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A b s tr a c t

The type of blood osmolarity control and the gill ultrastructure of an estuarine grapsid crab 
Hemigrapsus penicillatus were examined in order to clarify its physiological and morphological 
characteristics as bases for the life in estuarine environments. Those of a marine stenohaline species 
Pugettia quadridens were also investigated for the sake of contrast. The responses of the blood 
osmolarities to various external media of osmolarity ranging from 400 to 1600 mOsm/kg showed that 
Hemigrapsus was a hyper-osmoregulator, and Pugettia an osmoconformer. The survival rate was 
higher in Hemigrapsus than in Pugettia, not only in the most diluted external medium but also in the 
most concentrated one. The electron microscopic observation revealed that the three most posterior 
gill pairs of Hemigrapsus exhibited a thick ion-transporting epithelium in which well-developed apical 
infoldings and basolateral infoldings associated with many large mitochondria were observed. In 
contrast, Pugettia did not have differentiated gills, and all gill pairs exhibited respiratory epithelia 
which were poor in organelles. These results indicate that the life of Hemigrapsus within estuaries is 
supported by its hyper-osmoregulatory capability in external dilute media, and the ion-transporting 
epithelium of the gills plays an important role in the osmoregulation. It is considered that the 
osmoregulatory capability of Hemigrapsus limits its penetration into fresh water; however, other 
factors determine the seaward limit of the crab distribution.

I n t r o d u c t io n

An estuary is a place where fresh water and sea water meet, and many biogeochemical 
processes occur at this freshwater-seawater interface. The estuaries are generally rich in 
nutrients due to these processes, but the environments fluctuate greatly with tide and river 
currents (see Kurihara, 1988; McLusky, 1989). These severe environments prevent most 
organisms from entering estuaries from the adjacent sea and rivers. Thus, ecologically, the 
estuarine habitat is characterized by its relatively low biodiversity, although the densities of these 
species are usually very high. The organisms living in an estuary, especially the so-called ‘true
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e s tu a r in e  o rg a n ism s’ w hich ty p ica lly  ap p ea r in e s tu a r ie s ,  have been in te re s t in g  su b je c ts  of 

p h ysio log ica l a s  w ell a s  eco log ica l s tu d ie s  (M cL usky  & E ll io t t ,  1981; L ockw ood & B o lt, 1989; 

K ikuchi, 1992).

A g ra p s id  c ra b  Hemigrapsus penicillatus (de H aan) is  a tr u e  e s tu a r in e  o rg an ism  w hich is  

w idely  d is tr ib u te d  in  e s tu a r ie s  in Ja p a n  (Ono, 1959; G oshim a et al., 1978; O g u ra  & K ish i, 1985; 

F u k u i & W ada, 1986; O kam oto & K u rih a ra , 1 9 87 ). S u ch  eco log ica l c h a ra c te r i s t ic s  a s  th e  

d is tr ib u tio n , re p ro d u c tio n , and p o p u la tion  s t ru c tu r e  have been  in v e s tig a te d , b u t th e re  is  l i t t le  

in fo rm atio n  con ce rn in g  i t s  p h ysio log ica l t r a i t s .  In o rd e r  to  c la r ify  th e  p h y sio lo g ica l c h a ra c te r i s t ic s  

of th is  c ra b  fo r  liv ing  in e s tu a r in e  env ironm en ts, th is  s tu d y  exam ined  th e  type  of b lood  o sm o la rity  

co n tro l, w hich is  e s s e n tia l fo r the  ad ap ta tio n  to  change in th e  s a l t  c o n c e n tra tio n s  o f e x te rn a l m edia 

(G ille s  & P e q u e u x , 1983). W e c o n tra s te d  th is  b lood o sm o la rity  w ith  th a t  o f a s ten o h a lin e  m arine  

c ra b  Pugettia q,uadridens (de H a a n ) . In  ad d itio n , the  u l t r a s t r u c tu r e s  o f g ill e p ith e lia  and  th e  

changes in re s p o n se  to  e x te rn a l s a lin itie s  w ere  in v es tig a ted , since  i t  is  w ell known th a t  c ru s ta c e a n  

g ills  p lay  a v e ry  im p o rtan t ro le  in b lood  o sm o la rity  co n tro l (G ille s  & P e q u e u x , 1985; P e q u e u x  and 

G ille s , 1988).

M a te r ia l s  a n d  M e th o d s

Hemigrapsus penicillatus and Pugettia quadridens w ere  c o lle c te d  from  th e  e s tu a ry  o f th e  

N an ak ita  R iv e r, S en d a i, M iyagi P re f e c tu r e  and O tsu ch i B ay , O tsu ch i, Iw a te  P re f e c tu r e ,  

re sp e c tiv e ly . O nly ad u lt (> 15m m , c a rap ace  w id th) m ales and n o n -o v ig e ro u s  fem a les  w ere  used . 

C ra b s  w ere  m ain ta ined  in la rg e  p la s tic  c o n ta in e rs  w ith  an a r t if ic ia l  S W  (sea  w a te r)  (Y ash im a 

P u r e  C hem ica ls  Co., L td ; sa lin ity , ca., 35%o) fo r Pugettia and w ith  50% S W  fo r  Hemigrapsus a t  2 0 +  

1 C u n d e r  a 14:10 h r  ligh t: d a rk  cycle  fo r  3 days p r io r  to  th e  ex p e rim en ts . T h en , 30 ind iv id u a ls  of 

each  c ra b  sp e c ie s  w ere  t r a n s f e r r e d  to  c o n ta in e rs  w ith  40, 70, 100 ,130 , and 160% S W . A f te r  3 days, 

blood sam p les w ere  rem oved  w ith  a sy rin g e  from  th e  a r th ro d ia l m em brane a t  th e  b a se  of th e  f if th  

pe re io p o d , and a llow ed  to  c lo t. O sm o la rity  of se rum  and e x te rn a l w a te r  sam p les  w as d e te rm in ed  

u sin g  a fre e z in g  p o in t m ic ro -o sm o m e te r (H erm ann R oeb ling , T y p e  13D R ).

F o r  in v e s tig a tin g  th e  u l t r a s t r u c tu r e  o f g ill ep ith e lia , p ie c e s  o f g il ls  w e re  fix ed  w ith  co ld  3% 

g lu ta ra ld eh y d e  b u ffe re d  a t  pH 7.4 w ith  a 0.1 M sodium  m ono-and  d ip h o sp h a te  m ix tu re . A f te r  30 sec . 

of m icrow ave ir ra d ia tio n  in an ic e -co ld  w a te r  b a th  in a m icrow ave oven, th e  g il ls  w ere  re p la c e d  in 

th e  ic e -c o ld  new fix a tiv e  fo r  2 h r  a t  4°C w ith  m o d era te  shak ing . S u b se q u e tly , th ey  w ere  b r ie f ly  

w ashed  in th e  sam e b u ffe r  so lu tio n , p o s t- f ix e d  w ith  ic e -c o ld  1% osm ium  te tro x id e  in th e  b u ffe r  

so lu tio n  fo r  1 h r. A f te r  a b r ie f  r in se  in th e  b u ffe r  so lu tio n , they  w ere  d e h y d ra te d  in a s e r ie s  of 

g rad ed  e th an o l, in f i l tra te d  w ith  n -b u ty l glycidyl e th e r  (Q Y _2 ) , and em bedded  in a low v isco sily  

re s in  ( S P U R R ) . T h in  se c tio n s  w ere  c u t w ith  a diam ond knife  on a R e ic h e r t- J u n g  O m U _4 

u ltra m ic ro to m e , m ounted on co p p er g rid s , double s ta in e d  w ith  1% aq u eo u s u ran y l a c e ta te  fo r  1 h r  a t 

50°C and lead  c i t r a te  fo r  5 min. a t  room  te m p e ra tu re , and exam ined  w ith  a  tra n sm iss io n  e le c tro n  

m icro sco p e  (JE M  100B) o p e ra te d  a t  80 kV.

38 Masatoshi Matsumasa and Susumu Kikuchi

— 2 —



Blood Osmoregulatory Type and Gill Ultrastructure of an Estuarine Crab 39

R e s u l t s

T h e  su rv iv a l of Hemigrapsus w as h ig h e r  than  of Pugettia bo th  in the low and high s a lin ity  of 

e x te rn a l m edia (F ig . 1 ) . T h e  b lood  of Pugettia rem ained  iso sm o tic  to  th e  e x te rn a l m edium  in all 

s a lin i t ie s  d o w n /u p  to  th e  le th a l lim its  (i.e., o sm oconform er) (F ig . 2). On th e  o th e r  hand, 

Hemigrapsus m ain ta ined  a h y perosm o tic  s ta te  in th e  d ilu te  m edia, b u t in m ore c o n c e n tra te d  m edia, 

th e  b lood  o sm o la rity  s t r ic t ly  fo llow ed the o sm o la rity  o f th e  e x te rn a l env ironm ent (i.e., 

h y p e r -o s m o re g u la to r ) . T h e  blood w as m ain ta ined  a t  750 m O sm /kg  even in 400 m O sm /kg  e x te rn a l 

m edia, and becam e iso sm o tic  to  th e  ex te rn a l medium above 800-900  m O sm /kg .

CO>’>
k.3
if)

External salinity (% SW)
The % survival of an estuarine crab Hemigrapsus and a marine crab Pugettia exposed to 

various external salinities (% SW =  % sea water) for 3 days.

□  Pugettia 
£2 Hemigrapsus

Osmotic pressure of medium (mOsm/kg)
Fig. 2 The blood osmolarity controls of Hemigrapsus and Pugettia. Vertical bars show ±  2SE(n=5). 

The value for Pugettia is missing at 40% SW (400 mOsm/kg) and is based on one sample at 160% 
SW (1580 mOsm/kg), since none survived at the lowest salinity and only one individual at the highest.
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40 Masatoshi Matsumasa and Susumu Kikuchi
Hemigrapsus p o s s e s s e s  e ig h t p a ir s  o f g ills . O f th e se  g ill p a ir s ,  th e  th r e e  m o s t p o s te r io r  p a ir s  

of g ills  w ere  c h a ra c te r iz e d  by th ic k e r  e p ith e lia  (ca., 6—10 A<in) th an  th e  o th e r  a n te r io r  g ills  

( th ic k n e ss  of ep ith e liu m , 0 .6-0 .8  /*m) ( F i g .  3 ). U n d e r th e  th in  cu tic le  (0 .3 -0 .4  ^ m ) , th e  ap ica l cell

Fig. 3 Ultrastructures of gill epithelia of Hemigrapsus and Pugettia. (A) Hemigrapsus, the anterior 
arthrobranch of Maxilliped III (anterior gill) ; (B) Hemigrapsus, the posterior arthrobranch of Cheliped 
(posterior gill); (C) Pugettia, the anterior arthrobranch of Maxilliped III; (D) Pugettia, the posterior 
arthrobranch of Cheliped. AIS, apical infolding system; Cu, cuticle; He,hemocoel; Mi, mitochondria. 
Arrows indicate thin basal lamina and arrowheads infolding basal and lateral cell membranes. Notice 
that the AIS regresses in the anterior gill (asterisk). Scale bars indicate 1.0 A'm.
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Changes in the ultrastructure of the posterior gill epithelium of Hemigrapsus acclim; 
to 160% SW (A) and to 40% SW (B) for 3 days. The lagends are same as those in 
indicate 1.0 nm.

membrane of the posterior gill epithelia exhibited the so-called apical infolding system (AIS), that 
is, frequent and deep (ca., 0.7-1.2 ,um) infoldings of the apical cell membrane (Fig. 3B). Basal and
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la te ra l  ce ll m em branes a lso  in fo lded  deep ly  (ca., 3.5~7 ^m ) and co n ta in ed  la rg e  m ito ch o n d ria  

b e tw een  them . In th e  th in  ep ith e liu m  of a n te r io r  g ills , th e  A IS  w as sha llow  (0 .2 -0 .3  pm) , and  th e  

in fo ld ings o f b a so la te ra l  ce ll m em branes and m ito ch o n d ria  w ere  few  (F ig .  3 A ) . O n th e  o th e r  hand, 

c h a ra c te r is t ic s  of g ill ep ith e liu m  did  n o t d if fe r  am ong g ill p a ir s  of Pugettia (F ig . 3C , D ) . T h e  

ep ith e lia l c e lls  n e ith e r  ex h ib ited  A IS  n o r th e  in fo ld ings of b a so la te ra l ce ll m em b ran es co n ta in in g  

m ito ch o n d ria  be tw een  them .

W hen Hemigrapsus w as acc lim ated  to  th e  h igh en v iro n m en ta l s a lin ity  (160% SW ), a 

c o n s id e ra b le  re g re s s io n  of th e  w e ll-d ev e lo p ed  A IS  o c c u rre d  in th e  p o s te r io r  g il ls  (F ig .  4 ) . T h e re  

w ere  l i t t le  changes in s t ru c tu r a l  o rg an iza tio n  of th e  b a s o la te ra l in fo ld in g s and th e  a sso c ia te d  

m itochond ria , a lthough  th e se  c h a ra c te r is t ic s  w ere  som ew hat in co n sp icu o u s in 160% S W  

acclim ation . T h e  re g re s s io n  of A IS  w as a lso  o b se rv ed  in th e  a n te r io r  g ill ep ith e liu m . No change in 

th e  u l t r a s t r u c tu r e  of Pugettia g ill ep ith e liu m  re sp o n d in g  to  e x te rn a l s a lin ity  w as reco g n ized  (F ig . 

5).

Fig. 5 The gill epithelium of Pugettia acclimated from SW to 130% SW (A) and to 70% SW (B) for 3 
days. The legends are same as those in Fig.3. Scale bars indicate 1.0 f*m.

D s c u s s io n

T h e  e s tu a r in e  c ra b  Hemigrapsus penicillatus w as a h y p e r-o sm o re g u la to r  (F ig .  2 ) .  T h e  

p o s te r io r  gill e p ith e lia  of Hemigrapsus ex h ib ited  a w e ll-d ev e lo p ed  A IS , and th e  deep  b a so la te ra l  

in fo ld ings w ere  a s s o c ia te d  w ith  la rg e  m ito ch o n d ria  (F ig . 3) . In add ition , th e  A IS  w as d e e p e r  and 

m ore consp icu o u s in th e  low er e x te rn a l s a l in i tie s  than  in th e  h ig h e r  ones (F ig . 4 ) . A  num ber of 

ex trem e ly  w e ll-d ev e lo p ed  exam ples of th e  A IS  a re  known in th e  g ill e p ith e lia  of many 

o sm o reg u la tin g  c ru s ta c e a n s  such  a s  am phipods (L ockw ood et al., 1973; M ilne & E ll is ,  1973; K ikuchi

& M atsum asa , 1993a; K ikuchi et al., 1993), a ta n a id  (K ikuchi & M atsu m asa , 1993b), decapods 

(C opeland  & F i t z ja r r e l l ,  1968; F is h e r ,  1972; N akao, 1974; F in o l and C ro g h an , 1983; C om pere  et al., 
1989; D ickson  et al., 1991; F a r r e l ly  & G reenaw ay , 1992), isopods (B ubel & Jo n e s , 1974), and 

sy n c a r id s  (M cC onnell, 1987). F u rth e m o re , th e  s ig n ific an t en la rg em en ts  o f th e  A IS  due to  red u ced  

s a lin i t ie s  w ere  r e p o r te d  in som e eu ry h a lin e  am phipods (L ockw ood et al., 1973; M ilne & E ll is ,  1973) 

and decapods (F o s te r  & H ow se, 1978; P e q u e u x  & G ille s , 1988; C o m p ere  et al., 1989). B a se d  on 

p h y sio lo g ica l and b iochem ical evidence, i t  h as  been  c o n s id e red  th a t  th is  type  of g ill ep ith e liu m  w ith  

A IS  is  involved in th e  s a l t  a b so rp tio n  in h y p o -osm o tic  en v iro n m en ts  (M an te l & F a rm e r , 1983; 

G ille s  & P e q u e u x , 1985; P eq u eu x  & G ille s , 1988). H ence, th e  ep ith e liu m  of th e  p o s te r io r
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gill of Hemigrapsus, a h y p e r-o sm o re g u la to r , may be an im p o rtan t s i te  of s a l t  a b so rp tio n  in d ilu te  

m edia in a s im ila r  m anner to th o se  of th e  o th e r  o sm o reg u la tin g  c ru s ta c e a n s . T h e  ep ith e liu m  of the 

a n te r io r  gill a lso  p o s s e s se d  a shallow  A IS ; how ever, th e re  w ere  few  m ito ch o n d ria  be tw een  the  

b a so la te ra l in fo ld ings of th e  ce ll m em brane. T h u s , th e  c o n tr ib u tio n  of th is  ep ith e liu m  to ac tiv e  
io n - tr a n s p o r t in g  seem s to  be m arg inal.

T h e  % su rv iv a l of the e s tu a r in e  Hemigrapsus w as h ig h e r than  th e  Pugettia even in th e  h ig h es t 

e x te rn a l s a lin ity  (160% S W ) as  w ell a s  in the low est ex te rn a l sa lin ity  (40% S W ) (F ig . 1 ). In 

ad d itio n , O kam oto  & K u rih a ra  (1987) r e p o r te d  th a t the  su rv iv a l r a te  o f th is  c ra b  ex posed  to  SW  

(sa lin ity , 32%o) w as v e ry  h igh  (above 90%) fo r  40 days, and d id  no t d if fe r  from  c ra b s  exposed  to 

d ilu te  SW  w ith  s a l in i t ie s  be tw een  13 and 25%o. T h e re fo re , the  seaw ard  d is tr ib u tio n  of th is  

e s tu a r in e  c ra b  p ro b ab ly  w as no t lim ited  by th e  o sm o la rity  of th e  e x te rn a l m edium . S im ila r  

c irc u m s ta n c e s  have been reco g n ized  fo r  th e  o th e r  h y p e rre g u la to rs  and h y p e r -h y p o re g u la to rs  (see 

G ille s  & P e q u e u x , 1983), and th a t both  ab io tic  (e. g., p hysica l env iro n m en ts  such  as  w ave ac tion  and 

s u b s t r a te s  fo r  liv ing  s i te s )  and b io tic  (e. g„ p red a tio n  and com petition ) f a c to rs  a re  p ro b ab le  

c a u se s  fo r  lim itin g  th e  seaw ard  d is tr ib u tio n  of th e  tru e  e s tu a r in e  sp e c ie s  inc lud ing  Hemigrapsus 
penicillatus.

T h e  sa lin ity  to le ra n c e  ex p e rim en t conducted  by O kam oto & K u rih a ra  (1987) h a s  a lso  show n 

th a t th e  su rv iv a l r a te  o f Hemigrapsus is  much low er in th e  d ilu te  S W  (sa lin ity , 0.5%o) than  in the 

o th e r  m ore c o n c e n tra te d  m edia (sa lin ity , 3~32 %o). T h e ir  r e s u l ts  accoun t fo r  th e  fa c t th a t  the  c rab  

does no t p e n e tr a te  tr u e  f r e s h  w a te r, th a t  is, th e  d is tr ib u tio n  is  lim ited  w ith in  th e  e s tu a ry . On the 

o th e r  hand, th e re  a re  som e h y p e r-o sm o re g u la tin g  c ra b s  p e n e tra tin g  f r e s h  w a te r  h a b ita ts . F o r  

in s tan ce , an  eu ry h a lin e  c ra b  Eriocheir japonica (de H aan) m ig ra te s  betw een  m arine  and f re s h  w a te r 

h a b ita ts , and  a lim netic  c ra b  Geothelphusa dehaani (W hite) is  a ‘t r u e  f r e s h -w a te r  c ra b .’ 

D iffe re n c e s  in b lood o sm o reg u la to ry  c ap ab ility  am ong th e se  h y p e rre g u la tin g  sp e c ie s  seem  to  be a 

d e te rm in a n t of th e  e x te n t of p e n e tra tio n  in to  th e  f r e s h  w ate r. I t  w as o b se rv ed  th a t  th e  a n te r io r  g ills  

of Geothelphusa e x h ib it a w e ll-d ev e lo p ed  io n - tra n s p o r tin g  ep ith e liu m  in ad d itio n  to  th e  p o s te r io r  

g ills  (K ikuch i, 1992). T h e  low er to le ra n c e  to  fre sh  w a te r  of Hemigrapsus th an  Eriocheir and 

Geothelphusa may be a lso  r e la te d  to  th e  fa c t th a t i t  m ain ta in s a re la tiv e ly  h igh  blood o sm o la rity  in 

th e  d ilu te  S W  (F ig . 2 ) . Hemigrapsus m ain ta ined  a blood o sm o la rity  o f 750 m O sm /kg  even when 

ex p o sed  to  an e x te rn a l m edium  of 400 m O sm /kg . In  c o n tra s t, a n o th e r  e u ry h a lin e  c ra b  Eriocheir and 

a f r e s h -w a te r  c ra b  Geothelphusa m ain ta ined  th e i r  blood o sm o la rity  a t  550-650  m O sm /kg , w hich is  

som ew hat low er th an  th a t  of Hemigrapsus, in th e  e x te rn a l m edium  of th e  sam e o sm o la rity  

(unpub lished  d a ta ) . In ad d itio n  to  th e  blood o sm o la rity  co n tro l, som e o th e r  p h ysio log ica l 

m echan ism s (e.g., in t ra c e l lu la r  flu id  o sm oregu la tion ) m ust be taken  in to  c o n s id e ra tio n  to  accoun t 
fo r  th e  to le ra n c e  to  re d u c e d  sa lin ity .

In conclu sion , th e  life  of Hemigrapsus penicillatus w ith in  e s tu a r ie s  is  su p p o r te d  by i ts  

h y p e r-o sm o re g u la to ry  c ap ab ility  in d ilu te  m edia. T he  io n - tra n s p o r tin g  ep ithe lium  of th e  g il ls  p lays 

an im p o rta n t ro le  in th e  osm oregu la tion . H ow ever, th e  c ra b ’s p e n e tra tio n  of f r e s h  w a te r  h a b ita ts  

seem s to  to  be lim ited  due to  th e  b lood o sm o reg u la to ry  cap ab ility  a n d /o r  o th e r  p hysio lg ica l 

m echan ism s in o sm o reg u la tio n . On th e  o th e r  hand, th e  seaw ard  lim it o f th e  Hemigrapsus 
d is tr ib u tio n  may be d e te rm in ed  by o th e r  ab io tic  fa c to rs  (e.g., wave ac tion ) o r  b io tic  ones such  as
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com p etitio n  and p re d a tio n .

A c k n o w le d g e m e n t

T h e  a u th o rs  w ish  to  th an k  P r o f e s s o r  K ageh ide  S h ir a is h i fo r  h is  su p p o r t  d u rin g  th is  

in v es tig a tio n , and  D r  P a u l Langm an fo r  h is  help  w ith  th e  p re p a ra tio n  of th is  m a n u sc rip t. S p ace  and 

eq u ip m en t w ere  p ro v id ed  by th e  D ep arm en t of B iology, Iw ate  M ed ical U n iv e rs ity , and the  

L a b o ra to ry  of E le c tro n  M icroscopy , Iw ate  M edical U n iv e rs ity . W e w ould a lso  th an k  th e  s ta f f  of the 

O tsu ch i M arin e  R e se a rc h  C e n te r , U n iv e rs ity  T okyo , fo r  th e i r  he lp  w ith  th e  co lle c tio n  of th e  c ra b s  

u se d  in th is  s tu d y .
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