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INTRODUCTION

Copepods are the major component of the mesozoo-
plankton in the ocean and are considered to be vital
agents in biogeochemical cycles of carbon and other
elements in the pelagic ecosystems (Hernández-León
& Ikeda 2005, Buitenhuis et al. 2006). Based on volumi-
nous experimental data accumulated on epipelagic
copepods, their physiological processes — including
metabolism (Ikeda et al. 2001), growth (Hirst & Bunker
2003) and mortality (Hirst & Kiørboe 2002) — have

been modeled as a function of body mass and habitat
temperature. With a notable exception of a global-
bathymetric model developed for respiration of pelagic
copepods (Ikeda et al. 2007), the validity of the models
to deep-sea copepods is uncertain at present, because
of the very limited understanding of their physiological
characteristics.

Since RNA is a necessary precursor of protein syn-
thesis and protein is usually the major body compo-
nent, early attempts have been made to establish the
relationship between RNA content and growth rate in
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ABSTRACT: As indices of protein synthetic activity, RNA:DNA ratios were determined for >80 cope-
pod species caught from the epipelagic (0 to 500 m), mesopelagic (500 to 1000 m), upper bathypelagic
(1000 to 2000 m), lower bathypelagic (2000 to 3000 m) and abyssopelagic (3000 to 5000 m) zones of
the North Pacific Ocean. The copepods from the epipelagic zone exhibited higher RNA:DNA ratios
compared to those from the mesopelagic through the abyssopelagic zones. Parameters (other than
the depth zones) affecting the ratios were explored, by grouping the copepods into 4 developmental-
stage/sex categories (C4, C5 and C6 females and males), 3 feeding types (carnivore, detritivore and
suspension feeder), or 2 phylogeny-related reaction-speed groups in which detecting the presence or
absence of myelinated sheath enveloping axons indicated fast or slow reacting species, respectively.
Stage and sex data showed that RNA:DNA ratios were greater in C6 females than in other groups.
Among the feeding-type data, carnivores exhibited the lowest RNA:DNA values. Reaction-speed
data indicated that slow-reacting species are characterized by lower ratios than fast-reacting species.
Taking into account all of these biological parameters as independent variables, stepwise multiple
regression analysis revealed that the pattern of the reduction in RNA:DNA ratios toward greater
depths was still valid. The typical interzonal copepods, Neocalanus spp., showed that non-feeding C6
females of N. plumchrus and N. flemingeri collected from the mesopelagic through the abyssopelagic
zones had high RNA:DNA ratios comparable to those of the epipelagic-zone copepods. The present
results, combined with recent reports on the depth-related decline in the metabolism and body nitro-
gen content of pelagic copepods downward, suggest overall slower life modes of deeper-living spe-
cies. We think the ‘predation-mediated selection’ hypothesis explains this ‘slow’ life more effectively
than limited food supply or colder temperatures in the deep sea.

KEY WORDS:  Copepods · RNA · DNA · Abyssopelagic · North Pacific

Resale or republication not permitted without written consent of the publisher





Ikeda et al.: RNA:DNA ratios in calanoid copepods

used when the water temperature at the surface layer
exceeded 10°C. Upon retrieval of the net, undamaged
specimens of copepods were sorted immediately. Indi-
vidual specimens were observed quickly under a dis-
secting microscope to determine species, developmen-
tal stage and sex. Each specimen was then preserved
separately in liquid nitrogen and brought back to the
land laboratory for nucleic acid analysis.

Nucleic acid analysis. RNA and DNA were mea-
sured with the microplate fluorescent assay (MFA) of
Wagner et al. (1998). The MFA assay is a modification
of the sequential fluorometric method of Bentle et al.
(1981), in which DNA and RNA in a single sample are
determined sequentially by the addition of DNase and
RNase using EB as fluorescent dye (see Caldarone et
al. 2001 for details). Wagner et al. (1998) modified the
sequential fluorometric method to the MFA with
96-well microtiter plates by adopting a sarcosyl extrac-
tion technique and eliminating the DNase step, thus
allowing application of the assay to small samples (sin-
gle copepods) without extended working time.

Prior to the assay, the wet weight (WW) of individual
specimens (preserved in liquid nitrogen) was deter-
mined; these specimens were then homogenized by
vigorous shaking with sarcosyl extraction buffer. For
some specimens weighing <0.5 mg WW, a batch of 2
to 3 specimens was used. The volume of extraction
buffer was 200 µl for specimens weighing <1.5 mg,
500 µl for those 1.5 to 5 mg, 1000 µl for those 5 to 10 mg
and 2000 µl for those >10 mg WW. The samples were
shaken for 1 h at room temperature on a vortex mixer
equipped with a multiple-vial head. The samples were
then diluted 1:4 with Tris buffer to reduce the sarcosyl
concentration to 0.2%, and were shaken again for
5 min. They were then centrifuged (12 000 × g) for
10 min to separate insoluble copepod remains.

In each run, duplicate 75 µl aliquots of supernatants
of the samples and 8 replicates of 0, 2.0 and 7.6 µg ml–1

DNA (calf-thymus, Sigma D-3664 or D-4522) and 0, 1.5
and 11.0 µg ml–1 RNA standard solutions (calf-liver,
18S+28S ribosomal RNA, Sigma R-0889) were trans-
ferred to 96-well microplates (Corning-Black). The
zero concentrations of the standard solutions can also
be regarded as reagent blanks (containing all chemi-
cals but no copepod homogenates). The 2 concentra-
tions of DNA and RNA were chosen because the fluo-
rescence has been shown to be linear within these
ranges (see below, this section). EB solution (75 µl) was
added to each well, and the plates were shaken gently
at room temperature for 15 min. The EB fluorescence
was then scanned on a microplate reader (GENios,
TECAN) with 530 nm (excitation) and 590 nm (emis-
sion) filters (first scan). Gain-sensitivity was set to 120,
and flash-replicate measuring to 10. Following the first
scan, RNase solution (7.5 µl) was added to each well.

The microplate was shaken again at room temperature
for 20 min and the EB fluorescence was scanned
(second scan). The RNA concentrations (µg ml–1) were
calculated as the differences between the first (DNA+
RNA) and the second (DNA) scans, and the standard
curve of RNA versus the fluorescence established from
the first scan of the same plate. DNA concentrations
(µg ml–1) were computed from the second scan and the
standard curve of DNA versus fluorescence estab-
lished at the second scan (RNase treated) of the same
plate.

We confirmed linear fluorescence–concentration
relationships by using 5 dilution series of DNA ranging
from 0.0 to 7.6 µg ml–1 (y = 963.2x + 3034, r2 = 0.997)
and RNA ranging from 0.0 to 11.3 µg ml–1 (y = 574.8x +
2967, r2 = 0.999). Coefficients of variations (CV: SD
× 100/mean), derived from repeated measurements of
the same concentrations of DNA and RNA standards,
were approximately 2%. Well-to-well variabilities in
the fluorescence, as tested on the same standard con-
centrations of DNA and RNA, were 2 to 3% (CV, n = 4).
Day-to-day variations (CVs) in reagent blanks, and the
slopes of the DNA and RNA standard curves were 11,
6 and 11%, respectively, over a little less than 6 mo of
our analysis. Known amounts of DNA (0.142 µg) and
RNA (0.226 µg) were spiked to part of samples and
resultant recoveries were 100% (±7.2%, n = 8) and
101% (±9.9%, n = 8), respectively, with the present
assay procedure. Accordingly, no correction for the
recovery efficiency was made for the present results.

To define the body mass of each copepod accurately,
part of its homogenate (250 µl) was used for protein
determinations in duplicate according to the method of
Lowry et al. (1951), using bovine serum albumin as a
standard.

RESULTS

Copepods

Calanoid copepod species belonging to the 6 Super-
families (Arietelloidea, Centropagoidea, Clausocala-
noidea, Eucalanidea, Megacalanoidea, and Spino-
calanoidea) and 14 Families (Augaptilidae, Hetror-
habdidae, Lucicutiidae, Metridinidae, Arietellidae,
Candaciidae, Aetideidae, Euchaetidae, Phaennidae,
Scolecitrichidae, Eucalanidae, Calanidae, Megacala-
nidae and Spinocalanidae) were used for the analyses
(Table 1, Appendix 1 available as Supplementary
Material at www.int-res.com/articles/suppl/b001p099_
app.pdf). Interzonal copepods, Neocalanus cristatus,
N. plumchrus and N. flemingeri, are of special interest
in the subarctic North Pacific because of their domi-
nance in copepod communities in the water column
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(Vinogradov & Tseitlin 1983, Yamaguchi et al. 2002).
While their C1 through C5 stages distribute in the
epipelagic zone and actively feed on phytoplankton,
the late-C5 or C6 individuals descend to the
mesopelagic through abyssopelagic zones and are
characterized by a non-feeding diapause phase (cf.
Ikeda et al. 2004). Because of their wide vertical distri-
bution patterns through the epipelagic and
abyssopelagic zones, the Neocalanus spp. were
treated separately from other copepods whose habitat
depths are more or less limited to narrow depth zones.

Protein (PRO: mg ind.–1), RNA:PRO (µg mg–1),
PRO:DNA (mg µg–1) and RNA:DNA (µg µg–1) data rep-
resenting single specimens obtained during the same
cruise were combined on the basis of same species,
stage and sex, and means and standard deviations
were computed (Appendix 1). The numbers of datasets
were 21 for 20 epipelagic-zone species, 48 for 20 meso-
pelagic-zone species, 64 for 28 upper bathypelagic-
zone species, 49 for 35 lower bathypelagic-zone
species and 27 for 20 abyssopelagic-zone species

(Appendix 1). Of a total of 80 species, many occurred in
2 or 3 neighboring bathymetric zones, and one (Para-
euchaeta rubra) occurred in the 4 bathymetric zones
mesopelagic through abyssopelagic.

The data from various cruises were pooled and then
grouped into the 5 sampling zones, 4 developmental-
stage/sex categories (C4, C5, and C6 females and C6
males; the single datum for Paraeuchaeta rubra C3
was omitted), 3 feeding types as judged by morphol-
ogy (carnivore, detritivore and suspension feeder, cf.
Yamaguchi et al. 2002), and 2 reaction-speed groups
(fast and slow reacting species) based on phylogeny-
related presence/absence of myelinated sheathes
enveloping axons. According to Lenz et al. (2000),
all species belonging to the Superfamilies Arietello-
idea and Centropagoidea lack a myelinated sheath
enveloping the axons. The depth of occurrence of the
copepods was represented by the mid-point of the
sampling intervals, specifically 250 m for the epi-
pelagic zone, 750 m for the mesopelagic zone, 1500 m
for the upper bathypelagic zone, 2500 m for the lower
bathypelagic zone and 4000 m for the abyssopelagic
zone. Preliminary plots of RNA:DNA data showed
apparent deviation from the normal distribution
(skewed to the left), so the data were transformed to
natural logarithms (base e) prior to the analysis (Fig. 2).

Protein

Mean protein contents (PRO, mg ind.–1) ranged from
0.18 to 0.47 among the 5 depth-zone groups, from 0.14
to 0.33 among the 4 stage/sex categories (C4, C5, C6F
and C6M), from 0.21 to 0.37 among the 3 feeding types
(carnivore, detritivore and suspension feeder) and
from 0.17 to 0.33 between copepods with/without
myelin sheathes (Table 2). Variations in mean PRO of
copepods grouped by the 4 criteria were significant
(1-way ANOVA, p < 0.002). Within each designated
group, significantly greater means were found for
copepods taken from the upper bathypelagic zone, for
C5 and C6F stages, for carnivores, and for the fast-
reacting group with myelin sheathed axons (Bonfer-
roni test for between means, p < 0.05).

RNA:DNA ratios (excluding Neocalanus spp.)

Among the 5 depth-zone groups in which RNA:DNA
ratios varied from 0.86 to 2.65, the epipelagic-zone
group exhibited a greater ratio than did the other 4
depth-zone groups (1-way ANOVA, and post-hoc
Bonferroni test, p < 0.001). With regard to develop-
mental-stage/sex categories, the ratio was the greatest
for C6F, followed by C5, C4 and C6M (Bonferroni test,
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Superfamily Family Genus

Arietelloidea Augaptilidae Euaugaptilus 
Neoaugaptilus 

Heterorhabdidae Heterorhabdus
Heterostylites 

Lucicutiidae Lucicutia 
Metridinidae Metridia 

Pleuromamma

Centropagoidea Candaciidae Candacia 

Clausocalanoidea Aetideidae Aetideopsis 
Bradyidius 
Chiridius 
Euchirella 
Gaetanus 
Gaidius 
Pseudochirella 
Pseudogaetanus
Undeuchaeta 

Euchaetidae Euchaeta
Paraeuchaeta 

Phaennidae Cornucalanus 
Onchocalanus 

Scolecitrichidae Amallothrix 
Racovitzanus
Scaphocalanus 
Scolecithricella 

Eucalanoidea Eucalanidae Eucalanus
Rhincalanus

Megacalanoidea Calanidae Calanus
Mesocalanus
Neocalanus

Megacalanidae Bathycalanus 

Spinocalanoidea Spinocalanidae Spinocalanus

Table 1. Copepod Superfamilies, Families and genera analysed 
in the present study
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p < 0.001). Lower RNA:DNA ratios were seen in carni-
vores among the 3 feeding types, and in those with
myelin sheathes between the 2 reaction-speed groups
(Bonferroni test, p < 0.001).

Designating the depth of occurrence, stage/sex, feed-
ing type, presence/absence of myelinated sheath and
protein content as independent variables, the relation-
ships of these variables to each dependent variable
(Y:ln[RNA:DNA]) of copepods from the epipelagic

through abyssopelagic zones (Table 2) were analyzed by
a stepwise multiple regression method (Sokal & Rohlf
1995). The full multiple regression model adopted was:

Y = UB + LB + AB + C5 + C6F + C6M + DETR + SUS +
MYEL + lnPRO + constant

where UB, LB and AB are dummy variables represent-
ing depth; C5, C6F, C6M represent stage; DETR and
SUS represent feeding type. Definitions of these
dummy variables are as in Ikeda et al. (2006b). The
dummy variable MYEL was defined as 1 when myeli-
nated sheath is present, and 0 when it is absent. The
independent variable lnPRO was the value of the loga-
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Fig. 2. Log-transformed RNA:DNA ratios of copepods (see
Table 2 for depth-zone abbreviations) in the North Pacific.
Values in parentheses: number of datasets. Normalized data
were used for the calculation of means, SDs and statistical 

comparisons (see Tables 2 & 3)

n PRO (mg ind.–1) RNA:DNA (µg µg–1)
Mean SD range Mean SD range

Depth zone
E 21 0.18 0.08 to 0.40 2.65 1.48 to 4.72
M 48 0.29 0.13 to 0.68 1.10 0.45 to 2.66
UB 64 0.47 0.20 to 1.09 1.06 0.50 to 2.21
LB 49 0.19 0.06 to 0.63 1.08 0.43 to 2.70
AB 27 0.22 0.09 to 0.52 0.86 0.42 to 1.75
F (df) 8.273 (4,204) 6.848 (4,204)
p <0.001 <0.001

UB > LB = AB = E E > M = UB = LB = AB

Stage/sex
C4 18 0.14 0.06 to 0.33 0.63 0.31 to 1.26
C5 55 0.33 0.13 to 0.83 0.99 0.44 to 2.20
C6F 114 0.30 0.11 to 0.84 1.54 0.69 to 3.42
C6M 21 0.26 0.10 to 0.67 0.58 0.33 to 1.00
F (df) 3.364 (3,204) 15.263 (3,204)
p 0.020 <0.001

C5 = C6F > C4 = C6M C6F > C5 > C4 = C6M

Feeding type
Carnivore 84 0.37 0.16 to 0.89 0.86 0.33 to 2.24
Detritivore 29 0.29 0.10 to 0.84 1.33 0.67 to 2.63
Suspension 96 0.21 0.08 to 0.60 1.40 0.68 to 2.87
feeder

F (df) 7.377 (2,206) 8.289 (2,206)
p 0.001 <0.001

C > S D = S > C

Myelin sheath
Absent 55 0.17 0.07 to 0.41 2.12 0.94 to 4.81
Present 154 0.33 0.12 to 0.90 0.92 0.44 to 1.93
F (df) 18.523 (1,207) 49.176 (1,207)
p <0.001 <0.001

P > A A > P

Table 2. Summary of protein (PRO) and RNA:DNA data of
copepods in Appendix 1 (available at www.int-res.com/
articles/suppl/b001p099_app.pdf) grouped into 5 depth zones
(E: epipelagic, M: mesopelagic, UB: upper bathypelagic, LB:
lower bathypelagic, AB: abyssopelagic), 4 development/sex
categories, 3 feeding types and 2 presence/absence types of
myelinated sheath enveloping axons. Differences among
groups were tested by 1-way ANOVA, combined with Bon-
ferroni test for between means. Mean and SD range based on 

log-transformed data
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rithm (base e) of PRO (mg ind.–1), which is the index of
the body mass. Predictor variables are added if p ≤ 0.05
and removed if p ≥ 0.10. The calculation was con-
ducted using SPSS version 11.5.

Among 11 independent variables tested, ln[RNA:
DNA] was attributed positively by feeding types (detri-
tivore and suspension feeder) but negatively by a cate-
gory of developmental-stage/sex (C6M) (Table 3). The
effects of the depth of occurrence were also significant
and either positive (epipelagic) or negative (abysso-
pelagic). Overall, the regression analysis yielded simi-
lar results to those of 1-way ANOVA (Table 2) in which

the ln[RNA:DNA] data were grouped based on single
criterion (depth, stage/sex, feeding type or myelinated
sheath) where other criteria were regarded as random
variables.

RNA:DNA ratios of Neocalanus spp.

Compared with Neocalanus cristatus and N. plum-
chrus, the data on N. flemingeri was largely limited to
C6F and only a single datum was available for each of
C5 and C6M stages (Tables 4 & 5). Prior to the analysis,

the data for C5 specimens of N. cristatus
and N. plumchrus from the epipelagic
zone (non-diapausing) and mesopelagic
or much deeper zones (diapausing)
were compared. There were no signifi-
cant differences in RNA:DNA ratios be-
tween diapausing and non-diapausing
specimens (respective ratios, ± SD, are
2.3 ± 1.3 [N = 16] and 2.3 ± 1.1 [N = 6] for
N. cristatus, and 3.6 ± 2.0 [N = 22] and
3.5 ± 2.2 [N = 7] for N. plumchrus;
Mann-Whitney U-test at p > 0.05 for
both species). Using these results, the
C5 data of both species from the epi-
pelagic and mesopelagic or much
deeper zones were pooled to facilitate
within-species (stage/sex) and be-
tween-species analyses of each variable
(Table 4).

For between-stage/sex difference,
PRO of C6M was greater than that of C6F
in Neocalanus cristatus, but the between-
sex difference in PRO was not significant
for C6 N. plumchrus. Both species
showed similar RNA:DNA ratios: the
greatest and least ratios were seen in
C6F and C6M, respectively (Bonferroni
test, p < 0.05). Regarding C5, C6F or
C6M of the 3 Neocalanus spp., N. cris-
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Independent E UB LB AB C5 C6F C6M DETR SUS MYEL lnPRO
variable

ln(RNA:DNA) ++ ns – – – ns ++ – – – +++ +++ – – – ns

Table 3. Attributes of the depth (E, UB, LB or AB: see Table 2 for definitions),
stage/sex (C5, C6F or C6M), feeding type (DETR: detritus or SUS: suspension),
presence/absence of myelinated axons (MYEL) and lnPRO to lnRNA:DNA
of epipelagic through abyssopelagic copepods. +++, ++ and +: coefficients
are all positive and significant at p < 0.001, p < 0.01 and p < 0.05, respectively. 
– – –, – – and –: coefficients are all negative and significant at p < 0.001, p < 0.01
and p < 0.05, respectively; ns: not significant. See ‘RNA:DNA ratios (excluding 

Neocalanus spp.)’ for details

Species Stage/ Depth n PRO (mg ind.–1) RNA:DNA (mg mg–1)
sex zone Mean SD range Mean SD range

Cris C5 E–LB 22 1.02 0.58 to 1.82 2.05 1.22 to 3.43
C6F M–AB 16 0.64 0.28 to 1.49 2.63 1.42 to 4.87
C6M M–LB 7 1.41 0.85 to 2.37 1.26 0.60 to 2.65

Plum C5 E–LB 29 0.17 0.09 to 0.29 3.02 1.70 to 5.38
C6F M–LB 30 0.12 0.06 to 0.24 4.60 2.70 to 7.83
C6M UB–LB 12 0.19 0.14 to 0.25 1.19 0.55 to 2.58

Flem C5 AB 1 0.22 1.75
C6F M–AB 12 0.27 0.18 to 0.41 3.97 1.91 to 8.27
C6M AB 1 0.26 1.30

Table 4. Neocalanus spp. Summary of protein (PRO) and RNA:DNA data of 3
copepods (Cris: N. cristatus; Plum: N. plumchrus; Flem: N. flemingeri) (see Table 2 

for depth-zone abbreviations). Means and SD based on log-transformed data

df PRO RNA:DNA
F p Test F p Test

Between stage/sex
Cris 2,42 3.963 0.027 C6M > C6F 3.768 0.031 C6F > C6M
Plum 2,68 3.165 0.048 22.085 <0.001 C6F > C5 > C6M

Between species
C5 1,49 127.157 <0.001 Cris > Plum 6.172 0.016 Plum > Cris
C6F 2,55 31.161 <0.001 Cris > Flem > Plum 4.537 0.015 Plum > Flem = Cris
C6M 1,17 128.708 <0.001 Cris > Plum 0.029 0.867NS

Table 5. Neocalanus spp. Protein (PRO) and RNA:DNA data. Differences within and between species tested by 1-way ANOVA,
combined with Bonferroni test (Test) for between means. Means and SD based on log-transformed data. NS: not significant (p > 0.05);
Cris: N. cristatus; Plum: N. plumchrus; Flem: N. flemingeri. Only a single datum was available for N. flemingeri C5 and C6M stages
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tatus showed the greatest PRO values. Among C6F
specimens, N. plumchrus showed greater RNA:DNA
ratios than did the other species (1-way ANOVA, p < 0.02
and Bonferroni test, p < 0.05). When compared to C5
N. cristatus, C5 N. plumchrus showed greater RNA:DNA
ratios (1-way ANOVA, p < 0.02).

Comparison of C6M and C6F data of Neocalanus
spp. with other copepods occurring from the meso-
pelagic through abyssopelagic may be not meaningful
because of the non-feeding condition of C6M and C6F.
The pooled C5 data of both N. cristatus and N. plum-
chrus from the epipelagic though abyssopelagic zones
were nearly comparable to those from the epipelagic
zone only, but significantly higher than those from
the mesopelagic through the abyssopelagic zones
(1-way ANOVA, Bonferroni test at p = 0.05).

DISCUSSION

Parameters affecting nucleic acid ratios

Among the parameters affecting RNA:DNA ratios ex-
amined in this study (developmental-stage/sex, feeding
type, reaction-speed type and protein [= body mass],
cf. Table 3), the changes with development have been
reported in Calanus pacificus (Ota & Landry 1984) and
C. finmarchicus (Wagner et al. 1998, 2001), both raised in
the laboratory. According to these authors, RNA:DNA
ratios in C. finmarchicus increased progressively during
development (maximum value = 8). In contrast to C. fin-
marchicus, the results for C. pacificus were more vari-
able, but the developmental increase in RNA:DNA ratios
was still apparent. No information is available for C6
males in these 2 studies. While the developmental-
stage/sex in analysis on mixed copepods from the
epipelagic through abyssopelagic zones (Table 4) was
limited to C4, C5 and C6 males and C6 females, resultant
developmental patterns in RNA:DNA ratios were identi-
cal to that of C. finmarchisus. Development/sex patterns
of RNA:DNA of C5 and C6 female Neocalanus spp.
observed in this study (Table 4) are also similar to those
of C. finmarchicus. Higher RNA:DNA ratios in C6 female
copepods could be attributed to matured eggs in the
body, which is supported by the close association of
higher RNA:DNA ratios with higher daily egg produc-
tion rates in Paracalanus sp. (Nakata et al. 1994), Acartia
grani (Saiz et al. 1998) and A. bifilosa (Gorokhova 2003).
In contrast, lower RNA:DNA ratios seen for C6 males
of mixed copepods (Table 2) and Neocalanus spp.
(Table 4) are indicative of no substantial increase in
RNA relative to DNA during the gonad maturation
process in males. Male C6 of many copepods, including
Euchaeta, Euchirella, Gaetanus, Paraeuchaeta, Neo-
calanus spp. etc. have reduced oral appendages and do

not feed (cf. Mauchline 1998). But it appears that this is
not the cause for the observed low RNA:DNA ratios, as
non-feeding C6 females of Neocalanus spp. exhibit high
ratios (2.6 to 4.6, Table 4).

Wagner et al. (1998) noted significantly lower
RNA:DNA ratios of C5 Calanus funmarchicus in dia-
pause (~1 as compared with 2 to 3 in non-diapausing
specimens). However, C5 specimens of Neocalanus
cristatus and N. plumchrus from <500 m depth (before
entering diapause) and >500 m depth (in diapause) did
not show significant differences in RNA:DNA ratios in
this study, with mean values of 2.3 for <500 m and 3.5
for >500 m (see ‘Results’).

Among the 3 feeding types, carnivores showed con-
sistently lower RNA:DNA ratios (Table 2), which imply
their lower protein synthetic activities relative to sus-
pension feeders and detritivores. Among the 3 feeding
types, deeper-living carnivorous copepods also exhib-
ited the lowest metabolism and lowest body N content
in our previous analyses (Ikeda et al. 2006a,b), sug-
gesting their ‘ambush’ feeding in contrast to active
‘cruising’ feeding in well-illuminated epipelagic zones
as has been well documented in mid-water fishes
(Miller 2004). Considering that prey zooplankton bio-
mass decreases rapidly toward greater depths (Vino-
gradov 1968, Vinogradov & Tseitlin 1983), it appears
that carnivorous feeding is not well adapted to deep-
sea environments in comparison to suspension or detri-
tivorous feeding. In fact, the proportion of carnivores in
zooplankton communities increases from the surface to
around 2000 m, then decreases rapidly toward 6000 m
in the western subarctic Pacific (Vinogradov & Tseitlin
1983).

The presence of myelinated sheath (MYEL) was
found to be the another parameter affecting RNA:DNA
ratios of the copepods negatively (Table 2). Typically,
copepod Families including Metridinidae, Acartiidae,
Candaciidae, Pontellidae and Temoridae lack MYEL
(e.g. slow response) and those including Calanidae,
Paracalanidae, Eucalanidae, Clausocalanidae and Eu-
calanidae have MYEL (e.g. fast response) (Lenz et al.
2000). The negative effect of MYEL presence on
RNA:DNA ratios suggests lower protein synthetic activ-
ities for copepods with MYELs, as compared to those
without MYELs and slow escape reactions. In our previ-
ous studies, copepods with MYEL have been shown to
have higher metabolic rates (Ikeda et al. 2006a) and
higher C and N contents in the body (Ikeda et al.
2006b). These results may imply that copepods with
MYEL are characterized by a lower protein growth/
metabolism efficiency while achieving a larger deposi-
tion of organic matter; however full evaluation of phylo-
genetic patterns in energy/material budgets in cope-
pods will not be possible until sufficient physiological
data are available.
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Habitat depth vs. RNA:DNA ratio

The primary food source for deep-sea pelagic organ-
isms is the photosynthetic products from the top of the
water column, which are passively transported to depth
as sinking detritus and feces of zooplankton, or actively
transported by vertically migrating zooplankters (cf.
Vinogradov & Tseitlin 1983). Gut content analyses of
copepods from mesopelagic and bathypelagic zones
have revealed that diatoms, protozoans, detritus, feces
and carcasses were major components, along with
many unidentifiable materials (Harding 1974, Koso-
bokova et al. 2002). Thus, an immediate explanation for
the lower RNA:DNA ratios of deeper-living copepods of
this study may be slower protein growth caused by lim-
ited food supply to the deep sea. Reduction of food sup-
ply with depth has been given as a cause for the rapid
decline in zooplankton/micronekton biomass with in-
creasing depth across world oceans (e.g. Vinogradov
1968, Vinogradov & Tseitlin 1983, Childress 1995);
however, limitation of food supply is not thought to in-
fluence the physiology of individuals (but see Childress
1995). In other words, the organisms that were found in
food-limited environments such as the deep sea cannot,
themselves, be food limited (Seibel & Drazen 2007).

As an alternative explanation, the decrease in water
temperature downward in the North Pacific (epi-
pelagic zone: 3 to 20°C, mesopelagic through abysso-
pelagic zones: 1.5 to 3°C; Favorite et al. 1976) may
affect RNA:DNA ratios of pelagic copepods, since tem-
perature is already known to be one of important para-
meters in growth of epipelagic copepods (global
growth model; Hirst & Bunker 2003). Our data on RNA:
DNA ratios from the epipelagic zone of the North
Pacific Ocean (Fig. 1) were divided into regions north
(cold regime) and south (warm regime) of the Subarc-
tic Boundary (~40° N; Favorite et al. 1976) to examine
the temperature effect. This north-to-south comparison
showed that the mean RNA:DNA ratios (3.1 ± 2.1 SD
vs. 2.8 ± 1.3, both N = 11) were not significantly differ-
ent (Mann-Whitney U-test, p > 0.11). In laboratory
experiments, RNA:DNA ratios of Calanus pacificus
raised at 3 temperatures ranging from 8 to 15°C (Ota &
Landry 1984), C. finmarchicus at 3 temperatures rang-
ing from 4 to 12°C (Wagner et al. 2001) and Acartia
bifilosa at 9 and 16°C (Gorokhova 2003) all showed no
decrease, or slight decrease at higher temperatures.
The same results (no or slight decrease in the ratios
due to temperature increases) have been reported on
the larvae of caregonid fish raised at 2 temperatures in
the laboratory (Malzahn et al. 2003). While the global
pattern of RNA:DNA ratios of pelagic copepods is not
known as yet, circumstantial evidence presently avail-
able indicates that the depth-related pattern of the
RNA:DNA ratios revealed in this study (i.e. a reduction

of the ratios with depth) is opposite to that expected
(stable ratios, or increase, with depth). Thus, the water
temperature gradient toward greater depths in the
North Pacific does not explain the depth-related pat-
tern of RNA:DNA ratios of pelagic copepods observed
in this study. It should be noted that the conclusions
mentioned above regarding the decline in metabolic
rates (Ikeda et al. 2006a) and body N content (Ikeda et
al. 2006b) of calanoid copepods with depth are free
from the effects of vertical temperature gradients, as
the epipelagic data compared in the aforementioned
studies were from similar thermal regimes, e.g.
Antarctic/Arctic waters.

As a habitat for pelagic animals, the deep sea is dark,
since sunlight only penetrates the upper 1000 m of the
ocean (Warrant & Locket 2004). For pelagic animals
with developed vision (i.e. eyes), a rapid decline in
metabolic rates has been observed with depth, and a
‘visual interactions’ hypothesis has been proposed to
explain the phenomenon (Childress 1995). According
to this hypothesis, vision-aided reaction distance in
prey–predator relationships shortens downward due
to diminishing light, thus requiring progressively less
energy expenditure for the reactions with increasing
depth. This explanation is also supported by the obser-
vations that protein (= muscle) concentration in the
body declines in deeper-living micronektonic fishes
and crustaceans (Childress & Nygaard 1973, 1974). For
pelagic animals lacking visual perception systems,
such as the calanoid copepods of this study, the visual
interactions hypothesis predicts that the range of reac-
tion should not change with increasing habitat depths,
and thus neither their metabolic rates nor protein con-
centrations should be affected by depth. Contrary to
that prediction, Ikeda et al. (2006a) indicated that the
respiration rates (normalized by temperature and body
mass) of copepods decreased by about 30% between
the epipelagic and upper-bathypelagic zones, and
interpreted this as a result of reduction in predation
pressure (‘predation-mediated selection’ hypothesis
Ikeda et al. 2006a). Furthermore, Ikeda et al. (2006b)
showed that N content of dried calanoid copepods
declines with increased depth, as was observed for
micronektonic fishes and crustaceans by Childress &
Nygaard (1973, 1974).

Depth-related declining patterns in RNA:DNA ratios
(this study), metabolism (= oxygen consumption, Ikeda
et al. 2006a) and body N composition (Ikeda et al.
2006a,b) of pelagic copepods in the North Pacific are
shown in Fig. 3, in which the original epipelagic data
(those of Arctic/Antarctic copepods) were replaced with
those of copepods living in the epipelagic North Pacific
and determined at near in situ temperatures (mean:
~11°C). While protein synthetic activities (= RNA:DNA
ratios) have not been discussed, and are not directly re-
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lated to the origin of the 2 hypotheses mentioned above,
lower RNA:DNA ratios of deeper-living copepods ob-
served in this study (Table 4) are in line with their lower
metabolic rates observed by Ikeda et al. (2006a) (Fig. 3).
For this reason, protein synthesis has been evaluated to
require the highest energy demand among the pro-
cesses involved in the formation of new body mass in
copepods (Kiørboe et al. 1985, Thor 2000). Reduced pro-
tein synthetic activities of deep-sea copepods may
reflect the gradual decrease in body N downward
among pelagic copepods from the epipelagic through
the abyssopelagic zones in the subarctic Pacific (Ikeda
et al. 2006b). All these results strongly suggest that the
life of deep-sea copepods is ‘slow’ as compared to that of
shallow living ones. Apparently, interzonal copepods
such as Neocalanus spp. collected from depth are an
exception, and their RNA:DNA ratios were found to be
almost equivalent to those of epipelagic-zone species.
Despite their deep occurrence, ratios as high as the
epipelagic species suggest that the ratios reflect the
epipelagic zone at where the copepods achieve rapid
development and large lipid deposition prior to the com-
pletion of their life cycle at depth (cf. Ikeda et al. 2004).
Judging by sampling season (i.e. July, see Appendix 1),
the highest RNA:DNA ratios in N. plumchrus among
Neocalanus spp. may be due to its delayed development
in the shallow layer of the western subarctic Pacific as
compared to N. cristatus and N. flemingeri (Kobari &
Ikeda 2000)

In conclusion, the present study revealed that pro-
tein synthetic activities, as judged by RNA:DNA
ratios of copepods living in the epipelagic through
abyssopelagic zones in the North Pacific, decline
toward greater depths, though developmental-stage/
sex, feeding types or phylogeny-related presence or
absence of MYEL could also affect the ratios simulta-
neously. We favor the ‘predation-mediated selection’
hypothesis to describe the prime cause for this depth-
related decline in RNA:DNA ratios in pelagic cope-
pods, rather than limited food supply or low deep-sea
temperature.
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