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An Investigation Into the Chemical
Composition of Alternative
Invertebrate Prey
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The aim of this study was to determine the chemical composition of eight
invertebrate species and evaluate their suitability as alternative prey. The species
selected were rusty red cockroaches (Blatta lateralis), six-spotted cockroaches
(Eublaberus distanti), Madagascar hissing cockroaches (Gromphadorhina porten-
tosa), fruit flies (Drosophila melanogaster), false katydids (Microcentrum
rhombifolium), beetles of the mealworm (Tenebrio molitor), and superworm
beetles (Zophobas morio), as well as woodlice (Porcellio scaber). Dry matter
(DM), crude protein, crude fat, neutral detergent fiber, acid detergent fiber, ash,
macro and trace minerals, vitamins A and E, and carotenoid concentrations were
quantified. Significant differences were found between species. Crude protein
content ranged from 38 to 76% DM, fat from14 to 54% DM, and ash from 2 to
8% DM. In most species, calcium:phosphorus was low (0.08-0.30:1); however,
P. scaber was an exception (12:1) and might prove useful as a dietary source of
calcium for insectivores. Vitamin E content was low for most species (6-16 mg/kg
DM), except for D. melanogaster and M. rhombifolium (112 and 110 mg/kg DM).
The retinol content, as a measure of vitamin A activity, was low in all specimens,
but varied greatly among samples (0.670-886 mg/kg DM). The data presented can
be used to alter diets to better suit the estimated requirements of insectivores in
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captivity. Future research on the topic of composition of invertebrate prey species
should focus on determination of nutrient differences owing to species,
developmental stage, and diet. Zoo Biol 29:1-15, 2011. © 2011 Wiley-Liss, Inc.

Keywords: chemical composition; insect; invertebrate; insectivory

INTRODUCTION

In most zoos and private collections, only a limited selection of invertebrates is
offered as feeder animals. This selection often depends on the availability and
acceptance by the predator. However, other factors should also be taken into
account when formulating an optimal diet, such as natural feeding ecology, dietary
requirements of the predator, and the chemical composition and potential
digestibility of the prey offered. For the commonly fed invertebrates, information
on chemical composition is available [Barker et al., 1998; Bernard and Allen, 1997,
Finke, 2002; Jansen and Nijboer, 2003; Oonincx et al., 2010]. Although readily
available, these species may not be the most suitable prey for insectivorous species to
meet optimal nutritional demands or fulfill behavioral needs. The aim of this study
was to determine the chemical composition of a selection of alternative invertebrate
species that may be used to complement or improve the diet for insectivorous
animals in zoos and private collections.

MATERIALS AND METHODS
Animals

Seven species of potential feeder insects and one species of crustacean were
examined in this investigation. Because earlier studies on insects have shown diet to
be a major determinant influencing their chemical composition [Oonincx and van der
Poel, 2010; Ramos-Elorduy et al., 2002; Simpson and Raubenheimer, 2001],
information on the provided diet is detailed where available.

Rusty red cockroaches (Blatta lateralis: Dictyoptera; Blattidae) of two sizes,
small (second instar nymphs; 0.9-1.3cm) and medium (third instar nymphs;
1.3-1.9cm), were provided by a commercial supplier (TheBugpros.com). They were
offered a small amount of water upon arrival and sampled within 24 hr of receipt via
overnight shipment.

Six-spotted cockroaches (Eublaberus distanti: Dictyoptera; Blaberidae) of three
sizes, small (1.5-3.0cm), large (4.5-5.0cm), and adult nymphs (4.5-5.0cm), were
provided by Agama International (Montevallo, AL). Upon arrival, they were housed
on a substrate of woodland soil and provided with apple and dog food (Purina
HiPro, Nestlé Purina PetCare Company, St. Louis, MO) and sampled within 24 hr of
receipt via overnight shipment.

Madagascar hissing cockroaches (Gromphadorhina portentosa: Dictyoptera;
Blattidae) of two sizes, small (1.5-3.5cm) and adult (4.0-6.0 cm), were reared at the
St. Louis Zoo on a diet of laboratory rodent biscuit (Rodent Block, Purina Mills,
St. Louis, MO) and dry dog food (Purina HiPro), supplemented with lettuce, apples,
and sweet potatoes. Animals were sampled immediately after removal from their
enclosure.
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Fruit flies (Drosophila melanogaster: Diptera; Drosophilidae) were purchased
from Carolina Biological Supplies (Burlington, NC) and reared for two generations
on Formula 424 (Carolina Biological Supplies). Adult D. melanogaster were chilled
in their rearing containers at 7°C for approximately 15 min and sampled immediately
after removal from their enclosure.

False katydids (Microcentrum rhombifolium: Orthoptera; Tettigoniidae) were
provided by the St. Louis Zoo Insectarium where they were reared on a diet of
firethorn (Pyracantha spp.), supplemented with raspberries, blackberries (Rubus
spp.), and lettuce (Lactuca spp.) leaves. Only adults were sampled, immediately after
removal from their enclosure.

Common rough woodlice (Porcellio scaber: Isopoda; Porcellionidae) were
provided by the St. Louis Zoo’s Insectarium and reared at the Orthwein Animal
Nutrition Center (OANC) at the zoo for 6 weeks. They were housed in plastic bins
on a substrate of wood chip mulch, leaf litter, and well-rotted wood, and
supplemented with sweet potato, carrot, and apple. Only adults were sampled,
immediately after removal from their enclosure.

Mealworm beetles (Tenebrio molitor: Coleoptera; Tenebrionidae) were pro-
vided by Timberline Fisheries (Marion, IL). Upon arrival, they were housed on a
substrate of wheat bran, as provided by the supplier, and a fresh slice of potato was
provided for moisture; beetles were sampled within 24 hr of arrival.

Superworm beetles (Zophobas morio: Coleoptera; Tenebrionidae) were pro-
vided by the same supplier, and housed and sampled identically as described above
for mealworm beetles.

Laboratory Analyses

For all species except woodlice (quantity insufficient), fresh tissues (n = 1-5
samples) were homogenized in a food processor and subsamples (0.5 g, in duplicate)
were taken for vitamin A, E, and carotenoid extraction, according to Barker et al.
[1998]. After evaporation under N, gas, extracts were sealed in cryovials and stored
at —20°C until overnight shipment to Arizona State University for HPLC analysis
[McGraw et al., 2006]. Dry matter (DM) content of remaining tissues was
determined via freeze drying at the OANC Nutrition Laboratory until a stable
weight was reached. Dried samples were ground in a laboratory mill and sent to
Dairy One Forage Laboratory (Ithaca, NY) for proximate (crude protein, crude fat,
detergent fiber fractions, ash) and macro (calcium (Ca), phosphorus (P), magnesium
(Mg), potassium (K), and sodium (Na)) and trace mineral (iron (Fe), zinc (Zn),
copper (Cu), manganese (Mn), and molybdenum (Mo)) determinations. Inverte-
brates were pooled to provide a minimum of 10g DM per sample for each set of
analyses.

Statistics

Proximate and mineral assay data, except for the M. rhombifolium and
woodlice (n = 1), were analyzed by MANOVA using SPSS version 15.0 to determine
whether species effects on composition were present. Within the cockroaches, a
MANOVA was used to determine the effect of developmental stage. For specific
differences, the data were analyzed by analyses of variance (ANOVA) followed by a
Tukey’s Honestly Significant Difference test. Differences between mean values were
considered significant at o <0.05.
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RESULTS

Average values of proximate, mineral, and vitamin analyses are presented in
Tables 1-3, respectively. Where applicable, standard deviations and the stage of
development are shown. The MANOVA indicated that species had a significant
effect (Pillai’s trace F=9.424, P<0.001) on all analyzed nutrients, except for Mo.

Cockroaches

The three cockroach species differed distinctively in chemical composition.
Six-spotted roaches contained the highest DM content (~40-50%) of the three
species. Stage of development significantly affected most nutrients (Pillai’s trace
F=5.129, P=0.007), as well as DM content, with the exception of Fe, Mo, and S.

All roaches contained high concentrations of crude protein (38-76% DM
basis; Table 1), similar to values found in literature on American cockroaches
(Periplaneta americana; 54% DM) [Bernard and Allen, 1997].

Cockroaches contained moderate-to-high concentrations of crude fat. In the
earlier stages of development (small vs. large or adult stages), they contained more
protein and less fat than larger specimens of the same species, as is true for most
animals (a notable exception being neonatal rodents). Crude fat percentage increased
with age in B. lateralis (from 14 to 27% DM) and G. portentosa (from 20 to 25%
DM), but that same pattern was not present in E. distanti. The reported fat content
of American cockroaches (28.4%) was slightly higher than the first two species, but
lower than E. distanti [31-54% DM; Bernard and Allen, 1997].

In terms of dietary “fiber”” content, both neutral detergent fiber (NDF) and
acid detergent fiber (ADF) content were similar for B. lateralis, averaging about 12%
of DM. Approximately 60-90% of ADF in insects is chitin provided by the
exoskeleton [Barker et al., 1998; Finke, 2007; Oyarzun et al., 1996]. The ADF
content of G. portentosa was 10-13% of DM. However, NDF in this species was
considerably higher (~36% of DM) and may represent true dietary fiber from
vegetables in the digestive tract. Both body and gut content, especially in species with
a relatively large gut or consuming high fiber diets, contribute to the nutrient content
of feeder prey species. Thus, diet may provide essential nutrients otherwise
unavailable from the insect with an empty gut [Finke, 2003; Klasing et al., 2000].

Total ash content of E. distanti was significantly lower (2-4% DM) than in
B. lateralis (1-8% DM; P<0.001)) and G. portentosa (4-8% DM; P = 0.007), similar
to American cockroaches [3.3% DM; Bernard and Allen, 1997]. Mineral content
among the three cockroach species differed greatly (Table 2). As expected [Barker
et al., 1998; Finke, 2002; Studier and Sevick, 1992], an inverse Ca:P ratio was found
in cockroaches. Therefore, if using cockroaches as a feeder species, Ca supplementa-
tion is necessary to achieve a Ca:P of 1:1 [Donoghue and Langenberg, 1994]. Larger
invertebrates (adult or large nymphs) contained lower concentrations of most
minerals (Ca, P, Mg, K, Na, Zn, Cu, Mn, and Mo) compared with smaller sized
individuals of the same species. Nonetheless, roaches seem to be an excellent dietary
source of Zn and Cu. Fe content in E. distanti and G. portentosa increased with
age. Because excess dietary Fe can contribute to Fe storage diseases in several species
of birds and mammals [Bonar et al., 2006; Farina et al., 2005; Sheppard and
Dierenfeld, 2002; Williams et al., 2008], it is important to know all contributory
factors for Fe intake.

Zoo Biology



5

Nutrient Content of Alternative Prey Species for Insectivores

"19qQY JUAZIAIOp pIoE AV 19qy JUFINOP [eNNdU ‘AN 9[qB[IRAE JOU Y/N Inpe ‘Y 98Ie] “T ‘wnipaw ‘A WS ‘S

SSIFII'9  SSTF90°CE €6'0F¥1°0S SI'TFSTPI 79°'0F50'89 19TF1T8E % (v) oriows svqoydoz
EI0FSP 65 SFEYLI PE1FS0TE ITE€FO0LLI SE0FS9L9 881 F€8°S¢E 4 (V) 010w oriqoud |
69°C¢E v0'S 01 0S°11 0T’ 1% 81°C¢ I (V) Haqos oyjariod
01°6 6€°61 AN 006 8LL 0T°9¢ I (V) wnijofiquioy. winajuado.u1
0€0F0TL  €I0FHI0I 1S01F99'L1 I71°0F00°61 €' TF00°89 L' TF¥60€ C (V) H21sp30upjout vjiydoso.q
soads 1010
9T0F90Y  vETFTTOI I8SFI19¥¢ LYSF IS HT SO€FTST9 66'TFS6'8E S (V) psojuaytod *n
89°0F6v'S 65 LFCTICI 887 F1S9¢ $8'0F0£°0T 1€PFSE€9 8L'0F€8°0€ 4 (S) vsopuaytod vunyiopvyduio.s
LY 0F 08¢ V/IN V/N POFSTIE LY OTF0S09 €LOFSYEY 4 (V) puvisp g
SI'0F96'1 V/IN V/N 0€' 1 F8bHS 86'0F8T'S¢E 9 1¥TT6P S (D) puvssip g
86'C V/IN V/IN 97 128 8L°Th I (S) ypuvsip sniaqugny
100F689  LLTFSLTI 00°€F9LTI 8T°0F 059 6'0F$8°79 LTOFLTST 4 (W) sipaaiv] g
I80F88L  89TFLSOI 09°0F 1P 11 1T0F Syl 1T0FS09L ¥9°0F28°0¢ 4 (S) sypaiv] v1DIg
mwﬂomom
A% % az1s sa102dg
I19))eW oiduwreg
usy Aav AaN JBJ 9pnI) urdjoxd opni) £1q

S9)BAQILIAU] PIYIIIAS JO (IS T UBdA]) uopisodwo) [edrwdy) I AIAV.L

Zoo Biology



Oonincx and Dierenfeld

6

Jnpe ‘y 9818 “T ‘wnipauw ‘A [[ews ‘S

€0F01 81F0TC 00F0°SI reEF0€s 6'LFS 16 v (v) oviout spgoydoz
T0F01 00F0SI 00F0°1T I'LFOPPI L'SF068 4 (V) “onjous origoua |,
10> 068 06CI 0°0LT 0y I (V) H2qvos otjja2104
€0 0°€6 0°CE 0991 0 1€l I (V) winijofiquioi.t win.juado.01jy
1'0F80 LOFS91 P IF091 I'LF0€CT L'8SF S 00F 4 (V) «a1sv3oupjout vjiydoso.q
saads Y10
1'0F+°0 ST1F+9 9 1F88I S61FT89I €68F091C S (v) psopuayiod "o
1'0F€0 P 1F001 LOFSTT T8EF 00T ['ehFS€ST 4 (S) vsopuat.iod punyiopviyduio.in
1'0FS0 LOFSS 0SFSST TEEFSSIT IPFI11 T (V) nuvisip g
€0FO0T 81F0CT 00F0ST PEFO0ES 6'LFS16 S (1) nuvisip o
v0 0 0cI 0vCl 0SS I (S) nuvisip snaogojqnzg
T0¥F90 00F081 LOFS€EE 1'TFSH91 T6FS 68 4 (N) syv1a1v] g
00¥F90 P1F0ST 00F06€ YIFOYIC TYF0T01 4 (S) syvaaiv] vivlg
moﬂoﬁom
@
A 3%/3w
O up no uz EE|
80°0 10°0F81°0 200FL60 200FS10 €00FILO 10°0F90°0 v (v) oviout spqoydoz
LOO 100F61°0 100F S0l 000F61°0 €0°0F6L0 10°0F90°0 4 (V) “omjous oriqaua |,
6L11 18°0 £6°0 L¥0 wl 8Ep1 I (V) 4aqvos o1jjad.104
LT0 LTO SI'1 1o 060 ¥T'0 I (V) wnijofiquioy.r wn.juar0.1
€10 00FI1€0 000F 11 000FLT0 SO0FCET 100FL1°0 T (V) «a1sv3oupjous vjydoso.q
saads 1y10
0€°0 Y0 0FIT0 EI0F LSO T00FLIO SO0F LSO SO0FLIO S (v) psopuayiod "o
LT0 100F€€0 00F YT 000F¥T0 100F€6°0 000FST0 4 (S) vsoruariod punioppyduio.r
81°0 Y0 0FFE0 SI'0FLLO 100F01°0 €0°0FSS0 100F01°0 4 (V) nuvgsip g
80°0 200FLT0 €0°0F LSO 100F80°0 T00FLEO 10°0F90°0 S (1) puvpsip g
LT°0 (1140) SLO 80°0 970 800 I (S) nupisip sniaquiqnig
61°0 000FLEO 100F 811 100FST°0 000FS60 100F61°0 4 (N) syv121v] “g
0T°0 000F€S0 000F09°1 100F1T0 100FCT1 000F+C0 4 (S) sypaav] vivlg
mvnoﬁom
(®)
d:eD NAd % AZIs mu_ov&w
ordwes
BN b SN d D

S9)BIGIIIIAU PI)IIIS

Jo (S Fuedn) J:e) pue uonisodwo)) [BIdUI[A] DRLL, (q) pue SIJLIGINIAU] PAIRPS JO (S Fuedy) uonisoduio)) [esdurjy 01RA () ‘T AT1dV.L

Zoo Biology



7

Nutrient Content of Alternative Prey Species for Insectivores

‘NI 1 =[ounar 81 ¢ sk paje[no[ed AJANOE y UIWENA
"NI6F' 1 =200 SW | SB PaL[NI[ed AJANOR F UIWRIIA,
VY UTWRIA ‘Y A Quajored-g ‘reoq ‘urpjuexoldAio-g ‘Aiog ‘umoinjoipAyue
“THV UIIUBXBIZ ‘BoZ ‘UIIN] ‘N ‘UIN[oIpAyap “THQ J01eydoool-» 00I-» ‘g UIWRIA ‘g A Inpe Y 98Ie “T ‘wnIpaw ‘N WS ‘S

9TFIY §LFOCI T9F96  10F10 0 0 0CFPT 0 §EFOTT  9SFSLI S (v) orious spqoydoz
vIFCI TrFoeE 0rFre 0 0 0 €0FCT0 0 vI1F09 1'2F06 4 (V) “onjout o1iqous |,
8I6FES6T  SLTF988 66F8YI  FIIF06r PHIFEEE €TIF06S 6CIFSSI 0 9¢F 011 YSFH91 S (V) wimijofiquioy.t wn.yuad0.01py
0CFTT 90FL0 TOFI0  v0FCTO 0 0 €0FH0 0 1TFTII 1€F991 S (V) 1a1sv3ouvjout vjydosoiq

saads 1010
0PCF98¢  O0TLFSSIT 8PSFE99 v TFSE 0 vEFLE OVIFTPT €TIFTS8I TSFTHl  LLFIIC 6 (v) psojuariod n
T8FT8L  LYCFLYS  vEIFLTIT LOFLI 0 STFIE  €6F€91 TLFOIL 8E€F091 SSF6ET 9 () vsoruariod puryiopvyduio.n
6F11C LTFTEY  $0FLVS 0 0 LOFOE  €IFSS 0 CPFSEl  €9FI0C 4 (v) nuvjsip g
06F861  0LTFS6S 08IFTSY 0 0 90F01 06F€01 0 SEFSHL  TSFYIT S (1) nupisip -
61 L'LS 6T 0 0 8l €l 0 vCl v'81 I (S) nupisip snioqujgnsy
TIF€s LEF8YT  SIFLT  60FIY  91F€6  60FLT  80F0¢ 0 PIFYIT TTFOLI S (W) syp-m) g
LIFOTI TSFESE 90F0€  90FCTy  FIFOTU SIFSL  8IF68 0 6'1FSPl  8TFLIC S (S) syvaaw) vrvg

SaydeoYy

JAA 3¥/N1 NQ 3/3w JANA BY/NT - ozs soadg

[v nal [T 1Al ojdureg
[lounay] [reog] [£10g] [1HV] [ea7] poT] [1THal [po 0]

$)LIQIMAAU] PAIIPS JO (S TF UEIA)) JUI)U0)) SPIOU}OIE)) IS PUE ‘Y Puk J SUIMENA € ATAV.L

Zoo Biology



8 Oonincx and Dierenfeld

Vitamin E content of cockroaches was relatively low (11-16mg/kg DM;
Table 3), providing approximately 20 IU vitamin E/kg DM (1 mg = 1.49 IU). Pennino
et al. [1991] found almost 10-fold higher concentrations of vitamin E (179 [U/kg DM)
in wild-caught cockroaches. Retinol content varied from 25 to 116 mg/kg DM;
therefore, calculated vitamin A activity (0.3 pg retinol = 1 IU) was low (<4001U/kg
DM) compared with estimated requirements, using domestic felids as a carnivore
model for insectivores (~5,000 IlU/kg DM maintenance; 9,000 IU vitamin A/kg DM,
growth, and reproduction; [NRC, 2006]. As with vitamin E, free-ranging cockroaches
reported by Pennino et al. [1991] contained considerably more vitamin A (1,000 IU/kg
DM) than the cockroaches in this study. Lutein, zeaxanthin, and B-carotene was
found in all samples. Although dehydrolutein (DHL) and anhydrolutein (AHL) are
metabolites of lutein, DHL was not quantifiable in B. lateralis or E. distanti, and AHL
was only found in E. distanti samples. Both B-carotene (Bcar), found in all three
cockroach species, and B-cryptoxanthin (Bcry) have provitamin A activity in many
species [McGraw et al., 2006]. Owing to the widely varying molecular structures of
carotenoids, there might be species-dependant differences in the ability of vitamin A
synthesis from these compounds. Because vitamin A deficiency has been reported for
insectivores fed unsupplemented invertebrates [Ferguson et al., 1996], vitamin A
metabolism could be explored among different cockroach species fed identical diets to
evaluate synthetic pathways, and determine optimal dietary regimens/ingredients for
production of feeder insects with the most appropriate vitamin A levels.

Compared with mealworm and superworm larvae, rusty red roaches (B. lateralis)
and hissing cockroaches (G. portentosa) provide high protein, lower fat alternative
food items for insectivores—more similar to cricket proximate nutrient composition
[Barker et al., 1998; Bernard and Allen, 1997; Finke, 2002; Jansen and Nijboer, 2003;
Oonincx et al., 2010; Pennino et al., 1991]. Six-spotted cockroach nymphs (E. distanti),
on the other hand, tended to be higher in fat and may be a poorer source of protein
than either the other roach species, crickets, or beetle larvae. Owing to their high fat
content, they may be considered a high-calorie treat item or could prove useful for
improving body condition of insectivores. Mineral content of roaches was variable,
depending on species, size, and diet, but all roaches examined still contained inverse
Ca:P ratios, in the same ranges as the more commonly fed invertebrate prey [Barker
et al., 1998; Bernard and Allen, 1997; Finke, 2002; Jansen and Nijboer, 2003; Oonincx
et al.,, 2010]. Other macrominerals were found in concentrations that would be
considered adequate to meet known nutritional requirements of domestic felids [NRC,
2006], considered to be the most suitable physiologic model for insectivores.
Conversely, some microminerals, particularly Fe, could be excessive. Small hissing
cockroaches are similar in body size to adult house crickets, and may provide a suitable
nutritional substitute for crickets in insectivore diets (if consumed by the insectivore).

Fruit Flies

D. melanogaster samples contained high levels of crude protein along with
moderate levels of crude fat, dietary fiber, and ash (Table 1). Ca:P ratios were
imbalanced (0.13:1), but D. melanogaster seems to provide adequate levels of other
macro- and microminerals measured; Fe and Zn concentrations were particularly
high. In this and in Barker et al.’s study [1998], the same commercial diet was used,
which may underlie the high Fe content as well as the higher fat content compared
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with the other published values [18-19 vs. 13% of DM; Table 1; Jansen and Nijboer,
2003; Barker et al., 1998; Bernard and Allen, 1997; Finke, 2002].

In contrast, vitamin E in this study (112mg/kg DM or 166 IU/kg DM) was
considerably higher than levels reported by Barker et al. [1998; 23 1U/kg DM]. Only
small traces of lutein, B-cryptoxanthin, B-carotene, and vitamin A were found in
D. melanogaster. Barker et al. [1998] reported undetectable levels of vitamin A in
fruit flies. Insectivores eating a relatively large proportion of D. melanogaster might
benefit from dietary vitamin A and/or carotenoid supplementation.

Regarding size, D. melanogaster may be an alternative size option for species that
consume pinhead crickets (4. domesticus). Fruit flies are similar in protein content as
pinhead crickets (68 vs. 55-68% of DM, respectively) and have a higher crude fat and
vitamin E content [Barker et al., 1998; Bernard and Allen, 1997; Finke, 2002]. Ash
content is similar between the two insects (7 vs. 5-9% DM), but there are compositional
differences in specific minerals which may be of consequence (i.e. Na (0.31 vs.
0.43-0.59% DM), Fe (401 vs. 93-200 mg/kg DM), and Mg (17 vs. 30-39 mg/kg DM).
Additionally, vitamin E found in D. melanogaster differed greatly from that reported in
pinhead crickets [167 vs. 40-70 IU/kg DM; Finke, 2002; Barker et al., 1998].

Katydids

Native M. rhombifolium contained the highest percentage of crude protein, the
lowest crude fat, and the highest dietary fiber content of all invertebrates evaluated
in this study (Table 1). High concentrations of ash and most minerals are noted, but
the Ca:P ratio was still low (0.27:1), and Na was low compared with the other
investigated species. M. rhombifolium also contained very high levels of vitamin E
and carotenoids (with the exception of DHL; Table 3). Vitamin A content was high
compared with the other investigated species and literature data, except for
silkworms [Barker et al., 1998; Finke, 2002]. These high ash and vitamin values are
likely owing to the diet of fresh green plant materials consumed, as was observed
with other herbivorous insects [Dierenfeld, 2002; Dierenfeld and Fidgett, 2003].
Therefore, M. rhombifolium may be an important source of carotenoid pigments, fat-
soluble vitamins, and minerals for insectivorous species. However, high fiber content
may limit palatability and/or bioavailability of some nutrients.

Woodlice

P. scaber was strikingly different in composition compared with all other
invertebrates analyzed in this study. Protein (41% DM), crude fat (12% DM), and
fiber (< 15% DM) concentrations were relatively low compared with data from other
studies on woodlice species [protein 40-80% DM; Pokarzhevskii et al., 2003]. The ash
content of woodlice was exceptionally high (33%). As a terrestrial crustacean,
woodlice have a mineralized exoskeleton and contain high levels of Ca, Mg, Na, Fe,
and Cu (Table 2). The exoskeleton can contain up to 24% Ca [Becker et al., 2005];
similar concentrations (10-15% Ca) have been described for other woodlice species
[Bures and Weidinger, 2003; Graveland and Vangijzen, 1994; Pokarzhevskii et al.,
2003; Reichle et al., 1969]. The calculated Ca:P ratio of 12:1 is high; this species can
possibly be used to correct dietary Ca deficiencies in insectivore diets. Bioavailability
and palatability studies are recommended. Woodlice exoskeletons, however, were not
found in the feces of two lizard species (Pogona vitticeps and Diploglossus warreni)
during woodlice acceptability trials (personal observation).

Zoo Biology
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For the isopod Armadillum vulgarum, concentrations of Fe (3,170-3,390 mg/kg
DM), Zn 332-341 (mg/kg DM), Cu (347410 mg/kg DM), and Mn (15-16 mg/kg DM)
are reported [Peters et al., 2005]. In the same species, a high Mo concentration (0.3 mg/kg
DM) has been reported, which is more than threefold the concentration of P. scaber in
this study [Anke et al., 2007]. Whether these differences are owing to species, diet, or
substrate is unknown. Nonetheless, it is apparent that mineral concentrations in woodlice
are variable and highly dependent on soil conditions. For example, the Zn concentration
in Oniscus asellus varied between 54 and 499 mg/kg DM, in which the extremely high
concentration was found in specimens originating from a Zn mine [Hopkin and Martin,
1982]; Cu concentration varied from 82.1 to 163 mg/kg DM in the same study.

The concentration of K in isopods measured in this study (0.93% DM) agrees
with reported concentrations for other species of woodlice 0.87-1.32% DM)
[Pokarzhevskii et al., 2003; Reichle et al., 1969]. P. scaber contained a fairly high
concentration of Na (0.81% DM), similar to the woodlouse Ligidium blueridgensis
(0.72% DM) [Reichle et al., 1969]. For the woodlouse Philoscia muscorum, a
concentration of 0.19% Mg DM was reported [Pokarzhevskii et al., 2003], which is
much lower than P. scaber in this study (0.47% DM).

Beetles

Tenebrio beetles and Zophobas beetles contained more protein than literature
values reported for their larval counterparts (51 and 43% DM, respectively). This
might be associated with a higher degree of sclerotization in beetles, which could
negatively influence digestibility [Finke, 2007]. Additionally, the 7Tenebrio and
Zophobas beetles contained one-half to one-third of the fat content of their larval
counterparts, respectively, as well as a higher ash content (Table 1) [Barker et al., 1998;
Bernard and Allen, 1997; Finke, 2002]. In general, macromineral concentrations in
beetles were similar to, or slightly lower than, published values for larval stages of
these beetles [Table 2; Barker et al., 1998; Bernard and Allen, 1997; Finke, 2002],
whereas trace mineral concentrations in the beetles studied were consistently higher
than previously reported values for both larval and adult stages. These data provide
the first published information on mineral content of adult Z. morio. Furthermore,
feeding trials conducted separately indicate beetles are readily accepted by certain
lizard species in captivity (Oonincx and Dierenfeld, unpublished).

The concentration of the measured fat-soluble nutrients was low in the beetles.
However, large differences were apparent.

The Zophobas beetles contained twice the vitamin E, 3.5 times the
concentrations of vitamin A and B-carotene, and 10 times more lutein compared
with Tenebrio beetles, and thus may provide a more significant source of these
nutrients. It might be interesting to evaluate these nutrients further in all life stages of
the two species, to better understand metabolic pathways and ultimate storage as a
source of these particular nutrients for insectivores.

DISCUSSION

Little or no reliable information regarding specific dietary requirements of
insectivores is available at this time; thus, information and interpretations can only
be extrapolated from known requirements of domestic carnivores, as well as
inferences from clinical health issues of insectivorous species.

Zoo Biology
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Water

Whole invertebrate prey may comprise the sole source of water for certain
insectivores in nature; certainly, dietary sources are primary for many carnivores.
Species included in this summary contained 51-79% water, on an as-fed basis,
similar to more commonly fed prey invertebrates [Barker et al., 1998; Finke, 2002;
Oonincx and van der Poel, 2010]. In many species, body water content decreases with
age; that same pattern may not hold for these invertebrates as larval stage water
content (from published data) was similar to adults of the two beetles examined in
this study. Size (subjectively assessed), as a covariate with age (physiologic stage),
seemed more closely related to feeder prey body water content within the roach
species evaluated, but sample numbers were limited.

Protein

Protein and fat, as fractions of whole body mass, are inversely related.
Overall, whole invertebrate prey fed to captive insectivores provide crude protein in
excess of the estimated requirements of domestic carnivores [15% of dietary DM for
dogs at maintenance, to 32% for reproduction and growth in cats; NRC, 2006].
Protein and essential amino acid requirements of insectivores have not been
specifically determined, and reports on the amino acid composition of commonly fed
whole invertebrate prey are limited [Finke, 2002; Oyarzun et al., 1996]. Although
sulfur amino acids may be at first limiting [Finke, 2002], given the high concen-
tration of crude protein in prey and the lack of reports of overt amino acid
deficiencies [with the possible exception of taurine; Wilson et al., 2003], it is probable
that amino acid requirements will be met by the invertebrates assayed. Feeding
a mixture of species may help remedy potential imbalances until further data are
available.

Fat

The crude fat content of most whole prey, invertebrates included, is
considerably higher than the recommended minimum dietary levels needed by
domestic carnivores. Dogs and cats, at various stages of growth, reproduction and
maintenance, require approximately 5-9% fat in the diet [NRC, 2006]. Again, no
specific requirements for dietary fat have been defined for insectivores; however,
obesity can be a health problem for insectivores in captivity [Graffam et al., 1998].
Life stage may be as important a consideration as species of invertebrate; larvae of
both T. molitor and Z. morio contain considerably higher crude fat concentrations
compared with adults, as measured in this study. Although total fat content can be a
source of readily available energy for insectivores, essential fatty acid requirements
seem to have not been investigated. Minimum dietary requirements of domestic cats
for linoleic and arachidonic acids have been set at 0.5 and 0.2% of DM, respectively
[NRC, 2006]. Requirements for —3 fatty acids, such as a-linolenic or longer chain
fatty acids, have not been defined. Assuming that insectivores, as obligate carnivores
(species that rely on fats and protein as primary energy sources), have fatty acid
requirements similar to those of the domestic cat, the few studies in which fatty acid
composition of insects has been reported [Finke, 2002; Oyarzun et al., 1996] suggest
that fatty acid supplies would be adequate. Furthermore, no overt deficiency
symptoms have been identified in insectivores.
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Fiber

Utilization of dietary fiber by insectivores has not been extensively investigated
[Graffam et al., 1998]; even accurate determination of appropriate fiber fractions is
limited [Finke, 2002; Oyarzun et al., 1996; Pennino et al., 1991]. Certainly, the larger
roaches and the sclerotized exoskeleton of adult 7. molitor and Z. morio contained a
higher fiber content than previously reported for typical feeder insects. These fiber
fractions can be useful if dilutions of energy and/or nutrient content in diets designed
for weight control or reduction are needed.

Macrominerals

With the exception of Ca and possibly Na (at least for some species of prey),
macromineral requirements (% of dietary DM) for growing carnivore and poultry
species [Ca, 0.4-1.2%; P, 0.3-0.6%; Mg, 0.03-0.1%; K, 0.2-1.4%, and Na,
0.05-0.4%; NRC, 1994, 2006] seem to be met by whole prey analyzed in this report
and values are similar to previously reported species [Bernard and Allen, 1997
Finke, 2002]. The insects contained an inverse Ca:P ratio that could result in clinical
Ca deficiency without supplementation; this imbalance has been previously and
consistently reported in other species [Barker et al., 1998; Bernard and Allen, 1997,
Finke, 2002; Pennino et al., 1991]. The Ca:P ratio required for insectivores could be
investigated further, because the assumed requirement is based on extrapolation.

However, feeding studies suggest a minimum of 1:1 for the dietary ratio of Ca
to P is needed to maintain appropriate health, growth, and reproduction [Bernard
and Allen, 1997]. Deficiencies of other substances, such as vitamin D, which regulate
the selective absorption of both Ca and P, might also be linked to the frequently
encountered symptoms within the metabolic bone disease complex [Donoghue and
Langenberg, 1994] and should not be discounted. The finding of high levels of Ca
present in woodlice in this study provides an inexpensive, practical, and palatable
source of dietary Ca for managed insectivores. Diets containing one part woodlice to
eight parts (weight:weight) mealworm larvae, for example, result in a 1:1 ratio of
Ca:P (1.5% Ca, 1.4% P, DM basis) without gut loading or supplemental dusting.
Studies need to be conducted to determine adequacy, palatability, and bioavail-
ability of this mineral source for a variety of insectivorous species, particularly
amphibians and reptiles.

Trace Minerals

Much variability among and within prey species in trace element composition
is apparent owing to various factors, such as small sample sizes, the influence of
differing dietary trace mineral levels, species-specific metabolism, varying accuracy
of sampling and/or analytical techniques, and possible contamination with substrate
materials. Fe requirements of the insectivores would likely be met by any of the
species analyzed (32-100mg/kg DM; up to 200 mg/kg, in published data). Again,
some prey may contain inappropriately high levels of Fe for species with a tendency
to develop Fe storage disease. Recommended dietary levels of Zn [10-50 mg/kg DM;
NRC, 1994, 2006] would be met by all the invertebrate prey analyzed in this study, as
well as those summarized from previous reports. Mean Cu concentrations range
from 12 to 129 mg/kg DM. Dietary requirements for Cu are estimated between 3 and
8 mg/kg for a variety of domestic carnivores and poultry [NRC, 1994, 2006]. Based
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on physiologic requirements of domestic carnivores as models for insectivores, it is
likely that (unknown) requirements of insectivores would be met by all prey analyzed
in this study. It may be prudent to exercise caution in exclusive use of high-Cu prey
as food for insectivores, owing to possibilities of Cu toxicity. Estimated Mn needs
(5 mg/kg) would likely be met by any of these prey items, although poultry require
higher levels of Mn for growth [67 mg/kg; NRC, 1994]. Similar requirements may
apply to reptiles, but studies have not been conducted and no reports of Mn
deficiency in reptiles or amphibians were found in the literature. Mo content of the
species studied is within the range of earlier studies of invertebrates (0.2—1.0 mg/kg
DM). Whether this could be problematic is unknown; however, insectivores store
significantly more Mo in their body than rodents [Anke et al., 2007].

Fat-Soluble Vitamins

Regarding fat-soluble vitamin content of feeder insects, few comparative
data are available [Pennino et al., 1991; Barker et al., 1998; Finke, 2002]. Except for
D. melanogaster and M. rhombifolium, vitamin E levels were lower in the species
examined (9-221U/kg DM) than in most commonly fed insects reported previously
[18-811U/kg DM; Pennino et al., 1991; Barker et al., 1998; Finke, 2002]. Primary
Vitamin E deficiency has not been reported for insectivorous species [Dierenfeld,
1989]. Estimated dietary requirements for domestic dogs and cats are about 30 IU/kg
DM when fed diets with moderate levels of polyunsaturated fatty acids (PUFAs)
[NRC, 2006]. High dietary levels of PUFAs may increase the vitamin E requirement
five-fold. Additionally, reproduction and/or optimal function of the immune system
may require higher dietary levels of vitamin E than normally needed to prevent
typical signs of vitamin E deficiency.

Vitamin A deficiency as well as toxicities may cause a problem in insectivore
health [Dierenfeld et al., 1995; Miller et al., 2001]. Insects, in general, contain low
concentrations of vitamin A as do the species in this study. For certain fish,
mammalian, and avian species, it is known that certain carotenoids can be converted
to active forms of vitamin A [Klasing, 1998; Olson, 1989; Robbins, 1993; Wang
et al., 1991]. Carotenoid metabolism in insectivores, such as most amphibians and
reptiles, is unknown and deserves further study both from a nutritional as well as
from a coloration perspective.

In order to optimize insectivore diets, more knowledge is needed on nutrient
digestibility and metabolism in both prey and predator species. The data in this
article aid in composing diverse insectivore diets based on extrapolated nutrient
requirements, supporting prevention of deficiencies and toxic effects.

CONCLUSIONS

1. The chemical composition of invertebrate prey species varies widely, owing to
species, diet fed, and stage of development.

2. Based on requirements of domestic carnivores as physiologic models, total
protein, fat, most minerals (with the exception of Ca), and vitamin E
requirements of insectivorous species are expected to be met by any of the
alternative prey species in this report. Vitamin A concentrations were low in all
species examined; carotenoids were quite variable across species.
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3. P. scaber contained a high Ca content, and may provide a suitable source of this
nutrient to balance a lack of Ca in other invertebrate prey species when fed as part
of a mixed diet to insectivores.
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