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Abstract. Garlic (Allium sativum L.) cultivars grown under diverse conditions have highly
elastic environmental responses, particularly relating to skin color and yield. Ten diverse
garlic cultivars were grown at 12 locations in the United States and Canada for 2
consecutive years to identify the environmentally responsive phenotypic traits of garlic.
Clove arrangement, number of topsets, topset size, topset color, number of cloves, clove
weight, clove skin color, and clove skin tightness were generally stable for each cultivar
regardless of production location and conditions. Scape presence varied with cultivar
and location, but for the most part, cultivars classified as hardneck types produced scapes
and those classified as softnecks did not produce scapes. Bulbs grown at the northern
Colorado, Minnesota, Pennsylvania, Vermont, and Washington locations were generally
larger than the other locations. Soil potassium levels were positively correlated with bulb
circumference and fresh weight. Soil sulfur and manganese levels were correlated with
bulb sulfur and manganese content. Bulb wrapper color and intensity were highly
dependent on location and cultivar. The Silverwhite cultivar was consistently white and
‘Ajo Rojo’, ‘German White’, ‘Inchelium’, ‘Sakura’, and ‘Spanish Roja’ were generally
white with some faint violet or brown stripes or splotches across the locations. In
contrast, cultivars Chesnok Red, Purple Glazer, Red Janice, and Siberian were more
likely to have moderate or dark violet stripes, streaks, or splotches, particularly when
grown at the northern Colorado, Minnesota, Nevada, New York, Ontario, Pennsylvania,
or Washington locations. These results can help farmers identify niche regional markets
that provide novel products to consumers. From these results, it was shown that garlic
cultivars or classes grown under diverse conditions have highly elastic soil nutrient
responses, particularly relating to skin color and yield.

Hundreds of garlic (Allium sativum L.)
cultivars are available from seed companies,
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retailers, and germplasm collections. Increasingly, bulbs intended for planting are purchased from nonlocal sources and the
resulting yields can be unpredictable; garlic
bulbs resulting from seed stock purchased in
other regions often do not display the characteristics such as bulb size, shape, and color that
were listed in the catalogs. This is a result of
the high degree of variability in clove wrapper
color, bulb size, yield, and flavor influenced by
growth environment, cultivar, and production
year (Waterer and Schmitz, 1994).
Locations differ in soil type, fertility,
water availability, growing temperatures,
daylength, solar radiation, and management
practices. Because garlic is highly adaptive to
its growth environment, yields remain consistent or may improve when bulbs are
replanted in similar conditions in which they
were produced (Waterer and Schmitz, 1994).
As a consequence, it is frequently recommended that local garlic be purchased as
planting stock or to allow several years of
production for adaptation to a new environment (Engeland, 1991).
Previous work has sought to correlate
some physical features of garlic with garlic

type identification (Engeland, 1991, 1995;
Maaß and Klaas, 1995; Volk et al., 2004).
Studies that compared appearance with bulb
firmness, pH, soluble solids, moisture content, and sugar content determined that many
of these traits are independent of bulb chroma
and hue angles of the skin color across 14
garlic cultivars (Pardo et al., 2007). Other
traits that vary across cultivars when grown
under the same environmental conditions
include the leaf number before bolting, flowering date, final stem length, flower/topset
ratio, and pollen viability (Kamenetsky,
2007).
The continual growth and recent interest
in new cuisines as well as health benefits of
garlic have brought the diversity of garlic
types to the attention of the public. Grocery
stores frequently carry white, softneck (nonscape-producing) garlic types that are mostly
imported and generally amenable to mechanized production. Alternatively, hardneck
(scape-producing) types that come in various
shades of purples, magentas, pinks, and
whites are available at local vegetable stands
and direct marketing programs. However,
garlic cultivar identification is challenging
as a result of its phenotypic plasticity
(Al-Zahim et al., 1997; Ipek et al., 2003).
In 2004, Volk et al. published an assessment of the genetic diversity of 211 garlic
cultivars. Garlic types silverskin, artichoke,
rocambole, porcelain, purple stripe, marble
purple stripe, and Asiatic were genetically
differentiated (Volk et al., 2004). Other garlic
types such as turban, creole, and glazed
purple stripe were underrepresented and thus
not clearly differentiated. One cultivar representing each of the 10 garlic types listed
here was selected to best capture the genetic
diversity available within Allium sativum to
identify the range of phenotypic responses
observed at diverse growth locations in a
2-year project.
We report on the variation observed in
bulb elemental composition and morphological characteristics of the 10 garlic cultivars
across the diverse growth locations. We
identify stable traits that can serve as useful
indicators for garlic type classification on a
national scale to increase the standardization
of garlic classification terminology.
Materials and Methods
Plant materials. In 2005, garlic bulbs
from 10 cultivars (Table 1) obtained from
producers in Washington state were distributed to 10 garlic growers who practiced
sustainable production methods with minimal, if any, chemical inputs (Table 2; Fig. 1;
Engeland, 1991, 1995). Small-scale garlic
farmers were provided with planting stocks
from the same original sources and were
asked to grow them on their farms for 2
consecutive years using their best practices.
At each location, 16 cloves per cultivar were
planted in each of three replicate plots in
randomized complete block designs under
standard cultivation conditions for the
growth environment. Bulbs were harvested
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Table 1. Means and SEs for bulb fresh weight and circumference as well as firmness and quality information collected for five bulbs representing each of 10 garlic
cultivars provided to growers in 2005.
Bulb
Bulb
Quality, as perceived by
Cultivar
Type
Bulb wrapper color
fresh weight (g) circumference (cm) Bulb firmness
grower participants
Ajo Rojo
Creole
White
53.7 ± 3.4
18.2 ± 0.5
Firm
Excellent
Chesnok Red
Purple stripe
Light violet stripe
68.2 ± 3.3
19.2 ± 0.3
Very firm
Good
German White Porcelain
White/light violet stripe
89.6 ± 1.7
20.7 ± 0.2
Very firm
Good
Inchelium
Artichoke
White/light violet splotch
81.9 ± 8.4
21.3 ± 1.0
Very firm
Good
57.3 ± 1.7
18.9 ± 0.4
Fair–good
Fair to good
Purple Glazerz Glazed purple stripe White/light violet stripe
Red Janice
Turban
Light–moderate violet stripe
53.2 ± 3.2
18.7 ± 0.4
Very firm
Good
Sakura
Asiatic
White/light violet stripe
47.1 ± 4.2
17.9 ± 0.5
Firm
Good
Siberian
Marble purple stripe White/light–moderate violet stripe
77.3 ± 6.1
20.6 ± 0.6
Very firm
Good
Silverwhite
Silverskin
White
57.7 ± 1.8
17.7 ± 0.1
Very firm
Good
Spanish Roja
Rocambole
White
45.7 ± 1.9
17.2 ± 0.2
Fair–good
Poor
z
Glazed purple stripe Red Rezan was provided to the Washington grower.

when the lower one-third to one-half of the
leaves on the plants had dried. A subset of six
to eight bulbs for each cultivar in each
replicate plot was returned to Ft. Collins,
CO, for data collection and analysis. In the
fall of 2006, bulbs produced at each farm
were replanted and grown for a second
season at the same farm (except for a change
in the Colorado farm from Ft. Collins to
Colorado Springs and the addition of a farm
in Ontario, Canada, from planting stock
grown at the Pennsylvania location in
2005). In 2007, six to eight bulbs of each
cultivar from the replicate plots were sent to
Ft. Collins, CO, for phenotypic characterization. Grower participants were asked to provide feedback to the project in the form of
digital documentation, surveys, planting
notes, and harvest notes. Locations, USDA
hardiness zones, and production practices
were documented (Table 2) (Cathey, 1990).
Soil tests. Triplicate soil surface samples
were collected from two or three plots at each
field site at planting in 2005 and 2006 and
at harvest in 2006 and 2007. Samples were
sent directly to the Harris AgSource Testing
Laboratory (Lincoln, NE) for determination
of soil pH, soluble salt, cation exchange
capacity, percent base saturation (hydrogen,
sodium, magnesium, calcium, and potassium),
organic matter composition, nitrate–nitrogen,
and elemental composition [phosphorus (Bray
P when pH <7.1 and Olsen P when pH >7.2),
potassium, zinc, manganese, copper, iron,
sulfur, boron, calcium, magnesium, sodium].
Data from all soil test results were included in
the calculation of averages for each field site.
Phenotypic data collection. Field data and
photographs were collected by the site
growers. Bulb and clove data were collected
from three representative bulbs from each
plot from each location in a standardized
manner in Ft. Collins, CO. Phenotypic data
collected from field samples included: bulb
wrapper color, color pattern on skin, circumference, and fresh weight (FW) of bulbs;
presence/absence of stalk within bulb; number, color, and size of topsets; and number,
weight, arrangement, and skin color of cloves.
Bulb composition. After removing skin,
cloves were stored in a –80 C freezer and
then freeze-dried. After moisture estimation
(difference between clove weight before and
after freeze drying), cloves were ground and
sifted through a screen with 64 squares/cm2
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(40 mesh). Ground samples were composed
of cloves from bulbs selected to be representative from each plot (with each cultivar, site,
and replicate analyzed separately). Samples
from bulbs for each harvest year were analyzed for element content by inductively
coupled plasma mass spectrometry at the
AgSource Harris Laboratories (Lincoln, NE).
Statistical analyses. Analyses of variance
and Tukey means separation tests (a < 0.05)
using JMP software (SAS Institute, Cary,
NC) were used to compare quantitative data
obtained from soil tests, bulb elemental
composition analyses, and bulb, clove, and
topset phenotypic traits. Multivariate analyses (Spearman’s r) in the JMP software
identified significant nonparametric correlations between variables. Qualitative data were
summarized based on observations of bulbs
for each cultivar from each replicate at each
site. Data from multiple years were combined
in a single analysis when the main effects
resulting from year were not significant.
Results
Quality of planting stock. Planting stock
of the 10 cultivars was distributed to the
participants to ensure initial genetic uniformity and quality. Cultivars Ajo Rojo, Chesnok Red, German White, Red Janice, Sakura,
Siberian, and Silverwhite were considered
to be of high initial quality (based on firmness, size, and no evidence of disease) based
on participant surveys. The quality of cultivars Inchelium, Purple Glazer, and Spanish
Roja at the time of planting was lower
(some cloves exhibited signs of Fusarium
sp. Link ex Gray) than that of the other
cultivars, but adequate quantities of acceptable planting cloves were available.
Bulb characteristics. Bulbs generally
retained their softneck or hardneck phenotypes at the various growth locations, but
there were some exceptions. Initially, ‘Inchelium’ and ‘Silverwhite’ were the only two
softneck cultivars provided to the participants. However, some cultivars did not
exhibit the central stalk characteristics of
hardneck cultivars during the subsequent
field trials. Some bulbs of ‘Ajo Rojo’ grown
in Nevada and Vermont, ‘Red Janice’ and
‘Sakura’ grown in Kentucky, and ‘Sakura’
grown in Nevada were harvested as softneck
garlic types. In addition, some ‘Silverwhite’

bulbs harvested in Maryland were classified
as hardneck.
Scape structure and topset characteristics
are two morphological garlic characteristics
that were of interest (Table 3). The softneck
garlic cultivars Inchelium and Silverwhite
sometimes produced partial scapes within
the stems, whereas the hardneck cultivars
had scapes that emerged and curled in various
arrangements (except for ‘Sakura’, which
generally had a straight scape). Scape curl
data were not consistently collected across
the locations and were therefore not included
in analyses. Topset characteristics also varied
greatly among cultivars but remained stable
regardless of growth environment. Cultivars that produced 100 to 200 topsets per
umbel (‘Ajo Rojo’, ‘Chesnok Red’, ‘German
White’, ‘Purple Glazer’) had topsets that
were similar in size to grains of rice and
those that produced between 10 and 50 topsets per umbel had either corn (‘Red Janice’,
‘Siberian’, and ‘Spanish Roja’) or marble
(‘Sakura’) -sized topsets. Most cultivars had
violet-colored topsets, but ‘German White’
had white topsets and ‘Red Janice’, ‘Sakura’,
and ‘Spanish Roja’ had topsets that were
consistently brown or brown/violet (Table 3).
Soil analyses. Soil conductivity ranged
from lows of 0.25 and 0.27 mmhos/cm in
Kentucky and southern Colorado, respectively, to 2.08 mmhos/cm in northern Colorado (Table 4). The cation exchange capacity
(CEC) values obtained are representative of
loamy sand, silty loam, and loam soil types.
The CEC ranged from 10.8% in Maryland to
24.5% and 33.3% in Nevada and northern
Colorado, respectively. The northern Colorado and Nevada plots were both grown in
raised beds with overhead irrigation. All the
sites had a CEC dominated by calcium (59%
to 92%). Northern Colorado, Minnesota,
Nevada, Pennsylvania, and Washington also
had significant Mg% (16.6 to 23.1), K% (3.84
to 9.5), or Na% (0.44 to 8.52) CEC composition. The soils of Arkansas, Maryland, and
Vermont had higher H% (15 to 19) and lower
levels of Mg% (9.4 to 14.1).
Soil organic matter content ranged from
3% to 10% and the soil pH level was between
6 and 8, within the recommended ranges for
garlic production (Table 5; Rosen et al., 2008).
High nitrate–nitrogen levels were found in
Washington and Maryland. Phosphorus levels
were highest in northern Colorado (462 ppm,
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Clover, vetch,
chicken litter,
bloodmeal
Irrigate
None
Calcium
1$/week
ammonium
nitrate
Irrigate if
Winter rye,
Manure,
needed
crimson clover
seaweed spray,
fertilizer
Drip tape as Buckwheat/rye
Legumes,
needed
poultry litter
Sprinkler as Buckwheat
Bloodmeal,
needed
manure

Compost

6.6
8–23
4–15
7, 8
Freeland
Washington

30

2005, Late Oct. Early Aug. 44.27 N –73.11 W
2006
2005, Early Nov. Early July 48.42 N –122.67 W
2006

143

4

–5–12

8–27

7.6

Glen Elg
Channery
silt loam
Melrose
loam
Sandy
12.3
9–29
–1–16
6, 7
91
38.67 N

–77.03 W

Bristol

Ridgetown
Ontario

Vermont

Rose
New York

2005, Early Oct. Mid July
2006

Las Vegas
Nevada

Pennsylvania West
Chester

7.7
10–27
–2–15
5b
213
–81.88 W
42.45 N
Mid July
Late Oct.

St. Paul
Minnesota

2006

Early Nov. Mid July

Early Nov. Early July

Early Oct. Mid July

Early July
Mid-Dec.
Maryland

2005,
2006
2005,
2006
2005,
2006
2005,
2006
Accokeek

Kentucky

2005, Early Dec. Late June
2006

Mid July
Mid-Oct.
2005

Colorado
Springs
Richmond
Colorado

Mid July
Colorado

State
Arkansas

Brookston
clay loam

Sprinkler as Clover, peas,
needed
oats
Sprinkler as
needed
Rainfall
Cover crops

Soybeans,
chicken litter
compost
Animal manure,
feathermeal
Manure, legumes

Steer manure

Sprinkler as None
needed
Rainfall
Winter rye,
buckwheat,
soybeans
Rainfall
Cover crops

Nitrogen
source
Legumes,
poultry litter
Compost
Irrigation
Manure/cover
source
crop
Sprinkler as Clover/rye
needed
Soaker hose None

USDA
March–
May–July March–July
Elevation hardiness April avg
avg low– avg precip/mo
Latitude Longitude
(m)
zone
low–high C high C
(cm)
Soil type
36.06 N –94.16 W
390
6, 7
4–21
14–32
10.4
Cleora fine
sandy loam
38.96 N –104.75 W
2,069
5, 6
–2–16
7–31
9.2
Sandy clay
loam (raised
beds)
40.67 N –104.95 W
1,690
6
–3–16
6–29
6.7
Silty-clay,
sandy loam
37.79 N –84.48 W
177
6
–2–19
–12–30
10.4
ShB, ShC,
CuC Sandy
loam
38.67 N –76.87 W
55
7a
–3–20
–45
10.4
Beltsville
silt loam
44.29 N –92.43 W
276
4
–4–14
10–28
8.5
Fayette silt
loam
36.08 N –115.17 W
618
9
8–26
17–40
0.7
Loam
(raised beds)
43.16 N –76.92 W
128
6
–4–13
8–27
8.7
Hilton sandy
loam
Harvest
date
Mid-July

Planting Planting
City
year
date
Fayetteville 2005, Late Oct.
2006
Ft. Collins
2006 Mid-Nov.

Table 2. Locations and farming practices for garlic growers who participated in the garlic cultivar trial.
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Olsen method), Washington (461 ppm, Bray
method), and Minnesota (307 ppm, Bray
method). Boron ranged from 0.58 ppm
(Arkansas) to 2.2 ppm (northern Colorado),
copper ranged from 0.6 ppm (New York)
to 2.7 ppm (Arkansas), manganese ranged
from 1.9 ppm (Ontario) to 16 ppm (Arkansas), and zinc ranged from 1.2 ppm (Kentucky) to 17.1 ppm (Washington). Iron levels
were highest in Maryland and Minnesota
(101.2 and 112 ppm, respectively) and lowest
in Nevada, southern Colorado, and northern
Colorado (13 ppm, 29 ppm, and 29.6 ppm,
respectively). Sulfur levels were generally
between 9 and 21 ppm; however, sulfur levels
were 41 ppm in Maryland, 54 ppm in Nevada,
and 368 ppm in Colorado with a greater than
40-fold difference between the highest and
lowest soil sulfur content (Table 5). High soil
nutrient levels in Colorado may have resulted
from the compost source as well as the well
irrigation water.
Bulb wrapper color. Bulb wrapper color
and pattern were highly variable among
cultivars across locations (Table 6). ‘Silverwhite’ was white without patterning regardless of its growth location. The remaining
nine cultivars were more plastic in their
color response to the environment. Across
the locations, ‘Ajo Rojo’, ‘German White’,
‘Inchelium’, ‘Sakura’, and ‘Spanish Roja’
were generally white with some faint violet
or brown stripes or splotches. Cultivars
Chesnok Red, Purple Glazer, Red Janice,
and Siberian were more likely to have moderate or dark stripes or streaks or splotches.
However, the intensity of the skin patterns
was highly dependent on location.
Intensity of bulb color was classified on a
1 to 4 scale and correlations were performed
to identify positive correlations between
intensity and the soil nutrient levels. No
significant correlations were identified (data
not shown). However, some general trends
were noted. Most of the bulbs grown in
Arkansas, southern Colorado, Kentucky,
Maryland, and Vermont were shades of
white with faint violet or brown stripes or
splotches. In contrast, ‘Chesnok Red’, ‘Purple
Glazer’, ‘Red Janice’, and ‘Siberian’ bulbs
from Ontario, northern Colorado, Minnesota,
Nevada, New York, Pennsylvania, and
Washington were likely to have more intense violet or brown coloration (Table 6).
The cause of these color variations is not
known.
Bulb yield. Bulb size, measured by either
FW or circumference, was highly dependent
on growth location with some sites producing
larger bulbs overall than other sites. The
year-by-cultivar interaction was not significant, so data were pooled for each site for the
harvest years 2006 and 2007. Bulbs from
northern Colorado, Minnesota, Pennsylvania,
Vermont, and Washington had among the
largest bulbs for at least half of the cultivars
(Tables 7 and 8). As expected, bulb circumference and FW were highly correlated.
Circumference, FW, and clove FW were
positively correlated with soil potassium
levels (Table 9).
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Fig. 1. Locations of garlic field sites for both 2006 and 2007 harvest seasons (), only 2006 harvest season
( ), and only 2007 harvest season (s).

Regional differences with respect to bulb
size were observed. In the northeast, ‘Inchelium’, ‘Siberian’, ‘Silverwhite’, and ‘Sakura’

from Vermont and New York had large bulbs
with respect to circumference and fresh
weight (Tables 7 and 8). ‘Silverwhite’ and

‘Siberian’ were the highest yielding in
Ontario. In Pennsylvania, ‘Ajo Rojo’, ‘Chesnok Red’, ‘German White’, ‘Inchelium’,
‘Purple Glazer’, ‘Red Janice’, ‘Silverwhite’,
and ‘Spanish Roja’ bulbs were among the
largest observed overall. In Minnesota,
‘Chesnok Red’, ‘German White’, ‘Inchelium’, ‘Siberian’, ‘Purple Glazer’, ‘Sakura’,
and ‘Silverwhite’ produced bulbs that could
be sold commercially. In 2006, the most
productive garlic cultivars in northern Colorado were Chesnok Red, German White,
Inchelium, Purple Glazer, Red Janice,
Sakura, Siberian, Silverwhite, and Spanish
Roja. The southern Colorado location generally had lower yields in 2007 than the harvest
in 2006 from northern Colorado. The raised
beds used by the Nevada growers were favorable for ‘Ajo Rojo’, ‘German White’, ‘Inchelium’, ‘Purple Glazer’, and ‘Red Janice’ and
Arkansas field conditions favored ‘Siberian’,
‘Inchelium’, and ‘Red Janice’. In western
Washington, all the cultivars except ‘Spanish
Roja’ produced bulbs that could be sold at
local markets with bulb yields among the
highest observed in the study. Because the
project had a limited number of North American locations represented, specific cultivar
recommendations for each location are not
provided.
Clove characteristics. Cultivars were
classified according to the number of cloves

Table 3. Phenotypic characteristics that remained consistent across growth locations and years for 10 garlic cultivars grown at 12 North American locations.
HN/SNz
HN

Clove
Topset Topset
arrangement
no.
size
Single
100–200 Rice

Variety
Ajo Rojo

Class
Creole

Chesnok Red

Purple stripe

HN

Single

100–200 Rice

German White

Porcelain

HN

Single

100–200 Rice

Inchelium

Artichoke

Purple Glazer

Glazed
purple stripe
Red Janice
Turban
Sakura
Asiatic
Siberian
Marble
purple stripe
Silverwhite
Silverskin
Spanish Roja
Rocambole
z
HN = hardneck; SN = softneck.
y
N/A = not available.

y

SN

2–6 layers

N/A

HN

single

100–200 Rice

HN
HN
HN

Single
Single
Single

10–50
10–50
10–50

SN
HN

2–6 layers
Single

N/A
10–50

N/A

Topset color
White with
some purple
Brown, violet,
or white
Brown or white
White

Clove Clove
no.
wt (g)
8–10 2–4
8–10 2–4
4–6

6–8

10–12 2–4

Brown or violet

8–10 2–4

Corn
Brown or white
Marble White
Corn
White, brown,
or violet
N/A
White
Corn
Brown or white

8–10 2–4
4–6 6–8
4–6 6–8
14–16 2–4
8–10 2–4

Clove color
Red/purple lower and
white/pale upper
Dark, streaks of brown,
violet, or white
Light cloves with flecks or
streaks of brown or violet
White cloves with
yellow/brown
Dark violet with some
brown streaks
Brown/white
White to yellow
Dark with white, brown,
or violet streaks
White cloves with pink
Brown/white

Clove skin
tightness
Moderate
Moderate
Moderate
Snug
Loose
Snug
Loose
Moderate
Snug
Loose

Table 4. Cation exchange capacity components for soil samples collected at 12 garlic field sites.
State
Arkansas
Colorado (2006)
Colorado (2007)
Kentucky
Maryland
Minnesota
Nevada
New York
Ontario
Pennsylvania
Vermont
Washington
z
N/A = not available.

N
8
5
4
2
7
9
2
9
4
9
9
9

Cation exchange
capacity value
15.2 ± 0.8
33.3 ± 1.8
13.8 ± 0.6
13.8 ± 2.3
10.8 ± 0.7
14.1 ± 0.6
24.5 ± 1.0
14.0 ± 0.5
19.6 ± 0.4
13.8 ± 0.6
11.8 ± 0.5
18.4 ± 1.0
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Calcium (%)
69.1 ± 2.3
70.6 ± 2.0
85.0 ± 0.3
80.4 ± 6.9
62.4 ± 3.5
58.8 ± 0.8
72.1 ± 2.0
88.6 ± 1.0
92.2 ± 0.3
71.7 ± 1.6
66.7 ± 2.6
61.0 ± 0.8

Hydrogen (%)
15.3 ± 1.0
N/Az
N/A
12.4 ± 0.0
16.5 ± 2.6
13.1 ± 0.9
N/A
N/A
N/A
11.2 ± 1.7
19.1 ± 2.8
11.2 ± 1.1

Magnesium (%)
11.1 ± 0.9
17.1 ± 0.2
10.6 ± 0.1
9.6 ± 0.5
14.1 ± 1.1
17.3 ± 0.2
20.7 ± 0.5
9.2 ± 0.9
4.9 ± 0.1
16.6 ± 0.4
9.4 ± 0.6
23.1 ± 0.6

Potassium (%)
4.1 ± 0.4
3.8 ± 0.5
3.9 ± 0.3
3.7 ± 1.2
5.8 ± 0.5
9.5 ± 0.3
5.8 ± 1.2
2.0 ± 0.2
2.6 ± 0.3
8.8 ± 0.5
6.4 ± 0.3
8.2 ± 1.1

Sodium (%)
0.5 ± 0.1
8.5 ± 2.2
0.5 ± 0.1
0.3 ± 0.1
1.2 ± 0.5
1.3 ± 0.1
1.6 ± 0.4
0.2 ± 0.4
0.3 ± 0.1
0.4 ± 0.1
0.5 ± 0.1
1.5 ± 0.4
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8±0
34 ± 16
41 ± 3
88 ± 23
7±1
15 ± 2
15 ± 3
13 ± 2
60 ± 14
158 ± 19
186 ± 24
294 ± 14
610 ± 39
151 ± 11
116 ± 3
274 ± 10
130 ± 4
510 ± 28
207 ± 95
250 ± 105
524 ± 29
555 ± 132
111 ± 10
193 ± 16
478 ± 40
294 ± 18
564 ± 54
2,191 ± 179
1,332 ± 83
1,666 ± 80
3,529 ± 49
2,489 ± 107
3,619 ± 94
1,966 ± 58
1,560 ± 39
2,243 ± 119
9±5
41 ± 12
11 ± 1
54 ± 12
11 ± 1
13 ± 1
12 ± 1
10 ± 1
21 ± 5
5.3 ± 0.3 1.2 ± 0.0 66 ± 16
2.5 ± 0.8 2.0 ± 0.3 101 ± 8
5.4 ± 0.8 7.7 ± 0.5 112 ± 3
9.8 ± 3.0 9.0 ± 0.2 13 ± 1
5.1 ± 0.8 3.0 ± 0.3 27 ± 2
1.9 ± 0.2 5.4 ± 1.7 34 ± 2
3.0 ± 0.4 3.8 ± 0.4 45 ± 5
3.6 ± 0.9 3.5 ± 0.6 66 ± 4
4.6 ± 1.3 17.1 ± 1.4 43 ± 3
1.2 ± 0.2
0.8 ± 0.1
1.1 ± 0.1
1.9 ± 0.0
0.6 ± 0.0
2.6 ± 0.0
1.8 ± 0.2
1.7 ± 0.1
2.6 ± 0.2
0.70 ± 0.00
0.61 ± 0.03
0.62 ± 0.04
1.85 ± 0.15
0.87 ± 0.06
1.08 ± 0.05
0.79 ± 0.07
0.63 ± 0.04
1.23 ± 0.04
N/A
N/A
N/A
126 ± 34
48 ± 8
45 ± 2
N/A
N/A
N/A
2.6 ± 0.2
5.2 ± 0.4
3.7 ± 0.3
5.4 ± 0.3
3.4 ± 0.2
5.0 ± 0.2
5.0 ± 0.3
3.5 ± 0.2
9.8 ± 0.4

0.25 ± 0.04 11 ± 3
0.86 ± 0.22 137 ± 42
0.36 ± 0.02 29 ± 3
0.83 ± 0.30 79 ± 57
0.28 ± 0.03 17 ± 5
0.47 ± 0.03 44 ± 9
0.35 ± 0.02 31 ± 5
0.30 ± 0.03 26 ± 6
0.73 ± 0.11 98 ± 24

182 ± 100
76 ± 11
307 ± 34
N/A
N/A
N/A
266 ± 21
143 ± 23
461 ± 24

16 ± 3
176 ± 9
89 ± 51
2,332 ± 106
9 ± 48
7.1 ± 0.4 29 ± 1
2.1 ± 0.2
0.70 ± 0.06 1.3 ± 0.1
N/A
113 ± 12
14 ± 1
0.27 ± 0.01
2.9 ± 0.1

State
Arkansas
Colorado
(2006)
Colorado
4
7.3 ± 0.0
(2007)
Kentucky
2
6.9 ± 0.2
Maryland
7
6.2 ± 0.2
Minnesota
9
6.4 ± 0.1
Nevada
2
8.1 ± 0.1
New York
9
7.6 ± 0.0
Ontario
4
7.5 ± 0.0
Pennsylvania
9
7.1 ± 0.1
Vermont
9
6.5 ± 0.1
Washington
9
7.0 ± 0.2
z
Means and SEs are presented.
y
N/A = not available.

Organic
Soil
Phosphorus Phosphorus
(Olsen)
(Bray)
Boron
Copper Manganese
Zinc
Iron
Sulfur
Calcium
Potassium Magnesium Sodium
matter conductivity Nitrate-N
Nitrogen
pH
(%)
(mmhos/cm) (ppm)
(ppm)
(ppm)
(ppm)
(ppm)
(ppm)
(ppm)
(ppm)
(ppm)
(ppm)
(ppm)
(ppm)
(ppm)
173 ± 83
0.58 ± 0.03 2.7 ± 0.8 16.0 ± 5.6 5.3 ± 1.5 32 ± 3 13 ± 1
2,120 ± 160 239 ± 23
199 ± 12 17 ± 2
8
6.4 ± 0.0 3.4 ± 0.1 0.40 ± 0.02 38 ± 5
N/Ay
5
7.8 ± 0.0 10.2 ± 0.2 2.08 ± 0.56 43 ± 7
462 ± 30
N/A
2.2 ± 0.13 1.0 ± 0.1 4.1 ± 0.5 9.2 ± 1
30 ± 3 368 ± 144 4,671 ± 142 491 ± 49
681 ± 33 685 ± 202

Table 5. Soil test results for soil samples collected from each of 12 locations participating in the garlic cultivar trial.z
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per bulb. ‘Sakura’, ‘Siberian’, and ‘German
White’ had four to six cloves per bulb; ‘Ajo
Rojo’, ‘Chesnok Red’, ‘Purple Glazer’, ‘Red
Janice’, and ‘Spanish Roja’ had eight to 10
cloves per bulb; and ‘Inchelium’ and ‘Silverwhite’ had more than 10 cloves per bulb.
Clove wrapper tightness varied from snug
to loose (Table 3). A significant correlation
between the number of cloves and the clove
fresh weight was identified (Table 9).
Clove skin colors were consistent for specific cultivars regardless of location (Table
3). The clove skins of ‘Ajo Rojo’ were red–
purple on the basal end with white or lightcolored upper portions. ‘Chesnok Red’ clove
skins were darkly pigmented with streaks of
brown, violet, or white. Similar to ‘Chesnok
Red’, ‘Purple Glazer’ clove skins were darkly
colored violet with some brown streaks present. Likewise, ‘Siberian’ clove skins were
dark with white and brown streaks, often
including violet. In contrast, ‘German White’
clove skins were very pale white with light
flecks or streaks of brown or violet. ‘Inchelium’ and ‘Silverwhite’ both had white clove
skins with ‘Inchelium’ clove skins exhibiting
a tinge of yellow or brown and ‘Silverwhite’
clove skins appearing more pink. ‘Sakura’
clove skins ranged from white to yellow.
Cultivars Red Janice and Spanish Roja both
had clove skins that ranged in shades of
brown and white.
Bulb elemental composition. Elemental
composition data were combined for all the
cultivars in each site because the state ·
cultivar and year · cultivar interactions were
not significant in the analysis of variance
model. Bulb elemental analyses were significantly different across years, and the average
results from both the 2006 and 2007 harvests
are provided for each location (Table 10).
The range of values (on a dry weight basis)
obtained after elemental analyses were performed on freeze-dried bulbs revealed consistent levels (less than twofold difference)
across locations for the elements boron,
magnesium, phosphorus, potassium, and
nitrate–nitrogen. Nevada bulbs were high in
potassium, sulfur, and zinc and northern
Colorado bulbs were high in sodium (Table
10). Significant correlations were identified
between the soil manganese level and bulb
manganese content as well as the soil sulfur
level and bulb sulfur content (Table 9).
Discussion
The primary purpose of this research was
to determine phenotypic traits that are stable
and those that vary with growth location. We
have shown that traits such as clove number,
clove skin coloration, and topset number are
representative of cultivar type across growth
locations, whereas phenotypic traits such as
bulb wrapper color, bulb size, and bulb
elemental composition were specific to sites.
Hundreds of garlic cultivars have been
characterized in genebanks and research
programs (Jenderek and Hannan, 2004;
Kamenetsky et al., 2005; Panthee et al.,
2006; Stavelikova, 2008). High levels of
HORTSCIENCE VOL. 44(5) AUGUST 2009

HORTSCIENCE VOL. 44(5) AUGUST 2009

1243

White/light
violet
splotch

White/violet

White

White/light
brown stripe

White

White/brown

White

N/A

White

White

White/light–
moderate
violet/
brown stripe

Colorado
(2006)

Colorado
(2007)

Kentucky

Maryland

Minnesota

Nevada

New York

Ontario

Pennsylvania

Vermont

Washington

Light–
moderate
violet stripe

White/light–
moderate
violet stripe

Light–
moderate
violet stripe
Light–
moderate
violet stripe

White/light–
moderate
violet stripe
White/light
violet stripe

White/light–
moderate
violet stripe

White/light
brown stripe

White/light
violet
splotch

White

White/light
violet stripe

Chesnok Red
White/violet

Data for harvest years 2006 and 2007 are combined.

z

Ajo Rojo
White/brown

Location
Arkansas

White/light–
moderate
violet/
brown stripe

White/light
violet stripe

White/light
violet/
brown splotch

White/light
violet/
brown stripe
White/light
violet stripe

White

White/light
violet stripe

White

White/light
brown stripe

White

White

German White
White

Light–
moderate
violet/
brown stripe

White/light–
moderate
violet stripe

White

White/light–
moderate
violet stripe
White/light
brown stripe

White

White/light
violet
splotch
Light violet
splotch

White/light
brown stripe

Light–
moderate
violet
splotch
White/light
violet stripe

Inchelium
Yellow/black

Light–
moderate
violet/
brown stripe
Light–
moderate
violet/
brown stripe
Light–
moderate
violet stripe

White/light–
moderate
violet stripe
Light–
moderate
violet stripe
Mod violet
splotch

Light–
moderate
violet stripe

White/light
brown stripe

Light white/
violet
splotch
Light white/
brown stripe

Purple Glazer
White/light
violet stripe
Light–
moderate
violet stripe

Table 6. Garlic bulb wrapper color observed for each cultivar at each of the 12 North American cultivar trial locations.z

Light–
moderate
violet stripe

Light–
moderate
violet/
brown stripe
Light violet
stripe

White/light–
moderate
violet stripe
Light–
moderate
violet stripe
N/A

Light–
moderate
violet stripe

Light violet/
brown stripe

White/light
violet/
brown stripe

White/light
violet stripe

Red Janice
White/light
violet stripe
Light–
moderate
violet stripe

Light violet
splotch

White/light
violet stripe

White/light
violet
splotch
White

White

White/light
violet/
brown
splotch
White

White/light
brown stripe

White/light
violet
splotch
White

Light violet
splotch

Sakura
N/A

Light–
moderate
violet/
brown
splotch

Light–
moderate
violet stripe/
plotch
Light violet/
brown stripe

White

White

White

White

White/brown

White

Light violet
stripe
Light–
moderate
violet stripe
Mod violet
stripe

White

White

White

White

White

Silverwhite
White

Light–
moderate
violet stripe

Light–
moderate
violet/
brown
stripe/
splotch
Light violet/
brown stripe

Light violet
stripe

Siberian
White/light
violet stripe
Moderate
violet stripe

White/light
violet/
brown
stripe/
splotch

White

White/light
violet stripe

White/light
violet stripe

White/light
violet stripe

White

Light violet
stripe/
splotch

White

White/
moderate
brown
splotch

White/violet

White/light
violet
splotch

Spanish Roja
White
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Location
Ajo Rojo
Chesnok Red
German White
Inchelium
Purple Glazer
Red Janice
Sakura
Siberian
Initial (2005)
18.2 ± 0.4 a
19.1 ± 0.3 a
20.7 ± 0.2 a
21.3 ± 1.0 ab
18.9 ± 0.4 ab
18.7 ± 0.4 a
17.9 ± 0.4 abc
20.6 ± 0.6 ab
Arkansas
14.9 ± 0.3 bcd
13.3 ± 0.5 c
15.7 ± 0.4 cde
18.2 ± 0.8 abc
16.0 ± 0.4 bcd
15.4 ± 0.5 abc
N/A
17.0 ± 0.8 bcd
Colorado (2006)
14.8 ± 0.5 cde
17.8 ± 0.4 a
18.1 ± 0.6 abc
19.3 ± 0.9 ab
17.5 ± 0.4 abc
15.1 ± 0.9 abc
15.4 ± 0.9 bc
18.3 ± 0.7 abcd
Colorado (2007)
11.7 ± 0.6 f
12.4 ± 0.7 c
12.6 ± 1.2 e
13.2 ± 0.7 d
11.6 ± 0.7 e
12.4 ± 0.7 c
11.6 ± 0.5 d
15.2 ± 0.7 d
Kentucky
14.1 ± 0.4 de
13.0 ± 0.4 c
14.4 ± 0.5 de
15.1 ± 0.4 cd
15.0 ± 0.5 cd
15.1 ± 0.5 bc
15.2 ± 0.5 c
16.5 ± 0.5 cd
Maryland
14.5 ± 0.3 d
13.3 ± 0.8 c
14.1 ± 0.9 de
17.6 ± 0.8 bc
15.0 ± 0.5 cd
16.7 ± 0.5 ab
17.8 ± 0.9 bc
16.4 ± 0.9 d
Minnesota
14.6 ± 0.3 d
17.3 ± 0.3 a
17.6 ± 0.3 abc
18.8 ± 0.4 ab
17.0 ± 0.4 bc
15.0 ± 0.3 bc
16.6 ± 0.4
19.0 ± 0.4 abc
Nevada
17.4 ± 0.5 ab
14.2 ± 0.5 c
16.3 ± 1.1 bcde
20.6 ± 1.5 ab
15.8 ± 0.7 bcd
17.8 ± 0.9 a
16.1 ± 0.8 bc
18.8 ± 0.7 abcd
New York
12.6 ± 0.3 ef
14.2 ± 0.4 c
14.7 ± 0.4 de
17.9 ± 0.5 bc
15.5 ± 0.4 cd
12.7 ± 0.4 c
17.2 ± 0.4 abc
17.0 ± 0.3 bcd
14.0 ± 0.3 bc
13.0 ± 0.7 e
10.6 ± 1.7 d
13.3 ± 0.3 de
N/A
10.9 ± 0.8 d
16.4 ± 0.6 cd
Ontario
N/Ay
Pennsylvania
16.7 ± 0.3 abc
18.3 ± 0.3 a
19.4 ± 0.5 ab
21.1 ± 0.6 a
19.2 ± 0.3 a
17.1 ± 0.4 ab
19.3 ± 0.5 a
18.9 ± 0.5 abc
Vermont
13.5 ± 0.7 def
16.5 ± 0.5 ab
16.8 ± 0.9 abcd
19.7 ± 1.1 ab
16.3 ± 0.7 bc
14.9 ± 0.6 bc
17.7 ± 0.9 abc
18.2 ± 0.9 abcd
Washington
17.5 ± 0.3 a
18.6 ± 0.3 a
19.2 ± 0.5 ab
21.3 ± 0.7 a
16.6 ± 0.3 bc
17.1 ± 0.4 ab
19.3 ± 0.3 a
20.9 ± 0.4 a
Mean
15.0 ± 0.6
15.5 ± 0.7
16.4 ± 0.7
18.1 ± 0.9
16.0 ± 0.6
15.7 ± 0.6
16.3 ± 0.8
17.9 ± 0.5
z
Means, SEs, and significant differences among locations were determined by Tukey honestly significant difference mean separation tests (P < 0.01). N = 9.
y
N/A = not available.

Table 8. Circumference of garlic bulbs (cm) harvested from each location in 2006 and 2007.z
Silverwhite
17.7 ± 0.1 ab
13.7 ± 0.3 cd
17.2 ± 0.7 ab
10.8 ± 1.1 d
15.3 ± 0.6 bc
15.3 ± 0.9 bc
16.6 ± 0.5 ab
16.0 ± 0.5 bc
15.3 ± 0.3 bc
16.2 ± 0.6 abc
19.0 ± 0.6 a
17.6 ± 0.7 ab
17.7 ± 0.4 ab
16.0 ± 0.6

Spanish Roja
17.2 ± 0.2 abc
13.8 ± 0.7 bcde
16.8 ± 1.0 ab
11.6 ± 0.4 e
11.7 ± 0.6 e
12.8 ± 0.7 de
15.4 ± 0.3 bcd
12.9 ± 1.2 bcde
13.2 ± 0.3 cde
11.6 ± 1.0 e
16.7 ± 0.7 ab
14.5 ± 0.7 bcd
18.2 ± 0.5 a
14.3 ± 0.7

Mean
19.0 ± 0.4
15.3 ± 0.5
17.0 ± 0.5
12.3 ± 0.4
14.5 ± 0.4
15.4 ± 0.5
16.8 ± 0.5
16.6 ± 0.7
15.0 ± 0.6
13.3 ± 0.7
18.6 ± 0.4
16.6 ± 0.6
18.6 ± 0.5
16.1 ± 0.6

Location
Ajo Rojo
Chesnok Red
German White
Inchelium
Purple Glazer
Red Janice
Sakura
Siberian
Silverwhite
Spanish Roja
Mean
Initial (2005)
53.7 ± 3.4 a
68.2 ± 3.3 a
89.6 ± 1.7 a
81.9 ± 8.4 ab
57.3 ± 1.7 ab
53.2 ± 3.2 ab
47.1 ± 4.2 bcd
77.3 ± 6.1 ab
57.7 ± 1.8 abc
45.7 ± 1.9 abc
63.2 ± 4.8
Arkansas
33.7 ± 2.4 bc
26.3 ± 2.3 c
38.2 ± 2.9 bcd
59.8 ± 6.4 abc
39.4 ± 3.1 bcd
33.0 ± 2.9 abcd
N/A
47.4 ± 5.7 cde
30.5 ± 3.1 cd
30.8 ± 4.5 bcde
37.7 ± 3.3
Colorado (2006)
31.6 ± 2.0 bc
57.2 ± 3.9 ab
59.3 ± 5.5 abc
62.4 ± 7.6 ab
53.4 ± 4.0 ab
31.8 ± 4.9 abcd
33.3 ± 4.9 def
56.0 ± 4.9 abcde
59.2 ± 7.1 ab
47.3 ± 9.1 ab
49.2 ± 3.9
Colorado (2007)
20.0 ± 3.2 bc
23.7 ± 4.2 c
29.1 ± 7.0 cd
25.5 ± 3.1 cde
18.1 ± 3.1 e
20.3 ± 2.7 d
19.1 ± 3.2 f
38.3 ± 5.6 de
16.5 ± 3.1 d
18.2 ± 1.9 cde
22.9 ± 2.1
Kentucky
21.9 ± 2.3 c
21.7 ± 1.5 c
31.7 ± 3.3 d
24.2 ± 2.6 e
34.2 ± 3.5 cde
27.6 ± 2.7 cd
28.0 ± 3.3 ef
36.7 ± 2.8 e
39.1 ± 3.8 bcd
12.4 ± 1.7 e
27.8 ± 2.6
Maryland
32.2 ± 1.8 b
28.2 ± 3.8 c
35.2 ± 5.3 cd
53.9 ± 5.7 bcd
34.4 ± 2.6 cde
40.9 ± 3.3 abc
60.2 ± 6.7 abc
41.6 ± 5.1 e
41.6 ± 5.9 bc
21.6 ± 2.9 cde
39.0 ± 3.6
Minnesota
32.2 ± 1.5 b
52.8 ± 2.6 ab
60.3 ± 2.6 ab
61.4 ± 4.0 ab
49.3 ± 2.5 b
33.2 ± 1.6 bcd
42.8 ± 2.6 cde
63.6 ± 2.4 abc
51.9 ± 3.0 b
36.2 ± 2.4 bcd
48.4 ± 3.7
Nevada
49.7 ± 3.8 a
24.5 ± 3.0 c
44.2 ± 9.1 bcd
76.2 ± 10.1 ab
32.0 ± 4.3 cde
47.7 ± 6.9 ab
36.8 ± 5.3 def
47.0 ± 5.4 cde
41.0 ± 3.3 bc
20.9 ± 4.8 bcde
42.0 ± 4.9
New York
23.5 ± 1.3 bc
32.9 ± 2.5 c
37.8 ± 2.4 cd
56.4 ± 4.6 b
37.6 ± 2.9 bcd
23.2 ± 1.5 d
46.7 ± 2.6 bcd
46.1 ± 1.7 de
41.7 ± 2.0 bc
25.2 ± 1.9 cde
37.1 ± 3.5
29.8 ± 1.9 c
27.0 ± 4.8 d
14.5 ± 6.7 de
23.3 ± 1.7 de
N/A
16.0 ± 2.6 f
39.4 ± 3.7 de
45.4 ± 5.0 bc
17.5 ± 3.2 de
26.6 ± 3.5
Ontario
N/Ay
Pennsylvania
47.1 ± 1.9 a
62.4 ± 2.9 a
79.6 ± 6.0 a
83.5 ± 5.8 a
70.3 ± 2.9 a
47.1 ± 2.7 a
65.9 ± 4.3 a
58.3 ± 3.6 bcd
73.5 ± 5.8 a
46.6 ± 4.4 ab
63.4 ± 4.3
Vermont
27.0 ± 3.8 bc
47.3 ± 3.6 b
51.9 ± 5.9 bcd
71.8 ± 8.8 ab
43.6 ± 4.1 bc
34.0 ± 2.9 abcd
54.2 ± 5.9 abcd
50.7 ± 5.0 bcde
58.5 ± 5.8 ab
33.3 ± 4.6 bcd
47.2 ± 4.2
Washington
47.9 ± 2.1 a
62.8 ± 2.8 a
74.3 ± 4.9 a
75.7 ± 5.8 ab
42.9 ± 2.3 bc
40.2 ± 2.3 abc
61.2 ± 2.5 ab
75.4 ± 3.3 a
52.0 ± 3.6 b
57.0 ± 4.9 a
58.9 ± 4.2
Mean
35.0 ± 3.4
41.4 ± 4.8
50.6 ± 5.7
57.5 ± 6.3
41.2 ± 3.9
36.0 ± 2.9
42.6 ± 4.7
52.1 ± 3.7
46.8 ± 4.0
31.7 ± 3.9
43.3 ± 3.7
z
Data from harvest years 2006 and 2007 are combined. Means, SEs, and significant differences among locations were determined by Tukey honestly significant difference mean separation tests (P < 0.01). N = 9.
y
N/A = not available.

Table 7. Fresh weight (g) of garlic bulbs harvested from each of the 12 North American garlic cultivar trial locations.z

diversity within collections have been identified using genetic fingerprinting techniques
(Ipek et al., 2003; Lampasona et al., 2003;
Pooler and Simon, 1993a; Volk et al., 2004).
Of particular interest are the garlic types most
similar to those found in Central Asia that
successfully produce seeds (Kamenetsky and
Rabinowitch, 2001; Shemesh et al., 2008).
Garlic seed production is of great interest
because genetic recombination events reveal
novel forms of diversity and also because
seeds can be used for production (Jenderek
and Hannan, 2004; Kamenetsky et al., 2005;
Shemesh et al., 2008). Topset diversity and
development for diverse cultivars has been
previously reported with a focus on fertility
(Etoh, 1985; Kamenetsky and Rabinowitch,
2001; Kamenetsky et al., 2004, 2005).
Multiple groups have proposed garlic
classification schemes based on phenotypic
characters, including scape curl, clove skin
tightness, topset production, leaf architecture, leaf color, bulb wrapper color, clove
number, and clove arrangement (Engeland,
1991; 1995; Hanelt, 2001; Keller, 2002;
Maaß and Klaas, 1995) and summarized by
Volk et al. (2004) as well as Kamenetsky
(2007). However, it remains difficult to
classify garlic cultivars using the existing
terminology.
Research programs aimed at evaluating
the diversity of garlic collections have
assessed traits such as the number of cloves
per bulb, bulb weight, skin color, flowers per
umbel, flower color, anther color, and scape
length of cultivars grown in a common
garden environment (Pooler and Simon,
1993b). Other garlic collections have been
evaluated on traits including outer skin color,
clove skin color, number of cloves per bulb,
bulb structure type, shape of the compound
bulb in a horizontal section, 100 topset
weight, number of topsets, weight of cloves,
ability to flower, hard/soft neck, daylength
requirement, time of flowering, topset color,
leaf number, leaf color, leaf width, length of
longest leaf, and the cross-section of the leaf
(IPGRI, ECP/GR, AVRDC, 2001). In contrast, varietal evaluations focus on percent
emergence, plant height, leaf width, leaf
length, neck diameter, bulb diameter, harvest
date, yield, bulb weight, and percent bolting
(Dickerson and Wall, 1997).
High yields are dependent on having
initial planting stock that is of sufficient size
and quality. In garlic, this can be a challenge
as a result of the high incidence levels of
pathogens and viruses in production fields
(Conci et al., 2003; Lot et al., 1998; Melo
et al., 2006). Despite obtaining planting stock
from reliable sources, the initial planting
quality of ‘Spanish Roja’, in particular, was
lower than expected. The quality of the initial
bulbs may have affected the resulting yields
of ‘Spanish Roja’.
A set of cultivar-specific traits would aid
in market recognition and cultivar identification. Although it was not possible to include
multiple cultivars representing each garlic
type at the sites included in this project, it
is possible to ascertain which phenotypic

HORTSCIENCE VOL. 44(5) AUGUST 2009

Table 9. Positive nonparametric Spearman correlations between bulb and soil characteristics.z
Bulb
Bulb
element levely
circumference
1
Bulb circumference
N/Ax
Bulb fresh weight
N/A
<0.0001
Number of cloves/bulb
N/A
0.0001
Clove fresh weight
N/A
<0.0001
Perrcent organic matter
N/A
0.1149
Soluble salts
N/A
0.5137
Cation exchange capacity
N/A
0.7103
Soil boron
0.9175
0.9544
Soil calcium
0.7807
0.4591
Soil copper
0.9602
0.7615
Soil iron
0.8979
0.2264
Soil magnesium
0.7256
0.1408
Soil manganese
0.0252
0.8641
Soil nitrate
0.1610
0.0928
Soil phosphorus
0.3341
0.1044
Soil potassium
0.0949
0.0201
Soil sodium
0.3963
0.6420
Soil sulfur
0.0292
0.4928
Soil zinc
0.8138
0.3142
z
Significance levels of probabilities >[r] are presented.
y
Specific bulb elements correspond to the soil elements.
x
N/A = not applicable.

characteristics are cultivar-specific regardless of growth location. Traits, including
clove arrangement, number of topsets, topset
size, topset color, number of cloves, clove
weight, clove color, and clove skin tightness,
were traits that were cultivar-specific among
the diverse locations and farming practices.
In future projects, further investigation of
scape curl patterns would also be of interest.
Using these traits, it was possible to differentiate all the cultivar types except ‘Chesnok
Red’ and ‘Purple Glazer’ (Purple Stripe and
Glazed Purple Stripe classification, respectively) (Table 3). These traits are likely to be
of use for the characterization of garlic types
within large genebank collections.
Scape production is the key characteristic
that differentiates hardneck and softneck
garlic types. In most cases, softneck-type
cultivars failed to form scapes and hardneck
cultivars did produce stalks within the bulbs.
Garlic cultivars considered to be hardneck
were less likely to produce scapes when
conditions were such that small bulbs were
produced. In addition, some plants of the
softneck cultivar Silverwhite did produce a
central stalk within bulbs when grown in
Maryland. The direct causal factor in stalk
formation within bulbs is not known; however, a mitochondrial marker associated with
bolting has been described (Ipek et al., 2007).
The traits that varied across sites are
recognized as less reliable for cultivar identification purposes, but instead make cultivars
amenable or desirable for production in certain regions. It was not surprising to find that
bulb size and circumference were highly site
dependent and correlated. It has been previously reported that yield is correlated with
bulb diameter, number of cloves, cloves diameter, and bulb weight (Panthee et al., 2006).
Bulb wrapper color is also highly site-specific,
supporting evidence reported by marketers
that bulb color is more determined by growth
environment than cultivar types (David Stern
and Walt Lyons, personal communication).
HORTSCIENCE VOL. 44(5) AUGUST 2009

Bulb
fresh wt
<0.0001
1
0.0011
<0.0001
0.0655
0.5591
0.6943
0.9488
0.3631
0.8110
0.1608
0.2264
0.4953
0.2293
0.1451
0.0249
0.6318
0.6471
0.4656

Number
cloves/bulb
0.0001
0.0011
1
0.0117
0.2504
0.4094
0.9659
0.7859
0.9829
0.5207
0.5138
0.0413
0.4907
0.0753
0.0615
0.0944
0.4680
0.6087
0.3649

Clove
fresh wt
<0.0001
<0.0001
0.0117
1
0.0858
0.6012
0.6733
0.9090
0.2830
0.9375
0.0897
0.3326
0.4159
0.0217
0.1904
0.0244
0.6733
0.6419
0.3949

These data can help farmers identify production-quality garlic for regional markets that
provides novel products to consumers.
Some correlations were identified among
high-yielding locations and soil conditions.
In particular, sites with high potassium produced bulbs with significantly higher FWs
and circumferences. Bulb elemental composition and soil nutrient content were significantly correlated only for manganese and
sulfur. Garlic bulbs are 1% sulfur on a dry
weight basis or 0.35% sulfur on a FW basis.
Alliin, allicin, and two main g-glutamylcysteines comprise roughly 72% of this sulfur
(Lawson, 1993, 1996). The average clove
sulfur observed in the present study is comparatively lower (0.83% of dry weight) than
this level.
Onions (Allium cepa L.) also vary by
cultivar in response to soil fertility conditions. High sulfur fertility levels result in
increased levels of sulfur compounds and
greater flavor intensity (Coolong et al.,
2004; Coolong and Randle, 2003; Huchette
et al., 2007; Randle et al., 1995). In onion,
mild flavors are produced when sulfur levels
are sequentially reduced during bulb growth
(Randle et al., 2002). Unlike in onion,
detailed fertilizer regimes aimed at controlling garlic flavor intensity and pungency are
not currently available for garlic.
Definitive cultivar recommendations for
the participating states are not provided
because the number of sites per region was
limited. However, feedback from the participants does provide some guidance regarding
cultivars that can do well in specific regions.
At the conclusion of the project, the Vermont
grower continued to grow eight of the 10
garlic cultivars in the project. ‘Ajo Rojo’
and ‘Siberian’ were particularly susceptible
to disease in wet Vermont conditions. It is
also noteworthy that both ‘Red Janice’ and
‘Sakura’ demonstrated improved yields in
Vermont when grown for an additional year.
In Pennsylvania, yields were high and all

cultivars performed well with the exception
of ‘Spanish Roja’. Likewise, in Minnesota,
all cultivars were marketable except ‘Spanish
Roja’, ‘Red Janice’, and ‘Ajo Rojo’. The
Maryland grower was pleased with the performance of many diverse cultivars, especially ‘Siberian’, ‘Inchelium’, ‘Sakura’, and
‘Red Janice’, and the project confirmed previous observations that ‘Spanish Roja’ does
not have high yields at the Maryland location.
In Maryland, ‘German White’ performed
rather poorly in comparison with other porcelain types usually grown. In Washington,
all cultivars except ‘Spanish Roja’ and
‘Sakura’ will be grown in future years.
‘Sakura’ was a concern because bulb wrappers quickly deteriorate in the ground if it is
not harvested within a short maturity window. Finally, in Nevada, ‘German White’
and ‘Spanish Roja’ did particularly poorly.
Cultivars Red Janice, Sakura, and Purple
Glazer were of particular interest for future
Nevada production.
The demand for high-quality fresh market
garlic continues to increase as restaurants and
consumers seek to purchase local vegetables.
Consumers are attracted to colorful, unique
garlic types for different culinary purposes.
As cultivar name recognition in garlic occurs,
understanding which traits define specific
cultivars and which traits are highly variable
within cultivars will be valuable for successful marketing of new garlic cultivars.
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Aluminum
2006
2007
2.9 ± 0.3 b 35.5 ± 6.5 a
4.2 ± 0.9 ab
N/A
9.7 ± 1.3 b
N/Ay
6.6 ± 1.3 ab 10.9 ± 1.1 b
6.9 ± 1.2 ab 11.8 ± 1.0 b
2.9 ± 0.4 b
9.3 ± 0.9 b
2.1 ± 0.3 b 21.0 ± 9.8 ab
3.4 ± 0.6 b 13.2 ± 5.4 b
N/A
8.1 ± 0.7 b
3.1 ± 0.4 b 15.6 ± 4.5 b
8.8 ± 2.5 a
8.3 ± 0.6 b
5.2 ± 1.1 ab 10.9 ± 1.8 b
4.6 ± 0.7
14.0 ± 2.4

Boron
2006
2007
5.4 ± 0.4 c 15.2 ± 0.5 a
6.3 ± 0.4 bc
N/A
N/A
12.0 ± 0.3 bcd
5.0 ± 0.4 c
9.7 ± 0.4 e
5.6 ± 0.3 c
8.9 ± 0.4 e
5.3 ± 0.3 c 10.3 ± 0.5 cde
8.9 ± 0.5 a 13.6 ± 0.5 ab
8.0 ± 0.6 ab 12.4 ± 0.4 b
N/A
11.8 ± 0.4 bcd
7.8 ± 0.5 ab 10.0 ± 0.5 de
8.8 ± 0.5 a
9.9 ± 0.4 de
9.0 ± 0.4 a
9.7 ± 0.4 e
7.0 ± 0.5
11.2 ± 0.6

Calcium
2006
2007
0.10 ± 0.00 a 0.16 ± 0.01 a
0.08 ± 0.00 a
N/A
N/A
0.12 ± 0.00 bc
0.09 ± 0.00 a 0.14 ± 0.00 ab
0.09 ± 0.01 a 0.13 ± 0.01 b
0.08 ± 0.00 a 0.12 ± 0.00 bc
0.08 ± 0.01 a 0.13 ± 0.01 b
0.09 ± 0.01 a 0.13 ± 0.01 b
N/A
0.13 ± 0.00 b
0.08 ± 0.00 a 0.12 ± 0.01 bc
0.09 ± 0.00 a 0.14 ± 0.00 b
0.08 ± 0.01 a 0.10 ± 0.00 c
0.09 ± 0.00
0.13 ± 0.00

Copper
2006
2007
12.3 ± 1.1 ab 7.4 ± 0.4 ab
6.8 ± 0.5 b
N/A
N/A
3.1 ± 0.4 cd
12.2 ± 1.1 ab 6.5 ± 0.3 abc
10.8 ± 0.9 ab 5.4 ± 0.3 bcd
9.2 ± 1.3 ab 8.3 ± 1.2 ab
13.2 ± 1.9 ab 8.7 ± 0.9 ab
15.0 ± 2.0 a
6.4 ± 0.5 abc
N/A
7.1 ± 0.4 ab
12.1 ± 1.2 ab 10.0 ± 2.0 a
12.3 ± 1.7 ab 5.2 ± 0.4 bcd
12.9 ± 2.0 ab 2.4 ± 0.2 d
11.7 ± 0.7
6.4 ± 0.7

Iron
2006
2007
27.2 ± 1.8 cdef 63.7 ± 3.7 a
27.4 ± 2.1 cde
N/A
N/A
33.9 ± 2.2 bcde
39.9 ± 2.5 ab
47.4 ± 2.2 abc
32.0 ± 1.9 abcd 41.1 ± 3.1 bcd
22.7 ± 1.2 ef
43.9 ± 2.7 bcd
18.8 ± 1.7 f
36.7 ± 4.0 bcde
24.6 ± 1.9 def
23.0 ± 5.2 e
N/A
43.8 ± 2.5 bcd
30.3 ± 1.8 cde 31.5 ± 5.9 cde
34.6 ± 2.3 abc 28.9 ± 4.0 de
40.7 ± 2.1 a
48.8 ± 2.7 abc
29.8 ± 2.3
40.2 ± 3.4

Magnesium
2006
2007
0.064 ± 0.004 c
0.111 ± 0.005 a
0.072 ± 0.004 bc
N/A
N/A
0.068 ± 0.003 bc
0.074 ± 0.004 abc 0.075 ± 0.003 bc
0.076 ± 0.004 abc 0.062 ± 0.002 c
0.068 ± 0.003 bc 0.078 ± 0.003 b
0.083 ± 0.004 ab 0.114 ± 0.008 a
0.072 ± 0.004 bc 0.079 ± 0.003 b
N/A
0.074 ± 0.002 bc
0.073 ± 0.003 bc 0.074 ± 0.026 bc
0.076 ± 0.003 abc 0.067 ± 0.003 bc
0.089 ± 0.003 a
0.076 ± 0.003 bc
0.075 ± 0.002
0.080 ± 0.005

Manganese
Phosphorus
Potassium
Sodium
Nitrogen
Zinc
2006
2007
2006
2007
2006
2007
2006
2007
2006
2007
2006
2007
10.5 ± 0.4 ab
19.5 ± 1.6 a
0.391 ± 0.01 d
0.77 ± 0.03 a
1.18 ± 0.05 c
1.99 ± 0.10 a
0.012 ± 0.001 b
0.01 ± 0 b
2.3 ± 0.1 d
5.1 ± 0.2 a
28.4 ± 1.0 b
26.5 ± 1.5 bcd
6.4 ± 0.3 e
N/A
0.498 ± 0.01 abc
N/A
1.50 ± 0.06 b
N/A
0.051 ± 0.005 a
N/A
2.8 ± 0.1 cd
N/A
21.4 ± 1.3 bcd
N/A
N/A
7.1 ± 0.8 cd
N/A
0.5 ± 0.02 cde
N/A
1.36 ± 0.06 bc
N/A
0.01 ± 0 b
N/A
2.8 ± 0.1 d
N/A
18.7 ± 0.8 ef
11.3 ± 0.4 a
9.8 ± 0.8 bc
0.522 ± 0.02 abc
0.61 ± 0.02 b
1.41 ± 0.05 bc
1.43 ± 0.06 bc
0.011 ± 0.001 b
0.01 ± 0 b
3.6 ± 0.2 ab
2.7 ± 0.1 bc
19.8 ± 1.3 cd
29.4 ± 1.4 b
10.2 ± 0.5 abc
5.5 ± 0.7 d
0.39 ± 0.01 d
0.44 ± 0.01 e
1.48 ± 0.05 b
1.25 ± 0.04 c
0.011 ± 0.001 b
0.01 ± 0 b
3.6 ± 0.1 a
3.5 ± 0.2 bcd
26.7 ± 1.2 bc
19.2 ± 0.8 def
8.3 ± 0.3 cde
7.5 ± 0.6 bcd
0.457 ± 0.01 cd
0.58 ± 0.02 b
1.47 ± 0.04 bc
1.49 ± 0.05 bc
0.012 ± 0.001 b
0.01 ± 0 b
2.5 ± 0.1 cd
3.7 ± 0.2 bc
22.2 ± 1.1 bcd
24.6 ± 1.3 bcde
10.8 ± 0.6 ab
11.5 ± 1.2 b
0.572 ± 0.02 a
0.75 ± 0.05 a
2.06 ± 0.09 a
2.09 ± 0.14 a
0.017 ± 0.001 b
0.01 ± 0 b
3.9 ± 0.2 a
5.8 ± 0.3 a
59.9 ± 3.6 a
63.5 ± 7.2 a
7.5 ± 0.6 de
5.5 ± 0.7 d
0.498 ± 0.01 abc
0.46 ± 0.01 de
1.38 ± 0.10 bc
1.26 ± 0.05 c
0.013 ± 0.000 b
0.01 ± 0 a
2.8 ± 0.1 cd
2.8 ± 0.1 d
25.4 ± 1.9 bc
20.2 ± 0.7 def
N/A
7.1 ± 0.8 bcd
N/A
0.55 ± 0.01 bc
N/A
1.27 ± 0.04 c
N/A
0.01 ± 0 b
N/A
4.1 ± 0.2 b
N/A
29.5 ± 0.9 bc
7.8 ± 0.3 de
5.1 ± 0.4 d
0.494 ± 0.01 bc
0.53 ± 0.01 bcd
1.43 ± 0.05 bc
1.28 ± 0.04 c
0.010 ± 0.000 b
0.01 ± 0 b
2.6 ± 0.1 cd
3.2 ± 0.2 cd
20.4 ± 1.1 cd
19.7 ± 1.0 def
8.9 ± 0.5 bcd
5.9 ± 0.7 d
0.469 ± 0.02 c
0.43 ± 0.02 e
1.41 ± 0.06 bc
1.25 ± 0.05 c
0.010 ± 0.000 b
0.01 ± 0 b
3.0 ± 0.1 bc
3.3 ± 0.1 cd
17.2 ± 1.4 d
15.3 ± 0.8 f
9.5 ± 0.4 abcd
7.8 ± 0.6 bcd
0.554 ± 0.02 ab
0.53 ± 0.02 bcd
1.80 ± 0.07 a
1.59 ± 0.07 b
0.011 ± 0.001 b
0.01 ± 0 b
2.7 ± 0.1 a
4.2 ± 0.1 b
23.5 ± 1.3 bcd
21.9 ± 1.3 cdef
9.1 ± 0.5
8.4 ± 1.3
0.485 ± 0.02
0.56 ± 0.03
1.51 ± 0.08
1.48 ± 0.09
0.016 ± 0.004
0.0 ± 0
3.0 ± 0.2
3.7 ± 0
26.5 ± 3.7
26.2 ± 4.0
z
Data are means and SEs of two replicate samples of each garlic varieties for each location presented on a dry weight basis. Significant differences among locations were determined by Tukey honestly significant difference
mean separation tests (P < 0.01). N = 20.
y
N/A = not available.

Location
Arkansas
Colorado (2006)
Colorado (2007)
Kentucky
Maryland
Minnesota
Nevada
New York
Ontario
Pennsylvania
Vermont
Washington
Mean

Table 10. Garlic bulb elemental composition (ppm) by state and year.z
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