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The Effect of Prey Density on Protein,
DNA, and RNA Content during the
Early Growth of Pacific Herring
Larvae, Clupea Harengus Parasi

Abstract

The effect of prey densities on biochemical
accumulation was examined during growth
in first feeding and post-first feeding larvae of
the Pacific herring, Clupea harengus parasi.
Newly hatched larvae were reared at prey
densities of 0.1, 0.5, 1.0, 5.0 and 10.0 prey/ml
in a laboratory for a maximum of 76 days.
Changes in protein, DNA, and RNA content
per larva were analyzed at these densities and
mortality coefficients recorded. The body
weight, protein, and RNA contents of first
feeding larvae at all densities decreased when
the yolk sac was consumed. Consequently,
yolk protein appears to be the main energy
source for first feeding larvae. The DNA con-
tents, in contrast, increased at all prey densi-
ties, implying hyperplasic growth during the
first feeding period. Larvae reared with the
two lower prey densities (0.1 and 0.5 prey/
ml) decreased during yolk-sack consump-
tion, then decreased to less than 10% on days
50 and 66 after hatching, respectively. Food
availability is insufficient for the survival of
post-first feeding larvae at densities of 0.5
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prey/ml or less. Larvae reared at a density of
1.0 prey/ml showed a similar length, weight,
and biochemical content to larvae reared at
higher densities (5.0 and 10.0 prey/ml) up to
day 36 (with a standard length of 16 mm),
then decreased rapidly. The DNA/protein ra-
tios indicated active hypertrophic growth up
to a length of about 16-17 mm for larvae fed
with 1.0 prey/ml. These larvae might lack the
energy for hypertrophic growth after reach-
ing this size. Our study’s RNA/DNA ratios
were consistent with protein content, and ra-
tios might be useful indices for feeding condi-
tions and protein synthesis. A comparison of
larvae of the same SL size reared with differ-
ent prey densities indicates that larvae reared
at a low prey density accumulated all bio-
chemicals. A food restriction may therefore
allow stronger larvae to survive and strength-
en the Pacific herring population.

Introduction

Landings of Pacific herring, Clupea haren-
gus pallasi, around Hokkaido in Japan reached
about one million tons at the end of 1890s,
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and then decreased rapidly. Catch has re-
mained low and stable since the 1960s and
Pacific herring are important commercial fish
in Japan. The causes of the fluctuating abun-
dance of this species have been studied for
many years but have only now been under-
stood. Pelagic fish, including populations of
both Pacific and Atlantic herring (Clupea har-
engus harengus), are known to fluctuate wide-
ly. Hjolt (1914) offered a hypothesis that
food availability when larvae convert from
yolk nutrition to exogenous feeding is critical
to the success of the year class. Most marine
fish larvae have a yolk sac just after hatching
and initiate feeding before yolk absorption is
complete. The period from the end of yolk
feeding to exogenous feeding is known as
“first feeding.” Mass mortality may occur if
food supplies are inadequate during this peri-
od (Houde 1978). As a result, prey availabili-
ty for first feeding larvae is an important as-
pect of larval survival.

Rapid growth has recently been considered
to be of special importance for the survival of
fish larvae because growth during the larval
stage is likely to influence larval mortality. If
a longer duration of a larval stage leads to
higher predation, then larval mortality may
be high. Fast-growing larvae may therefore
have a greater chance of survival (Chambers
and Leggett 1987; Hare and Cowen 1997;
Takasuka et al. 2004). Larval growth is pri-
marily influenced by food availability and
temperature (Folkvord et al. 2000; 2009).
Accordingly, the quantity of food for post-first
feeding larvae is also important for maintain-
ing the Pacific herring population.

Recently, several biochemical indices have
been used for evaluating the nutritional con-
ditions and growth rates of reared and
field-collected fish larvae (reviewed by
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Ferron and Leggett 1994). The RNA concen-
trations vary with the protein synthesis rate,
and the quantity of DNA is proportional to the
number of cells. The concentration of DNA
per cell remains more constant under condi-
tions of starvation. The RNA content is an in-
dex for protein synthesis, and changes in
DNA content reflect hyperplasic growth.
Consequently, the RNA/DNA ratio is used as
an indicator of growth and nutritional condi-
tion in laboratory-reared and field-collected
larvae (Buckley 1984; Bulow 1987; Mathers et
al. 1994; Chicharo and Chicharo 2008; DiPane
et al. 2019). This ratio is especially useful for
evaluating the effect of food density on pro-
tein, RNA, and DNA changes and for evaluat-
ing and understanding fluctuations in the
herring population.

The present study investigated the effects of
food density at first feeding and post-first
feeding on biochemicals in Pacific herring
larvae fed at different prey densities. This was
in order to better understand their growth
and survival. Food densities necessary for
supporting significant survival and growth
were identified for the stages of first feeding
and post-first feeding larvae.

Material and methods

Rearing conditions

Mature parents - 58 males and 45 females —
were caught at Lake Fuuren in eastern
Hokkaido, Japan. Mixed gametes were artifi-
cially fertilized and incubated at 8°C in an in-
cubation tank at the Akkehi hatchery station
at the former Hokkaido Regional Fishery
Institute. About 300 newly hatched larvae
were removed from this tank and placed in
each of five 30-liter experimental aquaria lo-
cated in a water bath. The larvae were reared
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at five nominal prey density levels with roti-
fers (Brachinus plicatilis): 0.1, 0.5, 1.0, 5.0,
and 10.0 prey/ml. All aquaria were provided
with air-stones, and the temperature was
maintained at 8°C for 40 days, and then grad-
ually raised to 14°C. Sediments in the experi-
mental aquaria were siphoned every day, and
the water was replaced every second day.
Rotifer concentrations were established on
the first day by maintaining a constant vol-
ume of seawater in each aquarium and add-
ing the desired number of prey. Counts for
concentrations were based on the mean of
five to 10 replicate 10 ml water samples from
each aquarium. Concentrations were main-
tained near nominal levels by adding rotifers
twice each day: at 06:00 and 18:00.

Sampling procedure

A total of 10 to 73 larvae were removed for
chemical analysis on days 8, 17, 36, 50, 66,
and 76 after hatching. Fishes were anesthe-
tized in a 1:10,000 solution of MS222 and mea-
sured for standard length (SL) to the nearest
in 0.1 mm under 10x magnification with a
Nikon profile projector. Consequently, all
specimens measured for length were still
alive. For chemical analysis, these larvae were
frozen in a buffer solution (0.25 M sucrose, 1
mM EDTA, 20 mM Tris-HCL pH 7.5) at —20°C
for chemical analysis. The numbers of survi-
vors were determined by individual counting
at days 36, 50, and 66 after hatching. On these
days, aquaria were replaced with washed ves-
sels.

Chemical analysis

Wet weights were obtained from frozen
samples. Larvae, thawed at room tempera-
ture, were rinsed in distilled water, rolled on
filter paper, and then weighed on an electro-

balance individually or in groups of up to 20
individuals, depending on size. After weigh-
ing, larvae were homogenized for 1 min on
ice with potter-Elvehjem grass Tefron homog-
enizers in the buffer solution described
above. Nucleic acid content was determined
using the Schmidt-Thannhauser method as
modified by Nakano (1988). Protein was de-
termined according to Lowry etal. (1951).

Calculations

Daily instantaneous mortality coefficient(z)
was calculated as:

Z = (InNg, — InNg,) /t @D)

where Ng, and Ng, is the number of survi-

vors at the beginning and the end of the time
interval, and ¢ is the time interval in days.

The Z of the days 37 to 50, 51 to 66, and 67
to 76 were estimated using formula (1) as
survivors were counted on each sampling day.
Conversely, estimates of mortality, Z, correct-
ed for possible survivors removed in sam-
pling, were calculated with Microsoft Excel
Solver using the functional formula (2):

No= (Sus X € %) X (e + Sy)
X (e 4 5t8) 2)
where Ny, = initial number of each aquari-
um; S, Suz, Sis = number of survivors on days
36, 17, and 8 after hatching, respectively; and
exponents of 19, 9, 8 = intervals are from days
17 to 36, 8 to 17, and 0 to 8, respectively.
Equation (2) was used as the objective func-
tion; the initial number in each aquarium was
set as the objective value; and the Microsoft
Solver program was used to estimate mortali-
ty: Z.

Statistical analysis

All experimental data were analyzed using
a one-way analysis of variance (ANOVA) to
identify significant differences among the
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aquaria. Assumptions of normal distributions
and homogeneity of variances were checked
before analysis. All ANOVA assumed a signifi-
cance at the 5% level, followed by the Tukey-
Kramer’ s test.

Results

Survivors

Larval survival steadily declined through-
out the experiment. Survivors reared at the
lowest prey density (0.1 prey/ml) decreased
to less than 10% from day 0 to day 50. On day
66, survivors reared at a density of 0.5 prey/ml
also fell to less than 10%. Survival curves cal-
culated from daily instantaneous mortality
coefficients were plotted against the larval
size (Fig. 1). At lower prey densities (0.1 and
0.5 prey/ml), many larvae began to die from
day 1 and did not achieve an SL of greater
than 15-19 mm. Nutrition was therefore inad-
equate from the start of the experiment and a
suitable number of preys for the number of
larvae in the aquaria was not reached. The
mortality coefficient for a density of 1.0 prey/
ml increased suddenly when larvae attained
an SL of approximately 16 mm. Survival con-
tinued to decrease until larvae reached about
21 mm. Sufficient food for survival was avail-

able from hatching to an SL of roughly 16
mm. Supply then became insufficient, and
the mortality rates increased. The survival
curves for larvae fed at the two highest densi-
ties (5.0 and 10.0 prey/ml) were similar.

Growth in length and weight

No differences were found among mean SL
for larvae fed at densities of 0.5, 1.0, 5.0, and
10.0 prey/ml until day 8 (Table 1). Larvae
reared at a density of 0.1 prey/ml were signifi-
cantly shorter. The mean SL of larvae fed 1.0
prey/ml were similar sized larvae fed at the
highest density up until day 17. The mean SL
then gradually decreased relative to the larvae
fed at higher densities. This was the same as
larvae of SL fed at 0.5 prey/ml by day 50.
Throughout the experiment, the mean larval
body weight when feeding at 0.1 prey/ml
group was always less than larvae fed at high-
er densities. In contrast, the body weight of
larvae reared at 1.0 prey/ml was relatively
high compared with larvae fed at lower densi-
ties at day 36; however, the weights later be-
came similar to those fed 0.5 prey/ml. The
mean body weight when fed 10.0 prey/ml was
similar to the weights of larvae fed 5.0 prey/
ml up to day 36; this was the highest among
all larvae at the end of the experiment.

Fig 1. Survival curves related to standard length in Pacific herring larvae reared at five prey densities.
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Protein and nucleic acids

Protein and nucleic acid content per larva
at each prey density level increased exponen-
tially with growth throughout the experiment
(Table 1). The protein and RNA content de-
creased at all prey densities during the first
eight days, especially in larvae fed at the low-
est density. The DNA content, however, in-
creased at all feeding levels during this time.
The increased DNA content reflects the cell
division required during this period. The
DNA/protein ratios increased rapidly to ap-
proximately 10-13 mm and gradually de-
creased with growth at all prey densities (Fig.
2A). Rapid increments in DNA/protein ratios
when SL reached about 10-13 mm indicated

vigorous cell proliferation, even for larvae
reared at the lowest prey density. The RNA/
protein ratios also increased for a few days af-
ter hatching (Fig. 2 B), although increments
were less obvious than for DNA/protein ratios.
Subsequently, RNA/protein ratios decreased
slightly through the remaining duration. A
tendency was noted, suggesting that the high-
er the prey density, the higher the RNA/pro-
tein ratio.

No significant differences in RNA/DNA ratio
were seen regardless of prey density at day 17
(Fig. 3). The values of RNA/DNA ratio at day
17 were relatively high, and consistent with
the rapid increase in body weight. After day
36, larvae fed 10.0 prey/ml displayed the high-

Fig. 2 Changes in DNA/protein (A) and RNA/protein (B) with growth in
Pacific herring larvae reared at five prey densities.
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Fig. 3 Changes in mean values and 95% confidence intervals of RNA:DNA ratios with
growth in Pacific herring larvae reared at five prey densities. Different letters indicated
significant differences (p<0.05) among the larvae fed on different prey densities.
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est RNA/DNA ratios. The next highest ratios
of RNA/DNA were larvae fed 5.0 prey/ml. The
RNA/DNA ratios for larvae fed at the lower
three densities showed no significant differ-

ence during the experiment.

Discussion

The protein content of larvae decreased
during the first eight days, regardless of prey
density; body weight also decreased, but SL
increased during this period. The protein of
newly hatched larvae was derived mainly
from the yolk and decreased over the first
eight days due to the consumption of yolk
protein for growth, especially cell prolifera-
tion. The increased DNA content supports ac-
tive hyperplasic growth up to eight days at all
prey densities. The yolk sac of Atlantic her-
ring is reported to support larvae for five to 14
days, depending on temperature. The yolk sac
usually lasts for six to seven days at 8°C (e.g.
Blaxter and Hempel 1963; Bang et al. 2007).
McGurk (1984) reported that the time to ex-
haustion of the yolk to the age of irreversible
starvation for Pacific herring larvae was 8.5,
7.0, and 6.0 days at 6°C, 8°C, and 10°C, respec-

tively. Our experiment temperature was main-
tained at 8°C during the yolk sac period; yolk
was likely completely absorbed by day seven.
The yolk volume was equal in all larvae, indi-
cating the larvae had sufficient energy for
growth during the first week. Even so, the
growth in length, body weight, and protein
content were different depending on prey
density. Kigrboe et al. (1985) reported that
initiating exogenous feeding in Atlantic her-
ring larvae was delayed by 1-4 days when
prey density was low, compared with high
prey density. It is obvious that the absence of
food in the environment, other than yolk, im-
pairs subsequent growth. The results of our
experiment show that less than 0.5 prey/ml
food density is insufficient for optimal growth
and survival during first feeding.

An increase in the DNA/protein ratio gener-
ally reflects hyperplasic growth because a
high value signifies less protein content per
cell. The DNA/protein ratios of our experi-
ment increased markedly during the first
eight days (less than 10 mm in SL), indicat-
ing that this phase is dominated by hyperpla-
sic growth. Yolk protein might be consumed
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to support the early development of larval or-
gans and tissues; after that time, the DNA/
protein ratios of all larvae gradually de-
creased. No significant differences in RNA/
DNA ratios were observed regardless of prey
density at day 17; larvae were about 10-13
mm long at this stage. Therefore, the protein
synthesis activity of post-first feeding larvae
was relatively high, implying that the growth
manner changed to hypertrophic growth.
Fukuda et al. (1986) showed that Pacific her-
ring larvae grow mainly hypertrophically
during development from an SL of 10 mm to
20 mm. Fukuda (1990) also investigated mus-
cle development and concluded that the di-
ameter of mean white muscle fiber increased
gradually with development up to about 20
mm. Then small new fibers were added from
an SL of about 20 mm to 30 mm. A change in
the DNA/protein ratios from roughly 10 mm
in SL suggests that this is the turning point
from hyperplasic growth to hypertrophic
growth.

The DNA/protein ratios of larvae fed 1.0
prey/ml were almost the same as larvae fed
5.0 prey/ml up to an SL of about 16-17 mm;
subsequent to this, the ratio declined. Larvae
fed 1.0 prey/ml might lack energy for hyper-
trophic growth after reaching an SL of 16-17
mm. Alternatively, these larvae may not
switch from hypertrophic to hyperplasic
growth once they reach about 16 mm

The RNA/protein ratios did not differ mark-
edly by prey density. These findings are con-
sistent with observations for Atlantic herring,
where the RNA/protein ratio was not signifi-
cantly different between fed and starved lar-
vae (Mathers et al. 1994). These authors sug-
gested that the protein content decreased
when larvae were starved and then both RNA
and protein content decreased, thus main-
taining relatively stable ratios.

The RNA/DNA ratios are useful indicators
of growth rate and nutritional status under
laboratory and field conditions (e.g. Ferron
and Leggett 1994). Clemmesen (1994) report-
ed no significant difference between fed and
starved larvae in RNA/DNA ratios of Atlantic
herring from hatching to about day eight, al-
though values did fluctuate. Prey densities for
yolk sac larvae showed a minimal effect on
protein synthesis. The RNA/DNA content after
day 36 was separated into two groups, except
for day 77. Ratios from larvae fed at the three
lower densities were less than in larvae fed
with higher densities. These trends were also
found for protein contents. The RNA/DNA ra-
tios in our experiment might therefore be a
direct indication of protein synthesis.

Biochemical indices are often used to as-
sess the health status of field-caught larvae
(Ferron and Leggett 1994). The growth histo-
ry of larvae caught at sea is unknown, with
only length and weight as one-time measure-

Table 2. Comparison of body weight, protein, DNA, RNA contents and RNA/DNA ratios between the
nearly equal length Pacific herring larvae growing different feeding history.

Standard Nomlna! Days Bqdy Protein DNA RNA
length | preydensity | after weight (mg/larva) | (pg/larva) | (1 g/larva) RNA/DNA
(mm) (number/ml) | hatchng (mg) g He He
20.0 5.0 50 20.8 s | L6L _su | 211 4y | 1244 . 5.90
20.1 1.0 76 29.0 2.36 38.8 164.8 4.25
* >k : p<0.05
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ments. We compared the biochemical content
for larvae reared at different prey densities
(Table 2). We examined larvae that reached
an SL of 20 mm or more. Surviving larvae fed
in the 1.0 prey/ml or 5.0 prey/ml group were
compared for days 76 and 50, respectively. No
significant difference in SL was seen between
these larvae (p<0.001). Protein, DNA, and
RNA contents were higher for larvae reared at
the lower prey density. In contrast, there were
no significant differences in RNA/DNA ratios,
but larvae fed 1.0 prey/ml tended to have low-
er ratios. Mathers et al. (1994) compared
reared with field-caught Atlantic herring lar-
vae and reported that field-caught larvae
showed higher concentrations of DNA.
Mathers et al. stated that wild larvae dis-
played a higher cell density, possibly associat-
ed with a particular developmental stage. The
surviving larvae in the current study, which
grew during a food shortage, are few and
small but with a strong constitution, similar
to humans under like conditions. A food re-
striction may therefore allow stronger larvae
to survive and strengthen the population.
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