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Supplementation of pig diet with algal fibre
changes the chemical and physicochemical
Characteristics of digesta
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Abstract: Scaweed extracts, because of their physicochemical characteristics and potential nutritional
value, could provide a new source of dietary fibre. This study investigated changes in seaweed fibres
(physicochemical and fermentative properties) in different digestive sites and their effects on digesta

a partly insoluble carrageenan; or Laminaria digitata (LD), a highly viscous soluble alginate) or 5%

cellulose (reference fibre). PP did not modify the characteristics of digesta and was fermented in the
caecum (pH 6.1:+0.4; short-chain fatty acids measured in digesta, 1409+ 691 pmolg™" dry matter). EC
and LD were mainly insoluble in the stomach, becoming soluble in the intestine; EC was slightly
fermented in the colon, giving a low concentration of short-chain fatty acids (3034122 pmolg™! dry

matter). Supplementation of the diet with alginate (L
and their hydration capacity in the ileum and colon.
largely depend on the physicochemical properties
conditions prevailing in the gut, and their fermental
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INTRODUCTION
Marine macroalgae could serve as a new source of
dietary fibre in foods and also provide nutritional
value.! Seaweed is rich in dietary fibres, not digested in
the upper digestive tract but little degraded by colonic
bacteria. The majority of algal fibres are soluble
anionic polysaccharides which contain sugars not
usually found in plant dietary fibre and develop various
gelling and thickening properties.>® Seaweed fibres
may be of interest for human nutrition, as they can
exert metabolic and physiological effects closely
related to their physicochemical properties (solubility,
viscosity, hydration and ion exchange capacites).?
However, the physiological mechanisms involved in
different parts of the gut are not clearly understood.
Alginate, a viscous soluble algal fibre, can reduce
post-prandial glycaemic response. The mechanisms
involved are apparently related to a delay in gastric
emptying®® caused by gel formation in the stomach,®
or to changes in the rheological properties of digestive
contents, As the physicochemical properties of dietary
fibre relate to the conditions of the medium (pH, ionic

D) increased 3.5-fold the ileal viscosity of digesta
Thus the physicochemical properties of pig digesta
of the ingested seaweed fibre, the pH and ionic
bility.

fermentation; pig digesta

strength and minerals), they can vary according to the
conditions prevailing in different segments of the gut
lumen.®® Moreover, changes in the chemical and
physicochemical properties of fibre in the upper gut
can affect the fermentation pattern of fibre.®? The rate
and level of fermentation in various: colonic sites
closely depend on physical (particle size, porosity) and
physicochemical (water retention, crystallinity) prop-
erties. These parameters determine the accessibility of
bacteria and hydrolytc enzymes to substrates.'®

Changes in algal fibre properties in physiological
conditions!’ and their fermentation pattemns have
been investigated essentially by an in vitro system.?'2
These in vitro experiments are useful for comparing
the behaviour of different dietary fibres, but fail to
reproduce the complex events occurring in the
digestive tract. Studies in animal models are likely to
be more informative about the physiological condi-
tions. The characterisation of dietary fibre at the action
site should provide new insight into the way fibre
modifies digesta and acts on gut physiology.

In the present study, algal polysaccharides of
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different solubility and viscosity were fed 1o pigs used
as animal models for humans, Three seaweed sub-
strates were used: a partly soluble fibre extracted from
Eucheuma cottons (EC; carrageenan), a poorly viscous
soluble fibre extracted from Palmaria palmata rp;
xylan), and a highly viscous soluble fibre extracted
from Laminaria digitata (LD; alginate). We considered
the effect of these algal fibres on the physicochemical
properties of pig digesta and evaluated changes in algal
fibres in relation to the digestive conditions prevailing
in different compartments. These results elucidate
some of the physiological and metabolic effects of
seaweed fibres.

EXPERIMENTAL

Fibre sources

Alginate (D) from Lamsnaria digitata and natural-
grade carrageenan (BC) from Eucheuma cotronii were
provided respectively by Systems-Bio-Industries
(Baupte, France) and CNI (Rouen, France). Soluble
xylan (PP) from Pabnaria palmata was obtained as
described by Bobin-Dubigeon er al. * The chemical
and physicochemical characteristics of the seaweed
fibres analysed by Bobin-Dubigeon er al'® are sum-
marised in Table 1, Purified wood cellulose (CEL),
purchased from Filtratfa (Rungis, France), was used as
a reference fibre.

Animals and diets
Sixteen Large White male pigs (57-72kg) were fed
twice daily (09:00 and 16:00h) with a diet composed
of 800g of flour mixed with 1.61 of water before
feeding. The basal diet contained corn starch
(516gkg™), casein (178g kg™*), soya oil (150gkg™),
sucrose (65g kg ™), cellulose (50g kg™") and a mineral
and vitamin mix (41gkg™!) whose composition hag
been previously reported.! Experimental diets con-
tained 760g of basal diet supplemented with either
40g of cellulose (used as a reference fibre) or 40g of
xylan, carrageenan or alginate. The pigs were adapted
to the experimental diets for at least 5 days before
digesta collection. This period has been shown to be
long enough to allow an adaptation of digestive
processes, %13

Pigs were fasted for 24h before the day of digesra
collection and then slaughtered 5h post-feeding.
These experimental conditions wanted firstly that all
digestive compartments held digesta and secondly that
digesta in the upper gut came only from the morning

meal, whatever the physicochemical properties of the
added seaweed fibre. Digesta were remaved from the
stomach, the small intestine (divided into three parts
(I1, 12, I3)), the caecum and the colon (divided into
two parts (CI, CII)).

Analysis of digesta

The fresh weight of the digestive contents was
recorded and fresh digesta were divided into three
fractions. Bach fraction was used for immediate
measurement of the pH, dry matter content and
viscosity of digesta. Viscosity was determined only
after LD feeding, since phase separation occurred with
the other diets. A second fraction was immediately
frozen at —-20°C for short-chain fatty acid (SCFA)
analysis and determination of water retention capacity
(WRC). The third fraction was immediately frozen in
liquid nitrogen, freeze-dried, ground and kepr for
chemical analysis. Analysis of starch, dietary fibre and
neutral sugar content was carried our in only three
compartments (stomach, I3, CII).

Dry matter content was calculated after ovemnight
drying at 100°C. Total starch was quantified in digesta
by the method described by Champ. !5 Total dietary
fibre contents were determined by an AOAC proce-
dure,'” and the different soluble and insoluble fibre
fractions by a procedure adapted for seaweed as
described by Lahaye.!® Total ot insoluble/soluble fibre
determinations were performed respectively on two
pigs per diet. The insoluble fibre fraction was
corrected for the amount of cellulose measured in
digesta, as determined by the difference between total
glucose (calculated by gas-liquid chromatography’®)
and glucose derived from starch. SCFAs were ana-
lysed by gas-liquid chromatography:?® 1g of wet
content was weighed and 1 g of 1% solution of mercury
chloride (w/w) was added. After centrifugation of the
samples, supernatants were extracted and a 1% %]
aqueous solution of 4-methyl valeric acid was added as
an internal standard.

WRC was measured by a centrifugation method at
40001pm.2! The tests were conducted in triplicate and
the results expressed as the amount of water (g g! dry
matter) of digestive content. Viscosity measurements
were performed on a Rheovisco Model ELV-8
apparatus (No 3 cylinder, speed 3rpm). Viscosity
was measured in centipoise (cP).

3¢ NMR spectra of deuterium oxide solutions of
soluble fractions recovered during measurement of
algal fibre (pH 7 soluble fibre fracton for PP; soluble

Dietary fibre®
Soluble  Insolubie Viscos'itya
Fibre source  Code Main sugars (gkg™") (gkg™’) (mig’")
Alginate LD Mannuronic/guluronic acids 567 1096
Carrageenan  EC Anhydrogalactose/galactose 605 97 591
Xylan PP Xylose 570 36

Table 1. Characterlstics of algal
products used in the study

2 Data from Ref 13.
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Supplementation of pig diet with algal fibre

Characteristic Site

Fresh matter (g) Stomach
lleum I

12

13

Caecum

Colon (I

Ch

Dry digesta (g) Stomach
lleum 11

12

13

Caecum

Colon ClI

cl

pH Stomach
lleum It

cli

CEL PP EC LD
Mean SEM Mean SEM Mean SEM Mean SEM
1330 92 1248 183 1387 229 1599 128
47 20 262 88 205° 37 354* 5B
196 8 324 57 M3 42 552 73
162 19  &g5° 89 435 67 731* 165
188 49 195 43 469%° {03 382° 103
598 92 842 110 858 226 1153° 230
209 31 483 80 462 144 5318 84
365 49 201 63 378 54 429 8o
8 3 34 15 28° 4 45° 10
23 3 2 10 42 4 492 171
24 2 54° 10 40 5 4 3
2 12 22 3 44 8 28 8
147 47 130 43 100 20 108 15
63 12 137 92 8 27 98 12
34 03 27 05 32 0686 39 03
64 02 58 01 62 02 58 02
66 01 83 01 66 01 65 o1
69 01 70 o1 76*® 01 71 o0
69 01 61 04 70 02 65 0.1
87 03 69 02 71 03 64 01
67 01 78 02 72 04 65 02

CEL. cellulose; PP, xylan; EC, carrageenan; LD, alginate

Table 2. Characteristica of digesta of
pigs (n=4) fed a diel supplemented
with seawead fibre (PP, EC, LD) or
cellulose (CEL)

fractions obtained from insoluble fibre for BC and
LD) were recorded at 80°C with a Bruker ARX 400
spectrometer. Chernical shifts were expressed in parts
per million (ppm) based on internal dimethyl sulph-
oxide reference carbon (39.6ppm). Signals and
chemical shifts were analysed according to spectra
obtained by Bobin-Dubigon et a, 1

Statistical analysis

Yalues are expressed as the mean and the standard
error of the mean (SEM). Data obtained from the four
groups of pigs were compared by ANOVA using a one-
way factorial model; when ANOVA revealed signifi-
cant differences among groups (P <0.05), means were
compared using the PLSD Fisher rtest, All calcula-
tions were run using StatView TM SE software
(Abacus Concepts Inc, Calabasas, CA) on a Power
Macintosh computer.

RESULTS

Digesta characterisation

Incorporation of seaweed fibres in the diet led to a
general increase in the fresh weight of digesta (Table
2). This rise was significant (P <0.05) for digesta
collected from the small and large intestine after 1D
feeding, but only for those collected from the small
intestine and caecum with the EC diet. Regardless of
the diet used, the quantties of fresh digesta collected
were similar, except for the weight of fresh caecal

F Sci Food Agric 80:1357-1364 (2000)

" Values significantly differant from those obtalned after feeding cellulose diet (P <0.05).

® Values significantly different from those obtained after feeding other seawsed diets (P<D.05).
© Values significantly different from those oblained after feeding carragesnan (EC) diet (P <0.05).
“ Values significantly differant from thosa obtained after feeding alginate (LD) diet (P < 0.05),

digesta which was significantly lower (P <0.05) after
the PP diet than after the EC or LD diet (Table 2).

The percentage of dry matter present in digesta of
each compartment was roughly similar for all diets.
The amount of dry digesta was higher in I1,12 and I3
after the LD diet and in I1 and I3 after the EC and PP
diet than in the corresponding segments after cellulose
supplementation (Table 2). Compared to the cellilose
diet, the increase in fresh matter, with no change or
even a decrease in dry marter, corresponded to a
higher water content of those digesta.

In the stomach and small intestine, pH values for all
fibres were acidic in the stomach and between 5.8 and
7.6 throughout the small intestine (Table 2). The pH
profile exhibited a slight decrease between the caecum
and the distal colon for the reference fibre (CEL) and
LD (Table 2), suggesting that these fibres were poorly
fermented. Soluble fibre (PP) showed a different
profile, with a greater drop in pH between the ileum
and the caecum. The pH profile obtained from I3 to
CII after EC feeding remained above 7, with relatively
high alkalinity (7.6) in the distal intestine.

Fermentative properties of seaweed fibre

SCFA concentrations ranged from 300 to
1400pmolg™" dry matter in the large intestine and
were related to the pH of intestinal digesta (Table 3.).
Changes in individual SCFAs showed that acetic' ac1'd
(C2) was quantitatively greater, followed by propionic
acid (C3) and butyrc acid (C4) (Fig 1). The
decreasing concentrations of C2 and C3 from the
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CEL PP EC LD
Site Mean SEM Mean SEM Mean SEM Mean SEM
13 (terminal illoum) 54 11 87 40 36 12 1518 12

Caecum

619 8 1409 691 763 111 1171 148

Cl(ascendantcolon) 545 79 715 180 452° 82 9%7° 112

Cll (descendent colon) 346 41

286° 104 303° 122 625 85

Table 3. Short-chain fally acid (SCFA) content
(umolg™* dry matter) in digesta of pigs {n=4)led a
diet supplemented with seawead fibre {PP,EC,LD)
or cellulose (CEL)

caecum to CII corresponded to an increasing release of
burtyric acid and branched-chain fatty acids (mainly for
LD and PP) (Fig 1). Cellulose was slightly degraded
throughout the large intestine, and the fermentation
parameters (pH, SCFA concentration and profile) did
not change from the caccum to CII. PP was fermented
in the caecum, resulting in a relatively high SFCA
concentration (1409 1 691 pmolg™" dry matter; Table
3) responsible for a very low caecal pH (pH 6; Table
2). The yield of branched-chain fatty acids (isobutyric
acid; IC4; valeric acid, C5; isovaleric acid, IC5),
associated with a high pH in CI, suggested that PP
did not reach the colon and that endogenous and
microbial materials were fermented in the distal colon
(Fig 1). Conversely, EC was the least fermented
seaweed substrate in the large intestine, with a low
SFCA concentration (Table 3). The C NMR
spectrum of the fibre fraction recovered in the colon
after ingestion of the EC djet showed signals with
chemical shifts (Fig 2A) similar to those found for the
initially ingested seaweed fibre.!? These 1°C NMR
results confirmed that BC was poorly degraded in the
colon. LD was progressively fermented from the
caecum to the colon, exhibiting a pH profile similar
to that obtained with cellulose (Table 2) and an SCFA
concentration higher than that found after a cellulose
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Percentags of Total SCFA (%)
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CEL EC PP LD CEL. EC PP LD

Cascum CH
O c2 (n=4) €4 (n=4)
F3d ca (n=4) B IC4+C5eICE (n=4)

Flgure 1. Percentages of short-chain fatty acids determined In the cascum
and distal colon (CHI) of pigs (n=4) fed a diet supplemented with cellulose
(CEL} or seaweed fibre (PP, Xylan; EC, camageenan; LD, aiginate):

00, acetic acid; 2, propionic acid; (3, butyric acid; B, branched-chah fatty
acids (isobutyric, valerle and isovalerc acids).

1360

CEL. cellulose; PP, xylan: EC, carrageenan; LD, alginate
* Values signiflcantly different from those obtained after feading ceflulose diet (P <0.05).
 Values signiticantly ditferant from those obtained after feeding LD diet {P<0.05).

diet (Table 3). The '*C NMR signals corresponding to
mannuronic acid could not be identified, which
suggests that alginate was degraded in the colon and
that mannuronic acid disappeared first (Fig 2B).

Physicochemical characteristics of dietary fibre and
effects on digesta propertles In the stomach, lleum
and colon

The total dietary fibre amounts determined by the
AOAC procedure in the stomach, ileum (I3) and colon
(CII) contents were abnormally high, respectively 239,

ppm 1(’)0 o0 80 70 80 50

Flgure 2. "*C NMR specira of soluble fractions obtalnsd from pH7
Insoluble residues of digesta {CH) of pigs fed a diet supplemented with {A)
EC (carrageenan) or (B) LD (alginate), and **C NMR spectrum of pH 7
soluble fibre fractions obtained from digesla (13) of pigs fed a diet
supplemented with (C) PP (xylan). G and A refer to the carbons of the 1,3-
linked B-b-gaiactose 4-sulphats and 1,4-linked 3,6-anhydro-«-p-galactosa
fesidues respectively of k-camageenan {A). G refer to the carbons of
guluronic ackd residues (B). A, B and A’ refer to the carbons of the xylose
residues (C).
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