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ABSTRACT: Changes in nucleic acid concentration of the gill, hepatopancreas and abdominal muscle tissue of the Norway lobster Nephrops norvegicus (L.) were examined after 6 and 12 wk of starvation. Significant decreases in RNA concentration, RNA:protein ratio and RNA:DNA ratio were
recorded in abdominal muscle tissue following starvation, but not in gill or hepatopancreas tissue.
Samples of abdominal muscle tissue were taken from lobsters from 2 sites in the Clyde Sea area, Scotland. These were south of Ailsa Craig, where N. norvegicus are thought to be nutritionally limited as
a result of the high population densities that occur in this area, and south of Little Cumbrae island,
where population density is lower. Evidence of nutritional limitation was provided by nucleic acid
analysis which showed that the RNA concentration, RNA:protein ratio and RNA:DNA ratio of lobsters
from south of Ailsa Craig were significantly lower than in lobsters of equivalent size from south of
Little Cumbrae. Further studies demonstrated that animals from each site were capable of obtaining
nucleic acid levels similar to those at the other site after a few weeks when exposed to different feeding regimes.
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INTRODUCTION
Studies of the Norway lobster Nephrops norvegicus
have revealed considerable variation in a number of
biological parameters such as population density and
size-frequency distribution over relatively small geographical ranges, sometimes of just a few kilometres
(Cole 1965, Thomas 1965, Chapman 1979, 1980, Bailey
& Chapman 1983, Chapman & Bailey 1987, Chapman
& Howard 1988, IMBC, UMBSM & IRPEM 1994, Tuck
et al. 1997a,b,c). On the basis of these differences, populations of N. norvegicus associated with different
sediment types are often distinctive enough to be
described as separate stocklets (Chapman & Bailey
1987). In Scottish waters, stocklets occurring on coarse
muddy sediments (sandy muds and muddy sands)
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often consist of individuals characterised by a small
average size living at high densities, whereas stocklets
found on finer muds tend to occur at lower densities
and have a larger mean size. In the Clyde Sea area,
the former situation is characteristic of the southern
grounds and the latter of the northern grounds (Bailey
et al. 1986, Tuck et al. 1997a,b, Field et al. 1998). Benthic faunal biomass appears to be greater on N. norvegicus grounds where the silt and clay content is high
(Tuck et al. 1997a).
Stocklet differences were originally attributed to
variations in fishing pressure (Thomas 1965). It is now
believed, however, that they are a consequence of natural differences in the density of Nephrops norvegicus
(Chapman & Bailey 1987, Chapman & Howard 1988)
brought about by the influence of local hydrography on
factors such as sediment type and associated organic
concentration, and on recruitment of N. norvegicus
postlarvae (Tuck 1993, Tuck et al. 1997a,b,c). Lobsters
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living at high densities are thought to be subject to high
levels of intraspecific competition, resulting in a reduced food intake and consequently a slower growth
rate (Bailey & Chapman 1983, Froglia & Gramitto 1988,
Tuck 1993, Tuck et al. 1997a, IMBC, UMBSM & IRPEM
1994). The period immediately following postlarval settlement is a crucial phase in the life history of lobsters,
since factors affecting survival at this stage can make
huge differences to lobster density (reviewed by Cobb
& Wahle 1994).
Estimates of in situ growth rates in Nephrops norvegicus have been improved by incorporating data
from tagged individuals (Jensen 1965, Hillis 1979, Bailey & Chapman 1983), but this approach is hampered
by the low rate of recapture (Chapman 1980). Consequently, biochemical indices that provide an indication
of condition or that predict the growth rates of lobsters
in the field can be extremely useful. RNA concentration and the ratios of RNA:DNA and RNA:protein concentration have frequently been used as indicators of
growth rate or nutritional condition in a variety of commercially important fishes (Buckley 1979, 1984, Miglavs & Jobling 1988, Ferguson & Danzmann 1990,
Mustafa et al. 1991, Foster et al. 1992, Clemmesen
1993, 1994, 1996, Kawakami et al. 1999) and shellfish
such as penaeid prawns (Moss 1994a,b, Stuck et al.
1996), lobsters (Juinio et al. 1992, Juinio & Cobb 1994)
and blue crabs (Wang & Stickle 1986), and also in
bivalve molluscs such as scallops (Robbins et al. 1991,
Kenchington 1994, Lodeiros et al. 1996) and oysters
(Wright & Hetzel 1985), as well as in cephalopods
(Pierce et al. 1999).
The aim of this study was to determine whether RNA
concentration, RNA:protein ratio and RNA:DNA ratio
could be used as indicators of nutritional condition in
the Norway lobster Nephrops norvegicus. Following
laboratory calibration, the assays were applied to the 2
contrasting stocklets from the north and south Clyde
Sea areas.

METHODS
Laboratory calibration. Adult Nephrops norvegicus
(L.) were collected in September 1996 by trawling on
grounds adjacent to the Isle of Cumbrae, Clyde Sea
area, Scotland (55° 45’ N, 04° 58’ W). The lobsters were
returned to the University of Glasgow, where they
were maintained in seawater aquaria at 10°C. The
moult stage of the lobsters was diagnosed by the
method of Aiken (1980), and only intermoult individuals were selected since there is evidence that the concentrations of nucleic acids can vary throughout the
moult cycle in crustaceans (Humphreys & Stephenson
1973, Juinio et al. 1992). The study was carried out

using only male N. norvegicus, since preliminary studies (see below) have shown that there may be significant differences in the RNA concentration of male and
female N. norvegicus.
In the laboratory, a sample of 30 male lobsters was
taken, from which a sub-sample of 10 individuals was
frozen immediately in liquid nitrogen and stored at
–70°C. The remainder were placed individually into
plastic tubes (30 cm length × 10 cm diameter), the ends
of which were covered with a cloth mesh (5 mm).
Keeping Nephrops norvegicus in this way helped to
prevent cannibalism, the incidence of which is known
to increase during starvation (Sarda & Valladres 1990).
The tubes containing the lobsters were then placed
into large plastic tanks with circulating, aerated seawater (34 ‰, 10°C), where they were maintained without feeding under a 12:12 h light:dark cycle. Ten lobsters were removed after periods of 6 and 12 wk of
fasting, frozen rapidly in liquid nitrogen, and stored at
–70°C. Subsequently, samples of abdominal muscle,
gill and hepatopancreas tissue were removed from
each lobster and analysed for RNA, DNA and protein
concentration using the procedures detailed below. All
experiments were carried out at the same time of year
(November/December), since preliminary experiments
had shown that the RNA concentration of the tissues
may vary seasonally (Parslow-Williams 1998)
Comparison of 2 stocklets. Adult Nephrops norvegicus were collected in May 1997 by trawling from 2
sites, one from the North Clyde Sea area south of Little
Cumbrae (55° 41’ N, 04° 57’ W), and the other from the
South Clyde Sea area, south of Ailsa Craig (55° 09’ N,
05° 17’ W) (Fig. 1). These 2 sites were chosen because
they are the locations of 2 stocklets that are markedly
different in population characteristics (see above).
Samples of 28 lobsters from each site were taken for
biochemical analysis. The lobsters were weighed and
were then frozen rapidly in liquid nitrogen and stored
in a freezer at –70°C prior to analysis. Determinations
of the 3 RNA indices were then correlated with fresh
body weight for each stocklet.
Diet manipulation experiment. Nephrops norvegicus from south of Ailsa Craig are thought to have access to less food than lobsters from south of Little Cumbrae (Chapman & Bailey 1987, Tuck et al. 1997a,c). An
experiment was designed to investigate the effects of
diet manipulation on the RNA concentration of the tissues. During this experiment, lobsters that were captured from the food-limited environment (south of
Ailsa Craig) were provided with excess food whereas
lobsters from the food-rich site (south of Little Cumbrae) were starved. Forty adult N. norvegicus from
both the south of Ailsa Craig and south of Little Cumbrae stocklets were transferred to seawater aquaria in
a constant-temperature room (10°C) at the University

Parslow-Williams et al.: Nucleic acid indicators of lobster condition

237

of Glasgow. Lobsters from south of Ailsa
Craig were fed ad lib. on a diet of squid mantle, whereas those from south of Little Cumbrae were fasted. Eight individuals from each
group were sampled after 0, 6, 12, 24 and
36 d, frozen rapidly in liquid nitrogen and
stored at –70°C prior to biochemical analysis.
Biochemical analyses. Nucleic acids were
extracted from tissues using a modified
Schmidt-Thannhauser method, as detailed by
Moss (1994a,b). RNA concentrations were determined using the Orcinol method (Mejbaum 1939). Samples (250 mg) of fresh-frozen
tissue were placed into plastic centrifuge
tubes to which 4 ml of cold 0.22 N perchloric
acid (PCA) were added. The tissue was broken up using an ultrasonic cell disrupter and
then left to stand for 15 min prior to centrifugation (3000 × g for 15 min). The supernatant
was discarded, and the precipitate was
washed twice with PCA using the above procedure. Following washing, 4 ml of 0.3 N
KOH were added to the precipitate and the
samples were incubated at 37°C for 2 h to
dissolve the precipitate. Standards of Torula
yeast (Sigma) were prepared in the same
Fig. 1. Map of the Clyde Sea area showing Nephrops norvegicus sammanner. The tubes containing the samples
pling sites LC (south of Little Cumbrae) and AC (south of Ailsa Craig)
and standards were cooled prior to the addition of 1 ml PCA and further centrifugation.
homogeneity of variances using Bartlett’s test. AnalyFinally, 1 ml of the dissolved sample was transferred to
ses of parametric data were made by 1-way analysis of
test tubes and 2 ml of orcinol reagent added. Following
variance (ANOVA) coupled with Tukey’s pairwise
incubation (20 min) in a boiling water bath, the tubes
comparison.
were cooled and the absorbance values at 665 nm
were determined using a spectrophotometer.
Two methods for the determination of the DNA conRESULTS
centration of the tissues were compared during preliminary experiments. These were a modification of the
Comparison of the methods for DNA determination
diphenylamine method (Burton 1956) and the dual
wavelength method (Wilder & Stanley 1983). Samples
Replicate samples (n = 5) of abdominal muscle from
(50 mg) of tissue and standards (calf thymus DNA,
a single Nephrops norvegicus were analysed using the
Sigma) were placed in centrifuge tubes to which 5 ml
2 procedures described above. The mean value for the
of 0.5 N PCA were added and the tubes were heated at
DNA concentration of the muscle obtained using the
70°C for 30 min. After cooling and centrifugation
diphenylamine method (0.205 µg mg–1 ± 0.014 SD) was
(3000 × g, 15 min), the absorbance of the samples at
wavelengths of 232 and 260 nm was measured. For the
not significantly different (Student’s t-test, p > 0.05)
diphenylamine method, 1 ml of the samples or of the
from that obtained using the 2-wavelength method
standards was then pipetted into test tubes containing
(0.223 µg mg–1 ± 0.105 SD). Although the 2-wave2 ml diphenylamine reagent. The tubes were sealed
length method was quicker and easier to use, the SD
and incubated at room temperature for 20 h and the
values were much greater. The greater accuracy of the
absorbance values at 660 nm were determined.
diphenylamine method made it the method of choice
Protein concentration was determined on 10 mg
for all subsequent analyses. Further preliminary experfreeze-dried tissue samples using a commercially proiments (data not shown) demonstrated that the RNA
duced kit (Pierce) based on a modification of the techand DNA concentration of the tissues did not change
nique of Lowry et al. (1951). Data were tested for
after being frozen (–70°C) for 4 wk. In addition, no signormality using the Anderson-Darling test, and for
nificant differences were recorded in either the RNA or
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DNA concentration when the analyses were carried
out on either fresh or freeze-dried tissue (following correction for water content).

Laboratory calibration
A preliminary analysis of the RNA concentration in
the abdominal muscle of Nephrops norvegicus from
the site south of Little Cumbrae showed that although
there was no significant difference in the total fresh
weight of the male and female lobsters in the sample
analysed (mean weight of females = 17.37 ± 1.19 g
[SE], mean weight of males = 18.91 ± 1.03 g [SE]; t =
0.98, p > 0.01, n = 17), the RNA concentration in the
muscle of male N. norvegicus was significantly greater
than that of females (mean RNA concentration in
females = 3.60 ± 0.19 [SE] and in males = 4.46 ± 0.18
[SE] (µg mg–1 dry wt); t = 3.98, p < 0.01, n = 17). As a
result, only male N. norvegicus were used in the rest of
these studies.
One-way ANOVAs applied to the data relating to the
nucleic acid concentrations of each tissue type (Fig. 2)
indicated that, for abdominal muscle tissue, the RNA
concentration and RNA:protein ratio decreased significantly (p < 0.05) after 6 wk of fasting. Similarly, there
was another significant (p < 0.01) decrease after a further 12 wk of fasting compared to control individuals
that were fed throughout this period. The RNA:DNA
ratio of abdominal muscle tissue was not significantly
different from the initial ratio after 6 wk, but was significantly different (p < 0.05) after 12 wk. There were
no significant differences (p > 0.05) in RNA concentration, RNA:protein or RNA:DNA ratios in hepatopancreas or gill tissue after 6 or 12 wk of fasting. Therefore, only abdominal muscle tissue was used in further
analyses.

Comparison of 2 stocklets

Fig. 2. Nephrops norvegicus. Changes in (A) concentrations
of RNA, (B) RNA:protein ratio and (C) RNA:DNA ratio of
abdominal muscle, gill tissue and hepatopancreas tissue of
lobsters from the Little Cumbrae site following starvation.
Data are shown for lobster after 6 and 12 wk of starvation and
for lobsters fed throughout this period. Standard errors bars
(n = 10) are shown. For each tissue, categories sharing the
same letter are not significantly different

The relationships between nucleic acid concentrations of the abdominal muscle and body weight and
between RNA:protein and RNA:DNA ratios and body
weight were compared between samples of Nephrops
norvegicus from both sites (Fig. 3). There was a significant correlation between RNA concentration and
body weight for N. norvegicus from the Little Cumbrae
(r = 0.50, p < 0.05) and Ailsa Craig (r = 0.39, p < 0.05)
populations, and also between RNA:DNA ratio and
body weight for individuals from the Little Cumbrae
site (r = 0.40, p < 0.05) but not for individuals from the
Ailsa Craig site (r = 0.26, p > 0.05) (Table 1). Although
apparently similar negative relationships were found
between RNA:protein ratio and body weight for lob-
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sters from both sites, these relationships were not significant (p > 0.05). The relationships between nucleic
acid concentrations and body weight for lobsters from
the 2 sites were compared using analysis of covariance
(ANCOVA). This analysis indicated that there were no
significant differences (p > 0.05) in the slopes of the
regression lines fitted to these data, but there were significant differences in the elevations of the regression
lines. This confirms that lobsters from south of Little
Cumbrae had significantly higher RNA concentrations
(ANCOVA p < 0.001) than lobsters of equivalent
weight from the population from the south of Ailsa
Craig.

Diet manipulation experiment
The changes in the weight-specific RNA concentrations, the RNA:protein ratio and RNA:DNA ratio
throughout the diet manipulation experiments are
shown in Fig 4. Values for each of these parameters increased progressively throughout the experiment for
lobsters from the Ailsa Craig site, but showed a progressive decrease among lobsters from the Little Cumbrae site. Comparisons of these parameters between
individuals from the 2 sites were made at each of the
sampling times (Student’s t-tests). At the beginning of
the experiment, RNA concentration (p < 0.01), RNA:
protein (p < 0.05) and RNA:DNA (p < 0.05) were all significantly higher for lobsters from the Little Cumbrae
site. At Day 6, RNA concentration and RNA:protein
ratios were significantly higher (p < 0.05) for lobsters
from the Little Cumbrae site, and at Days 12 and 24
there were no significant differences in nucleic acid
concentration between individuals from the 2 sites. At
the end of the experiment (Day 36), the RNA concentration, RNA:protein ratio and RNA:DNA ratio were
significantly higher (p < 0.05) for lobsters from the
Ailsa Craig site.

Table 1. Nephrops norvegicus. Regression coefficients for
equations describing the relationships between RNA concentration, RNA:protein and RNA:DNA ratio and fresh weight
shown in Fig. 3. Equations are in form Y = aXb. Values for the
correlation coefficient r are also given. LC: Little Cumbrae;
AC: Ailsa Craig sites
Site

a

b

r

RNA (µg mg–1)

LC
AC

9.38
6.35

–0.27
–0.26

0.50
0.39

RNA:protein
(µg mg–1)

LC
AC

11.48
7.21

–0.21
–0.17

0.26
0.19

RNA:DNA
(µg µg–1)

LC
AC

10.96
7.21

–0.40
–0.29

0.40
0.26

Fig. 3. Nephrops norvegicus. Relationships between (A) concentration of RNA, (B) RNA:protein ratio and (C) RNA:DNA
ratio of abdominal muscle and fresh body weight in lobsters
from south of Little Cumbrae (d) and south of Ailsa Craig (s)
in the Clyde Sea area. Lines fitted to data are the calculated
regression lines
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Fig. 4. Nephrops norvegicus. Changes in (A) RNA concentration, (B) RNA:protein ratio and (C) RNA:DNA ratio of abdominal muscle. Lobsters from south of Little Cumbrae (d) were
starved throughout this period, whereas lobsters from south
of Ailsa Craig (s) were fed to excess. Values are means ± SE.
Differences between individuals from the 2 sites were
significant (p < 0.05)

Previous attempts to investigate Nephrops norvegicus from different stocklets for possible differences in
nutritional condition have met with limited success.
Tuck et al. (1997c) found that N. norvegicus from
stocklets characterised by slow-growing individuals
tended to have lower concentrations of protein, glycogen and lipid in their tissues. No significant differences
were observed, however, in the concentrations of their
haemocyanin which, in studies of lobsters, have been
shown to be correlated with nutritional status (Hagerman 1983).
The results of this study have shown that RNA concentration is a sensitive indicator of nutritional condition in Nephrops norvegicus. The RNA index was
found to be most sensitive when concentration was
expressed per unit dry weight rather than as the
RNA:DNA or RNA:protein ratios. These findings agree
with those of a number of workers who recorded
increased variability when RNA was expressed as a
ratio in both fish (Wilder & Stanley 1983, Ferguson &
Danzmann 1990) and crustaceans (Moss 1994a,b).
Similarly, Houlihan et al. (1998) found that in the
cephalopod Eledone cirrhosa the RNA concentration
per unit fresh weight showed a higher correlation with
growth rate than the RNA:protein ratio. Pierce et al.
(1999), in their study of cephalopods, also discussed
whether RNA concentration should be expressed in
relation to body weight or as a ratio with the DNA or
protein concentration. Which index is most appropriate
will depend on the extent to which the different variables co-vary and on whether they are affected by processes other than growth.
In many previous studies, the RNA:DNA ratio has
been the preferred method of expressing RNA concentration, since it is thought to correct for cell number.
However, various problems have been found. For
example, DNA concentration has been shown to exhibit a negative relationship with protein synthesis
when different tissues are compared (Houlihan 1991,
Foster et al. 1992). In the present study, abdominal
muscle was the most suitable tissue for nucleic acid
analysis, which is appropriate since it is also the portion marketed for human consumption. Other studies
have also recommended white muscle for this type of
analysis, since RNA concentration in this tissue has
been found to be proportional to whole body growth in
both fish (Bulow 1987) and in crustaceans (Moss
1994a).
Since Nephrops norvegicus supports the most valuable invertebrate fishery in the United Kingdom, an
understanding of the factors contributing to stocklet
heterogeneity is of considerable interest. The differences between the stocklets are not thought to have a
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genetic basis, since larvae produced by the different
stocklets are able to mix in the water column (Tuck
1993). Furthermore, there appear to be no genetic differences between stocklets in the Clyde; in fact, the
genetic variability within stocklets was found to be
greater than between Scottish and Mediterranean N.
norvegicus (Passamonti et al. 1997). The present study
has shown significant differences in RNA-based indices between the north and south Clyde stocklets,
implying that the differences in the biological characteristics of N. norvegicus stocklets are due to environmental factors such as food availability.
Concentrations of RNA in ectothermic organisms
may be influenced by temperature. RNA concentration
has been shown to change when organisms are acclimated to different temperatures (Goolish et al. 1984,
Foster et al. 1992, Juinio et al. 1992), possibly as a compensation mechanism for the difference in RNA activity associated with the new temperature. However, for
the 2 stocklets examined in this study, temperature is
unlikely to be responsible for the difference in nucleic
acid concentrations, since there is very little difference
in temperature between the 2 sites throughout the year
(IMBC, UMBSM & IRPEM 1994). It is likely, therefore,
that the significant differences in nucleic acid concentration primarily reflect differences in nutrition. Evidence to support this suggestion was provided by the
diet manipulation experiments. These demonstrated
that, when lobsters from either site were maintained
for a few weeks under appropriate feeding conditions,
the concentrations of nucleic acids in the abdominal
muscle of individuals from a given site gradually
became similar to those of individuals from the other
site.
Stomach-content analyses have shown that Nephrops norvegicus from both sites in the Clyde Sea area
feed on a wide range of invertebrates (ParslowWilliams 1998). Of the material that could be identified, the greatest proportion consisted of small crustaceans (e.g. thalassinidean decapods and small
crabs), with significant amounts of echinoderms (mainly brittle stars) as well as bivalve molluscs and polychaete worms. The proportion of bivalve molluscs was
higher in the diet of Nephrops norvegicus from the site
south of Little Cumbrae than in the diet of individuals
from the Ailsa Craig site, which contained larger proportions of echinoderms. This appears to reflect the
faunal composition of the 2 areas, since the site south
of Little Cumbrae is dominated by bivalve molluscs,
whereas other prey such as crustaceans, echinoderms
and polychaetes form a greater part of the faunal composition of grounds around Ailsa Craig (IMBC,
UMBSM & IRPEM 1994). These observations agree
with those of other studies, which suggest that N.
norvegicus is principally an opportunistic predator and
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scavenger (Thomas & Davidson 1962, Oakley 1981,
Bailey et al. 1986, Cristo 1998).
At high population densities, increased intraspecific
competition for food may limit growth, especially
where high densities occur on sediments with a low organic content and correspondingly low biomass of prey
items (Chapman & Bailey 1987, Chapman & Howard
1988). Organic carbon levels at the Ailsa Craig site are
lower than at the Little Cumbrae site (IMBC, UMBSM
& IRPEM 1994). Lobsters living at high densities could
also be subject to frequent aggressive interaction with
conspecifics, leading to them spending longer at elevated metabolic levels (Li & Brockesen 1977) and with
reduced time for feeding. Experimental work on the
American lobster Homarus americanus (Cobb et al.
1982) demonstrated a reduced moulting frequency in
some individuals after the establishment of a dominance hierarchy, even when sufficient food was made
available.
It is well documented that significant biochemical
changes occur during the moult cycle of Crustacea
(reviewed by Chang 1995). However, recent investigations on decapods have found no influence of moult
stage on the nucleic acid concentrations of whitemuscle tissue from either the abdomen (Moss 1994a,
El Haj et al. 1996, El Haj & Whiteley 1997) or the legs
(including claws) (El Haj et al. 1996). El Haj et al.
(1996) did record an increase in protein synthesis during pre-moult, but suggested that an increase in ribosomal activity, rather than RNA concentration, was
responsible. Such evidence suggests that, although
RNA-based indices provide a good indication of nutritional condition in crustaceans, underlying changes in
RNA activity may also occur. Greater precision in defining changes in nutritional status may be obtained
by combining this technique with analyses of other indicators of biochemical condition (see Tuck et al.
1997a).
As well as density-dependent effects, populations of
Nephrops norvegicus are also subject to a variety of
environmental stresses including trawling pressure,
prolonged exposure to hypoxia (Hagerman & Baden
1988, Baden et al. 1994) and parasitic infection (Field
et al. 1992, 1995, Field & Appleton 1995, Taylor et al.
1996). Convenient methods of evaluating the condition
of recently captured N. norvegicus, such as nucleic
acid indices, may therefore provide a valuable tool for
the assessment of their nutritional status, and may contribute to stock-management decisions.
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