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ABSTRACT: Mytilus galloprovincialis Lmk. were maintained in the laboratory for three months in a 
semicontinuous water flow system. Animals were fed a commercial filter-feeder food and sampled 
after 0, 21, 35, 49, 77, and 91 days. In order to establish whether laboratory conditions and the food 
used were deleterious to mussels, their health status was assessed by quantifying different histologi- 
cal parameters of the digestive gland tissue. It was concluded that mussels kept for more than 35 
days under the described laboratory conditions showed signs of stress presumably caused by the 
reproductive state of the mussels investigated. The food used and the nutrition-related health status 
of the animals were adequate, as shown by transmission electron microscopical studies after the 91- 
day maintenance period. A stress response was also evoked by a 10-day starvation period, which 
was reflected by an increased proportion of type I and type IV digestive tubules, and a reduced 
"Mean EpitheLial Thickness" (MET). Finally, the  results  demonstrate the sensitivity of quantitative 
histological diagnosis in comparison tO subjective tubule grading procedures in the assessment of 
the degree of stress experienced by mussels. 

INTRODUCTION 

Mussels are used world-wide in monitoring programmes as pollution indicators 
(Goldberg, 1986). Mussels are ideal monitoring species as they are dominant  members  of 
coastal and estuarine communities,  accumulate different toxicants in their tissues, are 
responsive to many  envi ronmenta l  pollutants, and have a wide geographical  distribution 
(Livingstone et al., 1988). This situation has created an increased interest  in keep ing  
mussel  populations in the laboratory in order to monitor the effects of pollutants  in 
partially controlled conditions (Bayne & Thompson, 1970). Livingstone et al. (1988) report 
that mussels do not display stress due to prolonged handling,  while long-term experi- 
ments  carried out both in laboratory flow-through systems and mesocosm basins  indicate 
the opposite (Bayne & Thompson, 1970; Bayne, 1973; Lowe, 1988). Non-stressing mainte-  
nance  protocols for animals  of potential  biomonitoring use are rare (Sindermann,  1988). 
Besides, the nutri t ional  status of test animals is a factor that might modify the toxicity of 
waterborne chemicals to aquatic organisms (Lanno et al., 1989). 

Mussels show some physiological requirements  that make their ma in tenance  in the 
laboratory difficult. Microalgae are the major source of food, and thus, mussels  are 
usually main ta ined  in the laboratory on monoalgal  diets of different species of microalgae 
or on mixtures of algae, the latter often resulting in higher growth rates (Hummel, 1985). 
Furthermore, food has to be provided continuously at a certain concentrat ion for long- 
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term exper iments .  Alga l  cul tures of considerable  volume have to be  g rown for this 
purpose.  These  features  requi re  t ime-consuming  care and an infras t ructure  not  a lways  
avai lable  in research  laboratories.  For these  reasons  we dec ided  to tes t  an artificial 
commercia l  diet  for feeding  mussels.  The presen t  work  on the musse l  Mytilus gallo- 
provincialis Link., ma in ta ined  under  constant  condit ions of immersion,  repor ts  quant i ta-  
tive changes  in his tology of the digest ive g land  moni tored  over a t h r ee -mon th  period.  

Histological  diagnosis  at the  electron microscope level  is a h ighly  sens i t ive  me thod  of 
de tec t ing  ear ly responses  to starvation, as demons t ra ted  in the inves t iga t ions  on 
hepa topanc rea t i c  R-cells of crus taceans  (Storch et al., 1982; Storch & Burkhardt ,  1984). 
Severa l  papers  have  shown that  the ingest ion of inappropr ia te  food also leads  to 
h is topathological  changes  (Storch & Burkhardt ,  1984; Vogt  et al., 1986; S e g n e r  et al., 
1987) that  are  d is t inguishable  from changes  induced  by  starvat ion (Segner  et  al., 1987). 
Histological  d iagnosis  at the l ight  and  electron microscope level  is also of g rea t  help  in 
moni tor ing the effects of pol lutants  such as pes t ic ides  (Vogt, 1987), a romat ic  hydrocar-  
bons (Robinson & Dillaman, 1985; Cajaravi l le  et al., 1990b, c) and  meta ls  (Papathanass iou  
& King, 1986; Mar ig6mez  et al., 1990; 1991) in a var ie ty  of inver tebrates .  

As in crustaceans,  the digest ive  g land  (or hepa topancreas)  of molluscs shows a grea t  
na tura l  plasticity, and  the morphology  of the digest ive  tubules  changes  cons ide rab ly  with 
al terat ions of envi ronmenta l  condit ions (Thompson et al., 1974; Lowe et al., 1981; Couch, 
1984; Axiak  et al., 1988; Vega  et al., 1989). In the presen t  invest igat ion,  the digest ive 
tubule  structure was measu red  in terms of mean  epi thel ia l  thickness,  m e a n  diver t icular  
radius  and mean  luminal  radius  by  using a p lanimetr ic  p rocedure  (Vega et  al., 1989). A 
subject ive tubule  g rad ing  method  was also used  to es t imate  the  propor t ions  of tubules  at 
different d igest ive  s tages  (Langton, 1975; Robinson & Langton,  1980). The volume 
densi ty  of basophi l ic  cells was  de t e rmined  in paraffin sect ions by  a po in t -count ing  
method  (Cajaravil le  et al., 1990a). These  quant i ta t ive  pa ramete r s  can serve  as a basis to 
evalua te  the degree  of stress in natura l  and  cul t ivated popula t ions  of mussels .  Transmis-  
sion electron microscopy was also used  to provide  a further analysis  of the  condit ion of 
the digest ive and  basophi l ic  cells after the th ree-month  main tenance  per iod.  The  gonad  
index  (Seed, 1969) was de t e rmined  to assess  the  reproduct ive  state of mussels .  

The object ive  of the p resen t  s tudy was thus twofold: first, to es tabl ish  whe the r  the  
labora tory  condit ions used  were  themselves  deleter ious  to mussels,  and  second,  to 
de te rmine  the sensit ivity of the different histological  stress pa rame te r s  desc r ibed  above  
in the detec t ion  of subt le  changes  in mussel  condition. Special  at tent ion was  also pa id  to 
the assessment  of the nutr i t ive value  of the food used. 

MATERIALS AND METHODS 

E x p e r i m e n t a l  p r o c e d u r e  

Mussels,  col lected from Mefiakoz,  Biscay (43 ~ 24' N, 2~ ' W) in March  1988, were  
t ransferred to the laboratory.  50 individuals  (2.5-3.5 cm shell  length) we re  d is t r ibuted  in 
25-1 po lye thy lene  covered tanks  in a thermosta t ized  semicont inuous  wa te r  flow system 
using natura l  seawate r  (Zierbena,  Biscay) f i l tered th rough  ac t iva ted  charcoa l  and  glass-  
wool, the wa te r  be ing  r ep laced  every 2 days.  Mussels  were  ma in t a ined  unfed  at 15-16 ~ C 
for 10 days  to provide  accl imat izat ion to labora tory  conditions. Thereaf ter ,  indiv iduals  
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were  kep t  in repl ica te  series for three  months under  natural  photoper iods  and  fed with a 
commercia l  f i l ter-feeder  food (Marine Inver tebrate  Diet, Hawai ian  Mar ine  Imports  Inc., 
d is t r ibuted by  Carol ina  Ltd.). The food was a mixture of se lec ted  organic  par t ic les  and  
amino acids ( ingredients:  casein, dr ied yeast,  thiamine,  riboflavin, niacin, sod ium benzo-  
ate, ascorbic acid  and sodium chloride). Approximate ly  two drops were  a d d e d  per  tank  
every day. Faeces  were  mechanica l ly  removed  from the tanks  once a day  before  the 
addi t ion of fresh food. The tanks  were  continuously aerated.  Wa te r - t e mpe ra tu r e  was 
recorded  every work ing  day; it a v e r a g e d  15.25 _ 1.01 ~ in April, 16.17 • 0.77 ~ in 
May, and  16.47 • 1.20 ~ in June.  

P l a n i m e t r i c  a n a l y s i s  of d i g e s t i v e  t u b u l e s  a n d  t u b u l e  g r a d i n g  m e t h o d  

Mussels  were  sampled  after 0, 21, 35, 49, 77, and  91 days. Five animals  were  
removed  from each  repl icate  exper imenta l  group at  each sampl ing  period,  excep t  in the 
sample  0 (10-day  s tarved animals), where  a total  of 44 animals  was  used.  After  the 
animals  had  been  removed  from the shell, a port ion of the mant le -d iges t ive  g land  tissue 
was carefully excised  and f ixed in Bouin's  fluid. Fol lowing dehydra t ion  th rough  an 
ascending  e thanol  series, the t issues were  c leared  in me thy lbenzoa te  and  e m b e d d e d  in 
paraffin. Sections (9 ~m) were  cut and  s ta ined with haematoxyhn-eos in  (H/E). Observa-  
tions on the p r e s e n c e / a b s e n c e  of the crystal l ine style were  carr ied out for each  animal,  
and  a l though no a t tempt  was made  to measure  style length,  its size was subject ively 
g r aded  into small, in te rmedia te  and large. 

In order  to quant i fy the  morphologica l  structure of the digest ive tubules,  a p lan imet -  
tic p rocedure  (based on the geometr ica l  t ransformation of a tubule  sect ion into a regula r  
geometr ica l  figure) was a p p h e d  (Recio et al., 1988). Five tubule  sections were  se lec ted  in 
each of the five fields of two different  sections of the digest ive g land  (45-180 ~m from one 
another).  The select ion of fields within a g iven sect ion was made  by  a lways  s tar t ing at the 
top-r ight  angle  of the  tissue. Fur ther  fields were  se lec ted  at given intervals  across the 
tissue section, the  direct ion of movemen t  a lways having the same z ig-zag  pat tern .  Thus, 
50 tubule  sect ions were  d rawn per  mussel  (50 • 10 = 500 tubule  sections pe r  exper imen-  
tal group) with the aid of a d rawing- tube  a t tachment  to a Nikon "Opt iphot"  microscope 
(total magnif ica t ion 670 x). W h e n  necrotic tubules  (see below) were  present ,  only the 
outer  profile of the  tubule  sect ion could be  drawn.  In cases where  a par t  of the  digest ive 
tubule  epi the l ium still showed structural  integrity,  both inner  and  outer  profiles of this 
part  of the epi the l ium were  drawn.  Section profiles were  recorded  by  m e a n s  of a 
Wa tanabe  DT1000 digitizer,  and  planimetr ic  measures  ca lcula ted  by  an Ohvet t i  M240 
personal  computer  following the p rocedure  of Vega  et al. (1989). Five pa r a me te r s  were  
obtained:  Mean  Epithel ial  Thickness  (MET), Mean  Divert icular  Radius (MDR), Mean  
Luminal  Radius (MLR), MET/MDR ratio and  MLR/MET ratio. The three absolu te  para-  
meters  are ca lcu la ted  as follows: (1) MET = according to Recio et al. (1988); (2) MDR = 
AV~-0/-~; and  (3) MLR = V'-~-~; where  Ao and Ai are the areas  enclosed  by  the outer  and  
the inner  shapes  of the tubule  section, respect ive ly  (Vega et al., 1989). 

Besides, the digest ive  tubules  used  for the calculation of the  p lan imet r ic  pa rame te r s  
were  also ana lysed  us ing a subject ive  tubule  grad ing  method.  The calculat ion of pro- 
portions and  var iances  of each  tubule  type per  animal  was b a s e d  on the classif ication of 
50 tubules.  Each tubule  was classif ied according to the following types:  hoIding (type I), 
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absorpt ive  (type II), d is in tegra t ing  (type III) and reconsti tut ing (type IV) (Langton,  1975; 
Robinson & Langton,  1980). A fifth tubule  type was considered to b e  necrotic,  as 
previously  descr ibed  by  Cajaravi l le  et al. (1989). Necrotic tubules  are  cha rac te r i zed  by  
the absence  of a wel l -de l imi ted  inner  border l ine  of the tubule  sect ion as the  l umen  of the  
tubule  is comple te ly  fi l led with cell debr is  and  with cells undergo ing  autolysis .  Thus, this 
tubule  type  is def ined by  a MET value  close to 0 ~m. 

S t e r e o l o g i c a l  a n a l y s i s  of b a s o p h i l i c  ce l l s  

A s tereological  p rocedure  was a p p h e d  in order  to quantify the  vo lume densi ty  of 
basophi l ic  ceils. Counts  were  m a d e  in each  of the five fields of the two different  sect ions of 
the digest ive  g land (45-180 ~m from one another).  The selection of fields wi th in  a g iven 
sect ion was m a d e  as descr ibed  above  for the planimetr ic  analysis  of d iges t ive  tubules.  
Thus, cell counts were  m a d e  in 10 fields pe r  mussel  (10x 10--100 count ings  pe r  
exper imenta l  group). A Weibe l  grat icule  (mult ipurpose test system M-168)  was  used  
(Weibel, 1979), and  hits on basophi l ic  cells and  on the remain ing  d iges t ive  t issue were  
recorded.  From these  values,  the  volume densi ty  (VD) of basophi l ic  cells was  de t e rmine d  
us ing the following equat ion:  

X l + X 2  + . . .  + X n  
VD = 

m x n  

where :  X: number  of s egmen t  edges  fall ing on basophi l ic  cells, m: total  n u m b e r  of 
s egmen t  edges  fall ing on digest ive  tissue, n: number  of counts made  (10 for each  mussel).  

H i s t o l o g i c a l  s t u d i e s  of g o n a d  d e v e l o p m e n t  

The arbi t rary scheme of classif ication of the gonad  condit ion repor ted  by  Seed  (1969) 
for 5/Iytilus edulis was used. Four main  s tages  were  thus recogn ized  (developing,  ripe, 
spawning  and spent), and  the mean  g o n a d  index for each sample  was d e t e r m i n e d  as in 
Seed  (1969). Each sample  compr ised  10 individuals ,  except  on the first s ampl ing  day  (0) 
when  44 animals  were  graded.  The index  var ies  from zero when  all ind iv idua ls  in the  
sample  are  in the spent  condition, to five when  all individuals  are  fully mature .  

T r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  

For electron microscopy,  samples  of animals  were  taken  after 91 days.  Tissue blocks  
from the digest ive g land  were  fixed in 2.5 % g lu ta ra ldehyde  in phospha te  buffer  (+ 2.5 % 
NaC1) at pH 7.4 for 2 h at 4 ~ C. The samples  were  r in sed  in phospha te -bu f fe red  sucrose 
(1:3 sucrose 0.38 M) and  post - f ixed in 1% osmium tetroxide in phospha t e  buffer  at p H  
7.4 for 1 h. After dehydra t ion  th rough  an ascend ing  ethanol  series into p r o p y l e n e  oxide,  
spec imens  were  e m b e d d e d  in Durcupan  resin (ACM Fluka). Blocks were  cut  on an  LKB 
ul tramicrotome.  Semithin  sections were  s ta ined  with toluidine blue and  e x a m i n e d  by  
hght  microscopy. Ultrathin sect ions were  col lected on copper  grids and  s ta ined  with 
uranyl  aceta te  and  l ead  citrate. Observat ions  were  made  in a JEOL (JEM 100 SX) 
electron microscope at 60 kV. 
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Statistics 

Fiducial intervals were calculated using Student's t-test, and significant differences 
between means were established at p<0.05 level (Sokal & Rob_if, 1979). One-way 
analysis of variance (ANOVA) was used to test significant differences between the 
sampling periods for each parameter (significance level p < 0.05). Correlation and regres- 
sion analyses were carried out to establish significant relationships among the studied 
parameters. For these analyses the statistical package SPSS/PC+ (SPSS Inc., Microsoft 
Co.) was used in an AT personal computer (Atlas 286). Linear regression analyses were 
also performed to test the dependence of changes in GI with time. 

RESULTS 

No mortality was recorded in one of the tanks during the whole experiment. 

However, mussels from the other aquarium started to die by day 65 in a massive fashion, 
and no animals survived by day 77. This mortality was accompanied by a cloudy 

appearance of the water at day 65 and was probably due to an accidental overuse of food 

affecting water quality. 
Crystalline styles were rarely lacking in animals sampled at any time through the 

assay (Fig. la). Microscopical observation of the style sac region showed that crystalline 

styles of different sizes were present in 71%, I00 %, 80 %, 63 %, i00 % and 80 % of the 

animals sampled after 0, 21, 35, 49, 77 and 91 days, respectively. There was no apparent 

relationship between style size and maintenance conditions. 

The total GI showed a continuous decrease over the experimental period (Fig. 2). GI 

values at the start of the experiment indicated that mussels were already spawning on 

March 29. Nevertheless, total GI values did not appear to reflect accurately the reproduc- 
tive condition of the mussels. Consequently, GI was calculated separately for both males 

and females; and animals that could not be sexed (graded as 0) were added in equal 

shares to males and females, The general trend in female mussels was a lowering of the 
GI, with a mean GI value of 0 attained at the end of the experiment. A gradual decrease 

of GI was also observed in male mussels, although GI values of males were consistently 

higher than those of females. Regression analyses indicated a significant linear relation- 
ship between each total GI, female GI and male GI and time (Table l). The slopes of the 

three curves were very similar but the Y intercept value was higher in males than in 
females. Abnormal conditions, such as hemocytic infiltration of follicles containing 

mature gametes (Bayne et al., 1978), were very rarely observed (3 cases). Mussels in the 

spent or resting phase (predominant in the 77- and 91-day samples) always showed 
follicles empty of gametes and frequently filled with hemocytes and/or brown cells. 

Results of the planimetric analysis of the digestive gland tubules are given in Figure 

3. The analysis of variance (Table 2) indicates that the five planimetric parameters differ 
significantly between samples. MET values increased steadily from day 0 to day 35 while 

values obtained in later samplings were markedly lower (Fig. 3a). Two different groups 

were also distinguished when MET/MDR values were considered (Fig. 3d). Similarly, 
mussels sampled until day 35 showed low values of MLRIMET while those sampled later 

showed nigh MLR/MET mean values (Fig. 3e). Digestive tubule size (MDR) increased 

from day 0 to day 35 and showed little further change (Fig. 3b). Digestive tubule lumen 
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Fig. l a -d .  Mytilus galloprov~ncialis. Light microscopy; cross-sections th rough  the digestive gland, a: 
Stomach of a mussel  sampled at day 0, after 10 days starvation, showing the crystalline style 
(asterisk); x 180. b: Digestive gland tubules of a 10-day starved mussel. Note that  most  tubules  are of 
the reconsti tuting type (or type IV). S = sperm; x 95. c: General  morphology of necrotic tubules 
(arrows) in a mussel  sampled at day 35; x 190, d: Digestive gland tubules of a mussel  sampled at day 
35. Note that  type I tubules (arrows) are relatively small, while type III tubules (asterisks) are 

relatively large; • 180 
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Fig. 2. Values of the Gonad Index (GI) for females, males and for the total experimental population at 
the sampling periods 

size (MLR) also increased over the experimental  period (Fig. 3c), maximum values be ing  
obtained on days 77 and 91. 

Data concerning changes in the percentages  of the different tubule  types over the 
experimental  period are shown in Figure 4 and Table 2. The percentage of type I tubules  
showed some t ime-related changes, al though not statistically significant (Fig. 4a, Table 
2), and  most of the tubules were at stages II and HI on every sampling day. No time- 
dependen t  coherent  t rend was observed in the percentages of these two tubule  types 
(Figs 4b and 4c), al though type II tubule  percentage was markedly decreased on day 91 
correlating with an increased percentage of type III tubules. The percentage of type IV 
tubules was very low on day 21 and  gradually increased through the experimental  period 
(Fig. 4d). The percentage of the latter type of tubule  was high in the group of starved 
mussels (Fig. lb) where type I tubules  were also relatively abundant .  Necrotic tubules 
(Fig. lc) were always a very low percentage of the total tubule  populat ion and  their 
quant i ty  did not change significantly during the assay (Fig. 4e, Table 2). 

The results of the stereological analysis of basophilic cells are given in Figure 5. The 
basophilic cell volume density (VD) of mussels main ta ined  without food was low and 

Table 1. Regression equations of female, male and total Gonad Index (GI) against time; t: time; 
r: correlation coefficient; P: signification of r 

GI~ = -0.0202 t + 2.1673; r = -0.8321 (P = 0.0399) 
Glm = -0.0250 t + 3.2497; r = -0.8838 (P = 0.0195) 
GIt = -0.0226 t + 2.7085; r = -0.7603 (P = 0.0041) 
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Fig. 3a--e. Results of the  ptanimetric analysis of the digestive gland tubules. Vertical segments  are 
95 % confidence intervals, a: MET; b: MDR; c: MLR; d: MET/MDR; e: MLR/MET 
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Fig. 4a-e.  Results of the subjective tubule grading analysis of the digestive gland tubules, Vertical 
segments are 95 % confidence intervals, a: Type I tubules; b: Type II tubules; c: Type III tubules; 

d: type IV tubules; e: necrotic tubules 
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Table 2. One-way ANOVA to test significant differences be tween  samphng  periods. F: F ratio; P (F): 
probability of F; DFB: degrees of freedom be tween  groups; DFW: degrees  of freedom within groups 

Parameter  F P (P) DFB DFW 

MET 2.7457 0.0322" 5 39 
MDR 4.7814 0.0017' * 5 39 
MLR 3.9419 0.0055 * * 5 39 
MET/MDR 2.9003 0.0255" 5 39 
MLR/MET 3.2114 0.0160" 5 39 

Type 1% 1.8624 0.1233 5 39 
Type II % 5.7987 0.0004 * * 5 39 
Type III % 6.5740 0.0002** 5 39 
Type IV % 2.6187 0.0391' 5 39 
Necrotic % 0.7193 0.6129 5 39 

Bas VD 8.1693 <0.00005** 5 39 

�9 P <0.05; * *  P <0.01 

s imi la r  to t h e  VD of m u s s e l s  s a m p l e d  o n  d a y  35 in  c o m p a r i s o n  to t h e  V D  of m u s s e l s  

s a m p l e d  o n  a n y  o t h e r  day.  T h e  A N O V A  i n d i c a t e s  t h a t  c h a n g e s  in  th i s  p a r a m e t e r  a r e  

h i g h l y  s i g n i f i c a n t  ( T a b l e  2). 

C o r r e l a t i o n  a n d  h n e a r  a n d  l o g a r i t h m i c  r e g r e s s i o n  a n a l y s e s  w e r e  p e r f o r m e d  a m o n g  

p l a n i m e t r i c  p a r a m e t e r s ,  p e r c e n t a g e s  of t u b u l e  t y p e s  a n d  t h e  V D  of b a s o p h i h c  cells.  

S i g n i f i c a n t  r e l a t i o n s h i p s  b e t w e e n  p a i r s  of p a r a m e t e r s , a r e  g i v e n  in  T a b l e  3. T h e  r e su l t s  
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demonstrate that changes in the planimetric parameters (except MDR) were correlated 
with changes in the percentages of type II, type IV and necrotic tubules. As might be 
expected, higher digestive epithelial thickness (MET) values and MET/MDR values 
coincided with higher percentages of type II tubules and lower percentages of type IV 
and necrotic tubules. In contrast, the size of the digestive tubule lumen (MLR) and the 
ratio MLR/MET were negatively correlated with percentages of type II tubules and 
positively with percentages of type IV and necrotic tubules. Changes in the percentages 
of tubules in stages I and III were significantly correlated with the size of digestive 
tubules (MDR), type I tubules being relatively small and type iII tubules relatively large 
(Fig. ld). Finally, the VD of basophilic cells increased with increasing percentages of type 
III tubules, and the correlations of basophilic cell VD with any other parameter were not 
significant. 

The ultrastructure of cells forming the digestive tubules of animals maintained for 
three months in the laboratory was found to be similar to that described in M. edulis 
(Thompson et al., 1974) and in other bivalve molluscs (Owen, 1970, 1972, 1973). The 
pyramid-shaped basophihc cells showed a well-deveIoped rough endoplasmic reticulum 
in the basal and perinuclear portion, and typical secretory vesicles in the apical and mid 
portion (Fig. 6a). Prominent Golgi bodies were also found supranuclearly (Fig. 6a). 
Prominent Golgi bodies were also found supranuclearly (Fig. 6a). The apical part of the 
columnar digestive ceils was filled with numerous small spherical and tubular vesicles 
(Fig. 6b) and with irregularly shaped heterophagosomes (Fig. 6a). Large heterolysosomes 
were found in the mid portion of the cells while residual bodies containing electron-dense 
material surrounded by a clear zone (Fig. 6a) were located mainly basally. Golgi bodies of 
classical appearance were also observed within the digestive cells (Fig. 6c). Tubules at 
different digestive stages showed different pinocytotie activity in the apex and different 
numbers of the lysosomal vesicles mentioned above. For instance, type IV tubules 
appeared to be for the most part inactive (Fig. 6d). 

DISCUSSION 

The morphology of the tubules in the digestive gland of experimental animals was 
not typical, compared to animals from the natural environment, which are subjected to a 
tidal regime. Langton (1975) reports that the percentage of type III plus IV tubules made 
up only 10 % of the tubules m a mid-tidal mussel population. Under our experimental 
conditions, type II and III tubules were predominant throughout the assay, their relative 
importance varying from one sample to the other. Bright & Ellis (1989) also report that 
absorptive and disintegrating tubules are predominant in an infaunal population of 
Macoma carlottensis. Type I and IV tubules also contribute significantly to the total 
tubule population of our experimental mussels. 

Crystalline styles of varying sizes were present in mussels sampled at any time, 
including those starved for ten days. Robinson (1983) reports that quahogs, Mercenaria 
mercenaria, starved for 50 and 57 days had "high instances of missing crystalline styles". 
Langton (1977) shows that the style size decreases during the non-feeding period 
(exposure) in a mid-tidal mussel population but complete disappearance is not reported. 
In agreement with our results on mussels continually immersed, crystalline styles were 
rarely lacking in a subtidal population of M. mercenaria (Robinson & Langton, 1980). 
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Fig. 6a-d. Mytilus galloprovincialis. Electron microscopy. Cross-sections through the digestive gland 
of mussels sampled after 91 days. a: Basophilic cell (B) showing a well-developed rough endoplas-  
mic reticulum, an  active Golgi body (asterisk) and secretory vesicles. The digestive cell (D) shows 
numerous small vesicles, phagosomes (arrows) and residual bodies (R); L, tubule lumen, x 6500. b: 
Note an intense pinocytotic activity (arrows) in the apex of digestive cells; • 5000. c: Active Golgi 
body of a digestive cell. R = residual body; x 24 000. d: Detail of basophilic (B) and  digestive cells 

(D) in a type IV tubule. L = tubule lumen; x 4500 
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Therefore,  it can be  sugges t ed  that  the presence  of the crys ta lhne style is not  cor re la ted  
with the  p r e s e n c e / a b s e n c e  of food mater ia l  {the majori ty  of the 10-day s ta rved  mussels  
shows wel l - fo rmed  styles) but  with the condit ions of immers ion /exposure .  It is also 
possible  that  a 10-day starvat ion pe r iod  is not  long enough to p roduce  the d i s a p p e a r a n c e  
of the style. 

Both the  10-day starvat ion per iod  and the long- term labora tory  m a i n t e n a n c e  cause 
changes  in the  pe rcen tages  of tubule  types  and in the p lanimetr ic  pa ramete rs ,  ind ica t ing  
a genera l  adap ta t ion  of mussels  to changes  in envi ronmenta l  conditions.  The  responses  
evoked  by  these  two sources of stress will be cons idered  separate ly .  

When  the five p lanimetr ic  pa rame te r s  are cons idered  together ,  it b e c ome s  ev iden t  
that  expe r imen ta l  animals  form two separa te  groups. Mussels  s ample  d after  0, 21 and 35 
days  show h igher  va lues  of MET, MDR and MET/MDR and  lower  va lues  of MLR/MET 
than mussels  s amp led  after 49, 77 and 91 days. The lumen of the  d iges t ive  tubules,  
measu red  as MLR, increases  gradual ly  over the  exper imenta l  per iod  and  is c lear ly 
associa ted  with increas ing  pe rcen tages  of tubules  in the reconst i tu t ing s tage  {type IV). 
Type  II and  III tubules  show no par t icular  t ime -dependen t  trend,  but  va lues  of type  III 
tubules  are  re la t ive ly  h igh  after  91 days  ma in tenance  in the laboratory.  Severa l  s tudies  
have  s u g g e s t e d  that  the  inc idence  of digest ive tubules  wi th  d i la ted  l u m e n  inc reases  
when  molluscs  a re  sub jec ted  to different stress condit ions (Thompson et  al., 1974; 
Thompson et al., 1978; Couch, 1984). Some authors  (Couch, 1984; Fournie  et  al., 1988) 
refer to this syndrome  as ~atrophy" of bivalve digest ive tubule  epi theha .  The  p h e n o m e -  
non has  been  further quant i f ied  as a reduct ion in the  mean  epi the l ia l  th ickness  (MET) of 
the  digest ive  ep i thehum (Marig6mez et al., 1986; Recio et al., 1988; Vega  et  al., 1989; 
Agi r regoikoa  et al., 1991) or as a reduction in other  equiva lent  pa rame te r s  indica t ive  of 
digest ive  cell  size (Lowe et al., 1981; Robinson, 1983; Axiak  et al., 1988). Thus, swe lhng  of 
the digest ive  tubule  lumen  and reduct ion  of digest ive ep i theha l  th ickness  reflect  a stress 
response in different  species  of molluscs, from the terrestr ial  gas t ropod  Arion ater  to the 
mar ine  gas t ropod  Littorina littorea and the mar ine  bivalve Mytf lus  galloprovincialis. The 
results of this work  also indicate  that  mussels  kep t  for more  than  35 days  u n d e r  the 
descr ibed  labora tory  condit ions are  not  heal thy.  Never theless ,  the  condi t ion of musse ls  
kept  for more  than  35 days  was not  as bad  as the  condit ion of mussels  expe r imen ta l ly  
contamina ted  with pe t ro leum hydrocarbons  {Cajaravflle et al., 1989), b a s e d  on the 
measu remen t  of the same parameters .  Labora tory  ma in tenance  condit ions m a y  impose  a 
t empera tu re  and nutr i t ive stress on the animals,  thus reduc ing  their  fitness. However ,  
mussels  are  ab le  to compensa te  changes  in envi ronmenta l  condit ions to some extent ,  and  
a new s teady-s ta te  may  then be  reached.  Bayne (1973) reports  that  the oxygen  consump-  
tion rate  decl ines  to s teady-s ta te  values  after 22-30 days of labora tory  ma in tenance ,  
s tar t ing in late April,  at 15~ and  with an a d e q u a t e  food ration. In our exper iment .  
carr ied out dur ing  Apr i l - June ,  the  first sample  was  t aken  after 21 days  and musse ls  from 
this sample  were  cons idered  to be  "heal thy" or at least  fully acc l imated  to l abora tory  
conditions.  In fact, the  va lues  of the  p lanimetr ic  pa rame te r s  ob ta ined  for this s amp le  a re  
comparab le  wi th  the  va lues  ob ta ined  in mussels  s ampled  from the field at  the  s ame  
locali ty in the same  per iod  of the  yea r  (P6rez, 1989). The  quest ion is w he the r  the  stress 
response  evoked  after 35--49 days  of exper iment  is caused  direct ly  by  the long- te rm 
main tenance  or indirect ly  by malnutri t ion,  t empera tu re  stress and /o r  ind iv idua l  w e a k e n -  
ing associa ted  with the  reproduct ive  condition. Starvat ion symptoms  desc r ibed  in crusta-  
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cean  R-cells include a dec reased  cell volume, the reduct ion of the microvillous processes ,  
small  amounts  of RER and  mitochondria  which become swollen, reduct ion or lack  of 
Golgi  fields, increased  numbers  of autolysosomes and residual  bodies ,  dep le t ion  of 
reserve  mater ia l  and  severe  al terat ions of the basa l  lamina  (Storch et al., 1982; Storch & 
Burkhardt ,  1984; Anger  et al., 1985; Vogt et al., 1986}. Very similar u l t ras t ructura l  
al terat ions have  been  recorded  in the hepatocytes  (Avila, 1986} and  intest inal  epi the l ia l  
cells (Segner  et al., 1987) of various teleosts  upon starvation. In the digest ive  g land  of M. 
edulis, the cytoplasm of the digest ive cells is r educed  in volume and  dens i ty  after a 4- 
w e e k  starvat ion period,  and  disrupt ion of digest ive cell structure, which  shows a cyto- 
p lasm deficient  in inclusions, occurs after e leven w e e k s  of s tarvat ion (Thompson et  al., 
1974}. Basophilic cells degene ra t e  earher  than digest ive cells: d isorganiza t ion  of endo-  
plasmic ret iculum and inact ive Golgi  bodies  are de tec ted  both after 4 Weeks s tarvat ion 
and after 11 weeks  feeding in the labora tory  (Thompson et al., 1974}. None  of the 
al terat ions descr ibed  above  for s tarved animals  were  observed  in our exper imen ta l  
mussels  after the 3-month main tenance  period.  Golgi  bodies  were  found to be  especia l ly  
we l l -deve loped  in both digest ive and basophi l ic  cells, and changes  in mi tochondr ia l  
morphology,  which  are cons idered  to be  a specific response  to s tarvat ion {Avila, 1986), 
were  never  observed.  Digest ive cells showed normal  pinocytofic activity, and  all the 
different  components  of the lysosomal  system, inc luding phagosomes  (Owen, 1970, 
1973), were  present .  The  f lagel la ted  type II basophihc  cell found to be  p rominen t  under  
labora tory  conditions by  Thompson  et al. (1974) was not observed,  or was not  dist ing- 
u ished  from normal  basophihc  cells, under  the presen t  exper imenta l  conditions.  Signs of 
cel lular  degenera t ion ,  s tart ing with the dilation of intercel lular  spaces,  were  a lways  
found associa ted  with necrotic  tubules  which const i tuted a constant  propor t ion (5-10 %} 
of the total tubule  popula t ion  at every samphng  periQd. Ultrastructural  a l terat ions  
caused  by  the ingest ion of inappropr ia te  food (Storch & Burkhardt ,  1984; Avila, 1986; 
Vogt  et al., 1986; Segner  et al., 1987) were  never  observed  and thus we  conclude  that  
the food used  and the nutr i t ion-re la ted  heal th  status of the animals  were  adequa te .  
Nevertheless ,  it seems that  the dissolved organic mat ter  p resen t  in the food is the 
nutri t ious component  for mussels,  since the par t icula te  mat ter  concentra t ion (average 
part icle  d iameter  5.25 ~tm as m e a s u r e d  with a Coulter-Counter} dec reases  very  rapidly  
(< 1 h) to very  low levels when  f i l ter-feeder  organisms are present  (Dr. E. Navarro,  pets.  
comm.). Some natural ly  occurr ing par t icula te  mater ia l  (bacteria?) may  also have  b e e n  
used  for food by  mussels.  

A t empera tu re  stress may  have  exis ted  throughout  the assay; but, as t empera tu re  
was ma in ta ined  near ly  constant  dur ing the assay and  no significant increases  were  
recorded  around the critical days  35--49, t empera tu re  itself is not enough  to expla in  the 
stress response  recorded  in animals  from the 35-day sample  on. Most  probably ,  changes  
in mussel  reproduct ive  condit ion were  the cause of the  stress response  recorded.  The 
seasonal  reproduct ive  cycle profoundly  affects the biochemical ,  cel lular  and  physiologi-  
cal processes  in mussels  and,  as  shown by  Bayne et al. (1978), inc reased  stress is ev iden t  
following spawning.  Musse l  d iges t ive  cells show disruption of s tructure and  ev idence  of 
autolysis (i.e. lysosomal  destabi l izat ion)  after spawning  (Bayne et al., 1978). The  process  
of digest ive cell autolysis may  lead  to a reduct ion in digest ive cell volume,  which  may  in 
turn be  ref lected in changes  in both  planimetr ic  pa ramete r s  and  tubule  type  proport ions,  
as observed  after the 35-day ma in tenance  period. In fact, the GI shows a grea t  reduct ion  
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at day  35 in females,  and  the first comple te ly  spent  males  a p p e a r  also at  this sampl ing  
period.  

Mussels  s ta rved  for 10 days  show a number  of features  that  d i f ferent ia te  them from 
animals  of further  samphngs:  MET values  of s tarved musse ls  are  lower  than  those of 
mussels  fed for 21 and  35 days.  MDR values  are also lower  and, as i nd i ca t ed  by  the 
correlat ion analysis,  could be  re la ted  to the high pe rcen tage  of type  I tubu les  in this 
exper imenta l  group. Since decreases  in these  two pa ramete r s  are of the same  magni tude ,  
no changes  in MET/MDR values  are de tec ted  be tw e e n  groups  of musse ls  s ampled  after 
0, 21 and 35 days.  MLR values  are  low in the s tarved group but  c o m p a r a b l e  to MLR 
values  of mussels  s ampled  after 21 and 35 days. This result,  t oge the r  wi th  results  
concerning the pa rame te r  MET, clearly indicate  that  a l though a stress r e sponse  is caused  
by  the 10-day s tarvat ion period,  the stress response  evoked  by  the long- te rm labora tory  
ma in tenance  is of h igher  magn i tude  and significance. 

Concern ing  the morphology  of digest ive tubules,  the pe rcen t age  s of type  I and  IV 
tubules  are par t icular ly  high, while  the pe rcen tage  of type  III tubules  is low in the animals  
s ta rved  for 10-days. The work  of Lowe {1988) implies,  on the  basis of non-quant i t a t ive  
data, that  food depr ivat ion  leads  to a h igher  inc idence  of tubules  in res t ing {type I} 
condition, whi le  chemical  pol lut ion is charac te r ized  by  an increase  in tubu les  with a very 
thin digest ive  epi the l ium {type IV). The fact that  type I tubules  increase  (and type  II 
tubules  subsequen t ly  decrease} in s ta rved  mussels  has long ago b e e n  demons t ra t ed  
(Langton, 1975) and is confirmed by  the p resen t  study. Apar t  from a h igh  propor t ion of 
type I tubules,  10-day s tarved animals  also show a high pe rcen t age  of type  IV tubules  in 
the presen t  exper imen ta l  conditions,  contrary to the results  repor ted  by  Langton  {1975) 
and Robinson {1983}. However ,  our results agree  with those of Thompson  et  al. {1978} and  
Thompson et al. (1974} in which starvation per iods  of 13 days  and 4 weeks ,  respect ively,  
cause inc reased  proport ions  of type  IV tubules  in mussels,  as de r ived  from their  pub-  
l ished photomicrographs .  Wins tead  & Couch {1988} also repor t  that  oysters,  Crassostrea 
virginica, he ld  without  food for several  weeks  show d imin i shed  d iges t ive  tubule  
epithelia.  These  results  indicate  that  a h igher  inc idence  of type  IV tubules  is not only  
indicative of pol lu t ion- induced  pathology,  as sugges ted  by Lowe {1988}, bu t  is a ra ther  
genera l  and  unspecif ic  adap t ive  response  of mussels  to inappropr i a t e  ma in t enance  
conditions.  The p resen t  s tudy also shows that  mussels  can easi ly  recover  from the s tarved 
condit ion since MET, MLR and MET/MDR values  increase,  and  pe rcen t ages  of type  I and  
IV tubules  dec rease  after 21 days  of normal  food supply.  

With r ega rd  to the  pe rcen tage  of necrot ic  tubules,  there  is no signif icant  a l tera t ion in 
this pa r ame te r  over  the exper imenta l  period.  The invest igat ions  of A g i r r e go ikoa  {1988} 
and P~rez {1989} on mussels  collected from the same a rea  also indicate  a conspicuous  
inc idence  {0-13 %) of necrotic tubules  m most per iods  of the  year.  Recent  s tudies  have  
sugges ted  a re la t ionship be tween  the occurrence  of necrot ic  tubules  in b iva lves  and  
different  stress condit ions such as pol lut ion (Berthou et al., 1987; Auffret. 1988; G a rdne r  
& Yevich, 1988; Bright & Ellis, 1989}, t empera tu re  stress (Henry, 1987) and  malnutr i t ion 
(Henry, 1987; Ca tacu tan  & De la Cruz, 1989}. However ,  Cajaravi l le  et  al. (1989) found no 
significant increases  in the pe rcen t age  of necrot ic  tubules  m mussels  exper imen ta l ly  
t rea ted  with pe t ro leum hydrocarbons .  Fur ther  s tudies are be ing  conduc ted  in our laborat -  
ory to e luc ida te  the causat ive  agents  of d igest ive  tubule  necrosis  in musse ls  from the 
Basque Coast. 
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Various s tudies  have  eva lua ted  the intracel lular  digest ive process  as re f lec ted  by  
chang ing  morpho logy  of the digest ive g land tubules  (Langton, 1975; Robinson & Lang- 
ton, 1980). Robinson & Langton (1980) . fur ther .demonst ra te  that  the tubule  grad ing  
p rocedure  is consis tent  and  reproducible .  However ,  in our opinion this t echn ique  implies  
g rea t  subject ivi ty (which gives rise to high variabi l i ty  when  compared  with object ively 
measu red  p lanimetr ic  parameters)  and  the gradat ion  needs  to be  per formed  by  experi-  
enced  researchers .  In any case, type  IV tubules  are  the most easi ly ident i f ied tubules ,  and 
the m e a s u r e m e n t  of their  inc idence  could thus be  used  as a rap id  and  cheap screening  
test  to eva lua te  the overal l  condit ion of mussels.  Besides, type IV tubules  have  a 
physiological  re levance ,  as type  IV tubule abundance  displays a t empora l ly  l agged  
correlat ion with the rates of faecal  deposi t ion (Hawkins et al., 1983). However ,  both 
studies concerning  the assessment  of environmental  pollut ion effects and  s tudies  on 
int racel lular  d iges t ion  will undoub ted ly  require  the use of quant i ta t ive  methods  such as 
s tereology (Lowe et al., 1981; Robinson, 1983), direct measu remen t  technics  (Robinson, 
1983; Axiak  et al., 1988) or p lan imet ry  (Marig6mez et al., 1986; Recio et al., 1988; Vega  et 
al., 1989). The la t ter  method  has  the advan tage  of giving information not  only on 
digest ive  cell height,  but  also on other pa ramete r s  subject  to changes  accord ing  to 
envi ronmenta l  conditions,  i.e. tubule  size (Morton, 1983; Robinson, 1983) and  tubule  
lumen  size (Langton, 1975; Couch, 1984; Vega  et al., 1989). Fur thermore ,  as po in ted  out 
by  Vega  et al. (1989), the use of combined  pa ramete r s  such as MET/MDR and  MLR/MET 
could indicate  re la t ive  changes  be tween  luminal  size, digest ive cell volume and  tubule  
size, thus in tegra t ing  the factors inf luencing the variabi l i ty  in digest ive g l and  tubule  
morphology.  In addit ion,  these  planimetr ic  pa ramete r s  are wel l -cor re la ted  with indices  of 
the same level  of biological  organisat ion (i.e. changes  in lysosomal  system structure; 
Mar ig6mez  et al., 1989) and  with indices of h igher  levels of biological  organisa t ion  (i.e. 
flesh condit ion index;  Agi r rego ikoa  et al., 1991). The sensit ivity of the five p lanimetr ic  
pa ramete r s  used  has  been  proven  in the presen t  work; a l terat ions indica t ing  a stress 
condit ion be ing  demons t ra t ed  earl ier  and  more significantly than when  subjec t ive  tubule  
morpho logy  changes  are considered.  Finally, the presen t  work  demonst ra tes  for the  first 
t ime the correlat ion be tween  subject ive digest ive tubule  morphology  and  quant i ta t ive  
pa ramete r s  that  measu re  changes  in digest ive epi the l ium thickness,  d igest ive  tubule  
size, and  digest ive  tubule  lumen  size. Of part icular  in teres t  is that  some types  of digest ive 
tubules  (I and  III) show pred ic tab le  tubule  size, while type II and  IV tubules  are  var iable  
in size. Robinson (1983) also reports  that  there  is no signif icant  re la t ionship b e t w e e n  
tubule  width  and the proport ion of type II tubules. A second impor tant  contr ibut ion of this 
work  is to show that  different  tubular  types bear  different numbers  of basoph ihc  cells. 
Part icularly the pe rcen t age  of type III tubules  is posit ively corre la ted  with the  VD of 
basophi l ic  cells, which  s t rengthens  the hypothesis  of an active par t ic ipat ion of b ivalve  
basophi l ic  cells in both the digest ion process and the turnover  of d iges t ive  cells 
(Cajaravll le et al., 1990a). 
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