PMarine Biology 118, 45-51 (199-h

Marine
== BIOlOgy

© Springer-verlag 1994

Biochemical composition and digestive enzyme activity
in larvae and postlarvae of Penacus japonicus during herbivorous

and carnivorous feeding

A. Rodriguez ', L. Le Vay?’, G. Mourente >, D. A. Jones ’

! Instituto de Ciencias Marinas de Andalucia (CSIC). Poligno de Rio San Pedro. Apartado Oficial. E-11510 Puerto Real. Cadiz. Spain
* School of Ocean Sciences. University of Wales Bangor. Menai Bridge LL39 SEY. North Wales, UK
¥ Universidud de Cadiz. Facultad de Ciencias del Mar, Poligno de Rio San Pedro. E-11310 Puerto Reul. Cadiz. Spain

Reccived: 13 July 1993 Accepted: 12 August 1993

Abstract. The growth, survival. digestive enzyme activity
and biochemical composition of Penaeus japonicus (Bate)
larvae and postlarvae were measured under three feeding
regimes. Larvae were reared through the protozoeal
stages using Chaetoceros gracilis. From the first mysis
stage, three feeding regimes were used: (A) C. gracilis
plus Arremia sp. nauplii, (B} Artemia sp. nauplii alone or
(C) C. gracilis alone. No significant difference was found
in growth, survival. protein content or lipid content of
postlarvae from the treatments receiving the single-feed
type. despite the low protein {7%) and highly unsaturat-
ed fatty acid content of the alga. Growth of larvae receiv-
ing the mixed diet was significantly higher than in the
other treatments. Trypsin activity was more strongly in-
fluenced than amylase activity by dietary treatment, and
differences in the ratio of these enzymes between treat-
ments suggest independent control of their secretion,
Trypsin activity recorded in larvae feeding on C. gracilis
was up to six time higher than in larvae feeding on
Artemia sp. nauplil. apparently in response to the low
protein content of the alga. Larvae receiving the mixed
diet exhibited an intermediate level of trypsin activity: it
is suggested that the ingestion of algae is necessary for
optimal assimilation of the zooplankton component of
the diet.

Introduction

After five or six non-feeding nauplius stages. penaeid lar-
vae develop through three herbivorous filter-feeding pro-
tozoeal (PZ, ;) moults before the final mysis (M ;-M;)
stages prior to metamorphosis to postlarva. In the wild.
penaeid larvae are found in coastal waters where the co-
occurrence of both phytoplankton and zooplankton prey
is typical. These conditions are mimicked in most com-
mercial culture systems. where microalgal feeds are sup-
plied at least until the end of the mysis stages. with the ad-
dition of zooplankton, usually Artemia sp. nauplii.
between PZ, and M, (Jones et al. 1987. Hirono and Les-

lie 1992, Liao 1992, Smith et al. 1992). Under laboratory
conditions. raptorial feeding on zooplankton usually be-
gins at the last protozoeal (PZ;) stage. with a gradual de-
cline in filter-feeding through the mysis stages to complete
carnivory during the first post-larval moults (Emmerson
1980. 1984 for Penaeus indicus. Yufera et al. 1984 for P,
kerathurus). However, P. aztecus has been shown to feed
successtully on phytoplankton throughout the post-larval
period (Gleason and Zimmerman 1984). Laboratory stud-
ies have shown several penaeid species to be capable of
attaining metamorphosis whilst feeding exclusively on
phytoplankton (Gopalakrishnan 1976 for P marginutus.,
Kuban et al. 1985 for P. aztecus. P. setiferus. P. vanneamei
and P. sevlirostris). In general. although survival rates are
comparable. growth is superior in larvae receiving Arte-
mia sp. nauplii from the M, stage (Kuban et al. 1985).

While the complex larval development of penaeid
prawns has hampered research into their nutritional re-
quirements. their free-swimming larval development has
allowed detailed description of the ontogeny of their di-
gestive anatomy and physiology (Lovett and Felder 1989,
1990 a. b, Abubakr and Jones 1992, Jones et al. 1993 a.
b). The ahility to grow and survive on such different food
as phytoplankton or zooplankton implies a high degree of
flexibility in digestive physiology to meet nutritional
needs. Evidence of such tlexibility in digestive enzyme ac-
tivity has only recently been described in Penaeus mono-
don larvae feeding on live and artificial diets (Jones et al.
1993 a. b). In contrast. previous studies emphasise the im-
portance of diet-independent development of digestive en-
zyme secretion (Lovett and Felder 1990 a).

Since the development of effective artificial diets for
penaeid larvae (Jones etal. 1979 b). complete replacement
of algae is now routine in some commercial hatcheries
{Avale and Rothius 1991, Ottogalli 1991, 1993). However.
it is apparent from recent reviews that. despite the wide-
spread use of formulated feeds in commercial culture of
penaeid larvae. there is urgent need for information on nu-
tritional requirements for even the major dietary compo-
nents, protein. lipid and carbohydrate. during larval life
(Guillaume 1990. Kanazawa 1990. Liao and Liu 1990.
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Jones et al. 1933 b). Virtually nothing is known of the rel-
ative importance of phytoplankton and zooplankton in ful-
filling such requirements.

The present results describe the separate and interac-
tive influences of herbivorous and zooplanktiverous feed-
ing on the biochemical composition of Penaeus japonicus
larvae, and the adaptive response of digestive enzyme ac-
tivity to diet. Chaetoceros gracilis was selected as a phy-
toplankton feed as this species is widely used in hatcher-
ies and because penaeid larvae are known to feed readily
on Chaetoceros spp. in the wild (Preston et al. 1992). Ar-
remia sp. nauplii were chosen as the zooplankton prey due
to their universal use in commercial penaeid hatcheries.

Materials and methods

Algal culture

Chaetoceros gracilis was grown in UV-irradiated. well-source sea
water liltered to | um (32%8) and supplemented with 0.2 m) 1!
commercial plant fertiliser (Nutrileaf, Agrocross S.A.)and | mi 1"
sodium silicate solution (5.8% w/v). Culture densities reached 6 x
10° cells mI™' during semi-continuous batch culture. A concentra-
tion of 50 cells ul ' was initiated in Penaeus japonicus (Bate) lar-
val cultures, although further growth raised densities to up to 125
cells ui™'. Samples werc collected for biochemical analysis by cen-
trifugation. washed. frozen in liquid nitrogen. lyophilized and stored
at —80°C (Mourente et al. 1990).

Artemia sp. nauplii

Cysts of a parthenogenetic Artemia sp. strain, collected from the salt-
marshes of Ciddiz, Spain (Roman and Rodriguez 1989) werc hatched
overnightin I um-filterd, UV-irradiated. well-source water (32%S).
Fresh nauplii were added to larval cultures each day after water ex-
change. Samples of freshly hatched nauplii were also collected for
biochemical analysis.

Culture of Penaeus japonicus larvae

Penaeus japonicus larvae were obtained from a commercial hatch-
ery (CUPIMAR S.A.. San Fernando, Cddiz, Spain) during the
spawning season. May-June 1992, Larval stages were identified fol-
lowing Hudinaga (1942). Larvae were reared from PZ| to PZ; us-
ing Chaetoceros gracilis at a density of 50 to 125 cells pl=!, From
M,. feeding regimes were: (A) C. gracilis at 50 to 125 cells pl~) plus
freshly hatched nauplii of Artemia sp. at 3 to 7 uI™'; (B) freshly
hatched Artemia sp. nauplii at 3 to 7 ml™": (C) C. gracilis at 50 to
125 cells pI™'. Rearing containers were 25-litre clear acrylic tubes
fittled with conical bases and lowest-point aeration. Sca water was
supplied from a well source, tiltered to [ pm and UV-irradiated. Wa-
ter renewal was S0% d~'. Temperature and salinity during the ex-
periment were 26 10 27 °C and 32 to 33%.. respectively. A photope-
riod of 16 h light:8 h dark was maintained throughout the experi-
ment. Larvae were stocked at an initial density of 1001 ', Samples
of larvae wcre collected a cach mysis stage and immediately frozen
and stored at -80°C prior 10 enzyme analysis. When more than 50%
of the larvae had reached the first post-larval stage (PL,), cultures
were harvested and counted. Samples of PL, were sorted and col-
lected for dry weight estimation and biochemical analysis.

Dry weight determination

Samples of 15 to 25 postlarvac were washed in distilled water and
oven-dried.at 110°C for 24 h. After cooling in vacuo for at least
I h, sumples were weighed using a Mettler UM3 microbalance.
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Total lipid extraction and quantitication

Lipids were extracted after homogenization in chloroform/methanol
(2:1, v/v) containing 0.01% butylated hydroxytoluene (BHT) (Folch
et al. 1957) and dried in oxygen-free nitrogen. Total lipid content
was delermined gravimetrically using a Mettler UM3 microbalance.

Fatty acid analysis

Fatty acid methyl esters were prepared by acid-catalysed transmeth-
ylation for 16 h at 50°C. using nonadccanoic acid (19:0) as internal
standard (Christie 1989). Mcthyl esters were extracted and purified
following the method of Tocher and Harvic (1988). The fatty acid
methyl esters were analysed in a Hewlett-Packard 5890 A Series N
gas chromatograph equipped with a chemical bonded (PEG) Ome-
gawax 320 fused silica wall coated capillary column (30 m x 0.32
mm i.d., Supelco Inc.. Bellefonte. USA) using hydrogen as the car-
rier gas with a thermal gradient from 185 to 235°C. Individual fatry
acid mcthyl esters were identified following the methods of Tocher
and Harvie and quantified using a Hewlett-Packard 3394 recording
integrator.

Compositional anaiysis of feeds and postlarvae

Elemental composition (C, N) analyses of postlarvae and feeds were
performed in an clemental analyser Carlo Erba 1106, using cyclo-
hexane 2,4-dinitrophenylhydrozone as standard. Protein content was
obtained by multiplying nitrogen content by 6.25. Carbohydrate was
determined by the phenol-sulphuric acid method (Kochert 1978).
Energy values for Chaeroceros gracilis and Arremia sp. nauplii were
oblained by multiplying carbohydrate, protein and lipid contents by
17.14, 23.42 and 39.31 J. respectively (Winberg 1971).

Trypsin activity

Samples of larvac and postlarvac were homogenised in ice~cold Tris-
HCI buffer (46 mM Tris. 11.5 mM CaCl,. pH 8.1). Homogenates
were centrifuged at 12000 x g for 5 min and the supernatant was as-
sayed for trypsin-like activity at 25°C using | mM No-p-toluene-
sulphonyl-r.-argenine mecthyl ester in thc same buffer (Humme!
1959). The ratc of hydrolysis of the substrate was recorded as in-
crease in absorbance at 247 nm in a Perkin-Elmer Lambda UVAvis
spectrophotometer. Activity per larva was calculated, and expressed
in units of pmoles of substrate cleaved per minute, basced on an cx-
tinction coefficient of 0.54 cm” umol "' for the product of the reac-
tion (Rick 1984).

Amylase activity

Samples of larvae and postiarvae were homogenized in ice-cold
phosphatc buffer (20 mM phosphate, 10 mM NaCl. pH 6.9). centri-
fuged for 5 min at 12000 x g. and samples of the supernatant were
incubated with 1% w/v starch in the same phosphate buffer. Produc-
tion of reducing sugars was quantified colorimetrically following
addition of dinitrosalicylic acid reagent (1% 3.5-dinitrosalicylic
acid. 30% w/v potassium sodium tartrate) (Rick and Stegbauer
1984). A standard curve was prepared using maltose solution instead
of enzymc sample. and results are expressed as ymol of maltose
cquivalents released per larvac per minute.

Statistical analysis

Except where indicated, results are presented as means * standard
deviation, Differences between trecatments were analysed by one-
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ble 1. Chaetoceros gmuln and Artemia sp. Composition (% dry
), gro\\ energy (J mg™" dry wi) and fatty acid content (ug fatty
gid mg™' dry wt) of diatom €. gracilis and nauplii of branchiopod
rustaccan Arfemia sp. (parthenogenetic strain from salt marshes of
Cidiz. Spain) used for rearing Penaeus japonicus larvae. Data are
‘means £ SD (n = 3): SD of 0.0 implies SD < (.05 nd: not detected.
- HUFA: highly unsacurated tatty acids (2 C,. with at least 3 double
% bonds)

" Component C. gracilis Artemia sp.
Protein 6.9%0.5 56.2+1.5
Lipid 4.1+£0.7 175%1.1
Carbohydrate 15208 16.5 0.3
Ash 73.8+£0.2 98+04
Energy content 58+0.2 21.3+£0.3
Fatty acid
14:0 1.5+0.1 22+0.2
15:0 0.4£0.1 24103
16:0 1.0+ 0.1 18.9+0.4
16:1n-9 11 £0.] nd
16:1n-7 38104 222+03
16:2 1.6£0.2 19+£0.2
16:3 36102 21202
16:4 0.51+0.1 0.5+0.2
18:0 0.2+0.0 6.2+03
18:1n-9 0.1£00 26.1 £0.6
18:1n-7 0.1 £0.0 17.8x 1.1
18:20-6 0.1 £0.0 6.0+0.5
18:3n-3 0.2+0.0 42103
18:4n-3 0.1£0.0 1.3£0.1
20:1n-9 0.1£0.0 0.3+0.2
20:2n-6 0.1 £0.0 0.4£00
20:3n-6 0.1 £0.0 0.3+0.1
20:4n-6 0.3£0.0 26102
20:4n-3 0.1 £0.0 0.5£0.1
20:5n-3 4610.1 14.6 £0.6
22:6n-3 0.3+£0.0 nd
Total saturates 32202 305x03
Tatal monoenes 53%0.1 669+ 21
Total polyunsaturates 11.9+0.2 35103
n-6 HUFA 0.320.0 26203
n-3 HUFA 511204 154+£05

way analysis of variance, followed when pertinent by a mulliple-
comparison test (Tukey's for equal sample sizes, Scheffé’s method
for unequal sample sizes). Differences are reported as statistically
significant when p < 0.05 (Zar 1984).

Results

The proximate composition, energy content and fatty acid
content of Chaetoceros gracilis and Artemia sp. nauplii
are shown in Table 1. The differences in protein, lipid and
energy content of the feeds are largely accounted for by
the high ash content of C. gracilis (73.8%) compared to
that of Artemia sp. nauplii (9.8%). Protein content of C.
gracilisis still substantially lower (26.3%) than that of Ar-
temia sp. nauplii (61.6%) when expressed as percentage
of ash-free dry weight. Differences in highly unsaturated
fatty acid (HUFA) content are also largely accounted for
by the difference in ash content, although only C. gracilis
contained measurable amounts of 22:6n-3. In contrast, the
similar levels of carbohydrate found in the two feed spe-
cies reflect a higher content in the diatom compared to the
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Table 2. Penm‘u\ Jjapenicus. Protein, lipid and carbohydrate con-
tents (g mg™' ash-free dry wt), dry wt and ash content (ug post-
larva™"), Ienglh (mm)and survival (%) of postlarvae reared on Chae-
toceros gracilis throughout all stages plus Artemia sp. nauplii dur-
ing mysis and p()sllarval stages (Dict A); C. gracilis through proto-
zoeal stages only. and thercalter Arremia sp. nauplii @lone for my-
sis and postlarval stages (Dict B): or C. gracilis alone throughout
all stages (Diet C). Data are means + SD (2 = 3); Values within any
given row not bearing same superscript are significantly different al
p < 0.05: values bearing no superscript are not significantly ditfer-
ent

Component Diet A Dict B Diet C

Protein 695.7 £ 12,20 620.8+29.3" 5945+4.1°
(ug mg™")

Lipid 263.2 1 144 33484102 349.3+749°
(ug mg™

Carbohydrate 446+ 1.7° 433+ 1.6 525135°
(ngmg')

Dry weight 1154+ 6.8° 763 72" 713+67
(g postlarva™')

Ash 236+ 31 164+ 25 220£23
(g postlarva™)

Length (mm) 50+ 0.2 43% 02 38x0.1°

Survival (%) 757+ 53" 460+ 27" 462+38"

Artemia sp. nauplii when expressed as percentage of ash-
free dry weight.

Length, weight, survival and proximate analysis for Pe-
naeus japonicus at postlarval Stage T {PL,) are shown in
Table 2. There was no significant difference in dry weight.
length or survival between the two treatments receiving
either Chaetoceros gracilis or Artemia sp. nauplii as sole
feed from M, to PL,. However, postlarvae reared on the
mixed diet were significantly greater in dry weight, length
and survival compared to both other treatments (p < 0.05).

Postlarvae from the two treatments receiving Chaeto-
ceros gracilis or Artemia sp. nauplit as sole food from M,
did not differ significantly in body protein or lipid con-
tent. Carbohydrate content was significantly higher for the
treatment receiving only C. gracilis than for the other treat-
ments (p < 0.05). Postlarvae from the treatment receiving
both C. gracilis and Artemia sp. nauplii had significantly
higher body protein content and lower lipid content than
the treatments receiving only one feed type (p < 0.05).

The fatty acid contents of postlarvae are shown in
Table 3. Comparison of the treatments receiving Chaeto-
ceros gracilis or Artemia sp. nauplii exclusively shows that
the fatty acid content of the postlarvae reflects the content
of these feeds. The n-3 HUFA content of postlarvae reared
on the mixed feed was intermediate to that of individuals
reared on either feed exclusively. However, the 20:51-3
content of individuals from the mixed-feed treatment did
not differ significantly from that of larvae reared on Arre-
mia sp. nauplii alone. Despite the lack of a measurabke
quantity of 22:6n-3 in Artemia sp. nauplii, 1.2 ug mg™' of
this fatty acid was recorded in postlarvae feeding on As-
remia sp. nauplii exclusively during the mysis stages. In
contrast, the presence of low levels of 22:61-3 in C. grac-
ilis resulted in significantly more of this fatty acid accu-
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Table 3. Penaeus japonicus. Total lipid fatty acid contents (ug falty
acid mg™' dry wi) of postlarvae fed on same diets as detailed in le-
gend to Table 2. Data are means £ SD {12 = 3): SD of 0.0 implies SD
< 0.05. Values within any given row nor bearing same superscripl
are significantly difterent a p < 0.05: values bearing no superscript
are not significantly different. Totals include some minor compo-
nents (< 0. 1% ) not listed separately. HUFA: highly unsaturated fatty
acids (2 Co. with at lcast 3 double bonds)
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Fauty acid Diet A Diet B Diet C

14:0 1.8+0.2 1.6£09 2406
15:0 13+04 29408 4807
16:0 83+02° 9.9+ 04 7.8+03"
16:10-7 3.8+0.2¢ 1.9 £0.6° 2.0£01"
16:2 0.7x0.1 0.9+0.5 0.5£0.1
16:3 1.2+0.0% 0.9+0.1¢ 1.5 +£0.3"
16:4 0900 1.2£0.1 0.9 0.0
18:0 6.5+0.3 7.9+0.5 58+03
[8:101-9 7.9+ 04 11.7£08" 2.6+ 0.6°
18:1n-7 82+£05% 11.6 £0.6" 25104
18:2n-6 20000 3.6+0.1° 0.8 +0.2¢
18:31-3 04 +0.1 0.9+0.5 1.0£0.2
18:41-3 0.8+ 0.3 1.1%053 0.340.1
20:0 0.3+ 0.0 0.3+ 0.1 05010
20:10-9 0.5+ 0.0" 0.7+0.1° 0.9+0.1°
20:1n-7 03£0.0 0.4%0.] 0.4 £0.1
20:20-6 0.3+ 0.1 0.3 0.0 0.5+0.2
20:30-6 024010 0.4 % 0.0" 0.7+0.1"
20:4n-6 20000 25000 0.9 £0.1¢
20:34-3 0.2+£00 0.1 £0.0 0.1 £0.0
20:4n-3 0.2+ 0.0¢ 0.4 £0.0" 0.6 +0.2°
20:54-3 125+£07" 1584+ 1.1¢ 74£14°
22:30-3 0.2+ 0.0 0.2+0.1 0.5+0.3
22:50-6 0.2+0.1 0.2+0.0 0.310.1
22:50-3 0.3£0.1 0.4%0.1 0.210.1
22:6n-3 1.240.2¢ 1.2+ 0.0 255040
Total saturates 2131203 231213 2.0x08
Total monoenes 20.9+1.0° 29.5+£21° 9.0£0.8"
Total polyenes A5+ 100 314207 2052 1.0°
n-6 HUFA 25007 1+01" 1.9£0.14
n-3 HUFA 146 +0.7" 18.1£1.1% 11.3£1.2¢

mulating in individuals feeding on the alga alone. Surpris-
ingly, there was no difference between the 22:6n-3 con-
tent of larvae feeding on the mixed diet and those feeding
only on Artemia sp. nauplii.

The results of the trypsin analysis are shown in Fig. 1.
After 4 steady rise in trypsin activity from PZ, to M, in
larvae feeding on Chaetoceros gracilis. there were signif-
icant differences in trypsin activity between treatments
during the mysis stages. Activity in mysis larvae and post-
larvae feeding on C. gracifis was substantially higher than
that of larvae feeding on Artemia sp. nauplii. with activ-
ity in M, to M, larvae feeding on C. gracilis being over
five times kigher than in larvae feeding on Artemia sp. nau-
plii. Trypsin activity in larvae feeding on the mixed diet
followed an intermediate pattern to those observed in lar-
vae feeding on C. gracilis or Artemia sp. nauplii alone.

The results of the amylase analyses are shown in Fig.
2. There were significant differences in amylase activity
between dietary treatments in the mysis stages. but these
were not as large or as consistent as those observed for
trypsin. At M, and M.. amylase activity in larvae feeding
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on Chaetoceros gracilis was significantly higher than that
measured in larvae feeding on Arremia sp. nauplii or the
mixed diet (p < 0.05). At M,, activity in larvae feeding on
C. gracilis fell to the same level as that observed in larvae
feeding on Arremic sp. nauplii alone, with the mixed diet
producing significantly higher activity (p < 0.05). Amy-
lase activity in individuals from the treatment feeding on
Artemia sp. nauplii alone did not rise substantially until
PL,. where levels were equivalent to those for larvae feed-
ing on C. gracilis, both these treatments giving higher val-
ues than the mixed diet.

Discussion

The proximate analysis of Artemia sp. nauplii used in the
present study is within the range of values for nauplii used
in penaeid larval culture (Jones et al. 1993 b). The high
ash content of Chaeroceros gracilis is surprising, but re-
peated analyses of new cultures from the same stock sub-
culture used in this study have yielded identical results to
those presented here and the proximate composition of the
organic component of C. gracilis agrees with results of
Ben-Amotz et al. (1987).

In general, successful feeds for penaeid larvae have
ranged from 23 to 55% protein content and HUFA content
of > 1% (Table 4). In the present study on Penaeus japon-
icus, an algal diet of less than 7% protein content and low
HUFA content supported growth and survival through the
mysis stages equal to that achieved with a zooplankton diet
of higher HUFA and protein content. Given that prior to
the experiment all Jarvae had been raised from PZ, exclu-
sively on the same algal feed, it is clear that the absolute
requirements of P. japonicus larvae for protein and HUFA
may be substantially lower than suggested in Table 4.
However, while growth and survival through the mysis
stages is possible on either Chaeroceros gracilis or Arte-
mia sp. nauplii alone, results with these feeds used singly
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are clearly sub-optimal. In contrast, growth and survival
on the mixed-free regime are equivalent to the best results
achieved by Hudinaga (1942).

It is remarkable that the large difference in gross nutri-
tional content of Chaetoceros gracilis and Artemia sp. nau-
plii and consequent differences in energy and protein in-
take is not reflected in the growth, survival or body com-
position of the Penaeus japonicus larvae teeding on them.
The explanation for this may lie in the digestive response
of the larvae to the two feeds. As compensation for feed-
ing on an algal species of low protein content, the high
level of trypsin activity observed in P. japonicus larvae
presumably acts to maximise assimilation of this scarce
nutrient, as has been-suggested for Calanus helgolandicus
(Harris et al. 1986). Furthermore, Jones et al. (1993 a, b)
report a stimulation of trypsin activity in P monodon lar-
vae by microalgae which does not appear to be related to
gross dietary protein content. The higher levels of trypsin
activity recorded in larvae feeding on Chaetoceros graci-
lis in the present study may be due to the combination of
a general response to low dietary protein availability and
a direct stimulation of secretion by an active component
of the alga. The relationship between diet and amylase ac-
tivity is less clear, particularly as the carbohydrate content
of C. gracilis and the Artemia sp. nauplii were similar. It
is not known to what extent algal carbohydrates are avail-
able for digestion by crustacean larvae (Lovett and Felder
1989). Thus, the high levels of amylase activity observed
in early mysis larvae feeding on C. gracilis might also re-
flect low substrate availability, although the ability to vary
amylase secretion with diet is markedly reduced by M and
PL,. The differences in the amylase:trypsin ratio between
dietary treatments (Fig.2) support the contention of
Hirche and Anger (1987) that decapod larvae capable of
herbivorous feeding should exhibit independant regulation
of these enzymes.

The superior larval growth, survival and protein reten-
tion observed in larvae receiving a mixture of Chaetoce-

Table 4. Penaeus spp. Summary of reported dietary protein and lipid levels which have supported good growth and survival in Penaeus japon-
icus and Penaeus monodon larvae (adapted trom Jones et al. 1993 b). PZ: protozoea: M: mysis; PL: postlarva, Subscripts denote specific stages

Nutricnt Level Comment Source
Protein
P japonicus 45-55% Given 15-25% carbohydrate Kanazawa (1990)
P. monadon 48-52% Best growth. live food } K Iy et al. (1989
P monodon 51-56% Best growth, encapsulated diets urmaly et al. ( )
P. monodon 30% Microparticulate diet Khannapa (1979)
P monodon 23% PZ,-M,. live food Tobias-Quinitio and Villegas (1982)

Lipid

P. juponicus Dietary requirement for HUFA
| % HUFA requirement
3% phosphotipid requirement

[ % cholesterol requirement

P, monodon 4.3% total lipid. 3.4% HUFA (PZ, ;)
(live food) 16% total lipid, 12.4% HUFA (M,-PL )
P. monodon 23.5% total lipid, 26.1% HUFA (PZ,_;)

{encapsulated feed) 18% total lipid. 12.4% HUFA (M,-M;)

Jones et al. (1979 a)
Guillaume (1990)
Kanazawa (1990)
Teshima et al. (1983)

Kurmaly et al. (1989)
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ros gracilis and Artemia sp. nauplii may be due in part to
elevated trypsin levels which would have contributed to
improved digestion of the Arfemia sp. component of the
diet. Thus, while growth of larvae feeding on C. gracilis
alone was very probably directly limited by nutrient avail-
ability, for larvae feeding on Artemia sp. nauplii assimila-
tion and retention of dietary protein may have been re-
duced in the absence of the digestive response induced by
the algal co-feed. Although Penaeus japonicus larvae are
known to have an essential dietary requirement for n-3
HUFA, the ability of P. japonicus larvae feeding exclu-
sively on Artemia sp. nauplii to synthesise some 22:6n1-3
is in accordance with the findings of Jones et al. (1979 a).
However, it is not known to what extent supplementation
with trace levels of dietary 22:6n-3, such as those present
in C. gracilis in the present study. might also have con-
tributed to the improved growth and survival of the mixed
feed treatment.

A peak in digestive enzyme production has been re-
ported in PZyto M, larvae of several penaeid species (Lau-
bier-Bonichon et al. 1977, Galgani and Benyamin 1985,
McDonald et al. 1989, Lovett and Felder 1990 a, Jones et
al. 1993 4, b, Le Moullac et al. 1993). This period of de-
velopment coincides with both the maximal volume of the
anterior midgut diverticulae (AMD) (Lovett and Felder
1989, 1990 b. Abubakr and Jones 1992), and the com-
mencement of carnivorous feeding. Thus, the decline in
digestive enzyme activity from the early mysis stages of
penaeid larvae has been interpreted either as an adaption
to change in feeding requirements (Laubier-Bonichon et
al. 1977) or as a consequence of regression of the AMD
in the ontogenetic development of the digestive secretory
apparatus (Lovett and Felder 1990 a, c). In the present
study, there is evidence of great flexibility in digestive en-
zyme response Lo diet through the later larval stages, and
it is clear that the patterns of trypsin and amylase activity
for at least mysis-stage penaeid larvae reported in the lit-
erature are likely to reflect an adaptation to the particular
laboratory feeding regime used rather than the actual se-
cretory capacity of the species in question.

The degree to which the modulation of digestive en-
zyme activity in response to diet observed in this study ex-
tends through the “critical™ early postlarval period (Wick-
ins 1976, Bages and Sloane 1981), when the AMD be-
comes vestigial, remains to be examined. [ngestion of ben-
thic microalgae is known to persist through this period for
some species (Gleason and Zimmerman 1984, Gleason
1986). and Griffith et al. (1992) have recently reported
beneficial effects on growth and survival of Penaeus van-
namei postlarvae feeding on benthic diatoms in addition
to Artemia sp. nauplii.
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