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ABSTRACT: Mussels Mytilus edulis were collected from Whitsand Bay in southwest England during
Apnl, July and September 1993 and January 1994, and fed a defined diet of prekilled microalgae with
one of 2 types of mixed protein/carbohydrate microcapsules. Both capsule types were comprised of the
same w/w proportion of "N-labeled protein and nonlabeled carbohydrate. However, Types 1 and 2
contained trace amounts of ["Clcarbohydrate and [14C]protein,respectively. Defecation, excretion, respirdtion and incorporation of I4C and "N isotopes were measured to describe the mussel's relative utilization of dietary carbohydrate (I4Cfrom Type l ) ,protein-C (l" from Type 2) and protein-N (15Nfrom
Types 1 and 2). In each experiment, mussels ingested similar quantities of capsule Types 1 and 2. However, the '4C-assimilation efficiency for carbohydrate (16 to 20%) was significantly greater than the
14C-assimilationefficiency for protein (7 to 15%). In contrast, protein-N was always assimilated with
greater efficiency (25 to 82%) than either carbohydrate or protein-C. The difference in assimilation efficiency between protein-N and protein-C indicates that a large proportion of amino acids from dietary
protein were hydrolyzed, with amlno-N being preferentially assimilated. The relatively poor assimilatlon of amino-C indicates that mussels were not nutritionally limited by energy since amino-C generated by the energy-intensive digestion process was not fully catabolized in the tricarboxylic acid cycle
(i.e. not respired). The conservation of protein-N relative to protein-C was particularly noticeable in
July when rates of ingestion and ammonia excretion were lowest, < l% of absorbed ( ' 5 ~ ] p r o t e i was
n
excreted, and [I5N]proteinassimilation was 5 times more efficient than [I4C]proteinassimilation. Further, rates of protein synthesis were greatest in July (71.2 mg d-'), compared with April, September and
January (39.2, 58.9 and 20.5 mg d-l). These findings suggest that seasonal variation in dietary protein
utilization in M. edulis is governed chiefly by changing anabolic demands for amino-N, rather than by
requirements for energy or essential amino acids.
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INTRODUCTION

Suspension-feeding bivalves living in temperate
habitats undergo dramatic seasonal changes in physiological condition, with associated changes in their
nutritional requirements for energy and protein (for
reviews, see Bayne & Newel1 1983, Hawkins & Bayne
1991, 1992). To properly understand the physiological
ecology of these animals, it is necessary to determine
how they meet changeable requirements from a diet
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that also varies spatially and temporally in both availability and quality (Burt 1955, Van Valkenburg et al.
1978, Chanut & Poulet 1982, Soniat et al. 1984, Berg &
Newel1 1986, Mayzaud et al. 1989, Sommer 1989,
Langdon & Newel1 1990, Galvao & Fritz 1991, Fegley
et al. 1992, Urabe 1993, Cranford & Hargrave 1994).
Suspension-feeders possess a wide array of physiological adaptations and alternative feeding strategies
with which they balance nutrient uptake and loss. For
example, some species compensate for variable food
abundance by regulation of filtration rates and/or
pseudofecal rejection rates (Winter 1976, Kiarboe et al.
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1980, Kinrboe & M ~ h l e n b e r g 1981, MacDonald &
Ward 1994). Pre-ingestion particle selection has also
been suggested a s a n important mechanism with
which suspension-feeders increase food quality ( K i ~ r boe et al. 1980, Kiarboe & Merhlenberg 1981, Newell &
Jordan 1983, Bricelj & Malouf 1984, Bayne et al. 1989,
1993, Pnns & Smaal 1989, Prins et al. 1991, Iglesias e t
al. 1992, Navarro et al. 1992, MacDonald & Ward 1994,
A. J. S. Hawkins, R. F. M. Smith, S. Bougrier, B. L.
Bayne & M. Heral unpubl., A. J. S. Hawkins, R. F. M.
Smith, B. L. Bayne & M. Heral unpubl.). In studying
how suspension-feeders meet their nutritional requirements, however, relatively few studies have identified
post-ingestion, digestive and metabolic adaptations for
the differential utilization of dietary energy and nutrients.
Protein uptake is critical for all animals because ~t
supplies essential amino acids and amino-nitrogen for
biosynthesis. Several workers (Kreeger 1993, Hawkins
1985, Hawkins & Bayne 1985) have reported that protein assimilation rates vary seasonally in suspensionfeeding bivalves. However, assimilated protein can be
catabolized to satisfy a n animal's energy requirements
in addition to being used for biosynthesis. Mussels can
also help satisfy anabolic demands for specific amino
acids by turning over (i.e. mobilizing) endogenous
pools of amino-N (Hawkins 1985). Relationships between protein and energy flux are further complicated
because digestion of exogenous protein, turnover of
endogenous amino-N, and the synthesis of protein
from amino-N are energy-demanding processes (for
reviews, see Hawkins 1991, Hawkins & Bayne 1992).
Nonetheless, these relationships between energy and
protein balance a r e fundamentally important in determining bivalve nutrition.
The relative utilization of dietary protein for energy
and/or blosynthesis has been poorly studied because
of technical limitations in discerning the fate of asslmilated protein. Ratios of oxygen consumption to ammonia-N excretion (O/N ratios) are useful indicators of
whether protein (low ratios) or carbohydrate (high
ratios) is the chief catabolic substrate. O/N ratios have
suggested (Bayne 1973a, b, Bayne & Widdows 1978)
that the primary energy source in mussels Mytilus
edulis is protein during gametogenesis and carbohydrate during the post-spawning quiescent period.
O/N ratios do not, however, supply information on the
relative contribution of these substrates in anabolic
processes, and they do not distinguish whether catabolized substrates are derived from the diet (i.e. exogenous) or tissues (i.e. turnover of endogenous reserves).
In this study, the relative utilization of ingested protein
and energy was compared in M. edulis uslng a
new dual-isotope/microencapsulationapproach (Kreeger et al. in press), which allows the anabolic and cata-

bolic fates of dietary carbohydrate (primarily used for
energy), protein-C (used for energy and biosynthesis)
and protein-N (primarily used for biosynthesis) to be
discerned simultaneously. The approach was repeated
4 times during the year, and patterns of protein utilization were related to seasonal changes in physiological
condition and biosynthetic requirements.

METHODS
In April, July and September 1993 and January 1994,
approximately 30 adult Mytilus edulis [shell heights
40 to 47 mm, ash-free dry tissue weights (AFDTW)
110 to 620 mg] were collected from Whitsand Bay,
southwest England. After being held in a laboratory
system of recirculating seawater overnight, they were
divided into 2 groups, and each individual was then
fed on a 'pulse' of one of 2 isotopically labeled experimental diets for 3 h. During both acclimation and pulse
periods, the diet consisted of a 1:2 (dry w/w) mixture of
non-labeled prekilled microalgae Isochrysis galbana
and mixed protein/carbohydrate microcapsules (PC
capsules).The biochemical composition of PC capsules
was the same throughout these experiments. However,
PC capsules delivered to mussels during the pulse
contained lSN-labeled protein and a trace quantity of
either '"C-labeled carbohydrate (Type 1) or I4Clabeled protein (Type 2). The duration of the pulse was
assumed to be long enough for mussels to ingest a significant amount of the experimental diet, yet short
enough to preclude the defecation, respiration or
excretion of ingested material (see also Kreeger et al.
in press). Following the pulse, mussels were transferred to clean seawater and fed non-labeled PC capsules for a 24 h 'chase' period, which was sufficient
time to allow their guts to purge undigested, labeled
diet. Detailed methods for the preparation of isotopically labeled substrates for encapsulation, preparation
of PC capsules and algal diets, and the quantitative
delivery of experimental diets are described by
Kreeger et al. (in press).
The fate of isotopes ingested during the pulse was
assessed by quantifying the resulting defecation of '"C
and I5N during purging, excretion of ['4CJDOM (dissolved organic matter) and ['5NJH4+during purging,
respiration of I4CO2during purging, and tissue incorporation of
and IiN at the end of purging (for methods, see Kreeger et al. in press). Ingestion of 14Cwas
calculated as the sum of I4C defecated, excreted,
respired and incorporated. Ingestion of I5N was calculated by multiplying I4C ingestion by the dietary ratio
of pg l5N:dpm 1 4 C Defecation of IiN was calculated as
the d~fferencebetween IiN ingestion and the sum of
"N incorporation and I5N excretion. Methods for the
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collection, treatment and isotope quantification of fecal
samples, water samples and mussel tissues are supplied elsewhere (Kreeger et al. in press). The '" and
I5N budgets were calculated for individual mussels
(Kreeger et al. in press), standardized for mussel
AFDTW, and compared among treatments to ascertain
whether Mytilus edulis assimilates and/or catabolizes
d ~ e t a r ycarbohydrate (I4CIn Type l), protein-C (I4Cin
Type 2) and protein-N ("N in Types 1 and 2) differently, and whether seasonal variations in physiological
condition and protein requirements affect these utilization patterns.
Seasonal variability in the physiological condition of
Mytilus edulis was examined by quantifying their
reproductive condition. Twenty-five additional mussels were collected during each experiment and their
mantle tissues were immediately dissected and frozen
in liquid N1.The proportion of mantle tissue occupied
by ripe gametes ('gamete volume fraction') was later
analyzed from these frozen samples (for method, see
Lowe et al. 1982) as an index of reproductive condition.
To assess the extent to which the utilization of proteinN is determined by biosynthetic demand, seasonal
changes in the rate of whole-body protein synthesis
were calculated from the I5N budget using the
approach devised by Hawkins (1985).
Statistical treatment of resulting data consisted of
ANOVAs, 2-way ANOVAs, and Tukey's multiple
range analyses. Percentages (e.g.assimilation efflciencies, reproductive conditions) were arcsine square-root
transformed prior to statistical evaluation.

RESULTS

The I4C budget of Mytilus edulis fed PC capsules containing either [I4C]carbohydrate (Type 1) or
[I4C]protein (Type 2) is summarized in Table 1. A 2way ANOVA comparing the effects of capsule type
ingestion did
and experiment month indicated that
not differ significantly between mussels fed Type 1 or
Type 2 capsules. However, "C-ingestion varied more
than 10-fold 167 to 1206 dpm (g AFDTW)-l] among
experiments (Table 1). Although mussels defecated
most ingested 14C regardless of capsule type and
experiment, I4C defecation varied significantly (2-way
ANOVA) between capsule types (p < 0.0001) and
among experiments (p < 0.0001) (Table 1). Absorption
(i.e. ingestion - defecation) con~priseda greater proportion of the 14C budget In mussels fed encapsulated [14C]carbohydrate (23 to 41%) compared with
[I4C]protein(9 to 25 %). When compared among experiments, significantly more ingested 14C was absorbed
in April (33 %) than in July (23%), September (15 %) or
January (19%).

'v

Mussels utilized a substantially greater proportion of
ingested ['"]carbohydrate than ['4C]protein(Table 1).
Two-way ANOVAs comparing the relative effects of
capsule type and experiment month indicated that 14C
excretion, I4C respiration and I4C incorporation represented a significantly (p < 0.001) greater proportion of
s
were fed ['4C]carboingested I4C when M y t i l ~ ~edulis
hydrate (8.9, 0.3 and 13.8%, respectively) compared
with 114C]protein(5.1, 0.2 and 7.7 %, respectively). Seasonal variability was significant for 14C excretion ( p <
0.0001) and 14Crespiration ( p = 0.0013),but not for I4C
incorporation (p > 0.05).Excretion of I4C was particularly variable (2 to 22%) (Table l ) ,and in July differed
markedly between mussels fed capsule Types 1 (18 %)
and 2 (4 % ) . Such high and variable excretion has been
reported before in similar isotope balance studies
(Kreeger 1993, Kreeger & Langdon 1994), and it is
Table 1. Mytilus edulis. Components of the I4C budget of
mussels fed mixed protein/carbohydrate microcapsules containing trace amounts of elther cl cl carbohydrate (Type 1) or
[14C]protein(Type 2). Mean (i SE) "C-specific activity for
each component is expressed as a percentage of ingested I4C,
except for I4Cingestion, which is given as the actual I4C activities per mussel AFDTW. For each component, means were
statistically compared between treatments (n = 2) and among
experiments (n = 4) using ANOVA (percentages were arcsine
square-root transformed before analysis); different superscripted letters indicate significant ( p < 0.05) differences
among these 8 means
Month

From
[14C]carbohydrate

From
[L4C]protein

P

Ingestion (I) (dpm X lo3 (g AFDTW)-l]
666 + 91B
802 * 179'
APr
Jul
88.8 i 1 9 . 8 ~
66.5 * 1 3 . 7 ~
356 i 49'
337 * 51'
<0.0001
S ~ P
Jan
1202 * 77"
1206 122"
Defecation (% of ingested "C)
58.9 t 3.2D
AP~
J ul
73.5 r 3.6'
S ~ P
76.8 + 3.0'
Jan
75.8 * 1.3'

74.7 + 2.6'
79.9 * 3.6BC
90.9 + 1.5"
86.3 + 1 . 3 ~ '

Excretion (% of ingested I4C)
AP~
22.2 i 1.4"
Jul
18.0 * 2.1B
4.5 i 0.2D
S ~ P
Jan
3.9 * 0.3D

15.1 r 1.2'
4.1 * 0.6D
2.3 i 0 . 2 ~
2.5 k 0 l D

<0~0001

<0.0001

Respiration (% of ingested I4C)
2.1 * 0 . 2 " ~
0.8 i O.lD
AP~
Jul
4.1 + 0.4"
2.4 + 0 . 3 ~ ~
0.0003
1.8 * O.lBC
2.9 i 0.2'"'
S ~ P
Jan
1.8 i 0 . 4 ~ ' ~
1.0 i O.lCD
Incorporation (% of ingested I4C)
14.2 * 1.8""
8.2 + l.OCD
AP~
Jul
11.4 i 0 . 9 ~ '
11.6 * l.6ABC
0 0001
4.7 i 0 . 4 ~
15.3 i 1 . 6 " ~
S ~ P
Jan
17.3 i 0.6"
9.9 rt 0 . 5 ~ '
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unclear if a portion of this dissolved pool of 14Cmight
Rates of ammonium-N excretion [pmol d - ' (g
have simply been non-utilized products of extracelluAFDTW)-'1 also varied significantly (ANOVA, p <
lar digestion (i.e. not absorbed; see discussion in
0.05) among experiments, and were greatest in April
Kreeger et al. in press).
and lowest in July (Fig. 2). The proportion of absorbed
Ingestion rates of 15N and the resulting 15N budgets
15N that was excreted followed a similar seasonal pattern. However, less than 2% of ingested 15N was
did not differ significantly (t-tests for each pairwise
excreted (Table 2). Alternatively, mussels excreted up
case, p < 0.05) between groups of mussels fed the
to 15% of ingested [14C]protein (Table 1). In contrast
2 capsule types, which was anticipated because the
2 types of capsules were similar in biochemical and
to rates of excretion, rates of whole-body protein syn15N composition, and because rates of I4C ingestion
thesis (mg d - ' mussel-') were significantly (ANOVA,
p i0.05) greater in July and September than in April
did not differ between capsule types (Table 1). Thereor January (Fig. 3). The inverse relationship between
fore, the 15N budgets of mussels fed capsule Types 1
and 2 were pooled for statistical analyses and the
rates of ammonium excretion and protein synthesis
between April and July was associated with a significombined 15N budget is given in Table 2. The 15N
assimilation efficiency, calculated as the proportion of
cant (ANOVA, p < 0.05) decrease in the reproductive
ingested 15N that was incorporated by mussels, also
condition of Mytilus edulis (Fig. 4 ) . The gamete volume fraction (i.e.% ripe) in mussel mantle tissues was
differed significantly (p = 0.0003) and was much
greater in July (83%) compared with other times of
greatest in April (20%) and lowest in September
(<l%).
the year (20 to 28%) (Table 2). Since very little 15N
was excreted (see below), I5N absorption
efficiency (proportion of ingested 15N either
excreted or incorporated) followed a nearly
:GC
identical seasonal pattern to that for 15N
14
n 90 assimilation efficiency (Table 2).
i
C-Carbohydrate
The assimilation efficiencies for [14C]carbohydrate, [14C]proteinand [I5N]protein by
72 X
Mytilus edulis are compared in Fig. 1. In
63 each experiment, protein-N (I5N)was assim.ilated better than protein-C (14C from Type
2 capsules). A 2-way ANOVA comparing the
relative effects of substrate type and experiment month indicated that overall, proteinN was assimilated with significantly ( p <
0.05) greater efficiency compared with carbohydrate, which was assimilated significantly ( p < 0.05) more efficiently than proApr.
July
Sept.
Jan.
tein-C. The ANOVA was complicated,
however, by a significant ( p < 0.05) interac1994
199.3
tion between effects of month and substrate
the
type because during
F I 1.
~ Mytilus eduhs. Mean (* SE) assimilation efficiencles for ["Clcarefficiency for protein-N was more than 5
bohydrate, [14C]proteinand ['5N]protein from mixed protein/carbohytimes greater than that for either carbohydrate m~crocapsulesfed to mussels during April, July and September
1993 and January 1994
drate or protein-C.

T

h

Table 2. Mytilus edulis. Components of the "N budget of mussels fed mixed protein/carbohydrate microcapsules containing
(I5N]protein.Mean (+ SE) weight of ''K for each component is expressed as a percentage of ingested "N. For each component,
differences among experiments were statistically assessed using ANOVA after arcsine square-root transformation: different
superscripted letters indicate significant differences (p < 0.05). AE: assimilation efficiency
Physiological component
A P ~

Excretion
Incorporation (AE)
Absorption

1.52 -+ O.3ZA
25.1 i 2.1''
27.5 2.2B

*

Percentage of ingested "N
Jul
S ~ P
0.28 i 0.04'
82.5 2 5 A
833&25A

*

0.31
28.0
28.6

+ 0.03~

* 1.6'
* 1.6~

P
Jan
0.42 r 0.05B
19.6 i 0.6'
19.9 + 0 6"

<O 0001
0.0003
0 0001
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DISCUSSION

Suspension-feeding bivalves possess a diverse array
of physiological adaptations which they use to balance
their nutritional requirements from a complex and
variable diet. In addition to the potential for regulating
food uptake quantitatively (e.g. feeding rate, pseudofeces production) and/or qualitatively (pre- and postingestion particle selection), some species are also
capable of efficiently recycling endogenous nutrient
reserves (for reviews, see Bayne & Newell 1983,
Hawkins & Bayne 1992). For example, Hawkins (1985)
showed that under conditions of low net nitrogen balance, Mytilus edulis can break down endogenous protein and recycle amino-N products with high efficiency. By this means, whole-body protein turnover
(WBPT) can mobilize amino acids, some of which can
be selectively translocated to satisfy specific biosyn-

April

Jdy

Sept.

1993

Jon.
1994

Fig. 3. Mytilus edulis. Rates of whole-body protein synthesis
(mg d" mussel-') during April, July and September 1993 and
January 1994. Significant differences (ANOVA, p < 0.05)
among experiments are denoted by different superscripted
letters

April

July

1993

Sept.

Jan.

1994

Fig. 4. Mytilus edulis. Reproductive condition of mussels during April, July and September 1993 and January 1994, measured as the volumetric proportion of mantle tissue occupied
by n p e gametes ('gamete volume fraction'). Significant differences (ANOVA on arcsine square-root transformed percentages, p < 0.05) among experiments are denoted by different
superscripted letters

April

July

1993

Sept.

Jan.

1994

Fig. 2. Mytilus edulis. Excretion by mussels during April, July
and September 1993 and January 1994 given a s (a) AFDTWspecific rates of ammonium-nitrogen production, and (b) proportion of absorbed I5N released as DOM. Variation among experiments was statistically analyzed with ANOVA procedures
[values in (b) were first arcsine square-root transformed]; significant (p < 0.05) differences are denoted by different letters

thetic requirements, whereas less 'essential' amino
acids can be catabolized to help meet the energy
demand (Hawkins 1991).
In addition to these adaptations, results from the present study clearly demonstrate that Mytilus edulis was
able to help satisfy the amino-N demands of biosynthesis by adjusting the efficiency with which ingested
exogenous protein was utilized and conserved. For
example, although mussels assimilated dietary carbohydrate (i.e. energy) with similar efficiency (16 to 20 %)
throughout the year, the assimilation efficiency of
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dietary protein (as indicated by [ ' 'Nlprotein) varied
more than 4-fold. Although seasonal var~ationin the
assimilation efficiency of dletary carbohydrates has
never before been measured in suspension-feeders, it
is known that dietary proteins are assimilated wlth
variable efficiency. Hawkins & Ba) ne (1984) reported
that absorption efficiencies for "N-labeled microalgae
by freshly collected M, edulis decreased from 81.1 % in
March to 54.9% in June. Similarly, Kreeger (1993) fed
M . trossulus on '"C-labeled, encapsulated protein, and
reported that 14C assimilat~onefficiencies varied from
5 to 31 % during the year. As a result of this variability
in protein assimilation efficiency (and to a lesser
degree, seasonal variation in ingestion rates), in situ
assimilation rates for bioavailable proteln were estimated to vary by more than 7 times (Kreeger 1993).
Since the assimilation efficiency for protein-N correlated (R2 for regression equation = 63%) with rates of
protein synthesis in the present study, mussels were
apparently responding to changing proteln demands
with concomitant adjustments in the utilization of
absorbed exogenous protein.
An intriguing result was that protein-N was assimilated significantly more efficiently than protein-C,
which illustrates the usefulness of a multiple isotope
approach for discerning the metabolic fate of biochemicals absorbed by suspens~on-feeders.In a similar
approach, Chalermwat et al. (1991) reported that
clams Mulinia lateralis assimilated 35S from dualisotope-labeled bacter~aw ~ t hsignificantly greater efficiency than 3H, probably because the nutritional
requirements for sulfur-containing amino acids
exceeded the average amino acid requirements. In the
present study, high rates of assimilation and lncorporation of protein-N did not reflect protein utilization per
s e , but instead reflected increased conservation of
dietary amino-N relative to d ~ e t a r yC (from both carbohydrate and protein). Hawkins (1985) also reported
that the elemental turnover of N by Mytilus edulis is
consistently more conservative than C turnover.
The difference in N and C assimilation was especially clear in July when protein-N was assimilated
5 times more efficiently than protein-C These resu!ts
indicate that a large proportion of absorbed proteins
was fully digested to amino-N and amino-C, and
whereas most of the amino-N was conserved (i e . I5N
ass~milatlon),most of the amino-C was instead lost as
excreta (i.e. the difference between "N and 14Cassimilation). The mussel's qualitative demands for biosynthesis (i.e, essential amino acids) must have therefore
been vastly exceeded by the quantitative biosynthetic
nltrogen demand (i.e.amino-N) (see also Kreeger et al.
in press). Losses of absorbed but non-assimilated
amino-C in July must have occurred mostly via defecation since direct measurement of [14C]DO\Iexcretion

compr~sedonly 4'(, of the a m ~ n o - " C budget Hence,
apparent absorption efflciencies for carbon that are
calculated from our data (and those In related carbon
balance studles) m ~ g h tunderestimate true absorpt~on
efflclencles since trad~tlonal calculation methods
assume that fecal carbon is unabsorbed
Protein synthes~scan account for >16% of basal
energy requirements (Hawklns 1985) Hydrolysis of
amlno aclds and the transamlnatlon of amlno-N for
biosynthes~s are also energy-lntens~ve processes
(Lehnlnger 1970), and ~t IS noteworthy that amino-C
generated as a by-product of thls process was excreted
and not transferred to the tncarboxyllc acid cycle for
use as a catabol~cfuel Clearly, mussels should have
catabolized t h ~ s' ~ nhand energy source ~f they were
nutritionally lim~tedby energy Indeed, the continuous
conservation of amino-N relative to a m ~ n o - Camong
the 4 seasonal experiments, and the invanable util~zation of readlly catabohzable substrates such as dietary
carbohydrate, suggest that mussels were more l ~ k e l yto
have been nutntlonally lim~tedby the11 quantitative
amino-N requlrements rather than elther thelr energy
demand or their qualitative amlno a c ~ drequlrements
The reproductive condition of mussels In Whltsand
Bay was greatest In spring and lowest In fall, which 1s
simllar to the pattern descnbed previously by
Hawklns et a1 (1985) for Whltsand Bay mussels This
pattern 1s typ~calof blvalves llving In temperate habitats Spawning usually occurs in sprlny and early
summer when food supplles for larvae are abundant
In fall, bivalves accumulate storage carbohydrates as
fuel for overwintenng and subsequent gametogenesls
d u ~ l n gwlnter (Gabbott 1976, 1983) Kreeger (1993)
reported that Mytjlus trossulus ass~milated dietary
protein with signlf~cantlygreater efficiency when the
mussels were undergoing gametogenesls compared
w ~ t hthe q u ~ e s c e n tp e r ~ o d However, in t h ~ sstudy, M
eduljs asslmllated both p r o t e ~ n - Cand prote~n-Nmost
eff~c~entd
l yu n n g the postspatvnlng q u ~ e s c e n tperlod
These results are supported by prevlous reports
(Bayne 1973a, b Bayne & W~ddows1978) that O/N
ratios of Whitsand Bay mussels are lowest, and so proteln serves as a pnmary catabolic substrate, during
gametogenesls There could be several reasons for the
apparently equivocal patterns In proteln asslmilat~on
between M edulis and M trossulus such as sitespeclf~cdifferences In proteln availab~lity and d ~ e t
quality, genetic differences In gametogenlc protein
requlrements, and/or genetic d~fferences In the
capaclty to recycle endogenous protein reserves (for
review, see Hawklns & Bayne 1991)
Nitrogen utll~zationwas most effluent in July when
ingestion rates were at thelr lowest and rates of protein
synthesis were greatest Mussels responded physiologically to these pressures on N balance by 11mit-
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ing excretory amino-N losses and maximizing the
transamination of digested proteins to amino-N for use
in biosynthesis. Such flexibility in protein utilization
demonstrates that mussels possess substantial metabolic adaptations for controlling the relative anabolic
and catabolic fates of exogenous protein. Since they
can also regulate the recycling of endogenous aminoN by controlling protein breakdown rates (Hawkins
1991, Hawkins & Bayne 1992), mussels possess a powerful and complex suite of metabolic adaptations for
optimizing nitrogen balance, and protein utilization in
Mytilus edulis should be considered as a highly plastic
process.
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