Vol.73

OCTOBER 1 and 15, 1946

Nos. 7 and 8

'f^ JOURNAL OF
^ AGRICUIvTURAIv
RESEARCH
CONTENTS
Page

Effect of Time and Conditions of Cure on the Carbohydrate Composition
of Sweetpotatoes and the Properties of Their Starches (Key No.
Kañs.-lOl)
.
.
-^
------255
H. N. BARHAM and J. A. WAGONER

Bacterial Spot of Native Golden Currant (Ribes aureum) (Key No,
G-1362)
281
G. W. BOHN and J. C. MALOIT

Haploidy in Einkorn (Key I^o.G-1351)
LUTHER SMITH

1
f

f " I "^^ Vn "
^vi—^
*- \ O R A R Y |

GUSRtinsCRiAL RECORD I

0CT2 41946
U'8. DEPARENT OF A6RI0ÜLTÜÜE

ISSÜE1> BY AUTHORITY OF THE SECRETAI^Y OF AGRICULTURE
WITH THE COOPERATION OF THE ASSOQATION
OF LAND.<ÎRANT COLLEGES AND
UNIVERSITIES

For sale by the Superintendent of Documents, Ú. S. Govemment Printing Office
Washington 25, D. G. • See page 2 of cover for prices

JOINT COJffMITTEE ON POLICY AND MANUSCEIPTS

FOB THE UNITED STATES DEPABTMENT
OF AGBIGÜLTUBE

FOB THE ASSOCIATIOir OF lÁND-GBAlTf
COLX£G£S AND ÜNIVEBSITIES

P. N. ANNAND, CHAIRMAN

V. R. GARDNER

Chief, Bureau of Entomology and Plant
Quarantine, Agricviltural Eesearch Administration

BENJAMIN SCHWARTZ

Principal Zoologist, Chief, Zoological Divir
sion. Bureau of Animal IndustrVt
Agrtct/Utural Eesearch Administration

Director, Michigan Agricultural Experi'
ment Station

r R HTTT^HTCîON

^. 15. ^ U l\>±lltoUJN
Director, California Agricultural Experi"
ment Station

S. CE6IL SALMON
Principal Agronomist, Bureau of Plant
Industry, SoiU, and AgriciOtural Engt'
neering, Agricmural Research Admits
ittration

rjcr TT MÂPTT1M
W. xi. iviiixviiiN
Director, ' New Jersey Agricultural Ex'
périment Station

EDITOBUI SUPEBVISION

M. C. MERRILL
Chief of Publications, United States Department of Agriculture
FALBA LOVE JOHNSON

Chief Editor

Articles for publication in thé Journal must bear the formal approval of the
chief of the department bureau, or of the director of the experiment station from
which the paper emanates. Each manuscript must be accompanied by a statement that it has been read and approved by one or more persons (named) familiar
with the subject. The data as represented by tables, graphs, summaries, and
conclusions must be approved from the statistical viewpoint by someone (named)
competent to judge. All computations should bç verified.
Station manuscripts and correspondence concerning them should be addressed
to .V. R. Gardner, Director, Michigan Agricultural Experiment Station, East
Lansing, Mich., who is chairman of the Station subcommittee.

Published with the approval of the Director of the Budget. Issued on the 1st
and 15th of each month. This volume will consist of 12 numbers and the contents
and index.
Subscription pricedEntire Journal: Domestic, $2.25 a year (2 volu^nes)
Foreign, $3.00 a year (2 volumes)
Single numbers: Doinestic, 10 cents
Foreign, 15 cents
Articles appearing in the Journal are printed separately and can be obtained
by purchase at varying prices depending on their size. When purchased in
quantity of 100 or more, a reduction of 25 percent in the cost will be made. If
separates are desired in quantity, they should be ordered at the time the manuscript is sent to the printer. Address all correspondence regarding subscriptions
and purchase of numbers and separates to the Superintendent of^ Documents,
Government Printing Office, Washington 25, D. C.

JOIll» OF AGMOITDRAL RESEARCH
VOL.

73

WASHINGTON, D. C, OCTOBER

1

AND

15, 1946

Nos. 7 and 8

EFFECT OF TIME AND CONDITIONS OF CURE ON THE
CARBOHYDRATE COMPOSITION OF SWEETPOTATOES
AND THE PROPERTIES OF THEIR STARCHES '
By H. N, BARHAM, industrial chemist, and J. A. WAGONER, assistant industrial
chemist, Kansas Agricultural Experiment Station,
INTRODUCTION

The work herein reported began from an observation (4) ^ that the
curing of sweetpotatoes (Ipomoea batatas (L.) Lam.) altered the
quahty of the starch which they contained. The similarity of sweetpotato starch to tapioca (cassava) starch and the industrial importance
of the latter were regarded as adequate reasons for attempts at
further modification by subjecting sweetpotatoes to curing conditions
for periods longer than the usual 10 to 14 days.
Unaltered sweetpotato and tapioca starches are similar in respect
to viscosity, differing prinicpally in that sweetpotato starch forms less
gummy pastes and gelatinizes at a higher temperature. Both form
clear pastes the physical characteristics of which change but slowly
when left undisturbed at room temperature. The regular cure of
sweetpotatoes lowers the extremes of the gelatinization temperature
of the starch as well as the viscosity of its pastes, but not to the
extent that the pasting curve approaches coincidence with that of
tapioca starch. Paine and others (12), in summarizing recent work
on the properties of sweetpotato starch, have emphasized the superior
qualities which it possesses and have pointed out important uses in
which it is capable of replacing tapioca starch. In view of the effects
of cure on the pasting characteristics of sweetpotato starch, there
was the possibility that control of enzymic changes in the tissue might
not only make possible a further accentuation of the tapioca hke
quality of sweetpotato starch but that it might also be of value in
interpreting the effects of storage and cure upon the quality of
sweetpotato starch.
In setting up the experiments, arrangements for the accurate control
of the conditions of cure were made with care, and interruptions were
regarded as unlikely. Nevertheless, the control mechanism failed to
operate properly on four different occasions during the course of the
experiments, thereby permitting the temperature and humidity to fall.
Subsequent evaluation of the data showed that the accidental lowering
of the temperature and relative humidity was fortunate in that it
provided reference points for variations in the carbohydrate composi1 Received for publication December 22, 1944. Contribution No. 297, Department of Chemistry, Kansas Agricultural Experiment Station. Part of the material
in this paper was taken from an unpublished thesis presented by J. A. Wagoner
to the Graduate School of Kansas State College in partial fulfillment of the
requirements for the degree of doctor of philosophy, 1943.
2 Italic numbers in parentheses refer to Literature Cited, p. 279.
Journal of Agricultural Research,
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tion in the tissue, the ease of starch removal from the tissue, the
amounts of two starch fractions removed from each sample, starch
density, water-holding capacity of the granule, average granule
diameter, materials adsorbed within the granules and removable by
solvent extraction, alkali lability, and the rate of development of
viscosity during pasting.
EXPERIMENTAL PROCEDURE
SWEETPOTATOES

Curing,—Twenty bushels of Improved Big Stem Jersey sweetpotatoes were dug from the farm of a local grower and delivered
immediately to the laboratory. Five bushels were processed at once
for the removal of starch, and the remaining 15 were placed in a room
equipped to maintain a constant temperature and relative humidity.
This room had been cleaned and fumigated, and the racks were so
adjusted that the baskets of sweet potatoes would have ample room for
air circulation. The controls were set at 30° C. and for 90-percent
relative humidity. However, because of the failure of the control
mechanism to operate properly, the temperature and humidity dropped
to 25° and 50-percent relative humidity, respectivel}^, for 72 hours
within the first week and for approximately 48 hours within the
sixth-, twelfth-, and nineteenth-week periods. Weight records were
made of each basket of sweetpotatoes as it was received and at the end
of each week of cure. Sample baskets were removed at the end of the
first, second, fourth, sixth, ninth, twelfth, sixteenth, and nineteenth
week, and the sweetpotatoes were processed entirely for starch except
for small amounts of tissue reserved for analyses.
Starch recovery.—Sample bushels of sweetpotatoes were taken from
the constant temperature room and washed in cool water to remove
adhering foreign matter. When clean and dry, they were ground
three times in a meat grinder, during which time a small stream of a
0.15-percent sodium bisulfite solution was directed through the grinder
to repress the enzymic action and to wash the grinder. Starch was
removed from the pulp by kneading it through clean cotton bags until
no more was obtainable. The starch was washed and settled three
times in fresh 0.15-percent bisulfite solution after which it was tabled
four times, dewatered on a Büchner funnel and placed on a clean
protected surface to air-dry at room temperature. When the moisture
content of the starch had dropped to a constant level at the prevailing
humidity, it was stored for later examination. The above procedure
gave the starch fraction which is designated as the A fraction. The
B fraction was obtained from the washed pulp by regrinding it two
additional times with a finer plate. In other respects, the procedure
was the same. The B fractions were the result of efforts to increase
yields; however, because of the possibility that the fractions might
have different properties, they were examined separately. Even with
the second grinding, total yields were low as compared with those
obtained in commercial practice. The starches so obtained were
white, odorless, and free from any foreign matter detectable under a
magnification of 300 diameters.
Chemical analyses,—One-hundred-gram samples of pulped sweetpotatoes (to which no bisulfite had been added) were placed immedi-
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ately after grinding in sufficient alcohol, allowing for the water content
of the mash, to give a final concentration of 80 percent. The mixture
was heated at 60° C. for 30 minutes and stored in sealed glass jars.
When analyses were to be made, the solids were filtered off and washed
first with warm 10-percent alcohol and then with warm distilled water.
The solids were dried, ground to pass through a 200-mesh screen, and
redried in vacuo at 100° to constant weight. Aliquot samples were
analyzed for starch by direct acid hydrolysis according to official
method XXVII, 30, of the Association of Official Agricultural Chemists (Í). The acid hydrolysis method was selected because, in a
number of respects, it has been found to give more satisfactory results
(2,6,11).
The filtrate from each sample, together with the washings, were
made to 500 cc. Since no turbidity developed when the water washings were added to the alcohol filtrates, it may be assumed that no
dextrins were washed out of the alcohol-insoluble materials. However,
had alcohol-soluble nonsugars been added to the filtrates, it is doubtful
whether they would have been lost through clarification with neutral
lead acetate {9). Analyses for reducing and total sugars were made
by the A. O. A. C. official methods XXXIV, 37-41 (i).
Aliquot samples of the sugar solutions also were evaporated and
dried according to the A. O. A. C. official method XXXIV, 5 (i). The
solids present in the alcohol solutions added to the alcohol-insoluble
solids represent the total solids.
STARCH

Moisture,—^The starches were analyzed for moisture by heating
weighed samples in a vacuum oven for 12 hours at a pressure of less
than one inch of mercury and a temperature of 110° C. The loss in
weight was taken to be equivalent to the amount of moisture in the
starch.
Granule diameter.—Granule diameter measurements were made
microscopically with a properly adjusted glycerine-starch suspension. Five hundred granules were measured in microns at a magnification of 300 diameters. Such measurements were found capable
of duplication within 0.25 micron. The average granule diameter
and granule-size distribution were computed for each starch.
The average granule diameter data obtained for the starches of the
natural and solvent-extracted A series by the microscopic method were
checked against those obtained by air-permeability measurements.
The instrument used was the Fisher sub-sieve sizèr which incorporates
the design of Gooden and Smith {8). Measurements were made in
accordance with the directions supplied by the manufacturer. The
air-permeability method gave values which were consistently higher
than those given by the microscopic method. However, the factors
for the natural and solvent-extracted starches were different; they
approximated 1.30 for the natural and 1.15 for the solvent-extracted
starches. This difference was interpreted to mean that a change in
the shape of the granules had occurred during solvent extraction.
Density.—Starch density was determined in pycnometers of roughly
25-cc. capacity and at a temperature of 25° C. The suspending
liquids were benzene and water; 7 to 12 gm. of starch were used for
each determination.
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Solvent ertraction.—The solvent extraction of starches was made with
85-percent methanol-water solutions according to the procedure of
Schoch {15). The desorption of removable adsorbed materials was
regarded as complete after five extractions. The solvent was completely removed at low temperature and pressure from the material
extracted from the granules and the material was dried and weighed.
Protein content.—In order to ascertain the extent to which the material adsorbed within the granule was protein in character, starches
were analyzed for nitrogen according to the Kjeldahl procedure. The
A. O. A. C. official method, II, 21 (l) was adapted for use with 5 gm.
of starch.
Alkali-labile values.^—These values were determined in accordance
with the method developed by Taylor and others (17). Most starches
were examined by the Schoch method (16). The latter values were
smaller but roughly proportional to the Taylor values.
Viscosity records.—Viscosity measurements were made with a
rotating-cylinder viscometer (3) which had been designed especially
for the study of starch pastes. The procedure consisted of placing
40 gm. of starch, corrected for moisture, and 360 gm. of water, including that present in the starch, in the rotating cup, establishing a
temperature of 20° C, heating at a rate of 0.5° per minute unti Ithe
temperature of the paste had reached 92°, cooking at this temperature
for 30 minutes, and coohng to room temperature at the same rate
that it was heated. Torque measurements, expressed in grams, were
made with a frequency sufficient for making smooth curves.
EXPERIMENTAL RESULTS

In reporting the data accumulated in the course of these experiments
it is recognized that the actual magnitude of each measurement
depends upon the variety of sweetpotato selected and upon the
environmental conditions under which the variety is grown. Moreover, there is the variability in granule structure which comes from
enzymic changes in the tissue. Since the greatest value of the data
is in indicating trends in changes due to time and conditions of cure,
it is advantageous to present most data graphically; for economy of
space, tables are given in those cases where there would be no sacrifice
in clarity.
When curves are used to follow changes within the sweetpotato
tissue, two curves, one a broken line, the other a solid line, are used
to represent variations within each set of data. The broken-line
curve is drawn through points of constant temperature and humidity;
the solid-line curve is drawn through all points. The broken-line
curves are not projected beyond the sixteenth week since there were
no data subsequent to the nineteenth week corresponding to the
reestablishment of the normal conditions of cure. Open circles are
used to indicate points at which normal conditions of cure prevailed,
closed circles to indicate points at which the temperature and relative
humidity fell. In the following presentation of results, it is assumed
that the broken-line curves approximate the effects of cure which
could reasonably be expected had there been no interruption of
* Alkali-labile measurements were made by Carol L. Campbell of this laboratory.
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temperature and humidity control. The sohd-hne curves reflect the
effects of an accidental lowering of the temperature and humidity
during cure which occurred within the first, sixth, twelfth, and
nineteenth weeks.
SWEETPOTATO TISSUE

During the 19-weeks' cure, the sweetpotatoes changed considerably
in appearance. Originally they were firm, crisp, yellow in color, and
had a density greater than water, but at the end of 19 weeks, they
were brown in color, woody in« texture, wrinkled, and had a density
less than water. Changes with respect to these factors were first
noticeable at about the ninth week.

6

8

10

12

TIME OF CURE ( WEEKS )
FIGURE

1.- -Weight lost by sweetpotatoes during cure.

The weight-loss data covering the 19 weeks of cure are given in
figure 1. After the first week, during which the rate of loss was greatest, there was a continuous and regular loss of weight until, at the end
of the nineteenth week, the sweetpotatoes had lost over one-third of
their weight.
The data in table 1 and the curves in figure 2 relate to changes in
carbohydrate composition as the curing progressed. Curves a, 6, c,
and d follow changes in total carbohydrates, starch, nonreducing
TABLE

1.—Weights of carbohydrates and solids in 100-gmJ samples of sweetpotato
tissue

Sample No.

01
24
6
9
12
16
19

Alcoholinsoluble
solids
Grams
24.24
22.28
23.42
21.50
21.16
23.49
24.08
25.96

Alcoholsoluble
solids
Grams
3.00
4.94
5.22
6.01
5.82
5.87
5.90
6.23
7.88

Total
solids

Starch

Grams
21. QA
27.22

Grams
16.45
14.38

29.43
27.32
27.03
29.39
30.31
33.84

15.33
13.80
11.80
12.45
14.55
14.40

Total sugars
as invert
sugar
Grams
1.88
3.87
4.05
4.78
4.65
4.83
4.70
5.20
6.72

Reducing
sugais as
invert sugar
Grams
0.29
.54
.81
.49
.29
.33
.23
.23
.19

1 Because of the variable amounts of water that the sweetpotatoes may have absorbed at the time of washing, the 100-gm. samples may not be strictly comparable in the sense that they reflect the water content of
the sweetpotatoes at the end of the designated curing intervals.
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sugars, and reducing sugars, respectively, in the total solids. Each
carbohydrate fraction is defined only by the method of analysis and is
reduced to a CeHioOs basis. The quantity designated as total carbohydrates is limited to starch plus total sugars calculated as starch.
Total solids also are corrected for the sugar-bound water.

6

a

8
10
12
14
TIME OF CURE (WEEKS)

20

TOTAL CARBOHYDRATES (STARCH PLUS TOTAL
SUGARS CALCULATED AS STARCH )

b STARCH
C N0NREDUCIN6 SUGARS AS STARCH
d REDUCING SUGARS AS STARCH

2.—Carbohydrate composition of sweetpotatoes during cure. Broken
lines show effects that could reasonably be expected with no interruption of
temperature and humidity control; solid lines, the effects of accidental lowering
of temperature and humidity during cure, within the first-, sixth-, twelfth-, and
nineteenth-week periods.

FIGURE
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Under normal conditions of cure (broken line), the starch content
decreased to the ninth week after which there was an increase to the
sixteenth week. Nonreducing sugars increased continuously and
regularly to the sixteenth week. Reducing sugars increased to the
fourth week after which they decreased in a regular manner to the
sixteenth week. No carbohydrate fraction responded uniformly to
decreases in temperature and relative humidity (solid line). At the
first week when the temperature first fell, there was a relative decrease
in starch while both the nonreducing and reducing sugars increased.
At the sixth week, the effect of lowering the temperature and relative
humidity was to increase the starch and nonreducing sugars and to
decrease the reducing sugars with respect to the amounts which
would have been present in the tissue under normal conditions of
cure. At the twelfth week, there was a relative decrease in all three
35

>

o
cr
I

O NORMAL CONDITIONS OF CURE

o
(r

• DROP IN TEMPERATURE AND
RELATIVE HUMIDITY

<

10

8

10

12

16

20

TIME OF CURE ( WEEKS)
FIGURE

3.- -Percent of total starch recovered at different times and under different
conditions of cure.

carbohydrate fractions. Nonuniforin responses to a lowering of the
temperature can hardly be ascribed to the occurrence of enzymic
hydrolytic changes in the tissue while it was being dried. The accumulation of sugars in sweetpotatoes while being heated at 66° C. {11)
or cooked or dehydrated (after blanching) ^ is considerable unless
enzymes are first inactivated. Total solids were determined only
after treatment of the samples with 80-percent alcohol.
Under normal conditions of cure, the total carbohydrates increased
slightly to the fourth week, decreased to the ninth week, and increased
again to the sixteenth week. They also responded to a lowering of
the temperature and relative humidity. There was a relative decrease
in total carbohydrates at the first week, an increase at the sixth week,
and a decrease at the twelfth week.
The curves shown in figure 3 express the percent of the total starch
recovered as it was affected by the time and conditions of cure.
The efficiency of recovery imder constant conditions increased to
the ninth week and decreased thereafter. The lowering of the
^ Kansas Agricultural Experiment Station.

Unpublished data.
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temperature and relative humidity (solid line) increased the effectiveness of recovery during the first week but lowered it during the
sixth and twelfth weeks. The combination of variable starch content
and efficiency of recovery shown in figure 4 gives information which

o NORMAL CONDITIONS OF CURE
10

• DROP IN TEMPERATURE AND RELATIVE HUMIDITY

1.

\

6

'

\'

I

\

\

8

10

12
( WEEKS )

14

TIME OF CURE

FIGURE

16

18

20

4.—Yields of dry starch obtained at different times and under different
conditions of cure.

should have a bearing on yields of starch from cured sweetpotatoes
With the curing methods commonly employed, it would be expected
that the maximum yield would be obtained at the fourth week of cure.
Figure 5 presents the weights of the A and B fractions in relation
to curing time. Under constant conditions of cure, the A fraction
reached a maximum at the fourth week, after which there was a

6
*

FIGURE

8

10

12

14

16

18

20

TIME OF CURE ( WEEKS )

5.—Yields of dry starch fractions obtained at different times of cure.

steady decrease. The B fraction reached a maximum at the second
week, dropped to its lowest value at the fourth week, increased appreciably to the ninth week, where it remained constant to the sixteenth
week. Except at the sixth week, responses to a drop in temperature
and relative humidity by the two fractions were in the opposite
direction.
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6.—Viscosity record of a sweetpotato starch during the heating stage:
Ti, lower limit of gelatinization temperature; T2, upper limit; AT, interval
between these two temperatures; AT^, initial maximum viscosity developed
AW
at T2; and AT' rate of gelatinization.

FIGURE

2.—Temperatures at which viscosity in sweetpotato starch becomes
measurable, JTI, and reaches its initial maximum, T2; the intervals between
these two temperatures, AT; the initial maximum viscosity developed at T2,

TABLE

ATF;

and rate of gelatinization, —^
A-FRACTION STARCHES
Gelatinization
temperature

AT
(T2-T1)

Sample No.
Ti

¿^W
A T

A IF

T2

Grains per
A-0
A-2
A-4
A-6
A-9
A-12
A-16
A-19

69.2
69.5
69.5
70.4
70.2
70.8
70.8
71.0

77.0
76.7
77.7
77.7
77.5
77.5
77.5
78.0

7.8
7.2
8.2
7.3
7.3
6.7
6.7
7.0

Grams
661
680
605
602
619
645
613
633

85
94
74
82
85
96
92
90

6.6
8.1
6.0
8.5
5.9
6.3
6.8
6.8

740
618
494
592
603
625
570
558

112
76
82
70
102
99
84
82

B-FRACTION STARCHES
B-0
B-2
B-4
B-6
B-9
B-12
B-16 _
B-19

-.

716802—46-

70.9
70.6
68.8
70.0
71.7
70.7
71.7
71.7

77.5
78.7
74.8
78.5
77.6
77.0
78.5
78.5
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A comparison of the starch content at different stages of cure with
the average granule diameters of the A and B fractions is shown in
figure 10. The pattern of change of the starch content was opposite
to that of the average granule diameter of the A fraction to the
sixth week and after the twelfth week; it was the same as that of the
average granule diameter of the B fraction to the sixth week but
opposite thereafter.
STARCHES

One means of following the changes in starches brought about by
the time and variable conditions of cure was to measure the viscosity
developed when 10-percent suspensions were gelatinized, cooked, and
cooled. Although the complete pasting record was made for each
starch, characterizations were based chiefly upon gelatinization
behavior. In the text, graphs, and tables, the temperature at which
the viscosity first becomes measurable is represented by Ti, the temperature at which the viscosity reaches its initial maximum by T2,
the interval between these two temperatures by AT, and the initial
maximum viscosity developed at T2 by àW, àWjAT is designated
as the rate of gelatinization. These quantities are presented graphically in figure 6. Viscosity data are found in table 2, in which the
A and B series are identified by numbers which indicate the weeks of
cure.
The solvent extraction of the granules was carried out only with
the A series; at the time extractions were made, the quantities of the
B series starches were not large enough to allow for their extraction
and subsequent examination. The total material extracted from each
starch sample was carefully collected, dried, and weighed. Further,
protein analyses were run on each sample before and after solvent
extraction. The nitrogen-protein conversion factor used was 6.25.
The spread throughout the unextracted starches was between 0.06
and 0.11 percent as compared with 0.04 and 0.06 percent for the extracted starches. Figure 7 provides a comparison of the variation of
0.019
.017 ^
ÜJ
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a:

.015 S
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.011 2
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o
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NITROGEN CONTENT
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7.—Comparison of the changes in nitrogen content with changes in the
rate of gelatinization of the A series of sweetpotato starches.
FIGURE
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8.—Comparison of the changes in total extractives with changes in the
rate of gelatinization of the A series of sweetpotato starches as influenced
by the time and conditions of cure.

FIGURE

0

5

10

15

20

25

30

35
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FIGURE

9.—Shifts in granule-size distribution of sweetpotato starch between
successive curing intervals and before and after solvent extraction.
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the nitrogen content of the unextracted starches with that of the rate of
gelatinization {àWjAT)] the patterns of change with respect to time
of cure were inverse to the sixteenth week. The curves shown in
figure 8 compare the changes in total extractives with changes in the
rate of gelatinization of the starches as influenced by the time and conditions of cure. Except at the sixth week, these changes also exhibited
opposite patterns up to the sixteenth week.
Granule diameter measurements were made on starches of the
natural and solvent-extracted A series and the natural B series. These
data are average values obtained from counts of 500 granules. Sizefrequency histograms also were prepared for all of these starches from

6

8

10

12

14

16

18

20

TIME OF CURE (WEEKS)
GRANULE DIAMETER, A SERIES
GRANULE DIAMETER, B SERIES
STARCH IN TOTAL SOLIDS
(CORRECTED FOR SUGAR-BOUND
WATER)

FIGURE

10.—Average granule diameter of starches of the A and B series and the
starch content of sweetpotatoes, at different stages of cure.

granule diameter measurements, from which curves were constructed
by plotting the midpoints of each size range against accumulative frequency (percent). The curves shown in figure 9 illustrate the shifts in
granule-size distribution which occurred between successive curing
intervals and those which came as a consequence of the solvent extraction of given starches. The granule-size displacements exhibited
considerable regularity with respect to the various size ranges. The
patterns of change of the average granule diameter in the A and B
series of starches were opposite to the twelfth week but were the same
thereafter (fig. 10). The solvent extraction of starches of the A series
had the effect of increasing the average granule diameter in each
case (fig. 12).
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Figure II, A and i?, also provides a comparison of changes in average
starch granule diameters of the A and B fractions, respectively, and
rates of gelatinization, with time oí cure. For both fractions, which
showed opposite trends with respect to the granule diameter, the rate
of gelatinization and the average granule diameter varied in much the

—— RATE OF GELATINIZATION
---- AVERAGE GRANULE DIAMETER
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11.—Rate of gelatinization and changes in average granule diameters of
sweetpotato starch at different stages of cure: A, A series; B, B series.

same manner. For the solvent-extracted A series, however, the patterns of change for the rate of gelatinization and the average granule
diameter were opposite (fig. 12).
Granule densities were measured in benzene and water. Densities
measured in ben^^ene were corrected for the water content of the starch
before they were used in making comparisons. Densities measured in
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water were used in calculating the water content of starch granules in
contact with water, referred to later as the water-holding capacity.
The calculation of the water-holding capacit}^ was made on the
assumption that the granule does not change in volume when it is
placed in water. Gallay and Puddington (7) report no change in the
volume of potato starch granules when held in water at 50° C. Granule densities (corrected to dry weight) of the A and B fractions, except
at the sixth week in the A series and the ninth week in the B series
(fig. 13, A and 5), varied directly with the rates of gelatinization and,
therefore, with the granule diameters (fig. 11, ^ and B) at different
stages of cure.
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FIGURE

The water-holding capacity of starches of the A and B series are
compared with rates of gelatinization at different stages of cure in
figure 14, A and B. Except for the sixth week in the A series and
ninth week in the B series, the curves have opposite patterns. Further,
it may be pointed out that the water content of the air-dried starches
gave much the same pattern with respect to the rates of gelatinization.
The spread between the water content of corresponding air-dried and
water-suspended starches of both series was between 1.0 and 2.5 actual
percent; the average difference was 1.47 actual percent. It is worthy
of note that starches of both series varied in some predetermined
manner in their water-holding capacity. This, together with the
relatively small difference in the water content of air-dried and watersuspended starches, suggests that the water which entered was held
within the granule as adsorbed water. In some respects, this is in
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agreement with the view of Sair and Fetzer {14, P- 206) that 'Vater is
retained by starch between 20 and 90 percent R. H. in one form
only—adsorbed water/'
The curves of figure 15 show changes in the alkali lability with
change in the rate of gelatinization (AW/AT) of the B series during
cure. The patterns of change were inverse with respect to each other.
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Tapioca starches obtained from different sources vary considerably,
depending upon their history and purity. Figure 16 presents the viscosity records of three different tapioca starches and two sweetpotato
starches. Curves a, d, and e show data for tapioca starches and curves
h and c for sweetpotato starches. The tapioca starch of curv^ 4\^ a
natural starch of high quahty and one which has undergone httle
change in storage; its viscosity record is typical of natural tapioca
starch of good quality. The tapioca starch of curve e is a natural
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tapioca starch originally of high quality, but considerably changed
through aging ; its viscosity record 3 years ago was much the same as
that of curve d. The tapioca starch shown in curve a has been chemi^ 120
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15.—Comparison of the rate of gelatinization and the alkaH labüity value
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cally modified to convert it into a starch better suited for food uses.
All three are commercial starches. The sweetpotato starch of curve h
is the B fraction obtained from the uncured sweetpotatoes (B-0) ; that
of curve c is the B fraction obtained at the fourth week of cure (B-4).
These two were selected because they represent the extremes in quality
of the sweetpotato starches obtained.
DISCUSSION
SWEETPOTATO TISSUE

In a discussion of the changes which occured in the carbohydrate
composition of the sweetpotatoes as a result of the conditions imposed,
it should be emphasized that the carbohydrate fractions—starch,
nonreducing sugars, and reducing sugars—are defined only by the
analytical procedures used for their estimation. No attempts were
made to identify individual components of these fractions.
Very little is known about the number and nature of enzymic reactions involving carbohydrates that take place in situ in sweetpotato
tissue. Polysaccharide-sugar interconversions and respiration are the
most generally recognized. In the case of the former, polysaccharides
other than starch have been given little consideration. Furthermore,
there appears to be no direct evidence with respect to the identity of
the sugars that are in equilibrium with and that represent the end
products of the hydrolysis of the polysaccharides. Barker (5), in a
study of potatoes, established that, within the temperature limits of
1° to 10° C. and except at high sucrose concentrations, curves relating
the rate of respiration with the concentration of extractable sucrose
closely resemble those which characterize enzymic reactions in vitro.
His conclusion was that, in potatoes, sucrose either is or determines the
respirable substrate. It is to be presumed that one or more of the
polysaccharides constitute the ultimate source of the sucrose but its
immediate origin is not known.
The component of the tissue that is most readily measured is
water, although the accuracy of its estimation may be open to question. Aside from chemical equilibria involving water, the processes
which directly affect the over-all tissue-water content are transpiration, imbibition, and respiration. Since little is known about the
distribution of water within the structurally distinct parts of the
tissue and its availability for reaction, the effects of change in the
over-all tissue-water concentration upon a given reaction cannot be
predicted. It may be expected, however, that the effects of such
changes would vary with structural changes in the tissue.
In these experiments, the rate at which the sweetpotatoes lost
weight (fig. 1) showed no response to simultaneous changes in temperature and relative humidity. All other measured quantities
reflected variations in tñe conditions of cure. The loss in weight
may be regarded as a composite loss of carbon dioxide and water,
whereas each of the other quantities is concerned with a single substance (or fraction). Not only does the weight loss involve carbon
dioxide and water but also it is possible that the water, through
imbibition and transpiration, may make such adjustments that the
weight loss rate is regular in spite of changes in temperature and
lelative humidity.
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The curves of figure 2 may be considered as evidence of the complexity of participating carbohydrate reactions and of the factors
that affect their rates. It is generally believed that a drop in temperature occasions a decrease in starch and an accumulation of sugars.
This occurred at the first week wñen the temperature first decreased
but not at the sixth and twelfth weeks. Either of the sugar fractions
might have contained the respirable substrate, depending upon the
relative rates of the carbohydrate interconversions and respiration.
The most notable observation to be made with reference to the
changes in carbohydrate composition is that the total carbohydrates
(starch plus total sugars calculated as starch) increased slightly to the
fourth week and markedly from the ninth to the twelfth week.
This behavior requires the existence in the tissue of some carbohydrate which either is not hydrolyzed at all or is incompletely hydrolyzed during analysis but which is convertible in situ to carbohydrates
that, in some degree, are measurable by analysis. The reversibility
of the reaction is suggested by the simultaneous decrease of all three
carbohydrate fractions when the temperature dropped at the twelfth
week. That some starch ultimately came from this source is indicated by the increase in starch under constant conditions of cure
between the ninth and sixteenth weeks while the nonreducing sugars
remained constant and the reducing sugars decreased.
Not only are there indications of a difficultly hydrolyzable carbohydrate that participates in the carbohydrate balance in the tissue
but there is also evidence that the carbohydrate substance from one
part of the tissue may be transferred to another, possibly from one
morphological environment to another.
At the outset the purpose of the preparation and the separate
examination of starches of the A and B series was to increase the
yield of starch and to learn whether or not the corresponding fractions
were identical. If they were not identical, it would mean that a
fractionation of the starch had taken place, presumably because of
the failure to carry out the simple procedure used in preparing it in
a reproducible manner. To those experienced in such procedures,
there would be an inclination to dismiss any dissimilarities withia
the fractions as purely accidental. However, in view of the patterns
of change that the series follow during cure and their relationships
with each other and the starch content, it is possible that the two
series of grinds made in this study yielded, without excessive overlapping, two starch fractions having their origin in morphologically
distinct parts of the tissue.
The patterns of change of the corresponding A and B fractions were
opposite with respect to a number of properties. This is true of
their actual weights (fig. 5). To say that as one fraction increases,
the other decreases, is not a statement of the obvious; either fraction
could have been increased from the relatively large amount of residual
starch in the tissue or from some reserve carbohydrate.
An inspection of figure 10 shows that the A and B series of starches
exhibited opposite trends in the variation of the average granule
diameter during the first 12 weeks of cure. That they were the same
subsequent to the twelfth week might be expected in view of the
evidence of structural changes in the tissue during the later stages of
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cure. It will be noted also that the variation in starch content was
not consistently comparable with that of the average granule diameter
of either the A or B series of starches.
One interpretation of the opposite patterns of the average granule
diameters of the two series is that the fractions may be identified with
separate and distinct parts of the tissue and that one may have been
formed at the expense of the other. There is the suggestion also
that, of the two fractions, the B fraction made the greater contribution to changes in starch content during the first six weeks and the A
fraction from the sixth to twelfth weeks. Further, there is an indication that competing starch-sugar in tercon version s were contributing
to the nonuniformity of response of the starch content to a lowering
of the temperature; at the sixth week, there was a relative increase
rather than a decrease in the starch content as a result of a drop in
temperature.
In accounting for the relationships between the average granule
diameters of the two series of starches, it might be argued that they
could be due to nonuniform changes in the granule-size distribution.
Figure 9 shows this to be improbable. The granule-size distribution
curves typify the shifts which occurred at succeeaing intervals of cure.
Shifts from one distribution to another were regular with respect to
the complete range of diameters and indicate that enzymic changes
involving the granules were essentially statistical rather than specific.
It therefore seems probable that starch was hydrolyzed and laid down
continuously in the tissue and that a change in conditions altered the
rates of the various processes with respect to each other.
Other granule properties which varied in a similar manner with time
of cure and which, therefore, distinguish between the A and B series
of starches, are the rate ot gelatinization (fig. l\,A and 5), the density
(fig. 13, A and B), and the water-holding capacity—percent water in
the granules in contact with water (fig. 14, A and B). The last two
may be dependent variables although not essentially so. Thus, there
is definite reason to regard the two series as separate and distinct and
not as having resulted from fortuitous fractionations which bear no
relation to cellular structure.
Küntzel and Doehner {10) have reported that there are two phases
in the development of pastes during the heating of starch suspensions.
The first phase consists of the formation of a melt from starch crystallites and the deformation of starch molecules. The second phase
involves the hydration (swelling) of the molecules thus liberated. The
first is an endothermic, the second an exothermic process. This
concept comes as close as any other to representing commonly held
views of paste formation. In particular, it carries the implication
that swelling occurs throughout the granule rather than at the surface
and that the high viscosities developed during paste formation come
from interference between swollen granules. However, it contributes
little information relative to the influence on the gelatinization process
and subsequent paste behavior of granule diameter, percentage of
starch in the granule, water-holding capacity of the granule, density,
substances adsorbed within the granule, and alkali lability.
The effect of granule diameter on the viscosity of a paste has been
variously reported in the literature. Some investigators have claimed
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that the s^iscosity is directly related to the granule diameter; others
iiave held that the relation is indirect. A direct relation between
the viscosity and granule diameter wouid imply that the accessibility
of water to those areas at wùich gelatinization occurs is such that t^e
extent of swelling approaches a maximum. An indirect relation, on
the other hand, would suggest that the extent of swelling is so restricted that it appears to be dependent upon the peripheral surface area
of the granule.
In these experiments it was found that the rates of gelatinization
measured under given conditions and granule diameters of the natural
starches* (fig. 11, A and B) followed the same trends during the curing
period. For this reason it is concluded that, in these instances, the
rate of gelatinization was directly proportional to the granule diameter
and that, therefore, the ease at which water is made available for
swelling is not greatly altered as a consequence of the tissue changes
which occur throughout the curing period. Evidence of this direct
relation becomes still more convincing when it is recalled that it
applies to two fractions of an opposite character.
In a consideration of the rate at which starch will gelatinize under
given conditions, it would seem logical to assume that this rate
would increase as the weight of starchy substance per unit volume
increased. With starches whose granule contents are equally available for swelling, the rate of gelatinization should be greater the
greater the density. The data presented in figure 13, A and B,
show that the density of starches of the A and B series, corrected to
dry weight, varied directly with the rate of gelatinization at different
stages of cure.
It is equally reasonable to assume that the rate of gelatinization
would be inversely proportional to the water-holding capacity or the
water content of the granules in contact with water. At first glance,
this might seem to be a corollary to the relation between density and
rate of gelatinization mentioned above. However, the function of
water in the swelling process is doubtless complex and in some respects
must vary independently of the density. It is possible that an increase
in firmly bound water may increase or decrease the rate of gelatinization, depending (1) on the extent to which the water, as a measure
of crystallite formation, predetermines the amount of swelling or
(2) on the extent to which the endothermic heat requirements lessen
the reaction rate. An increase in loosely bound water also may increase or decrease the gelatinization rate, depending on the extent
that the water is used in hydration or the extent to which it is a measure
of that fraction of the granule which does not directly participate in
the swelling process. No attempts were made to distinguish between
the iifferent types of adsorbed water but the experimental results
suggest that in this case the latter function of the loosely bound water
is the more significant. Figure 14, A and B, shows that the waterholding capacity varied indirectly with the rate of gelatinization.
Starches of commerce contaia various amounts of non carbohydrate
organic substances, depending upon their origin and method of
manufacture. The greater part of these substances are adsorbed and
may be removed by solvent extraction. In considering their possible
effects on the viscositj^-, the inclination would be to assume that
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they would modify the rate and possibly the extent to which water is
available for swelling. Kundle and Edwards {13) have reported that
the helices of starch molecules apparently tighten with the adsorption
of iodine and of butanol. The adsorption of other molecules of the
proper dimensions might do likewise. If such is the case, starch
granules would be expected to decrease in diameter with increasing
amounts of adsorbed substances. Further, the consequences of
adsorption would be expected to modify the rate at which water is
available for gelatinization.
An examination of figures 7 and 8 shows that both the protein and
total extractives decreased with increasing rate of gelatinization at
different stages of cure. It is possible that the increasing rate of
gelatinization is due entirely to the increase in granule diameter
(fig. 11, ^) brought about by mechanical effects, but it is not probable.
Structural changes in the granule should also be taken into account.
The prevailing opinion regarding the significance of alkali lability
is that it is a measure of reducing groups. Its use has been as an
index of hydrolysis. Since the Taylor method for measuring alkali
lability depends on a reaction of the carbohydrate substance with
iodine and the Schoch method depends upon a reaction with sodium
hydroxide, these methods will be in error to the extent that iodine or
base-consuming extraneous substances are present in the starch.
The amounts of noncarbohydrate substances vary to a considerable
extent in natural starches but are greatly reduced by solvent extraction. In these experiments, the trend of the alkah lability during
cure was opposite to that of the rate of gelatinization (fig. 15) and
therefore followed the trend of the protein and total extractives
(figs. 7 and 8).
In the case of natural starches, the trends of change during cure
indicate not only that the granule diameter increased with a decrease
in the amount of adsorbed organic substances but also that solvent
extraction actually caused an increase in the granule diameter (figs. 9
and 12). "When the solvent-extraction method was used, however,
there was a further increase in alkali lability,^ which could no longer
be ascribed to normally present extraneous adsorbed substances,
and the rate of gelatinization varied indirectly instead of directly
with the granule diameter (fig. 12). The latter fact suggests that
increased alkali lability is associated with a reduced rate of availability
of water for swelling. Support for this statement is provided by
data obtained by Schrenk,^ who found that, whereas solvent extraction has no effect on the magnitude of the heat of wetting of a starch,
it markedly decreases the rate at which wetting occurs. The results
set forth above indicate that solvent extraction causes a structural
change in the granule. It should be added, however, that the results
of increased alkali lability with solvent extraction as here reported are
not in agreement with those of Schoch {15), who found the opposite
to be true in the case of comstarch. The possibility that traces
•^ The comparison of the alkali lability of the solvent-extracted A series starches
was not followed beyond the sixth week of cure since samples of this series had
been exhausted.
• SCHRENK, W. G. A CALORIMETRIC STUDY OF CERTAIN STARCHES, GLUTENS,
AND FLOURS IN WATER AND WATER SOLUTIONS. 1945. [Unpublished doctor's
thesis. Copy on file, library, Kansas State College, Manhattan.]

Oct. 1,15,1946

Oarhohydrate Composition of Sweetpotatoes

277

of adsorbed methanol remain in the solvent-extracted starches can
scarcely account for the increased alkali lability by the Taylor method;
similar results were obtained by the Schoch method.
In the foregoing paragraph, evidence was presented showing that,
for natural sweetpotato starches which allow water to become available
for gelatinization at a rate in excess of some minimum value, the rate
of gelatinization is governed directly by the granule diameter and the
density and indirectly by the water-holding capacity, the quantities
of adsorbed organic substances, and alkali lability. Furthermore,
substances adsorbed within the granule influence the rate of gelatinization by exercising some kind of control over the rate at which water
becomes available for swelling; in other words, the lower the content
of adsorbed organic substances the more readily the water becomes
available. The enzymic modification of the quality of starch in
sweetpotato tissue during cure seems to be governed principally by
these factors. All starches respond to fluctuation in temperature and
relative humidity. With a given change in curing conditions, the
quality of one part of the recoverable starch will become altered in one
direction and that of another in an opposite direction. Should there
be any occasion for it, the quality of the bulk of the starch can be
predetermined within limits by controlling the curing or storage
conditions. Insofar as is known, however, such a procedure would be
limited to the factors mentioned. Judging by the regularity of patterns of change there appears to be little change in the basic granule
structure of starch, which is concerned with the variability of molecules
and their association with each other.
COMPARISON OF TAPIOCA AND SWEETPOTATO STARCHES

It is not yet possible to compare starches of different origin on a
strictly quantitative basis. Differences between them include not
only variations in granule - diameter, density, and water-holding
capacity but variations in basic structure as well. The constituent
molecules of starch granules are usually classed as branched and linear.
These two types of molecules may vary from starch to starch in relative
amounts, size and shape, and the manner of their association in the
granule. It is probable that the last named is a factor in determining
the extent and type of crystallite formation.
Of the many methods that have been used for studying starch,
viscometric methods have been employed most extensively. In the
past, the usual procedure has been to make single-point measurements
of viscosity and, as a consequence, errors have arisen from comparing
pastes at different stages of development. Continuous measurements
of viscosity during and subsequent to the development of the paste
make possible a study of the factors that contribute to paste viscosity.
Some interpretation of the pasting record is already possible but it is
far from complete. A continued study of these contributing factors
will be required before an adequate evaluation of a starch can be made
by viscosity alone.
One of the characteristics of a starch of a given origin which is
difficult to change is the lower limit of the gelatinization temperature.
This is illustrated in figure 16 which shows that the tapioca starches
of different history begin gelatinizing at about 60° C. and sweetpotato
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starches at about 70°. It is true that curing has had the effect of
shifting gelatinization toward lower temperatures to the extent of
more than 2°, but this is not sufficient to justify the claim that sweetpotato starch has acquired a distinct increase in tapioca like character.
It is believed that the persistence of this quality in starches of a given
origin is due to the basic granule structure.
However, when it is a question of the peak viscosity developed
during pasting, sweetpotato starch can be modified during cure so
that it more closely resembles tapioca starch. Doubtless, this can
be done with other starches, since modification probably results
from changes in granule diameter, density, water-holding capacity,
and permeability without any considerable change in basic structure.
Tapioca starch No. 1, data for which are presented in figure 16, is a
typical natural tapioca starch of good quality. Starch No. 2 was of
equal quality 3 years ago. During that'time, aging caused about the
same drop in the initial maximum viscosity of tapioca starch as curing
did for sweetpotato starch. One of the factors which contributed to
this, in the case of sweetpotato starch, was the granule diameter;
possibly also this accounts in part for differences in the pasting behavior
of the two natural tapioca starches. In any case the average granule
diameter of tapioca starch No. 1 is 11.20^ while that of the aged
tapioca starch is 10.55ju; its granule diameter was not measured in
its original condition.
A predominant characteristic of natural tapioca starch is its ^'gumminess.^' Qualitatively, this character is more pronounced the higher
the initial maximum viscosity and the lower the viscosity of the developed paste at room temperature. The five starches for which data
are given in figure 16 rank, in the order of decreasing gumminess, as
follows: Tapioca starch No. 1, tapioca starch No. .2, sweetpotato
starch B-0, tapioca starch No. 3, and sweetpotato starch B-4. ''Cookup'^ tests, which are commonly used for evaluating starches, gave
them the same rank.
Tapioca starch No. 3 is one w^iich has been chemically modified
to improve its quality for food uses. It has been made *^shorter,'^
but not to the extent that it will not form a smooth paste upon
stirring. The change in shortness has made it intermediate between
the sweetpotato starches, with a greater similarity to B-4 than to B-0.
In summarizing it may be said that the quality of sweetpotato
starch is modified in the root as it undergoes cure. This modification
seems to be the result of changes in granular diameter, density,
water-holding capacity, and permeability and not to changes in the
basic structure of the granule. Sweetpotato starches in general
resemble tapioca starches and there is no evidence to indicate that
the curing of sweetpotatoes substantially enhances this similarity.
SUMMARY

Sweetpotatoes, cured for a period of 19 weeks, lost about 34 percent
of their weight. During that time they became brown in color, woody
in texture, wrinkled, and acquired a density of less than 1. They
were free from rot.
Decreases in temperature and relative humidity which occurred
during the curing period were accompanied by fluctuations in the

Oct. 1,15,1946

CavhoKydrate Composition of Sweetj)otatoes

279

reducing sugars, nonreducing sugars, and starch. Changes in the
carbohydrate composition suggest that some carbohydrate substance
not completely measured by the direct acid hydrolysis method was
present and participated in the carbohydrate balance in the tissue.
Two starch fractions (A and B) were prepared at different stages of
cure and these, because of their behavior, were judged to be of different
origin. The fraction of the total starch recovered at any stage did not
exceed 31 percent. The patterns of change of the two fractions were
opposite with respect to their actual weights, granule diameter, density,
water-holding capacity, and rate of gelatinization.
At times the starch content of the tissue varied in a manner similar
to that of the average granule diameter of the A series of starches, and
at other times similar to that of the B series. Furthermore, when
there was an increase or a decrease in the average granule diameter
of either starch fraction between successive curing intervals there was
a shift in the complete range of granule diameters. These results
indicate that there was a transfer of carbohydrates from one part of
the tissue to another during cure.
Judging by the patterns of change during cure, modification of
starch quality was brought about by changes in granule diameter,
density, water-holding capacity, and substances adsorbed within the
granule. If the basic structure of the granule was altered, the alteration was not significant. It was found that the rate of gelatinization
was governed directly by the granule diameter and the density and
indirectly by the water-holding capacity, the amounts of adsorbed
organic substances, and alkali lability. The granule diameter increased
as the content of adsorbed substances decreased.
There was no evidence to indicate that the curing of sweetpotatoes
enhanced the tapiocalike quality of the starch through an alteration
of the basic granule structure.
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