and 

temperature variations, nutritional status, age and reproductive parameters. Logistical 

constraints associated with larval research and obtaining sufficient material for 

biochemical assays prevented the inclusion of many of these parameters into the work 

presented here but would be feasible given appropriate conditions. Assessments of the 

costs to respond to and repair oxidative damage and measurements of the sublethal impacts 

on development and reproduction should be combined with baseline information.  

 

In addition, research that incorporates both gene transcription and protein activities would 

prove valuable, as in certain circumstances there can be limited responsiveness of 

enzymatic antioxidant activities even in the presence of enhanced gene transcription 

(Regoli and Giuliani 2014). For example, polar cod exposed to crude oil have been shown 

to upregulate mRNA levels but exhibit a decrease in enzymatic activity of catalase 

(Nahrgang et al. 2010). Assessments using both approaches over time following an 

oxidative insult would be especially useful in understanding the whole response, given that 

enzymes can increase initially but then progressively decrease with the continuation of 

oxidative pressure (Regoli and Giuliani 2014). Overall, the relationships between 

transcriptional and functional responses of antioxidants have not been adequately 

investigated in marine organisms. Research could potentially also focus on the specific 

proteins damaged by carbonylation during OS and whether there age or sex specific 
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differences. Overall, integrative studies should be employed that utilise molecular genetics, 

microarrays, proteomics and biochemical activities.  
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