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In vitro ouykprukn udpSéiuon
d1agopeukic npoédevong apirou
OTOV HENUKG CANVA EKTPEPOPEVOV
e1d v 1ix0vev

E. X. ITammoutoéyrou, Lyndon A.R.

INEPIAHWH. Katd w Siadikacia kardpuong ortnpeoiov yia
extpeqpdpevoug 1x0veg, 161aitepa 6oov agopd ota capkopdya &f-
On, §ibetar 1G1aftepn épgpaocn dote 1o eninedo kat 1o €idog TV nA-
pexdpevov ubatavl pdkwy va ypnotponoteftar yia petafolikég
S1epyaoies, £to1 wote o1 mapexdpeveg pe 1o ornpéoio MpwIEiveg
(mou anotedovv kat w akpifétepo ouotauxs) va xpnoponoovial
600 to Suvardv nep1oobepo yia v avamuén. Katd v mapod-
oa epyaoia peetiOnke in vitro n eniSpaon g npoélevong tou
aptdou tou orpeofou (and yedpnda, apaPdorto, odpyo, ofto,
6pula, kabdg ka1 evdg umonpoidviog tng Propnyaviag tng {ubo-
notiag-brewer’s spent grain, napackevaopévou aund ofto xai kp10f
pe 8v0 S1agpopeuxég texvikéc) o Spacukdnta twv oMKV Kap-
BotiSpacwv (avdhuon odikav kapPoiibpacdv oe pH 7.6 pe xprion
pubpioukoy S1addparog kitpikoy 0€éog ka1 pwopwpikod dhatog,
pe dpudo g undotpwpa ka1 endaon yia 4h oroug 37° C) katd pa-
KOG TOU Yaotpeviepikol owAfva wou AaPpaxiot, Dicentrarchus
labrax (capko@dyo €i6og tou onoiou n tpor mepriapPaver axd-
pa ka1 dAdoug 1x06eg, n=10, 116.7+30.0 g), g tomovpag Sparus
aurata (capko@dyo eidog pe éppaon ota aonévéuda, n=10,
105.0+13.5 g) ka1 wng uddmag, Oreochromis aureus (qputogpdyo ei-
8og, n=10, 92.0£20.0 g). Katd wn Serypatodnypia anopovdrdnkav,
Cuyiomkav, opoyevononiOnkav ka1 peretifnkav to mpéobio xar
onioBio tpripa eviépou yia 6Xa ta e§eralpeva €idn ka1 o owdpa-
X0 ka1 ta mudwpixd wedd pévo ota S. aurata kar D. Labrax (Se-
Sopévou 61 n uhdma Sev S1aB¢ter orépaye ka1 mudwpikd twpAd).
Aidhupa yhuké(ng ypnoiponomOnke wg standard ka1 ta anotedé-
opata ekppdomkav wg mg YAukéing napaydévra avd g 1010t avd
demtd endaong. Ta anotedéopata otnv uddma enédei§av onpa-
vukd au§npéva enineda uSpéluong yia 1o dpudo yedpndwv ot oyé-
on pe ta d\ha e§eraldpeva dpuda, evd ta enineda ubpbdruong yia
10 dpudo obpyou kai 6pulag Atav onpavukd av§npéva an’éu oo
ofto ka1 oto unonpoiéy g Propnyaviag tng (ubonoriag A, addd
6y1 ka1 otov apaPéorro. Endong, yia kavéva e§eralopevo dpudo Sev
unip&e S1agopd ota enineda ubpdruong avipeoa oto mpdodio kar
10 onfof10 tpripa tov eviépou g uAdmag. Xy toimodpa ta emi-
neba ubpbluong fitav upnidtepa yia to dpulo obpyou (P>0.05)
Ka1 xapnA6tepa yia 1o unonpoiév mg Propnyaviag tng {ufonoriag
D (P<0.05), eve> ta enineda upéruong ftav evbidpeoa yia 1o
06pyo ka1 oto unonpoidy g Propnyaviag mg (ubonoiiag A. Eni-

Epeuvnuikn
Original article

In vitro comparison of hydrolysis
of different starches along the
digestive tract of teleosts important
for aquaculture

Papoutsoglou E.S., Lyndon A.R.

ABSTRACT. The in vitro hydrolysis of different starches (potato,
rice, wheat, corn, sorghum), as well as an intermediate product of
malting process (brewer’s spent grain), by blue tilapia, Oreochromis
aureus, gilthead sea bream, Sparus aurata and European sea bass,
Dicentrarchus labrax, were compared (total carbohydrase assay,
37° C, pH 7.6, 4 hours incubation). Obtained results (significantly
higher hydrolysis levels obtained for potato, rice and sorghum
starch) suggest that starch source and associated properties (starch
granule size, amylose content) and modifications applied may have
significant difference on its digestion by fish digestive carbohydrases.
Furthermore, the importance of brewer’s spent grain as a low-cost
carbohydrate source and feed component, in relation to a-
glucosidase adaptive response to dietary carbohydrate, is also
considered significant.
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ong, undpyouv S1agpoponoioeig ota enineda uSpbruong tou uno-
1poiéviog g Propnyaviag g (ubomotiag D oto npéobio kar
oniof10 tpripa ou eviépou. Yo AaPpdxi napampifnkav upn-
Adtepa enfneda ubpbruong yia 1o dpuldo oépyou kar 6pulag
(P<0.05) pévo oto onioBio uripa tou eviépou ka1 6x1 oto npdodio
Tpipa 1ou eviépou ka ta muAwpikd wplrd. Aud ta anotedéopata
npokUier éu o1 Sramotwpéveg and w Pifloypagia Siapopéc
avdpeoa otoug apudkokkoug (péyefog, nepiexukénta oe apu-
26(n x.a.) wv Sapépwv efetaldpevov apilov eivar mbavag
1xavég va odnyroouv ot S1apopeuxd enineda népng oe ouvbua-
opé pe 1o €ibog tou 100G ka1 v nepiox U Yaotpeviepikoy ow-
Mva. Enfong, 1o unonpoiév tng (uBonoiiag anodeiybnke in vitro
éu efvar jua dprotn ka1 @Onvii mnynh vSaravdpdxwv Srapopeuxdv
popraxdv Bapdv ka1 morumdokdtntag. Ta anotedéopara g na-
povong epyaoiag, oe ouviuaopd pe npdogpareg napatnpAoceis, o1
omoieg ouoyetiouv ta napatnpolpeva vpnidtepa enineda ou-
yxekpipévov kapPoidpacdv, nwg n yukooibdon (éviupo mou
ubpoler toug Sioakyapiteg) pe upnddrepa enineda nmapeydpe-
vov ubatavdpdkwv oto ortnpéoto, unodeixviouy, mbavde, tv av-
Enpévn onpacia v vdatavbpdkwy katd v katdpuon ornpe-
oiwv yia ektpe@dpevoug 1x0deg. Zuvende, n emdoyh tou kardh-
Anlou, y1a kdBe €ibog ryBog, uSatdvbpaxa (mpoédeuon, popraxd
Papog, xbéotog mapaywyrig, mapovsia avudiartnukdv napayd-
viov kat kéotog eneSepyaoiag) mlavadrg va efvar pia onpavuki xat
0apaG ep1006Tepo mordmrokn S1adikaocia ar’ du Avav péypr -
pa yvwotd kard m S1adikacia kardpuong ormpeciov yia Teded-
oteoug 1y0ueg, 181aftepa yia ta capkogpdya eidn.

Aé€e1g supempiaong: 1yBic, néypn, éviupa, apuddon, dpudo, uba-
tdvBpakeg, xatdpuon ormnpeoiov

INTRODUCTION

The use of carbohydrates in artificial diets for inten-
sively reared fish species has gained interest over the last
30 years, and the issues identified to affect their efficient
digestion, mainly concerning carnivorous species, in-
volve factors, such as dietary carbohydrate molecular
weight, inclusion level, source and processing method,
interaction of carbohydrates towards digestibility of
other nutrients and vice versa, as well as activity levels
of digestive carbohydrases in relation to all the above
(Vonk and Western 1984, Hofer and Sturmbauer 1985,
Smith 1989, Steffens 1989, Wilson 1991, 1994, Carneiro
et al. 1994, Catacutan and Coloso 1995, Jobling 1995,
Kuz’mina 1996, Grisdale-Helland and Helland 1997,
Hillestad et al. 2001, Papoutsoglou and Lyndon,
1998a,b, 2002, 2003, 2004, 2005).

The dietary carbohydrate kind and source used in
practical fish feeds (e.g. monosaccharides and disaccha-
rides or polysaccharides, cereal starches), as well as the
processing method used in practical fish feeds is
considered important. It is very likely to be affected by
economical reasons, the choice of cereal or plant used to
as an additional protein source (e.g. wheat, corn, rice,
barley, sorghum, soybean, lupin, peas, rapeseed) and its
respective processing methodology (Raven and Walker

1980, Wilson 1991, Tacon 1993, Wilson 1994, Aksnes
1995, Hemre and Hansen 1998, Regost et al. 1999, El-
Sayed et al. 2000, Storebakken et al. 1998, 2000),
especially in current fish feeds, where protein portion
originating from fish meal is continuously reduced.

Carbohydrates (mainly in the form of alginic acid,
guar gum, carboxyl methyl cellulose, starch and
dextrins) also have the physical function of texturising
manufactured feeds and act as a binder in the formu-
lation of pellets, while cereal grain products are used as
“fillers” to complete feed formulae. Formulae for
expanded pellets often contain up to 50% of whole
cereal grains, to achieve the floating properties (Wata-
nabe 1988, Wilson 1991, 1994, Pillay 1993), affecting
digestive carbohydrase activity, total food passage time
and carbohydrate digestibility.

In general, cereal starch is the most widely used
carbohydrate in practical fish rearing. The effects of its
composition and processing on feed utilisation and fish
performance are little understood and seem to vary
within species (Wilson 1994).

Starch digestibility is affected by fish species and
feeding habits, dietary inclusion level (Bergot and
Breque 1983, Kim and Kaushik 1992, Brauge et al.
1994), processing method (Steffens 1989, Pillay 1993,
Suarez et al. 2002), starch source and starch amylose/
amylopectin ratio (Degani et al. 1986, Steffens 1989,
Takeushi et al. 1990, Bergot 1991, Arnessen and
Krogdahl 1991, Swarz and Kirchgessner 1991, Garcia
Gallego et al. 1994).

In practical aquaculture, carbohydrate sources used
include cost-effective options, such as milled cereals
(e.g. wheat), which offer gluten as a source of protein,
starch and dextrins as a source of carbohydrate and
even a pellet binder (Storebakken et al. 1998, 2000).

This study aims to identify possible advantages of
certain cereal starches, while by using spent grain from
malting process as a carbohydrate source, to investigate
the possibility of using a by-product of the brewing
industry as an alternative source of carbohydrates for
aquaculture. Although the use of carbohydrates by omni-
vorous and herbivorous species is well documented and
advantageous for their intensive rearing, it is also our aim
to use the information presented towards improving
carbohydrate inclusion and digestion by carnivorous
species.

MATERIALS AND METHODS

Experimental animals

Blue tilapia, Oreochromis aureus (92.0=20.0 g, mean
+ S.D., n=10), gilt-head sea bream, Sparus aurata
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(105.0+13.5 g, n=10) and European sea bass (116.7+
30.0 g, n=10), Dicentrarchus labrax, were used, main-
tained in the recirculated facilities of the Animal
Production Department of the Agricultural University
of Athens, Greece.

Dissection and Analysis

Dissection of gut was applied in ice and gut tissues
were distinguished to anterior and posterior intestine
(all examined species), stomach and pyloric caeca (only
in S. aurata and D. labrax), were weighed and measured,
homogenized using ice-cold distilled water, centrifuged
at 30,000 x g for 15 min, and the supernatant was used
to produce samples diluted ten-fold with ice-cold
distilled water, which were stored at -40°C. Samples
were further diluted five/ten-fold (whichever appro-
priate) prior to analysis to make samples which were
used for the analyses.

Hydrolysis of Starch

For the hydrolysis of starch, 1% soluble starch (0.5
ml), buffer (1.0 ml, 0.1M citrate- 0.2M phosphate buffer
at pH 7.6) and enzyme extract (0.3 ml) were placed in
10-ml conical digestion tubes. The mixture was then
incubated for 4 hours at 37°C and aliquots (0.3 ml)
were diluted to 1.0 ml, placed in test tubes, and assayed
for reducing sugars according to the Somogyi-Nelson
assay (Robyt and Whelan 1968). Glucose was used as
standard. Activity of total carbohydrase was expressed
as mg glucose produced per g tissue per min.

Preparation of Soluble Starch

Soluble starch (1g) was made into a paste with
methanol (3 ml) and added to distilled water (150 ml)
at 100°C. Boiling was then continued for 15-20 min to
give a final volume of 100 ml (Clark et al. 1984).

Starches from different sources

The examined starches include rice starch (Sigma
7260), wheat starch (Sigma 5126, unmodified), corn
starch (Sigma S 4126, unmodified regular corn starch:
approx. 73% amylopectin — 27% amylose), sorghum
starch and potato starch (Sigma S 4251). High amylose
starch (B.D.H., now Merck) was also used. The exa-
mined starches were made soluble using a 1% solution
for substrate, apart from spent grain, where a 2%
solution was used.

Brewer’s Spent Grain - Spent Grain A

The procedure followed to obtain this product was
relatively exceptional in order to obtain furanone ring
structures. Following germination of barley and wheat
seeds, soaking in water took place and steeping for 66h
at 16°C; then stewing at 70° C for 4 h, then drying in kiln

at 110°C for 90 min, in order to caramelise and liquify
starch, producing a dark coloured product. Mash was
then produced by grinding up in mill, soaking in water
at 65°C for 1h, then filtering with filter paper. The spent
grain remained in the filter paper. Drying for 24h at 55-
60°C, grinding with a pestle and mortar reduced spent
grain to a fine powder.
Spent grain D

This procedure was similar to that followed in a
grain distillery (90% wheat, 10% barley malt). After
germination of wheat seeds at 16°C for 48h, followed
the heating at 121°C for 85 min, cooling to 62°C and
barley malt addition. Then mash at 62°C for 1h and
drying in kiln at 55°C for 24h. The next stage involved
grinding and soaking in water at 65°C for 1h and
filtering. Spent grain was what remained in the filter
paper. Drying for 24h at 55-60°C, grinding with a pestle
and mortar reduced spent grain to a fine powder.

Data analysis

The digestive enzyme assays were performed in
order to investigate whether digestive hydrolysis along
the digestive tract of each examined species differed
significantly (at the 95% confidence level) regarding
the origin of experimental starch used. One-way
ANOVA was performed using STATGRAPHICS for
Windows 2.1 (Statistical Graphics Corp.).

RESULTS

Total carbohydrase activity of O. aureus acting on
starch from wheat, corn, rice, sorghum, potato and spent
grain (Figure 1), demonstrates that potato starch
exhibits significantly highest values (P < 0.05), while
sorghum and rice starches demonstrate significantly
higher values than spent grain and wheat (P < 0.05).
However, there is no significant difference between
values of spent grain, wheat and corn, corn and rice or
rice and sorghum (P > 0.05).

Total carbohydrase per g activity, along the intestine
of O. aureus for each of the examined starches (Figure
2), demonstrates that potato starch exhibits highest
activity and spent grain A the lowest (P <0.05). Further-
more, there is no significant difference in activity
between anterior and posterior intestine of O. aureus for
any of the examined starches. And, although there are
differences in activity between the examined starches,
the proportion of each part of the intestine of O. aureus
remains constant-approximately 22% for anterior and
78% for posterior intestine.

Activity of different gut sections of S. aurata on
different starches (Figure 3) demonstrates that sorghum
starch exhibits highest activity and spent grain D the
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TOTAL CARBOHYDRASE ACTIVITY OF BLUE TILAPIA O. AUREUS USING

DIFFERENT STARCHES
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Figure 1. Total carbohydrase
activity of O. aureus gut extracts

o
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Same letters indicate no significant difference (One-way ANOVA, P <0.05)
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TOTAL CARBOHYDRASE ACTIVITY OF ANTERIOR AND POSTERIOR INTESTINE OF BLUE TILAPIA O. AUREUS USING

DIFFERENT STARCHES
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Figure 2. Total carbohydrase
per g activity (means * s.d.) in
anterior and posterior intestine 30
of O. aureus for spent grain A, 29
wheat, rice, corn, sorghum and 10
potato starch (AIPG, PIPG: 0
anterior and posterior intestine
per g tissue activity).

mg glucose per gtissue per min
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Asterisk denotes significant difference (One-way ANOVA, P <0.05)

lowest, but differences are not significantly different (P
> 0.05). Activity levels along the digestive tract demon-
strate that, although activity for spent grain D is signifi-
cantly lower in anterior intestine and pyloric caeca of S.
aurata (P<0.05), it is comparable for posterior intestine.

Total carbohydrase activity of D. labrax on different
starches (Figure 4) exhibits no significant differences
between the different starches and hydrolysis rate levels
are similar for different gut sections. However, in rice
and wheat the activity in posterior intestine is signifi-
cantly lower comparatively to corn and high amylase
starch.

DISCUSSION

The most important findings in this study include the
observation that starch source and associated properties
(starch granule size, amylose content) and modifications
applied may have significant difference on its digestion
by fish digestive carbohydrases. Furthermore, the
importance of brewer’s spent grain as a low-cost carbo-
hydrate source and feed component, in relation to a-
glucosidase adaptive response to dietary carbohydrate,
is also considered significant.

The values obtained for O. aureus, S. aurata and D.
labrax for different starches represent how available is
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the starch to the digestive carbohydrases of different
fish species to attack on, within the 4 hours of incu-
bation. Increased levels of total carbohydrase activity
indicate that a given starch is comparatively more easily
available for hydrolysis than others, therefore more
likely to be digested and efficiently utilised. Initially,
starch hydrolysis proceeds only through action of a-
amylase, but subsequently disaccharidases such as a-
glucosidase, also take part, in order to complete dige-
stion to glucose. Therefore, the enzymes involved, using
starch as substrate, are mainly a-amylase and a-
glucosidase. The reported values, thus, are a result of a
combination of factors, mainly temperature, starch
granule size and composition (amylose/amylopectin

ratio), and starch modification.

The relatively high values observed for rice and
sorghum starch hydrolysis observed in O. aureus, S.
aurata and D. labrax could be partially explained by the
small starch granule size (5-6um and 15pum, respec-
tively). Rice and sorghum are currently used in countries
where they are cultivated in commercial scale (Asia,
Africa) as a carbohydrate source and a feed component
(e.g. grain meals, such as sorghum grain/flour, sorghum
brewery waste meal, rice groats, rice bran with germ,
rice polishings) (Raven and Walker 1980, Tacon 1993).
In fact, the most common cereal by-product used in
warmwater aquafeeds for omnivorous/herbivorous fish
species has been rice bran, due to its low cost and ready
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availability in most developing countries.

The relatively low values obtained for corn in
comparison to sorghum, observed mainly in O. aureus,
could be explained by the high amylopectin content
(73%) of the starch used and that no modification was
applied. However, many varieties of corn starches and
meals are available (e.g. corn grain/flour, corn gluten
feed, corn gluten meal, corn distiller’s dried grain and
solubles) (Raven and Walker 1980, Tacon 1993), and in
general, corn meal is widely used as a carbohydrate
source for aquaculture species (Degani et al. 1986,
Steffens 1989, Takeushi et al. 1990, Wilson 1991, Tacon
1993, Garcia Gallego et al. 1994).

The low values observed for wheat may be explained
by the unmodified variety of wheat starch used and the
relatively large size of its starch granules, although wheat
is generally well accepted and widely used in aquaculture
as a carbohydrate source (Raven and Walker 1980,
Degani et al. 1986, Steffens 1989, Takeushi et al. 1990,
Bergot 1991, Arnessen and Krogdahl 1991, Tacon 1993,
Garcia Gallego et al. 1994).

The high values obtained for potato starch cannot be
explained by the starch granule size, because most of
potato starch granules are almost ten times larger than
those of rice, although there could be smaller granules
also present. These high values are probably due to the
high amylose content of potato starch. Potato starch
was suggested to provide better growth than either
glucose or fructose in Salmo trutta and O. keta (Steffens
1989), but this report has more to do with utilisation
rather than digestion of carbohydrates.

It is also important to note the difference observed
between O. aureus and D. labrax and S. aurata regarding
the total carbohydrase levels observed along their
digestive tract regarding the different starch sources. In
O. aureus no difference was observed between anterior
and posterior intestine when using different starches.
However, in S. aurata the total carbohydrase levels
obtained for brewer’s spent grain were higher for
posterior intestine and lower for anterior intestine and
pyloric caeca. In D. labrax, total carbohydrase posterior
intestinal levels for rice and wheat starch were compa-
ratively lower to those for corn and high amylose starch
(BDH). These results indicate a different response of
posterior intestine digestive carbohydrases in D. labrax
and S. aurata in comparison to anterior intestine and
pyloric caeca regarding the source of starch. Consi-
dering the fact that posterior intestine is mainly respon-
sible for activity of a-glucosidase, it is plausible that the
different amylose/amylopectin ratio of different starches
leads to a slightly different response of a-glucosidase.

Values obtained for brewer’s spent grain (made of

barley and wheat) are relatively lower, but are not signi-
ficantly different to those of wheat and corn starch,
which are cereal starches widely used (Degani et al.
1986, Takeushi et al. 1990, Bergot 1991, Swarz and
Kirchgessner 1991, Garcia-Gallego et al. 1994, Store-
bakken et al. 1998). The importance of observing no
difference in starch hydrolysis when comparing a lower-
cost cereal by-product of the malting process with highly
expensive, purified and modified starches is significant
regarding the cost of dietary carbohydrate that can be
efficiently digested and utilised, especially for carni-
vorous fish. Furthermore, no action of antinutritional
factors was observed in vitro for any examined species.

Furthermore, brewer’s spent grain, as an inter-
mediate product of malting, contains polysaccharides,
oligo- and di-saccharides, and proteins apart from
carbohydrates, as well as digestive carbohydrases and
proteases, making it a valuable addition to an animal
feed. In several countries spent grain is actually used as
a domestic animal feed. Since the procedure for its
production is performed as a stage of the brewing
process, production cost is low and there is potential for
its use on a large scale as a feed component for aqua-
culture species. Also, the fact that brewer’s spent grain
contains oligo- and di-saccharides makes it an appealing,
low-molecular weight, digestible carbohydrate source, as
the mechanism of a-glucosidase secretion and levels
seems to respond adaptively to dietary disaccharide
increase, and comparatively more than a-amylase levels
do (probable hereditory pre-adaptation), especially in
carnivorous teleosts. Inclusion of brewer’s spent grain or
similar feedstuffs (e.g. sorghum brewery waste meal,
corn distillers grains with solubles, barley brewers grains)
(Tacon 1993) could significantly improve carbohydrate
digestion and utilisation in fish rearing.

Summarising, it could be argued that starch source
and associated properties (starch granule size, amylose
content) and modifications applied may significantly
differ regarding starch digestion by fish digestive carbo-
hydrases. Furthermore, the importance of brewer’s
spent grain as a low-cost carbohydrate source and feed
component, especially in relation to a-glucosidase
adaptive response to dietary carbohydrate, is also
considered significant for improving carbohydrate
digestion and utilisation in carnivorous teleosts.
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