


(Hobart Manufacturing Co., Troy, OH) equipped with a special
mixing paddle. After all the water was added, the sample was
mixed at high speed until uniformly mixed and was transferred
to the vacuum mixer of a Demaco semicommercial scale vacuum
pasta extruder. The dough was pressed through an 84-strand
Teflon spaghetti die with a 0.157 cm diameter. The following
conditions were used for dough extrusion: screw rotation speed,
19 rpm; vacuum, 457 mm of Hg; meter jacket temperature, 470 C.
Each semolina sample was extruded in triplicate.

Pasta Drying
The extruded spaghetti samples were dried in a laboratory pilot-

scale pasta drier, model 300 (Standard Industries, Inc., Fargo,
ND). Five drying cycles were used for this study: two conventional
low-temperature cycles of 40 and 600 C and three high-temper-
atures (HT) cycles of 70, 80, and 900 C (Fig. 1). For the 400 C
conventional low-temperature drying cycle, the extruded spaghetti
was dried for a total of 18 hr. The temperature was held constant
at 400C for the first 10 hr of the drying cycle (Fig. IA), then
slowly decreased over the remaining 8 hr to 300 C. Relative
humidity (rh) was lowered gradually from 80% at the beginning
to 40% at the end of the drying cycle (Gilles et al 1966).

At stage I of the 600C drying cycle (Fig. 1B), the temperature
was increased in the first hour from the starting conditions of
200C and 78% rh to 550C and 80% rh and then was held for
3 hr. At stage II, the relative humidity remained constant at 80%
while the temperature was increased to the final temperature of
600C. These conditions were maintained for a period of 8.5 hr.
followed by a cool-down period of 2 hr, while the temperature
was lowered to 300C and relative humidity to 50%. Overnight
equilibration was allowed at 30'C and 50% rh to strengthen the
spaghetti.

The first stage of the 70 and 800 C drying cycles (Fig. 1C and
D, respectively) was the same as that of the 600 C procedure.
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Fig. 1. Drying curves of spaghetti processed from Vic and Rugby semolina.
A-E, Spaghetti dried at 40, 60, 70, 80, and 900C, respectively.

The second stage of the 70 0 C drying cycle (Fig. lC) was 6.5
hr long, with the temperature held constant at 700C and the
relative humidity at 80%. The second stage of the 80'C drying
cycle (Fig. 1D) was 3 hr long, with the temperature held constant
at 800C and the relative humidity at 80%. These conditions were
followed by a cool-down period (2 hr), returning the temperature
to 300 C and relative humidity to 50% in both 70 and 800 C drying
cycles. Overnight equilibration was allowed at 300C and 50%
rh to strengthen the spaghetti.

During the first stage of the 900C drying cycle (Fig. lE), the
temperature increased from 20 to 900C in 2 hr, at a relative
humidity of 78%. The temperature was held at 90'C for a half
hour and then decreased to 800C in a half hour. During the
second stage, the temperature was held constant at 800C for 3 hr,
then decreased from 80 to 400 C in 2 hr followed by a cool-down
period of 2 hr, returning the temperature to 300C and the relative
humidity to 50%. Overnight equilibration was allowed at 300C
and 50% rh to strengthen the spaghetti. Relative humidity was
held at 78% in the first stage, then rapidly decreased to 40%
because during the first hour, humidity could not be controlled
properly due to equipment limitations.

Spaghetti Analysis
Spaghetti color scores were determined by light reflectance using

a Hunter Color Difference Meter model D25 (Hunter Associates
Laboratory, Inc., Reston, VA) according to the procedure of
Walsh (1970).

Spaghetti was cooked according to the procedure of Dick et
at (1974). Cooked weight was determined by weighing the drained
and rinsed spaghetti and reporting the values obtained in grams.
To determine cooking loss, the combined cooking and rinse waters
were collected in a tared beaker, placed in an air-oven at 1000C
and evaporated to dryness. The residue was weighed and reported
as a percentage of the original spaghetti sample.

Firmness was measured on two strands of spaghetti as described
by Walsh (1971) with an Instron Universal Testing Instrument,
type T (Instron Corp., Canton, MA).

Gluten Denaturation
Gluten denaturation was determined by adapting the method

of Pence et al (1953) as described by Kim (1981). For the deter-
mination, 2.0 g of semolina (as is), was wetted with 4 ml of
isopropanol and extracted with 40 ml of 0.1N acetic acid in a
50-ml plastic centrifuge tube on a mechanical shaker (Wrist-action,
Burrel Corp., Pittsburg, PA) for 1 hr at setting 10. After centrifu-
gation at 5,000 X g for 30 min at 50C, 20 ml of the supernatant
was analyzed for nitrogen by the macro-Kjeldahl method (AACC
1983, Method 46-11) using 1 ml of antifoam agent (antifoam
A emulsion, Sigma Chemical Co., diluted 1:4 with diethyl ether)
to prevent foaming during digestion. Digestion was done first
at a low heat setting to boil off the water and then at full heat
for 40 min.

Protein Fractionation
A modified Osborne solubility fractionation procedure reported

by Chen and Bushuk (1970) was applied. A 10-g sample of ground
semolina or ground spaghetti was sequentially extracted with 0.5M
NaCl, 70% aqueous ethanol, and 0.05M acetic acid solutions to
give four protein fractions: salt-soluble (albumin and globulin),
ethanol-soluble (gliadin), acetic acid-soluble (glutenin), and
residue. Albumins were separated from globulins by dialysis of
the salt extract against distilled water. The protein content of
all fractions (as is) was measured by the micro-Kjeldahl method
(AACC 1983, Method 46-13). The protein distribution of each
sample was calculated from the weight and protein content of
each fraction.

Polyacrylamide Gel Electrophoresis
The albumin, globulin, and gliadin fractions were subject to

polyacrylamide gel electrophoresis (PAGE), according to the
procedure of Khan et al (1985, 1988). Proteins were prepared
in aluminum lactate buffer (10 mg of gliadin, 30 mg of albumin,
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or 20 mg of globulin per milliliter), and 10 or 30 ,ul of these
samples were applied onto the gel, depending upon the fraction.

Sodium dodecyl sulfate (SDS)-PAGE was performed on the
Osborne fractions (10 mg of protein per milliliter), according to
a modified Laemmli (1970) procedure, on 12% (w/v) acrylamide
(0. 1%, w/ v, bisacrylamide) resolving gels. A Hoefer SE600 vertical
gel apparatus (Hoefer Scientific, San Francisco, CA) was used
to make 1.5-mm thick gels, and 10 41. of sample was applied.
Gels were electrophoresed for 3 hr at 50 mA per gel. The tracking
dye, Pyronine Y, migrated off the gel during this time. Gels were
then stained for 6 hr with 0.1% (w/v) Coomassie Brilliant Blue
R250 in 10% (w/v) trichloracetic acid, 50% (v/v) methanol, and
10% (v/v) glacial acetic acid. Gels were destained in 40% (v/v)
methanol and 7.5% (v/v) glacial acetic acid until the gel
background was clear for photography.

Reversed-Phase High-Performance Liquid Chromatography
Reversed-phase high-performance (pressure) liquid chroma-

tography (RP-HPLC) was done according to the modified
procedure of Huebner and Bietz (1987). Wheat proteins were
extracted from ground semolina or spaghetti samples with 70%
aqueous ethanol on an equal-protein basis (0.082 mg/ ml) for 1 hr
with a 30-sec vortex every 10 min. Extracts were centrifuged at
20,000 X g for 20 min, and the supernatant was filtered using
Gelman LC13 0.45-/um filters (Ann Arbor, MI). HPLC was
performed with a Hewlett Packard model 1090 chromatograph
(Hewlett-Packard, Minneapolis, MN), which consisted of a PV5
solvent delivery system, a filter photometric detector, and an HP
3393A computing integrator. Analyses were carried out with a
SynChropak RP column (C18, 300 A pore size, 250 X 4.1 mm)
preceded by a guard column of the same packing material
(5 X 4.6 mm) (SynChrom Inc., Linden, IN). Gradients were
generated with water containing 0.06% trifluoracetic acid (solvent
A) and acetonitrile containing 0.05% trifluoracetic acid (solvent
B). All solvents were filtered (0.45 tim), degassed, and sparged
continuously with helium. The gradient began with 25% B,
increased to 30% B at 5 min, and to 50% B at 55 min with
a 5-min hold. Solvent B was then increased to 100% to wash
the column and held there for 5 min before being returned to
25% at 75 min. There was a 5-min column equilibration at initial
conditions between manual injections. Samples of 100 jl were
injected, and a flow rate of 1 ml/min at 55 0C was used. A
wavelength of 210 nm was used to monitor the eluate.

Statistical Analysis
The data were analyzed statistically using the GLM procedure

of the Statistical Analysis System (SAS Institute 1986). A split-
plot design was employed, and the Duncan's multiple range test
was applied to compare mean values.

RESULTS AND DISCUSSION

Drying Cycles
Figure 1A-E provides detailed information on the spaghetti

drying cycles. The drying cycles for 60-90° C are similar to Buhler
cycles (Ibrahim 1982), in which there is a stepwise increase to
attain the final drying temperature. The 900 C cycle is also similar
to a Buhler high-temperature cycle (their Turbothermatik cycle);
however, due to equipment limitations, the gradual multistepwise
increase in temperature over a 1- to 1.5-hr period could not be
achieved. Therefore, a constant gradual increase to 90'C in a
2-hr period was adopted (Fig. 1E). These drying cycles are used
at the Northern Crops Institute, Fargo, ND (Jim Jacobs, personal
communication). These drying cycles are similar to the HT-B
cycle of Dexter et al (1981), in which high temperature is reached
after a preliminary lower drying temperature.

The initial moisture of spaghetti for all drying cycles was
approximately 30%, diminishing to about 11-12.5% at the end
of the drying cycles. The drop in moisture in these cycles follows
the pattern of the HT-B cycle of Dexter et al (1981), in which
the moisture drops to about 20% before the high temperature
is reached and then the high temperature is held for the specified
time before cooling begins. During this time, moisture gradually
drops to its final value of about 11-12.5%. Resmini and Pagani
(1983) refer to this type of cycle as HT-LM (high temperature-
low moisture).

Protein Denaturation
The solubility of protein is considered an index of denaturation,

with lower solubility indicating a higher degree of denaturation.
Duncan's multiple range test showed that increasing the drying
temperature caused a significant decrease in acetic acid-soluble
protein (Table I). Compared to the solubility of the protein in
the semolina, and in spaghetti dried at 400C, both varieties of
spaghetti dried at 60, 70, and 80'C showed a large degree of
denaturation. At 900 C, there was even a greater degree of protein
denaturation in the two varieties. Thus, at very-high-temperature
drying at 900C, a change must occur in the properties of the
proteins, and this may partly explain the improved cooking quality
(e.g., higher cooked weight and lower cooking loss) observed at
this temperature (Aktan 1990).

Table I also shows that Vic, a strong gluten durum wheat,
has a lower percentage of acetic acid-soluble proteins than Rugby,
a weak gluten durum. There was also a significant difference
in the acetic acid-soluble protein between the semolina and any
of the spaghetti samples. These results agree with those of Dexter
and Matsuo (1977), who observed an 8% decrease in protein
solubility in acetic acid in spaghetti dried at a low temperature
of 39 0C, and with other studies (Cubadda and Resmini 1968,
Dexter et al 1981, Ibrahim 1982). Dexter and Matsuo (1977)

TABLE I
Effects of Drying Temperature and Variety on Various Spaghetti Quality Parameters'

Acetic Acid- Quality Parameter
Soluble Proteinb Color Score Cooked Weight Cooking Loss Firmness

(mean, %) (mean) (mean, g) (mean, %) (mean, g/cm)
Semolina 71.34 a ... ... ... ...
Drying temperature, 0C

40 66.87 b 9.75 b 29.17 c 7.68 a 8.41 a
60 65.62 c 9.75 b 29.44 c 7.90 a 8.04 b
70 64.82 c 9.75 b 29.56 c 6.65 b 8.41 a
80 63.36 d 9.75 b 30.68 b 6.55 b 8.42 a
90 46.67 e 10.75 a 31.61 a 6.20 b 8.10 b

Variety
Vic 58.26 b 10.20 a 29.78 a 7.01 a 9.01 a
Rugby 67.96 a 9.70 b 30.41 a 6.98 a 7.54 b

LSD (0.05)c 1.92

aAny two means followed by different letters differ significantly (a = 0.05), by Duncan's multiple range test.
"A measure of protein denaturation.
'Least significant difference; comparison of two means.
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