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a b s t  r  a c t

Inter-  and  intra-speci“c  variation  in  metal  resistance  has been  observed  in  the  ecologically  and  econom-
ically  important  marine  brown  macroalgae  (Phaeophyceae),  but  the  mechanisms  of  cellular  tolerance
are not  well  elucidated.  To investigate  inter-population  responses  of  brown  seaweeds  to  copper  (Cu)
pollution,  the  extent  of  oxidative  damage  and  antioxidant  responses  were  compared  in  three  strains
of  the  “lamentous  brown  seaweed  Ectocarpus siliculosus, the  model  organism  for  the  algal  class Phaeo-
phyceae  that  diverged  from  other  major  eukaryotic  groups  over  a billion  year  ago. Strains  isolated  from
locations  with  different  pollution  histories  (i.e. LIA, from  a pristine  site  in  Scotland;  REP and  Es524 from
Cu-contaminated  sites  in  England  and  Chile,  respectively)  were  exposed  to  total  dissolved  Cu concen-
trations  (CuT) of  up  to  2.4 � M  (equivalent  to  128  nM  Cu2+) for  10  d. LIA exhibited  oxidative  stress, with
increases  in  hydrogen  peroxide  (H2O2) and  lipid  peroxidation  (measured  as TBARS levels),  and  decreased
concentrations  of  photosynthetic  pigments.  Es524 presented  no  apparent  oxidative  damage  whereas  in
REP, TBARS increased,  revealing  some  level  of  oxidative  damage.  Adjustments  to  activities  of  enzymes
and  antioxidant  compounds  concentrations  in  Es524 and  REP were  strain  and  treatment  dependent.

Mitigation  of  oxidative  stress  in  Es524 was  by  increased  activities  of  superoxide  dismutases  (SOD) at
low  CuT, and  catalase  (CAT) and  ascorbate  peroxidase  (APX)  at  all  CuT, accompanied  by  higher  levels  of
antioxidants  (ascorbate,  glutathione,  phenolics)  at  higher  CuT. In  REP, only  APX activity  increased,  as did
the  antioxidants.  For the  “rst  time  evidence  is presented  for  distinctive  oxidative  stress  defences  under
excess Cu in  two  populations  of  a species of  brown  seaweed  from  environments  contaminated  by  Cu.

©  2014  Published  by  Elsevier  B.V.
. Introduction

Copper  (Cu)  is  an essential  micronutrient  for  metabolic
rocesses in  chloroxygenic  organisms  (Burkhead  et  al., 2009 ). How-
ver,  when  intracellular  concentrations  exceed  optimal  levels  it
an be a potent  toxicant,  altering  physiological  and  biochemical
unctions  that  impair  growth  and  development  (Nagajyoti  et  al.,

010 ). In  excess, metals  such  as Cu disturb  the  redox  balance  of  cells

eading  to  oxidative  stress, which  is characterized  by  increased  pro-
uction  of  harmful  reactive  oxygen  species (ROS) and  a shift  in  the

� Corresponding  author.  Tel.:  +44  1752584614.
E-mail  address: mtbrown@plymouth.ac.uk  (M.T.  Brown).

1 These authors  contributed  equally  to  the  investigation.

ttp://dx.doi.org/10.1016/j.aquatox.2014.11.019
166-445X/©  2014  Published  by  Elsevier  B.V.
redox  equilibrium  to  the  pro-oxidative  state  (Connan  and  Stengel,
2011;  Nielsen  et  al., 2003a ). The reduction  of  molecular  oxygen  gen-
erates  intermediates  such  as superoxide  anions  (€O2

Š ), hydrogen
peroxide  (H2O2) and  hydroxyl  radicals  (€OH)  (Foyer  and  Noctor,
2011 ) that  are potentially  toxic  due  their  oxidation  of  proteins,
lipids,  polysaccharides  and  nucleic  acids  (Nielsen  et  al., 2003a ).
However,  although  elevated  concentrations  of  ROS are damaging
to  cellular  processes, it  is  now  known  that  ROS play  crucial  roles
in  modulating  signal  transduction  pathways  in  photoautotrophs,
including  brown  algae, and  therefore  intracellular  concentrations
must  be tightly  controlled,  but  not  completely  eliminated  (Apel

and  Hirt,  2004;  Cosse et  al., 2009;  Smirnoff,  2005 ). To re-balance
the  redox  status  and  maintain  ROS to  within  physiological  concen-
trations,  cells  have  an effective  antioxidant  defence  system  that
comprises  a battery  of  enzymes  and  antioxidant  molecules.  Key

dx.doi.org/10.1016/j.aquatox.2014.11.019
http://www.sciencedirect.com/science/journal/0166445X
http://www.elsevier.com/locate/aquatox
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aquatox.2014.11.019&domain=pdf
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dx.doi.org/10.1016/j.aquatox.2014.11.019


8  Toxico

e
€
a
d
d
r
w
c
t
r
u
r
s
a
G
c ,
a
(
p
a
C
a
t
g
a
c
1

(
a
d
a
a
H
k
m
t
L
m
s
w
l
b
b
h
t
c
i
2
r
h
c
t
c
n
e
d
e
t
C
2
2
C
2
d
p

2  C.A. Sáez et al. /  Aquatic

nzymes  include  superoxide  dismutases  (SOD) that  dismutases
O2

Š to  H2O2, and  which  are considered  the  “rst  line  of  defence
gainst  ROS (Pinto  et  al., 2003 ), catalase  (CAT) that  catalyses  the
ismutation  of  H2O2 to  oxygen  and  water,  glutathione  peroxi-
ase (GPX) that  catalyses  the  reduction  of  H2O2 to  water  using
educed  glutathione  (GSH) as substrate,  and  enzymes  associated
ith  the  Foyer…Halliwell…Asada pathway  (ascorbate…glutathione
ycle)  such  as ascorbate  peroxidase  (APX)  that  catalyses  the  reduc-
ion  of  H2O2 using  ascorbate  (ASC) as substrate,  dehydroascorbate
eductase  (DHAR)  that  reduces  dehydroascorbate  (DHA)  to  ASC
sing  GSH as a substrate  and  glutathione  reductase  (GR) that
educes  oxidized  glutathione  (GSSG) to  GSH, using  NADPH as the
ource  of  reducing  power  (Collen  and  Davison,  1999,  2001;  Foyer
nd  Noctor,  2011 ). The low  molecular  weight  antioxidants  ASC and
SH can directly  reduce  ROS, and  serve  as co-factors  for  reactions
atalysed  by  APX and  GR, respectively.  GSH can be oxidized  to  GSSG
nd  ASC to  dehydroascorbate  (DHA)  and  monodehydroascorbate
MDHA),  which  may  unbalance  redox  equilibrium  and  affect  cell
rocesses including  spindle  formation  in  cell  division,  and  primary
nd  secondary  metabolism  (see Collen  and  Davison,  1999,  2001;
ontreras  et  al., 2005,  2009 ). Additionally,  phenolic  compounds  can
ct  directly  as scavengers  of  ROS (Connan  and  Stengel,  2011 ). While

he  extensive  literature  af“rms  the  view  that  exposure  of  chloroxy-
enic  organisms  to  high  concentrations  of  redox  active  metals,  such
s Cu, induces  oxidative  damage,  the  speci“c  antioxidant  responses
an vary  between  species and  amongst  tissues  (Collen  and  Davison,
999;  Pinto  et  al., 2003;  Smirnoff,  2005 ).

In  oceanic  surface  waters  total  dissolved  Cu concentrations
CuT) are maintained  at  pM…nM levels,  whereas  in  coastal  waters
nd  estuaries  adjacent  to  areas of  urbanization  or  receiving  mine
rainage  water,  CuT concentrations  can exceed  0.1 � M,  values  that
re 20  times  higher  than  encountered  in  uncontaminated  estuaries
nd  coastal  locations  (Andrade  et  al., 2006;  Nielsen  et  al., 2003a ).
owever,  it  is  mainly  the  concentrations  of  free  ion  (Cu2+) as well  as
inetically  labile  and  lipid  soluble  Cu complexes,  and  not  CuT, that
ore  accurately  re”ects  the  fraction  available  to  marine  photoau-

otrophs,  and  directly  relates  to  Cu toxicity  (Gledhill  et  al., 1997;
eal et  al., 1999 ). In  near-shore  ecosystems,  seaweeds  (marine
acroalgae)  are the  dominant  primary  producers  and  the  brown

eaweeds  (Phaeophyceae),  that  are members  of  the  Stramenopila
hich  diverged  from  green  plants,  fungi  and  animals  over  a bil-

ion  years  are ago (Cock et  al., 2010 ), are particularly  important
io-engineers,  providing  shelter,  food  and  habitat  for  other  marine
iota  (Graham  et  al., 2007;  Mann,  1973 ). Our  understanding  of
ow  seaweeds  are affected  by  excess Cu, and  other  metals,  and

he  mechanisms  by  which  they  detoxify  and  tolerate  metals  is  still
omparatively  poor,  although  the  knowledge  base has increased

n  recent  years  (e.g. Brown  et  al., 2012;  González  et  al., 2010,
012a;  Nielsen  et  al., 2003b;  Pawlik-Skowronska  et  al., 2007 ). With
espect  to  biochemical  responses  to  Cu stress, the  most  compre-
ensive  studies,  to  date,  have  been  on  the  green  seaweed  Ulva
ompressa (Ulvophyceae)  and  brown  seaweed  Scytosiphon lomen-
aria  (Phaeophyceae),  two  prominent  members  of  the  seaweed
ommunity  in  Cu-enriched  coastal  waters  (over  1000  � g LŠ1) of
orthern  Chile  (Lee and  Correa,  2005;  Ramirez  et  al., 2005 ). Chronic
xposure  of  U. compressa to  Cu induced  an oxidative  stress  con-
ition  buffered  mainly  through  the  activation  of  the  antioxidant
nzyme  APX, and  synthesis  of  ASC whereas  in  S. lomentaria  protec-
ion  from  oxidative  stress  occurs  via  increased  activities  of  mainly
AT, GP and  APX, and  production  of  ASC (Contreras  et  al., 2005,
009;  González  et  al., 2012b;  Mellado  et  al., 2012;  Ratkevicius  et  al.,
003 ). In  both  these  species it  was  concluded  that  tolerance  to

u is a constitutive  trait  (Contreras  et  al., 2005;  Ratkevicius  et  al.,
003 ). Furthermore,  persistence  of  metal  stress  may  lead  to  the
irectional  selection  of  traits  that  aid  survivability  of  individuals  in
olluted  environments,  evidence  for  which  has been  obtained  for
logy 159 (2015)  81…89

the  brown  seaweeds  Fucus serratus  (Nielsen  et  al., 2003b ) and  Ecto-
carpus siliculosus  (Russell  and  Morris,  1970 ). A recently  published
proteomic  analysis  of  two  strains  (Es32 and  Es524)  of  E. siliculosus
from  contrasting  Cu-impacted  locations  and  exposed  to  Cu showed
that  Es524 expressed  speci“c  Cu-stress  related  proteins,  such  as
RNA helicases  and  a vanadium-dependent  bromoperoxidase,  iden-
tifying  features  related  to  Cu tolerance  in  this  strain  (Ritter  et  al.,
2010 ). In  addition,  it  has been  shown  that  amongst  strains  of  E.
siliculosus  there  are high  levels  of  morphological,  physiological  and
genetic  variation  (Dittami  et  al., 2011 ). Thus, strains  of  E. siliculosus
may  display  different  degrees  of  oxidative  stress  and  variation  in
antioxidant  responses  to  Cu stress.

To test  this  hypothesis,  Cu-induced  oxidative  damage  and
antioxidant  responses  were  investigated,  under  laboratory  condi-
tions  at  environmentally  realistic  concentrations  of  the  metal,  in
three  strains  of  E. siliculosus  that  had  been  isolated  from  locations
with  differing  pollution  histories  and  subsequently  maintained  in
laboratory  culture.  Strain  LIA08-4  (LIA)  is  from  a pristine  site  in
north-west  Scotland  (Lon  Liath),  strain  EcREP10-11 (REP) is from  a
metal-contaminated  estuary  in  south…west  England  (Restronguet
Creek)  that  receives  mine  drainage  water  contaminated  with
particularly  high  concentrations  of  Cu, zinc  (Zn),  arsenic  (As), man-
ganese (Mn)  and  lead  (Pb)  from  a region  of  historical  mining
activities  (Rainbow  and  Luoma,  2011 ) and  strain  Es524 is from  a
Cu-contaminated  coastal  location  in  northern  Chile  (Caleta  Palito),
receiving  wastewater  from  a mine  rich  in  Cu, Mn,  and  iron  (Fe)
(Andrade  et  al., 2006 ). Oxidative  stress  and  damage  of  the  three
strains  was  assessed from  measurements  of  H2O2, the  levels  of
thiobarbituric  acid  reactive  substances  (TBARS) and  photosynthetic
pigments,  and  their  antioxidant  responses  were  determined  from
the  activities  of  the  enzymes  SOD, CAT and  APX and  the  cellular
concentrations  of  ascorbate  (ASC), dehyroascorbate  (DHA),  reduced
(GSH) and  oxidized  (GSSG) glutathione  and  phenolic  compounds.

2. Materials  and  methods

2.1. Ectocarpus siliculosus  strains,  culture  conditions  and Cu
treatments

E. siliculosus  strain  LIA08-4  (LIA;  Culture  Collection  of  Algae  and
Protozoa  (CCAP) accession  number  1310/339)  was  isolated  from
Lon  Liath  (56 � 56�N:  5� 51�W),  a location  close  to  Arisaig,  Scotland
with  no  history  of  anthropogenic  impacts.  Strain  EcREP10-11 (REP;
CCAP 1310/338)  was  isolated  from  Restronguet  Point  (50 � 11�N:
5� 3�W),  near  the  mouth  of  Restronguet  Creek in  the  Fal estuary,
a Cu-contaminated  estuary  in  Cornwall,  England;  CuT concentra-
tions  in  sediments  can be in  excess of  2500  � g gŠ1 (Somer“eld  et  al.,
1994 ). Strain  Es524 (CCAP 1310/333)  was  isolated  from  Caleta Pal-
ito  (26 � 15�S: 69� 34�W)  a Cu-impacted  site  in  Cha�naral,  Chile;  CuT

concentrations  can be in  excess of  1000  � g gŠ1 (Lee and  Correa,
2005;  Ramirez  et  al., 2005 ).

Strains  were  maintained  in  the  laboratory  as non-axenic  unial-
gal  cultures  following  the  protocol  outlined  by  Coelho  et  al. (2012) .
Each strain  was  grown  in  2 L polycarbonate  bottles  containing  auto-
claved  seawater  enriched  with  Provasoli  medium  (Provasoli  and
Carlucci,  1974 ) at  15 � C, 45  � mol  m Š2 sŠ1 photosynthetic  active
radiation  (PAR), 14:10  h  light/dark  cycle,  and  the  cultures  aerated
to  prevent  CO2 depletion  and  maintain  material  in  suspension.
Ten days  (d)  prior  to  experimentation  strains  were  acclimatized  to
the  chemically  de“ned  synthetic  seawater  medium  Aquil  (Morel
et  al., 1979 ) without  the  addition  of  the  metal  chelating  agent

EDTA (Gledhill  et  al., 1999 ). Thereafter,  1 g fresh  biomass  (FW)
of  each strain  was  transferred  to  individual  polycarbonate  ”asks
containing  125  mL  of  Aquil  medium  and  one  of  “ve  concentra-
tions  of  CuSO4·5H2O, with  three  replicates  per  treatment.  The algae
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ere  exposed  for  10  d  to  total  dissolved  Cu concentrations  (CuT) of
ither  0 (no  added  Cu), 0.4, 0.8, 1.6, or  2.4 � M;  these  concentrations
re equivalent  to  free  Cu concentrations  (Cu2+) of  0.05,  21,  42,  85
nd  128  nM,  respectively  (calculated  using  the  Windermere  Humic
queous  Model  [WHAM  v7]  and  the  stability  constants  in  its  default
atabase;  (Tipping,  1994;  Varma  et  al., 2013 ). To prevent  deple-

ion  of  Cu2+, as a result  of  the  exudation  of  organic  ligands  from
ells  (Gledhill  et  al., 1999 ), the  medium  was  replenished  every  2 d.
t  the  end  of  the  experimental  period  biomass  was  brie”y  rinsed
ith  sterile  (autoclaved)  seawater,  immediately  frozen  in  liquid
itrogen  and  stored  at  Š80 � C to  await  analyses.

.2. Quanti“cation  of hydrogen  peroxide  (H2O2)

Concentrations  of  H2O2 were  determined  according  to  Sergiev
t  al. (1997) , with  modi“cations  for  a plate  reader  (VersaMax,
olecular  Devices,  Sunnyvale,  CA, USA). Frozen  biomass  (100  mg)
as  homogenized  in  1 mL  of  10% trichloroacetic  acid  (TCA) in  a
.5 mL  centrifuge  tube.  Glass beads (5,  3 mm  diameter)  were  added
nd  the  tubes  vortexed  for  5 min.  The homogenate  was  centrifuged
t  21,000  ×  g (Sanyo  Hawk  15/05)  for  10  min.  Supernatant  (50  � L)
as  added  to  each microplate  well  along  with  150  � L of  50  mM
otassium  phosphate  buffer  (pH  7.0)  and  100  � L of  1 M  potassium

odide.  The absorbance  was  determined  at  390  nm.  Concentrations
etween  0 and  3.2 mg  mLŠ1 of  H2O2 in  10% TCA were  used  as stan-
ards.

.3. Quanti“cation  of thiobarbituric  acid reactive  substances
TBARS)

To quantify  the  end-products  of  lipid  peroxidation,  and  thus
rovide  an indication  of  damage  to  polyunsaturated  fatty  acids,  the
BARS assay was  performed  according  to  Heath  and  Packer (1968) ,
ith  some  modi“cations.  Algal  biomass  was  extracted  as described
bove  and  200  � L of  supernatant  was  mixed  with  200  � L of  0.5%

hiobarbituric  acid  (TBA) in  10% TCA, heated  at  95 � C for  45  min  in
 water  bath  and  then  cooled  to  room  temperature.  The mixture
200  � L) was  placed  in  a plate  reader  and  the  absorbance  was
easured  at  532  nm.  The standard  1,1,3,3, tetramethoxypropane,
hich  breaks  down  to  malondialdehyde  (MDA)  under  the  assay
onditions,  was  used  in  a concentration  range  of  0 to  70  � M  in  10%
CA.

.4. Quanti“cation  of photosynthetic  pigments

Chlorophylls  a (Chla) and  c (Chlc), and  fucoxanthin  (Fx)  were
xtracted  according  to  Seely et  al. (1972)  as follows.  Fresh biomass
200  mg)  was  placed  in  a 1.5 mL  glass test-tube  to  which  800  � L
f  dimethyl  sulfoxide  (DMSO)  were  added.  After  5 min,  samples
ere  centrifuged  for  30  s at  21,000  ×  g, the  supernatants  diluted
ith  distilled  water  in  a ratio  of  4:1  DMSO:H 2O and  absorbance
easured  spectrophotometrically  (Jenway  7315).  Pigment  con-

entrations  (nmol  gŠ1 FW)  were  calculated  using  the  following
quations  (where  Ax = absorbance  at  � x):

[Chla] =
A665

72.5

[Chlc] =
(A631 +  A582 Š  0.297  A665 )

61.8

[Fx] =
(A480 Š  0.722 (A631 +  A582 Š  0.297  A665 ) Š  0.049  A665 )

130
.5. Preparation  of extracts  for  enzyme assays

Extracts  were  prepared  as described  by  Collen  and  Davison
1999) . Frozen  biomass  (0.2  g)  was  homogenized  in  1 mL  of  50  mM
logy 159 (2015)  81…89 83

potassium  phosphate  buffer  (pH  7.0)  containing  0.25% Triton  X-
100,  10% (w/v)  PVP-40 and  1 mM  EDTA. Glass beads (5,  3 mm
diameter)  were  added  and  tubes  vortexed  for  10  min  at  4 � C.
Extracts  were  centrifuged  at  21,000  ×  g for  5 min  at  4 � C and  the
supernatant  stored  overnight  at  Š20 � C or  for  1 h  at  Š80 � C to
increase  aggregation  of  biological  membranes.  Samples  were  cen-
trifuged  again  at  21,000  ×  g for  5 min  at  4 � C and  extracts  were
stored  at  Š80 � C.

2.6. Quanti“cation  of antioxidant  enzyme activities

SOD activity  was  determined  as described  by  McCord  and
Fridovich  (1969) , with  modi“cations.  The assay mixture  comprised
50  mM  potassium  phosphate  buffer  (pH  7.8),  0.1 mM  EDTA, 18  mM
cytochrome  c and  0.1 mM  xanthine.  Xanthine  oxidase  was  added  to
the  assay mixture,  just  prior  to  its  use, to  give  a “nal  concentration
of  0.0005  U mLŠ1. Extract  (50  � L) and  250  � L of  total  assay mix-
ture  were  added  to  each well.  The rate  of  change  of  absorbance  at
550  nm  was  followed  for  2 min.  The SOD-insensitive  rate  was  esti-
mated  using  10  � L of  1:9  diluted  commercial  SOD (Sigma  Aldrich,
G5389)  in  100  mM  phosphate  buffer  (pH  7)  to  obtain  a rate  that
was  between  5 and  10% of  the  rate  in  the  absence of  SOD. The SOD-
insensitive  rate  was  subtracted  from  all  the  data  and  the  units  were
calculated  by  dividing  the  control  rate  by  the  rate  in  the  sample,  and
subtracting  1 (Kuthan  et  al., 1986 ).

APX and  CAT activities  were  determined  as describe  by  Collen
and  Davison  (1999) . For APX, 50  � L of  extract  was  added  to
700  � L of  50  mM  potassium  phosphate  buffer  (pH  7.0),  contain-
ing  0.1 mM  EDTA and  0.5 mM  ascorbate;  H2O2 was  added  to  a “nal
concentration  of  0.1 mM.  The decrease  in  absorbance  at  290  nm
was  monitored  for  30  s. For CAT, 50  � L of  extract  was  added  to
700  � L of  50  mM  potassium  phosphate  buffer,  pH  7.0. The reac-
tion  was  started  by  the  addition  of  11  mM  H2O2 and  the  decrease
in  absorbance  at  240  nm  was  monitored  for  1 min;  commercial  CAT
(Sigma-Aldrich,  CAT100)  was  used  as a positive  control.

2.7. Quanti“cation  of ascorbate (ASC) and dehydroascorbate
(DHA)

Concentrations  of  ASC and  DHA  were  determined  using  ferric
tripyridyl  triazine  (FRAP reagent),  as described  by  Benzie  and  Strain
(1999) . Fresh biomass  (300  mg)  was  placed  in  a mortar  and  ground
to  a powder  in  liquid  nitrogen.  A volume  of  1.2 mL  0.1 M  HCl was
added,  and  the  mixture  centrifuged  at  21,000  ×  g for  10  min  at  4 � C.
To measure  ASC, 10  � L of  extract  was  placed  in  each well  of  a 96-
well  plate,  to  which  290  � L of  FRAP reagent  was  then  added,  and
the  absorbance  measured  immediately  at  593  nm;  with  ASC stan-
dards  (Fisher  Scienti“c,  10061793),  colour  develops  immediately
and  does not  change  signi“cantly  within  the  “rst  minute.  For total
ascorbate,  500  � L of  extracts  were  incubated  for  1 h  after  adding
5 � L of  100  mM  dithiothreitol.  The reaction  was  stopped  by  addi-
tion  of  5 � L (w/v)  N-ethylmaleimide,  and  extracts  were  measured
as described  for  ASC. Concentrations  of  DHA  were  calculated  by
subtracting  values  of  ASC from  total  ascorbate.

2.8. Quanti“cation  of reduced (GSH) and oxidized  (GSSG)
glutathione

GSH and  GSSG were  measured  as described  by  Queval  and
Noctor  (2007) . Extraction  was  performed  as for  ASC but  neutraliza-
tion  was  necessary  by  adding  5 M  K2CO3 to  obtain  a supernatant
with  “nal  pH  ranging  between  6.0 and  7.0. Total  GSH was  mea-

sured  in  a plate  reader  by  adding  10  � L of  neutralized  supernatant
to  290  � L of  a mixture  comprising  0.1 M  sodium  phosphate  buffer
pH  7.5, containing  6 mM  EDTA, 0.34  mM  NADPH, 0.4 mM  DTNB, and
1 unit  of  GR (Sigma-Aldrich,  G3664).  Change is absorbance  was














