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a  b  s  t  r  a  c  t

This  work  is  aimed  at studying  diversity  of  31  garlic  landraces  from  Tunisia  and  structuring  this
diversity.  It  helped  at establishing  correlations  between  content  of  organo-sulphur  compounds  and
agro-morphological  characteristics.  For  this  purpose  the  quantitative  variability  of five  organo-sulphur
compounds,  namely:  alliin,  isoalliin,  glutamyl  allyl  cysteine  (GluAlCs),  isoglutamyl  allyl  cysteine  (isoGlu-
AlCs)  and  allicin  is studied.  The  diversity  of  the accessions  for number  of  leaves  per plant,  the  pseudostem
length,  dry  weight  of  bulb,  weight  of  one  clove,  weight  of one  bulb,  bulb  diameter,  number  of cloves  in one
bulb,  the yield  and  number  of  days  to  dormancy  release,  is  assessed.  Particular  correlations  related  to the
yield and to the  organo-sulphur  compounds  were  demonstrated.  Genetic  diversity  was  assessed  between
and within  accessions  using  statistical  analyses  including  coefficients  of  variation,  one  way  analysis  of
variance,  hierarchical  cluster  analysis  (HCA)  and  principal  component  analysis  (PCA).

Significant  agro-morphological  traits  and  organo-sulphur  contents  variations  were  found  between
accessions,  except  for the  number  of  days  for dormancy  release  (DDR).  There  is  no  correlation  between
total  measured  organo-sulphur  compounds  and  any  of  the  agro-morphological  characteristics.  The yield
is  highly  influenced  by the  following  characteristics:  weight  of  the  clove,  the  weight  and  the  diameter  of
the bulb,  the  number  of  leaves  per plant  and  the  stem  length.  Total  variance  was  well  described  by  the
first three  PCA  axes  which  represent  80.57%  of  the  variance.  The  PCA  and  HCA  distinguished  two  major
groups  of garlic.  Clustering  does  not  correspond  to the  geographical  origin  but it distinguishes  clearly
between  coloured  and  light  coloured  accessions.

© 2012  Elsevier  B.V.  All rights  reserved.

1. Introduction

Garlic (Allium sativum L.) is a bulbous perennial plant of the Alli-
aceae family, genus Allium (Fritsch and Friesen, 2002). The centre
of origin of garlic has been considered to be Central Asia, with sec-
ondary centres of diversification in China and the Mediterranean
area (Etoh and Simon, 2002). Several botanical varieties of garlic
are described in the literature, including A. sativum var. sativum
L. which rarely or never flowers, A. sativum var. ophioscorodon
(Link) Doll, which regularly flowers and A. sativum var. longicus-
pis including the pekinense (Prokh) Makino, which rarely flowers,
like A. sativum var. sativum, but has wider leaves (Simon and
Jenderek, 2003). Several other garlic subspecies names have been
used. Hanelt (1990) proposed two groups of A. sativum. A “common
garlic group” consisting of A. sativum var. sativum, A. sativum var.
typicum Rgl., and A. pekinense Prokh., and an “ophioscorodon (Link)
Doll group”, consisting of A. sativum var. ophioscorodon (Link) Doll,
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A. ophioscorodon Link, and A. sativum var. controversum (Schrad.)
Moore jr. Fritsch and Friesen (2002) added a third “longicuspis
group” consisting of A. longicuspis Rgl.

Garlic, well-known for its health benefits, is also con-
sumed for its flavours and taste. These properties are the
result of interactions between several components, namely, allyl
cysteine sulphoxides (ACSO) and their intermediate metabo-
lites and derivatives (Randle and Lancaster, 2002). The major
ACSO present in garlic are S-2-propenyl-l-cysteine sulphox-
ide (alliin), S-trans-1-propenyl-l-cysteine sulphoxide (isoalliin)
and S-methyl-l-cysteine sulphoxide (methiin). Dipeptides �-
glutamyl-alk(en)yl-cysteine are intermediates in the pathway of
the ACSO, they are considered as storage compounds of nitro-
gen and sulphur. Major �-glutamyles peptides in garlic are
�-glutamyl-S-2-propenyl cysteine (GluAlC), �-glutamyl-S-trans-1-
propenyl-cysteine (IsoGluAlC) and �-glutamyl-S-methyl cysteine
(Lawson, 1996).

When plant is crushed, enzyme alliinase hydrolyses ACSOs, pro-
ducing the sulfenic acids. The 2-propenesulfenic acid, first product
of the reaction, condenses to form the specific thiosulphinate of
garlic, allicin.

0304-4238/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
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The biochemical characteristics of garlic are of great impor-
tance, seen the interest growing of the concept “food–health”.
Garlic and its cellular components, just as allicin and various oth-
ers sulphur derivatives after lyses of the cells, have great qualities
preventive and curative counter the most important plagues of our
time, namely the cardiovascular diseases, cancer and the diabetes
(Kock and Lawson, 1996; Tatarintsev et al., 1992). The antibi-
otic activity of garlic has been reported (Harris et al., 2001). Li
et al. (2000) and Ang-lee et al. (2001) showed that S-allyl cys-
teine (SAC), an intermediate compound in the formation of ACSOs,
induced hypoglycemiant effects. Its administration significantly
decreases the lipidemy, the glycaemia and some enzymatic activ-
ities of blood (Sheela and Augusti, 1992). Garlic and its extracts
had great importance for organic agriculture, it has insecticidal,
nematicidal (Gupta and Sharma, 1993) and repellent effects against
birds (Hile et al., 2004) and stored product pests (Rahaman and
Motoyama, 2000).

Garlic presents, in spite of its vegetative multiplication, a great
diversity from agro-morphological and biochemical point of view
(Abdoli et al., 2009; Burba and Gomez Riera, 1997; Hong, 1999;
Lallemand et al., 1997; Messiaen et al., 1993; Ovesna et al., 2007;
Stavelìkova, 2008.). This variability is required, in fact, researchers
benefit from the great diversity of garlic to select best genotypes.
The genetic diversity serves as a source of genotypes adapted to
local conditions (Baghalian et al., 2005).

In Tunisia, which is a Mediterranean country, cultivation and
consumption of garlic has a long history, still, cultivation of gar-
lic suffers from many problems that caused a low yield of 5 T/ha.
Indeed, local and most south Mediterranean garlic are not classi-
fied horticulturally. Growers use their self regenerated garlic cloves
and/or cloves from neighbours and there are no local commercial-
ized cultivars with registered names. Tunisian garlic is threatened
by genetic erosion, uncontrolled introduction of foreign germplasm
and is under-exploited which may  lead to its loss and the extinction
of the local breed.

This research aimed at studying genetic diversity in Tunisian
garlic landraces from the agro morphological and biochemical point
of view and the relationship between these characteristics. The
result of this study will provide basis for the efficient use of the
local germplasm.

2. Materials and methods

2.1. Plant material

Garlic bulbs of 31 local accessions were collected from 25 local-
ities all over Tunisia (Table 1) from 15 to 31 May  2003. Gardens
and traditional small farms were the target of our sampling. The
collection was planted in Higher Institute of Agriculture of Chott-
Mariem in the province of Sousse (Tunisian coastal city 35◦55′03′′N
and 10◦33′48′′E), for 2 years (2003–2005). For each accession 40
cloves, weighing more than 1 g/clove, were planted in row plots of
2 m long and 1.4 m wide with plant to plant spacing of 10 cm on
a row and 70 cm between the rows. Standard agricultural practice
was employed throughout. Mature harvested bulbs were stored
traditionally from collecting (mid may  2003) and harvesting dates
(mid-June 2004) till planting date (25th December), at room tem-
perature: mean day temperature 27.5 ◦C, mean night temperature
18.8 ◦C and 73% relative humidity during storage period.

2.2. Agro-morphological traits

The first observed morphological character was the skin colour
of the clove. This character was observed for each accession in
situ, just after sampling, by two persons. Based on IPGRI (2001)

recommendations, the colour chart included: (1) white, (2) yellow
and light brown, (3) pink, (4) violet, (5) purple, (6) others or mix.

The other morphological characteristics were measured during
two growth seasons at the end of the growth stage, 145 days after
planting as indicated by Ledesma et al. (1997).  For every accession
10 plants were used as replication for recording data for the number
of leaves per plant (NL), the length of the pseudostem measured
from the collar to the node of the last leaf (L) and for dry weight of
the bulb (DWB), obtained by drying the measured bulbs in the oven
at 70 ◦C till constant weight. These parameters were measured at
the same day of sampling.

The second set of characteristics, measured on 10 replications
for each accession, was  recorded 2 months after harvesting: the
weight of one clove (WC), weight of one bulb (WB), diameter of
the bulb (DB), number of cloves in one bulb (NC), the yield (Yi)
and days to dormancy release (DDR) which was the mean num-
ber of days between harvesting time and sprouting (appearance
of the first roots and leaves) during the two  storage periods (2003
and 2004). The yield of each accession is obtained by this formula:
[(mean weight of one bulb for year n + mean weight of one bulb for
year n + 1)/2] × plant density per hectare.

2.3. Organo-sulphur compound analysis

Chemical analysis was done one month after harvest-
ing (July, 2005). A high performance liquid chromatography
(HPLC) method for simultaneous measurement of organo-S com-
pounds was employed (Arnault et al., 2003). The following
organo-sulphur compounds were measured under alliinase-
inhibiting condition: alliin (+-S-2-propenyl-l-cysteine sulphoxide),
isoalliin (+-S-trans-1-propenyl-l-cysteine sulphoxide), GluAlCs (�-
glutamyl-S-propenyl-l-cysteine), isoGluAlCs (�-glutamyl-S-trans-
1-propenyl-l-cysteine) and allicin propenyl-l-cysteine), isoGlu-
AlCs (�-glutamyl-S-trans-1-propenyl-l-cysteine) and allicin (dial-
lyl thiosulphinate). Fresh garlic cloves (0.13 g) were extracted in
using 80 ml  methanol/water (90/10) (v/v) + 0.05% formic acid (pH
<3). An aliquot was diluted 10 times and filtrated (0.2 �m).  Analyses
were performed with a Waters 616 pump and DAD 996 diode-array
detector (Waters Corporation, Milford, MA,  USA). Compounds were
separated on a 150 mm × 3 mm i.d. × 3 �m particle Hypurity Elite
C18 column Thermo Quest, at 38 ◦C (Thermo Hypersil Division, Key-
stone, Bellefonte, PA, USA) and a UV detector operated at 208 nm.
The column flow was  0.4 ml/min. The mobile phase consisted of: A,
20 mM sodium dihydrogen phosphate + 10 mM  heptane sulphonic
acid-pH = 2.1 (adjusted with orthophosphoric acid 85%); and B,
acetonitrile-20 mM sodium dihydrogen phosphate + 10 mM hep-
tane sulphonic acid pH = 2.1 (50/50). The elution mode is a gradient
reported by Arnault et al. (2003).  Data acquisition was performed
using Millenium software from Waters Corporation. Reference
compounds are composed of 50 �l of alliin (0.5085 mM),  40 �l of
GluAlCs (0.206 mM)  and 50 �l of allicin (0.500 mM).  The contents of
organo-sulphur compounds are calculated per fresh weight (f.w.).

2.4. Statistical analyses

For each accession, 10 plants (each year) were studied for the
morphological traits, three to five bulbs for each accession served
as replications for the biochemical analyses. Descriptive statistics
such as averages and coefficients of variation (CV) were used to
detect diversity between and within the studied accessions. Sta-
tistical analyses were based on one way ANOVA with Fisher test
(  ̨ = 0.05 and 0.001). Following correlation analysis, using Pearson
correlation coefficient (  ̨ = 0.01), was  used to estimate the relation-
ships between studied variables, particularly those related to the
yield and to the organo-sulphur compounds. PCA was used to detect
the characters that are most relevant to distinguish between the
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Table  1
Origins of garlic accessions and agro-climatic characteristics of the prospected localities.

Accessions Province Locality Coordinate points Cultivation
system

Annual minimal
temperature (◦C)

Annual maximal
temperature (◦C)

Photoperiod
(h/day)a

Existence
of F.Sb

K1 Kairouan El Hajeb 35◦22′37′′N 9◦32′44′′E Irrigated 13.3 26.1 8 h 31 min 1
SBZ2 Sidi Bouzid Oum Laâdham 34◦50′46′′N 9◦07′24′′E Irrigated 11.6 24.7 7 h 45 min 2
SBZ3 Sidi Bouzid El Haria 34◦58′25′′N 9◦12′02′′E Irrigated 11.6 24.7 7 h 45 min 2
SBZ4 Sidi Bouzid Garaât Bouzid 34◦50′55′′N 9◦30′53′′E Irrigated 11.6 24.7 7 h 45 min 1
G5 Gafsa El Kasba 34◦24′42′′N 8◦46′57′′E Oasis 12.8 25.6 9 h 13 min 3
KB6 Kébili Steftimi 33◦48′18′′N 9◦00′36′′E Oasis 14.6 28.2 8 h 35 min 2
KB7 Kébili Steftimi 33◦48′08′′N 9◦00′47′′E Oasis 14.6 28.2 8 h 35 min 2
KB8 Kébili Béni Mhamed 33◦38′29′′N 8◦59′39′′E Oasis 14.6 28.2 8 h 35 min 2
SBZ9 Sidi Bouzid Zannouch 34◦30′50′′N 9◦03′47′′E Irrigated 11.6 24.7 7 h 45 min 2
KS10 Kasserine Errakhmet 35◦02′57′′N 9◦13′08′′E Irrigated 10.2 23.5 8 h 2
KS11 Kasserine Errakhmet 35◦02′57′′N 9◦13′08′′E Irrigated 10.2 23.5 8 h 2
JND12 Jendouba Jleïlia 36◦27′14′′N 8◦33′21′′E Dry 10.9 24.7 7 h 45 min 2
JND13 Jendouba Souadguia 36◦27′35′′N 8◦32′41′′E Dry 10.9 24.7 7 h 45 min 2
JND14 Jendouba Oueslatia 36◦27′36′′N 8◦47′05′′E Dry 10.9 24.7 7 h 45 min 1
JND15 Jendouba Riabna 36◦37′12′′N 8◦58′59′′E Irrigated 10.9 24.7 7 h 45 min 1
BJ16 Béja Bir Lahmar 36◦43′07′′N 9◦12′47′′E Dry 10.7 23.8 7 h 15 min 2
BJ17 Béja Hammam Siala 36◦51′09′′N 9◦11′32′′E Dry 10.7 23.8 7 h 15 min 2
BJ18 Béja Hammam Siala 36◦51′17′′N 9◦11′27′′E Dry 10.7 23.8 7 h 15 min 1
BJ19 Béja Nefza 36◦58′26′′N 9◦03′47′′E Dry 10.7 23.8 7 h 15 min 2
NB21 Nabeul Bhira 36◦34′44′′N 10◦50′56′′E Dry 15.4 22.7 7 h 50 min  2
NB22 Nabeul Bhira 36◦34′24′′N 10◦50′42′′E Dry 15.4 22.7 7 h 50 min  2
NB23 Nabeul Oued Khataf 36◦51′26′′N 11◦06′14′′E Irrigated 15.4 22.7 7 h 50 min  2
NB24 Nabeul Ebène 37◦02′43′′N 11◦01′38′′E Irrigated 15.4 22.7 7 h 50 min  2
NB25 Nabeul Ebène 37◦02′47′′N 11◦00′34′′E Dry 15.4 22.7 7 h 50 min  2
BZT26 Bizerte Ghézala 37◦07′43′′N 9◦30′13′′E Dry 13.2 22.8 8 h 31 min 3
BZT27 Bizerte Ghézala 37◦07′43′′N 9◦30′13′′E Dry 13.2 22.8 8 h 31 min 2
BJ28 Béja Sidi Boutefaha 36◦42′56′′N 9◦06′44′′E Irrigated 10.7 23.8 7 h 15 min 2
KF29 Kef Bir Salah 35◦58′04′′N 9◦05′45E Dry 9.7 22.8 8 h 2
GAB30 Gabès Local market 33◦52′55′′N 10◦06′07′′E Irrigated 15.4 23.9 9 h 18 min 2
KF31 Kef Téjrouine 35◦52′57′′N 8◦32′53′′E Dry 9.7 22.8 8 h 2
MH32 Mahdia El Baghdadi 35◦34′03′′N 11◦01′02′′E Irrigated 14.4 23.4 7 h 44 min 2

a Average photoperiod during growth season (November–June).
b F.S: flower scape; (1) some F.S in the same accession; (2) F.S non existent; (3) high frequency of the F.S in the same accession.

accessions. Clusters of accessions were formed on the basis of these
factors using HCA, the graph representing classification is a dendro-
gramme  of dissimilitude with standardized distances representing
the closest accessions in homogeneous groups. Statistical analyses
are done using the software XLSTAT 7.5.2.

3. Results

3.1. Contents variability of organo-sulphur compounds

The accessions vary significantly in their contents of alliin and
GluAlCs and were highly different for their content of isoalliin,
IsoGluAlCs and allicin. The highest coefficients of variation were
found for the GluAlCs and the isoalliin (Table 2). The average con-
tent of the collection of alliin is 73.9 nmol/mg of fresh weight
(f.w.); it varies from 37.6 nmol/mg (BJ17) to 97.2 nmol/mg of f.w.
(JD13). Accessions whose average contents of alliin are higher
than the average are 17 (K1, SBZ2,3,4,9, G5, KB6, KS10,11, JND12,13,
BJ16,18, NB21,24, KF29,31) representing 55% of the collection. The
average content of isoalliin is 1.1 nmol/mg of f.w. Certain acces-
sions (JND12,14,15 and BZT26) seem to be deprived of this compound
or they have so negligible contents that they are undetectable.
The content of isoalliin can reach high values within the collec-
tion (4 nmol/mg of f.w. for NB21). The average contents of GluAlCs
and isoGluAlCs are 34.5 and 27.2 nmol/mg of f.w., respectively. For
GluAlCs the lowest average, 14.6 nmol/mg, was found in accession
MH32 whereas the highest average content is at accession JD14, it
is of 68.2 nmol/mg of f.w. The average content of isoGluAlCs varies
from 19.2 to 39.3 nmol/mg of f.w. present respectively at the acces-
sions BJ28 and NB24. The level of allicin is in average of 14.6 nmol/mg
of f.w., the highest content is at accession SBZ3 (23 nmol/mg of f.w.)
and the lowest at the accession JND14 (6.6 nmol/mg of f.w.).

3.2. Agro-morphological characteristics

The 31 Tunisian accessions are differently coloured (Table 2),
42% of the collection is purple, 16% is pink, 13% is violet, two acces-
sions have white clove skin and only one accession is light brown.
20% of the accessions are not homogenous for this character.

The variability between accessions is statistically significant
for the quantitative agro-morphological characters, except for IDS
(Table 2). Number of leaves/plant varies from 6.4 (GAB30) to 14.2
(KS11). The length of the pseudostem oscillates between 16.4 cm,
measured at JND12, and 43.5 cm,  measured at SBZ3. The average of
the collection is of 25.8 cm.  Mean dry weight of bulb, 145 DAP, is of
2.1 g, varying between 0.6 g and 6.9 g. The number of days necessary
for the dormancy release (DDR) is in average 179.4 days, almost 6
months after harvest. Certain accessions reach this stage 130 days
after harvest (SBZ2,3 and KB7,8), whereas others (KS10, JND15, BJ18,28
and NB25) need 223 days for the elongation of the adventitious roots
and sprouting.

The average number of cloves (NC) by bulb is 15.6. Accession
NB23 has the lowest NC (10.7) whereas KB6 has the highest NC
(38.7). The accessions of which the NC is higher than the aver-
age account for 26% of the collection. The clove average weight
(WC) is 1.23 g; it ranges from 0.30 g (KB6) to 2.90 g (MH32).
Accessions having a WC lower than 1 g account for 34% of the
collection. On the other hand, the accessions characterized by
WC higher than 1.5 g are SBZ2, KS11 and MH32. Accessions KB6
and BJ19 had WC lower than 0.5 g. The mean weight of the bulb
was found of 19.45 g, it varies from 10.92 g (JND13) to 48.14 g
(MH32).

With regard to the diameter of the bulb, the general average is
3.64 cm;  35% of the accessions have a bulb diameter higher than this
average. It is to be noticed, as well for the weight as for the diameter
of the bulb, extremes are present at the same accessions. Thus,
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Table 2
Agro-morphological and organo-sulphur characteristics of Tunisian garlic landraces.

Accession Colour of
the clovea

Alliin
(nmol/mg)

Isoalliin
(nmol/mg)

GluAlCs
(nmol/mg)

IsoGluAlCs
(nmol/mg)

Allicin
(nmol/mg)

Total OSCb

(nmol/mg)
NLc DDRd

(days)
DWBe

(g)
Lf (cm) WCg (g) WBh (g) BDi (cm) NCj Yik

(T/ha)

Significance degree * ** * ** ** * ** ** ** ** ** ** ** *

K1 5 85.9 0.2 64.1 34.7 15.2 200.1 8.7 177 1.42 20.67 1.57 23.64 4.03 14 3.36
SBZ2 3 81.8 0.8 28.8 28.3 17.7 157.3 11.7 130 6.88 40.33 2.38 33.93 4.80 13.3 6.40
SBZ3 1 86.7 1.3 24.2 28.8 23.8 164.9 14 130 2.98 43.50 1.31 23.62 4.03 18.3 5.15
SBZ4 1 91.3 0.7 18.6 36.0 21.9 168.6 11.3 145.5 3.78 31.93 1.54 26.72 4.13 16.0 3.51
G5 2 92.4 1.6 44.8 29.0 19.6 187.4 13.3 169.5 2.18 27.83 1.10 17.74 3.17 15.3 4.36
KB6 3 87.5 1.9 16.9 33.4 13.7 153.4 13.3 154 3.55 35.40 0.32 12.74 3.52 38.7 5.06
KB7 6 64.9 0.9 15.7 36.5 23.0 140.9 10.7 130 6.06 43.17 1.57 26.00 4.48 16.3 3.73
KB8 6 60.5 0.4 21.1 30.1 17.2 129.3 12.7 130 5.06 37.00 1.31 19.83 3.78 15.0 4.57
SBZ9 5 86.9 0.8 35.8 29.2 11.2 163.9 10.7 192 0.94 23.33 1.19 19.63 3.43 15.3 4.37
KS10 4 74.9 1.0 42.3 23.1 12.9 154.3 10.7 223 1.15 23.00 1.19 19.85 3.63 15.0 5.21
KS11 6 82.0 1.6 38.0 24.6 15.8 162.0 13.3 145.5 4.45 40.00 1.85 22.51 4.32 11.7 8.05
JND12 5 96.7 0.0 54.0 21.3 12.6 184.7 9 194 0.77 16.40 1.00 15.61 3.58 14.7 2.81
JND13 5 97.2 1.7 65.3 20.9 13.0 198.0 9.7 193 0.71 20.57 0.82 10.93 2.83 12.3 4.47
JND14 5 51.1 0.0 68.2 21.5 6.6 147.4 8.5 179 0.96 20.83 0.82 19.37 3.70 22.3 3.27
JND15 6 45.1 0.0 65.4 19.8 8.7 139.0 8.3 223 1.23 20.83 1.30 16.83 3.43 12.3 3.53
BJ16 5 74.5 2.5 36.9 23.6 14.3 151.8 10 208 0.60 17.67 1.31 19.15 3.43 13.7 2.09
BJ17 5 37.6 0.9 45.4 24.9 12.1 120.8 11 194 1.47 21.00 1.39 16.55 3.48 12.0 2.85
BJ18 5 93.5 0.9 30.6 27.5 12.8 165.2 9.3 223 0.66 21.00 1.40 18.68 3.62 12.3 3.64
BJ19 3 59.7 0.7 17.9 31.7 13.5 123.5 10.7 171.5 4.90 39.00 0.51 15.45 3.52 27.7 3.07
NB21 5 79.3 3.9 33.8 27.0 10.0 154.1 9.7 194 1.12 22.17 0.90 10.96 3.07 11.7 2.51
NB22 4 69.4 1.0 32.2 20.8 12.9 136.2 8.3 177 1.08 18.67 0.89 13.26 3.08 14.0 3.12
NB23 4 56.0 1.1 36.8 23.3 12.2 129.4 8 177 0.83 19.67 1.25 14.21 3.30 10.7 2.87
NB24 5 82.0 1.8 19.3 39.3 21.2 163.4 8.5 177 0.72 18.00 0.94 13.97 3.15 13.0 2.94
NB25 5 66.8 1.5 24.2 25.2 10.7 128.3 8.5 223 1.64 18.00 0.97 13.31 3.17 13.0 2.16
BZT26 4 55.9 0.0 35.5 22.0 12.2 125.7 8.7 177 1.22 21.67 1.16 14.61 3.23 11.7 3.21
BZT27 6 73.5 0.7 30.3 26.3 12.8 143.4 8 192 0.95 20.33 1.32 17.40 3.47 12.3 4.11
BJ28 6 64.4 0.7 15.7 19.2 10.6 110.6 8.3 223 0.74 18.97 1.18 18.79 3.40 14.0 3.38
KF29 5 92.0 2.0 33.5 28.4 11.2 167.1 11 177 1.02 23.83 0.76 12.63 3.23 17.3 3.42
GAB30 3 64.7 1.2 33.5 27.8 21.2 148.3 8.7 147.5 0.93 19.33 1.12 23.42 4.07 23.0 5.83
KF31 5 80.1 0.8 26.5 37.0 16.8 161.2 12.5 192 3.13 30.00 1.55 23.53 4.02 13.7 3.59
MH32 3 58.0 0.8 14.6 23.1 16.4 112.9 9 192 1.86 21.00 2.90 48.14 5.55 15.5 6.69

Average  73.9 1.1 34.5 27.2 14.6 151.4 10.2 179.4 2.1 25.6 1.3 19.5 3.7 15.7 4.0
SD  15.9 0.8 15.6 5.5 4.3 23.1 1.8 29.3 1.8 8.5 0.5 7.4 0.6 5.6 1.4
CV% 21.6 76.4 45.2 20.3 29.5 15.3 18.0 16.3 84.0 33.2 39.6 38.2 15.5 35.9 34.5

a (1) white; (2) yellow and light brown; (3) pink; (4) violet; (5) purple; (6) heterogeneous population with bulbs coloured differently.
b Organo-sulphur content.
c Number of leaves.
d Days for dormancy release.
e Dry weight of the bulb.
f Length of the pseudostem.
g Weight of the clove.
h Weight of the bulb.
i Bulb diameter.
j Number of the cloves in one bulb.
k Yield.
* Significant difference at  ̨ = 0.05.

** Difference very highly significant at  ̨ = 0.001.
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Table  3
Correlation matrix between the agro-morphological characteristics and organo-sulphur contents.

Alliin Isoalliin GluAlCs IsoGluAlCs Allicin NLa DDRb DWBc Ld WCe WBf BDg NCh Yii

Alliin 1
Isoalliin 0.334 1
GluAlCs −0.019 −0.221 1
IsoGluAlCs 0.331 0.118 −0.436 1
Allicin 0.291 0.058 −0.458* 0.635* 1
NLa 0.351 0.221 −0.254 0.411 0.465* 1
DDRb −0.123 0.031 0.295 −0.482* −0.684* −0.552* 1
DWBc 0.007 −0.110 −0.429 0.467* 0.497* 0.625* −0.719* 1
Ld 0.127 −0.007 −0.408 0.471* 0.540* 0.786* −0.752* 0.911* 1
WCe −0.111 −0.228 −0.153 0.004 0.324 0.064 −0.151 0.315 0.177 1
WBf −0.084 −0.273 −0.272 0.138 0.439 0.151 −0.283 0.401 0.296 0.886* 1
BDg −0.085 −0.279 −0.295 0.220 0.462* 0.241 −0.422 0.547* 0.453 0.826* 0.950* 1
NCh 0.048 0.034 −0.233 0.280 0.082 0.315 −0.320 0.261 0.347 −0.437 −0.040 0.082 1
Yii 0.154 −0.054 −0.130 −0.003 0.361 0.459* −0.448 0.425 0.482* 0.518* 0.584* 0.638* 0.159 1

a Number of leaves.
b Days for dormancy release.
c Dry weight of the bulb.
d Length of the stem.
e Weight of the clove.
f Weight of the bulb.
g Bulb diameter.
h Number of the cloves in one bulb.
i Yield.
* Very significant correlation with Pearson test at  ̨ = 0.01 using XLSTAT 7.5.2. Software.

accession JND13 has the lowest bulb diameter (2.83 cm)  and
accession MH32 the largest (5.55 cm). The mean yield of the col-
lection is almost 4 T/ha, 39% of the accessions have a yield higher
than this average. According to Table 2, accession KS11 produced
the highest yield (8.04 T/ha) whereas accession BJ16 gave the lowest
one (2.1 T/ha).

3.3. Correlation between characters

Table 3 shows that IsoGluAlCs and allicin are positively related
to length of the pseudostem, to dry weight of the bulb, and neg-
atively correlated to the intensity of the dormancy stage. On the
other hand, the two peptides GluAlCs and iso-GluAlCs are related
respectively positively and negatively to the allicin content. Their
correlation coefficients are significant at 1% as shown in Table 3.
Neither the weight nor the diameter of the bulb is correlated to the
number of cloves/bulb. Thus, having high number of cloves by bulb
does not lead to heavy bulb or large diameter. On the other hand,
a high weight of the clove guarantees higher weight and diameter
upon the positive and highly significant correlation between these
three parameters. In the same way, a positive and highly significant
correlation was observed between the weight and the diameter of
the bulb. As for the yield, it is highly influenced, according to the
matrix of correlation (Table 3), by the weight of the clove and the
weight and the diameter of the bulb, in addition to number of leaves
per plant and stem length.

3.4. Multivariate analyses

Multivariate analyses were used to visualize the correla-
tions between the organo-sulphur compounds and the agro-
morphological traits. For this purpose we used the total content
of the five analysed elements as one set of variables called total
organo-sulphur content (Total OSC). The first three PCA axes
described 80.57% of the total variance, thus indicating that these
three axes represent the majority of the variation for the agro-
morphological and organo-sulphur characteristics. The first axe
accounts for 46% of the variability, it is correlated to the morpho-
logical traits of the plant and of the bulb after harvesting and to
the yield (Table 4). The second axe represents 23.3% of the varia-
tion, it represents the characteristics of the clove (weight of one

clove and number per bulb) and the third axe separates the acces-
sions on the basis of their total sulphur contents. The illustrations
of the three axes are provided in Fig. 1(a) and (b), representing two
distinct groups comprising the same accessions in both cases. The
same two  groups are distinguished also by HCA (Fig. 2). The first
group is compact showing low variability. The second one is com-
posed of K1, SBZ2,3,4, G5, KB6,7,8, KS11, BJ19, KF31 and MH32, it is less
compacted indicating higher heterogeneity than the first group.

4. Discussion

The present study assesses variability of the local Tunisian garlic
varieties. Variability between accessions is significant for the yield,
for the level of alliin and for the GluAlCs and highly significant for

Table 4
Correlation matrix between PCA axes and analysed characters.

F1 F2 F3

Eigen value 4.597 2.338 1.123
%  variance 45.970 23.376 11.228
%  cumulated 45.970 69.347 80.574
Total OSCa 0.00 −0.28 0.89
NLb 0.65 −0.53 0.24
DDRc −0.74 0.40 −0.02
DWBd 0.84 −0.28 −0.16
Le 0.83 −0.45 −0.06
WCf 0.61 0.76 0.13
WBg 0.74 0.60 −0.04
BDh 0.84 0.46 −0.09
NCi 0.23 −0.61 −0.43
Yij 0.75 0.12 0.18

Numbers in bold indicate the characters that are most relevant to distinguish
between accessions on the respective axe. Fi: principal component representing
a  PCA axis.

a Organo-sulphur content.
b Number of leaves.
c Days for dormancy release.
d Dry weight of the bulb.
e Length of the pseudostem.
f Weight of the clove.
g Weight of the bulb.
h Bulb diameter.
i Number of the cloves in one bulb.
j Yield.
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Fig. 1. (a) Two dimensional principal component analysis representing the axes F1 and F2 illustrating the variation of the agro-morphological and organo-sulphur compounds
characters of 31 Tunisian garlic (Allium sativum L.) accessions. The variability shown accounts for 69.3% of total variability. (b) Two  dimensional principal component analysis
representing the axes F1 and F3 and illustrating the variation of the agro-morphological and organo-sulphur compounds characters of 31 Tunisian garlic (Allium sativum L.)
accessions. The variability shown accounts for 57.2% of total variability. (�) White, light brown or pink accessions; (�) violet or purple accessions. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web  version of the article.)

all the other quantitative parameters, except for the intensity of the
dormancy stage. Baghalian et al. (2005),  report that Iranian garlic
ecotypes were significantly different for the weights of bulbs and
cloves, but non different for the number of cloves/bulb. This result
is neither in agreement with ours nor with the results of Frasca et al.
(1997) who showed that the majority of the variation resides in the
number of cloves. These differences in results can be explained, in
addition to the environmental conditions and cultivation practices,
by the differences in garlic genotypes.

The significant difference between the accessions for the dry
weight of the bulb measured 145 DAP can be the result of different
bulbing abilities, affected by environmental conditions and geno-
types. Since all the accessions of our collection are planted for 2

years in the same environmental conditions then this difference
might be of genetic origin.

4.1. Organo-sulphur compounds

Knowing that total and individual ACSOs have been used to sep-
arate onion cultivars for flavour quality and intensity (Block, 1992),
and that alliin is a specific amine of garlic, the ACSOs could be used
to characterize and study the genetic diversity in garlic.

A broad variability intra-accession and inter-accessions was
observed for the analysed organo-sulphur compounds. This
variability was  observed in onions accessions, for volatile sul-
phur content, total bulb sulphur, �-glutamyl peptides and
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flavour-precursor content (Lancaster and Shaw, 1991). While
differences in mean flavour intensity or quality exist among
onion cultivars, significant bulb-to-bulb variation occurs for mea-
sured flavour components. In a heterogeneous species, such
as onion, inherent variability of any cultivar can be expected
(Dowker, 1990). This explanation might be applicable in the
case of garlic, since the measured variability is high in spite
of its vegetative propagation. In the development of onion cul-
tivars, the lack of active selection for flavour coupled with
severe inbreeding depression, has probably contributed to this
variability.

According to this analysis, alliin is the major organo-sulphur
component present in Tunisian accessions, also indicated by Block
(1992). This compound is present with an average of 73.9 nmol/mg
of f.w. equivalent of 1.28% of f.w., value comparable with that
indicated by Kock and Lawson (1996) and higher than those men-
tioned by Block et al. (1993) and Kamenetsky et al. (2005).  The
sum of the content (alliin + isoalliin) represents 1.32% of the f.w.
for the 31 accessions, alliin counts of 84.8% and isoalliin accounts
for only 15.2% of them. These values are close to those indi-
cated by Yoo and Pike (1998).  GluAlC is in a majority compared
to the isoGluAlC, Block (1992) also brought back this predomi-
nance. These contents indicate that the local accessions are rich
in precursors of allicin, which might be due to the genetic ori-
gin or to the environmental conditions, especially temperature.
Cultivars differ in total plant sulphur compounds; differences in
flavour intensity and quality probably arise due to variability in
sulphur uptake and its metabolism through the flavour biosyn-
thetic pathway. Considering the complexity of sulphur uptake, its
reduction and requirement for healthy plant growth and devel-
opment, its use in the flavour biosynthetic pathway and the fact
that garlic have been cultivated by different civilization for mil-
lennia, its understandable that continuous variation exists for
flavour intensity among garlic cultivars (Randle and Lancaster,
2002).

4.2. Correlations

The establishment of correlations between the parameters
shows very interesting results from agronomic point of view. The
components which were determining for the estimated yield have
been pointed out. These components are the weight of clove, the
weight of the bulb and its diameter, number of leaves/plant and
length of the pseudostem. The more these variables are maximized
the higher will be the yield. Choosing genotypes with high levels of
these characteristics, and application of appropriate agronomical
techniques will guaranty higher yield.

The number of cloves does not seem to intervene directly on
the yield. Zepeda (1997),  in agreement with these results, did not
note direct relation between the low number cloves and high yield,
for that he used these parameters as two distinct selection crite-
ria for the creation of new varieties starting from old populations.
Other authors report that the components of the yield are not only
the diameter and the weight of the bulb but also the number of
cloves/bulb under Nepal environmental conditions (Panthee et al.,
2006). Bulb diameter and number of cloves per bulb are important
characteristics of quality and calibration for garlic (Zepeda, 1997).
Our results showed that the weight of cloves is higher as their num-
ber per bulb is weak. This is explained by the fact that the photo
assimilates coming from the leaves are distributed between exist-
ing cloves (Ledesma et al., 1997), the lower their number is, the
higher they weigh.

The absence of correlation between alliin and isoalliin contents
indicates that they derive from two different pathways, as it was
suggested by some chemists (Lawson, 1996; Collin et al., 2005).
In their study, Ovesna et al. (2007) found significant correlation

between alliin and isoalliin contents. The variability of sulphur
metabolism could be the cause of the absence of correlation
between the precursors and storage peptides (GluAlCs and IsoGlu-
AlCs). This lack of correlation between the ACSO (alliin and isoalliin)
and their precursory peptides was  shown by several authors (Block,
1992; Arnault et al., 2005). Randle et al. (1999),  explaining the
origin of the variability of sulphur metabolism, claimed that cul-
tivars differed in the way sulphur was partitioned into flavour
and non flavour compounds. The significant correlations existing
between allicin and isoGluAlCs on the one hand and between these
components and intensity of dormancy stage, dry weight of the
bulb and pseudostem length, on the other hand, can indicate that
high levels of allicin and isoGluAlCs can be found in accessions
characterized by short dormancy period, high pseudo stem and
dry weight of bulb measured at the end of the vegetative cycle
(145 DAP). These two  phenotypical characteristics are interesting
since that one plant with high amounts of allicin and isoGluAlCs
can be detected early in season. The lack of correlation between
yield and organo-sulphur compounds can allow the valorisation
of genotypes having low yield but high levels of health beneficial
compounds like SBZ4, JND12 and KF29, in addition, these char-
acteristics can be two  distinct selection criteria for the creation
of varieties with high yield and high content of organo-sulphur
compounds.

4.3. Diversity structuring

The two groups of accessions shown in Fig. 1(a) and (b) are dis-
tinguished mainly on the basis of their clove weight and total OSC,
seen their distribution in relation to the axes F2 and F3. Giving each
accession its colour, it appears that the two  groups in Fig. 1 are
also distinguished by the colour of the cloves. The accessions form-
ing the light coloured (white or pink) group are characterized by
short dormancy stage (between 130 and 192 days), the highest dry
weight of the bulb and the longest pseudostem measured 145 DAP,
high weight and diameter of the bulb, high weight of one clove
and a yield medium to high. Checking the total OSC of each group,
there is no difference in total content of organo-sulphur compounds
between coloured and light coloured accessions.

The accessions are not separated on the basis of their geograph-
ical origins.

5. Conclusion

Significant differences are shown between and within local gar-
lic accessions. Tunisian garlic landraces are rich in organo-sulphur
compounds, but differ in the quantity and the quality of these com-
pounds. Significant bulb-to-bulb variability for flavour quality and
intensity suggests that active selection during cultivar develop-
ment is needed to improve flavour quality and consistency. The
content of organo-sulphur compounds can not be indicated by
agro-morphological characters, but high contents of allicin and
isoGluAlCs seems to be related to short dormancy period, high
pseudo stem and dry weight of bulb were measured at the end
of the vegetative cycle. This result needs to be confirmed under
various environmental conditions. Colour of clove skin seems to
influence somehow the structuring of general diversity, but more
investigation is needed to study this influence.
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