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Effects of fructans-containing yacon (Smallanthus sonchifolius Poepp & Endl.)
flour on caecum mucosal morphometry, calcium and magnesium balance,
and bone calcium retention in growing rats
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Yacon roots have been considered a functional food due to the high levels of fructans they contains. In the present study, Ca and Mg balance, bone
mass and strength, and caecum mucosal morphometry were evaluated. Growing male Wistar rats (n 24) were fed ad libitum control diets or diets
supplemented with yacon flour (5 or 7-5 % fructooligosaccharides) for 27 d. Mineral balance was evaluated in three periods of 5d (starting on the
4th, 10th and 16th days). After the rats were killled, the bones were removed and bone mineral density was measured. Ca analyses were performed
on left femurs and tibias and biomechanical testing on right femurs. The caecum was removed and tissue samples were collected for histological
analysis. Caecal histology changed noticeably in rats fed yacon flour: there was an increase in the depth and number of total and bifurcated crypts
as well. Yacon flour consumption significantly (P<<0-05) resulted in a positive Ca and Mg balance, leading to higher values of bone mineral reten-
tion and biomechanical properties (peak load and stiffness) when compared to the control group. The positive effects on mineral intestinal absorp-
tion, bone mass and biomechanical properties showed an important role of yacon roots in the maintenance of healthy bones. The increased number
of bifurcating crypts might be related to the higher mineral absorption caused by the enlargement of the absorbing surface in the large intestine of

the animals.

Yacon flour: Fructans: Calcium and magnesium balance: Bone mass and biomechanics: Caecum morphometry

Fructans are reserve carbohydrates comprising fructose
molecules linked or not to a terminal sucrose molecule.
They may have a linear or branched structure, with different
bonds between fructose monomers: (1) (2,6) bonds found
in levan-type fructans; and (2) B(2,1) bonds found in
inulin-type fructans (Roberfroid & Delzenne, 1998). Inulin-
type fructans are commonly found in almost all species in
the Asteraceae family, many of which are of economic import-
ance, such as Chicorium intybus and Helianthus tuberosus
(Carvalho & Figueiredo-Ribeiro, 2001).

Yacon (Smallanthus sonchifolius [Poepp & Endl.]
H. Robinson, Asteraceae) is a perennial plant originally
from the Andes Mountains. It grows successfully between
800 and 3500 m above sea level, although it is also grown at
sea level in New Zealand and in the USA. There are also
reports of its cultivation in other countries in South America
(Argentina, Colombia, Peru and Venezuela) and Europe
(Germany, Italy, France and Czech Republic) (Valentova &
Ulrichova, 2003). Yacon has been cultivated in south-eastern
Brazil as a crop since 1991 from August to September, yield-
ing up to 100 t/ha (Vilhena et al. 2000). Its tuberous roots are
sweet and crispy and can be eaten either raw or cooked

(Zardini, 1991) and are widely used, together with its
leaves, to brew a medicinal tea. More recently, its physico-
chemical properties have contributed to its use in the develop-
ment of beverages and bakery products (Quinteros, 2001;
Moscatto et al. 2006).

Its underground system consists of two different types of
edible reserve organs: the tuberous roots, the actual commer-
cialized crop; and the rhizophores, the organs of vegetative
reproduction. Both accumulate high amounts of fructans and
other soluble carbohydrates, such as fructose, glucose and
sucrose. Nevertheless, variations in the concentration of such
carbohydrates and in the chain length of fructans may occur
during plant growth and after harvesting (Itaya et al. 2002).
Studies have shown that the best period to harvest yacon in
tropical regions is between the 31st and the 35th week after
cultivation, regarding the concentration of fructans and their
proportion in relation to mono- and disaccharides (Oliveira &
Nishimoto, 2004). Furthermore, yacon plants present a high
hydrolytic activity at maturation phase of the tuberous roots,
contributing to the predominance of a low degree of polym-
erization (DP < 10; fructooligosaccharides (FOS)) over high
DP fructans (inulin) (Itaya et al. 2002).

Abbreviations: BMD, bone mineral density; DF, dietary fibre; DP, degree of polymerization; FOS, fructooligosaccharides.
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FOS have been classified as prebiotic ingredients since they
are selectively fermented by the microflora in the large intes-
tine, leading to a modulation in the composition of the natural
ecosystem (Roberfroid et al. 1998). Studies carried out in ani-
mals and man have demonstrated that fructans, through their
gastrointestinal effects, may indirectly affect the immunologi-
cal function and the metabolism of carbohydrates, lipids and
minerals (Roberfroid & Delzenne, 1998; Van Der Heuvel
et al. 1999; Buddington et al. 2002). Although the small intes-
tine is the major site for mineral absorption, the large intestine
plays an important role in mineral absorption as well, since
some dietary fibres (DF; including fructans) are fermented
by bacteria in the colon. SCFA, produced as a result of the
increase in the metabolic activity of the intestinal microflora,
lower the luminal pH and thereby increase mineral solubility.
Both low pH and SCFA result in the hypertrophy of the muco-
sal cells, leading to enlargement of the surface area in the
intestine and enhanced mineral absorption (Roberfroid &
Delzenne, 1998). Moreover, a direct coupling of SCFA to
the minerals may lead to an increase in their uptake by the
intestinal cells (Lutz & Scharrer, 1991). Finally, an increase
in the expression of calbindin-D9k (Ohta et al. 1998;
Raschka & Daniel, 2005; Nzeusseu et al. 2006) and other
genes involved in Ca transport in the large intestine (Raschka
& Daniel, 2005) has been reported as a result of fructans
ingestion. These effects are reflected in increases in bone min-
eralization as well (Kruger et al. 2003; Zafar et al. 2004;
Nzeusseu et al. 2006), possibly related to a decrease in osteo-
clastic resorption (Kruger et al. 2003; Zafar et al. 2004;
Nzeusseu et al. 2006).

The potential prebiotic effect of fructans and the presence of
potentially antioxidant phytochemicals (such as chlorogenic,
caffeic and ferulic acids) from yacon tuberous roots have been
reported (Pedreschi et al. 2003; Valentova & Ulrichova,
2003). Recently, a study evaluated the toxical effects in rats
fed yacon root flour offered 340 and 6800 mg FOS/body
weight per d over 4 months, and no adverse effects were
observed (Genta et al. 2005). Since yacon roots are a rich
source of FOS, they may potentially be used as a novel source
of prebiotic components in diet supplements. Moreover, yacon
roots may be an alternative to more traditional fructan sources
such as Chicorium intybus and Helianthus tuberosus.

In the present study, we have evaluated the effects of sup-
plementing a diet with fructan-rich yacon flour on Ca and
Mg intestinal absorption and balance as a result of its
caecum fermentation in rats. We then assessed its effects on
bone mineral density (BMD) and content and femur biome-
chanical properties as a measurement of mineral bioavailabil-
ity. To establish the possible relation of mineral absorption
and caecum enlargement, morphometry of the caecal
mucosa (number of crypts, crypt depth and bifurcated
crypts) was investigated.

Materials and methods
Plant material

Approximately 70 kg yacon tuberous roots from Sdo Sebastido
Farm, in the city of Ibitina (Sdo Paulo, Brazil) were harvested
8 months after cultivation and stored for 2d at room
temperature and humidity, under dim light. They were then

washed with flushing water, kept in cotton-fibre bags and auto-
claved (121 °C, 20 min), for inactivation of fructan hydrolases
and phenol oxidases present in Asteraceae species (Itaya et al.
2002). The autoclaved samples were blended, freeze-dried
(Liotécnica Ind. Com. Ltda, Embu, Sdo Paulo, Brazil) and
powdered to obtain the flour.

Animals and diets

Twenty-four 5-week-old male Wistar rats, initially weighing
65-70g, were obtained from the colony of the Faculty of
Pharmaceutical Sciences, University of Sdo Paulo. The exper-
imental protocol was approved by the Commission on Ethics
in Animal Experiments of the Faculty of Pharmaceutical
Sciences of the University of S3o Paulo, according to the
guidelines of the Brazilian College on Animal Experimen-
tation. All rats were housed in individual stainless-steel
wire-mesh cages under a controlled temperature (22 £ 2°C)
with a 12h light—dark cycle (lights on 07-00—19:00 hours).
The experimental diets supplemented with yacon flour were
modified from AIN-93G (Reeves et al. 1993; Table 1) and
presented final FOS concentrations of 5% (50 g/kg diet) and
7-5% (75 g/kg diet). The amounts of FOS and soluble sugars
(glucose, fructose, sucrose) present in the yacon flour were
subtracted from those of sucrose and starch. The control and
FOS diets were formulated in order to provide 7-5gCa/kg
diet. The following factors were used for energy calculations:
4, for carbohydrates and proteins, 9 for lipids and 1 for fruc-
tans (Roberfroid er al. 1993).

Experimental design

All animals were fed the same control diet for 5d and there-
after either the control or the FOS diets for 27d. The food
intake was determined daily and body weight recorded every
2d. Food and demineralized water were offered ad libitum.
The feed efficiency was determined as the weight gain/g
food intake at the end of the experiment. Faeces and urine
were collected along three periods of 5d (starting on the

Table 1. Composition (g/kg) of the experimental diets

Ingredients Control 5% FOS 7-5% FOS
Casein* 202-4 202-4 202-4
Fibre 50 50 50
Soyabean oil 70 70 70
I-Cystine 3 3 3
Coline bitartarate 2-5 2:5 2:5
Vitamin mixturet 10 10 10
Mineral mixturef 35 35 35
Sucrose 100 17-6 0
Corn starch 5271 516-1 487
Yacon flour 0 93-4 140-1

FOS, fructooligosaccharides.

*Casein protein = 92.94 % (N X 6-25).

1 AIN-93-VX vitamin mixture (Reeves et al. 1993).

}Modified from a mineral mixture (AIN-93G-MX; Reeves et al.
1993) supplying (g/kg mixture): CaCOj, 538-18; KHo,PO,, 196;
NaCl, 74; K;SO,, 46-6; KzCsHs07.H,0, 70-78; MgO, 24; ferric
citrate, 6-06; ZnCO3, 1-65; MnCOj3, 0-63; CuCOs, 0-3; KlO3,
0-01; NapSeO,, 0-01025; ammonium tetra-hydrated paramolyb-
date, 0-00795; Na,SiOg, 1-45; KCr(SO4),.12H,0, 0-275; H3BO3,
0-0815; NaF, 0-0635; NiCOz;, 0-0318; LiCl, 0-0174; NH,VOs,
0-0066; sucrose, 39-846.
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4th, 10th and 16th days of experiment), pooled according to
the collection period and stored at — 20 °C.

At the end of the experiment, the rats were fasted for 12h
before being killed. The animals were anaesthetized with a 1:2
(v/v) mixture of ketamine (10 mg/kg) and xylazine (25 mg/kg)
and their livers, spleens and kidneys were removed, rinsed in
saline solution (0-85 % NaCl, w/v) and weighed. The caecum
was removed with its contents, weighed, placed on ice (Lu
et al. 2000) and cut open along the small curvature. Aliquots
of the contents were frozen at — 20 °C and tissue samples were
fixed in Bouin’s reagent (picric acid—formalin—glacial acetic
acid, 75:2:15, by vol.) and stored in 70 % ethanol. The hind
limbs were removed and the bones were defleshed, weighed
and stored at — 20 °C until analysis.

Chemical composition of yacon flour and experimental diets

The following components were determined: moisture content,
ash and total lipids (Instituto Adolfo Lutz, 1995); protein by
micro-Kjeldahl method (Association of Official Analytical
Chemists, 1995) (conversion factor of 6-25) and soluble
and insoluble DF by enzymatic-gravimetric method, using
2-(4-morpholino)ethanesulphonic acid—Tris buffer (Lee et al.
1992). Fructans and soluble sugars (glucose, fructose and
sucrose) were determined by an adaptation of the Hoebregs
method (Hoebregs, 1997). In this method the sample is enzy-
matically treated with lyophilized amyloglucosidase (A-7420;
Sigma Chemical Co., St Louis, MO, USA) and inulinase
(Fructanase Mixture, MegazymeTM, Bray, Ireland; cat. E-
FRMXLQ), and the released sugars are determined by anion-
exchange chromatography with pulsed amperometric detection.
The hydrolysis by amyloglucosidase was not performed due to
the low starch contents in the yacon roots (Capito, 2001). Ca
and Mg were measured by atomic absorption spectrophotometry
(Polarized Zeeman AAS, Hitachi Z-5000; Hitachi, Tokyo,
Japan), employing a hollow cathode lamp at 4227 and
202-6 nm and slits of 0-7 and 1-3nm, respectively, after wet
digestion (HNO3;—H,0,, 5:1, v/v) and addition of 0-1 % (w/v)
lanthanum as La,O3. The working standard solutions were pre-
pared by diluting CaCl, (Titrisol; Merck) and MgCl, (Tritisol;
Merck, Darmstadt, Germany).

Mineral balance

Dry faeces were milled and the powdered samples, as well as
urine samples, were utilized for Ca and Mg analyses. Apparent
absorption and balance were calculated by the following
equations:

Apparent absorption (%)

=100 X (ingestion — faecal excretion)/ingestion;

Mineral balance (mmol/d or umol/d) =

ingestion — (faecal excretion + urinary excretion).

Caecal pH and histology

Caecal contents were centrifuged at 11 000g in two 30 min
cycles and the pH measured with a pH test strip (Merck)

in the supernatant; moisture was determined in an aliquot of
the remaining caecal contents. For histological examination,
the tissue fixed fragments were included in paraffin and
approximately 5 um-thick cuts were obtained and stained
with haematoxylin and eosin. Only crypts cut lengthwise
were used to measure the depth with the crypts divided into
arbitrary zones according to the lines of an integrating
ocular (Zeiss No. 2). These lines limited spaces or zones
which enabled us to calculate the number of spaces within
each crypt. Each space was then taken as a standard measure-
ment. At least thirty crypts per animal were used. For the
determination of the number of bifurcating crypts, the crypts
with an indentation at the base or presenting longitudinal fis-
sion (one crypt mouth and two bases) were considered (Mas-
kens, 1978). The calculation was carried out by determining
the number of the bifurcating crypts per microscopic field,
considering the same criteria used in the measure of the
depth of the crypts. To estimate the total number of crypts
per microscopic field, also the obliquely sectioned crypts
were considered. At least twenty microscopic fields per
animal were analysed.

Bone mineral content, density and biomechanics

Ca and Mg concentrations in previously dried tibia and femur
(105°C, 12h) of the left limb were determined. BMD of the
right femur and tibia was measured by dual-energy X-ray
absorptiometry (Freitas et al. 2003), using a pDEXA Sabre
Densitometer and the pDEXA Sabre software, version 3.9.4
(Norland Medical Systems, Fort Atkinson, WI, USA), both
designed for small animals. The regional difference was esti-
mated by evaluation of the regional BMD (25 % proximal,
50 % middle (midshaft) and 25 % distal of each bone). After
analyses, the bones were again stored at — 20 °C until biome-
chanical strength tests were carried out. The storage at —20°C
does not alter the mechanical properties of the bones (Sedlin &
Hirsch, 1966).

The mechanical properties were evaluated in the mid-dia-
physeal region of the right femurs using a three-point bending
test (Shimano et al. 2002) and loading continued to failure,
through a TA-TX2 texture analyser coupled to the Texture
Expert software, version 1.2 (Stable Micro Systems,
Haslemere, UK). For the assay, the bones were thawed at
room temperature and rehydrated in saline solution. The
bone length (measured from the femur head to the condilus)
and diameter (measured in the mid-diaphyseal region) were
measured by a caliper. The centre of the bones was fractured
under the following conditions: 16 mm sample space, 0-2 mm/
s plunger speed and 25 kg load range.

Statistical analysis

Results are expressed as means with their standard deviations
and analysed considering a 5 % significance level. The statisti-
cal model used was the ANOVA (Neter ef al. 1996) under a
completely crossed planning, where the treatments were
defined by the combination of period and group factors
and all measurements of period factor repeated. As the effects
between group and period factor were not significant
(P>0-05), new models without interactions were adjusted.
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In order to study the variables measured at the end of the
experiment, ANOVA with two levels in the group factor
were carried out. All statistical analyses were carried out
using SPSS for Windows, version 11.5 (SPSS, Chicago, IL,
USA).

Results
Chemical composition of yacon flour and experimental diets

Yacon flour contains FOS (55-3 %) as the main storage sugar
and also features lower glucose, fructose and sucrose contents
(89, 13-5 and 13-4 %, respectively), as well as soluble and
insoluble DF (3 and 7 %, respectively) (Table 2). The glucose,
fructose, sucrose and fructans concentrations in yacon flour
were used to calculate the amounts of ingredients in the exper-
imental diets. As considerable amounts of free sugars were
observed in the yacon flour, they were subtracted from the
total amount of sucrose (5 and 7-5% FOS groups) or starch
(7-5% FOS group) to be added to the experimental diets.
Low contents of Ca and Mg were found in yacon flour
(Table 2) and thus the addition of the flour did not signifi-
cantly alter the content of these minerals in the diets. Chemi-
cal analysis of the diets showed Ca and Mg concentrations of
12170, 11780 and 12 700 mg Ca/kg, and 480, 520 and 590 mg
Mg/kg, in the control, 5 % FOS and 7-5 % FOS diets, respect-
ively. The energy values (kJ/g) of the diets were 16-5, 15-4 and
149, in the control, 5% FOS and 7-5% FOS diets,
respectively.

Body weight gain, feed intake and efficiency, and weight
of organs

The consumption of the yacon flour-supplemented diets did
not affect the growth and development (P>0-10) of the ani-
mals during the experimental period (27 d), as the mean feed
efficiencies were similar (Table 3). Statistically significant
differences (P<<0-05) in the total feed intake and in spleen,
liver and kidney relative mean weights (g/100g body
weight) between the experimental groups were not observed.

Table 2. Composition (g/100 g) of the yacon flour*

(Mean values and standard deviations)

Components Mean SD

Ash 3-85 0-06
Protein (N x 6-25) 2-64 0.07
Ether extract 0-61 0.02
Insoluble fibre 7-85 0-17
Soluble fibre 3.36 0-04
Fructans 55.33 2.01
Glucose 8-97 0-43
Fructose 13-51 0-63
Sucrose 13-42 0-66
Calcium (mg/g) 0-83 0-01
Magnesium (mg/g) 0.62 0-09

*n 3 except for insoluble and soluble fibre, n 4; fructans,
glucose, fructose and sucrose, n 6.

The animals fed diets supplemented with yacon flour
showed no gastrointestinal disturbances.

Effects on faecal output and caecal parameters

Table 3 shows the results for dry weight and water content of
faeces collected within three experimental periods. A signifi-
cant increase (P<<0-01) in the faeces mean dry weight was
observed during the three experimental periods in animals
fed yacon flour, when compared to the control group, although
the results have not shown any differences between the FOS
groups. Yacon flour-supplemented diet intake resulted in an
increase (P<<0-05) in the percentage of water content in the
faeces relative to the animals fed the control diet in the
three predetermined periods along the experiment.

Yacon flour-fed animals had lower caecal wall and caecal
content weights (wet weight in g/100g body weight) than
those fed control diet (P<0-01). The increase in the wet
weight of caecal contents was accompanied by increases in
moisture and residue weight obtained after centrifugation of
the caecal contents (+57 and +68 %, for the 5 and 7-5%
FOS groups, respectively, P<<0-05) compared to the control
group (Table 3). No significant differences in the pH values
were observed in the supernatant of the caecal contents
among the groups. Diet supplementation with 7-5 % FOS sig-
nificantly increased (P<<0-05) the number and depth of caecal
crypts compared to the control group (Fig. 1). Furthermore,
these effects were concomitant with a greater number of bifur-
cating crypts in animals fed yacon flour (5 and 7-5% FOS
groups) when compared to the control group (Fig. 2).

Intestinal absorption and balance of calcium and magnesium

The apparent Ca absorption in the yacon flour groups was stat-
istically higher (P<<0-05) than that from the control group in
all experimental periods, and this difference increased from
approximately 51 % in the first period to 56 % in the last
(Fig. 3(A)). The Ca balance of the FOS groups was statisti-
cally different (P<<0-05) from that of the control group
(Fig. 3(B)). No significant differences were observed in the
Mg apparent absorption among the experimental groups
(Fig. 3(C)). However, the 7-5 % FOS group showed a signifi-
cantly higher Mg balance when compared to the control group
(Fig. 3(D)).

Effects on bone parameters

No significant differences were observed in the dry weight,
length and diameter of femur (Table 4) among the experimen-
tal groups. On the other hand, yacon flour corresponding to
7-5 % FOS in the diet caused a statistically significant increase
(P<<0-05) in Ca concentration in femur and tibia, when com-
pared to the control group (Fig. 4). No significant differences
were observed in Mg concentrations in femur and tibia
between the experimental groups (117 (sp 23), 106 (SD 7)
and 109 (sp 8) umol/g, in dry femur, and 120 (sp 16), 107
(sp 11) and 111 (sp 8) wmol/g, in dry tibia, for the control,
5% FOS and 7-5% FOS groups, respectively). BMD was
evaluated ex vivo using dual-energy X-ray absorptiometry.
The animals which consumed FOS presented no statistically
significant difference in BMD (P<<0-05) when compared to
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Table 3. Body weight gain, food intake, faecal output and caecal parameters in rats fed a control diet and

yacon flour-supplemented diets*

(Mean values and standard deviations, n 8)

Dietary treatment

Control 5% FOS 7.5% FOS

Analyses Mean SD Mean sD Mean SD
Body weight gain (g) 146.88 19.342 154.35 18.132 147.68 22.472
Food intake (g/27 d) 410-18 42.722 43075 27.532 422.98 32.412
Food efficiency 0-36 0-022 0-36 0-03% 0-35 0-03%
Faecal output (dry g/5d)

First period (days 4—8) 4.95 0-612 5.53 0-66° 5.94 0-59°

Second period (days 10—14) 5.93 0-812 6-42 1.21° 7-48 1.00°

Third period (days 16—20) 5.97 0-56° 7-34 1.12° 7-89 1.07°
Faecal water content (%)

First period (days 4—8) 12.95 2.25° 18.52 3.41° 20-36 3.66°

Second period (days 10—14) 15.63 2.532 19.73 1.69° 23.84 4.26°

Third period (days 16—20) 21.82 6-832 23.38 3.54° 28.40 6-36°
Caecal wall (wet g/100 g rat) 0-22 0-02° 0-33 0-03° 0-42 0-06°
Caecal contents (wet g/100 g rat) 073 0-29° 1.46 0-30° 1.67 0-34°
Caecum contents

Supernatant pH 85 0-23% 84 0-522 84 0-322

Moisture (%) 7343 3.382 7793 7-64% 80-12 3.37°

FOS, fructooligosaccharides.

abc Mean values within a row with unlike superscript letters were significantly different (P<0-05).

* For details of procedures, see p. 777—-778.

those from the control group. Table 4 presents results concern-
ing the mechanical properties evaluated in the midshaft region
of the femur. An increase in all studied parameter values was
observed (peak load, yield load, stiffness, resilience and
absorbed energy) in the FOS groups in comparison to the
control group, but only values regarding peak load and stiff-
ness presented statistically significant differences (P<<0-05)
between the experimental groups.

Discussion

The present results showed that the consumption of yacon
flour containing FOS stimulated apparent Ca intestinal absorp-
tion as well as Ca and Mg balance, leading to higher bone Ca
content and a greater mechanical resistance of the femur at the
mid-diaphysis, as evaluated by the peak load and stiffness
variables, in comparison to the control group. In addition, an
enlargement of the caecum was observed, as demonstrated
by increases in the number and depth of caecal crypts, as
well as in the number of bifurcated crypts, suggesting an
increase in the absorptive surface area of the caecum and
probably contributing to mineral absorption. In this context,
the positive effects of fructans (FOS and inulin) consumption
on mineral absorption in the large intestine have been broadly
studied using different experimental protocols (Ohta et al.
1994a,b, 1995, 1998; Kruger et al. 2003; Zafar et al. 2004;
Raschka & Daniel, 2005). However, to our knowledge, this
is the first report about the effects of yacon FOS on mineral
(Ca and Mg) absorption and bone Ca retention.

The presence of food in the intestine is the most important
determinant for the stimulation of cell proliferation, consider-
ing that the lack of nutrients in the intestinal lumen (as seen in
total parenteral nutrition cases) or the ingestion of DF-free
diets leads to atrophy of the mucosa (Wong & Wright,

1999). This atrophy can be reduced by the presence of some
type of DF in the diet (Goodlad & Wright, 1983). Fructans
share some properties with DF such as non-digestibility in
the small intestine and fermentability in the large intestine
(Schneeman, 1999) and particular attention has been given
to their ability to stimulate the selective growth of some bac-
terial species, considered beneficial to the host (Roberfroid
et al. 1998). Pedreschi et al. (2003) demonstrated in vitro
that yacon FOS have the potential to be fermented by bifido-
bacteria and lactobacilli species and they classified it as a
novel source of prebiotics. In the present study, feeding rats
with yacon flour containing FOS induced a significant increase
in the caecal wall and contents (Table 3), probably as a result
of the increase in biomass due to a greater fermentation in the
caecum. Furthermore, this trophic effect has been believed to
be mediated by SCFA produced as a result of the increase in
the metabolic activity of the intestinal microflora (Rémésy
et al. 1993; Campbell et al. 1997). Among these SCFA, buty-
rate has been recognized as the main source of energy for the
colonocytes, promoting the health and integrity of the caecal/
colonic mucosa (Le Blay et al. 1999).

Feeding rats with 7-5% FOS diet resulted in a significant
increase (P<<0-05) in the number and depth of caecal crypts
(Fig. 1). Moreover, 5% FOS in the diet was enough to pro-
vide a very high incidence of bifurcating crypts in the
caecum (Fig. 2). Other studies also have shown a change
in the length and density of crypts after consumption of fer-
mentable carbohydrates (Rémésy er al. 1993; Howard et al.
1995). McCullough et al. (1998) demonstrated that fermen-
table fibres increased both the number of crypts per circum-
ference and the number of branched crypts in the proximal
colon of rats. It has been proposed that increased crypt size
is the major stimulus for crypts to divide (Totafurno et al.
1987). Small indentations are observed in the base of a
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Fig. 1. The photographs are histological sections of caecal mucosa from rats fed a control diet and yacon flour-supplemented diets (5 and 7-5 % fructooligosac-
charides (FOS)) (haematoxylin and eosin; scale bars = 140 um). (A), Number of crypts per microscopic field; (B), crypt depth (arbitrary units). For details of pro-
cedures, see p. 778. Values are means with their standard deviations depicted by vertical bars (n 8). *°Mean values with unlike superscript letters were

significantly different (P<0-05).

crypt, which then ascend longitudinally and proceed until
there are two separate crypts (Totafurno et al. 1987), a pro-
cess thought to be related to expansion of crypt stem cell
population (Bjerknes & Cheng, 2005). This process is
increased in postnatal development and during recovery of

7:6% FOS"

the intestine from injury (Maskens, 1978; Cheng et al.
2000). In addition, the production of new crypts by fission
can provide an alternative or additional means of increasing
tissue mass (McCullough ef al. 1998).
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Fig. 2. The photograph is a histological section showing a crypt in the bifurcation process (arrow) (haematoxylin and eosin; scale bar = 140 um). The graph
shows bifurcating crypts per microscopic field (%) in the caecum from rats fed a control diet and yacon flour-supplemented diets (5 and 7-5 % fructooligosacchar-
ides (FOS)). For details of procedures, see p. 778. Values are means with their standard deviations depicted by vertical bars (n 8). *°Mean values with unlike

superscript letters were significantly different (P<0-05).
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Fig. 3. Calcium (A, B) and magnesium (C, D) intestinal absorption and balance of rats fed a control diet ({J) and yacon flour-supplemented diets (B, 5 % fructooli-
gosaccharides (FOS); B, 7-5% FOS). For details of procedures, see p. 778. Values are means with their standard deviations depicted by vertical bars (n 8).
ab Mean values with unlike superscript letters were significantly different (P<0-05).

Caecal pH, which is considered an indirect result of SCFA
production, was not affected by yacon flour consumption in
the present experimental conditions. Furthermore, the values
were higher than those reported in the literature as a response
to bacterial fermentation of fructans and other fermentable
carbohydrates (Levrat et al. 1991; Campbell et al. 1997; Lu
et al. 2000). Wolf et al. (1998), after feeding growing rats
with different dietary FOS concentrations for 27 d, attributed

the high caecal pH values at the end of their experiment to
the high buffering ability of the AIN-93G diet. In the present
study, animals were deprived of food for 12h before being
killed. According to Le Blay et al. (2003), SCFA may vary
considerably depending on the period between the last meal
and the moment of sample collection, which might thus
explain the more elevated pH values observed in the present
study. Finally, centrifugation of caecum contents may have

Table 4. Biomechanical properties of femur in rats fed a control diet and yacon flour-sup-

plemented diets*

(Mean values and standard deviations, n 8)

Dietary treatment

Control 5% FOS 7-5% FOS

Analyses Mean SD Mean ) Mean SD

Wet weight (g) 0-62 0-072 0-64 0-04% 0-60 0-06%
Length (mm) 31.45 1.242 31.56 0-39% 31.26 0-69%
Diameter (mm) 3.79 0432 3-80 0-20% 3.58 0-212
Peak load (N) 6722 8.34° 76-62 8.84%° 83.36 8.66°
Yield load (N) 56-86 6-35% 59.85 9.46% 68-40 10.97°
Stiffness (N/mm) 95.63 3.24% 109.73 7-99° 112.76 9.03°
Resilience (Nmm) 15.51 2.922 15.97 6-122 18.08 8.95%
Absorbed energy (Nmm) 5713 22.42% 58.-88 24.0% 59.04 9472

FOS, fructooligosaccharides.

ab Mean values within a row with unlike superscript letters were significantly different (P<0.05).
*For details of procedures, see p. 778.
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Fig. 4. Calcium concentration in femur and tibia of rats fed a control diet (CJ)
and yacon flour-supplemented diets (M, 5% fructooligosaccharides (FOS);
W, 7-5% FOS). For details of procedures, see p. 778. Values are means with
their standard deviations depicted by vertical bars (n 8). #° Mean values with
unlike superscript letters were significantly different (P<0-05).

contributed to the volatilization of SCFA present in the
samples, thus affecting the pH of the soluble phase after pro-
cessing (Lu et al. 2000).

The present results showed that the intake of yacon FOS
increased Ca apparent intestinal absorption and balance in com-
parison to the control group, as evaluated in three periods of 5d
each (Fig. 3). Studies have demonstrated the effects of fermen-
table carbohydrates on Ca absorption, although some conditions
like short-term or long-term consumption of these carbo-
hydrates, mineral and carbohydrate levels or their ratio in the
diet may affect their ability to promote mineral absorption.
Levrat et al. (1991) evaluated the effects of different inulin con-
centrations (5, 10 and 20 % in the diets) on apparent Ca absorp-
tion in rats and observed a dose—response pattern. In another
study, Coudray et al. (2004) evaluated the impact of dietary
Ca levels (0-25, 0-50 or 0-75 %) on the stimulatory effect of
inulin on Ca absorption and demonstrated that Ca absorption
efficiency was inversely correlated with dietary Ca intakes and
that the highest effect of inulin was observed in the group receiv-
ing the lowest dietary Ca level. Contrarily to the effect on Ca
absorption, yacon flour consumption did not affect Mg absorp-
tion, despite the significant increase in Mg balance observed in
the 7-5 % FOS group. In this respect, studies have been observed
that an elevated Ca ingestion may negatively affect Mg absorp-
tion (Couzy et al. 1993). Miura et al. (1999) observed a signifi-
cant (P<<0:-05) decrease in the Mg apparent absorption and
serum and femur concentrations in growing rats after ingestion
of a 1-5 % Ca diet. In the present study, Mg urinary excretion
in the control animals was numerically higher (data not
shown) than that in the rats consuming a 7-5% FOS diet,
which at last led to a higher Mg retention in the FOS group.

Previous studies have shown that the consumption of
fructans not only stimulates mineral absorption in the large
intestine, but also increases bone mineral retention (Kruger
et al. 2003; Zafar et al. 2004; Nzeusseu et al. 2006). The pre-
sent results showed that the consumption of 7-5 % yacon FOS
caused a significant increase (P<<0-05) in Ca concentration

both in femur and in tibia (Fig. 4), as well as a higher BMD
when compared to the bones from the control group, although
BMD values have not reached statistical significance. Using
growing healthy rats, Kruger et al. (2003) observed a signifi-
cant increase (P<<0-05) in femur BMD after inulin ingestion
(DP > 23) for 4 weeks, although this effect had not been
observed after the consumption of oligofructose (DP between
2 and 8). Whole-body BMD was altered only after 22 weeks in
healthy growing rats fed diets supplemented with 5% and
10% inulin and 0-2%, 0-5% or 1% Ca (Roberfroid et al.
2002). In a recent study, Nzeusseu et al. (2006) verified a
greater increase in the area and BMD of the cancellous bone
of the proximal tibia and vertebra in growing rats fed inulin
than in those fed oligofructose after 3 months, as assessed
by peripheral quantitative computerized tomography measure-
ments. The mechanisms involved in the modulatory effects of
fructans on bone metabolism have been discussed. Zafar et al.
(2004) observed that the significant increase in Ca intestinal
absorption in rats consuming fructans decreased the bone turn-
over through suppression of osteoclast reabsorption. In grow-
ing rats consuming inulin for 4 weeks, Kruger et al. (2003)
observed a significant decrease in urinary excretion of frag-
ments of type 1 collagen, a biochemical marker for bone reab-
sorption. The anti-resorptive effect of fructans was also
confirmed by Nzeusseu et al. (2006), who demonstrated a sig-
nificant decrease in serum levels of C-telopeptide.

The resistance of a composite material like bone may be eval-
uated through the construction of a load X deformation curve,
where most of the load applied to the bone is supported by the
mineral phase (Shimano et al. 2002). Bone breaking strength
measures are simple to perform and can directly determine
loads required to cause fracture (Shimano et al. 2002). In the pre-
sent study, a three-point bending test was utilized for evaluating
some mechanical properties in the mid-diaphyseal region of the
femur, a region essentially comprised of cortical bone. A trend
towards an increase of all properties studied was detected in
yacon FOS groups, although only the 7-5 % FOS group differed
from the control group regarding the peak load and stiffness vari-
ables, providing a positive influence of yacon flour on resistence
and rigidity of femoral diaphyses. Nevertheless, it should be kept
in mind that bone strength also depends on the architectural dis-
position of bone material (bone geometry parameters, €.g. cross-
sectional area, moment of inertia, cortical thickness) and other
mineralization unrelated factors such as crystal arrangement
and size, the degree of collagen cross-linking, and the amount
and distribution of tissue microdamage (Burr, 2002). In this
view, the previous results of our laboratory showed an increase
in the peak and yield load of femur in rats fed 5 % FOS-sup-
plemented diets, suggesting an influence of FOS on organic
component (Lobo et al. 2006).

In summary, the present study showed a stimulatory effect of
yacon FOS on Ca intestinal absorption and balance, resulting in a
higher bone Ca content and stronger bone structural properties in
the femoral midshaft of growing rats. Moreover, we speculate
whether the enlargement of the caecal wall caused by bifurcating
crypts might have contributed to the increased mineral absorp-
tion in the animals fed fructans. This aspect, of course, needs
further research. More accurate studies expanding the present
findings on bone architecture and intestinal physiology open
new perspectives for the use of yacon flour as an ingredient in
functional foods, as well as other fructan-containing crops.
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Clinical trials should be performed in order to verify the effect of
yacon consumption on man.

Acknowledgements

Part of this work has been presented in abstract form: FASEB
Journal (2004) 18, A150. We thank Anita Hagy (in memor-
iam) for supplying of the yacon tuberous roots; Dr Cecilia
Gouveia for her collaboration in the BMD analyses; Dr José
Alfredo Gomes Aréas, Dr Luiz Antonio Gioielli and Dr Chiu
Chi Ming for their collaboration in the bone biomechanical
assays; Fundacdo de Amparo a Pesquisa do Estado de Sdo
Paulo (research project 02/13407-7) for supporting the
research, and Coordenacdo de Aperfeicoamento de Pessoal
de Nivel Superior for the master’s fellowship awarded to
Alexandre Rodrigues Lobo. We also thank Alvaro Augusto
Feitosa Pereira for the review of the manuscript.

References

Association of Official Analytical Chemists (1995) Official Methods
of Analysis, 16th ed. Washington, DC: AOAC.

Bjerknes M & Cheng H (2005) Gastrointestinal stem cells. II. Intes-
tinal stem cells. Am J Physiol 289, G381-G387.

Buddington RK, Kelly-Quagliana K, Buddington KK & Kimura Y
(2002) Non-digestible oligosaccharides and defense functions:
lessons learned from animal models. Br J Nutr 87, S231-S2309.

Burr DB (2002) The contribution of the organic matrix to bone’s
material properties. Bone 31, 8—11.

Campbell JM, Fahey GC Jr & Wolf B (1997) Selected indigestible
oligosaccharides affect large bowel mass, cecal and fecal short-
chain fatty acids, pH and microflora in rats. J Nutr 127, 130—136.

Capito SMP (2001) Raiz tuberosa de yacon (Polynmia sonchifolia):
caracterizagdo quimica e métodos de determinagdo de frutanos
(CG e CLAE-DPA). MSc Dissertation, University of Sao Paulo.

Carvalho MAM & Figueiredo-Ribeiro CL (2001) Frutanos: ocorrén-
cia, estrutura e utilizacdo, com énfase em plantas do cerrado brasi-
leiro. In Fibra Dietética en Iberoamérica: Tecnologia y Salud —
Obtencion, Caracterizacion, Efecto Fisiologico y Aplicacion en
Alimentos, pp. 77-89 [FM Lajolo, F Saura-Calixto, EW Penna
and EW Menezes, editors]. Sdo Paulo: Projeto CYTED XI.6,
Varela.

Cheng L, Araki K, Furuya Y, Matsuoka T, Mashima K, Kobayashi M &
Matsuura K (2000) Morphological study of the regeneration mechan-
ism of acetic acid-injured colon crypts in the rat. Med Electron
Microsc 33, 165-171.

Coudray C, Feillet-Coudray C, Tressol JC, Gueux E, Thien S,
Jaffrelo L, Mazur A & Rayssiguier Y (2004) Stimulatory effect
of inulin on intestinal absorption of calcium and magnesium in
rats is modulated by dietary calcium intakes. Short- and long-
term balance studies. Eur J Nutr 44, 293-302.

Couzy F, Keen C, Gershwin ME & Marechi JP (1993) Nutritional
implications of the interactions between minerals. Prog Food
Nutr Sci 17, 65-87.

Freitas FRS, Moriscot AS, Jorgetti V, Soares AG, Passarelli M,
Scanlan TS, Brent GA, Bianco AC & Gouveia CHA (2003)
Spared bone mass in rats treated with thyroid hormone receptor
TR(-selective compound GC-1. Am J Physiol 285, E1135-E1141.

Genta SB, Cabrera WM, Grau A & Sanchez SS (2005) Subchronic
4-month oral toxicity study of dried Smallanthus sonchifolius
(yacon) roots as a diet supplement in rats. Food Chem Toxicol
43, 1657-1665.

Goodlad RA & Wright NA (1983) The effects of addition of kaolin or
cellulose to an elemental diet on intestinal cell proliferation in the
mouse. Br J Nutr 50, 91-99.

Hoebregs H (1997) Fructans in foods and food products, ion-
exchange chromatographic method: collaborative study. J AOAC
Int 80, 1029-1036.

Howard MD, Gordon DT, Garlab KA & Kerley MS (1995) Dietary
fructooligosaccharide, xylooligosaccharide and gum arabic have
variable effects on cecal and colonic microbiota and epithelial
cell proliferation in mice and rats. J Nutr 125, 2604—2609.

Instituto Adolfo Lutz (1995) Normas analiticas do Instituto Adolfo
Lutz: Métodos quimicos e fisicos para andlise de alimentos,
3rd ed. pp. 21-44, Sao Paulo: Instituto Adolfo Lutz.

Itaya NM, Carvalho MAM & Figueiredo-Ribeiro CL (2002) Fructosyl
transferase and hydrolase activities in rhizophores and tuberous
roots upon growth of Polymnia sonchifolia (Asteraceae). Physiol
Plant 116, 451-459.

Kruger MC, Brown KE, Collett G, Layton L & Schollum LM (2003)
The effect of fructooligosaccharides with various degrees of poly-
merization on calcium bioavailability in the growing rat. Exp Biol
Med 228, 683-688.

Le Blay GM, Michel CD, Blottiere HM & Cherbut CJ (1999) Pro-
longed intake of fructo-oligosaccharides induces a short-term
elevation of lactic acid-producing bacteria and a persistent increase
in cecal butyrate in rats. J Nutr 129, 2231-2235.

Le Blay GM, Michel CD, Blottiere HM & Cherbut CJ (2003) Raw
potato starch and short-chain fructooligosaccharides affect the
composition and metabolic activity of rat intestinal microbiota dif-
ferently depending on the caecocolonic segment involved. J Appl
Microbiol 94, 312-320.

Lee SC, Prosky L & De Vries JW (1992) Determination of total, soluble,
and insoluble dietary fiber in foods — enzymatic-gravimetric method,
MES-TRIS buffer: collaborative study. J AOAC Int 75, 395-416.

Levrat MA, Rémésy C & Demigné C (1991) High propionic acid fer-
mentations and mineral accumulation in the cecum of rats adapted
to different levels of inulin. J Nutr 121, 1730-1737.

Lobo AR, Colli C & Filisetti TMCC (2006) Fructooligosaccharides
improve bone mass and biomechanical properties in rats. Nutr
Res 26, 413-420.

Lu ZX, Gibson PR, Muir JG, Fielding M & O’Dea K (2000) Arabi-
noxylan fiber from a by-product of wheat flour processing behaves
physiologically like a soluble, fermentable fiber in the large bowel
of rats. J Nutr 130, 1984—-1990.

Lutz T & Scharrer E (1991) Effect of short-chain fatty acids on cal-
cium absorption by the rat colon. Exp Physiol 76, 615—-618.

McCullough JS, Ratcliffle B, Mandir N, Carr KE & Goodlad RA
(1998) Dietary fibre and intestinal microflora: effects on intestinal
morphometry and crypt branching. Gut 42, 799-806.

Maskens AP (1978) Histogenesis of colon glands during postnatal
growth. Acta Anat 100, 17-26.

Miura T, Matsuzaki H, Suzuki K & Goto S (1999) Long-term high
intake of calcium reduces magnesium utilization in rats. Nutr Res
19, 1363-1369.

Moscatto JA, Borsato D, Bona E, De Oliveira AS & Hauly MCO (2006)
The optimization of the formulation for a chocolate cake containing
inulin and yacon meal. Int J Food Sci Technol 41, 181—188.

Neter J, Kutner MH, Natchsheim CJ & Wasserman W (1996) Applied
Linear Statistical Models, 4th ed. Boston: McGraw Hill.

Nzeusseu A, Dienst D, Haufroid V, Depresseux G, Devogelaer JP &
Manicourt DH (2006) Inulin and fructo-oligosaccharides differ in
their ability to enhance the density of cancellous and cortical
bone in the axial and peripheral skeleton in growing rats. Bone
37, 394-399.

Ohta A, Baba S, Takizawa T & Adachi T (1994a) Effects of fructoo-
ligosaccharides on the absorption of magnesium in the magnesium-
deficient rat model. J Nutr Sci Vitaminol 40, 171-180.

Ohta A, Motohashi Y, Ohtsuki M, Hirayama M, Adachi T &
Sakuma K (1998) Dietary fructooligosaccharides change the con-
centration of calbindin-D9k differently in the mucosa of the
small and large intestine of rats. J Nutr 128, 934-939.

ssaid Ausssaun abpuquie) Ag auljuo paysiignd S089€€£05L L£000S/LL0L 0 L/Bi0 10p//:sdy


https://doi.org/10.1017/S0007114507336805

Yacon flour affects bone 785

Ohta A, Ohtsuki M, Baba S, Takizawa T, Adachi T & Kimura S
(1995) Effects of fructooligosaccharides on the absorption of
iron, calcium and magnesium in iron-deficient anemic rats. J Nutr
Sci Vitaminol 41, 281-291.

Ohta A, Ohtsuki M, Takizawa T, Inaba H, Adachi T & Kimura S
(1994b) Effects of fructooligosaccharides on the absorption of
magnesium and calcium by cecectomized rats. Int J Vitam Nutr
Res 64, 316-323.

Oliveira MA & Nishimoto EK (2004) Evaluation of the development
of yacon plants (Polymnia sonchifolia) and characterization of the
carbohydrates by HPLC. Braz J Food Technol 7, 215-220.

Pedreschi R, Campos D, Noratto G, Chirinos R & Cisneros-Zevallos L
(2003) Andean yacon root (Smallanthus sonchifolius Poepp. Endl)
fructooligosaccharides as a potential novel source of prebiotics.
J Agric Food Chem 51, 5278—-5284.

Quinteros ETT (2001) Produgio com tratamento enzimatico e avalia-
¢ao do suco de yacon. PhD Thesis, State University of Campinas-
UNICAMP.

Raschka L & Daniel H (2005) Mechanisms underlying the effects of
inulin-type fructans on calcium absorption in the large intestine of
rats. Bone 37, 728-735.

Reeves PG, Nielsen FH & Fahey GC Jr (1993) AIN-93 purified diets
for laboratory rodents: final report of the American Institute of
Nutrition ad hoc writing committee on reformulation of the AIN-
76A rodent diet. J Nutr 123, 1939-1951.

Rémésy C, Levrat MA, Gamet L & Demigné C (1993) Cecal fermen-
tations in rats fed oligosaccharides (inulin) are modulated by diet-
ary calcium level. Am J Physiol 264, G855—-G862.

Roberfroid M, Cump J & Devogelaer P (2002) Dietary chicory inulin
increases whole-body bone mineral density in growing male rats.
J Nutr 132, 3599-3602.

Roberfroid M, Gibson GR & Delzenne N (1993) The biochemistry of
oligofructose, a nondigestible fiber: an approach to calculate its
caloric value. Nutr Rev 51, 137-146.

Roberfroid M, Van Loo J & Gibson GR (1998) The bifidogenic nature of
chicory inulin and its hydrolysis products. J Nutr 128, 11-19.

Roberfroid MB & Delzenne NM (1998) Dietary fructans. Annu Rev
Nutr 18, 117-143.

Schneeman BO (1999) Fiber, inulin and oligofructose: similarities
and differences. J Nutr 129, 1424S—-1427S.

Sedlin ED & Hirsch C (1966) Factors affecting the determination of
the physical properties of femoral cortical bone. Acta Orthop
Scand 37, 29-48.

Shimano MM, Shimano AC & Volpon JB (2002) Histerese de
fémures de ratas submetidos a ensaio de flexdo, em diferentes
faixas etarias. Rev Bras Eng Biomed 18, 88-97.

Totafurno J, Bjerknes M & Cheng H (1987) The crypt cycle. Crypt
and villus production in the adult intestinal epithelium. Biophys J
52, 279-294.

Valentova K & Ulrichova J (2003) Smallanthus sonchifolius and
Lepidium meyenii — prospective Andean crops for the prevention
of chronic diseases. Biomed Papers 147, 119-130.

Van Der Heuvel EGHM, Muys T, Van Dokkum W & Schaafsma G
(1999) Oligofructose stimulates calcium absorption in adolescents.
Am J Clin Nutr 69, 544-548.

Vilhena SMC, Camara FLA & Kakihara ST (2000) O cultivo de
yacon no Brasil. Hortic Bras 18, 5-8.

Wolf BW, Firkins JL & Zhang X (1998) Varying dietary concen-
trations of fructooligosaccharides affect apparent absorption
and balance of minerals in growing rats. Nutr Res 18,
1791-1806.

Wong WM & Wright NA (1999) Cell proliferation in gastrointestinal
mucosa. J Clin Pathol 52, 321-333.

ZafarTA,WeaverCM,ZhaoY ,MartinBR&WastneyME(2004)Nondiges-
tible oligosaccharides increase calcium absorption and suppress bone
resorptioninovariectomizedrats./Nutr134,399-402.

Zardini E (1991) Ethnobotanical notes on ‘Yacon’ Polymnia sonchi-
folia (Asteraceae). Econ Bot 45, 72-85.

ssaid Ausssaun abpuquie) Ag auljuo paysiignd S089€€£05L L£000S/LL0L 0 L/Bi0 10p//:sdy


https://doi.org/10.1017/S0007114507336805

