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Abstract

Potatoes are usually a high-glycaemic index (GD food. Finding a low-GI potato and developing a screening method for finding low-GI
cultivars are both health and agricultural priorities. The aims of the present study were to screen the commonly used and newly introduced
cultivars of potatoes, in a bid to discover a low-GI potato, and to describe the relationship between in vitro starch digestibility of cooked
potatoes and their in vivo glycaemic response. According to International Standard Organisation (ISO) guidelines, seven different potato
cultivars were tested for their GI. In vitro enzymatic starch hydrolysis and chemical analyses, including amylose content analysis, were
carried out for each potato cultivar, and correlations with the respective GI values were sought. The potato cultivars had a wide range
of GI values (53-103). The Carisma cultivar was classified as low GI and the Nicola cultivar (GI = 69) as medium GI and the other
five cultivars were classified as high GI according to ISO guidelines. The GI values were strongly and positively correlated with the per-
centage of in vitro enzymatic hydrolysis of starch in the cooked potatoes, particularly with the hydrolysis percentage at 120 min ( 0-91 and
P < 0-0D). Amylose, dietary fibre and total starch content was not correlated with either in vitro starch digestibility or GI. The findings
suggest that low-GI potato cultivars can be identified by screening using a high-throughput in vitro digestion procedure, while chemical
composition, including amylose and fibre content, is not indicative.
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Potatoes, as the world’s third largest food crop and most
extensively consumed root vegetable, have received much
attention in recent years from nutritionists and agriculturalists”.
Consumption is currently greatest in the Western world, but
potatoes are rapidly becoming a staple in developing countries.
Annual per capita potato consumption in 2005 was estimated
to be 93kg in Europe, 60kg in North America and 22kg in
China®. Compared with bread and rice, potatoes are more

 and a source of vitamin C (up to 42mg/100g) and

satiating
Mg™. In prospective observational studies, however, potato
consumption has been reported to be associated with higher
weight gain® and increased risk of type 2 diabetes®.
Nutritional studies on different cultivars of potatoes using
in vivo and in vitro approaches to classify the digestibility and
glycaemic properties of carbohydrates indicate that cooked
potatoes contain mostly rapidly digested starch” and have a
high glycaemic index (GD®. Hence, some health professionals
advise that potatoes should be substituted with a low-GI
carbohydrate to reduce the risk of chronic disease® !

However, given the importance of potatoes as a food, the
discovery and development of low-GI potatoes would be
desirable from consumer, agricultural, food industry and
health perspectives.

In in vitro studies, the physico-chemical breakdown of
starch in a carbohydrate food is measured by determining
the rate and extent of glucose release from enzymatic diges-
tion under controlled conditions™?. I vitro methods have
been proposed as an alternative approach for classifying
carbohydrates, with the results reported by some studies
showing a correlation with in vivo GI testing"!~'¥. However,
the number of foods that have been subjected to both in vitro
and in vivo testing for direct comparison is very limited.

The aim of the present study was to use a standardised GI
testing methodology to screen the established and newly
introduced commercial cultivars of potatoes, in a bid to
identify a low-GI potato. Emphasis was placed on the direct
determination of the carbohydrate content (as starch +
sugars) of the different potatoes studied, as opposed to

Abbreviation: GI, glycaemic index.

*Corresponding author: K. L. Ek, fax +61 2 9351 6022, email kai.ek@sydney.edu.au

t Present address: Key Lab of Food Nutrition and Safety, Department of Education of China, School of Food Engineering and Biotechnology, Tianjin

University of Science and Technology, Tianjin, China

ssaud Aussanun sbpuquied Ag auluo paysiignd 80£00€ LS L L£000S/£L0L'0L/B10"10p//:sdny


https://doi.org/10.1017/S0007114513003048

o

British Journal of Nutrition

700 K. L. Ek et al.

reliance on food composition tables. We determined whether
amylose content was a significant predictor of potato GI as

(14,15) To our

has been suggested for cereals and legumes
knowledge, this is the first study to test the practical value
of in vitro testing where the botanical cultivar is the only

point of difference between the food samples.

Experimental methods
Test foods

A total of seven commercial potato cultivars comprising a
mix of well-established cultivars and newly released cultivars
were sourced from growers in Tasmania (Russet Burbank,
Maiflower, Nicola and Bintje) and South Australia (Carisma,
Desiree and Virginia Rose). The potatoes were prepared for
testing according to the method specified by the producers
of the cultivars. The potatoes were peeled, cut into 5cm by
5cm slices, at a thickness of 0-5cm, added to excess water
at room temperature and brought to boil. The potatoes were
cooked in boiling water for a further 4 min, drained, cooled
by rinsing in tap water and served immediately along with
250ml of water (total cooking time 8-9min). The testing
volunteers provided feedback that the Carisma, Nicola and
Virginia Rose cultivars were cooked and firm and the other
four cultivars were softer. Glucose solution was used as the
reference food and tested on three separate occasions; each
potato cultivar was tested once according to the International
Organisation for Standardisation standard®. The test and
reference foods were fed as a portion providing 25g of
carbohydrate determined as the sum of starch and sugars by
direct measurement.

Determination of starch and reducing sugar and
total dietary fibre content

Fresh potatoes were peeled and homogenised in a blender.
The homogenate was frozen at —80°C and freeze-dried, and
the dried material was ground into a powder for total starch
and total dietary fibre content determination using the
respective Megazyme assay kits (Megazyme International

Ireland Limited). Total starch and total dietary fibre content
was determined using duplicate samples.

Reducing sugar content was assayed using potato juice
extracted from peeled and homogenised fresh potatoes. The
juice was filtered and diluted 1:10 with distilled water and
then frozen and stored at —20°C before the assay. Reducing
sugar content was measured using triplicate samples with
the Megazyme reducing sugar assay kit (Megazyme Inter-
national Ireland Limited). The sum of total starch content
and reducing sugar content was considered to be the
glycaemic carbohydrate content.

Determination of amylose content in potato starch

Starch was extracted from each potato cultivar using a
modified method of Noda et al'”. Potato tubers (1 kg)
were peeled and homogenised in a blender with distilled
water. The slurry was filtered successively through muslin,
and 250 and 100 wm sieves. The starch suspension was
allowed to settle overnight at 4°C, and the supernatant
was removed by decantation. The sedimented starch was
washed with deionised water, and the granules were col-
lected on a filter paper with suction, washed with ethanol,
dried under a gentle air stream and stored in sealed contain-
ers at room temperature for further analysis. Total amylose
content of the potato starches was determined by the
iodine binding method of Chrastil™® using a standard
curve of 10, 20, 40, 50 and 60% potato amylose mixed
with potato amylopectin (A0512 and A8515 from Sigma
Chemical Company).

Glycaemic index testing subjects

Healthy subjects were recruited among students at the Univer-
sity of Sydney. A total of twenty-seven subjects (twelve males
and fifteen females) were recruited over a 1-year period, and
potato cultivars were tested in subgroups of ten subjects. Their
mean age was 27:0 (sp 5'1) (range 18-38) years, BMI was
22:3 (sp 2:0)kg/m? and fasting plasma glucose value was
5:32 (sp 0-31) mmol/l. The inclusion criteria were as follows:

Table 1. Carbohydrate content and glycaemic index (Gl) testing portion of the seven potato cultivars*

(Mean values and standard deviations, n 2 with the exception of reducing sugar content, where n 3)

Total starch Sugar Total dietary Amylose
DM content content content fibre content content
(9/1009) (g/1009) (g/1009) (g/1009) (% starch)
Available (glycaemic) Gl testing
Cultivars Mean SD Mean SD Mean SD Mean SD Mean sD carbohydrate (g/100 g) portion (g)
Carisma 15.22 0-6 9.90° 04 065* 00 1.64% 00 2522 17 105 238
Nicola 19-1° 04 121 06 069 00 1.96°¢ 00 256% 1.7 12.8 195
Desiree 20-8%¢ 07  12.0° 09 065 00 1.85°° 00 231% 0.9 12.7 197
Russet Burbank ~ 22.1¢ 03  16.0° 08 016° 00 1.70*®  0-1 24.4* 0.8 16.2 154
Virginia Rose 15.0° 0-2 910° 04 068 00 1.74®° 0.1 27.7* 08 9-8 255
Bintje 19.7°¢ 041 12.7° 0-6 047° 00 1.94°¢ 0.0 24.7° 1.3 13.2 189
Maiflower 21.14 02  12.9° 03 034¢ 01 2.07¢ 0-1 2412 1.9 13.2 189

abcdMean values within a column with unlike superscript letters are significantly different (P < 0.05; one-way ANOVA).
* Percentage-wet basis, except for amylose content, which was percentage-starch basis.
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Fig. 1. Blood glucose (BG) response curves for the seven potato cultivars: (a) Carisma; (b) Nicola; (c) Desiree; (d) Russet Burbank; (e) Virginia Rose; (f) Bintje;
(9) Maiflower. ¢, Glucose; ----, glucose reference. Values are the mean change in BG levels (n 10), with their standard errors represented by vertical bars.

non-smoking; 18—40 years of age; stable body weight; BMI of
19-25kg/m? normal glucose tolerance; no food allergy or
intolerance; not taking medications known to affect glucose
tolerance. On average, each subject tested four cultivars in a
random order separated by 3-5d. The present study was
conducted according to the guidelines laid down in the
Declaration of Helsinki, and all procedures involving human
subjects were approved by the Human Research Ethics
Committee of the University of Sydney. Written informed
consent was obtained from all the subjects.

Glycaemic index testing procedures

The study protocol used was in accordance with the Inter-
national Organisation for Standardisation standard for the deter-
mination of GI of foods"'®’. The subjects were instructed to
refrain from unusual physical activity and alcohol and legume
consumption and to eat a high-carbohydrate, low-fat dinner
meal the day before the test. On the morning of the test day,
the subjects arrived at the metabolic kitchen after a 10-12h
overnight fast. After warming the hand in hot water, two base-
line finger-prick blood samples (0-5ml each) were collected
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Table 2. Glycaemic index (Gl) and classification of
the seven potato cultivars

(Mean values with their standard errors, n 10)

Gl

Cultivars Mean SEM Classification
Carisma 532 7 Low

Nicola 692 5 Medium
Desiree 7430 8 High

Russet Burbank ~ 820°d 3 High

Virginia Rose 93°d 10 High

Bintje 94°4d 8 High
Maiflower 1034 8 High

abedMean values within a column with unlike superscript
letters are significantly different (P < 0.05; one-way
ANOVA).

5min apart from the subjects. The subjects then consumed the
reference or test food at a comfortable pace within 12min.
The portion of potatoes fed was adjusted so that each contained
25g of glycaemic carbohydrate. Additional finger-prick capil-
lary blood sample was collected 15, 30, 45, 60, 90 and 120 min
after the commencement of eating. The subjects remained
seated throughout the session and were not permitted to eat
or drink until the end of the session. Blood samples were
collected into anticoagulant-coated tubes (Eppendorf tubes,
grade II; Sigma Chemical Company) containing 10IU heparin
Na salt and centrifuged immediately (10000g for 1min at
room temperature). The plasma layer was pipetted into a
labelled tube and stored at — 20°C until analysis. Plasma glucose
concentration was determined using the glucose hexokinase
enzymatic assay on a centrifugal analyser (model HITACHI
912; Hitachi). Both the mean within-assay and between-
assay precisions (CV) were <06 %.

Glycaemic index calculations

The incremental AUC was calculated using the trapezoidal
method®. The GI of each potato cultivar was defined as
the incremental AUC of the blood glucose response curve of
a 25 g glycaemic carbohydrate portion expressed as a percen-
tage of the response to the same amount of carbohydrate from
the reference food. The GI was calculated from the two incre-
mental glucose areas using glucose as a reference (i.e. GI of
100). One-way ANOVA was used to compare the final mean
GI of the different cultivars.

In vitro potato digestibility procedure

In vitro digestion of starch from the cooked potatoes was
determined using duplicate samples with a modified Englyst
procedure™”. Enzyme solution was prepared by suspending
0-45 g of porcine pancreatic a-amylase (150 U/mg; EC 3.2.1.1,
A3176, Sigma Chemical Company) in 16ml of water at 37°C
with magnetic stirring for 10 min. The mixture was centrifuged
(1500 g for 10 min), and 2ml of amyloglucosidase (3260 U/ml,
EC 3.2.1.3.; Megazyme) were added to 10-8ml of the enzyme
supernatant. The preparation and cooking procedures of

potatoes were the same as those used in GI testing. After cooking,
the potato pieces were mashed evenly with a spatula, and an
amount of mash containing 100mg starch (dry weight) was
dispersed into 4ml of 0-1M-sodium acetate buffer (pH 5-2).
After adding 1 ml of the freshly prepared enzyme solution, the
mixture was incubated in a shaking water-bath (37°C, 160
strokes/min). Aliquots (0-1 ml) were taken at time intervals that
were the same as those used in GI testing and mixed with 1 ml
of 95 % ethanol. Glucose that was released was measured using
the glucose oxidase—peroxidase reagent according to the sup-
plier’s instructions (Megazyme International Ireland Limited).

Statistical analyses

Statistical analyses were carried out using the PASW statistical
package (version 18.0; SPSS, Inc.). Inter- and intra-individual
variations of the three standard (glucose) tests were assessed
by determining the CV. One-way ANOVA followed by Dun-
can’s test (P <005 was used to compare all the data
obtained for the seven potato cultivars using the SPSS 20 Stat-
istical Software Program (IBM Corporation) .

Results

Chemical composition and glycaemic index testing
portions of the seven potato cultivars

The potato cultivars had different chemical compositions
(Table 1). The Virginia Rose cultivar had the lowest total
starch content (9-1%), the highest reducing sugar content
(0-68%), the highest amylose content of starch (27-7%) and
the lowest glycaemic carbohydrate (9-8g/100g). In contrast,
the Russset Burbank cultivar had the highest total starch con-
tent (16:0%), the lowest reducing sugar content (0-16%) and
the highest glycaemic carbohydrate (16-2g/100g). Accord-
ingly, the GI testing portion differed considerably with the
smallest portion for the Russet Burbank cultivar (154 g) and
the largest portion for the Virginia Rose cultivar (255 g).

Hydrolysis (%)

O n 1 n 1 n 1 n 1 n 1 n 1
0 20 40 60 80 100 120

Time (min)

Fig. 2. Percentage of in vitro starch hydrolysis of cooked potatoes from differ-
ent cultivars. Values are the mean hydrolysis percentages, with their standard
errors represented by vertical bars. -, Maiflower; —-@—, Bintje; _a—, Russet
Burbank; -y, Virginia Rose; —¢-, Desiree; —, Nicola; ——, Carisma.
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Table 3. Values for in vitro hydrolysis of starch in the seven potato
cultivars (n 2)*

Potato cultivars 15min 20 min 60 min 120 min

Carisma 24.0% 31.7% 39-6% 48.0%° 50-5%
Nicola 24.5% 32.5% 38.0° 44.22 52.22

Desiree 33.1° 46.3°° 50.-6° 54.10° 59.2°
Russet Burbank 34.9° 49.3%4 51.3° 56.5° 60-1°
Virginia Rose 32.6°  43.5° 51.5°  60.5° 60-8°
Bintje 34.5° 54.29 65-4° 69-9¢ 67-0°
Maiflower 36.5°  53.5¢ 75.5° 72.9¢ 76-8¢

abcdMean values within a column with unlike superscript letters are significantly
different (P < 0-05).
*Values are the percentages of starch hydrolysed at each time point.

In vivo glycaemic response

Blood glucose concentration increased to the maximum value
at 30 min for all the potato cultivars and then decreased rapidly
until 120 min. The postprandial response to the Carisma cultivar
was lower than that to the other six potato cultivars at all time
points (Fig. 1). When GI values were calculated (Table 2), there
were significant differences among the cultivars. The majority
had a high GI (70 or above), with the Nicola cultivar just falling
into the medium-GI category (GI = 69). Only the Carisma cul-
tivar fell into the low-GI category (GI = 53), according to the
International Organisation for Standardisation-recommended
classification?,

In vitro starch digestibility

The amount of glucose released from the cooked potatoes as a
percentage of the initial 100 mg of starch increased progress-
ively with time during in vitro digestion, reaching a plateau
at 45—-60 min, while the hydrolysis rate decreased gradually
(Fig. 2). The percentage of starch hydrolysed at different
time points is given in Table 3. The Carisma and Nicola culti-
vars exhibited significantly lower percentages of carbohydrate
hydrolysed at all time points, e.g. 24:0% by Carisma and
24:5% by Nicola compared with 34-5% by Bintje and 36-5%
by Maiflower after 15 min of hydrolysis. Similarly, by the end
of 120min, the Carisma and Nicola cultivars exhibited
hydrolysis percentages of 50-5 and 52-2%, respectively, com-
pared with the Bintje and Maiflower cultivars exhibiting
hydrolysis percentages of 67-0 and 76-8 %, respectively.

Correlation between in vivo glycaemic response and
in vitro starch digestibility

All the GI values of the cooked potatoes were significantly and
positively correlated with hydrolysis percentage during
in vitro starch digestion at each time point (Table 4). In vitro
hydrolysis percentages at 90 and 120 min exhibited the stron-
gest positive correlation with GI values ( 0-91 and P < 0-01;
Fig. 3). No significant correlations were found between GI
values and amylose, dietary fibre or total starch content.
Similarly, there were no correlations between in vitro starch
digestibility and amylose, dietary fibre or total starch content.

Discussion

The present study compared the in vivo and in vitro digestibility
of a series of potato cultivars that had been prepared, cooked
and consumed under identical conditions. Therefore, differ-
ences could be attributed to the characteristics of the potatoes
rather than to differences in processing. Of the seven potato
cultivars tested, the Carisma cultivar (GI = 53) was identified
as low GI and the Nicola cultivar (GI = 69) as medium GI
and the other five cultivars were identified as high GI (e.g.
Russet Burbank, GI = 82). The low-GI property of the Carisma
cultivar was unrelated to amylose or total starch content,
but it could be predicted from in vitro measures of the rate of
starch digestion. The amount of non-starch carbohydrate was
too small (<1g/100g) to account for the large differences in
blood glucose response. Previous studies on potatoes have
shown a wide range of GI values from as low as 23 to as high
as 118®. However, much of this variability in GI values may
be due to non-standard variations in methodology, inaccurate
estimation of glycaemic carbohydrate content of the portion
fed, differences in cooking method or processing before con-
sumption, and the overall meal composition®2°~2,

For the purpose of comparison, we refer the reader to a
condensed table of potato GI values listed in an earlier
review??. This table shows that the GI values of potatoes
ranged from 56 to 104 in studies where the cultivar was speci-
fied and tested with no additional ingredients and when at
least ten healthy subjects were used®”. The Marfona cultivar
had a GI value of 56 compared with the Maris Piper cultivar
having a value of 85, when both the cultivars were boiled
for 15min before consumption'®”. These findings, similar to
those of the present study, show that there is considerable
variability in the GI values of potatoes solely due to botanical
characteristics.

Another important finding of the present study was the
significant positive correlation between the rate of in vitro
digestion and the in vivo glycaemic response. The blood
glucose response curves of each of the seven potato cultivars
showed a similar rate of increase in blood glucose levels
(Fig. D to the rate of carbohydrate hydrolysis (Fig. 2). The
strong correlation between the hydrolysis percentage at
120 min and GI values indicates that the glycaemic response
to the potatoes was largely dependent on the percentage of
starch hydrolysed by 120min measured by the in vitro
method. As much as 75% of the total starch in raw potatoes

Table 4. Correlation between glycaemic index (Gl)
and starch digestion percentage at different time
points

In vitro and in vivo digestion correlation r

Gl with hydrolysis percentage at 15min 0-85*
Gl with hydrolysis percentage at 20 min 0-84~
Gl with hydrolysis percentage at 30 min 0-87*
Gl with hydrolysis percentage at 45 min 0-86*

Gl with hydrolysis percentage at 60 min 0-90**
Gl with hydrolysis percentage at 90 min 0-91**
Gl with hydrolysis percentage at 120 min 0.91**

*P < 0-05, **P < 0-01.
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Fig. 3. Correlation between the ratio of in vitro starch digestibility (a) at 90 min (r 0-91; P=0-00393) and that (b) at 120 min (r 0-91; P=0-00493) and glycaemic

index (Gl) values of the cooked potatoes.

is highly resistant to enzymatic attack®*?>. As the cooking
time used in the present study was relatively short (as speci-
fied by the potato growers), starch gelatinisation may not
have been Complete(%)
have contained a mixture of granules with a partially disrupted
structure. Under the same cooking conditions, however,
differences between the cultivars with regard to the fine
structure of starch would have resulted in the conversion of
different amounts of the enzymatically resistant starch in raw
potatoes into available starch for hydrolysis.

To the best of our knowledge, this is the first time that
the in vitro digestibility of starch has reliably predicted GI
classifications for the same food item prepared in the same
way but varying only in botanical origin. This has important
practical implications in that simple iz vitro digestion methods
might be used to screen foods and as a predictor of GI classi-
fication, i.e. high or low GI, although the actual GI value of
the food would require in vivo testing. However, it is likely
that the in vitro method is more suitable for screening
simple foods such as potatoes, rather than for screening com-
plex foods with a mixture of ingredients. High-throughput
in vitro methods would be greatly useful for plant breeding
programmes that seek to improve the glycaemic response of
carbohydrates in food crops.

The present study has shown that under identical cooking
conditions, potato cultivars with similar amylose content
differ significantly in both in wvitro digestion and in wvivo
blood glucose responses. The composition and state of starch
in foods are the major determinants of the rate at which foods
are digested and at which they elicit postprandial blood
glucose and insulin responses. In general, native starches
with high amylose content are considered to be more resistant
to enzymatic digestion, whereas high-amylopectin starches are
more susceptible to digestion. High-amylose native starches
are thought to be more difficult to swell and gelatinise
under typical cooking conditions, and therefore digested
more slowly, eliciting lower blood glucose and insulin
responses than those with low amylose content®”*® How-
ever, this interpretation needs refinement as the fine structure
of amylose and amylopectin has also been shown to be

and the potatoes consumed would

important in the determination of the digestibility of
starch®3%

Starch-containing foods that are digested slowly and elicit a
low glycaemic response have been considered to be more
beneficial to health and in the prevention and management
of diabetes and hyperlipidaemia than starchy foods that are
digested rapidly and elicit high glycaemic responses(()ﬁl‘gz).
Hence, the identification of foods with a low GI and the fac-
tors that influence GI should be of continuing research interest
in the future. It is pertinent that the two lowest-GI cultivars did
not produce an undershoot in postprandial glucose values
below baseline levels, as this has implications for appetite
control through decreased satiety or increased hunger and
subsequent food intake.

In summary, the present study identified the first commer-
cially grown low-GI cultivar of potato (Carisma, GI = 53)
among a group of commonly used and newly introduced
cultivars. We demonstrated that the rate of in vitro digestion
of starch, in particular, the percentage of available (glycaemic)
carbohydrate hydrolysed by 120min in the cooked potato
product, could be used as a predictor of the GI classification.
The importance and popularity of potatoes as a food crop
dictate the need to identify and develop cultivars that are
digested slowly and have a low GI, regardless of the
preparation method.
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