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Biochemical bases of growth variation during development: a
study of protein turnover in pedigreed families of bivalve larvae
(Crassostrea gigas)
T.-C. Francis Pan, Scott L. Applebaum, Christina A. Frieder and Donal T. Manahan*

ABSTRACT
Animal size is a highly variable trait regulated by complex interactions
between biological and environmental processes. Despite the
importance of understanding the mechanistic bases of growth,
predicting size variation in early stages of development remains
challenging. Pedigreed lines of the Pacific oyster (Crassostrea gigas)
were crossed to produce contrasting growth phenotypes to analyze the
metabolic bases of growth variation in larval stages. Under controlled
environmental conditions, substantial growth variation of up to 430% in
shell length occurred among 12 larval families. Protein was the major
biochemical constituent in larvae, with an average protein-to-lipid
content ratio of 2.8.Onaverage, 86%of protein synthesizedwas turned
over (i.e. only 14% retained as protein accreted), with a regulatory shift
in depositional efficiency resulting in increased protein accretion during
later larval growth. Variation in protein depositional efficiency among
families did not explain the range in larval growth rates. Instead,
changes in protein synthesis rates predicted 72% of growth variation.
High rates of protein synthesis to support faster growth, in turn,
necessitated greater allocation of the total ATP pool to protein
synthesis. An ATP allocation model is presented for larvae of
C. gigas that includes the major components (82%) of energy
demand: protein synthesis (45%), ion pump activity (20%), shell
formation (14%) and protein degradation (3%). The metabolic trade-
offs between faster growth and the need for higher ATP allocation to
protein synthesis could be a major determinant of fitness for larvae of
different genotypes responding to the stress of environmental change.

KEY WORDS: Protein synthesis, Development, Larvae, Pacific
oyster, Pedigreed lines, Metabolic trade-offs

INTRODUCTION
Quantitative bioenergetic frameworks are required to understand how
organisms allocate cellular energy to maintain homeostasis. The
maintenance of whole-body protein content in organisms involves a
highly controlled balance of rates of turnover regulated by synthesis
and degradation (Ciechanover, 2005; Ohsumi, 2014; Schoenheimer
et al., 1939; Waterlow, 1995, 2006). The requirement for protein
renewal through turnover varies considerably with combinations of
biological and environmental factors. The rate of protein synthesis
and degradation can depend on tissue type, nutritional state, life
history stage, environmental conditions and general physiological

status (Carter and Houlihan, 2001; Fraser and Rogers, 2007). Growth
rate differences have been correlated with different levels of protein
turnover, from marine invertebrate species to fish and mammals
(Bates andMillward, 1981; Bayne, 2017; Bayne and Hawkins, 1997;
Fraser and Rogers, 2007; Hawkins et al., 1986; Waterlow, 2006).
Individuals with lower rates of protein turnover show higher growth
rates, presumably due to energy trade-offs between protein synthesis,
degradation and growth processes (Bayne and Hawkins, 1997). If
more energy is allocated to support high rates of protein turnover
(‘maintenance cost’), then less energy is available for growth.
Although the general relationship between growth and protein
metabolism has been investigated by manipulating environmental
conditions in wild-type animals (e.g. food and temperature; Bayne
and Hawkins, 1997; Houlihan, 1991), the biochemical bases of
genetic variation in growth are less well understood (Applebaum
et al., 2014; Bayne, 2017). Moreover, for developmental forms where
growth is rapid, the relationship between growth and protein
metabolic dynamics is poorly defined (in energy terms).

Developmental stages of marine invertebrates have long been
used to study macromolecule turnover (Davidson, 1976). The small
size of developmental stages and their physiological ability to take
up dissolved organic substrates added to seawater have allowed for
extensive analysis of biosynthesis (Davidson, 1976; Evans et al.,
1983). For the study of protein synthesis, radioactively labeled
amino acids have been used for trace labeling without altering the
composition and size of the intracellular precursor pool (Berg and
Mertes, 1970; Fry and Gross, 1970; Marsh et al., 2001; Pace and
Manahan, 2006). During embryogenesis of sea urchins, fractional
protein synthesis rates (ratio of protein synthesis to whole-body
protein content ×100) are high, at ∼50% per day (Berg and Mertes,
1970; Fry and Gross, 1970; Goustin and Wilt, 1981; Marsh et al.,
2001; Pace and Manahan, 2006; Pan et al., 2015a). Because no net
growth of whole-body protein content occurs during early
development before the feeding larval stage is reached (Moran
and Manahan, 2004; Meyer et al., 2007; Pace and Manahan, 2006;
Pan et al., 2015a), protein synthesis is equal to degradation; hence,
approximately half of the total body protein pool is turned over each
day. During later growth of larval stages, fractional synthesis rates
can exceed 100% (Carter and Houlihan, 2001). At such high rates of
protein synthesis during development and growth, the energy cost of
protein synthesis alone can account for the utilization of more than
50% of the total ATP pool (Lee et al., 2016; Pace and Manahan,
2006). Additionally, regulation of protein synthesis is a major
biochemical response to alter metabolic status in response to
environmental perturbation (Pan et al., 2015a; Podrabsky and Hand,
2000, 2015). Given the functional significance of protein
metabolism to homeostatic maintenance and metabolic energy
turnover, protein synthesis could be used to predict endogenous
variation in growth rates – an explicit goal of the present study.Received 10 October 2017; Accepted 22 March 2018
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Experimental cross-breeding of pedigreed lines of the Pacific
oyster, Crassostrea gigas, is known to produce reproducible growth
contrasts among different larval families (Curole et al., 2010;
Hedgecock and Davis, 2007; Hedgecock et al., 1995, 2007; Meyer
and Manahan, 2010; Pace et al., 2006; Pan et al., 2015b, 2016). In
this study, pedigreed lines of C. gigas were used to produce larval
families that, when reared under similar conditions of food and
temperature, showed contrasting growth phenotypes. These larval
families were then used to investigate the biochemical bases of
growth variation in the context of energy allocation to protein
metabolic dynamics.

MATERIALS AND METHODS
Larval culturing
In a series of experimental crosses, a total of 12 larval families were
produced by crossing pedigreed lines of adult Crassostrea gigas
(Thunberg 1793). Four sets of 2×2 factorial crosses were undertaken
using different males and females from pedigreed lines developed
during a controlled breeding program of up to five generations (ca.
10 years). These pedigreed lines were maintained as separate lines,
and the adult broodstock from each pedigreed line was genotyped
before being used in an experimental cross to confirm parentage
(Hedgecock and Davis, 2007; Sun et al., 2015). The sets of factorial
crosses resulted in the production of 16 different larval families. Of
these, 12 larval families were selected based on larval numbers
(∼2 million larvae per family) and phenotypic growth contrasts
(Fig. 1). Experimental crosses and larval rearing were conducted in
a dedicated marine culture facility at the University of Southern
California Wrigley Marine Science Center, located on Santa
Catalina Island, CA, USA. Eggs and sperm were removed directly
from the gonads of gravid adults. Eggs were fertilized, checked for
fertilization success and placed at an initial concentration of

10 eggs ml−1 in 200 l culture vessels. Each culture vessel contained
0.2 μm (pore size) filtered seawater at 25°C. A complete
replacement of the seawater in each culture vessel was performed
every 2 days during all experiments. For each seawater change,
continuously flowing ambient seawater was filtered and heated with
titanium heat exchangers to the required rearing temperature of
25°C. Temperature data-loggers (HOBO U12, Onset Computer
Corp., Bourne, MA, USA) were used to continuously monitor the
seawater temperature in individual culture vessels. Over the
experimental period tested (up to 17 days, depending on the larval
family studied), seawater temperature used to culture larvae was
held constant at 24.1±0.90°C (mean±s.d., N=65). When veliger
larvae reached feeding competency at 2 days old, larvae in each
culture vessel were fed the algae Isochrysis galbana at 30 cells μl−1.
As larvae grew, the feeding ration was increased to 50 cells μl−1 as
per standard culture protocols for this species (Breese and Malouf,
1975; Helm et al., 2004).

Growth rate
Growth rates of larvae were measured up to 17 days post-
fertilization (rearing duration varied, depending on growth rates of
different larval families). Larvae in each culture vessel were
sampled at least five times during the growth period studied. At each
sampling time point, shell lengths of at least 50 randomly selected
larvae were measured on calibrated photomicroscopic images using
ImageJ (National Institutes of Health, Bethesda, MD, USA). Larval
shell length was quantified as the distance from the anterior to the
posterior edge of the shell. Growth rate was calculated for each
larval family from the slope of the linear regression model
describing the relationship between shell length and age (Fig. 1;
Table 1). Preliminary statistical tests comparing different regression
methods to analyze growth (shell length) during the larval periods
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Fig. 1. Growth rate variation between larval families of Crassostrea gigas. (A) Family 1 and (B) family 12, representing the minimum and maximum growth
rates observed in this study. Values are means±s.e.m. When not visible, error bars are within graphical presentation of the data points. Linear regression models:
(A) y=3.4x+67.4, F1,979=873.5, r2=0.47; (B) y=14.6x+10.8, F1,352=2010.5, r2=0.85. (C) Growth rates for 12 larval families produced from crossing pedigreed
parental lines of C. gigas. Each value represents the slope±s.e. of the linear regression model for a family. Horizontal lines indicate families that are in the same
statistical groupings, from Tukey’s pair-wise slope comparisons following ANCOVA. See Table 1 for regression models for all 12 larval families.

2

RESEARCH ARTICLE Journal of Experimental Biology (2018) 221, jeb171967. doi:10.1242/jeb.171967

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y



studied showed that linear regressions of all shell length data within
a specific larval family best described growth rate across all 12
families (i.e. lower estimated errors based on higher value of r2 and
smaller residual mean square). A total of more than 7700 individual
shell length measurements were conducted for this study. This
experimental design of crossing pedigreed lines of C. gigas
produced a series of larval families that showed a wide range of
statistically different phenotypic growth contrasts under similar
environmental conditions (Fig. 1C). These phenotypic contrasts
were the premise for the study of physiological and biochemical
mechanisms that regulate differences in larval growth rates.

Biochemical content
Total protein and lipid content – the two major biochemical
components in the larvae of C. gigas – were measured in larvae of
different shell lengths from different families. Multiple samples
(N=3–6), each containing a known number of larvae, were taken
from each culture vessel during the growth period studied. A total of
273 protein assays and 98 lipid assays were undertaken in the study.
Each sample was immediately placed on ice, then centrifuged in a
bench-top mini-centrifuge (2000 g); seawater was then removed and
the samples were stored at −80°C pending biochemical analyses.
Prior to measurement of protein and lipid content, larvae were
freeze-dried to remove any remaining fluids. A known amount
(300–400 µl) of deionized water (Nanopure™, Thermo Fisher
Scientific, Waltham, MA, USA) was then added to each sample
tube, and larvae were sonicated on ice. For protein quantification,
larval protein in tissue homogenates was precipitated in ice-cold 5%
trichloroacetic acid (TCA), resolubilized in 500 µl of 1 mol l−1

NaOH and neutralized with HCl. Protein amounts in each sample
were determined using the Bradford dye-binding assay, modified
for developing marine invertebrates (Jaeckle and Manahan, 1989;
Moran and Manahan, 2004).

For lipid quantification, all lipid classes in larval tissue
homogenates were extracted in water:methanol:chloroform
(1:1:0.5 v/v); stearyl alcohol was added as the internal standard
(Moran and Manahan, 2004). The extraction procedure was
followed by phase separation in water:methanol:chloroform
(0.9:1:1). The amount of each lipid class in each sample was
determined by spotting three replicate samples on different
Chromarods™ (1 mm diameter; Iatron Laboratories Inc., Tokyo,
Japan). Lipids on each Chromarod were separated using a solvent
system containing hexane:ethyl ether (3.5:1) to which 10 drops
(Pasteur pipette) of glacial acetic acid were added. Chromarods were
dried at 100°C and analyzed with an Iatroscan Flame Ionization
Detector system (Iatroscan MK-5, Iatron Laboratories Inc.). The
amounts of each major lipid class – phospholipid, triacylglycerol,
sterol, free fatty acid and hydrocarbon – were calculated based on
extraction efficiency of the stearyl alcohol internal control and
known standards of L-α-phosphatidylcholine, tripalmitin, palmitic
acid, cholesterol and squalene (all chemicals from Sigma-Aldrich,
St Louis, MO, USA). Total lipid content in each larval sample was
determined as the sum of the major lipid classes.

Protein synthesis rate
Rates of protein synthesis were determined using the methods
developed for larvae of C. gigas by Lee et al. (2016). A total of 114
protein synthesis assays (six time points per assay, Fig. S1; i.e. a
total of 684 time point samples) were conducted using larvae of
different sizes from different families. In each protein synthesis
assay, a known number of larvae were incubated in 10 ml of filtered
seawater to which 74 kBq [14C]glycine (Perkin-Elmer Inc., Boston,Ta
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MA, USA) was added, adjusted to a final concentration of
10 μmol l−1 glycine with the addition of non-radioactive glycine
(‘cold carrier’; Sigma-Aldrich). A series of subsamples was
collected every 6 min during a 36 min time-course experiment
(Fig. S1). Larvae were placed on a filter membrane (8 μm pore-size;
Nucleopore, GE Healthcare, Pittsburgh, PA, USA), gently rinsed
with seawater to remove excess radioactivity, and immediately
frozen at −80°C until further analysis. The amount of [14C]glycine
incorporated into TCA-precipitable proteins at each time point was
measured by liquid scintillation counting. This radioactivity was
corrected for the change in intracellular specific activity of
[14C]glycine in the free amino acid pool of larvae using high-
performance liquid chromatography. The total amount of glycine
(moles) in each sample was quantified, and the amount of
radioactivity (Bq) in the glycine fraction of the chromatographic
eluent was determined by scintillation counting to calculate the
specific activity of [14C]glycine in the free amino acid pool of larvae
(Fig. S1). During these short time-course assays, interconversion of
[14C]glycine to other amino acids was minimal (∼4%, Fig. S1). The
amount of total glycine (moles) incorporated into proteins was
converted to the amount of proteins synthesized (grams), based on
the mole-percent glycine in proteins for larvae of C. gigas (12
±0.2%) and the average molecular mass of amino acids in proteins
(126.6±0.2 g mol−1, calculated from the amino acid composition of
hydrolyzed protein) (Lee et al., 2016). For each analysis, protein
synthesis rate was calculated from the slope of the linear regression
describing the relationship between the amount of newly
synthesized proteins and assay time (Fig. S1).

Respiration rate
Respiration rates were measured as described previously (Marsh and
Manahan, 1999), with modifications for larvae of C. gigas (Pace
et al., 2006; Pan et al., 2016). In brief, a known number of larvae
(250–500 individuals, dependent on size) were placed in a sealed
microbiological oxygen demand respiration vial that contained air-
saturated, 0.2 μm (pore size) filtered seawater. For each respiration
rate determination, a total of 8–10 replicate respiration vials were
used (volume ∼600 μl; each vial was independently calibrated for
volume). Three control (blank) respiration vials, each containing
filtered seawater with no larvae, were included with each set of
measurements. Incubation times ranged from 3 to 4 h per assay,
depending upon respiration rates (a function of different larval
sizes). At the end of the incubation period, the oxygen in each
respiration vial was measured by injecting a subsample of seawater
into a temperature-controlled microcell (Model MC100,
Strathkelvin, North Lanarkshire, UK) that was fitted with a
polarographic oxygen sensor (Model 1302, Strathkelvin) and
connected to an oxygen meter (Model 782, Strathkelvin). Oxygen
sensor readings, corrected for oxygen consumption in the absence
of larvae (blanks), were converted to moles of oxygen using
standard calibrations.

RESULTS
Growth rate
A total of approximately 24 million veliger larvae, representing 12
different larval families, were produced during the current study. For
the larvae in each family, growth rate was calculated from a
regression model describing the relationship between shell length
and age (e.g. Fig. 1A,B give the primary shell length data for
families 1 and 12, as examples of minimum and maximum growth
rates). Under similar rearing conditions of food and temperature,
larvae of different families had a 4.3-fold difference in growth rates,

ranging from 3.4±0.11 (slope±s.e.) to 14.6±0.3 µm day−1 (Fig. 1C;
slope comparisons of growth rates of all families: F11,7755=303.1,
P<0.0001, with statistical groupings indicated by horizontal lines).
This result shows that the 12 larval families produced by crossing
pedigreed lines had contrasting growth phenotypes under similar
rearing conditions. Such phenotypic contrasts allowed for further
studies of the biochemical and physiological bases of growth
variation.

Biochemical content
Whole-body total protein and lipid content are the major
biochemical reserves in larvae of C. gigas (His and Maurer, 1988;
Moran and Manahan, 2004). In the current study, larval protein and
lipid content were measured throughout the larval growth period
examined (Fig. 2A). During larval growth from 75 to 250 µm (shell
length), protein and lipid both increased significantly with shell
length, with protein being the dominant biochemical component
(average protein-to-lipid ratio of 2.8, N=28). During larval growth,
the lipid content of larvae had a higher rate of increase compared
with protein content (Fig. 2A; 47-fold and 68-fold increase in
protein and lipid, respectively, for a 3-fold increase in shell length;
slope comparison for protein and lipid content, F1,367=8.26,
P=0.004). Although the protein-to-lipid ratio increased during
growth, the ratio did not differ among the larval families tested (one-
way ANOVA, F6,24=1.79, P=0.158). The major lipid classes
causing the increase in total lipid content were triacylglycerol and
phospholipid (Fig. 2B; slope comparison: F1,192=26.26, P<0.0001,
i.e. triacylglycerol content increased at a faster rate than
phospholipid). In addition to changes in the major lipid classes of
triacylglycerol and phospholipid, hydrocarbons, free fatty acids and
sterols were also detectable but their amounts did not change during
the larval growth period studied (Fig. 2C; family 11 as an example).
Combined, those last three classes of lipid accounted for a small
percentage (3%) of the total whole-body lipid and protein content of
larvae during the growth period studied (Fig. 2C).

Rates of protein synthesis and protein accretion
To understand the dynamics of protein metabolism during growth,
an extensive series of in vivo measurements was undertaken to
measure protein synthesis and accretion in larvae with different
growth phenotypes. Rates of protein synthesis were measured
(Fig. 3A) and compared with the daily rates of protein accretion
(calculated from the relationship between protein content and age
for a given family, e.g. Fig. 3B, family 11). Fig. 3C gives the direct
comparison of rates of protein synthesis and accretion, allowing the
calculation of protein depositional efficiency and protein
degradation for larvae of specific shell lengths from each of the
different families.

For each determination of the rate of protein synthesis, duplicate
time-course assays were conducted using different aliquots of larvae
from a given family (Fig. S1). Each set of duplicate assays (a total of
57 sets were completed, i.e. 114 total assays) was in close
agreement, with slopes not being statistically different; hence,
data from the two assays were pooled to provide a single rate
calculation (±s.e. of slope) (Fig. S1F). The rate of protein synthesis
in larvae increased with age (Fig. 3A, family 11) – a similar trend to
the observed increase in whole-body protein content for this same
larval family measured over the equivalent time period [Fig. 3B;
exponential equation describing the relationship between protein
content and age: protein content (ng larva−1)=9.797×e0.225×age].
Converting protein content to rate of protein accretion for 10 day old
larvae from family 11, the daily protein accretion rate was
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20.9 ng larva−1 day−1 (Fig. 3B; equation used to calculate protein
accretion for a 10 day old larvae: 9.797×0.225×e0.225×10). This
analysis was repeated for larvae of many different shell lengths for
all larval families (equations of protein content and age for all
families are given in Table 1). A notable result emerged from these
analyses, showing that the rates of protein synthesis and accretion

increased in parallel with shell length across all 12 larval families
tested (Fig. 3C; slope comparison, F1,110=3.55, P=0.062, regression
equations and statistics given in legend), but with different y-axis
intercepts (intercept comparison, F1,111=242.82, P<0.0001). These
analyses revealed that the developmental increase in the rate of
protein accretion is the result of a proportional increase in the rate of
protein synthesis, and is not driven by changes in depositional
efficiency (i.e. the ratio of protein accretion to protein synthesis
remains statistically constant during larval growth; Fig. 3C).
Quantitatively, this relationship can be illustrated for a mid-sized
larva of 150 µm shell length. A larva of this particular size had a
protein content of 91.9 ng (calculated from the equation of protein
content and shell length in Fig. 2A), a rate of protein synthesis
of 128.6 ng larva−1 day−1 (Fig. 3C) and a rate of protein accretion
of 18.2 ng larva−1 day−1 (Fig. 3C). Combined, these values equate
to a rate of protein degradation of 110.4 ng larva−1 day−1 (128.6–
18.2=110.4). Based on these values, changes in protein synthesis,
degradation and accretion in relation to whole-body protein content
can be calculated. For a 150 µm larva ofC. gigas, the total amount of
whole-body protein increased by 20% (18.2/91.9×100) per day. To
achieve this growth rate, a high fractional rate of protein synthesis of
140% (128.6/91.9×100) of whole-body protein content was
required per day (i.e. 6% h−1), given the low depositional
efficiency of 14% (18.2/128.6×100). This low efficiency indicates
a high rate of protein degradation, equating to 120% (110.4/
91.9×100) turnover of the whole-body protein content of a growing
larva. Clearly, this low efficiency (14%) of protein accretion has
important implications for energy metabolism related to growth of
larvae (as considered below).

The analyses in Fig. 3C are based on the average for all larval
stages and families, resulting in single regression lines for the
processes of protein synthesis and accretion. Notably, these
processes show a parallel relationship throughout larval growth.
Possible changes in the dynamics of protein synthesis and accretion
were further examined for early phases of development and for later,
rapidly growing larval stages. This analysis revealed two distinct
phases of protein metabolism (Fig. 4). The first phase for newly fed
larvae of <100 µm shell length was characterized by a slow rate of
protein accretion of 3.2 ng day−1, with no significant relationship
between protein synthesis and protein accretion [Fig. 4, dashed line:
log(protein accretion)=−0.02×log(protein synthesis)+0.50,
F1,23=0.04, r

2=0.002, P=0.848]. In contrast, the second phase for
growing larvae >100 µm in shell length showed a 7-fold increase in
the rate of protein accretion driven by increased protein synthesis
[Fig. 4, solid line: log(protein accretion)=0.96×log(protein
synthesis)–0.81, F1,30=65.18, r

2=0.69, P<0.001]. The near-unity
slope between protein synthesis and accretion shows that
depositional efficiency was constant during this phase of growth
for larvae ofC. gigas. This relationship is in contrast to that of earlier
phases of larval development, where protein synthesis increased but
protein accretion remained constant.
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shell length. Regression models: log(protein)=3.2×log(shell length)−5.0,
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Respiration rate
Rates of oxygen consumption were measured during growth for
larvae representing seven different families. For the size range
investigated (75–250 µm shell length), on average, respiration
increased 29-fold, from 7.4 to 213.2 pmol O2 larva−1 h−1 (see Fig. 5
legend for regression equation). For subsequent calculations of
changes in the allocation of cellular energy to protein synthesis, the
relationship between respiration and age was determined for each
family (e.g. Fig. 5 inset for family 11; age–respiration equation for
each family is given in Table 1).

Protein turnover and metabolic allocation
A change in the rate of protein synthesis, not a change in
depositional efficiency, is the main determinant of protein
accretion rate (Figs 3C and 4). Next, a series of calculations was
done to determine the biochemical and physiological bases of
growth variation across larval families. This calculation was
undertaken for an equivalent 8 day growth period for each of the
12 larval families (i.e. 2 to 10 day old larvae; Fig. 6, family 11). The
536 ng total amount of protein synthesized (Fig. 6A, shaded areas)
during this period of growth was calculated, starting from the 2 day
old first feeding larval stage, and compared with the 80 ng protein
accretion in the same 8 day growth period (Fig. 6A, black area).
This analysis showed that the average protein depositional
efficiency for larvae of family 11 was low at 15% (80/536×100)
(Fig. 6A). The total amount of energy consumed as measured by
respiration rate (Fig. 5, inset) was then converted to energy
equivalents as ATP, and hence joules (Fig. 6B, shaded areas:
2355 µJ) (see Gnaiger, 1983, for general oxyenthalpic equivalents,

and Hand, 1999, for interconversion of direct and indirect
calorimetry for larvae of C. gigas and other species of mollusc).
The energy consumed to synthesize the total amount of protein
(536 ng) was calculated (1126 µJ) using a value of 2.1±0.2 kJ g−1

protein for larvae of C. gigas (Lee et al., 2016). Importantly, for this
calculation of ATP allocation, the energy cost of protein synthesis is
constant – independent of synthesis rate, genotype, growth
phenotype and different environmental treatments of food,
temperature and seawater pH (Lee et al., 2016; Pace and
Manahan, 2006; Pan et al., 2015a). The proportion of the ATP
pool (Fig. 6B, black area) required to support the measured rate of
protein synthesis for family 11 was 48% (Fig. 6B: 1126/2355×100).
A similar analysis of protein synthesis, depositional efficiency and
ATP allocation to protein synthesis was undertaken for other larval
families showing phenotypic contrasts in growth rates (Fig. 7).

Biochemical bases of differential growth
Regarding the mechanism(s) to support the 4.3-fold faster shell
length growth in specific larval families, the analyses revealed that
higher growth rates across larval families were explained by higher
rates of protein synthesis (slower growing family 1 cf. faster
growing family 12: Fig. 7A, F1,11=25.12, r2=0.72, P<0.001).
Depositional efficiency did not change with growth rate on average
across all 12 larval families (Fig. 7B, F1,11=0.07, r2=0.01,
P=0.794). However, there were differences in protein depositional
efficiency between different families (e.g. Fig. 7B, families 1 and
12). Regarding ATP allocation to protein synthesis across specific
larval families showing phenotypic contrasts in the rate of shell
growth, a positive relationship was observed between larval family-
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dependent shell growth rate and the percent of the ATP pool
allocated to protein synthesis (Fig. 7C, F1,6=53.42, r2=0.91,
P<0.001). Collectively, these results support the conclusion that
protein synthesis is the primary contributor to the variation in
growth observed in different larval families (Fig. 1C). Note that
there is a predictive relationship between changes in shell length and
protein content (see Fig. 2A for equation). This substantially greater
investment in protein synthetic capacity to support faster growing

larvae required up to 74% of the total ATP pool to be allocated to
this single process (Fig. 7C, family 12). With regard to the ability of
larvae to support changes in the ‘cost of living’ for other ATP-
consuming fundamental physiological processes, the limits of
bioenergetic trade-offs are discussed below (Fig. 8).

DISCUSSION
Metabolic bases of endogenous variation in growth were
investigated in the present study. Controlled crosses of pedigreed
genetic lines of the Pacific oyster, C. gigas, yielded family-specific
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differences in rates of larval shell growth (Fig. 1C). This genetic
approach provided phenotypic contrasts in growth rate (Frieder
et al., 2017; Pace et al., 2006; Pan et al., 2016), independent of
alterations to environmental variables that impact growth and
physiology, which are routinely conducted with wild-type animals
(e.g. Frieder et al., 2018; Hawkins et al., 1986; Pan et al., 2015a;

Podrabsky and Hand, 2000). The protein accretion rate in the fastest
growing families was due to increased protein synthesis rate, with a
consequence that a greater proportion of metabolic energy was
allocated to support higher synthesis (Fig. 7C). This finding
suggests that protein synthesis is a potential biomarker for the
prediction of growth. The trade-off between increased rates of
protein synthesis and increased metabolic allocation to synthesis,
within a fixed pool of ATP, could be an important constraint limiting
the ability of larvae to respond to other physiological needs.
Specifically, a quantitative metabolic allocation model is presented
for larval stages of C. gigas (Fig. 8) that accounts for the
consumption of more than 80% of the total ATP pool by protein
synthesis, ion pump activity (Na+/K+-ATPase), rates of calcification
and protein degradation.

Protein metabolic dynamics underlying growth variation
The study of the dramatic changes in morphological shape and form
is a major theme in the field of developmental biology (Gilbert,
2013). Remodeling of body structures during early development
requires substantial turnover of the maternally endowed protein
content of eggs. Our analyses of the relationship between protein
synthesis and accretion revealed a novel finding regarding protein
turnover during the transition between early development
(differentiation) and subsequent growth of larval forms. This
finding is based on the regression models of protein synthesis and
protein accretion (Fig. 4) that showed a ‘breakpoint’ for a larva of
100 µm shell length (∼6 days old). This regression breakpoint likely
represents a shift in the regulatory processes impacting larval
growth, when protein synthesis supports a faster rate of protein
accretion. Changes in protein synthesis in combination with a low
rate of protein accretion during the early phase of larval
development indicate high protein turnover likely linked to
morphogenesis. During the later larval phase of growth accretion
(after ∼6 days post-fertilization), the proportional increase in
protein synthesis with protein accretion showed a constant protein
depositional efficiency of ∼14% (ratio of rate of protein accretion to
synthesis). For developmental stages of marine invertebrates, a
protein depositional efficiency averaging 14% is low compared with
that of other species (e.g. in growing sea urchin larvae of two
different species, depositional efficiency was ∼30%; Pace and
Manahan, 2006; Pan et al., 2015a). In general, studies of
depositional efficiency in animals show that protein accretion is
inefficient (i.e. small amount of accretion relative to synthesis, 6%–
50%; Houlihan et al., 1995; Lobley, 2003; Waterlow, 2006;
Moltschaniwskyj and Carter, 2010). Additionally, the protein
depositional efficiency in larvae of C. gigas remained constant,
regardless of changes in larval shell length or whole-body protein
content. This result is in agreement with the general findings
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reported for several species of vertebrates (Carter and Houlihan,
2001; Houlihan, 1991; Houlihan et al., 1995; Waterlow, 2006).
Importantly, for all 12 larval families of C. gigas analyzed in the
present study, increased rates of protein accretion were supported by
increased rates of protein synthesis (Figs 3 and 4), i.e. not regulated
by changes in rates of protein turnover. Further analysis of the
relationship among rates of shell growth (Fig. 1C), rates of protein
synthesis (Fig. 7A) and protein depositional efficiency (Fig. 7B)
supports the conclusion that endogenous variation in larval growth
rate among larval families is the result of variation in rates of protein
synthesis, not changes in protein depositional efficiency.
Particularly noteworthy is that the phenotypic contrasts of high
growth rate require a substantial investment of cellular energy, up to
74% of the total ATP pool (Fig. 7C).
The study of the causes of endogenous growth rate variation

during development and growth, even among sibling larvae, has a
long history (Strathmann, 1987, and earlier references therein). For
adult marine bivalves, it is generally accepted that faster growing
individuals have a higher metabolic efficiency with lower rates of
protein turnover and lower metabolic rates and, hence, a greater
scope for growth (Bayne, 2000, 2004, 2017; Bayne and Hawkins,
1997; Hawkins et al., 1986; Koehn and Gaffney, 1984; Koehn and
Shumway, 1982). For developmental stages, the dynamics of
protein metabolism that underlie variation in growth rate are less
well understood. As with developmental biology, in general
(Davidson, 1976; Gilbert, 2013), it is certainly a possibility that
the dynamics of protein metabolism differ during rapid growth and
development of larvae (Fig. 7) compared with adult stages of the life
cycle (Waterlow, 2006). In a previous study (Pace et al., 2006),
larval families of C. gigas with faster growing phenotypes were
shown to require less energy for the same size growth increment
than slower growing families raised under the same environmental
conditions. Because size-specific respiration rates are constant for

larvae of C. gigas, and are independent of genotype (Pace et al.,
2006; Pan et al., 2016; Fig. 5 in the present study), differences in the
cost of growth are dependent upon development time and not on
differences in genotype-dependent, size-specific respiration rates.
By focusing on protein metabolic dynamics, the prior analysis in
Pace et al. (2006) was extended here to show that larvae with faster
growth have increased rates of protein synthesis (Fig. 7A). This was
achieved with a fixed ATP pool within a given family by allocating
more ATP to support the rate of protein synthesis in larval families
that have phenotypic contrasts in growth (Fig. 7C). The implications
of the metabolic cost of this biochemical strategy are examined
below in the context of energy use trade-offs required to support the
complex physiological bases of development and growth.

Metabolic energy allocation during development and growth
Biochemical analyses of metabolic regulation and allocation of
cellular energy have provided important insights into the hierarchy
of ATP-consuming processes (Rolfe and Brown, 1997; Siems et al.,
1992). Yet, studies of how organisms maintain adequate turnover of
ATP in response to environmental change are still scant (Hochachka
and Somero, 2002; Somero et al., 2017). At the level of the whole
organism, defining the biochemical and physiological mechanisms
that regulate metabolism is challenging because of the complexity
of large body sizes. Many animals have a life cycle with small
developmental stages that permit a ‘cell biological’ approach to the
study of a whole animal (e.g. Houlihan et al., 1995; Marsh et al.,
2001; Pace and Manahan, 2006; Podrabsky and Hand, 2000, 2015).
For instance, larvae of C. gigas are known to transport amino acids
from seawater and rapidly incorporate those precursors into protein
(Manahan, 1983), thereby allowing quantitative measurements of
protein synthesis rates for larvae at different stages of development
and growth in the present study. Combining measurements of rates
of protein synthesis with respiration, protein accretion and the
metabolic cost of protein synthesis and degradation permits an
analysis of ATP production and allocation to specific processes
during development and growth.

A model of energy allocation is presented in Fig. 8 for larvae of
150 µm in shell length – representing the approximatemid-point size
for the larval phase ofC. gigas. For larvae of this size, rates of protein
synthesis and degradation were 128.6 and 110.4 ng larva−1 day−1,
respectively (Fig. 3C; see also calculations in Results, ‘Rates of
protein synthesis and protein accretion’). The corresponding
respiration rate for a 150 µm larva was 51.3 pmol O2 larva

−1 h−1

(Fig. 5). Protein synthesis, degradation and respiration rates were
converted to energy equivalents using (i) the measured energy cost
of protein synthesis of 2.1±0.2 kJ g−1 protein for larval stages
of C. gigas (Lee et al., 2016), (ii) the estimated energy cost
of degradation of 0.14 kJ g−1 protein (Table 2), and (iii) an
oxyenthalpic value of 484 kJ mol−1 O2 (Gnaiger, 1983). An
important premise of this oxyenthalpic calculation is that under
normoxic conditions, as used in the present study (Fig. 5), ATP
production is fully aerobic (Hand, 1999); hence, measured rates of
oxygen consumption represent the oxyenthalpic equivalents of
all metabolic pathways of interconvertible energy. The resultant rates
in energy equivalents are 270 µJ larva−1 day−1 (128.6×2.1) for the
energy required to support protein synthesis and 15 µJ larva−1 day−1

for protein degradation (110.4×0.14). The total energy production
measured by respiration is 596 µJ larva−1 day−1 (51.3×24×484/1000)
(value corrected for rates per hour, Fig. 5, to rates per day).Hence, 45%
(270/596×100) of the total ATP pool is allocated to protein synthesis,
whereas only 3% (15/596×100) is required to support the cost of
protein degradation.

Protein synthesis 45%

Na+/K+-ATPase
20%

Calcification
 14%

Other
processes

18%

PD
 3

%

Fig. 8. ATP allocation model for larvae of C. gigas. The total area of the pie
chart represents the total ATP pool calculated from the respiration rate of a
larva of 150 µm shell length. Percent of ATP pool allocated to specific
processes are: protein synthesis, 45% (from Fig. 3C, see Discussion for
calculations); in vivo rates of sodium-potassium transport by Na+/K+-ATPase,
20% (from Pan et al., 2016); calcification (shell formation), 14% (from Frieder
et al., 2017); protein degradation (PD), 3% (from Fig. 3C and Table 2; see
Discussion for calculations). Combined, these components account for 82% of
the total available ATP pool. Amajor part (∼15%) of the 18% fraction of the ATP
pool that is available for other processes (white section of the pie chart) is likely
attributable to the cost of nucleic acid biosynthesis (see Discussion for details).
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The molecular biological mechanisms of protein degradation
have been studied extensively for decades (Ciechanover, 2005;
Ohsumi, 2014; Schoenheimer et al., 1939; Waterlow, 1995, 2006);
however, far less is known about the metabolic energy cost of
protein degradation (Benaroudj et al., 2003; Peth et al., 2013). Our
analysis highlights major potential differences in the metabolic
costs of protein synthesis (2.1 kJ g−1 protein) and degradation
(0.14 kJ g−1 protein) in larvae of C. gigas, with synthesis being 15-
fold more energetically expensive than the estimate for degradation
(Table 2). Pending further detailed analysis of the cost of
degradation for a range of different proteins by different
degradation pathways, this value is presented as a preliminary
estimate of the relative costs of protein synthesis and degradation as
the basis for constructing an ATP allocation pie chart for a
developing animal (Fig. 8). As noted below, the cost of degradation
is likely to be around 3% of the ATP pool, given the measured
allocation of ATP to the other physiological processes. Although it
is possible that other degradation pathways exist in larvae of C.
gigas, the analysis of ATP use by protein synthesis and ion transport
shows that two processes consume the vast majority of the available
ATP pool. If additional degradation processes are present in this
species, they would consume only a small fraction of the available
ATP (i.e. those metabolic costs must ‘fit’within the small fraction of
the ATP pool available to support other processes, as illustrated
in Fig. 8).
A metabolic allocation model based on identified biochemical

processes that account for over 80% of the total energy consumption

in larvae of C. gigas is presented in Fig. 8. Specifically, (1) 45% of
ATP is allocated to protein synthesis (this study), (2) 20% to in vivo
rates of ion transport by Na+/K+-ATPase (Pan et al., 2016), (3) 14%
to calcification (Frieder et al., 2017) and (4) 3% to protein
degradation (this study). For the 18% of the ATP pool that was not
accounted for by these calculations, the most likely category of
biosynthesis requiring the majority of the remaining fraction of the
ATP pool is DNA and RNA synthesis. For example, Siems et al.
(1992) reported that nucleic acid biosynthesis can account for∼15%
of the available ATP pool in an isolated mammalian cancer cell line.
Another noteworthy conclusion from the ATP allocation model in
Fig. 8 is that the cost of lipid synthesis and accretion appears to be
small, based on the available fraction of the total ATP pool not
accounted for by other known biochemical processes. This suggests
that the rapid accumulation of lipids – especially triacylglycerol –
during growth of C. gigas (Fig. 2B) required minimal energy cost
for synthesis.

A major theme of the current study is the application of genetic
crosses to produce contrasting phenotypes. In addition to the 4.3-fold
variation in rates of larval shell growth (Fig. 1C), it is noteworthy that
the allocation of ATP to protein synthesis also varied significantly –
from 22% to 74% among different larval families (Fig. 7C). This
suggests that the other major ATP-consuming processes must also
vary to meet the energy constraint set by the total size of the ATP
pool. Indeed, underlying the average of 20% for metabolic allocation
to in vivo rates of ion transport by Na+/K+-ATPase (Fig. 8), there is a
substantial range in allocation to this single process among different
larval families, varying from 12% to 34% (Pan et al., 2016). For
instance, a larval family identified in this study that had the capacity
to allocate up to 74% of the ATP pool to protein synthesis alone
(Fig. 7C, family 12) may have a correspondingly lower energy
demand to support ion transport by Na+/K+-ATPase (e.g. 12%, the
lowest percentage ATP allocation among larval families reported by
Pan et al., 2016). Collectively, these results highlight the importance
of further studies to investigate genetically defined variation in trade-
offs between major energy-consuming processes and ‘fitness traits’
related to the allocation of cellular energy in response to
environmental change.

Predictions and trade-offs
Differences in growth are central to considerations of larval ecology
and recruitment (Cushing, 1990; Houde, 2008; Widdows, 1991).
For dispersive phases of larval development, faster growing
individuals would appear to have an advantage of completing the
planktonic phase in shorter time to advance to the juvenile stages
(Hare and Cowen, 1997; Houde, 2008; Rumrill, 1990). Yet,
standing genetic variation in growth phenotype is evident in many
organisms (Arendt, 1997; Dmitriew, 2011) and in larvae of C. gigas
(Fig. 1C; also see Pace et al., 2006; Pan et al., 2015b, 2016),
suggesting that there is an advantage to maintaining growth
variation within a population. The maintenance of growth
variation has been attributed to trade-offs among growth rate and
other biological traits, such as reproduction, immune function,
active metabolism and environmental resilience (Allen et al., 2016;
Arnott et al., 2006; Mangel and Stamps, 2001). Additionally, for
animals that are selected through breeding programs for increased
growth and yield, trade-offs between production traits and
sensitivity to temperature have been reported (Sae-lim et al.,
2017). Limits in the allocation of ATP at different life history stages
are often invoked as possible explanations for such trade-offs. Given
the importance of the Pacific oyster, C. gigas, in worldwide
aquaculture (FAO, 2016), the metabolic trade-offs illustrated for

Table 2. Calculation of the cost of protein degradation in larvae of
C. gigas

Steps to estimate cost of protein degradation Calculated value

(1) Average energy cost of protein degradation
(DHFR)

65 mol ATP mol−1

protein
(2) Molecular weight of dihydrofolate reductase

(DHFR)
21,500 g mol−1

(3) Average energy cost of degradation per unit
mass of DHFR

0.003 mol ATP g−1

protein
(4) Average energy liberated from ATP hydrolysis 45 kJ mol−1 ATP
(5) Estimated energy cost of protein degradation 0.14 kJ g−1 protein
(6) Measured energy cost of protein synthesis 2.1 kJ g−1 protein

(1) Peth et al. (2013) present a set of empirical measurements of the ATP
requirement for protein degradation by the 26S proteasome pathway. Based
on their findings, an average of 65 ATP molecules are consumed by 26S
proteasomes for the degradation of one ubiquitinated protein (dihydrofolate
reductase, DHFR). Peth et al. (2013, see their table 1) give a range of 50–80
ATP molecules per protein molecule degraded.
(2) The molecular weight of DHFR without ubiquitin is 21,500 g mol−1 (Peth
et al., 2013).
(3) Based on 65 ATP molecules per degraded protein (step 1) and the
molecular weight (step 2), 0.003 moles of ATP (i.e. 65/21,500) are required for
the degradation of 1 g of the protein DHFR. Additionally, Peth et al. (2013) also
present the average cost of 130 ATP molecules per protein molecule for the
degradation of a larger protein, cyclin-dependent protein serine/threonine
kinase inhibiting protein Sic1, of molecular weight 38,000 g mol−1. Based on
these two proteins that have an ∼2-fold difference in molecular weight, the
calculated degradation cost is the same, at 0.003mol ATP g−1 protein (i.e. 130/
38,000) for Sic1 and DHFR.
(4) On average, 1 mole of ATP yields 45 kJ of energy. This value is the average
of 30 and 60 kJ mol−1 ATP, which encompass the range of energy liberation
from ATP hydrolysis under different biological conditions (Bergman et al.,
2010; Lehninger, 1975; Ross, 2006).
(5) The average energy cost of protein degradation is estimated to be
0.14 kJ g−1 protein (i.e. 0.003×45) per unit mass.
(6) From Lee et al. (2016), the cost of protein synthesis in larvae of C. gigas is
2.1±0.2 kJ g−1 protein, a metabolic cost that is fixed across genotype,
phenotype and environmental temperature.
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different larval families in Fig. 7 have important implications for
production and yield. These results for larvae of C. gigas provide a
quantitative analysis of ATP allocation strategies for possible trade-
offs related to growth and resilience to environmental stress.
The allocation of ATP to increased rates of protein synthesis

explains ∼90% of the variation in larval growth rate (see regression
statistics for Fig. 7C). One possible trade-off for supporting the
higher costs for growth is that only a small amount of the ATP pool
remains for other energy-requiring processes, such as those needed
to respond to environmental change and other compounding
stressors. Previously, it was shown that growing sea urchins
respond to the stress of experimental acidification of seawater by
allocating an additional 20% of the fixed ATP pool to support
increased rates of protein synthesis and ion transport (Pan et al.,
2015a). Combining that finding with the present results for C. gigas
suggests that faster growing larval families – with a greater
allocation of ATP to support protein synthesis – could suffer in
rapidly changing environments because of a lack of an ability to
allocate ATP in support of other essential cellular functions.
Potential alterations to this scenario are genotype-by-environment
interactions, where different families of larvae respond differently
to environmental change, as proposed by Applebaum et al. (2014)
and shown by Frieder et al. (2017) for larvae of C. gigas. The
approach taken in the present study that combines genetic cross-
breeding of pedigreed lines with studies of development and
growth facilitates a greater understanding of the biochemical and
physiological bases of phenotypic growth variation. In turn, such
quantitative analyses of cellular energy trade-offs could facilitate
more accurate predictions of adaptive potential to future scenarios
of environmental change.
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