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strength and minerals), they can var5r accor{ing to the
conditions prcvailing in diffetcnt segrnene of the got
lumcn.-. Moreover, chonges in the chemical and
physicochemical properties of ûbrc in the upper gut
can effect the fermentation panern of fibre.t,n Tle rare
and levcl of fermentation in various colonic sites
closelydepend on physical (parcicle size, porosity) and
physicochemical (water retention, .ryrt"Uioity) prop_
erties. These paramerers derermine the accessibility of
bacteria and hydrotgic enzymes to substrates.Io

Changes..in algal ûbre properties in pbysiological
condirionsrl and their fermentaùon pattl-o have
been investigated essentially by an in vÀo ryst m.r,t,
These lz ur'rro experiments are usefrrl for comparing
the behaviour of different dietary ûbres, but Êil to
reproduce the comple:r evenrt occurring in the
digestive tract. Studies in animal rnodels are likely ro
be more infomrative about the physiological condi-
tions. The characterisatiou of dietary fibre at the action
site should provide new insighr into the way ûbre
modifies digesta and acts on gut physiology.

In the plesent study, algal polysaccbarides of
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INTRODUCNON
Marine mncroalgae could serve as a new source of
dietary tbre in foods aûd also providc "oritiorr"f
value. r Seaweed is rich in Oetary fibres,i* Og**a i"
the uppcr digestive ract but Uttte Ocgrâa.a bf "Jonic
bacreria- The majority of algal nLes are ,of,rUt.
anionic polysaccharid.es which contain *,rgÀ oo,
usually found in plant d.ictary tbre and devetoi u*ioo.
gelling rnd thichening properties.2,, S.""r"àd ibr.,
may be of interest for human autrition, as they can
excrr 

-merabolic and physiologieal effecæ ciosely
related to their physicocbemical properties (solubility,
viscosity, hydration and ion excfrtge capacities;.i
l{gJvever: rhe physiological mechanisls invotveA in
diffcrent pans of the gut :ue not clearly r:aderstood,

Alginate, a viscous soluble algal fibre, can reduce
post-prandial glycaemic response. The mechanisrns
involved are apparently related to a delay in gascic
emprylng-'" caueed by gel formation in thc stomachr6
or to changes in the rheological propenies of djgestive
contenB. fu the physicochemical properties of dierary
f.bre relate to the coaditions of *re midium (pH, ionic
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different solubiliry and viscosiry were fed ro pigs usedâs ânimal models for humans. ff*. ,.r*'..i ,oU.states were used: â pardy soluble ûbre exuacted fromETfu! 
! cottonii @C; carrageenan), a poorly viscous

soluble fibre extracted from nohir;a'patmara (pp;
yho): and a highly viscous soluble nËr. .*t r"t.O
fr-om Laminaia diginta (l,D; alginate). Vi.o*ia.r"a
the effect olthese algal fibres on the physicochemical
properdes ofpig digesta and evaJuated-ciangesin atgalfi.bres in relation to ûre digestive "onaitions"Ji"vriling
in difretent compârtments. Thcse .e"rrltr'.lo"id"tu
somc of 

-dre physiological and. metabolic effeca ofseawecd fibrcs.

EXPEBIMENTAL
Fibre sourc€s
Alginate (I-D) from Laminarîa digîtata aad natural-grade-carrageenan @C) nom aucnamo iàà *"r,p:ovided 

_ respectively by Systems_Uo-nàoruo
(Baupte, France) and CNr (Rouen, r,o"".iSàf"Uf.
xylaa (PP) from, pohnaia pd*"; o,r* oÉtuil"a *descn'bed by Bobin-Dubigeàn at alr3 Tn ct"_i".fand physicodremical characterisrics of the selweed
fibres arralysed by Bobin-Dubigeon ,, "ltt... _"-_marised in Teblc l. pulifed wood cellutose-(CEl),
purchased Êom Filtralfa (Rungis, Francc;, was uscd asa rcference fibre.

Anlmals and diEtg
Sixreen I-arge White male pigs (57_7lkg) were fedtwice daily (09:00 and I6:O0hj ooith " ai.i'.omposea
of 800g of flour mixed with l,6l of *r.i"rJ.fo."
feeding. The bassl diet contained lo_ ,t.r"U(5f 69 kg-), cas",jn (l Z8g kg-r), soya "f, i-, f., ),$ucrose (65 g kg- I), ceuutosi (so g r.g- t) aoà a Tin."ar
and vitamin mix (algkg--r; *fro*" "o*posion irmblen 

-olryiously reponed. t Experimentai a-iï-"orr_
taincd 7609 of basal diet supplemented with eirher40.g ofcellulose (used ". " reLo"n"e fibre) oi-*ôg ofxylan, carragecnan or alsinate. The pipwÉr" "Àp*O
to the experinrenul dice fo. at leasi S d"v, O.foo
digcsta collection. This period has been Jo-À à U.rong enouglr to allow an adaptadon of digestive
ProCesses. I 4'r5

Pigs were fasted for 24h before the day of digesta
collection and then slaughtercd Sl, post_fec-a:ng.
These experimeûral conditions wsnted n"r,ly ifrrr "Udigestive comparurents held digcsta ""a s.co"afy tn tdigesta in the upper gut came only from rhe mo-rning

meal, whatever the physicochem.ical properties of the
added seaweed ûbre. Digesta were removed from the
stomach, the small intestine (divided inlo three parn
(Il, 12, I3)), the caecum and the coton (divided into
two parn (CI, CfD).

Anelysls ot digosta
The fresh weight of the digestive contents was
recorded and fresh digesta were diyided into three
fractioas. Each fraction was used for immediate
measurement of the pH, dr5r maner content and
viscosity of digesta. Viscosity wes dêtermined on-ty
afterlD feeding, since phase separation occured with
thc othcr diets. A second fractioo was immediately
frozen at -20"C for shoft-chain fary acid (SCFAi
analysis and determination of watcr retention capacity
(WRC). The third ftacdoo was irnrnediately frozen in
liquid nitrogen, ftceze-dried ground aud kepr for
chemical analysis. Analysis of starc\ d.ictary tbre and
neuEal sugar content was carried out in only three
comparuuents (stomac[ 13, CID.

Dry maner contenr was calorlated aftcr ovemight
drying at I 00 "C . Total starcb wae quantited in diçsta
by the method described by Champ.r6 Total dierary
ûbre contents were determined by an AOAC proce-
d*gtt and the different soluble and insolubli fibre
fraæione by a procedure adapred for seaweed as
described by I-ahaye.l8 Total or insoluble/soluble fibre
determinations were perfonned respectively on wo
pfu3 per diet The insoluble fibre fraction war
correded for the âmounl of cellulose measured in
digeste, as determined by the diference berween total
glucose (calculated by gas-liquid chromatographyre)
and glucose derived from starch. SCFAs were anâ_
lys€d by gas{iquid chromatographyzo I g of wet
content was weighed and I g of 1 % sotution of mercury
chloride (dw) was addcd. After centrifugation of the
samples, supernatanrs were enracted and a l7o (WAI)
aqueous solution of 4-methyl valeric acid. was added as
an intemal slandard.

ITRC wae mcasurcd by a centrifugation method at
4000rpm.21 Tbe tests were conductcd in triplicEte and
the results exprcssed as the amourrt of w.t r (gg-1 dry
mafter) of digestive content. Viscosity measurements
were perfonned on a Rheovisco Model EI_V_g
apParatus CNo 3 cylinder, apeed 3rp*). Viscosiry
was measured in cendpoise (cp).

"C NMR speffra of deuteriurrr oxide solutions of
soluble Êactions recovered during meagurement of
algal fibre (pH 7 soluble fibre fraction for pp: soluble

Dietary fibred

Ebre source Code Main sugats
Soluble

b ks-')
lnsoluble

@ ks-')
Viscositye
(ml{1)

Alginato
Carageonan
Xylan

1096
97 591

JO

LD
CU

PP

Nrâ nnuronic/guluronic acids
Anhyd rogalactose/galaclose
Xyloso

567
605
570Tabls 1. Characterl6tlcs ol algal

products usBd in th8 study
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à Data from Ref 13.
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Supplcmcwadon of pîg dïet with algot fibre

CEL PP EC LD
Characterislic s,fe
Fresh matter (g) Stornach

lleum

Caecum
Colon

Dry digesta (g) Stomach
lleum

t 1
t2
l3

c l
crl

l l
l2
l3

t1
t2
l3

cl
ctl

Mean SEM ltlean SFM Mean SEM Mean SEM
1390 92 1248 183 1387 22g 1599 .t?]s

47 20 262 88 2056 37 354" 56
196 I 324 57 413ô 42 552. 73
162 19 585. B9 lx]s 67 73.t! 165
1BB 49 1S5 43 469a,b 103 382b 103
599 92 842 .fio 858 226 115ss 230
209 31 4S3 90 462 1M 53.18 84
365 49 291 63 378 54 4æ 89

8 3 34 .15 .6e 4 45E 10
23 3 29 10 42 4 ,K,â l.l
24 2 54a 10 40 5 ,14" 3
3 2 1 2 2 2 9 4 4 8 æ 8

147 47 1æ € 100 N 108 15
63 12 137 92 81 27 98 12
3.4 0.3 2.7 0.5 3.2 0.8 3.9 0.3
6.4 0.2 5.8 0.1 8.2 0.2 s.8 0.2
6.6 0.1 6.3 0.1 6.6 0.1 6.5 0.1
6.9 0.1 7.O o.1 7.6",b 0.1 7 .1 0.o
6.9 0.1 6..1s'c o.4 7.O 0.2 6.5 o..t
6.7 0.3 6.9 0.2 7.1 0.3 6.4 0.1

PH

Caecum
Colon Cl

ctl
Stornach
ll€um

Caecum
Colon

6.7 0.1 7.5a.t O-2 7.2 0,4 6.5 0.2

Table a Ch8rEobrlsïcs ot dlgæb ot
plgs (Êa) fed a dot supplern€nt€d
wlrh 8êÆw6€d ib/€ (PP, EC, LD) or
cellulose (cEL)

CEL cettuloee: pp, xytan: EC, caræponan; LD, alginab'values slgnifbanfly dfer€rt horn thos6 obtaln€d;ne, feÊdlng cellub6s dbt (p<o-(}s).b vatues srgnrfrcandy dtfrlerffir ,rom fios€ obfahed âffer teêding othêr sear4,6ed ders (p<0.05).c Valuea siarifican.v drtrerent trorn rhoee obuneo aner tJrii oi"or"*n ccr dror (p < 0.06).d Valuès sisnifbsngy ditrerent trom ltrose obtained afrer bediË iË'*" t-l Oist (p<0.6).

fractions obtained from insoluble fibre for EC and
LD) wcrc rccordcd at gOoC witb a Bruker anX AOO
Bpectrometer. Chemical shifts were expressed in pans
per:nillion (ppm) based on intemal dimcthyl sulph_
oxid.e reference carbon (39.6ppm). Signafs anachemical shifts were analysed *."^"*, i" ,p."*
obtained by Bobin-Dub igon et aI rr

Statlstical analysis
Values. are expressed ag the mean and ûre snndard
error of the.mcan (SEM). Data obtained.aomGfour
groups ofpigr were compared by ANOVA usiog a one_
way lctorial model; whel ANOVA rwealed-signifi_
cant differenccs among groupe (p< 0.05), meâqs werc
compared using rhe pI-SD Fisher r_tesr. AII calculâ_
tions wcre ry1 rrcing StatView TM SB ,oftrorr"
(Abacus Concepts Inc, Calabasas, CA) on a powet
Maciretosh computer.

RESULTS
Di gesta characlerlsdlon
Incorporation of seaweed ûbles iu the djet led ro a
general increase in the fresh weight of digesta (Iable
,):. ro: rise was sigrriûcant qFco.o:ffor àgesta
collected from the small ajrd large intestine ate, I.D
leedilg, but only for those collected from tbe small
intestjne and caecum rvith ttre EC diet- Regard.less of
the diet used, the quantities of fresh digestà' collected
were similar, except for the weight of fresh caecal

J Sci Food Agric 80: I 35?-t364 (2000)

9UT* which was significantly lower (p<0.05) after
tIrc PP dict than after thc EC or LD dict (fable 2).

The percentage of dry maner preseît in digesta of
each compartment was roughly similer for alt diets.
ïhe amount of dry digesta wae higher in Il, 12 and 13
after the LD diet and in Il and t3 after rhe EC and pp
dict thqn in thc coffeqronrting segmeots after cellulosc
supplernentation (Iable 2). Comparcd to rhe celh:lose
diet, the incrcase jn fresb mattcr, wirh no changc or
even e decteage in dry maner, corresponded to a
higher water content of thosc digesta.

In the stomach and small inresdnq pI{ values for all
fibres were acidic in the stomach and between 5.g and
7,6 throughout tle small iaæstine (fable 2). The pH
ptofile erhibited a slight decrease beween rhe csecum
and thc disral colon for tbe refetcncc tbre (CEL) and
LD ffable 2), suggesting that these ûbres were poorfy
fermented. Soluble tbre (Pp) showcd e differcot
profile, with a greater drop in pH beuueen rhe iler:m
and tbe caecum. The pH profite obtained from 13 to
CII after EC fecding rcmai:rcd above Z, wirh relarively
high alkaliniry (7.6) in the distai intesrine.

Fermenlallve properties of soawÊed fibre
SCFA concentrarions ranged from 300 to
l4o0pmolg-r dry matter in the large inæstine and
were related to thc pH of intestinal digesta (Iablc 3).
Changes in individual SCFAs showed that acetic acid
(C2) was quantitatively greâter, followed by propionic
acid (C3) and butyr"ic acid (C4) (Fig l). The
decreasing concenuations of C2 and C3 from the
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CEL PP F'\

Stle Mean SEM Mean SEM Mean SEM Mean SEit
13 (terminal illeum)
Caecum
Cl (ascêndant colon)
Cll (descendent cobn)

54  11
619 86
545 79
346 41

87
1409
715
2B6D

360
763
452ù
303b

151 a

1171
967s
625

12
144
112
85

1 2
1 1 1
82

122

40
631
180
104Table 9..Shod-cTrain fatty acid (SCFA) mnrent

(Fmolg ', dry manef) h dtgesta ot pigs (n=4) ted a
orel Eupptementad wih seaweed lbre (pp, ÊC. LD)
or celluloso (C€I_)

C.EL, cdlutosq pp, xtan: EC, canageenan; t-D, alghËte

i Y:ll:l1f:ry 
ditf-erer|| trorn Û|os€ obtahed aner reedhs cerurose c,tet (p<o.oq.! r , ^ , -  - '  

-  -  - - - " ' * ' -  r e æ x r g ç E r q r w o q ( r <
varres sqntlicântty ditferent trm thos€ ôbtahed Eftor feeding LD disT (p<O.05).

caccum to C[ corresoonded to an increasingrelease ofbutyric acid and brancrrcd_ch"- e..ryi"ia, i_"i"ry fu
!D *j pp) (Frg l). Celrrtose **'_frelrrli;-d;ra.a
throughour the large intestiog and thl f"nnËauooparamcters (IrH, SCFA concentration and pmfle) didnot change from the caecum to CII. pp wa. e"nl*t"ain the caecum, resulting i" , ,.Lati".rvîrÀî""o
concentration (l 409 t 69f pmot g* r dry matie., t tt.3) responsibte for a very tow caiat pÉ <nH îir"U.2). Tbc leld of branch.d-"h.h f;rry-;Ëïrit".rrr"
acid; IC4; valeric acirt,__C.S; isovaleric "Jù,-iCsl,
associatcd with a higb pH in Ctr, ,"g;o,Jî"t rfdid not reach rhe ôtoo "nA that endogcnous andmicrobial materiale wcre ferrneot.a i" tt."alrÀi"or*
(Frg t)- Converselg EC wæ A. fÀ-eâ.orc0
scawced substrÂte in the large intesdne, *iÀ a forvSFCA co.cearation CIablI 3). Til' Ëô'r.run
specEum of tle fibre &action recovered in the colonafter inçstion of the Ec diet ,no*.J J*À-**
*T:"1. shitu (Fig 2A) similar.o .nor" ro,T-Jior.n.
nruauy rngested seawced fibre.r3 Theee l3C NMRresults confirrned that EC was poorfy Jeeraaà 

-ir,.fr.

colon- LD 
-was progressively- fcrmenit- mr" .rr.caeclun to the colon, ochibiting a pH proûle similarto thâr obraijoed with cellulose Cf"UÈ z)-".a ""-!lpaconcenrrarion higher than that fouad s.fter a cclluloee

Per@ni8ge ot Totat SCFA (%)

Flgura 1. Percentages of short-chain fatty add6 detor,nrnod rn rho crecum
and dl6t8l colon (Cll) oi ptgs (n=4) f6d a di€t supplômented wtti ceilrrtm
(CEL) or seaweed tibre (pp, xylan; EC, cansgêErun; LD, aEilnato):
E, acetlc acid; U, propionb acld; N, butyrlc acid; g, brsnch;*nah hnyacids (lsobutyric. valerlc and isovalerlc acldsl-

I  360

diet (fable 3). Ilre r3C NMR signsts coreçonding to
maunuronic acid could not bc identified which
$Sgests that alginate was degraded in the coloa and
that manquronic acid disappeared first (Fig 2B).

Physlcochemical characteristics of dietary flbre and
on dlgesta prop€rtlâs In ths gtomâch, lleum

and colon
pe total dietary ûbrc prnounts dctermined by tle
AOACprocedure in the stomac\ ileum e3) and âtou
(CII) contents werc aboormally higû, .op.".i*ty Zae,

Flguto z ltc NMR spocba or soluHe lractbfis obtahgd trorn pH 7
lnsoluble raaituoe of dgesb (CI) ot pigs fed a cl€t supdereniêd wtth {A}EC (canaoe€non) or (B) LD (atglnate), anO r3C NMn spoom.nn of pn z
soluble flbro trac*ions obtained frcm digssta (13) of pigs fed a diet
supPlomented wllfi (C) pp (xyhn). G and A r€t6r to th6 cârbon8 ol h6 1,+
linkod p-ùgslactosê 4.sulpheb and .1,4-lhk€d g,6_anhlËro-!_o-galsdos€
rosldues rospæ{ively ol r-cânagsBnan {A). G rofer to the carbons of
guluronlc acld resiriues @). A, B and A, refê, to hê cârbons ot tho xvloso
rasidues (C).

n
a

Câ€curn

c2 (n=.f)
c3 (n=4)

c l l

C4 (n=a)
lC4+C5+lC5 (n=,t)

N
E

J Sci Food Agri. 80: 1357-1 364 (2000)



Supplentmration of pig dizt with algal fibn

Fibresource Fibrc type Slarnach
t3

(têminal ileum)
cll

(descendanl colotl)

Toble 4. Solubls ertd hsoluUe fibr€ 6nr€nt
(g kg-r ùy dlgcsta) rnôasurBd in dig€cb ôt
plgs red a dt€tsupptomented wtth celluloso
(CEL) or seasêod fbrB (pp, 'Vtan; EC,
canageenan; tD, algtnât6) (moân ot t$to
Plg8)

Soluble fibre pH 4
Soluble fibre pH 7
Insoluble fibree
Sum
Soluble tlbre pH 4
Soluble flbre pH 7
lnsoluble fibrea
Sum
Soluble ibre pH 4
Soluble îbre pH Z
Insoluble fibre'
Sum
Soluble fibre pH 4
Soluble fibre pH Z
Insoluble fibreg
SUm

CEL
30

120
150
4il

æ1
2M
53

129
123
252

5B
74

132

60
226
285

132
68

200

253
o

253

230
83

313
166
219
35LD

i i  I

g0

126

208
94

30't

84
't45

228 i i i ;
: ! ' l

l r  :  r

I . ' .
' i l : '

t ' 1 ,
I

t . .
,  i :
.  t : :t .

t ;

l

t l

: . a .
. i . :

i ; r ;
j l  l :
{ i i :
; t t i
! t ! i
t - ) '' l i  r ;

.  l ; r ,, i ;
: I

'tmolubro rbr€ rosiduæ lvûe "orr"ffi

f03 and 648gkg-l dry digesta; these results con_firmed that tlis method *r, ""t ,"i "tl. f* q"*tty_ingfibre in scawced substrates.rs fo estim"teL afgatfibre fracdons present in digesta, insotubie nUreÊactions werc corrected for the "*o*i oi".itotori"glucose deterrnined in these eUre fractios. il..*
of soluble and corrected insoluble O"trry "feal nU*did not change markedly from the *oiaË'.o tr..colon (from 150 to 3l3gkg-r dry matter oidig"rr";
Table 4). Relativcly largc amounts of algal fibre were
meesured in digesta, suggestingthet an oierestimation
offibrc contents could corne frorn tl. ron_nU* part ofthe diet, chemicat mareriâls used for ftrc anatysis orendogenous materials. Algal tbres w.re foonJmaioly
in losoluble form in the stomach. fnir-ï., *unexpected result for pp, which is regard.ed. as asource of soluble fibre. In spite of thes'e analydcal
difficulties, the evaluation of algal ûbre content
shorved that the soluble/insolubt ratio aitrc.e{
depending on rhe uature of tbe seaweed fibre and on
t}re digee tive comparrrnent under consideratioo?f.bt.
4). After supplementation of rbe diet wirh pp, nUr.
measured in thc ileum was totally soluble, sbowing at3C NMR spectnrm corresponding to that of initial
IP, 1 mixed p-(t,4/1,3) *yl*ri (r,g zCj. ffr.
insotuble PP fbrc &actions obscrveà t tU" .otoo
resulted mainly Aom microbial matedals, eince pp was
ferrncnted io thc caequm and proximat-colon (fable
?) 

. E9 is a polyeiectrolyte, and lts solubility varies as a
function of pH. It was found in iosoluble forro ir, ,fr.
stomach and thcn in partly solublc form in the ilcum
arrd colon (fable 4). LD, which was highly viscous in
the diet, precipitated in the acidic ,.oÀ."n mediuma-d was dren solubilised in the itcum and colon, where
*" 

pH of the digesrive medium rose (Tables 2 and 4).
Ihe concentradon of soluble aiginate in 13 was
approximarely 20g kg-t digesta (in fresh maner). This
soluble fibre fraction showed a'r3C NMR ,p..*
with rypical signals of alginate, mixed wiù manv
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signals of other compooents prescût in tbe solublc
trachoD (results not shown).

. The ptesence of algal ûbres had a significant
influeocc on the amount of fresh mstter in iitesdnal
digesta (Iable 2), due to an increase in watcr comenr.
The inclusion of I-D in thc diet led to a signitrcant
incrcase (P<O.05) in the WRC of gastric conient and
ileal digcsta as compared to cetulose aod the où.er
seaweed fibres (EG, pp) (Iable 5). Tbe viscosity of 12
and caecal digesta couesponded to that of 2ô/o r_D
sglution (Iable 6). The viscosity of 13 digesta wasfour
times ûlat of 12, although its concenration of algal
fibre was approximately 1.5% (Table 6)-

DtscusstoN
Seaweed substrates are novel soluces ofdietary ûbre,
with a large range of physicochemical characteristics
(lotuUititf, viscosiç hydration prcpcrry) that nay be
ofpanicular interestforbuman heahù.2i Becaure of itr
pbysicochemical cbaractedstics and fermentation pat-
tem, algal fibre cao lower the glycaemic reqporre,
modify gut acrivity (motility, hansir) or acr on the
mucous meobrane. Ilowever, thc initial physico_
chemical characteristicr ofthe fibre may change, since
environmcntal conditions in the gur lume;7'8 caa

T.able 5. Watar rdsnllon cÂpgclty (O w€torg-r dly ,muoo of plg (r-4)
digssla aner te€dirg a det eupplemented wlh s€atveed llbro (pR xylan; EC,

ÇEL tr
Site Mean SEM Mean SEM Mean SEM Mean SEM

Stomach 1.9 O.g 1.7
13 6.0 0.9 7.1
c l t  6 .1  1 .3  7 .3
' Vatuæ signincarily diffsat FEm thos obtainêd artor toedlng cdtrjose
dl€t (P<0.O5).

LDEC

0.5
5.3
1 .0

o . l
0.3
0.4

o.2
2.O
1 .3

'14.1'

8,0

5 . 1 4

20.5"


