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Abstract

Since the size of newly hatched larval fish is directly related to egg size, small differences in

initial egg size can be critical to survival and further development of offspring. Underlying

processes causing size variation in fish offspring are still not entirely understood. In this

study we investigated whether the spatial position of an individual egg within a clutch affects

size variation in two benthic spawning coral reef fishes, the clownfishes Amphiprion ocellaris

and A. frenatus. To evaluate the effects of within-clutch position on embryonic development,

egg growth metrics and protein content were analysed on day 2, 5 and 8 after deposition

(adp). Additionally the activities of the key metabolic enzymes citrate synthase (CS) and lac-

tate dehydrogenase (LDH) were investigated to evaluate the physiological status of the

embryos. Central eggs of A. frenatus were significantly longer and heavier than peripheral

eggs only on day 2 and 5 adp (2.07 mg, 2.59 mm vs. 1.84 mg, 2.49 mm). No significant dif-

ferences were observed in A. ocellaris between eggs originating from a central or peripheral

(5 mm from edge) position (1.33 mg, 2.26 mm vs. 1.15 mg, 2,18 mm). Diameter of the eyes

did not differ between the two fish species nor between different positions, for any age

group. The protein content of eggs (7.5% of wet weight) was independent of age, position

and species. Enzymatic activity increased from 2 adp until peak activity was observed for

both enzymes on day 8 adp, independent from position. The range of CS- and LDH-activity

was 0.3–13.0 and 0.2–71.7 U g-1 wet weight, respectively. Significant differences in enzy-

matic activity were observed between age groups in both species, which in connection with

significantly larger eggs of A. frenatus at day 2 and 5 adp could hint at a better O2 supply of

central eggs. Potential implications for captive breeding are given.

Introduction

More than 2 billion people worldwide are believed to keep marine aquaria and global orna-

mental fish trade has increased from US$ 50 to US$250 million over the past two decades [1, 2,
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3]. About 24 billion fish are collected and transported every year, mainly from coral reefs in

Southeast-Asia to be sold on markets in Europe and North-America [1]. The most traded spe-

cies are coral reef fishes, whose wild populations are heavily under pressure. This includes sev-

eral species of the benthic spawning clownfish, above all Amphiprion ocellaris (Aoc) and

Amphiprion frenatus (Afr). To protect wild populations of clownfish it is necessary to breed

them in captivity, but despite the high economic interest, little research on the physiology of

clownfish, especially in early life stages, is done. Breeding in captivity still leads to a certain

degree of mortality of larvae during their first days of life [3, own observations].

In marine fish the body size at hatching plays an important role, because bigger larvae tend

to have higher chances of survival and faster development than smaller larvae [4]. There are

three main factors [5] driving variation in the development of embryos: 1. the maternal

resources (genetic differences, quality of the egg, arrangement of the clutch), 2. the local envi-

ronment (gas and heat exchange, water quality parameters) and 3. in benthic spawning fish

the parental care, which can even modify the local environment [5, 6]. In 2006 Green et al. [5]

investigated for the first time the effect of within-clutch position on the development of eggs of

a clownfish clutch (A. melanopus). They discovered that eggs from the periphery were>2%

smaller in mean body length and 4–6% smaller in mean volume than eggs from the centre of

the clutch and postulated a better oxygen supply in the centre. The eggs from the periphery

also had a 33% lower rate of oxygen consumption per egg (2.89 x10-5 compared to 4.31 x10−5

μmol O2 egg -1 s-1) than the embryos from the clutch interior. These previous results suggest a

role of metabolism / oxygen supply in driving the effect of position on development.

The activities of key metabolic enzymes in organs and tissues are important indicators,

which can give information on the physiologic and metabolic state of an animal [7], particu-

larly in combination with oxygen consumption rates. To analyse the aerobic/anaerobic metab-

olism, many studies use the oxidative enzyme citrate synthase (CS) and the glycolytic enzyme

lactate dehydrogenase (LDH) [8, 9, 10, 11, 12]. While enzymatic measurements have never

been done before in embryos of clownfish and the impact of egg position within the clutch on

enzyme activities is unknown, we hypothesize that in eggs, which develop faster or lead to

larger larvae, oxygen consumption is higher and also the enzyme activity would be elevated [7,

13] and that egg position matters [5]. In addition, the activities of CS and LDH will reveal,

whether oxidative or glycolytic pathways are preferred [9].

Therefore, this study investigated the link between age and egg position (centre/periphery)

within a clutch with egg standard length (SL), egg diameter, egg wet weight, eye diameter and

protein content. In addition, this study provides the first data about the metabolism during

embryonic development in the two species of clownfish, Aoc and Afr.

Materials and methods

Seven adult pairs of Aoc (7.3–8.1 cm total length) and three pairs of Afr (11.3–11.8 cm total

length) were kept in a 4000l seawater tank. These animals were kept in the MAREE research

aquaria systems of ZMT for many years and were originally bought from an ornamental

trader. Ten 200 L Tanks were provided with earthenware tiles for hiding and spawning. Water

parameters were controlled daily (Salinity 32 PSU; Temperature 28˚ C; pH: 8.1; O2

concentration > 95%). Fish were fed with frozen food (Artemia, Mysis, 10:1) twice a day at 9

am and 4 pm. In nature clownfish attach 300 to 700 eggs in single-layer circular clutches to

hard structures near to their host anemone. The parents tend the clutch until the well-devel-

oped embryos hatch after 7–8 days after deposition (adp).

To examine size variation of embryos within a clutch, eggs were sampled at three develop-

mental stages, day 2, 5 and 8 adp (Fig 1). Each of the 33 clutches was divided into two
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positions: periphery (5 mm from the edge) and centre (the remaining embryos). Eggs were

removed from the slabs with a scalpel, rinsed with distilled water, transferred into a petridish

and stored on ice. The wet weight (ww) of 10 eggs per position was measured first, then the

measurements of 10 additional eggs per position were taken. Data are given in mean value +/-

standard error (n is indicated in the graphs). Eggs were photographed under a dissecting bin-

ocular with camera attachment. Images were captured and SL, egg diameter and eye diameter

were measured using Adobe Photoshop. Although eye size is not expected to change in

response to environmental conditions [14], it provides a standard for comparison with

changes in the other variables. During the measurements eggs were stored on ice to avoid

enzymatic degradation.

Measurements of enzymatic activities were done after Sidell et al. for citrate synthase CS,

Hickey and Clements for pyrovate kinase PK and Lushchak et al. for lactated dehyrodgenase

LDH [15, 16, 17]. Protein content determination was done after Bradford [18]. For these mea-

surements 45 eggs per species in total were used, data are given in mean value +/- standard

error (n is indicated in the graphs).

For statistical analysis Linear Mixed Models LMM and Generalized Linear Mixed Models

GLMM and R Version 3.5.1 were used. The effect of age and position in clutches on the differ-

ent growth parameters and enzymatic activities was tested for both species separately. Differ-

ences between peripheral and central regions of the clutches, among age groups, and their

interactions were assessed using mixed modeling approaches. Normality of the residuals was

visually assessed using normal QQ-plots. Scatterplots of residuals vs fitted values were used to

assess heteroscedasticity. R Version 3.5.1 (R Core Team, 2018) with the extension packages

nlme, lme4, and lmerTest were employed for statistical analysis.

Linear Mixed Models (LMM) were fitted when residuals were homoscedastic and deviated

not, or only marginally, from normality. If necessary, the VarIdent function of the nlme pack-

age was used to correct for heteroscedasticity. If model assumptions could not by satisfied by

the use of a LMM, Generalized Linear Mixed Models (GLMM) with a Gamma distribution

and either a log- or canonical-link function were fit to the data instead (see Table 1 for details).

Models were simplified until only significant variables remained. As eggs in the same clutch

and clutches from the same breeding pair are likely to be more similar, the clutch ID, nested in

the breeding pair, was incorporated as a random variable to achieve independence. Age was

Fig 1. Eggs of Amphiprion ocellaris on (a) day 2, (b) day 5 and (c) day 8 of embryogenesis.

https://doi.org/10.1371/journal.pone.0226600.g001
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used as a factor variable as it was the goal to assess differences among ages rather than relation-

ships over time.

The tested variables are given in Table 1 and the results of the final, reduced models are

summarized in Tables 2 and 3.

Ethics: The experiments followed the rules of the ethics committee of the University of Bre-

men, we followed the recommendations of the Bremen Senate’s office for animal ethics (Sena-

tor für Gesundheit, Permit from 04.04.2013).

Results

We analysed eggs of 18 Aoc clutches and 15 Afr clutches. In eggs of Aoc no significant size dif-

ferences between eggs from the centre and the periphery were found. At day eight of develop-

ment the following min-max ranges were found: egg ww 1.1–1.4 mg, SL 2.1–2.3 mm, egg

diameter 0.90–0.94 mm and eye diameter 0–0.5 mm. In contrast to Aoc, eggs of Afr displayed

a significant difference in ww only on day 2 adp (heavier in the centre, p = 0.001) and in SL

after 5 days adp (larger in the centre, p = 0.001). At day eight of development ww was 1.8–2.3

mg, SL was 2.5–2.8 mm, egg diameter was 0.96–1.1 mm and eye diameter 0–0.5 mm. In both

species we found a strong tendency towards bigger and heavier eggs in the clutch centre, but

few significant differences (Fig 2).

Citrate synthase (CS) activities of Aoc were increasing from day 2, over day 5 to day 8 adp

of development (significant differences see Fig 3). Since we could not find significant

Table 1. Tested variables and applied models.

Tested

Variable

Model: Amphiprion ocellaris Model: Amphiprion frenatus

Wet-weight GLMM (Gamma distribution with log-link

function)

LMM with correction for heteroscedasticity

Standard

Length

LMM LMM

Egg Volume LMM LMM

Egg Diameter LMM LMM with correction for heteroscedasticity

Eye Diameter LMM LMM with correction for heteroscedasticity

CS Activity GLMM (Gamma distribution with canonical-

link function)

GLMM (Gamma distribution with canonical-

link function)

LDH activity GLMM (Gamma distribution with canonical-

link function)

GLMM (Gamma distribution with canonical-

link function)

Protein

Content

GLMM (Gamma distribution with log-link

function)

LMM

https://doi.org/10.1371/journal.pone.0226600.t001

Table 2. Results of final, reduced models for Amphiprion ocellaris.

Response Predictor(s) Model Estimate p-value

Wet-weight Position GLMM

(Gamma, log-link)

Intercept: 0.186 ± 0.106 SE

Periphery: -0.131 ± 0.007 SE

0.079

<0.001

Standard Length Position LMM Intercept: 2.235 ± 0.0893 SE

Periphery: -0.072 ± 0.007 SE

<0.001

<0.001

CS Activity Age LMM (Gamma, canonical-link) Intercept: 1.226 ± 0.252 SE

Age 5: -1.106 ± 0.070 SE

Age 8: -1.340 ± 0.078 SE

<0.001

<0.001

<0.001

LDH Activity Age GLMM (Gamma, canonical-link) Intercept: 0.566 ± 0.042 SE

Age 5: -0.462 ± 0.045 SE

Age 8: -0.515 ± 0.044 SE

<0.001

<0.001

<0.001

https://doi.org/10.1371/journal.pone.0226600.t002
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differences between eggs from the centre and the periphery we combined the data. On day 2

adp eggs had a CS activity of 0.727 ± 0.101 U g-1 ww. On day 5 adp CS activity was significantly

higher (p< 0.001) with 1.991 ± 0.552 U g-1 ww. Significantly highest CS activities were mea-

sured on day 8 adp (p< 0.001) with 4.679 ± 0.552 U g-1 ww. Lactate dehydrogenase (LDH)

activities of Aoc were also significantly different on all three days of development. On day 2

adp eggs had a LDH activity of 1.776 ± 0.187 U g-1 ww. On day 5 adp LDH activity was signifi-

cantly higher (p< 0.001) with 13.003 ± 1.35 U g-1 ww. Also here significantly highest LDH

activities were measured on day 8 adp (p< 0.001) with 24.612 ± 1.613 U g-1 ww.

Since we could not find significant differences between eggs from the centre and the

periphery in Afr, also here we combined the data. CS and LDH activities of Afr on day 2 adp

were 0.550 ± 0.034 U g-1 ww and 1.245 ± 0.237 U g-1 ww, respectively. Only day 8 adp was sig-

nificantly different (p< 0.001) with 6.096 ± 0.934 U g-1 ww 58.249 ± 6.637 U g-1 ww, respec-

tively. The protein content of the eggs was independent from age and position. We measured a

protein content of 6.3–8.0% of ww in Aoc and of 7.0–8.9% of ww in Afr. The mean protein

content of the eggs was 7.4 ± 0.2% of ww.

When we compare both species, the ww, SL and egg diameter showed significant differ-

ences in almost all ages. Values are always higher in Afr than in Aoc. CS activities in Afr were

only significantly higher on day 5 adp (p = 0.001), while LDH activities showed significant

higher values on day 8 adp (p< 0.001). Activities of CS and LDH increased after day 5 adp

stronger in Afr than in Aoc. In contrast, the protein content did not differ significantly

between species.

Discussion

In this study we investigated the links between age, spatial position within egg clutches of two

clownfish species and growth as well as enzyme properties. This is the first report on the devel-

opment of the key metabolic enzymes CS and LDH during embryogenesis in Aoc and Afr.

Ww, SL and egg diameter in Aoc and Afr showed only small differences during the embry-

onic development. These measured values match with the results of previous studies [19, 20,

21]. Aoc showed a tendency towards bigger and heavier eggs in the centre compared to eggs

from the periphery, but differences were not significant. Afr also showed a tendency towards

bigger and heavier eggs in the centre, with significant differences in ww on day 2 adp and in

Table 3. Results of final, reduced models for Amphiprion frenatus.

Response Predictor(s) Model Estimate p-value

Wet-weight Position

Age

LMM

VarIdent: Age

Intercept: 2.367 ± 0.125 SE

Age 5: -0.028 ± 0.176 SE

Age 8: -0.324 ± 0.179 SE

Periphery: -0.393 ± 0.030 SE

Age 5 �: 0.183 ± 0.032 SE

Age 8 �: 0.083 ± 0.054 SE

<0.001

0.875

0.010

<0.001

<0.001

0.122

Standard Length Position LMM Intercept: 2.730 ± 0.059 SE

Periphery: -0.120 ± 0.008 SE

<0.001

<0.001

CS Activity Age GLMM

(Gamma, log-link)

Intercept: -0.395 ± 0.178 SE

Age 5: 0.594 ± 0.068 SE

Age 8: 1.823 ± 0.083 SE

0.026

<0.001

<0.001

LDH Activity Age

Position

GLMM

(Gamma, log-link)

Intercept: 0.522 ± 0.326 SE

Age 5: 1.236 ± 0.132 SE

Age 8: 2.949 ± 0.157 SE

Periphery: -0.344 ± 0.076 SE

Age 5 �: 0.520 ± 0.107 SE

Age 8 �: 0.343 ± 0.107 SE

0.110

<0.001

<0.001

<0.001

<0.001

0.001

https://doi.org/10.1371/journal.pone.0226600.t003
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SL on day 5 adp. Most of the differences were probably not significant, because of the small

number of samples. These differences in egg size could mean either that (1) females invest dif-

ferently into eggs from the centre and periphery, because central eggs are better protected

against predators, or (2) that the spatial pattern of the clutch favours the growth of central

eggs. Green et al. [5] could show that the females of Amphiprion melanopus lay their eggs in

zigzag patterns onto the substrate. These findings support that the assumption (1) is unlikely,

because central eggs are laid interspersed with peripheral eggs. Size differences of embryos are

Fig 2. Egg weight and length of a) Amphiprion ocellaris (10 eggs each from 6 clutches) and b) A.frenatus (10 eggs each from 5 clutches) by age and position. No

significant differences were found in A. ocellaris, while � significant differences between centre and periphery in A. frenatus are indicated with different letters

(p< 0.001).

https://doi.org/10.1371/journal.pone.0226600.g002
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Fig 3. Enzyme activity of CS and LDH for Amphiprion ocellaris (n = 12) and A.frenatus (n = 10) by age. Different letters indicate significant differences (p< 0.001).

In the case of A. ocellaris all activities are significantly different from each other, while in the case of A. frenatus there is no significance between days 2 and 5, but

between days 5 and 8.

https://doi.org/10.1371/journal.pone.0226600.g003
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more likely a result of the clutch configuration, but the mechanisms driving them are still

unknown. One possibility would be an enhanced metabolism of the central embryos through

an increased temperature due to a density effect in the clutch interior. Water temperature has

a direct impact on the development of tropical fish at all live stages. 7 days old larvae of A. mel-
anopus raised at 25˚C took 25% more time to reach metamorphosis and were significantly

smaller than larvae raised at 28˚C [13]. In embryos of the tropical reef fish Siganus randalli the

development of eyes began 3 hours earlier when eggs were kept at 30˚C compared to the eggs

kept at 27˚C [22].

We found in both species that CS activity was lower (Aoc: 2.53 ± 0.37 U g-1 ww; Afr:

2.63 ± 0.55 U g-1 ww) than LDH activity (Aoc: 13.5 ± 1.94 U g-1 ww; Afr: 23.12 ± 5.15 U g-1

ww) during the whole embryogenesis. Our findings match with the results of previous studies.

Jesben [23] showed that in white muscle tissue of bony fish the glycolytic enzymes are up to

ten times more active than enzymes of the citrate cycle. They also found a much higher content

of white muscle tissue compared to red muscle tissue in bony fish. While we were not able to

distinguish between red and white muscle, it is assumed that because the oxygen transport in

eggs and embryos relies on diffusion only, we measured higher values for the glycolytic

enzyme activity (LDH) than for the oxidative enzyme activity (CS) [15, 17]. Highest enzyme

activities were observed on day 8 adp, shortly before hatching. The increasing enzyme activi-

ties over time show the development of a yolk filled egg to a larva with fully developed organs

and respiration system. The small enzyme activities on day 2 adp show the development of the

embryo’s brain, which begins to develop very early in embryogenesis [18]. Enzyme activities

increase strongly from day 5 to day 8 adp, due to the development of muscles, jaw and diges-

tive system, which begins after day 5 adp [19, 20].

The protein content of eggs was independent from position, age and species. However, we

could observe a trend to a slight decrease in protein content on day 5 and 8 adp. Mean values

of combined data for both species show a protein content of 8.42 ± 0.36% ww on day 2 adp,

6.64 ± 0.32% ww on day 5 adp and 7.08 ± 0.33% ww on day 8 adp. The energy for the quick

development of embryos comes from the yolk proteins inside the egg [24]. Yolk proteins are

mainly and directly used to build up white muscle tissue and organs, and to a lower degree for

cell respiration. Due to this there is only little loss of total protein content in the eggs, but

mainly a protein turnover [24]. This process is also shown by our data, because protein content

does not differ significantly between age groups, while the embryos perform an intense devel-

opment. Because enzymes consist mainly of proteins, the increasing enzyme activities of CS

and LDH show a changing protein composition within the embryos. With progressive

embryogenesis the proteins in the yolk are used to build up enzymes (which again build up

structural proteins). For a fast embryogenesis, like in clownfish, aerobic and anaerobic metab-

olism is needed to ensure a fast growth and development.

Eggs of Aoc and Afr differ in all measured characteristics, but eye diameter and protein

content. Values for the SL, ww and egg diameter are always significantly higher in Afr than in

Aoc. The size differences between the eggs are possibly due to the size differences of the adult

fish, where females of Afr are bigger and heavier than females of Aoc [6].

In this study we could only show that central eggs of A. frenatus are heavier on day 2 adp,

and larger on day 5 adp, while for day 8 it is not significant. For A. ocellaris only a trend

towards larger eggs was visible. Size differences might be a result of nest configuration,

enhanced by influences from the clutch micro-environment such as O2 supply. Large individu-

als from central locations may have a greater probability of survival, due to their embryonic

micro-environment. Clutch position may be an important factor, determining survival in dif-

ferent developmental stages. In addition, we saw that glycolytic enzyme activities are higher

than oxidative enzyme activities, at least during the first days. Enzymatic activities however
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increased significantly until day 8 adp. While our data are not sufficient to show this, it could

be due to more effective oxygen supply, which might finally lead to higher metabolism, faster

growing embryos and larger larvae [5, 9].

Implications for captive breeding could be that larger females (producing larger eggs)

should be selected and the fanning activities or the parents should be supported by constant

flow and aeration, as sufficient oxygen supply, particularly to the larger central eggs, could

yield larger juveniles with better chances for survival. For future studies we suggest to analyse

amino acid and fatty acid compositions of the eggs. Also, larval rearing studies should be per-

formed, in order to evaluate the hatching and survival percentage of the smaller and bigger

sized eggs, and particularly follow the fate of larger eggs.

Acknowledgments

Thanks to all the people at ZMT helping us with sampling, measurements and analysis: Pia

Kegler, Constanze von Waldthausen, Stefanie Bröhl, Nina Paul and Simon Geist. David Bre-
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