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A B S T R A C T

To elucidate the osmoregulatory mechanisms underpinning the invasion of fresh water by the palaemonid Crustacea, we investigate the

contribution of free amino acids (FAA) to intracellular isosmotic regulation in selected ontogenetic stages of two diadromous, neotropical

shrimps, Macrobrachium amazonicum and M. olfersi, exposed to fresh water or to saline media. We also evaluate anisosmotic/ionic

extracellular regulatory capability in adult M. amazonicum alone; all data for adult M. olfersi are from McNamara et al. (2004). Adult

shrimps show similar osmotic and ionic regulatory capabilities, including elevated hemolymph osmolality in fresh water, moderate

isosmotic points, hyper-regulatory capability up to 20&, and good tolerance of saline media. However, the two species rely on brackish

water to different degrees to complete their life cycles: while M. olfersi zoeae 1 and 2 survive well in fresh water, those of M. amazonicum

die within two hours. Total FAA titers increase significantly over the ontogenetic sequence in both species, independently of salinity

exposure, concentrations increasing sharply in M. amazonicum zoeae 1 alone, but steadily from embryos to adult M. olfersi. While

total FAA titers increase significantly on transfer of zoeae 1 (þ 43%) and adult (muscleþ 72%, gillþ 62%) M. amazonicum to elevated

salinity (25&), their effective contribution to hemolymph and intracellular osmolality is unaltered (’16% in zoea 1, 6-8% in zoea 2 and

adult tissues). Total FAA titers in M. olfersi increase in embryos (þ 95%), zoeae 1 (þ 23%) and post larvae (þ 28%), and in adult tissues

(muscleþ 69%, gillþ 110%, nerveþ 187%) after salinity exposure. However, effective contribution to intracellular osmolality increases

only in embryos (5 to 6%) and adult nervous tissue (6 to 13%). In both species, total FAA increase is due to the most abundant non-

essential FAA, glycine, alanine and proline, and arginine. Our analysis shows that diadromous species like M. amazonicum and M. olfersi
exhibit lower total FAA titers compared to marine species. Such findings allow a better understanding of the physiological mechanisms

underlying the invasion of fresh water by these recent colonizers.

INTRODUCTION

Crustaceans that invade dilute media necessarily confront
osmotic water influx and diffusive salt losses across their
permeable body surfaces, processes that alter the volume
and composition of their body fluids. The independence of
Crustacea from the ancestral, marine habitat, and subsequent
radiation into fresh water appear to have evolved through
two principal adaptations: efficient hyper-osmotic and ionic
regulatory mechanisms, and salinity independence of the on-
togenetic sequence (Mantel & Farmer, 1983; Charmantier,
1998; Anger, 2001).

Osmotic and ionic regulation in Crustacea consists of two
broadly distinct, homeostatic processes: anisosmotic extra-
cellular regulation that maintains hemolymph osmolality,
ionic composition and extracellular volume; and intracellular
isosmotic regulation, responsible for intracellular fluid
composition and volume. Anisosmotic extracellular regula-
tion is effected by Naþ/Kþ-ATPase and V-ATPase-driven
active salt absorption in hyposmotic media, or differential
degrees of salt secretion in hyperosmotic media, across ion
transporting epithelia like the gills and antennal glands
(Freire et al., in press). Efficient anisosmotic regulatory
mechanisms reduce variation in extracellular fluid osmolal-

ity, and consequently, afford better protection to cells and
tissues against volume variation, reducing dependence on
intracellular isosmotic regulatory processes. These consist of
adjustments in intracellular osmotic effector concentrations,
particularly Kþ, small peptides, and free amino acids, the
latter through alterations in synthesis/oxidation rates, shifts
in efflux/influx equilibria across cell membranes, and/or
changes in protein synthesis/catabolism (Gilles, 1977;
Boone & Schoffeniels, 1979; Tan & Choong, 1981).

While Crustacea are predominantly marine organisms,
certain taxa like the caridean shrimps, astacoid and
parastacoid lobsters, and potamoid and trichodactylid crabs
have become entirely independent of salt water and
complete their life cycles in fresh water. However, many
species are still in the process of invading the freshwater
environment, as revealed by their osmoregulatory physiol-
ogy and the dependence of some of their later larval stages
on brackish water (Sandifer et al., 1975; Read, 1984).
Freshwater shrimps of the genus Macrobrachium represent
a case in point and constitute an excellent group in which to
evaluate the processes that have allowed the invasion of this
hostile medium, given that many diadromous freshwater
species are dependent on brackish water to varying degrees
to complete their life cycles (Moreira et al., 1983). Further,
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most osmoregulatory studies in freshwater Crustacea have
dealt with adult phases, neglecting the early developmental
stages (Read, 1984; Charmantier & Aiken, 1987; Bouaricha
et al., 1991; Haond et al., 1999; Khodabandeh et al., 2006).

This study thus evaluates intracellular isosmotic regula-
tion in selected ontogenetic stages of two species of diadro-
mous, freshwater, palaemonid shrimp, Macrobrachium
amazonicum and M. olfersi, both dependent on brackish
water to different degrees to complete their life cycles.
Macrobrachium amazonicum has an ample, neotropical
distribution, occupying habitats ranging from South Amer-
ican inland continental waters to estuaries (McNamara et al.,
1983), while M. olfersi is found in the coastal rivers and
streams that discharge into the western Atlantic Ocean
(Holthuis, 1952). On eclosion, the larvae of both species are
carried by freshwater outfall to estuarine and coastal waters
where they develop, migrating back to fresh water as post-
larvae after metamorphosis (Dugger & Dobkin, 1975;
McNamara et al., 1986). Thus, M. amazonicum and M.
olfersi share certain life cycle characteristics in common:
specifically, their zoeae depend on brackish water for devel-
opment, although zoeae 1 and 2 of M. olfersi survive well in
fresh water while zoeae 1 of the M. amazonicum population
studied here succumb shortly after hatching in this medium.
Extracellular anisosmotic (Lima et al., 1997; McNamara &
Torres, 1999), and intracellular isosmotic (Freire & McNamara,
1995; McNamara et al., 2004) regulation, are well de-
tailed in adult M. olfersi, a strong hyperosmoregulator.
Osmoregulatory mechanisms are less well investigated in
M. amazonicum although the role of the gill Naþ/Kþ-
ATPase in hyperosmoregulatory ability has been examined
(Provérbio et al., 1990). No data are available on intra-
cellular isosmotic regulatory ability in this species, and
studies of such regulation in the ontogenetic stages of
diadromous, palaemonid shrimps are lacking entirely.

A comparative analysis of extra- and intracellular osmo-
regulatory capability in freshwater palaemonids dependent
on brackish water to complete their life cycles, like
M. amazonicum and M. olfersi, should reveal certain of
the physiological mechanisms underpinning invasion of the
freshwater habitat. In this study we evaluate mortality, water
content, and a role for free amino acids as organic osmotic
effectors in intracellular isosmotic regulation by embryos
and zoeae 1 and 2 of M. amazonicum and M. olfersi, in the
gill, muscle and nerve tissues of adult M. amazonicum, and
in post-larval muscle tissue of M. olfersi during acclimation
to brackish water. Data for tissues and hemolymph of adult
M. olfersi are already available (McNamara et al. 2004). We
also examine the hemolymph osmotic, and sodium and
chloride regulatory capability of M. amazonicum exposed to
brackish water.

MATERIALS AND METHODS

Ovigerous and non-ovigerous, female Macrobrachium amazonicum were
collected by sieving the peripheral, grassy vegetation of a freshwater
reservoir near Sertãozinho, in northeastern São Paulo State, Brazil, some
400 km from the sea. Ovigerous, female Macrobrachium olfersi were
collected from the marginal vegetation of the Paúba River, and post-larvae
from the Guaecá River, both close to the sea, near São Sebastião in São
Paulo State, Brazil. The two species were kept separately in the laboratory
in 60-L, plastic tanks containing fresh water (, 0.5&), and fed minced beef
or carrot on alternate days.

Groups of 7 adult M. amazonicum each were exposed directly to
experimental saline media of 10, 20, 25, 30 or 35& salinity for a 10-day
period in 60-L plastic tanks to estimate the lethal salinity limit and osmotic
and ionic regulatory capability, particularly the isosmotic point; control
shrimps were kept in fresh water (, 0.5&). To evaluate a role for free
amino acids in isosmotic intracellular regulation, groups of 7 shrimps each
were exposed to brackish water of 25& for 1, 2, 5 or 10 days; control
shrimps were kept in fresh water. Comparable data are already available for
M. olfersi (McNamara, 1987; McNamara et al., 2004).

The embryos of both species were directly exposed to brackish water
for 2 days by transferring ovigerous 7 females with eggs attached to their
abdominal brood pouches to aerated, 2-L, plastic bottles containing saline
media of either 6 or 25& (M. amazonicum), or 21& (M. olfersi). The
embryos were approximately 10 days old and their eye pigments had just
appeared (Ribeiro et al., 2001). Complete embryonic development in
M. amazonicum requires 14–19 days at 288C (Vega-Perez, 1984). For the
control embryos, 7 ovigerous females were kept in fresh water.

Zoeae 1 and 2 of M. amazonicum were separated shortly after hatching
or ecdysis, respectively, into groups of approximately 20 zoeae each, and
transferred to glass bowls containing 300 ml of brackish water of 6 or 25&.
M. amazonicum has 9 larval stages (Vega-Perez, 1984; Gamba, 1984).
Zoeae 1 of M. olfersi were transferred to glass bowls containing 300 ml of
fresh water or brackish water of 21&, and zoeae 2 to brackish water of 14,
21 or 35&. Zoeae 1 and 2 of both species were used for analyses 48 h after
exposure to the respective media. Zoeae 1 and 2 of M. amazonicum were
not kept in fresh water as they die in this medium within 2 h exposure.
Zoeae 2 of M. olfersi also showed considerable mortality in fresh water and
were unable to molt to zoea 3. Post-larvae of M. olfersi were kept in fresh
water or brackish water of 21& for 3 days.

For adult M. amazonicum, ’60-ll hemolymph samples were withdrawn
from the pericardial region using an insulin syringe and #25-8 needle;
muscle tissue samples (’ 2 g) were obtained from the abdominal muscu-
lature; the nervous tissue sample consisted of the ventral nerve cord and
thoracic, supraesophageal and optic ganglia (’ 1 g); the gill tissue sample
consisted of gill pairs 6 and 7 (’ 1 g). For both species, the embryos and
zoeae 1 and 2 were used intact. For post-larval M. olfersi, an abdominal
muscle sample (’ 1.5 g) was used.

The fresh samples of intact embryos and zoeae, and adult tissues were
weighed using an Ohaus APD 250 electronic balance (6 10 lg), oven dried
at 608C for 24 h, and reweighed after 1 h desiccation on individual
aluminium dishes. The degree of tissue hydration (%) was calculated as
[(fresh weight� dry weight)/fresh weight] 3 100.

The samples were homogenized, and the free amino acids (FAA) were
identified and quantified by HPLC according to McNamara et al. (2004).
The contribution of the FAA to intracellular osmolality was calculated by
converting the total FAA concentration in nmol/mg dry weight to mmol/kg
fresh weight, and assuming osmotic equilibrium between the intra- and
extracellular media. The FAA titers in the embryos refer to the whole eggs
since the embryos themselves were not dissected out. The embryonic tissue
to vitellus ratio is 1:1 at this stage of development (day 10, Stage VI, mid-
post nauplius, Müller et al., 2004).

Hemolymph osmolality was measured in 10-ll samples using a vapor
pressure osmometer (Wescor, Model 5500). Sodium concentration was
measured by atomic absorbtion spectrophotometry (GBC, Modelo 932AA)
in 10-ll hemolymph samples diluted 1: 15,000 in distilled water for shrimps
in fresh water, and 1: 25,000 for those exposed to brackish water. Chloride
concentration was measured in 10-ll hemolymph samples using a micro-
titrator (Metron Herisou, Modelo E 485), employing mercury nitrate as the
titrant and s-diphenylcarbazone as the indicator (Schales & Schales, 1941).

The isosmotic and iso-ionic points were calculated by substituting the
term ‘bx’ from the equation representing the straight-line relationship
between hemolymph osmolality or ionic concentration and external
medium salinity (y ¼ a þ bx) as the term ‘y’ in the respective second
order polynomial equations (y ¼ ax2 þ bx þ c) that describe the function
between hemolymph osmolality or ionic concentration and external me-
dium salinity. The resulting quadratic equations were resolved for y ¼ 0,
and the appropriate real root of each equation was calculated using the
well-known quadratic formula, providing the respective isosmotic or
isoionic points. Osmotic and ionic regulatory capabilities are expressed
numerically as the ratio of the difference in hemolymph osmotic or ionic
concentration (� hemolymph mOsm/kg H2O or mM Naþ, Cl�) as a function
of the difference in osmotic or ionic concentration of the external medium
(� medium mOsm/kg H2O or mM Naþ, Cl�), from fresh water (, 0.5&)
up to the isosmotic or iso-ionic point. A ratio of 1 indicates no regulation
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while values close to 0 indicate excellent regulatory capability (Freire et al.,
2003).

To evaluate the effect of exposure to the different salinities on
hemolymph osmolality and sodium and chloride concentrations, and on
tissue hydration and FAA concentrations, one-way analyses of variance
were performed followed by the Student-Newman-Keuls multiple means
test to locate statistically significant groups. The effect of exposure to saline
media during the various time intervals on tissue hydration and FAA
concentration in the various tissue types and ontogenetic stages was
evaluated using two-way analyses of variance in which the main factors
were exposure time and tissue/ontogenetic stage. When a significant effect
was revealed, the Student-Newman-Keuls test was used to locate
significantly different exposure times, tissues or ontogenetic stages.

All statistical analyses were performed after verifying normality of
distribution and equality of variance using the SigmaStat 2.03 software
package, employing a minimum significance level of P ¼ 0.05. Data are
expressed throughout the text as the mean 6 standard error of the mean.

RESULTS

Mortality and Osmotic and Ionic Regulation in
Macrobrachium amazonicum

While the embryos of M. amazonicum survived well in fresh
water (FW), zoeae 1 and 2 lasted no more than 2 h in this
medium. However, survival rates were almost 100% when
these zoeal stages were kept at salinities of 6 or 25&.
Similarly, while adult shrimps showed no mortality in fresh
water, at 25&, mortality attained 12% after 2 days
exposure, unchanged up to 10 days. At 30&, mortality
reached 90% by 7 days exposure, and at 35& all shrimps
died within 24 h.

Hemolymph osmolality in adult M. amazonicum when in
fresh water was 403 6 34 mOsm/kg H2O. After 10-days
acclimation to 10, 20, 25 or 30&, osmolality increased
significantly in each medium (Fig. 1, insert), and was hyper-
regulated up to the isosmotic point at 684 mOsm/kg H2O
(22.1&). Osmoregulatory capability (� hemolymph osmo-
lality/� medium osmolality) was 0.40. During the 10-day
time course of acclimation to 25& (Fig. 2), hemolymph
osmolality increased markedly to 641 6 23 mOsm/kg H2O

within 24 h, increasing further to 726 6 40 mOsm/kg H2O
by 48 h, remaining elevated thereafter, although hyporegu-
lated with respect to the external medium.

Hemolymph chloride in fresh water was 149 6 14 mM
Cl�, increasing after 10-days acclimation in each medium
(Fig. 1). Hemolymph chloride was hyper-regulated up to the
iso-ionic point at 277 mM Cl� (17&), hypoconforming in
higher salinities. Chloride regulatory capability was 0.48.
During acclimation to 25& for 10 days (Fig. 2), chloride
concentration increased within 24 h to 302 6 13 mM Cl�,
remaining elevated although hyporegulated thereafter.

Hemolymph sodium in shrimps in fresh water was 119 6
16 mM Naþ and increased on acclimation to each medium
up to 30& (Fig. 1). Hemolymph sodium was hyper-
regulated up to the iso-ionic point at 309 mM Naþ (14&),
conforming in higher salinities; sodium regulatory ability
was 0.67. During acclimation to 25& for 10 days (Fig. 2),
sodium concentration increased steadily to a maximum of
431 6 10 mM Naþ at 5 days.

Tissue Hydration and Free Amino Acids in Selected
Ontogenetic Stages of Macrobrachium amazonicum

Tissue water content of embryos in fresh water was
66%, significantly less than in zoeae 1 and 2 in 6&, and
in the tissues of adult shrimp in fresh water, which were
all ’ 80%.

Ontogenetic stage (1-way ANOVA, P ¼ 0.001) signifi-
cantly affected total free amino acid (FAA) concentrations
in M. amazonicum when in dilute media (adults and em-
bryos in FW, zoeae 1 and 2 in 6&). FAA concentrations
were similar in embryos, zoeae 2 and adult muscle tissue,
but significantly greater in zoeae 1 (Fig. 3). There was no
difference in FAA concentrations among the muscle, gill
and nerve tissues of adult M. amazonicum maintained in
FW (Fig. 4); hemolymph FAA concentration in FW was
2.9 6 0.4 mmol/l (Fig. 4, insert). The main FAA in embryos
and zoeae 1 and 2 were glutamic acid, glycine, alanine and
proline (Table 1). In the adult tissues, glycine, alanine and

Fig. 1. Effect of direct acclimation to saline media for 10 days on
hemolymph osmolality (insert, ,, mOsm/kg H2O, 1& ¼ 31 mOsm/kg
H2O), and sodium (m, mM Naþ, 1&¼ 14 mM Naþ) and chloride (�, mM
Cl�, 1& ¼ 16 mM Cl�) concentrations in the freshwater shrimp Macro-
brachium amazonicum. All groups are significantly different (X 6 SEM,
N¼ 7, P � 0.05).

Fig. 2. Time course of direct acclimation to dilute seawater of 25&

(775 mOsm kg/H2O, 350 mM Naþ, 400 mM Cl�) for 10 days on hemo-
lymph osmolality (,, mOsm/kg H2O), and sodium (m, mM Naþ) and
chloride (�, mM Cl�) concentrations in the freshwater shrimp Macro-
brachium amazonicum. Curves have been fitted by eye. *Significantly
different from preceding value (X 6 SEM, N ¼ 7, P � 0.05).
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arginine predominated, leucine being the most concentrated
hemolymph FAA (Table 1).

Tissue water content was unchanged on transfer of
embryos and zoeae 1 and 2 to saline medium of 25&. In the
adult shrimps, only muscle tissue water decreased from 80
to 77% after 24 h, recovering initial values within 2 days.

Both ontogenetic stage (P , 0.001, d.f.¼ 3) and salinity
(P ¼ 0.035, d.f. ¼ 1) affected total FAA concentrations in
M. amazonicum (2-way ANOVA, total d.f.¼ 34); there was
no interaction between these two factors (P ¼ 0.128, d.f. ¼
3). On transfer to 25&, total FAA increased 43% within
48 h in zoeae 1. In adult shrimp (Fig. 4), muscle FAA
increased 72% by day 5 while gill FAA increased by 62%
within 24 h with a second peak (þ 43%) at 5 days. These
increases in total FAA concentrations (Table 1) are mainly
due to proline (þ 150%) in zoeae 1; arginine (þ 75%), ala-
nine (þ 400%) and proline (þ 270%) in adult muscle; and
glycine (þ 185%), alanine (þ 36%) and proline (þ 214%) in
gill tissue within 24 h, as well as arginine (þ 103%), alanine

(þ 35%) and proline (þ 494%) after 5 days in this tissue.
Total FAA concentrations were unaltered in zoeae 2 (Fig.
3), and in nerve tissue (Fig. 4) and hemolymph (Fig. 4
insert) after acclimation to 25&. However, the main
individual FAA, glycine, proline and alanine, did increase
(Table 1).

Mortality, Tissue Hydration and Free Amino Acids in
Selected Ontogenetic Stages of Macrobrachium olfersi

Embryos, zoeae 1 and post-larvae of M. olfersi showed no
mortality in FW or in 21&; zoeae 2 showed no mortality in
14, 21 or 35&. While water content in FW was similar in
the embryos (65 6 1%) and zoeae 1 (51 6 3%), both were
less hydrated than the muscle tissue of post-larvae (75 6
1%) and adults (76 6 1%). In zoeae 2, tissue water content

Fig. 3. Effect of direct exposure to dilute seawater (25&) on total free
amino acid titers (nmoles/mg dry weight) in embryos (10 days), zoeae 1 (48
h), zoeae 2 (48 h) and adult, abdominal muscle (10 days) of the freshwater
shrimp Macrobrachium amazonicum. *Significantly different from same
stage in FW or dilute medium; asignificantly different from preceding stage
in same medium (X 6 SEM, N ¼ 6-7, P � 0.05).

Fig. 4. Time course of direct acclimation to dilute seawater (25&) on
total free amino acid titers (nmoles/mg dry weight) in abdominal muscle,
gill and central nerve tissue, and hemolymph (insert, mmoles/l) of adult
freshwater shrimp Macrobrachium amazonicum. *Significantly different
from time¼ 0 h (FW) for same tissue (X 6 SEM, N¼ 6-7, P � 0.05).

Table 1. Individual and total free amino acid concentrations (nmoles/mg dry weight or lmoles/l for hemolymph) in embryos, zoeae 1 and 2, and abdominal
muscle, gill and nerve tissue and hemolymph of the freshwater shrimp Macrobrachium amazonicum in fresh water (FW, , 0.5&) or exposed to saline media
(6 or 25&) for up to 10 days. aSignificantly different from same stage/tissue in FW; bsignificantly different from same stage exposed to 6&. Data for gill
tissue obtained after 24 h exposure.

Ontogenetic stage Salinity (&) Glutamic acid Glycine Arginine Alanine Proline Others Total

Embryo FW 13.2 6 0.9 17.6 6 4.4 7.5 6 0.8 19.4 6 4.7 21.2 6 5.4 51.7 131.0 6 16.9
6 13.9 6 1.2 17.2 6 3.5 8.6 6 0.8 9.3 6 2.0 11.1 6 1.2 53.5 114.6 6 17.1
25 8.5 6 1.9 14.3 6 3.1 5.1 6 0.9 17.0 6 2.9 15.6 6 2.2 35.5 96.5 6 16.8

Zoea 1 6 18.6 6 0.8 100.5 6 14.6 22.1 6 2.7 48.4 6 7.6 39.6 6 5.3 118.6 347.7 6 45.8
25 20.6 6 2.9 122.4 6 13.4 22.6 6 1.9 65.8 6 4.9 b97.2 6 12.3 129.1 a496.0 6 26.2

Zoea 2 6 13.5 6 1.6 66.0 6 12.0 10.9 6 2.1 21.4 6 6.5 10.4 6 6.4 47.1 179.4 6 22.0
25 16.6 6 2.2 84.6 6 13.6 12.6 6 3.0 25.1 6 8.0 b33.1 6 5.8 66.8 239.0 6 37.3

Adult muscle FW 3.0 6 1.6 95.2 6 18.8 29.0 6 8.8 12.5 6 1.8 9.6 6 4.0 13.63 164.0 6 25.0
25 2.4 6 0.3 92.4 6 6.4 a50.8 6 3.3 a62.8 6 6.3 a35.6 6 4.1 39.5 a283.0 6 22.0

Adult gill FW 4.9 6 0.7 12.8 6 1.5 19.1 6 1.9 37.1 6 3.2 5.7 6 1.2 54.0 133.1 6 11.3
25 a11.4 6 2.1 a36.5 6 2.0 28.0 6 4.9 a50.6 6 4.2 a17.9 6 2.2 72.0 a215.6 6 20.0

Adult nerve FW 5.8 6 1,2 19.9 6 1,2 26.2 6 4,0 27.4 6 4,1 10.8 6 2.0 53.0 143.4 6 23.1
25 11.3 6 1,0 13.9 6 2,1 39.7 6 2,5 38.0 6 3.2 a51.4 6 5.8 38.0 192.2 6 16.6

Adult hemolymph FW 36.0 6 8.0 350.0 6 94.0 202.0 6 26.0 395.0 6 95.0 304.0 6 71.0 1507.5 2887.5 6 439.9
25 29.0 6 4.0 363.0 6 36.0 138.0 6 17.0 454.0 6 43.0 444.0 6 48.0 955.3 2580.0 6 263.2
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was similar in all salinities (’ 60% in 14, 21 and 35&).
Water content was unchanged on exposure to saline media
in all stages/tissues, except for a decrease to 61% in the
embryos.

In FW, total FAA concentrations increased significantly
along the ontogenetic sequence from embryos (51 6 7
nmol/mg dry weight) to adult abdominal muscle (189 6 14
nmol/mg dry weight, 1-way ANOVA, P , 0.05) (Fig. 5).
Glutamic acid, glycine, alanine and proline were the most
concentrated FAA encountered in these stages/tissues
(Table 2), arginine also being notable in the post-larval
and adult muscle tissue.

Ontogenetic stage (P , 0.001, d.f. ¼ 4), salinity (P ,
0.001, d.f.¼ 1) and their interaction (P¼, 0.001, d.f.¼ 4)
significantly affected total FAA concentrations (2-way
ANOVA, total d.f. ¼ 72). On exposure to 21&, total FAA
increased by 95% in the embryos, and between 24 and 70%
in the other stages/tissues (Fig. 5), except for zoeae 2 where
concentrations were unchanged in the various media. The
individual FAA that most increased were those also present
in highest concentration in the same stages/tissues in FW
(Table 2).

DISCUSSION

Macrobrachium amazonicum and M. olfersi, both diadro-
mous freshwater shrimps, show similar osmotic and ionic
regulatory capability, including their hemolymph osmolality
in fresh water (403 and 423 mOsm/kg H2O, respectively,
[this study, and McNamara et al., 1990]) and considerable
survival capability in saline media, mortality beginning at
25& in adult M. amazonicum, and 28& in M. olfersi
(Moreira et al., 1983). Both species hyperosmoregulate well
in brackish water up to approximately 20&, similar to
M. rosenbergii (Wilder et al., 1998), M. petersii (Read,
1984) and M. acanthurus (Moreira et al., 1983), although
the osmotic regulatory power of M. amazonicum (0.40, this
study) is slightly less than that of M. olfersi (0.33, Freire
et al., 2003). Hemolymph isosmotic point is also a useful
parameter, lower values reflecting better osmotic adaptation
to fresh water. The hemolymph isosmotic points of M.
amazonicum (684 [¼ 22.1&, this study]) and M. olfersi
620 mOsm/kg H2O (¼ 21.7&, Moreira et al., 1983) are
elevated compared to hololimnetic freshwater species like
M. equidens (529 mOsm/kg H2O, Denne, 1968), M. potiuna
(552 mOsm/kg H2O, Moreira et al., 1983) and M. brasi-
liense (521 mOsm/kg H2O, Freire et al., 2003), that com-
plete their life cycles independently of salt water. However,
the populations examined of M. amazonicum and M. olfersi
do differ considerably in early larval response to fresh water;
the first and second zoeae of M. olfersi survive well, while
the first zoea of M. amazonicum from the apparently land-
locked population evaluated here survives no longer than
two hours. This array of physiological characteristics is con-
sistent with the evolutionary status of diadromous species
like M. amazonicum and M. olfersi, which, owing to their
migratory nature, depend on saline media to complete their
life cycles.

Hemolymph sodium is less well regulated than chloride
in Macrobrachium amazonicum (regulatory power of 0.67
for Naþ cf. 0.48 for Cl�) given the distinctly different
response patterns for these ions on exposure to saline media.
Sodium concentration also becomes iso-ionic at a lower
salinity (10& [¼140 mM Naþ] cf. 17& [¼272 mM Cl�] for
Cl�). These characteristics suggest independent uptake of
the two ions. Zanders & Rodriguez (1992) showed that
hemolymph Naþ and Cl� are hyper-regulated up to 15&,
and that Cl� is hypo-ionic in 25& in a freshwater population

Fig. 5. Effect of direct exposure to dilute seawater (21&) on total free
amino acid titers in embryos (10 days), zoeae 1 (48 h), zoeae 2 (48 h) and
abdominal muscle of post-larval (10 days) and adult (10 days) freshwater
shrimp Macrobrachium olfersi. *Significantly different from same stage in
freshwater; asignificantly different from preceding stage in FW (, 0.5&)
(X 6 SEM, N¼ 6-12, P � 0.05). Data for adult abdominal muscle tissue
from McNamara et al. (2004).

Table 2. Individual and total free amino acid concentrations (nmoles/mg dry weight) in embryos, zoeae 1 and 2, and abdominal muscle tissue of post-larval
and adult freshwater shrimp, Macrobrachium olfersi, in fresh water (FW, , 0.5&) or exposed to saline media (14, 21 or 35&) for up to 10 days.
aSignificantly different from same stage/tissue in FW; bsignificantly different from same stage exposed to 21&. Data for muscle tissue obtained after 2 days
exposure. ND, not detectable. *Data from McNamara et al. (2004).

Ontogenetic stage Salinity (&) Glutamic acid Glycine Arginine Alanine Proline Others Total

Embryo FW 5.5 6 0.5 6.7 6 1.2 2.3 6 0.2 6.5 6 1.4 8.8 6 1.5 18.7 51.2 6 6.8
21 a8.2 6 1.1 a13.7 6 2.0 2.7 6 0.3 a15.0 6 2.2 a28.5 6 2.6 28.2 a99.1 6 10.7

Zoea 1 FW 2.8 6 0.2 53.3 6 5.0 6.2 6 0.3 25.0 6 2.2 10.5 6 1.3 38.4 144.5 6 11.1
21 2.8 6 1.1 57.2 6 2.9 a7.5 6 0.5 a32.1 6 1.5 a23.6 6 2.1 43.3 a178.6 6 7.4

Zoea 2 14 5.1 6 0.7 38.6 6 3.3 9.7 6 3.4 11.1 6 1.2 2.9 6 1.1 39.5 106.9 6 14.7
21 4.3 6 0.2 35.0 6 2.2 4.8 6 0.4 10.8 6 0.7 2.9 6 0.3 38.1 87.0 6 5.0
35 4.9 6 0.5 44.4 6 4.1 b8.1 6 0.9 10.5 6 1.3 2.6 6 0.6 97.0 100.8 6 10.7

Post-larval muscle FW 2.2 6 0.3 28.5 6 2.4 21.4 6 1.5 13.4 6 0.9 6.7 6 0.7 64.3 135.9 6 8.4
21 3.1 6 0.4 31.5 6 3.2 20.1 6 1.4 a23.5 6 2.2 a19.2 6 1.1 76.5 a173.6 6 15.3

Adult muscle* FW 0.7 6 0.1 24.9 6 6.1 21.8 6 1.9 12.9 6 1.3 38.0 6 2.3 91.6 188.5 6 10.5
21 ND a116.2 6 15.4 a25.6 6 1.7 a36.3 6 3.9 a43.2 6 5.2 98.6 a319.9 6 20.0
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of M. amazonicum habiting small streams in the Orituco
River basin in northern Venezuela. Macrobrachium ama-
zonicum occupies habitats including a wide range of
salinities from fresh (McNamara et al., 1983; Zanders &
Rodriguez, 1992) to estuarine waters (Collart & Rabelo,
1996), and independent populations show considerable
variation in osmoregulatory and survival capability, in-
cluding larval and adult stages.

Free Amino Acids and the
Ontogenetic Sequence

Ontogenetic changes in free amino acid (FAA) composition
and titers have not been well studied in decapods. In marine
inhabitants like the blue crab Callinectes sapidus (Costlow
& Sastry, 1966) and caridean shrimps Palaemon serratus
(Richard, 1982 after Haond et al., 1999) and Crangon
septemspinosus (Regnault, 1971), FAA increase in the post-
embryonic stages, and in the lobster Homarus gammarus in
the second larval and juvenile stages (Haond et al., 1999).
In diadromous species like M. olfersi, total FAA increase
over the ontogenetic sequence in most salinities, embryos
exhibiting the lowest concentrations; in contrast, in M.
amazonicum, while FAA titers are highest in zoea 1, they do
tend to increase over the ontogenetic sequence at higher
salinities (Table 3). Protein concentration declines in late
spider crab (Hyas araneus) embryos (Petersen & Anger,
1997), suggesting protein hydrolysis into FAA, which may
play a role in eclosion. The elevated total FAA concen-
trations in M. amazonicum and M. olfersi zoeae 1 may have
their origin in protein hydrolysis just prior to eclosion, and
may reflect a developmental characteristic of the decapod
Crustacea.

Tissue FAA concentrations are often used as indicators of
the recency of fresh water invasion, given their reduced
titers in freshwater compared to marine Crustacea (Potts &
Parry, 1964; Mantel & Farmer, 1983; McNamara et al.,
2004). Our findings suggest that the FAA titers in the initial

ontogenetic stages and in adult muscle tissue in particular
constitute a reliable parameter to evaluate degree of fresh
water invasion. While muscle tissue FAA are lower in the
diadromous freshwater shrimps M. amazonicum and M.
olfersi (164 and 189 nmol/mg dry weight, McNamara et al.,
2004) compared to marine species like Palaemon japonicus
and P. northropi (1950 and 715 nmol/mg dry weight,
respectively; Okuma & Abe, 1994; McNamara et al., 2004)
and Crangon crangon (1650 nmol/mg dry weight, Schoffe-
niels, 1970), they are similar to those of older freshwater
inhabitants whose life cycles are independent of salt water,
like the freshwater crayfish Astacus leptodactylus (365
nmol/mg dry weight, Van Marrewijk & Ravenstein, 1974),
and the freshwater crab Dilocarcinus pagei (46 nmol/mg dry
weight, Augusto, 2005). The reduced total FAA titers in the
two Macrobrachium species include all the ontogenetic
stages examined here (embryos, zoeae, post-larvae and
adults; see Table 3), suggesting that, evolutionarily, a re-
duction in organic osmotic effectors may accompany the
emergence of hyperosmoregulatory ability. However, dur-
ing the ontogenesis of such diadromous species, in which
the intermediate larval stages cannot survive in fresh water,
the reduction in FAA titers appears to be insufficient for
survival prior to the full development of gill- or branchio-
stegite-based hyperosmoregulatory mechanisms, necessitat-
ing migration to less osmotically challenging saline media.

Free Amino Acids and Intracellular
Isosmotic Regulation

The adjustment of FAA titers in accordance with variation in
extracellular fluid osmolality has been demonstrated in
nearly all higher phyla, e.g., invertebrates (Gilles & Pequeux,
1981; McNamara et al., 2004), fish (Frick & Wright, 2002),
amphibians and reptiles (Gilles & Baillien, 1973), revealing
that a role for these osmotic effectors in regulating
intracellular volume is a widespread phenomenon among
living organisms.

Table 3. Free amino acid titers (FAA, nmol/mg dry weight) in selected ontogenetic stages of representative decapod Crustacea from marine, estuarine and
freshwater habitats. Adult free amino acid titers were quantified in muscle tissue.

Species Habitat Stage/FAA titer Reference

Homarus gammarus Marine larval instar I 502 6 39 Claybrook, 1953; Haond et al., 1999
larval instar II 622 6 27
juvenile 1112 6 147
adult 920

Menippe mercenaria Marine larvae (35&) 710 Tucker, 1977
Penaeus aztecus Marine/estuarine post-larvae (34&) 627 Schoffeniels, 1970; Bishop & Burton, 1993

adult 995
Penaeus japonicus Estuarine larvae (14&) 265 Dalla Via, 1986; Marangos et al., 1989

adult (10&) 575
Macrobrachium amazonicum Freshwater/diadromous embryo 131 6 17 This study

zoea 1 (6&) 348 6 46
zoea 2 (6&) 179 6 22
adult 283 6 22

Macrobrachium olfersi Freshwater/diadromous embryo 51 6 7 This study; McNamara et al., 2004
zoea 1 144 6 11
zoea 2 (14&) 106 6 14
adult 189 6 11

Dilocarcinus pagei Freshwater embryo 43 6 3 Augusto, 2005
juvenile 137 6 6
adult 46 6 8
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The FAA titers in the Macrobrachium species here
examined respond variably to alterations in external salinity
and are even unchanged in certain developmental stages and
adult tissues. On exposure to saline media, adult tissue FAA
increase more than in the larval and post-larval stages. In
nature, these latter stages inhabit waters of much higher
salinity than do juveniles and adults, and apparently rely on
efficient hypo-osmoregulatory mechanisms only poorly
developed in their freshwater counterparts. FAA concen-
trations almost double in M. olfersi embryos on exposure to
saline medium but are unchanged in M. amazonicum
embryos, which may be osmotically better protected since
their tissue hydration remains unchanged. The egg mem-
branes of crustaceans exhibit variable permeabilities to
water and solutes. For example, while the embryos of the
marine lobster H. americanus are osmotically protected by
the egg membranes, they osmoconform and are incapable of
osmotic regulation when these are removed (Charmantier &
Aiken, 1987). However, in the amphipods Orchestia
gammarellus and Marinogammarus marinir (Vlasblon &
Bolier, 1971) and the horse-shoe crab Limulus polyphemus
(Laughlin, 1981), the egg membranes offer only limited
protection to the embryo against the osmotic effects of
salinity variation.

On exposure to saline media, total FAA concentrations
increase in the first zoeae of M. amazonicum and M. olfersi,
stages that may rely largely on isosmotic intracellular
regulation, given the absence of developed osmoregulatory
organs like gills and excretory tissues. This response is
absent in zoeae 2 in which osmoregulatory tissues may be
more developed, suggesting a diminished dependence on
FAA by cell volume regulatory processes in response to
salinity exposure. Freshly hatched Callianassa jamaicense
zoeae that lack gills do osmoregulate, possibly owing to
intense Naþ/Kþ-ATPase activity (Felder et al., 1986) in the
branchiostegite epithelium. Naþ/Kþ-ATPase activity is un-
detectable in embryonic Penaeus japonicus branchioste-
gites, pleurae and epipodites, but increases in the zoeae
(Bouaricha et al., 1991). The survival in fresh water of
M. olfersi but not M. amazonicum zoeae 1 suggests that
the former species may possess a hyperosmoregulatory
mechanism lost from zoea 2 onwards since this and
subsequent stages do not survive in fresh water, migrating
to estuarine or coastal waters. Likewise, M. petersii zoea 1
hyperosmoregulates in fresh water while this capability
is much diminished in zoea 2, which dies on exposure to
fresh water (Read, 1984). That total FAA concentrations in
M. amazonicum and M. olfersi zoeae 2 are unaltered on
exposure to saline media is consistent with the fact that
these are the salinities encountered their natural environ-
ment, and may reflect extracellular fluid hyporegulation
at elevated salinities. Such an osmoregulatory response oc-
curs in M. petersii where the euryhaline zoeae 2 to 9 hypo-
osmoregulate while the adult shrimp, typically encountered
in fresh water, osmoconforms above 20& salinity (Read,
1984).

In the muscle, gill and nerve tissue and hemolymph of
adult M. amazonicum, and in M. olfersi (McNamara et al.,
2004), FAA concentrations participate in the osmoregula-
tory process in a tissue-specific manner. Muscle total FAA

increase substantially in both M. amazonicum, and in M.
olfersi (McNamara et al., 2004), after salinity exposure,
although hemolymph total FAA in M. amazonicum are
essentially unchanged. In contrast, hemolymph total FAA
decrease markedly in M. olfersi (McNamara et al., 2004),
possibly contributing directly via influx to the intracellular
pool, which in M. amazonicum, may increase preferentially
through intracellular protein degradation and/or increased
FAA synthesis. These findings corroborate the notion that
the hemolymph serves as an extracellular FAA reservoir,
buffering tissue FAA pools during osmotic adjustment to
salinity change (Gilles, 1977; Barbe & Sevilla, 1987).

Total FAA in the gill tissue of M. amazonicum respond
variably during salinity acclimation, tending to increase
slightly, as also seen in M. olfersi gills (McNamara et al.,
2004). Since the gills constitute the main site of active salt
regulation in adult crustaceans, stability in gill FAA during
exposure to hyper-/hyposmotic media may reflect the fact
that intracellular osmolality changes more quickly as a
consequence of ion transport and osmotic water movement
rather than of alterations in FAA titers in this tissue (Boone &
Claybrook, 1977). Total FAA titers are unchanged in M.
amazonicum nerve tissue during salinity exposure. In con-
trast, nerve FAA titers increase almost 3-fold in M. olfersi
(McNamara et al., 2004). Apparently, nervous tissue in
M. amazonicum may possess other barriers against volume
changes, given that tissue hydration is unaffected by salinity
exposure.

The effective contribution of FAA as intracellular osmotic
effectors consequent to alteration in hemolymph osmolality
has received little attention in the Crustacea. While total
FAA titers in M. amazonicum increase nominally on
exposure to saline media in zoeae 1 and 2 and in adult
muscle and gill tissues, their effective contribution to intra-
cellular osmolality remains unaltered as a consequence of
the concomitant increase in hemolymph osmolality (’ 16%
in zoea 1, and 6-8% in zoea 2 and tissues). In M. olfersi,
total FAA concentrations likewise increase on salinity
exposure in embryos, zoeae 1 and post-larvae, and in adult
muscle and nervous tissue; however, their contribution to
intracellular osmolality in saline medium effectively in-
creases only in embryos (from 5 to 6%) and in adult nervous
tissue (from 6 to 13%). These calculations presume
isosmoticity of the intra- and extracellular fluids, 30%
extracellular volume, and a negligible FAA contribution to
hemolymph osmolality (see McNamara et al., 2004).

In the Crustacea, mainly non-essential FAA participate as
organic osmolytes in cell volume regulation (Claybrook,
1983; McNamara et al., 2004); valine, (iso)leucine, lysine,
histidine, phenylalanine, threonine, arginine, methionine
and tryptophan, considered essential amino acids, are
present in low concentrations (Prosser, 1973). In embryos,
larvae and adult M. amazonicum and in post-larval M.
olfersi (see McNamara et al., 2004), the non-essential FAA
glycine, proline and alanine, and the essential FAA,
arginine, are the main intracellular osmotic effectors as
reported for larval Mennipe mercenaria (Tucker, 1978) and
Homarus gammarus (Haond et al., 1999), post-larval
Penaeus japonicus (Marangos et al., 1989) and P. aztecus
(Bishop & Burton, 1993), and muscle tissue of adult M.
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rosenbergii (Tan & Choong, 1981), P. vanammei (McCoid
et al., 1984) and Panulirus japonicus (Shinagawa et al.,
1995). Such FAA constitute around 40-60% of the total
concentration, revealing a pattern independent of ontoge-
netic stage or habitat occupied.

The invasion of the freshwater habitat by the palaemonid
shrimps appears to have been accompanied by an increase
in the efficiency of anisosmotic extracellular regulatory
mechanisms, and, differently from ancestral marine osmo-
conformers, by a reduction in dependence on cell volume
regulatory processes that employ organic osmotic effectors
like free amino acids.
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Palaemonidae), em laboratório. Ph.D. thesis. Universidade de São Paulo.
277 pp.

Vlasbom, A. G., and G. Bolier. 1971. Tolerance of the embryos of
Marinogammarus marinus and Orchestia gammarella to lowered
salinity. Netherlands Journal of Sea Research 5: 334-341.

Zanders, I. P., and J. M. Rodriguez. 1992. Effect of temperature and salinity
stress on osmoionic regulation in adults and on oxygen consumption
in larvae and adults of Macrobrachium amazonicum (Decapoda,
Palaemonidae). Comparative Biochemistry and Physiology 101: 505-
509.

Wilder, M. N., K. Ikuta, M. Atmomarsono, T. Hatta, and K. Komuro. 1998.
Changes in osmotic and ionic concentrations in the hemolymph of
Macrobrachium rosenbergii exposed to varying salinities and crystalline
composition of the cuticle. Comparative Biochemistry and Physiology
119: 941-950.

RECEIVED: 12 October 2006.
ACCEPTED: 24 February 2007.

634 JOURNAL OF CRUSTACEAN BIOLOGY, VOL. 27, NO. 4, 2007


