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Abstract
Organisms have complex metabolic networks, and their fluxes could be sensitive depending on various physio-

logical and environmental conditions. As one of these factors, reproduction (e.g., egg production) is a common and 
essential process to create new individuals. However, little is known about the effect of reproduction in metabolic 
fluxes of organisms. In this study, we cultured the calanoid copepod Acartia steueri, and measured the stable 
nitrogen isotopic composition (δ15N) of amino acids in adult males and females and their eggs in order to demon-
strate the effect of reproduction in amino acid metabolic fluxes of this species. The δ15N values of glutamic acid and 
phenylalanine and the estimated trophic position were 6.3‰, −2.6‰ and 1.73 for male adults; 7.0‰, −2.6‰ and 
1.78 for female adults; and 7.3‰, −2.3‰ and 1.82 for eggs, respectively. These results demonstrate no substantial 
change in the isotopic signature of amino acids among the examined samples, implying that the balance in the amino 
acid metabolism between assimilation (i.e., absorbing input and biomass construction) and dissimilation (i.e., amino 
acid deamination) may not change with egg production in this copepod.
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1. Introduction

Organisms have complex metabolic networks 
composed of assimilation (i.e., absorbing input and 
biomass construction) and dissimilation (i.e., amino 
acid deamination). The net flux between assimilation 
and dissimilation may be variable and may not reach 
a steady state, because organisms experience various 
environmental conditions and physiological states in 
their lifetime. As one of these factors, the reproductive 
system to create new individuals (e.g., egg production) 
is a common and essential physiological process for 
most organisms. However, little is known about how 
the reproductive system affects metabolic fluxes of 
organisms (e.g., Kuijper et al., 2004).

Amino acids are essential biochemical units for 
protein biomass, and their stable isotopic compositions 
should be closely related to metabolic processes and 
their fluxes in organisms. Previous studies have reported 
that the nitrogen isotopic composition of some amino 
acids (e.g., glutamic acid) dramatically increases in 15N 
during grazing process in food chains, whereas other 
amino acids (e.g., phenylalanine) show little change 
in 15N through this process (McClelland and Montoya, 
2002). This is because deamination occurs for the first 
metabolic process of the former amino acids but not 
for that of the latter amino acids (Chikaraishi et al., 
2007). Moreover, the degree of 15N-increase has been 
suggested to be a universal value of ～8‰ for glutamic 
acid (Chikaraishi et al., 2009), which corresponds to 
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a deamination of approximately 64-86% of glutamic 
acid derived from diet and the remaining 14-36% is 
used for the construction of biomass protein (Macko 
et al., 1986; Miura and Goto, 2012). Yet, the flux of 
deamination could change with the physiological 
state of the organism, and as a result the magnitude of 
15N-enrichment would vary to mirror the change in the 
metabolic flux.

In this study, we separately cultured male and 
female adults of a neritic species of the calanoid 
copepod Acartia steueri with controlled feeding on the 
Haptophyta Isochrysis galbana. To evaluate the effect 
of the reproductive system in amino acid metabolic 
fluxes of this species, we compared the nitrogen isotopic 
composition (δ15N) of glutamic acid and phenylalanine 
among male and female adults, their eggs, and diet 
microalgae. 

2. Samples and methods

2.1. Sample collection and incubation
The calanoid copepod A. steueri was collected 

from the coast of Sagami Bay, Japan (35˚09΄49˝ N, 
139˚10΄33˝ E) on Feb 25, 2013 by oblique tow of a 
plankton net with mesh size of 180 μm at night. The 
collected zooplankton samples were immediately trans-
ferred to a lab and identified under a microscope. The 
adults of A. steueri were sorted into male and female, 
and individually incubated in a 100 mL beaker with 
filtered seawater for 6 days (21ºC, a cycle of 12h 
interval of light and dark). A modestly-sized acrylic 
tube equipped with a 180 mm mesh near the bottom 
was placed in each beaker in order to prevent eggs from 
being predated by the adults. As their food source, a 
sufficient amount of a single species of the Haptophyta 
I. galbana cultured with f/2 media was added into each 
beaker. The eggs were immediately collected whenever 
possible and the incubated water was exchanged every 
two days. The copepod and egg samples were fixed 
with 1% formalin before the isotope analysis. The 
cultured I. galbana were collected on pre-combusted 
GF/F filters and dried at 70ºC for 48h, then ground into 
fine powder to homogenize for isotope analysis. The 

Fig. 1.  Scanning electron microscopic images of (a) a female 
adult of Acartia steueri and (b) an egg.

images of scanning electron microscope of a female 
adult and egg are shown in Fig. 1.

2.2. Nitrogen isotope analysis of amino acids
To obtain sufficient sample weight for the nitrogen 

isotope analysis of amino acids, 10 – 15 individuals of 
adult males and females and > 80 eggs were combined 
separately to form each sample. Total of 4 samples 
including dried I. galbana were prepared with HCl 
hydrolysis followed by N-pivaloyl/isopropyl (Pv/iPr) 
derivatization according to the method of Chikaraishi 
et al. (2009). The isotopic composition was determined 
by gas chromatography/combustion/isotope ratio mass 
spectrometry (GC/C/IRMS). The analytical error of the 
isotope measurement is less than 0.6‰.

The nitrogen isotopic composition is expressed in 
δ notation against atmospheric N2 (AIR). The trophic 
position (TP) was estimated by the obtained isotopic 
composition, following the equation established by 
Chikaraishi et al. (2009):

 TPGlu/Phe = [(δ15NGlu − δ15NPhe − 3.4) / 7.6] + 1
The standard deviation (1σ) of accuracy in the TPGlu/Phe 
(=[actual TP] – [TPGlu/Phe]) was estimated to be 0.12 units 
for aquatic organisms by Chikaraishi et al. (2009).
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3. Results and Discussion 
3.1. Egg production rate (EPR)  

In the present study, the egg production rate (EPR) 
was 13.3 ± 4.7 eggs female-1 day-1. Comparing to a 
previous study conducted in the same sampling site, 
the EPR of the collected community is within the 
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3. Results and Discussion

3.1. Egg production rate (EPR) 
In the present study, the egg production rate (EPR) 

was 13.3 ± 4.7 eggs female-1 day-1. Comparing to a 
previous study conducted in the same sampling site, the 
EPR of the collected community is within the reported 
annual average (6.9 ± 5.5 eggs female-1 day-1, Onoue et 
al., 2004). Despite the fact that in situ temperature was 
relatively cold (14ºC) during the sample collection, the 
EPR of A. steueri was maintained in a normal condition 
by incubating them at optimal temperature (21ºC).

3.2.  Nitrogen isotopic composition of amino acids 
and estimated trophic position

The δ15N values of glutamic acid and phenylalanine 
and the TPGlu/Phe value were −1.4‰, −2.7‰ and 0.72 
for I. galbana; 6.3‰, −2.6‰ and 1.73 for male adults; 
7.0‰, −2.6‰ and 1.78 for female adults; and 7.3‰, 
−2.3‰ and 1.82 for eggs of A. steueri, respectively 
(Fig. 2). The TPGlu/Phe value of I. galbana is 0.7 that was 
lower than expected (= 1.0).

The δ15N values of phenylalanine for the males, 
females and eggs of A. steueri were almost identical 
to that for I. galbana. This is consistent owing to A. 
steueri solely being fed on I. galbana during the 
incubation, and also means that the contribution of the 
feeding history before the incubation could be negli-
gible. On the other hand, although the TPGlu/Phe value 
for I. galbana might be underestimated, it may signify 
that this species of microalgae has a relatively small 
fractionation of 15N (1.3‰) between glutamic acid and 
phenylalanine compared to the average value (3.4‰) 
reported in Chikaraishi et al. (2009). Such a small 
fractionation has also been reported previously for 
several cyanobacteria and algae (McCarthy et al., 2013).

In comparison between A. steueri and I. galbana, 
the TPGlu/Phe value of A. steueri is increased by exactly 
1.0 for males and by 1.1 for females and eggs (Fig. 2). 
Although the increase in the TPGlu/Phe value of the 
females and eggs may be slightly larger than that of 
males, assuming an error in the estimate (1σ = 0.12, 
Chikaraishi et al., 2009), it is rather likely that no 

substantial difference is found in the TPGlu/Phe value 
among these samples. These results suggest that egg 
production does not change the isotopic fractionation 
of 15N/14N of amino acids in this copepod.

3.3.  Influence of egg production on the metabolic 
flux of amino acids

The balance of metabolic flux between assimilation 
and dissimilation can be simply expressed as follows;

 Male: fin = fproduction + fout (1)
 Female: fin = fproduction + freproduction + fout (2)

where the fin, fproduction, fout, and freproduction indicate the 
fluxes of absorbing input of amino acids from diets,  
construction of biomass protein except for repro-
duction, dissimilation (i.e., deamination of amino acids 
and associated energy production) and reproduction 
(i.e., egg production), respectively. The isotopic 
fractionation of amino acids should mirror the balance 
of these metabolic fluxes. In fact, previous experi-
ments of enzymatic deamination from glutamic acid 
to oxaloacetic acid demonstrated that the proportion 

Fig. 2.  Stable nitrogen isotope composition (δ15N) of 
glutamic acid and phenylalanine, and the estimated 
trophic position (TPGlu/Phe) of diet algae (Isochrysis 
galbana), and female adults, eggs, and male adults 
of Acartia steueri.
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of fout against fin was estimated to be 64% (Macko et 
al., 1986) or 86% (Miura and Goto, 2012) when 8‰ of 
the enrichment in 15N of glutamic acid occurred at each 
shift of trophic level.

According to this model, since the degree of 15N 
enrichment should depend on the relative proportion of 
fout against fin, the following scenarios are assumed to 
explain the minimal effect of egg production to the δ15N 
and TPGlu/Phe values of A. steueri.
(a) Both fin and fout of females are almost equal to those 
of males, hereby limiting the fproduction or the freproduction of 
females.
(b) The fin of females increases to obtain extra amino acids 
for egg production (i.e., the freproduction), but at the same 
time the fout is also increased because of energy expen-
diture on reproductive activity. However, the relative 
proportion of fout against fin of females is still kept close 
to that of male, perhaps by a remarkable coincidence.

In the present study, the δ15N values of glutamic acid 
and phenylalanine, and the TPGlu/Phe value were almost 
identical between male and female adults of A. steueri, 
and consequently there was no substantial difference 
in the fout /fin between males and females. However, 
we predict that scenario (b) is likely to occur because 
the dietary requirement of females increases for egg 
production. Indeed, although it was not numerically 
quantified, we observed that the amount of feces found 
in the incubators of females was larger than those of 
males, which might be regarded as the increase fin for 
females.

Comparing the TPGlu/Phe values among eggs, male and 
female adults of A. steueri, the females and eggs may 
show slightly higher values than the males, but only by 
+ 0.1. We conclude that combined with more detailed 
analyses (e.g., comparing egg producing and non-pro-
ducing females and examining a different species of 
organisms), the effect of egg production and associated 
change in the metabolic flux of amino acids would be 
further evaluated.
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