
1H NMR spectroscopic investigations
of tissue metabolite biomarker
response to Cu(II) exposure in
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identification of free histidine as a
novel biomarker of exposure to
copper in earthworms
J. O. T. Gibb, C. Svendsen, J. M. Weeks 
and J. K. Nicholson

High resolution 1H NMR spectroscopy of biofluids, cells and
tissue extracts allows rapid, non-destructive analysis for a
wide range of metabolites and organic compounds with
minimal sample pre-treatment. We have applied high
resolution 1H NMR spectroscopy to investigate the
biochemical effects of Cu(II) in two earthworm species Eisenia
andrei (n= 78) and Lumbricus rubellus (n= 45) exposed under
laboratory and semi-field conditions respectively. The most
marked metabolic response was the elevation of endogenous
whole body free histidine in animals which positively
correlated with increasing copper exposure and total copper
burden in the semi-field experiment. Histidine forms
thermodynamically stable copper complexes under a wide
range of physico-chemical conditions and we proposed that
the elevation of free histidine in response to copper challenge
provides an energetically l̀ow-cost’ detoxification mechanism.
Histidine elevation may also provide a novel molecular
biomarker of Cu(II) exposure in environmental situations.

Keywords:1H NMR, Lumbricus rubellus, Eisenia andrei, histidine
metabolites, copper-toxicity, tissue extracts, earthworm.

Introduction
T h e re  is an  increas ing  dem and for  the form ulat ion of  objective

m e a su res of  environ m ental  po llut i on and  dam ag e.  T h is  has l ed

to the invest igat ion of  biological  systems that w il l  qua lita tively

and  q uant i ta t ive ly i ndica te  ex posure  to  p ollutan ts.  At the

sim plest lev el  th is has involved th e use  of  se lected indicator

species,  w hich  accum u late  p ollu tants  ab ove envi ro n m e n ta l

levels (biom arkers of  exposure) .  However,  r ath er  th an  m ere ly

reco rd in g pollutan t  re sid u e b urd en s a  m ore  d iagnostic

a p p ro ach  wo uld b e to  inv est igate  ch an ges in  endo genou s

m etaboli tes  which const i tute biom arkers of  eff ect .  Su ch

biom arkers  are m ost useful  i f  they indicate  chronic,  low level

e x p o su re  causing sub-lethal  eff ec ts.  Hence  there  is

consid erabl e  interest  in  the d etec t ion  and use of  novel

biom arker s in  environm ental ly  sensi t ive species (Peakall

1994) .

To invest igate  m etabolic  perturb at ion s kn owledge o f  the

basa l  metabolic  sta tes of  the pollut ion indica tor  spec ies is a

ne ce ssary  pre-requisi te . Metabolite  char ac teriza t ion is

conven tionally  ach ieved by applying a  series of  speci f ic

bioch em ica l  assays for  m etaboli tes.  Such assays can be t ime

consum ing , labour  int en siv e and may  inv olve ex tensiv e

m ethodo logical  dev elopm ent.  A lternatively  1H NMR

sp ec troscop y of  biofluids and t issue extracts can be used to

p ro d u c e p rof iles of  endogenous metabolites (Nicholson and

Wilson 1 989) and can be applied  to  invest igate  the

bioch em ist ry  of  potential  pollu t ion indicator  species (Gibb e t

al . 1997). NMR spectro scopy  has also b een established as a

p o w e rful  tool  for  the investiga tion of  toxico log ica l processes i n

m am m als an d wh en com b ined  w ith  th e u se  of  d ata  patt ern

recog nit ion tech niques has led to  the discovery  of  novel

biom arkers  of  toxicity  in  vert ebrate system s (Nicholson an d

Wilso n 1989 ; Antho ny et  al. 1994).

T he use  of  ea rt h w o rm s in  po llu tan t  s tu di es is  n ow

w id e sp read  and their  abil i ty  to  accu mulate  m etals abov e

amb ien t  concentrat ions is well  established (M org an  an d

M o rgan 1990) . Such contam inants thus become available to

the large numb er  o f  predators  of  eart h w o rm s (Beyer and

Staffo rd 1993). Detoxif icat ion st rateg ies have been pro p o sed  i n

the  eart h w o rm s fo r  a  n um ber of  m etals in clu ding cad miu m,

lead and zin c,  b ut  with  the no ticeable  ex ceptio n of  copper

(Morg an a nd Morgan 1990). T hus the m etabolic  resp on se to

co pp er  ex po su re has been in vest igated in  L umb ricu s rub e llu s

a n d  E isenia a ndre i u sin g 1H NMR spec troscopy  as a

bio ch em ical  probe w ith the aim of detect ing usef ul  new

biom arkers of  Cu(II)  exposu re .

MATERIALS AND METHODS
Earthworms were exposed to Cu(II) under two sets of conditions; semi-field

conditions and laboratory conditions. In the field Lumbricus rubellus (Hoffmeister

1843) were exposed to the following copper concentrations for a period of 110

days; 40, 80 and 160 mg Cu kg ± 1 soil (dry weight), in outdoor mesocosms as

described by Svendsen and Weeks (1997). The mesocosms consisted of 50 cm

sections of medium density poly-ethylene (MDPE) piping, with a 25 cm diameter

(Stewart & Lloyds Plastics, UK), enclosed at the top with nylon netting and at the

bottom with a heavy-duty, water-permeable phormacil membrane (stabilized

polypropylene, LBS Group, UK) and a layer of strong rigid MDPE netting (Netlon,

LBS Group, UK). Copper was added, in the form of anhydrous CuCl2 (BDH Ltd,

UK), to 13.5 kg (dry weight) of sandy soil taken from the top 20 cm at a location in

Thetford Forest, Norfolk, UK. The soil consisted of 96% sand, 4% clay and <1%

organic matter, with a pH of 5.6 and was rehydrated with the appropriate amount

of copper solution to give a final water content of 13%±1 (approximately 50% of

the soil water-holding capacity). Once dosed, soil was mixed thoroughly for 10 min

in a soil mixer (Odjob mixer, Plysu, UK). The soil was then left to stabilize for 5

days before 20 immature (100± 300 mg wet weight) and five mature (250± 400 mg

wet weight) individuals of L. rubellus were introduced to each mesocosm. Each

treatment was replicated three times including a control. Food in the form of 10 g

of oven dried (70°C, 24 h) horse manure, rehydrated with distilled water, was

added to the soil surface at 14 day intervals.
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In the laboratory Eisenia andrei (Bouché 1972) were exposed to the following

copper concentrations for a period of 28 days; 20, 40, 80 and 160 mg Cu kg ± 1

soil (dry weight). The appropriate quantity of CuCl2 solution was added to 600 g

(dry weight) of soil housed in square boxes. Forest soil, as used in the field

experiment and with the same final water content, was left to stabilize for 3 days

prior to the addition of 10 mature worms (400± 700 mg wet weight) to each

container. Laboratory temperature was 15oC (± 1) with a room humidity of

75± 85%. The lighting regime was 12 h on, 12 h off at 295 and 25 lux

respectively. Food in the form of 3 g of oven-dried horse manure, rehydrated with

distilled water, was added to the soil surface at 7 day intervals.

Upon sampling, all earthworms from both sets of conditions were rinsed with

distilled water, counted and individually weighed. They were then transferred to

Petri dishes and left to depurate their guts for a minimum of 24 h in the dark, at

12°C (±3) and 54% (±5) relative humidity. All worms were supplied by a

commercial vermiculturist (Pell, V. R., Worm-Hive Organics, Newark, UK).

Analysis of copper by inductively coupled plasma mass

spectrometry

For the metal analysis of earthworm samples from the laboratory n = 15, whilst in

the semi-field study n = 9, 4, 6 and 10 for the control, 40, 80 and 160 mg Cu kg ± 1

soil treatments respectively. For both studies 1g soil samples (n = 4) were

collected from each treatment. All samples were frozen to ± 20°C prior to being

dried to a constant weight at 80°C. Samples were digested in 2ml concentrated

nitric acid (Aristar, BDH Ltd. UK) on a heating block at 120°C until the solutions

became clear. Each sample was then diluted with deionized water to give an acid

concentration of 2% (v/v).

Digested samples were analysed for copper using an inductively coupled

plasma mass spectrometer (VG Elemental-Plasma Quad), operated according to

the manufacturer’s recommendations. Analysis of standard reference material

(NMS Standard Reference Material 1577a, US Dept. of Commerce) was in good

agreement with certified results.

1H NMR spectroscopy
Upon sampling four earthworms were individually analysed by 1H NMR

spectroscopy for each of the treatments with the exception of the 20 mg Cu kg ± 1

soil treatment using E. andrei where n = 2. Samples were snap-frozen in liquid

nitrogen and individually homogenized in a 1:2 ratio of earthworm physiological

Ringer’s solution (body v/v) (Lockwood 1963). The homogenates were

centrifuged, the supernatant removed, and further ultrafiltered (Sartorius

Centrisart I Ô ) to a molecular weight cut-off point of 10 kDa. The resulting extracts

were freeze-dried and reconstituted in 2H2O.

Single pulse 1H NMR spectra were measured on a JEOL GSX500 spectrometer

operating at 500.14 MHz 1H observation frequency. 1H NMR spectra were

measured using a 45o pulse and a 6000 Hz spectral width. The spectra, recorded

at ambient probe temperature, were the result of 256 free induction decays (FIDs)

collected into 32768 computer points with an acquisition time of 2.73 s. When

processing the spectra, an exponential apodization function was used (BF=0.19)

prior to Fourier transformation (Ft), while one order of zerofilling was used to

increase the number of FID data points to 65536. Subsequent to Ft, baseline

correction was carried out on the downfield region of the spectra. Whole body

histidine concentrations were quantitated in relation to the internal standard 3-

trimethylsilyl-[2,2,3,3,± 2H4]-1-propionate (TSP). Whole body metabolite levels were

determined by paper-weights of the respective resonance peaks from printed

spectra.

To investigate the dynamics within tissue extracts single-pulse 1H NMR

experiments were carried out at 298, 303, 308, 313, and 318 Kelvin on a tissue

extract of L. rubellus exposed to 80 mg Cu kg ± 1 soil.

Statistical analysis
From measurements made prior to the experiment and at the time of sampling

survival and growth of the earthworms were calculated. One-way Analysis of

Variance (ANOVA) and a subsequent Tukey± Kramer multiple comparisons test

were carried out on these and other parameters to investigate whether significant

effects of copper exposure could be observed in either earthworm species and if

so which treatments were different. The Null Hypothesis was that copper had no

significant effects on any of the parameters. One-way ANOVA was also carried out

on ratios of certain metabolites in tissue extracts as detected by 1H NMR

spectroscopy. The Null Hypothesis was that increased copper exposure caused

no significant variation in metabolite ratios.

Results
Soil copper concentrations
At the end o f  each ex perim ent soi l  copp er  concentr at ions

w e re,  in  each case ,  similar  to  the value dosed (Table 1) .

Con centr at io ns w ere typical ly  higher  in  the laboratory,

p a rt icular ly  at  the highest  concentration.  T his differe n ce ,

h o w e v er,  was  not  grea t  and is l ikely to  be due to  leach ing of

w a te r-so luble  copper in  the f ie ld  system .

Body copper burdens
Eart h w o rm  bo dy cop per  con centr at io ns w ere s ignif ican tly

elev ated in  b oth the f ie ld  experim ent, using L. ru b el lu s (P <

0.001),  and the  laboratory  experim ent,  u sing  E . andre i (P <

0.001) fol lowing exposure  to  increasing  so il  concentrat ion s

(Figure 1(a a n d  b )) .  In  bo th  studies m ean  cop per  burd e n s w e re

signif ican tly  diffe rent  with the exceptions o f  the 40 and 80 m g

Cu kg±1 soil t reatm ents in  the f ie ld  stu dy and  the 80  and 1 60 m g

Cu kg±1 soil t reatm en ts in  the laborato ry  s tu d y. Eart h w o rm

copper b ioconcen trat ion factors  (bo dy concentrat ion/soil

concentrat ion) for  the f ie ld  study w ere  4.2 , 1 .5 , 0.86  and 0.70

for the control , 40,  80 and 160 mg Cu kg±1 soil  t rea tm e n ts

re sp ectiv ely. Bioconcen trat ion fac tors for  the laboratory  s tud y

w e re 4.0,  1 .1 , 0.82 , 0 .77 and 0.30 for  the  con trol , 20, 40, 80 and

160  m g Cu kg±1 so il  t reatm ent s respecti vely.

1H NMR spectra of tissue extracts
T h e  1H N MR spectro scopic analysis of  who le worm  ex tracts

sh o w ed  th e  p resence of  a  la rge num ber of  lo w m olecu lar

weight  m etaboli tes,  including a  num ber of  am ino acids,  sug ar s,

o rg anic  acids and organ ic base s (Figure 2).  T he  NMR spect ra of

the t issue extr acts  w ere  characteristi c  of  the two eart h w o rm

species (F igure 2) . With in species in dividual  t issue extr acts

sh owed l i t t le  variabil i ty  ev en  with in cre asin g expo su re  to

c o p p e r.  Ho wever, in  the f ie ld  study consistent  differen ce s w e re

J. O. T. Gibb et al.296

Soil Soil copper treatments (mg Cu kg ± 1 soil dry wt)

Control 20 40 80 160

Field 3±0.2 26±1.9 43.5±3.4 75.8±3.1 153±5.4

Laboratory 3.7±0.49 25±2.1 49±3.3 92±9.5 192±13.6

Table 1. Mean soil copper concentrations (mg Cu kg ± 1 soil dry wt) in the soil

systems to which Eisenia andrei and Lumbricus rubellus were exposed in the

laboratory and field respectively (n = 4) (±SEM).
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seen in  the aro m atic  reg ion of  spect ra (Figure 3). Bro a d

reson ances at  d 7.0 6 and  d 7.81  and have been  ass igned to  the

sim ple am ino  acid  h ist i dine  H 4 an d H 2 pro ton s resp ectiv ely

after  the standard  addit i on of  authen tic  h ist idine.  Hist idine

w as  p resent  at  low concentr at ions in  co ntro l  indiv iduals o f  L.

ru be l lu s.  O n cop per  exp osure ,  his t idine lev els  becam e

elevated in  a  do se±respo nse f ashion  in  co mp ari so n w ith  other

am ino  acids. T his was i l lustrated with  respect  to  try p to p h a n

w h e re  the intensi t ies  of  the peaks from  the H2 /H6  an d H 4

p roton reso nances fro m  tyro sine  an d hi st idine respectiv ely

w e re  co m p ared (Figure  1) .  Stat is tical analysis indicated that

th e hist id ine:tyrosine rat io  w as s ignif icantly  aff ec ted  by

in c reasing cop per  dosing levels (P < 0.04 ). Whole  body

h ist id ine co ncen tr at io ns w ere  foun d to  reach 4 .2 m M .  T h e

relat ive pro p o rtions (and tota l  levels)  of  other  amino acids

rem aine d con stan t  wi th  in creasin g co pper  ex po su re . T his  w as

il lustr ated wh en the tryp to p han :tyro sine rat io  was

inv es t igated, using  the H7 an d H2 /H6 pro ton s respect ively,

an d sho wn  n ot  to  va ry sign if icant ly  (P = 0.32 0)  (Figure 1(a )).

N o such  re l at io nships are  o bserved af te r  the exposure of  E.

a n d re i to  in creasing concentrat ions of  co pper as nei th er  the

h ist idin e:tyrosin e r at io  nor the try pto p ha n: tyro sine r at io

d iffered signif icantly  between treatm ents  (P = 0.635 and 0.384,

respect ively)  (Figure 1(b )). 

T h e 1H NMR signals from  th e hist idine H 2 and H4 im idazo le

rin g pro tons in  the spectra  of  w orm  t i ssue extr acts  sho w ed

d ifferential  l ine- broadening effects with respect  to  re so n an c es

from  other  amino ac ids;  typ ical  half-height  l inewidths ( n 1 /2
) for

hist idine in  the extracts b eing 8.0 Hz,  whilst  typica l  n 1 / 2
for

other  m etaboli tes in  the extract  were 1±2 Hz (Figure 3) . S uch a

b ro ad ening eff ec t  w ould be expected  if  the h ist idine w ere  i n

dyn am ic chem ical  ex chang e with  som e oth er  species o r

complexed with a param ag net ic  metal ion such as  Cu(II) .  T he

half-height  l ine-widths o f  the hist idine imidazole r ing pro to n

si gnals  w ere  unc hang ed w ith var iat ion  in  the spect rom ete r

p ro be tem p erature  indicat ing  that  chem ical  exchange is  an

unlikely contr ibutor  to  the observed lin e- bro ad en ing  an d

hence ten ding to  suggest  a  p ar am agnetic  contr ibution.

Ecological parameters
No obv ious tren d s  w e re  observed in  the f ie ld  and laboratory

studies for  e i ther  ea rt h w o rm  s u rv iva l  or  eart h w o rm gro w t h

(Tables 2  and 3) .  The only signif icant changes  were observ e d

for  eart h w o rm  grow th in  the laboratory  s tu d y.  In  th is instance

the AN OVA  null  hyp othesis,  th at  copp er  had  no sign if icant

eff ects  on any of  the param eters,  was rej ec ted (P = 0.015).  T he

Tukey±K ram er Mu lt iple  Com par isons test  indicated a

d ifference in  eart h w o rm  grow th b etween  the 80 m g an d 

Biochemical effects of Cu(II) exposure in earthworms 297

(a) (b)

Figure 1. (A) Earthworms Lumbricus rubellus were exposed to four treatments of copper in field mesocosms for 110 days. (B) Earthworms Eisenia andrei were exposed

to five treatments of copper in the laboratory for 24 days. The histidine:tyrosine ratio is indicated by (à ), whilst the tryptophan:tyrosine ratio is shown by (o ). Earthworm

body copper concentrations are given as dry weights (value is shown at top of each bar) and SEM bars are included. For body copper burdens in the field experiment n = 9,

4, 6 and 10 for the control, 40, 80 and 160 mg Cu kg ± 1 soil dry wt and for the laboratory experiment n=15 for all treatments.
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160  mg Cu kg±1 soil  t reatm ents  (P < 0.05) in  thi s case;

e art h w o rm gro w th  wa s red uced at  t he hig her trea tm ent (Table

2).  O ver  the duration of  the f ield  experim ent growth of  L.

rub e llu s was general ly  lower  and mo rta l i ty  higher than  for  the

durat ion of  the labo ratory  exp erim ent using E . andre i. T his is

ei th er  due to  t he h arsher  and  m ore  variab le  enviro n m e n ta l

cond it ions experienced in  the f ield , but  is  m ore  l ikely due to

the m uch lon ger durat io n of  th e f ie ld  experim ent.

Discussion
Sing le pulse high reso lution 1H NMR spect roscop y h as sho wn

that  the ti ssue ext racts of  bo th  eart h w o rm  species contain  highly

com plex m ixtures of metab olites  (Figure 2). These give

biochem ical  profiles shown previo usly to be character istic  of

the spec ies  with resp ect to  the range of  low molecu lar

m etabolites identi f ied  when pollutant st ress was absent (Gibb e t

a l. 199 7) . As exposure to  pollutants is known to disru p t

hom eostas is  within  an organism , resu lt ing in  an  increa se or

d e crease  in  parti cu lar  m etaboli tes (Nicholson and  Wilson 1989),

i t is thought tha t these 1H NMR spect roscop ic  profi les may

reflect  the metabol ic stat us of  the po llutant  st ressed ind ividuals.

F u rt h erm o re , it  is at the  biochemical  and  cel lu lar  ra ther  than  the

individual  lev el  w here pollutan ts have their  effect s (Moore

198 5). Here biolog ical resp onse, or  rather  biochemica l

biomarkers, may be  obse rved  at sub-le thal exposures.

In  the eart h w o rm  L. rub ellus,  exposed to  copper, a re sp o n se

w as  ob served  in  the form of elevation  in  the leve l of the

endogeno us am ino acid hist id ine. I ndeed a  dose±re sp o n s e

elevat ion of  hist idine was observ ed suggest ing that  endogenous

histidine may be a nove l  biomarker  of  enviro nm en tal  ex po su re

to  cop per.  Tim bre ll et  al. (1994)  have sug geste d tha t

biom arkers, in  addit ion to  giv ing  a  measu re of  exposure ,  m ay

also provide som e indicat ion o f  the biochemical  pathways that

a re  perturbed in  the toxic  process.  T here  are  two poss ib le

pathway  explanat ions for  th is elevat ion  of  free hist idine. First ,

that  co pper  exp osu re  som eho w disrupts  his t idin e catabolism

and  e xcre tion, lead ing to  a subsequent e levation in  t issue

concentrations. S econd, that  hist idine is act ively synthesized  as

a response to  raised am bient  copper. In  ei ther  case  the eleva tion

of whole  body hist idine can be viewed  as a detox if ica t ion

p rocess  as hist id ine forms a  ser ies of  highly stable copper

complexes  (Dawson et  al. 1990). Hist idine-copper com plexes

a re signi f ican tly  more  stable  than the correspon ding  octah edral

com plex that the well known meta l  chela ting agent E DTA form s

with copper (Table 4) . Indeed , the ro le  of  hist idine and other

com mon amino acids as physiological  chelators of  copper is

well  described throughou t the l i terature for verte brates. For

example, in  plasm a,  while  the majori ty  of  copper  is t ransport e d

attached  to  album in, a  sm all am ount is a t tached to  am ino acids

or small  peptides . In  the albu min com plex  however,  copper is

bound by histidine at a  speci f ic  tr ipeptide si te  (A sp-Ala-His)  in

man (Peters 1977), while can ine album in has tyro sine at

posi tio n 3,  ra ther  than hist idine,  and hence bind s copper

po or ly. T hus, in  dogs am ino acids take over  the copper

tr an sp o rt  ro le . Furt h erm o re,  in  the verte brate l iver  an

in te rm ed iary  ro le for  a  copper:hist id ine com plex has  been

suggested  in  the up take  of  th is meta l (Danks 1983).

Of all the free am ino acids or  sim ple org anic  acids

com m o nly fou nd  in  o rganism s,  his t idine form s th e m o st

th e rm odyn am ically  stable  copper  com plexes (D awson et al.

199 0) (Table 3) .  T he  inference is  th us,  that  h ist id ine m ay be

acc um u la ted  a s p art  of  a  m etal  ion detoxif ica t ion m echanism .

T h is  i s  su pp orted by  the recen t work of  Kräm er  et  al . (199 6)

w ho  ob served  the eleva tion of  free hist idine lev els in  p lants

tolerant  of  high concentr at ions of  divalent  ions fol lowing

e x p o su re to  Ni(II) . Of al l the  amino ac ids (with the excep tion  of

cysteine)  hist idine also  form s the m ost  th erm o d y na m ica ll y

stable n ickel  co mplexes (Table  4) .  Cyste ine however,  w ou ld be

unsuitab le as  an endo genous ex tracel lular  deto xifying ch elator

du e to  i ts prop ensi ty  to  ox idize to  cyst ine which has a  m uch

lower  m eta l- ion aff in i ty  because  of  the  loss of  the free thio l

grou p with i ts  highly po lar izable  electrons.  Krämer et  al.

(1996) also  character ized  a  hist idine±Ni(II)  com plex with

octahedral  geom etry  around the N i(II)  ion.  F urt her  wo rk  m u st

b e u n d e rtaken as  to  w hether an  analogous Cu( II)  complex

exists in  invertebrate  t issues and co elom ic f luid s.

In their  s tudy Kräm er  et  al.  (1996) invest igated  xylem sap

rath er  than the w ho le org anism  an d h ist id ine w as  s igni f icantly

elevated  above al l  o ther  amino ac ids fol low ing Ni(II)  exposure .

J. O. T. Gibb et al.298

Name Log stability constant

Cu Ni Zn

Histidine 18.3 15.9 11.8

EDTA 15.5 15.3 13.1

Table 4. Stability constants of some metal complexes. For histidine the

cumulative stability constants ( b 2) are shown (at pH 7), whilst for ethylene-

diaminetetraacetic acid (EDTA) the apparent stability constants (most likely to

be found at pH 7) are shown. Modified from Dawson et al. (1990).

Parameter Copper treatment (mg Cu kg ± 1 soil dry wt)

Control(12) 40(8) 80(10) 160(14)

% Survival 48 32 40 56

Mean growth 86±8.0 63±9.2 103±9.3 79±11.7

Table 2. Effect of increasing copper exposure on Lumbricus rubellus %

survival and mean growth (% of weight at beginning of experiment) in the field

(± SEM). Number of samples are given in parenthesis.

Parameter Copper treatment (mg Cu kg ± 1 soil dry wt)

Control(39) 20(12) 40(25) 80(43) 160(36)

% Survival 78±8.6 60±10.0 62±2.5 86±4.0 72±7.3

Mean growth 105±4.7 114±5.85 115±5.5 122±7.5a 92±3.5a

Table 3. Effect of increasing copper exposure on Eisenia andrei % survival

and mean growth (% of weight at beginning of experiment) in the laboratory (±
SEM). Number of samples are given in parenthesis.

a Indicates significant differences between treatments as determined by the

Tukey± Kramer Multiple Comparisons Test (where P < 0.05).
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(a)

(b)

Figure 2. The 500 MHz 1H NMR spectra of tissue extracts from (A) Lumbricus rubellus and (B) Eisenia andrei. Some major metabolites have been assigned. DMA,

dimethylamine.
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O ur stud y inv est igated  wh ole org anism  hist id ine  lev els  w hic h

w e re in  fac t a t signif icantly  lower leve ls than other  NMR-

detectable  am ino acids (F igure 2) . However,  i n  wh ole

e art h w o rm tissue extracts levels of  free hist id ine reache d 4 .2

m M w hile  in  th e p lants  his t id ine reach ed 1.4  mM in  resp on se to

Ni(II)  exposu re (Krämer et  al.  1996).  T hus his t idin e m ay be

actin g as an en ergetical ly  ` low-cost’  so lu t ion to  a  metal  ion

detoxif icat ion p ro blem  for  both copper in  eart h w o rm s  a n d

nickel in  plan ts.  This suggests that  the elevation of  fre e

hi st idine in  respon se  to  m etal  io n challen ge m ay h ave a  mu ch

w id er  o cc urrence and greater  sign if ican ce  than has been

p rev iously thou ght.

J. O. T. Gibb et al.300

Figure 3. The 500 MHz 1H NMR spectra (d 6.8 ±  d 8.0 region only) of earthworm (Lumbricus rubellus) tissue extracts from a control (labelled spectra A) and after exposure

to 160 mg Cu kg ± 1 soil dw (labelled spectra B). The latter sample has been spiked with authentic histidine (labelled spectra C) to give a final concentration of approximately

1.24 mM. His, histidine; Trp, tryptophan; Tyr, tyrosine; U, unassigned. Bracketed abbreviations denote position of proton.
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Copper  bioconcen trat ion factors (BCF) of  below 1.0, seen in

m ost  of  the treatm en ts,  are  consisten t  with  l i teratu re

o bservations (Ma et al.  1983,  Hopkin 198 9, A bdul Rida and

Bouche 1994). High copper  BCF were ,  ho wev er,  seen in

c o n tro l  organism s in  the f ield  and  lab oratory  s tud ies.  T he

d e c rease  in  BCF for  copper with increa sing levels  of  th is m etal

in  the so il  has also been previo usly  observ ed  (see Hopkin 1989

for  rev iew ) al t ho ug h th e m ec han ism  beh in d thi s p hen om en a

has yet  to  be elucidated.  Copper appears  to  be hom eostat ica l ly

regulated by eart h w o rm s. N eu hau ser  et al. (1985)  suggested

that this m ay  be by sa turation of  assim ila t ion si tes for  the metal

or  act ive regulat ion of  thei r  assimilat ion. A lternat ive ly, Stre i t

(1984)  pro posed a  m odel  of  copper  com p art m ental izat ion  i n

e a rt h w o rm s,  and su ggests th at  an excre t io n m ec han ism  is

act ivated on ce  a  cr i t ica l  b ody con cen trat ion is  exceed ed and

d esp ite  regulat ion at  high lev els , co pper concentrat ions

contin ue to  r ise . Basic  so il  comp osi t ion  and chem ist ry  exerts  a

grea t  inf luence  on the bioavai lab il i ty  of  copper  to  eart h w o rm s

(Beye r et  al . 1982, Ma and Bodt 1993). I t  is  thus important  to  be

w a ry  of  com paring different  so i l  types,  a l though cert a in

m od el s h av e been d eveloped to  aid  com parisons (S trei t 1984) .

T he  absence of  a  biomarker  respo nse i n  t he eart h w o rm

E isenia and re i in  the laboratory  exper imen ts m ay possibly  be

explained by one of  a  num ber of  reasons.  T he o bviou s

d ifferen ces between  th e tw o exp erim en ts  w ere f irst ly  per iod of

e x p o su re ;  th is being m uch  grea ter  for  L. ru b el lus (110 days

c o m p a red with  28 days) .  This  is  unlikely to  be highly

signif icant  as  on e wou ld  expect  the shorte r  expo sure  tim e to  be

s u ff icien t for  a  `histidine resp onse’  to  occur  if  i t was going to

h appen  an d indeed  soil  cop per con centr at ion s at  t he en d o f  the

e xp er im en ts  w ere  higher  in  the laboratory.  Se cond ly,  the low er

grow th  an d high er m ortal i ty  in  the f ie ld  experim ent m ay be

d ue to  h arshe r en viro nm en tal  c ond it io ns,  th us m ak ing  L.

ru be l lu s m o re  sensi t ive to  copper toxici ty.  How ever,  th e

changes in  these  ecological  param eters  are  m ore  likely to  be

du e to  the grea ter  length of  the f ie ld  study. Indeed if  L. rub e llu s

w e re  sen si t ized  to  copper  we w ould expect  to  see a  biom arker

response f ro m  E . andre i at  leas t  at  the highest  copper levels in

the laboratory  s tu d y.  Finally, the spec ies belong  to  diffe re n t

ecophys iological  gro up s:  L. rub e llu s is an ep igeic , l iving at the

s u rface  of  agr icultural  and natural so i ls undern ea th  the l i t ter

la yer,  w hils t  E. andre i is  c om m o nly  fou nd  in  c om p osts  an d

d un g heap s bu t  rare ly in  natural  or  agricultur al  so i ls. Both

species h ave re latively high re p roductive r ates  and gro w

ra p id ly.

No obv ious tren d s w e re  observ ed in  physiolog ical

param eter s,  with the excep tion of  a  signif icant  declin e in

growth o f  E. andre i at  the highest  copper do sing levels.  T his

hig hlights  the weakn ess of  u sing such param eter s as

toxicological  end-points , an  issue curren t ly  u n d er  m u ch

d eb ate  in  the area of eco toxicology (Weeks 1995),  part icula rly

w hen  ecologically  s ignif icant  concentrations of  pollutants are

inv est igated.  O ther s tudies have sh own the deleterious effects

of  co pper  at the pop ula t ion level  but  typica l ly  at  higher

concentrat ions than in  this s tu dy (e .g . Ma 1984, Neuhauser  e t

al . 1985) . 1H  NMR spectrosco py thus offers a more  sen si t i ve

in dicat io n o f  p ollu tant  ex posure  t ha n co m m on ly  used

biom arkers .  Furt h erm o re it off ers a  number of  advantages over

other  analytica l  techniques;  the HPL C analysis  of  sap amino

acid com posi t ion by Kräm er et al. (1996) , for  example,

necessi ta ted extensive and  t im e con sum in g co-

c h ro m ato grap hy.  In  comp ar ison 1H NM R spect roscopy offers

rapid , non-select ive analysis of  a wide range of  low molecular

weig ht  m etaboli t es  w ith n o pre-se lec tion of  analyt ica l

co nd it io ns.  1H  NMR spec troscopy thus has g reat  po tential  in

i ts applicat ion as  an eco toxicologica l  prob e.

In  su m m a ry,  w e p ropose that  the use of  low  m olecu lar

weight chelators in  m etal  detoxif icat ion st rateg ies m ay  be

m o re  w id es pre ad  th an  p reviou sly  tho ught . Hist idin e m ay thus

act  as a  biom arker of  such  exposure . In  add it ion,  we h ave

established l in ks between b io marker re sp on se s a nd  p op u la t i o n

param eters ,  a  p rocess  fun damen tal  in  val idat ing  biom ark er

va lu e.
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