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Digestion of the carbohydrates of banana
(Musa paradisiaca sapientum) in the

human small intestine'-3

Hans N Englyst, PhD and John H Cummings, FRCP

ABSTRACT The digestion and absorption from the small bowel of the carbohydrate of banana
has been studied by feeding ileostomy subjects banana from six batches of different ripeness and
measuring the amounts excreted in the effluent. Starch content of bananas depended on the ripeness
being 37% of dry weight in the least ripe and 3% in the most ripe. Excretion of carbohydrate from
banana in ileostomy effluent ranged from 4-19 g/day and was directly related to the starch content
(r = 0.99). Up to 90% of the starch could be accounted for in the effluent. Complete recovery of
nonstarch polysaccharides [NSP (dietary fiber)] was obtained. The amount of banana starch not
hydrolyzed and absorbed from the human small intestine and therefore passing into the colon may
be up to 8 times more than the NSP present in this food and depends on the state of ripeness when

the fruit is eaten.  Am J Clin Nutr 1986;44:42-50.
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Introduction

Plant foods contain two broad classes of
carbohydrate, free sugars and polysaccharides.
Free sugars such as glucose, fructose, and su-
crose are found mainly in fruit and vegetables
and are rapidly absorbed from the small in-
testine in healthy humans. Plant polysaccha-
rides can be subdivided into two groups of
substances, starch and nonstarch polysaccha-
rides (NSP). NSP are principally the carbo-
hydrates of the plant cell wall (ie, structural
carbohydrates) and include a mixture of poly-
mers such as cellulose, pectin, and hemicel-
lulose—all of which are resistant to mam-
malian a-amylase and, as far as has been as-
certained, escape breakdown in the small
bowel of man (1). All carbohydrate that is not
digested and absorbed from the small intestine
is a potential substrate for fermentation by the
colonic microflora.

Starch, a plant-storage polysaccharide, is
found in many of the world’s staple foods such
as cereals, legumes, potatoes, and bananas.
Most cereal and legume starches are readily
hydrolyzed by a-amylase. This process can be
speeded up by cooking, in which starch is ge-
latinized, although food processing may lead

to a retrogradation that renders some starch
partly resistant to enzymic digestion (1). When
potatoes are used as a food, the starch granules
must be gelatinized before they become sus-
ceptible to enzymic hydrolysis (2). This re-
sistance to digestion does not normally cause
any practical problems inasmuch as potatoes
are not eaten raw and the starch granules are
readily gelatinized by cooking. However, the
a-amylase resistance of some raw starches may
have importance for foods that are eaten
raw—such as bananas. Experimental studies
both in vitro and in animals suggest that
banana-starch granules are largely indigestible
3, 4).

The aim of the present study has been to
measure the breakdown of banana starch and
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NSP in the small intestine of man using ile-
ostomy patients as a model.

Subjects and methods

Subjects

Three ileostomists (one female) aged 60, 64, and 79
took part in six studies with bananas of various ripeness.
All had had total colectomies for ulcerative colitis 10, 22,
and 22 yr prior to their taking part in these experiments.
At operation, <10 cm of terminal ileum had been removed.
None had evidence of Crohn’s disease. All were well and
only one was taking any medication (metoprolol and hy-
drochlorothiazide for hypertension). None had taken an-
tibiotics in the months preceding the study. They were
recruited through the local branch of the Ileostomy As-
sociation. Ethical approval for the work was obtained from
the Dunn Nutrition Unit Ethical Committee.

Protocol

Throughout the study, subjects lived in the metabolic
suite at the Dunn Clinical Nutrition Centre. Regular pe-
riods of exercise were taken.

Diet

The study was divided into 24-h periods starting at 0900
h each day. For breakfast, lunch, and supper on the first
day, subjects were given a plant-polysaccharide-free diet
prepared in the diet kitchen of the Unit. This comprised
milk, eggs, tea, sugar, prawns, mayonnaise, meat, cheese,
jelly, and cream and was of the following composition:
7.1 MJ energy, 114 g protein, 104 g fat, and 82 g carbo-
hydrate. On analysis, this diet was shown to contain only
traces of starch and NSP. On days 2 and 3, banana (200
g, weighed without skin) was given with breakfast in ad-
dition to the plant-polysaccharide-free diet.

The bananas, which originated in the Windward Islands
and the West Indies, were purchased locally prior to each
study and were of eating quality but varying degrees of
ripeness, ranging from fully ripe (yellow with black patches)
to just ripe (yellow with some green at the tip). At the
time of the test breakfast, duplicate portions of banana
were taken and rapidly frozen in dry ice, then freeze-dried
and stored for later analysis.

Effluent

lleostomy effluent was collected by the subjects when

they emptied or changed their bags, every 2 h during the
day from 0700 h in the morning until they retired at 2300
h. Each sample of effluent was immediately frozen in solid
CO,, weighed, and freeze-dried prior to analysis. Mean
transit time (MTT) of the test breakfast was calculated as
the transit time of banana NSP-xylose according to the
equation:

N

2 (amount of xylose in sample) X t

MTT (hours) = 2

Total xylose recovered

where t is the time interval between the test meal and
recovery of xylose in effluent from samples O to N.

Studies in vitro

Changes in the carbohydrate composition of bananas
during ripening were studied by purchasing a large single
bunch of unripe (green) bananas that were kept at room
temperature for 10 days, during which time they ripened
fully. At the time of purchase and at 2-day intervals there-
after, one banana was taken from the bunch, photographed
to record the state of ripeness, and then analyzed for car-
bohydrate content. Digestibility studies in vitro of two va-
rieties of Musa paradisiaca, the plantain banana and the
sweet banana, were carried out as follows. Samples of both
were taken either /) raw, 2) freshly cooked, 3) cooked and
then stored for 16 h at 5°C, or 4) as 3), but recooked for
30 min. All samples were incubated for 16 h at 40°C with
1000 units of pancreatic a-amylase (Pancrex V capsules;
Paines and Byrne Ltd, Greenford, Middlesex, England)
per 100 mg dry weight of banana.

Chemical methods

Carbohydrate analysis: NSP and resistant starch. The
method for measuring NSP and resistant starch (RS) has
been described in detail previously (5, 6) and is summarized
briefly. Samples of food were analyzed by the following
procedures:

I) After gelatinization and incubation with hog pan-
creatic amylase and pullulanase to hydrolyze starch, the
residue was dispersed in 12 M H,SO,, hydrolyzed with
molar H,SO,, the individual neutral sugars measured as
alditol acetates by gas-liquid chromatography (GLC) (Pye-
Unican Series 304 Chromatograph, Pye-Unican, Cam-
bridge, UK) and uronic acids by the colorimetric method
of Scott (7). This procedure measured total NSP and re-
sistant starch (RS) together.

2) After a starch-removal procedure identical to that
in procedure /, RS was solubilized with 2 M KOH and
an aliquot incubated with amyloglucosidase to hydrolyze
it to glucose. The remainder was hydrolyzed with molar
H,SO, and individual sugars were determined as in pro-
cedure /. This estimated RS and noncellulosic polysac-
charides (NCP) separately. A value for NSP was obtained
by subtracting the glucose in RS from glucose measured
in procedure /. Cellulose was calculated as the difference
between NSP and NCP glucose.

3) After starch removal, the material was extracted with
buffer at pH 7, the residue dispersed with 12 M H,SO,,
hydrolyzed with molar H,SO,, and individual sugars
measured as in procedure /. This gave a value for NSP
insoluble at pH 7, after subtraction of RS.

Starch + dextrins

Starch plus dextrins (excluding RS) were measured as
the increase in glucose observed when samples were in-
cubated with amyloglucosidase (shown to be free of
B-glucanase activity) after overnight incubation with
a-amylase and pullulanase.

Starch

Starch (excluding RS) was measured as the increase in
apparent NCP-glucose (procedure 2) when incubation with
a-amylase and pullulanase was omitted from the proce-
dure.
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Dextrins

Dextrins were defined as the a-linked glucans (excluding
maltose) soluble in 80% ethanol. They were measured as
the difference between starch and starch + dextrins (but
excluding maltose), as outlined above.

Free sugars

Approximately 100-mg dry sample or a corresponding
amount of wet sample was accurately weighed into 50-ml
screw-topped glass tubes containing a magnetic stirring
bar. Then, 10-ml 0.05 M acetate buffer pH 5.2 (made up
using 50% saturated benzoic acid) containing 1 mg
B-phenyl glucoside/ml was added. The tubes were placed
in a boiling water bath for 10 min, stirring continuously,
and then kept overnight at 45°C, again mixing continu-
ously. The next day, 10-ml ethanol was added to the tubes
and the contents were mixed and centrifuged. A small
amount (0.3 ml) of the supernatant was transferred to an
0.8-ml auto-injector vial and taken to dryness in a vortex
evaporator. TMS-oximes were prepared as previously de-
scribed (8). Pyridine, 0.2-ml, containing 25 mg hydrox-
ylamine-hydrochloride/ml was added. The vials were
placed in a heating block at 70-75°C for 30 min, cooled,
and then 0.2 ml N-trimethylsilylimidazole was added,
vortexed for 30 sec, and left for 30 min. We used 1-2 ul
for GLC.

Effluent

Each sample of effluent was subjected to total carbo-
hydrate determintion after Seaman hydrolysis. Detailed

carbohydrate analysis was done on samples bulked together
from the time the test meal was given until the effluent
was free of xylose. To correct for endogenous carbohydrate
(from mucus) in the effluent, the ratio of fucose to galactose
was measured during the day on the polysaccharide-free
diet. After feeding banana, total galactose recoveries were
corrected for galactose from mucus by taking the amount
of fucose present and the fucose-galactose ratio from the
control period.

Volatile fatty acids were measured by GLC using formic
acid entrainment as previously described (9).

Results

The passage of the test meal through the gut
was monitored by observing the concentration
of NSP arabinose and xylose in each 2-h col-
lection of effluent. Arabinose and xylose are
components of banana cell wall but not of the
foods in the plant-polysaccharide-free diet or
of endogenous secretions. Figure 1 shows glu-
cose (from NSP and starch) and arabinose plus
xylose in each sample of effluent over a 38-h
period in one subject who, following a 24-h
polysaccharide-free diet period, was given 200
g from different batches of banana on days 2
and 3. Effluents were analyzed by procedure

o——a@ Glucose from starch and N.S.P

304 o——OArabinose and xylose from N.S.P

104

g/100g Dry Effluent

0900 1500 2100 0300 0900 1500 2100

Time

FIG 1. Recovery of carbohydrate (g/100 g dry effluent) over a 38-h period for subject 2 who, after taking a poly-
saccharide-free diet, ate 200 g of two different batches of banana (banana Nos 3 and 4, Tables | and 2) at 0900 h on

successive days.
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TABLE |
Composition of effluent and mean transit time
Subject | Subject 2 Subject 3

Control* day B 1 B 2 B 3 B 4 B s B 6
Total effluent (g/day) 2899 +459 394.1 4409 436.2 3939 3944 473.5
Total solids (g/day) 25.1 £ 09 326 38.7 42.6 479 33.1 35.6
MTT 60 = 1.0 6.6 6.7 5.2 7.2 4.6 5.5
Total carbohydrate (g/day) 227+ 0.36 5.98 13.96 10.42 20.30 6.79 7.58
% N 783+ 044 6.28 4.83 5.15 4.76 6.52 5.55
g N/day 1.96 + 0.18 2.04 1.87 2.19 2.28 2.15 1.97
% N X 6.25 4895 + 2.76 39.26 30.20 32.20 29.75 40.78 34.71
N X 6.25, g/day 12.28 + 1.08 12.80 11.69 13.71 14.25 13.50 12.36
VFAt, mM/day 428 + 0.63 8.93 8.13 4.09 5.37 2.79 5.63
VFA, g/day 0.26 + 0.04 0.56 0.51 0.25 0.33 0.18 0.35
VFA, mM/9.00-19.00 1.05 £ 0.41 4.30 6.05 2.95 2.19 0.76 1.70
VFA, £/9.00-19.00 0.07 £ 0.02 0.27 0.38 0.18 0.14 0.05 0.11

* Mean + SD for 3 subjects on polysaccharide free diets.

t Volatile fatty acids.

1, but without the addition of starch-
hydrolyzing enzymes, thus giving values for
total polysaccharide glucose in the samples.
At the time of the first test meal (containing
banana No 3, see Table 1) and 2 h afterwards,
the effluent was free of arabinose and xylose.
The amounts of these sugars rose to a peak at
4-6 h. By 10 h, the effluent was again free of
pentose, allowing a further test meal of a dif-
ferent banana (No 4) to be given the next day,
when the sequence of events was similar. Glu-
cose appearance in the effluent followed ara-
binose and xylose closely but the concentra-
tion was much greater, reaching 13% of ef-
fluent solids with banana No 3 and 34% with
the less ripe banana No 4.

Table 1 shows the total amount of effluent
excreted per day together with total effluent
carbohydrate (endogenous and from food) and
mean transit time (MTT). MTT of the test
meals averged 6.0 h. The total amount of ef-
fluent excreted was 290 g/day on the control
day and 422 g/day when banana was taken
(t = 4.64, p < 0.05). These values are, however,
well within the range seen in healthy ileosto-
mists (10). Effluent solids output with banana
averaged 38.4 g/day, which was significantly
greater than on the control day (25.1 g/day, t
= 4.51, p < 0.05) and was directly related to
the amount of starch present in the banana
(r =0.90, p < 0.01). Total carbohydrate out-
put ranged from 6.0 to 20.3 g/day and had a
highly significant relationship to the amount
of starch in the bananas (Fig 2) (r = 0.99, p
< 0.001).

Table 2 gives detailed results of carbohy-
drate excretion on the plant-polysaccharide-
free diet and the amount and composition of
banana carbohydrate fed and recovered in ef-
fluent.

Carbohydrates excreted on the plant-
polysaccharide-free diet

On the control day, 1.6 g of carbohydrate
was excreted. A very small amount, 0.3 g, was

20 o—a Total carbohydrate
a—a Dextrins, maltose and maltotriose
o0—O N.S.P.

o—a Starch

9 Recovered in Effluent

10 20 30
Starch, g/100g D.M. in Banana Fed

FIG 2. The relationship between carbohydrate recov-
ered in effluent and the amount of starch present in each
of the samples of banana fed.
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Subject 11

F

Control® day

Carbohydrate fed (F) and recovered (R) in ileostomy effluent (g/day)

TABLE 2

ENGLYST AND CUMMINGS

§ g g § A g 'v;a ﬁ & § g 2 free sugars and dextrins (Table 2). The re-
- = maining 1.3 g was measured as NSP, mainly
as fucose and galactose, and was probably de-
2823 | | 2N8% . rived from mucus.
O OO - = —
oo ¥ < Carbohydrates in banana fed
The six batches of banana contained very
3 z E 1 8 'g § § & E i = similar amounts of total carbohydrate (46.1
- + 1.5 g/200 g fresh weight) but the composi-
tion varied greatly, depending on their ripe-
ot emencoe ness. The results from each test meal have,
gvag | 183Rg g therefore, been examined separately (Table 2).
Free sugars were the main carbohydrate frac-
tion, increasing with ripeness from 56% to 75%
RBAI=TARY T w of dry matter. Sucrose was the main sugar. As
eeemnvndz & ¢ ripeness increased, the amount of starch in the
bananas decreased. In the least ripe banana
20z2 | 0TQN (No 4), there was 19.3 g of starch per 200 g of
gmmg | 123QH z banana, 33.7% of total solids, while banana
- No 1 contained only 1.2 g starch, 2.4% of sol-
ids. Overall, the ratio of starch to free sugars
533582882 5 « varied from 0.03 (banana No 1) to 0.66 (ba-
NSSS——=mo—x = g ¢ hana No 4), a range of over 20-fold.

3 The amount of NSP was relatively constant,
qngR Seas g from 3.6% to 4.3% of dry matter. Total car-
§$q’§ | I:ZS; g § bohydrate ranged from 85% to 91% of dry

§  matter, being highest for the least ripe banana.
LLEEESIRRT B . g Carbohydrate recovery in effluent
NSoocovn~=d g g The free sugars fed were well-absorbed, only

g very small amounts (<0.5 g/day) of fructose,

Z  glucose, and sucrose being found in the ef-
R | 888X o g fluent (Table 2 and Fig 2). Of the starch fed,
oo - il I 11% to 41% was recovered in the effluent as

g  starch. However, only 1 g of dextrins was fed
2 2%, 228= & | § butupto6.5g wasrecovered in the effluent
slssllssdd & o .5  after the less ripe bananas. Similarly, up to 6.7

&3 g maltose and maltotriose were found in the

gg effluent, although neither of these sugars was

2399 8533 ~|$§ identified in the bananas before feeding. If the

oA - %|S ¢  maltose, maltotriose, additional dextrins, and

gg starch recovered in the effluent are all assumed

s8zz  ©=zs8 §§ to originate from starch in the banana, then

SS6Ss oooo <|§ ﬁ on average 69 + 9% of starch is recovered with

;;gg I ;g;g © g 76,80,and91% of that present in the bananas

SSSS So--= .;g with the highest starch content (Nos 2, 3, and
- 8 4, respectively).

o€ Table 3 gives details of the NSP fed and

go% 8 @§ recovered. Of the 2.1 g NSP fed, 2.0 g was

g gg B g HZ  recovered. Slightly more soluble NCP was re-

§§ : § g3¢ F EEE §§ covered than was fed, while less insoluble NCP

§EC 3 $3% 'g &3 5 £°|4+  wasrecovered. Together, however, the amount

w 88Zfe & recovered (1.54 g) was virtually the same as
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TABLE 3
Recovery of the components of banana NSP
Control day g/day Banana NSP fed g/day Banana NSP* recovered g/day
Total NSP 1.30 + 0.41 2.07 £0.24 201 £0.25
Cellulose 0.14 £ 0.17 0.48 + 0.06 0.47 + 0.06
Soluble NCP 1.00 + 0.22 1.17 £ 0.19 1.24 £ 0.15
Insoluble NCP 0.16 + 0.02 0.42 + 0.05 0.30 £ 0.11
Constituent sugars of total NSP
Rhamnose 0.03 £ 0.03 trace trace
Fucose 0.25 = 0.05 — —
Arabinose — 0.13 £0.02 0.13 £0.02
Xylose — 0.11 £ 0.01 0.11 £0.01
Mannose 0.09 +0.02 0.29 + 0.06 0.23 £ 0.08
Galactose 0.60 £ 0.10 0.09 £ 0.01 0.08 £0.10
Glucose 0.23 +£0.16 0.58 + 0.06 0.52 £ 0.07
Uronic acid 0.10 £ 0.10 0.87 £0.14 0.92 +0.14

* Corrected for endogenous carbohydrates as described in text.

that fed (1.59 g). This alteration in solubility
of NCP must arise during passage through the
stomach and small intestine. Of the constit-
uent NSP sugars, arabinose and xylose were
completely recovered. For the other sugars,
recovery was virtually complete after correc-
tion of endogenous carbohydrate.

Nitrogen excretion in ileostomy effluent was
1.96 + 0.18 g/day on the polysaccharide-free
diet and was not significantly altered by feed-
ing banana (2.08 + 0.15 g/day). Some volatile
fatty acids (VFA) were detectable in the ef-
fluent, indicating that fermentation was oc-
curring either in the terminal ileum or in the
ileostomy bag. The amounts were very small
(0.18-0.56 g/day), compared with the carbo-
hydrate excreted, and most were found in the
overnight collection, probably indicating fer-
mentation in the collecting bag rather than in
vivo. lleal fluid obtained directly from the il-
eostomy stoma contained no detectable VFA.

In vitro studies of banana starch digestibility

Table 4 shows a comparison of the com-
position of an ordinary banana such as one
serves for dessert (analyzed when the skin was
green) and an unripe plantain banana such as
provides the staple food in parts of Africa and
the Caribbean. The most striking feature of
the analysis was the similarity in composition
of the two bananas, with carbohydrate com-
prising 94% of the dry weight, the greater part
of which was starch. The slightly riper plantain
contained less starch and more sucrose. When
incubated with pancreatic amylase (Table 5),

50-66% of the starch resisted hydrolysis, but
this resistance to digestion was overcome by
cooking. However, when the cooked bananas
cooled, 8-10% of a-amylase-resistant starch
formed. Only a part of this starch was reversed
on reheating.

Change in carbohydrate composition during
ripening of banana

Table 6 shows that unripe banana (mainly
green) consists of 82% starch and 7% sugar.
During ripening, starch is converted to sugar
so that the most ripe banana contains 88%
sugar and only 3% starch. The percentage of
dry matter remains constant during ripening.

Discussion

Measurement of the overall digestibility of
foodstuffs in the small intestine is difficult be-

TABLE 4
Starch, non-starch polysaccharide, and free sugars in
banana (g/100 g dry matter)

Raw plantain Green banana
Total NSP 2.74 3.12
Arabinose 0.24 0.16
Xylose 0.22 0.18
Mannose 0.39 0.54
Galactose trace trace
Glucose 1.89 2.24
Starch 72.10 88.00
Free sugars
Fructose 3.04 0.37
Glucose 2.90 0.31
Sucrose 13.50 2.70
Total carbohydrate 94.24 94.52
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TABLE §
Amylase hydrolysis of plantain and green-banana starch
in vitro

% of starch
resisting a-amylase

Raw banana 53.6
Freshly cooked banana 0

Cooked and cooled banana 8.1
Cooked, cooled and reheated banana 5.4
Raw plantain 66.7
Freshly cooked plantain 0

Cooked and cooled plantain 10.5
Cooked, cooled, and reheated plantain 39

cause of the inaccessibility of the terminal
ileum. The ileostomist provides a valuable
model for such studies and has been used on
many occasions to this end (11-16). Moreover,
the use of ileal fistulas is widely practiced in
animal digestibility experiments. The ileos-
tomist does not have a normal gut, however,
and it is important to be aware of any potential
limitations in the interpretation of such ex-
periments. A major difference between the
normal ileum and the ileostomy is its micro-
bial population, which is greater in the ileos-
tomist (10’108 bacteria per g) compared with
the ileum (10°-10%) (17, 18). The likely out-
come of this increase in colonization is the
microbial breakdown of carbohydrate in the
ileum. Since these bacteria are anaerobes, this
process (fermentation) would be expected to
produce short-chain fatty acids as its main end-
product. Direct analysis of ileostomy effluent
samples taken from the stoma in the present
study failed to reveal short-chain fatty acids at
>1-2 mmol/l concentrations in any subject.
This contrasts with the cecum, where bacteria
counts are 10''-10'2 and short-chain fatty acid
levels are around 120-130 mmol/kg (17, 19).
Moreover, transit through the small intestine
(2-4 h) is too rapid to allow the establishment
of a substantial fermentative flora such as that
present in the cecum.

In other respects, the digestive function of
ileostomists resembles that of the normal gut
in that ileal effluent contains substantial ex-
cesses of digestive enzymes (20-22) and in that
ileal excretion of fat, protein, and carbohydrate
from mixed diets is no greater than fecal ex-
cretion in normal healthy subjects (10, 16, 22).
Gut-hormone responses to test meals are
broadly similar in ileostomists and healthy
controls (23).

The amount of carbohydrate that escapes
digestion and absorption in the small intestine
is important because it is a potential substrate
for fermentation in the large intestine by the
anaerobic microflora. In a recent study (24),
it was shown that starch which was resistant
to hydrolysis by pancreatic amylase could be
fermented by human gut bacteria with the
production of short chain fatty acids and bac-
terial growth. The physiological consequences
of fermentation of starch and NSP are very
different from those that follow absorption of
glucose or other monosaccharides from the
small intestine (25), so it is valuable to know
the exact site of digestion of particular car-
bohydrtes in man. Of the various dietary car-
bohydrates, simple sugars are thought to be
virtually absorbed in the small intestine and
there is no evidence to contradict this in
healthy people, except in those who are lactase
deficient and continue to drink milk (26). The
complete absorption of sugars in this study,
from a food with a high sugar content, con-
firms this general view. The fate of plant poly-
saccharides in the small bowel, however, is
more problematic, particularly that of starch
(1, 27, 28).

In the present study of banana, NSP were
virtually recovered in ileostomy effluent. We
have previously shown (1) that the NSP in ce-
real foods such as oats, corn, and wheat also
escape digestion in the small bowel. Now there
is increasing evidence for the belief that these
polysaccharides, from whatever source, pass

TABLE 6
Change in carbohydrate composition of banana during ripening
Time (days) 0 2 4 6 8
Mainly green Mainly yellow Yellow with Yellow with many
Description with some yellow with some green Yellow few black spots black spots and patches
% Dry matter (g/100 g) 28 29 28 27 26
Starch (% dry matter) 82 41 26 9 3
Sugars (% dry matter) 7 48 63 81 88
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into the colon (13, 14) where they are fer-
mented (29). Thus, the amount of NSP avail-
able for fermentation in the colon may be de-
termined simply by measuring it in food.

Starch digestion and absorption is not so
simple. In our study of cereals (1), we observed
that starch present in oats was completely ab-
sorbed in the small intestine but, in processed
food such as cornflakes and white bread, a
small fraction (3-5%) had become resistant to
a-amylase digestion and this escaped break-
down in the small bowel. The present study
of banana identifies a further type of starch
that resists breakdown by mammalian «o-
amylase, namely raw starch present in certain
types of granules. Table 2 shows that only 23%
of the starch fed was recovered as starch in the
ileostomy effluent but that in those cases where
there was substantial starch in the banana, a
large increase in the recovery of maltose, mal-
totriose, and dextrin occurred. In the absence
of any other likely source, this probably rep-
resents partial-hydrolysis products of the ba-
nana starch. The products are likely to have
been formed in the ileostomy bag, where some
microbial activity occurs after the effluent has
been passed. Disaccharides such as sucrose and
maltose are probably well hydrolyzed and ab-
sorbed from the ileum (30). Taken together
with the starch recovered, the maltose plus
maltotriose plus dextrins account for 69 + 9%
of the starch ingested.

Katz (31) distinguished three types (A, B,
and C) of crystalline structure for starch gran-
ules. The A-pattern is characteristic of most
cereal starches, the B-pattern of potato and
amylomaize starch and of retrograded starch;
while the C-pattern is seen in some pea and
bean starches (32). The A-type granules found
in cereal starches have a low degree of crys-
tallinity, allowing a-amylase to penetrate the
surface. When samples of bananas used in this
study were incubated in vitro with hog pan-
creatic amylase, half to two-thirds of the starch
resisted digestion unless it was previously ge-
latinized by cooking (Table 5). When fed to
man, this starch is incompletely hydrolyzed
and absorbed in the small intestine (Table 2),
suggesting that banana starch granules have
the highly crystalline B-pattern that gives a
compact structure and that does not, or only
to a limited degree, allow penetration and hy-
drolysis with mammalian amylase.

Thus, the fate of banana carbohydrate in
man depends very much on the state of ripe-
ness of the fruit (Table 6). As it ripens, so the
starch breaks down and is converted to sug-
ars—mainly sucrose, glucose, and fructose—
that are readily absorbed. The proportion of
starch to free sugars in banana changes rapidly
over a few days, making it difficult to predict
how much will escape digestion without de-
tailed analysis of the banana. Predicting the
physiological effects of a banana-containing
diet is therefore difficult. The bananas fed in
this study were all ripe enough to be eaten
without difficulty. The least ripe (bananas 2
and 4) were yellow, with green at the tip. The
most ripe (1) were all yellow with black
patches. None would fall outside the category
of those normally eaten in the home. Banana
carbohydrate recovered in ileostomy effluent
in these studies was as high as 19 g (from ba-
nana 4), which means that the carbohydrate
passing into the colon from this one source
alone is equal to the total amount of nonstarch
polysaccharides (dietary fiber) present in many
Western diets (33).

These studies also allowed an estimation to
be made of endogenous carbohydrate secretion
from the upper bowel as mucus. On the car-
bohydrate-free diet, 2.3 g/day of carbohydrate
were present in the effluent. Of that amount,
1.3 g was fucose plus galactose that could be
clearly identified as arising from mucus. This
amount of unabsorbed carbohydrate is rela-
tively little when compared with the amounts
potentially derived from cereal and vegetable
food, although some hexosamine would also
be present.
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