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Mechanism of the Greening Color Formation of “Laba” Garlic,
a Traditional Homemade Chinese Food Product
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While green discoloration during garlic processing is of a major concern, this greening is desirable
and required for the traditional homemade Chinese “Laba” garlic. To obtain insights into the mechanism
of color formation, simulation of the greening of “Laba” garlic was carried out in the laboratory by
soaking aged garlic in 5% (v/v, pH 2.33) acetic acid solution. After 2 days, the garlic cloves turned
green. Up to 4 days, pigment(s) diffused from garlic cloves to the pickling solution. The solution
exhibits two maximal absorbances at ~440 and ~590 nm, corresponding to yellow and blue species,
respectively, the combination of which creates the green coloration. With increasing time from 4 to
25 days, the concentration of both yellow and blue species increases at nearly the same rate, while
after 25 days, the concentration of the yellow species increases faster than that of the blue species.
Interestingly, most thiosulfinates (~85%) in garlic cloves were converted within 4 days, suggesting
that thiosulfinate conversion is proportional to the formation of the pigments. Consistent with this
conclusion, allinase and acetic acid were required for the color formation. UV—vis spectral
measurements and pH results suggest that the color formation occurs by two kinds of processes:
one enzymatic and the other nonenzymatic. Low pH (2.0—3.0) favors nonenzymatic reactions, while
high pH (6.0 or above) is conducive to enzymatic reactions. Thus, the ideal pH for the entire process
of garlic greening is between 4.0 and 5.0, which is a compromise of the optimal pH of both the
enzymatic and nonenzymatic reactions.
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INTRODUCTION economic value. However, this discoloration mechanism of
garlic is poorly understood. It is proposed that the greening
discoloration of garlic purees is similar to the pink discoloration
of onion and occurs in two phasels(19—21). The first phase
corresponds to the production of an ether-soluble organosulfur
component (also called “color development”) under the action
of alliinase on alk(en)yl-cysteine sulfoxides. Subsequently, this
component reacts nonenzymatically with amino acid and
carbonyl compounds to form pigments. This proposal seems to
be supported by recent studies of Kubec et al., showing that, at
pH 5.5, a dark blue pigment with a maximal visible absorbance
at 582 nm was formed in a system containBg1-propenyl)-

d L-cysteine sulfoxide (isoalliin), alliin, glycine, and allinaszd}.
Isoalliin is the major nonprotein amino acid occurring in onion
and is converted by alliinase to di(1-propenyl) thiosulfinate,
which gives onion its flavor. Although isoalliin content is much

Garlic is processed in various forms such as powder, granules,le_SS than_that of a_llun in garlic, its key role in the green
puree, minced paste, and oleoredif-£18). During processing discoloration of garlic was also observed by Luk&&)(
and Storage of gar”c or gar”c productsl greening is a major On the other hand, the deVelOpment of green color is desirable
concern because it limits commercial utilization and reduces and required for preparation of “Laba” garlic (“Laba” means
8th of December in the Chinese lunar calendar), a homemade
*To whom correspondence should be addressed. F&®6-10- Chinese traditional garlic product, which is made with vinegar
62737434. E-mail: gzhao318@yahoo.com.cn. during winter. Because it has a green color and unique taste as

For more than 4000 years, garlic has been used because o
its variety of pharmacological benefitd{4). Many health
properties of garlic are attributed to its organosulfur compounds,
particularly thiosulfinates (R-S-S(O)-R Diallyl thiosulfinate
(allicin) is the most abundant compound, accounting for 60
80% of the overall thiosulfinates present or formed upon
crushing garlic cloves5—8). It is produced by the interaction
of the nonprotein amino aci&allyl-L-cysteine sulfoxide (alliin),
with the enzyme, alliinase. One of the most active compounds
in garlic, allicin, is known to possess antimicrobial (9), anti-
inflammatory @, 10), antiatherosclerotid (), and antithrombic
(12) properties. It also has the capacity to lower serum lipi
levels and blood pressurg, (13, 14), most of which have been
suggested to be related to its strong SH-modifying and anti-
oxidant properties (15).

10.1021/jf051211w CCC: $30.25 © 2005 American Chemical Society
Published on Web 08/11/2005



7104 J. Agric. Food Chem., Vol. 53, No. 18, 2005 Bai et al.
compared to normal garlic, this kind of garlic is very popular 1.4]

in Northern China and is usually eaten with dumplings for o)

Chinese New Year. It is also known that fresh garlic cannot be 1.2 A

used for preparation of “Laba” garlic. Garlic is usually harvested 1 0_‘

around September in China. An aging process of fresh garlic -

(corresponding to around a 4-month storage from September 2 0.8

to December) is necessary for preparation of “Laba” garlic. < 1 b

Moreover, low temperature is required for triggering this aging 0'6'_

process. That is why “Laba” garlic can only be homemade in 0.4 .

winter in the north of China. However, similar to the discolora- 1 d

tion of garlic during its processing, there is little information °'2‘_ e

on the mechanism of the green color formation of “Laba” garlic. 0.0 g

Whether prevention of the discoloration during garlic pro- 77T
350 400 450 500 550 600 650

cessing or understanding the development of the color formation
for the preparation of “Laba” garlic, it is important to understand Wavelength (nm)

the mechanism of garlic greening. The present study was Figure 1. Family of UV-vis spectra for pickling solution with different
designed to simulate the aging process of fresh garlic in the times. Condition: 5% acetic acid at pH 2.33. (a) 4 days, (b) 5 days, (c)
laboratory and to determine the mechanism of the green color7 days, (d) 11 days, (e) 14 days, (f) 25 days, and (g) 45 days.
formation during the “Laba” garlic preparation. Other factors

that may cause the greening of garlic were also investigated toaccording to a previous method with slight modificatidiy. Briefly, a
further understand the mechanism of this process. fresh excessiva-cysteine solution was added to the crude garlic
extracts. The resulting solution was allowed to stand for 10 min at
room temperature followed by addition of the DNTB solution. All
solutions of DTNB,L-cysteine, crude garlic extract, and buffer were
mixed in equal volumes. This solution produces an absorbance at 412
nm asA; with a mixture of DTNB/crude garlic extract/buffer (1:1:2,
vlvlv) as a blank. In parallel, a mixture of DTNB/cysteine/buffer (1:
1:2, vivlv) was used as a control and gave an absorbance at 412 nm as
from Sigma Chemical Co. (Beijing, China). The solution edysteine A, with a mixture of DTNB/buffer (1:3, v/v) as a blank. The content
(6.0x 10~*M) and DTNB (3.0x 10~* M) were both freshly prepared  of thiosulfinates in garlic was calculated by the formula 855¢ Ay)-
in sodium phosphate buffer, and DTNB was stored in a brown reagent fe, wheref is the dilution factor and = 14 150 Mt cm™? (7).
bottle at 4°C after preparation. Statistical Analysis. Statistics on a completely randomized design

Plant Matel’ia|S. Gar|iC bu|bS were Obtained from a IOCal mal’ket were determined using SAS 9.0 for WindOWS. Duncan’s mu'tiple_range
of China Agricultural University. They were harvested in September test (p< 0.05) was used to determine the significance of differences
2004. between means.

Preparation of “Laba” Garlic in the Laboratory. In the laboratory,
an aging process was simulated by storing fresh garlic @ for 1
month. “Laba” garlic production was carried out in the laboratory by
soaking the aged garlic in 5% (v/v) acetic acid solution (see below), a
result indicating that the simulated aging process is quite similar to
the natural aging process.

MATERIALS AND METHODS

Chemicals.All solvents/chemicals used were of analytical grade or
purer. Hydroxylamine hydrochloride, acetic acid, citric acid, and malic
acid were purchased from Beijing Chemistry Co. (Beijing, China)-5,5
Dithio-bis-(2-nitrobenzoic acid) (DTNB) andcysteine were purchased

RESULTS AND DISCUSSION

Kinetic Absorption Spectra for Color Formation. Similar
to green discoloration of garlic pureg( 22), an aging process

Preparation of Garlic-Pickling Solution and Measurement of UV at Iqw temperature was "’?'SO required for prep_aratolon of Laba}
Spectra. After cracking the aged garlic bulbs, the shriveled, damaged, ga'rllc. After the aged garllc cloves are S,oaked in 5% (v/v) acetic
and small cloves were discarded and the remaining cloves were peele?¢id With nearly identical pH 2.3 as vinegar for 2 days, they
off, rinsed with tap water, and then triple-rinsed with distilled water 3 become green. Up to 4 days, the pickling solution begins to
times. The cloves were divided into several equal parts (each containingturn green, and the green color of the solution intensifies up to
~30 cloves) and were pickled in acetic acid solutions (5%, v/v) with the 25th day, a result clearly showing that pigment(s) can diffuse
different pH values from 2.0 to 6.0. The samples were allowed to stand from garlic bulb into bulk solution because of its solubility in
at room temperature for-445 days. The resulting green solution was  water. After the garlic solution was filtered in a different time,
filtered and placed into a quartz cuvette for spectral measurement. 4 family of UV—vis spectra was obtainedigure 1). There

To clarify whether allinase or thiosulfinate is involved in green color 5. two maximal absorbances -a#40 and~590 nm in the
formation of "Laba” garlic, aliquots of garlic cloves were soaked in a —;qjpq region, a result suggesting that at least two species exist
series of ethanol solutions [5, 10, 20, 50, and 80 (v/v)], hydroxylamine . S . . .

in the pickling solution; one species has a yellow color, while

solutions (0.01, 0.02, 0.1, and 0.5 M), andysteine solutions (0.01, e . S
0.02, 0.05, and 0.1 M), respectively. Al of these solution were made the other exhibits a blue color. Their combination from both

with 5% acetic acid solution. After 15 days, their pickling solutions SP€cies results in the observed green color of the pickling

were filtered followed by UV—vis measurements.
Measurement of the Concentration of Total Thiosulfinates in
“Laba” Garlic Cloves. The pickled garlic cloves were taken from the

solution. However, after 25 days, absorbance of the yellow color
increases much faster than that of the blue color. From the 25th
day to the 45th day, absorbance at 592 nm increases by 33%

solution, rinsed 3 times with distilled water, and then chopped into (from 0.193 to 0.258), whereas the absorbance at 442 nm
3-mm-thick slices, which were stored in self-sealing bags. After enhances by 97% (from 0.622 to 1.22). Therefore, after 45 days,

lyophilization for 36 h, the sliced samples were powdered with a mortar the color of the pickling solution is close to yellow rather than
and pestle. The powdered samples were kept in a desiccator for futuregreen

use. . . . “ N .
Freeze-dried and powdered garlic sampte8.( g) were stirred into Effect of Acetic Acid on Greening of “Laba” Garlic. To

100 mL of 50 mM sodium phosphate buffer (pH 6.9), containing 1 shed light on the role of acetic acid in the green color formation
mM EDTA. After 10 min, the solutions were filtrated and total ~Of “Laba” garlic, two other organic acids were used to pickle
thiosulfinates were quantified spectrophotometrically with a UV the same aged garlic. After incubation for 15 days, the
spectrophotometer TU-1901 (Beijing Spectroscopic Analysis Co.) absorbances of their pickling solutions at 590 nm were measured
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Table 1. Absorbance of Pickling Solution of “Laba” Garlic after a 14
Period of 15 Days at Room Temperature ]
124 5% Acetic acid {v/v, pH 2.33)
solution additives concentration abs (590 nm) S
acetic acid none 0.2538 + 0.004 a* B 10-
(5%, viv) NH,OH 0.01 M 0.1909 + 0.003 d £ |
0.05 M 0.0415 +0.008 f — 8
01M 0.0134 +0.004 h, g b4 ]
05M 0.0127 £0.002 h, g T 64
L-cysteine 0.01M 0.2277 £0.009 b £
0.02M 0.2032 +0.002 ¢ E A
0.05M 0.0917 +0.006 e % 4
0.1M 0.0150 +0.003 h, g bt 1
ethanol 5% (viv) 0.0061 + 0.0006 h S 24
10% (viv) 0.0059 + 0.0004 h = 1
20% (viv) 0.0054 +0.0009 h — 0
50% (viv) 0.0049 + 0.0008 h f
| 80% Ev;v; 0.00GOi0.00llhh 24— —— 1 1
citric aci 5% (viv 0.0145+0.001 h, g
malic acid 5% (viv) 0.0186 + 0.001 g 0 2 4 6 8 10 12 14 16

Time (days)
aAll val + SD (n = 3). Values followed by different letters in th . . ' . .
values are meen (n = 3). Values followed by diferent letters i the Figure 2. Plot of total thiosulfinates as a function of time.

same column are significantly different (p < 0.05).

and listed inTable 1. The pickling solution containing 5% acetic . N )
acid shows the absorbance of 0.2538 at 590 nm, whereas theVhether the products of the action of allinase on cysteine
pickled solution containing 5% citric acid and malic acid exhibits Sulfoxide(s), thiosulfinates, also take part in the discoloration
absorbances of 0.0145 and 0.0186 at the same wavelength/€actions of garlic. To test this idea, the content of total
respectively. Significant differences in absorbance exhibit thiosulfinates of garlic bulbs pickled in 5% (v/v) acetic acid
between acetic acid solution and two other organic acid solutions (PH 2.33) with different incubation periods (0, 1, 4, 5, 7, and
(p < 0.05). The 590 nm absorbance of the acetic acid solution 15 days) was mea_lsured (_Flgu_re 2)_. Total thiosulfinates in ggrllc
is ~14—17 times higher than those of the two other solutions. decrease as the mcubatlo_n time increases. Two_phases in the
Thus, under the identical conditions, the cloves only in 5% acetic Process of the color formation are observed. The first fast phase
acid become green, while those pickled in both citric acid and corresponds te-85% decrease of total thiosulfinates within 4
malic acid do not turn green. Similarly, the pigment(s) were days; the second slow phase represeritS% decrease of total
not formed either when phosphoric acid and chloride acid were thiosulfinates from 4 to 14 days. In comparison to the production
substituted for acetic acid to make “Laba” garlic (data not Of Pigmentsin garlickigure 1), itis observed that the decrease
shown). These results suggest that acetic acid is necessary fol? thiosulfinates of garlic is closely a§SOC|at§3d vylth the increase
the green color formation of “Laba” garlic. A more detailed Of absorbances at440 and~590 nm in the pickling solutions.
study on the possible mechanism is currently in progrs ( Th|s resglt provides direct .eV|dence that thg thlosulflpates are
Effect of Allinase on the Greening of “Laba’ Garlic. involved in the color formation of “Laba” garlic, indicating that
Green discoloration of garlic purees was showed to be an th.e thiqsulfinates'are the precursors to the pigments. Consistent
allinase-related process (189—21). This raises a question of ~ With this conclusion, the absorbances~at40 and~590 nm
whether this enzyme also plays a role in the color formation of P€come observable when most thiosulfinates (85%) were
“Laba” garlic. To gain insights into the role of allinase, ethanol consumed at the 4th day (Figuresahd2). From the 4th day
(an allinase denaturant) and BIH (an inhibitor of allinase) ~ ©N. the synthesis of pigments begins at the expense of thiosul-
were added to the pickling solution to study their effects on the finates, which may correspond to nonenzymatic reactions (see
green color formation. The results are showrTable 1. As below). In support of this interpretation is the observation
the concentration of inhibitor was increased from 0 to 0.01 to Showing that, after 14 days, almost all thiosulfinates were used
0.1 M, the absorbance at 590 nm decreased from 0.2538 toUP, but the absorbance at both wavelengths continues to increase
0.1909 to 0.0134, respectively. Complete inhibition was achieved (Figures 1and2).
at 0.5 M as suggested by the lowest absorbance, only 0.0127, On the basis of the above results, it is reasonably believed
a result indicating that alliinase is also involved in the color that allicin, the major thiosulfinate in garlic, is involved in the
formation of “Laba” garlic. Further supports come from results color formation of “Laba” garlic, being in accordance with the
with ethanol. The absorbance at 590 nm is only 0.0061 in the recent observation showing that isoalliin and alliin are involved
presence of 5% (v/v) ethanol (Table 1), and similar results are in the blue color formatiomn vitro in the presence of alliinase
obtained when a series of higher ethanol concentrations are use@21). Because almost all of the thiosulfinates (98.4%) were
(Table 1), suggesting that ethanol can inhibit the color forma- consumed after 14 days, other thiosulfinates were also involved
tion, further supporting the above conclusion. Thus, alliinase in the production of the pigments in garlic. This conclusion
also participates in the green color formation of “Laba” garlic agreed with the UV-vis measurements showing that at least
just as it is required for the greening discoloration during garlic two pigments developed in the pickling solution (Figure 1).
processing (1619, 21, 22). Further support for this conclusion comes from the recent report
Participation of Thiosulfinates in the Color Formation of that light blue fmax = 580 nm) and dark bluélfax = 582 nm)
Garlic. Alliinase is a well-characterized enzyme that catalyzes compounds were preparéa vitro by the reaction of thiosul-
the conversion of alk(en)yl-cysteine sulfoxide(s) to thiosul- finates (R-S(0)-S-R’, R= allyl, R" = (E)- or (Z)-propenyl; or
finate(s) (4,24). Previous studies showed tt&{1-propenyl)- R = (E)-propenyl, R'= allyl) with glycines at pH 5.0. The
cysteine sulfoxide (isoalliin) served as the primary precursor blue species with a maximal absorbance~&90 nm in the
for garlic greening (1621). Therefore, it is of special interest  present study may be the reaction product of either thiosulfinates
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Figure 4. Plot of total thiosulfinates as a function of time as influenced
by pH from 2.0 to 6.0.

Wavelength(nm)

Figure 3. Family of UV-vis spectra for pickling solution in the pH range
of 2.0-6.0 after 14 days of incubation. (Inset) UV-vis spectra for pickling
solution with different time after 7 days of incubation of “Laba” garlic at
pH 4. (a) 2 days, (b) 3 days, (c) 5 days, (d) 7 days, and (e) 8 days. Scheme 1. Proposed Mechanism for the Greening Color Formation of

. . . . . . ) “Laba” Garlic
with amino acids rather than glycine or different thiosulfinates

with glycine. R\S/\/COOH
Previous studies showed that greening and browning of & NH,

various garlic products were suppressed by the addition of
L-cysteine 18,22). The inhibitory effect of cysteine on the color acetic acid
formation was also confirmed by the present study. Garlic color
formation was almost completely inhibited by 0.1iMysteine
(Table 1). It is known that two molecules of cysteine can react
with one molecule of thiosulfinate (78, 15). Because all
thiosulfinates were consumed by 0.1 M cysteine, no observable
species were produced, again supporting the above conclusion

Optimal pH 6.0 or higher

that the thiosulfinates are involved in the formation of the Q
pigments. R'S\S/
Change of Color Intensities and Total Thiosulfinates as (thiosulfinates)
Influenced by pH. pH has a significant effect on the pink amino acids or amino acids or
discoloration of onion (25). To determine whether pH also has other compounds other compounds

an effect on the color formation of garlic, the aged garlic was Optimal pH 2.0 -3.0
pickled in 5% acetic acid with pH over a range of 280
(Figure 3). All spectra represent separate solution samples and Yellow pigment(s) <——————— Blue pigment(s)

are collected after 14 days. As pH increases from 2.0 to 4.0,

the absorbances at both 440 and 590 nm also increaseplace at pH~6 (25), reflecting a slight difference in the color
suggesting that the content of yellow and blue pigments formation mechanism between onion and garlic.

increased with increasing pH over the low pH range. However, A piot of the content of the thiosulfinates as a function of
as pH increased from 4.0 to 5.0, the 440 nm absorbancetime with different pH from 2.0 to 6.0 is given iRigure 4. It
increases, whereas the 590 nm absorbance declines, suggesting gpserved that pH has a different effect on the decrease of the
that pH in the range of 4:65.0 facilitates the production of  .,ncentration of the thiosulfinates in garlic. The concentration
yellow species but inhibits the formation of blue species. Above ¢ 1ha thiosulfinates decreases faster at low pH-Z0) than

pH 5.0, the two absorbances decrease, indicating that high PH,¢ high pH (5.6-6.0), a result suggesting that nonenzymatic
inhibited the production of both yellow and blue species. A reactions favored byl low pH are a rate-limiting step.

similar pH profile was observed with 25 day samples (data not . . . .
shown). Because the greatest color formation occurred between 1© illustrate the relationship between yellow and blue species,
4.0 and 5.0 and the optimal pH for allinase activity is over a Pickling solution was separated from garlic cloves and itsUvV

range of 7.0—7.5 (24), the present pH result suggests that theVis spectra were recorded (ins_etRJ'g_ure 3) after garlic cloves
color formation of garlic occurs by two kinds of process; one Were soaked in 5% (v/v) acetic acid at pH 4.0 for 7 days. All

is enzymatic, and the other is nonenzymatic. Low pH 2.0 SPectra represent one sample, which is allowed to stand for
3.0) is favored for nonenzymatic reactions, while high pH (6.0 different times. Itis evident that with increasing time, th&90

or above) is conducive to enzymatic reactions. Thus, the idealnm absorbance declines, while the440 nm absorbance

pH for the entire process of garlic greening is a compromise of increases, resulting in a near isosbestic point (insétigdre

the favored pH of both the enzymatic and nonenzymatic 3), suggesting that the blue species is replaced by more than
reactions. Consistent with this idea, blue compounds were yellow species. This result strongly suggests that the yellow
producedin zitro at pH 5.0 by reacting thiosulfinates with  species (more than one) are more stable than the blue species
glycine (21); however, the greatest discoloration of onion took and that both kinds of species have similar structures.
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CONCLUSIONS

Our present results indicate that reactions leading to the
greening color formation of “Laba” garlic contain at lease two
steps (Scheme 1): (1) the conversion of alk(enpdysteine
sulfoxide(s) to thiosulfinates catalyzed by alliinase in the
presence of acetic acid, the optimal pH of which is 6.0 or higher,
and (2) the nonenzymatic synthesis of yellow and blue pigments
derived from reactions of the produced thiosulfinates with amino
acids or other compounds, which is a rate-limiting step favored
by low pH (2.0—3.0).
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