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Abstract. Sweet basil (Ocimum basilicum) is the most economically important culinary herb in
the United States. In 2007, a new disease, basil downy mildew (BDM), caused by the oomycete
pathogen Peronospora belbahrii, was introduced into the United States and has since caused
significant losses in commercial basil production.Althoughno commercial sweet basils available
are resistant to P. belbahrii, other species of Ocimum have exhibited potential tolerance,
resistance, or both. The objectives of this work were to determine if leaf morphological
characteristics including stomata density and leaf curvature correlated with infection of plants
by P. belbahrii, and thus could be used as selected characters in plant breeding. In 2011, 20
Ocimum cultivars including sweet (O. basilicum), cinnamon (O. basilicum), clove (O. basilicum),
citrus (Ocimum 3africanum syn. Ocimum citriodorum), spice (Ocimum americanum syn.
Ocimum canum), and holy basils (Ocimum tenuiflorum syn. Ocimum sanctum) were evaluated
for susceptibility to downy mildew. Sweet basils were determined to be the most susceptible;
cinnamon, clove, and Thai types were moderately susceptible; and citrus, spice, and holy types
were least susceptible to downy mildew. Using those same 20 Ocimum species and cultivars,
stomata length and density and leaf curvature were measured and correlated with downy
mildew incidence and severity. In general, basil species with higher stomatal densities had
higher downymildew incidence and severity. High stomatal densities were mainly found in the
sweet, cinnamon, and clove basils. Citrus and spice species with longer stomatal lengths
generally exhibited lower downy mildew incidence. Holy basil, the least susceptible of all
Ocimum sp. toP. belbahrii evaluated in this study, had the greatest stomatal density and shortest
stomatal length. Some sweet basil cultivars with the highest downy mildew incidence also had
the greatest downward leaf curvature,whereas other sweet basil cultivarswithmoderate downy
mildew incidence had leaves that were nearly flat or curved upward. Holy, citrus, and spice
basilswith lowdownymildew incidence had leaves thatwere nearly flat or curvedupward. This
study suggests that leaf curvature and stomatal density and length affect downy mildew
development and sporulation.Considerations of these leafmorphological characteristicsmaybe
useful phenotypic traits in breeding for downy mildew resistance in Ocimum.

Sweet basil is one of the most popular
culinary herbs in the United States (Dhar,
2002; Putievsky and Galambosi, 1999; Vieira
et al., 2003). Basil is sold in fresh, dried,
and frozen forms and is an important source
of income for vegetable and herb growers
(Simon et al., 1990, 1999; Vieira et al., 2003).
In recent years, BDM has become one of the
most destructive diseases of sweet basil
globally (Belbahri et al., 2005; McGrath
et al., 2010). BDM, caused by the pathogen

P. Belbahrii, was first reported in Uganda in
1932 as Peronospora sp. and later in 1937
as Peronospora lamii (Hansford, 1933,
1938). BDM was not reported again until
2001 in Switzerland (Heller and Baroffio,
2003). After this initial confirmation, other
countries throughout Europe, the Mediter-
ranean, and continents across the world
reported BDM for the first time (Belbahri
et al., 2005; Kofoet et al., 2008; Lefort et al.,
2008; McGrath, 2011). This pathogen was
first reported in the United States in 2007
in southern Florida (Roberts et al., 2009).
Since then, the disease has spread across the
continental United States and Hawaii (Wye-
nandt et al., 2015). Although the epidemiol-
ogy of the pathogen is not completely
understood, BDM appears to have been
spread globally via infested seed as well as
through wind currents (Thines et al., 2009;
Wyenandt et al., 2015).

Over 5000 ha of sweet basil is grown in
the United States on an annual basis (J.E.
Simon, personal communication). Although
multiple sources of resistance have been
identified (Pyne et al., 2015; Wyenandt
et al., 2015), there are no commercial sweet
basils available that are resistant to BDM
(McGrath, 2011; Mersha et al., 2012; Pyne
et al., 2014; R€omer et al., 2010; Wyenandt
et al., 2015) creating a high risk for contin-
ued and significant crop losses (Raid et al.,
2010; Wyenandt et al., 2010). Sweet basil
cultivars among all basils (Ocimum sp.)
are the most susceptible to P. belbahrii
(Wyenandt et al., 2010). Varying degrees
of potential resistance were also identified
in other Ocimum species including the citrus,
spice, and holy basils with symptoms and
sporulation of BDM either nonexistent or
significantly less than that observed in O.
basilicum (Wyenandt et al., 2010, 2015).
Although breeding for BDM has shown that
heritable genetic resistance can be introduced
into sweet basil without the issue of sterility
barriers (Pyne et al., 2015), use of visual
markers to aid in breeding for BDM resistance
is still lacking.

Although there are a few fungicides cur-
rently registered for controlling BDM, sig-
nificant crop loss and expenses can still occur
with weekly preventative fungicide applica-
tions (Homa et al., 2014). Without effective
fungicide control, BDM can cause 100% crop
loss (Garibaldi et al., 2007; Wyenandt et al.,
2010).

The main diagnostic sign of the pathogen
is the production of purplish-gray sporangia
that appear on the abaxial surface of the
leaves. Symptoms include chlorosis, cup-
ping, and eventual necrosis of leaf tissue
(Thines et al., 2009; Wyenandt et al., 2010).
Because several exotic species were identi-
fied as being resistant or highly tolerant to
BDM (Pyne et al., 2014; Wyenandt et al.,
2010), we hypothesized that morphological
characteristics such as stomata density and
leaf curvature influence infection of P. bel-
bahrii in different Ocimum species, and if so,
could be effective visual markers for screen-
ing in plant breeding.
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The large morphological variations in the
wide range of annual and perennial herbs and
shrubs in the genusOcimum (Carovi�c-Stanko
et al., 2010; Simon et al., 1990) are mainly
due to geographic differences, polyploidy,
interspecific hybridization, and generic de-
scription changes (Nurzy�nska-Wierdak,
2007; Paton et al., 1999). Basils vary in many
characteristics including vigor, shape, plant
height, branching, pubescence, leaf size, leaf
shape, leaf texture, leaf color, leaf dimension,
plant color, flower color, flowering time,
flavor, and aroma (Marotti et al., 1996;
Morales et al., 1993; Simon et al., 1990,
1999; Singh et al., 2002). Given that BDM
infection requires entrance into the stomata,
stomatal density and leaf morphology are
likely to be important factors in disease
development.

Stomata provide a natural opening for the
entrance of some pathogens to inner leaf
tissues (All�egre et al., 2009; Alonso-
Villaverde et al., 2011; Melotto et al.,
2008). This favors the pathogen since host
cells are not directly invaded and resistance
responses by the plant are not encountered.
The stoma serves as an entry and exit point
for the pathogen (Ayres, 1981). Direct ger-
mination of downy mildew sporangia, en-
trance through stomatal openings, and
sporangiophore emergence from stomata
48 h after inoculation has been recorded in
basil (Koroch et al., 2013). An increase in
stomatal density is usually positively corre-
lated with disease severity because high
stomatal density could provide for an in-
creased chance for the pathogen to enter
and exit the leaf (Stenglein et al., 2005).

Leaf curvature significantly influences
microclimatic conditions on the abaxial sur-
face of the leaf where P. belbahrii sporulates.
For this reason, leaf curvature may be an
important factor in BDM incidence and
severity (Simon et al., 1999; Wyenandt
et al., 2010). Although the epidemiology of
BDM is not completely understood, the
pathogen spreads during periods of high
humidity and poor air circulation (Garibaldi
et al., 2005; Spencer, 1981; Wyenandt et al.,
2010), mild temperatures of 20 �C, at least
6 to 12 h of leaf wetness immediately after
inoculation, and at least 24 h of leaf wetness
after symptom appearance for sporulation
(Garibaldi et al., 2007). Leaf curvature with
heavily downward curved leaves can exacer-
bate sporulation in basil.

The objectives of the following study
were to examine morphological character-
istics in basil including stomatal density,
stomatal length, and leaf curvature and
determine if these characteristics were asso-
ciated with BDM development.

Materials and Methods

Basil cultivars evaluated for susceptibility
to BDM.A collection of 20 resistant, tolerant,
and highly susceptible species and cultivars
of basil were selected based on prior obser-
vations (Wyenandt et al., 2010) and evalu-
ated in a field trial in 2011 at Rutgers

Agricultural Research and Extension Center
(RAREC) in Bridgeton, NJ. Those evaluated
included sweet basils, cinnamon basil, clove
basils, citrus, spice, and holy basil. Commer-
cial cultivars were obtained from Johnny’s
Selected Seeds (Winslow, ME), Enza Zaden
(Enza Zaden USA, Inc., Salinas, CA), and
Richters Herbs (Goodwood, Ontario, Can-
ada). On 25 May 2011, seeds were planted
in a greenhouse at a transplant producer in
Vineland, NJ. Flats were seeded by hand into
128-cell trays containing Fafard Professional
Formula Canadian Growing Mix 2 (Fafard
Inc., Agawam, MA). On 28 June 2011, �4-
week-old seedlings were transplanted by
hand into 20-cm raised beds with black
plastic mulch. The trial was a randomized
complete block design with four replicates.
Experimental units were established on
raised black plastic mulch beds spaced
1.5 m apart. Each experimental unit (plot)
was 3.0 m long containing two rows of plants
centered 41 cm apart, with �30.5 cm be-
tween plants. Each experimental unit con-
tained 10 plants per row for a total of 20
plants per experimental unit. There were
1.5 m buffers between replicates. Drip irri-
gation was run underneath the plastic to
provide adequate water and fertility for plant
growth. To encourage disease pressure, the
two end guard rows were transplanted with
the downy mildew susceptible sweet basil
‘Italian Large Leaf’ on 1 July 2011.

After transplanting, plants were placed on
a fertilization schedule (7, 26 July; 2, 22
Aug., and 1 Sept. 2011) using 0.91 kg 20N–
20P–20K (Peters Professional 20–20–20;
Scotts-Sierra Horticultural Products Com-
pany, Marysville, OH). The trial was irri-
gated using drip irrigation about two to three
times per week for�2 to 8 h. To reduce weed
pressure, a single herbicide application of
gramoxone was made in the row middles
during the season on 15 July 2011. No
fungicides were applied during the trial to
control BDM. To prevent basil plants from
going to seed, plants were manually trimmed
back by hand about 50% to a 15- to 30-cm
height on 20 July 2011 and 9 Aug. 2011.
Since the BDM pathogen had already entered
the field, the trial was not artificially infested
with P. belbahrii.

To evaluate susceptibility, all basils were
visually rated for the incidence and severity
of BDM. BDM incidence ratings were
recorded by examining 25 randomly selected
leaf samples per experimental unit to de-
termine the mean percentage of leaves with
active sporulation. BDM severity ratings
were determined by using a previously used
ordered categorical scale of 0.0 to 3.0 where
0.0 = no sporulation, 1.0 = light sporulation,
2.0 = moderate sporulation, and 3.0 = heavy
sporulation on the abaxial surface of the
leaves (Wyenandt et al., 2010). BDM in-
cidence and severity ratings began on 30 July
2011 and took place a total of four dates
during the season (30 July; 3 and 17 Sept.;
and 1 Oct. 2011). Ratings ended in early
October, when most plants were severely
infected with BDM.

The MIXED procedure of the SAS Sys-
tem (version 9.3; SAS Institute, Cary, NC)
was used to fit a mixed-effects analysis of
variance (ANOVA) to test for the interaction
of treatment and date. Means were separated
on each date according to the least signifi-
cant difference (LSD) test at P < 0.0001.
Model adequacy was assessed using plots of
standardized residuals.

Stomata density and length study. Basil
leaf samples for determining stomata density
and length were obtained on 16 Sept. 2011.
Leaf samples were obtained by randomly
selecting one, 4-cm long leaf from four
different plants from each experimental unit
to obtain uniform samples. All leaves were
taken from the second node from the top of
the plant. All samples were placed in labeled
plastic bags and transported to the laboratory
for analysis.

A stomata cast procedure was performed
as described by Grant and Vatnick (2004).
For each set of leaf samples, the abaxial
surface of four leaves was coated with clear
nail polish. The nail polish was allowed to
dry completely for �10 to 15 min. When the
nail polish had dried on the leaf surface, the
cast was peeled using a pair of tweezers. Each
stomata cast was placed on a microscope
slide and observed for stomatal density and
length using a Nikon Eclipse 80i microscope
(Nikon Instruments Inc., Lake Placid, NY).
Stomata densities were determined by taking
a count of the number of stomata in the
viewing area at ·10 using Nikon NIS-
Elements software (Nikon Instruments Inc.).
The counts per viewing area were converted
to mean number of stomata per mm2. Stomata
were only counted if the whole structure of
the stoma including guard cells was com-
pletely in view. Stomatal length was deter-
mined by measuring the lengths of 10
randomly selected stomata including guard
cells in the viewing area at ·20 from four
separate leaves from four different plants.

Stomata density data were analyzed sep-
arately from stomata length data. The
MIXED procedure of the SAS System (ver-
sion 9.3; SAS Institute) was used to fit
a mixed-effects ANOVA to test for the in-
teraction of stomata density or length and
cultivar. Estimates were separated according
to the LSD test at P < 0.0001.

Leaf curvature study. Samples for the
leaf curvature study were obtained from the
2011 basil cultivar trial at RAREC in
Bridgeton, NJ. Since mature leaves curve
greater than immature leaves, only mature
leaves were sampled. Five mature leaves
from five different plants from each exper-
imental unit were selected, removed from
the plant, and collected into an open con-
tainer. To maintain uniformity, all mature
leaves were taken from the fifth node from
the bottom of a randomly selected plant
from each experimental unit. Each leaf was
recorded as ‘‘U’’ if the leaf was curved up
and ‘‘D’’ if the leaf was curved down. Leaf
samples were measured in the field before
leaves lost turgidity. Using electronic cal-
ipers (General Tools Fraction+ 6 in. 3-
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Mode Digital Caliper), the curved leaf
length and the curved leaf width were
measured in centimeters for each leaf.
After curved leaf measurements were
recorded, each leaf was cut with a pair of
scissors to properly flatten the leaf between
two pieces of plexiglass (Liu et al., 2010).
Using the electronic calipers, the flat leaf
length and width were measured in centi-
meters for each leaf.

A quantitative measurement of leaf cur-
vature of basil was performed based on the
procedure developed by Liu et al. (2010) that
measured leaf curvature of Arabidopsis.

The curvature index (CI) formulas were
as follows:

CI = a9b9� abð Þ=ab formula for downward curved leavesð Þ
CI = ab� a9b9ð Þ=ab formula for upward curved leavesð Þ

where ab = curved leaf length or width and
a#b# = flattened leaf length or width. A
positive (+) CI value indicated the leaf was
curved downward and a negative (–) value
indicated the leaf was curved upward.

The regression model was fit using the
MIXED procedure of the SAS System (ver-
sion 9.2, SAS Institute). This allowed the
use of the fixed effects [cultivars and downy
mildew incidence (%)] as categorical re-
gressors and the CI as a continuous regres-
sor. Models were fit both with and without
the cultivar ·CI interaction term to allow for

different slopes for each cultivar. Using the
common slope model, a regression was
calculated for each species or cultivar eval-
uated. This was plotted against predic-
ted BDM disease percentages to test the
interaction of leaf curvature and BDM
incidence.

Results

Evaluation of basil for susceptibility to
BDM. No BDM incidence was recorded on
30 July. At the other three rating dates,
percentages of BDM varied significantly
among the basil cultivars (Table 1). In
general, the sweet basil cultivars evaluated
in this study were the most susceptible to
BDM compared with other basils (Table 1).
The most susceptible sweet basils included
‘Emily’, ‘Edwina’, ‘Aroma 2’, ‘Superbo’
and ‘Italian Large Leaf’, ranging from 95%
to 100% incidence on the last rating date
(Table 1). On the last rating date, the least
susceptible of the sweet basils was ‘Red
Rubin’, which averaged 50% incidence
(Table 1). Generally, the cinnamon and
clove basils were moderately susceptible
ranging from 27% to 93% incidence
depending on the rating date (Table 1).
The least susceptible clove basil was ‘Thai
Siam Queen’ which was significantly
lower than most other sweet basils in two
of three ratings dates and averaged 27%

incidence at the last rating (Table 1).
Downy mildew ratings for citrus basils
ranged from 0% to 21% across all three
ratings dates and were significantly lower
than sweet and cloves basils (Table 1). No
downy mildew sporulation was recorded in
Spice or Holy Basils during the course of
this study suggesting that these species
were least susceptible to the pathogen and
were significantly lower than all other basil
species evaluated (Table 1).

Severity ratings using a scale of 0.0 to 3.0
based on visual ratings of BDM sporulation on
the abaxial leaf surface of infected leaves were
determined during the same four rating dates
as the incidence ratings (Table 1). Severity of
BDM varied significantly among cultivars at
all rating dates (Table 1). When disease
severity was considered the highest on 1 Oct.
2011, severity ratings in sweet basils ranged
from 1.0 to 3.0 (Table 1). In contrast, severity
ratings were lower in the cinnamon (1.5),
clove and Thai (1.0 to 1.2) basils. The lowest
BDM severity was observed with the citrus
(0.2 to 0.8), spice (0.0), and holy (0.0) basils,
suggesting that these basils were less suscep-
tible to BDM (Table 1).

Stomata density and length study. Sto-
matal densities of the 20 basils observed
varied significantly (Table 2). ‘Holy Red
and Green’ had the highest least square
mean stomatal density at 300 stomata/mm2

(Table 2). In general, the next highest mean

Table 1. Basil species or cultivar, type, and rating scores for basil downy mildew incidence and severity at three rating dates in 2011 at the Rutgers Agricultural
Research and Extension Center, Bridgeton, NJ.

Species Cultivar Basil type

Downy mildew incidence (%)z Downy mildew severity (0–3)y

3 Sept.x 17 Sept.x 1 Oct.x 3 Sept.x 17 Sept.x 1 Oct.x

Ocimum basilicum Emily Sweet 86.0 ab 100.0 a 100.0 a 2.0 ab 3.0 a 3.0 a
O. basilicum Edwina Sweet 87.0 ab 99.0 a 98.0 a 2.0 ab 3.0 a 3.0 a
O. basilicum Aroma 2 Sweet 98.0 a 100.0 a 98.0 a 2.7 a 3.0 a 3.0 a
O. basilicum Superbo Sweet 84.0 ab 100.0 a 97.0 a 1.7 a-c 3.0 a 3.0 a
O. basilicum Italian Large Leaf Sweet 69.0 bc 93.0 a 95.0 a 1.2 b-d 3.0 a 2.7 a
O. basilicum Nufar Sweet 84.0 ab 97.0 a 92.0 ab 1.5 bc 2.5 ab 2.5 ab
O. basilicum Marseilles Sweet 29.0 ef 81.0 ab 80.0 a–c 0.7 c–e 2.2 a–c 2.2 a–c
O. basilicum Cinnamon Cinnamon 49.0 c–e 81.0 ab 69.0 b–d 1.0 b–e 1.5 b–d 1.5 b–d
O. basilicum Queenette Clove 54.0 cd 93.0 a 62.0 cd 1.5 bc 2.5 ab 1.2 c–e
O. basilicum Red Rubin Sweet 73.0 bc 68.0 b 50.0 de 1.5 bc 1.3 cd 1.0 d–f
O. basilicum Medinette Clove 34.0 de 79.0 ab 48.0 de 1.0 b–e 1.5 b–d 1.0 d–f
O. basilicum Thai Siam Queen Clove 32.0 d–f 65.0 b 27.0 ef 1.0 b–e 1.0 de 1.0 d–f
Ocimum ·africanum

(Ocimum ·citriodorum)
Lemon Citrus 2.0 g 2.0 c 8.0 fg 0.3 de 0.5 de 0.7 d–f

O. ·africanum
(O. ·citriodorum)

Lime Citrus 0.0 g 0.0 c 6.0 fg 0.0 e 0.0 e 0.8 d–f

O. ·africanum
(O. ·citriodorum)

Sweet Dani Lemon Basil Citrus 0.0 g 7.0 c 3.0 fg 0.0e 1.0 de 0.2 ef

O. ·africanum
(O. ·citriodorum)

Mrs. Burns Lemon Citrus 8.0 fg 21.0 c 3.0 fg 1.0 b–e 1.0 de 0.7 d–f

Ocimum americanum
(Ocimum canum)

Hybrid basil, Blue Spice F1 Spice 0.0 g 0.0 c 0.0 g 0.0 e 0.0 e 0.0 f

O. americanum
(O. canum)

Spice Spice 0.0 g 0.0 c 0.0 g 0.0 e 0.0 e 0.0 f

Ocimum tenuiflorum
(O. sanctum)

Holy Red and Green Holy 0.0 g 0.0 c 0.0 g 0.0 e 0.0 e 0.0 f

O. americanum
(O. canum)

Blue Spice Spice 0.0 g 0.0 c 0.0 g 0.0 e 0.0 e 0.0 f

zDowny mildew incidence was recorded by examining 25 randomly selected leaf samples per experimental unit on four dates during the growing season to
determine the mean percentage of leaves with symptoms of downy mildew. The first date was not statistically analyzed due to of lack of disease in the plot.
yMean ratings for downy mildew development were calculated using an ordered categorical scale in which 0 equaled no visible symptoms (i.e., chlorosis) or
downy mildew sporulation, 1 equaled symptoms of downy mildew (i.e., chlorosis) and light sporulation, 2 equaled chlorosis and heavy downy mildew
sporulation, or 3 equaled chlorosis and heavy, dense downy sporulation on the abaxial surface of leaves. Ratings were conducted on four dates during the growing
season. The first date was not statistically analyzed due to of lack of disease in the plot.
xMeans followed by the same letter within the column are not significantly different according to least significant difference test at P < 0.0001.
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stomatal densities were found in sweet basil
cultivars, which ranged from 196 stomata
per mm2 in ‘Aroma 2’ to 227 stomata per
mm2 in ‘Nufar’. Clove basil ‘Medinette’
averaged 198 stomata per mm2 (Table 2).
Moderate stomatal densities were found in
‘Cinnamon’ (193 stomata per mm2), sweet
(145 to 190 stomata per mm2), clove (164 to
186 stomata per mm2), and citrus type basils
(125 to 151 stomata per mm2). The lowest
stomatal densities were found in spice basils
ranging from 101 to 117 stomata per mm2

(Table 2).
Stomatal lengths of these same 20 basils

also varied significantly depending on basil
species and/or cultivar (Table 2). ‘Lemon’
had the longest stomatal length with an
average length of 36 mm (Table 2). In
general, the next longest stomatal lengths
were found in citrus basil cultivars, which
ranged from 35 to 36 mm, and spice cultivars,
which ranged from 34 to 36 mm (Table 2).
Sweet and clove type basils had shorter
lengths ranging from 29 to 32 mm. Of all
the species, cultivars, or both evaluated in
this study, ‘Holy Red and Green’ had the
shortest average stomatal length of 20 mm
(Table 2).

For both stomatal density and stomatal
length, three distinct categories were ob-
served. The first category consisted of the
‘Holy Red and Green’ basil. ‘Holy Red and
Green’ basil had the highest stomatal den-
sity, the shortest stomatal lengths and the
lowest incidence of BDM (Table 2). The

second category consisted of the spice and
citrus basils. These basils in general had low
stomatal densities, the longest stomatal
lengths, and a low incidence of BDM (Ta-
ble 2). The third category consisted of the
sweet, cinnamon, and clove basils. The
sweet basils, in general, had high stomatal
densities, average stomatal lengths that were
generally shorter than the citrus and spice-
type basils and the highest incidence of
BDM sporulation on the undersides of
leaves (Table 2).

Leaf curvature study. The mean CI of
the basil species and cultivars is presented
in Table 3. The higher the positive mean CI
value for either length or width indicates
the greater the downward curvature of the
leaf. Sweet basil cultivars had the highest
positive mean CI (or downward curvature)
with lengths ranging from 0.0766 to
0.1605 and widths ranging from 0.1181
to 0.5306 (Table 3). The sweet basils with
the highest length and width CIs (i.e., most
downward curvature) included ‘Emily’,
‘Italian Large Leaf’, ‘Nufar’, ‘Edwina’,
‘Superbo’, and ‘Aroma 2’. These results
indicate that these cultivars have a greater
downward curvature of the leaf compared
with other species and cultivars. Impor-
tantly, these cultivars had mean BDM
incidence ratings ranging from 93% to
100%, indicating that the greater the
downward curvature, the higher the BDM
incidence was on the abaxial surface of the
leaf (Table 3).

Basil species and cultivars with moderate
BDM incidence ratings ranging from 65%
to 93% were either nearly flat or generally
curved upward (Table 3). These included O.
basilicum cultivars Thai Siam Queen, Red
Rubin, Medinette, Marselles, Cinnamon, and
Queenette. These cultivars had a mean CI for
the length ranging from -0.0133 to 0.0204
and a mean CI for the width ranging from
–0.1744 to 0.0439 suggesting that less
curvature results in lower BDM incidence
(Table 3).

All other species and cultivars evaluated
including the holy, spice, and citrus basils
had nearly flat or generally upward curving
leaves based on visual assessments and
mean CI values (Table 3). Holy, citrus,
and spice basil types including ‘Holy Red
and Green’, ‘Lime’, ‘Sweet Dani Lemon
Basil’, ‘Hybrid basil, Blue Spice F1’,
‘Spice’, ‘Blue Spice’, ‘Lemon’, and ‘Mrs.
Burns Lemon’ had the lowest BDM in-
cidence ratings (%) ranging from 0% to
21%, a CI for the length ranging from
–0.0077 to 0.0158 (Table 3) and a CI for
the width ranging from –0.1680 to 0.0714
(Table 3) suggesting that a flat or upward
curving leaf surface results in little to no
BDM incidence, depending on disease
pressure.

To determine if curvature in relationship
to leaf length or leaf width may have an
effect on BDM development, common
slope models for curvature (length and
width indices) were calculated (Table 3).

Table 2. Mean stomatal density and length in basil species and cultivars in 2011 at the Rutgers Agricultural Research and Education Center, Bridgeton, NJ.

Species Cultivar Basil type

Least square
mean stomatal

densityz,x
Least square mean
stomatal lengthy,x

Incidence of
downy

mildew (%)x

Ocimum tenuiflorum
(Ocimum sanctum)

Holy Red and Green Holy 300 a 20.1 h 0.0 c

Ocimum basilicum Nufar Sweet 227 ab 29.5 fg 97.0 a
O. basilicum Medinette Clove 198 abc 32.2 defg 79.0 ab
O. basilicum Aroma 2 Sweet 196 abc 29.7 fg 100.0 a
O. basilicum Cinnamon Cinnamon 193 bc 33.3 bcde 81.0 ab
O. basilicum Marseilles Sweet 190 bc 32.4 cdef 81.0 ab
O. basilicum Queenette Clove 186 bc 30.5 efg 93.0 a
O. basilicum Emily Sweet 176 bc 29.3 g 100.0 a
Ocimum ·africanum
(Ocimum citriodorum)

Sweet Dani Lemon
Basil

Citrus 165 bc 34.9 abcd 7.0 c

O. basilicum Thai Siam Queen Clove 164 bc 29.5 fg 65.0 b
O. basilicum Edwina Sweet 163 bc 30.0 fg 99.0 a
O. basilicum Superbo Sweet 161 bc 29.3 g 100.0 a
O. basilicum Red Rubin Sweet 156 bc 30.1 fg 68.0 b
O. ·africanum
(O. citriodorum)

Mrs. Burns Lemon Citrus 151 bc 35.6 ab 21.0 c

O. basilicum Italian Large Leaf Sweet 145 bc 30.7 efg 93.0 a
O. ·africanum
(O. citriodorum)

Lime Citrus 133 bc 35.5 ab 0.0 c

O. ·africanum
(O citriodorum)

Lemon Citrus 125 bc 36.3 a 2.0 c

Ocimum americanum
(Ocimum canum)

Blue Spice Spice 117 c 35.6 ab 0.0 c

O. americanum
(O. canum)

Spice Spice 107 c 35.3 abc 0.0 c

O. americanum (O. canum) Hybrid basil, Blue Spice F1 Spice 101 c 34.5 abcd 0.0 c
zStomata density was determined by counting the number of stomata in the viewing area at ·10 from each of the four leaves per experimental unit. Estimates are
the number of stomata per mm2.
yStomatal length was determined by measuring the lengths of 10 randomly selected stomata in the viewing area at ·20 from each of the four leaves per
experimental. Estimates are the length of stomata (mm).
xEstimates followed by the same letter within the column are not significantly different according to least significant difference test at P < 0.0001. Downymildew
rating conducted on 17 Sept. 2011.
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The common slope model demonstrated
significance for length only. The sweet basil
cultivars with the highest common slope
model curvature indices (downward curva-
ture) for the length ranged from 0.1 to 0.2 and
had BDM incidence ratings of 93.0% to
100.0% (Table 3). The sweet basil cultivars
with the highest common slope model cur-
vature indices for the width ranged from 0.1
to 0.5 and had BDM incidence ratings of
0.0% to 100.0% (Table 3).

For the holy, citrus, spice, clove, cinna-
mon, and two sweet basil cultivars, there was
no significant difference in the common slope
model CI for length suggesting that leaf
curvature length was not a factor in disease
incidence in these species and cultivars (Ta-
ble 3). In all other remaining basil species and
cultivars including holy, citrus, spice, clove,
cinnamon, and two sweet cultivars, the com-
mon slope model CI for the width ranged
from –0.2 to 0.1 suggesting that leaf curva-
ture width was not a factor in disease in-
cidence in the species and cultivars evaluated
(Table 3).

Discussion

Results of the BDM evaluations in this
study are in agreement with observations
reported by others where sweet basil cultivars
were most susceptible to BDM (Damicone,
2010; McGrath, 2011; Mersha et al., 2012;

R€omer et al., 2010; Wyenandt et al., 2010). In
this study, we observed that among the sweet
basil cultivars there were significant variations
in BDM susceptibility. This was also true for
other Ocimum species evaluated in this
study, including O. ·africanum, O. amer-
icanum, and O. tenuiflorum. In field trials
reported elsewhere, cinnamon, Thai basils,
and ‘Red Rubin’ were identified as being
less susceptible to BDM compared with
other O. basilicum cultivars (McGrath,
2011; Mersha et al., 2012; Wyenandt
et al., 2010). Although field results are
dependent on disease pressure, environ-
mental conditions, and time of rating, trials
have shown that citrus basils develop less
disease symptoms and that symptoms may
appear later in the season (Damicone,
2010; Mersha et al., 2012; Wyenandt
et al., 2010). In contrast, spice basil
cultivars appear to be resistant to BDM
(Damicone, 2010; R€omer et al., 2010;
Wyenandt et al., 2010).

The wide morphological variability in
the genus Ocimum (Nurzy�nska-Wierdak,
2007; Simon et al., 1990) results in vast
differences in a number of characteristics
including growth, vigor, shape, plant height,
branching, pubescence, leaf size, leaf shape,
leaf texture, and leaf dimension (Marotti
et al., 1996; Morales et al., 1993; Simon
et al., 1990, 1999; Singh et al., 2002). These
morphological characteristics could be more

favorable for BDM development, including
increased stomatal density and downward
leaf curvature. These morphological char-
acteristics, as well as the plants innate
immune system, may provide reasons that
certain cultivars of the same species vary in
susceptibility to BDM and as such could be
used as visual markers for screening.

Spice and citrus basil species are exam-
ples of recent taxonomic changes within the
genus Ocimum (Darrah, 1980; Paton and
Putievsky, 1996; Sobti and Pushpangadan,
1982). Ocimum americanum, also known as
spice basil, is believed to have originated
as an allopolyploid from O. canum and O.
basilicum (Sobti and Pushpangadan, 1982).
Although it is believed that leaf form, size,
and habit resemble O. basilicum, other char-
acteristics including hairiness, resemble O.
canum (Darrah, 1980). Citrus basil is be-
lieved to have resulted from a cross between
O. basilicum and O. americanum (Paton and
Putievsky, 1996). Although both of these
basil species are related to the sweet basil
(O. basilicum), O. basilicum is a more dis-
tant relative to spice basil compared with
citrus basil. This may be why citrus basil
species are more susceptible to BDM com-
pared with spice basils.

Taxonomic studies have shown that some
citrus basils including ‘Sweet Dani Lemon
Basil’ and ‘Lemon Mrs. Burns’ are influ-
enced more by the O. basilicum parent lines

Table 3. Mean and regression model CI (mature leaf length) and mean basil downy mildew percentage in basil species and cultivars in 2011 at the Rutgers
Agricultural Research and Education Center, Bridgeton, NJ.

Species Cultivar Basil type
Mean CI
(length)z

Common
slope model
CI (length)y

Mean CI
(width)z

Common
slope model
CI (width)y

Incidence of
downy

mildew %
17 Sept.x

Ocimum basilicum Emily Sweet 0.1605 0.2 a 0.5306 0.5 a 100.0 a
O. basilicum Italian Large Leaf Sweet 0.1187 0.1 ab 0.2976 0.3 b 93.0 a
O. basilicum Nufar Sweet 0.0808 0.1 b 0.2839 0.3 b 97.0 a
O. basilicum Edwina Sweet 0.0766 0.1 b 0.1181 0.1 c 99.0 a
O. basilicum Superbo Sweet 0.0936 0.1 b 0.3210 0.3 b 100.0 a
O. basilicum Aroma 2 Sweet 0.1268 0.1 b 0.2788 0.3 b 100.0 a
Ocimum tenuiflorum

(Ocimum sanctum)
Holy Red and Green Holy 0.0158 0.0 c 0.0714 0.1 cd 0.0 c

Ocimum ·africanum
(Ocimum citriodorum)

Lime Citrus –0.0077 0.0 c –0.0796 –0.1 e–g 0.0 c

O. ·africanum
(O. citriodorum)

Sweet Dani Lemon Basil Citrus 0.0029 0.0 c –0.0151 0.0 c–f 7.0 c

O. americanum
(Ocimum canum)

Hybrid basil, Blue Spice F1 Spice –0.0032 0.0 c –0.0349 0.0 d–g 0.0 c

O. americanum
(O. canum)

Spice Spice 0.0051 0.0 c –0.0152 0.0 c–f 0.0 c

O. americanum
(O. canum)

Blue Spice Spice –0.0061 0.0 c –0.0525 –0.1 d–g 0.0 c

O. ·africanum
(O. citriodorum)

Lemon Citrus –0.0054 0.0 c –0.0986 –0.1 e–g 2.0 c

O. ·africanum
(O. citriodorum)

Mrs. Burns Lemon Citrus 0.0046 0.0 c –0.1680 –0.2 g 21.0 c

O. basilicum Thai Siam Queen Clove –0.0020 0.0 c –0.0387 0.0 d–g 65.0 b
O. basilicum Red Rubin Sweet 0.0132 0.0 c –0.1347 –0.1 fg 68.0 b
O. basilicum Medinette Clove 0.0204 0.0 c –0.0825 –0.1 e–g 79.0 ab
O. basilicum Marseilles Sweet –0.0133 0.0 c –0.1136 –0.1 fg 81.0 ab
O. basilicum Cinnamon Cinnamon 0.0164 0.0 c 0.0439 0.0 c–e 81.0 ab
O. basilicum Queenette Clove 0.0003 0.0 c –0.1744 –0.2 g 93.0 a
zCurvature index (CI) was calculated by measuring the curved and flat length (cm) or width (cm) and using the appropriate formula depending on if the leaf was
curved up or down (CI = curved down, positive CI number = a#b# – ab)/ab and (CI = curved up, negative CI number = ab – a#b#/ab. Curved length or width was ab
and flattened length or width was a#b#) (Liu et al., 2010). Means were calculated based on four replicates, with each replicate consisting of five leaves.
yMeans followed by the same letter within the column are not significantly different according to least significant difference test at P < 0.05.
xMeans followed by the same letter within the column are not significantly different according to least significant difference test at P < 0.0001.
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than other citrus cultivars (Vieira et al.,
2003). Sweet Dani Lemon Basil and Lemon
Mrs. Burns cultivars were selected from O.
basilicum populations and have been desig-
nated as O. basilicum by Paton (Vieira et al.,
2003). These crosses may also help to explain
the variability in susceptibility within culti-
vars evaluated in this and other studies.

Carovi�c-Stanko et al. (2010) separated
Ocimum into two separate clades based on
genetic differences. The first clade consisted
of cultivars of O. basilicum and O. minimum.
The second clade consisted of O. ameri-
canum, O. ·africanum and two O. basilicum
var. purpurascens accessions. These species
shared common parental genomes (Carovi�c-
Stanko et al., 2010). However,O. tenuiflorum
was found to be the most divergent species
due to its genetic distance, small genome
size, small chromosomes, and lowest chro-
mosome number (Carovi�c-Stanko et al.,
2010). The genetic differences between these
species, especially between O. basilicum and
O. tenuiflorummay also provide a reason why
these species vary greatly in susceptibility.

The results of this study show that basil
species and cultivars with higher average
stomatal densities (with the exception of holy
basil) also exhibited higher BDM severity.
High stomatal densities were mainly found
in the sweet, cinnamon, and clove basils (all
classified as O. basilicum). The higher sto-
matal density inO. basilicummay provide an
increased opportunity for the pathogen to
infect the host and result in increased sporu-
lation. The increased amount of BDM in O.
basilicum as we reported is consistent with
other reports of BDM incidence (Damicone,
2010; McGrath, 2011; Mersha et al., 2012;
R€omer et al., 2010; Wyenandt et al., 2010).
Previous studies have demonstrated a corre-
lation between high stomatal density and
increased disease incidence with other path-
ogens on other crops (Alonso-Villaverde
et al., 2011; Bala et al., 1992; Chattopadhyay
et al., 2011; Furst, 1976; Gill and Nandpuri,
1978; Hern�andez et al., 2006; Inder et al.,
1999; Jhooty et al., 1978; Kramer and Boyer,
1995; Kumar et al., 2011; Mahajan and Gill,
1998; Mayee and Suryawanshi, 1995; Philip
et al., 1991; Shaik, 1985; Sharma et al., 2001;
Stenglein et al., 2005). This is the first report
to show this same correlation with high sto-
matal density and increased BDM incidence
and severity with Ocimum sp.

In general, basil species and cultivars with
longer stomatal lengths had lower BDM in-
cidence. These largely included the citrus and
spice basils types. The relationship between
long stomatal lengths and lower disease inci-
dence is due to a lower frequency of stomata
and therefore a decreased chance for the
pathogen to enter and infect the host. A number
of previous studies also demonstrated a corre-
lation between greater stomatal size and lower
disease incidence (Gill and Nandpuri, 1978;
Kumar et al., 2011; Inder et al., 1999).

Basil species including citrus (O.·africanum;
2n = 72) and spice (O. americanum; 2n = 72)
with the longest stomatal lengths have the
highest ploidy levels (Table 2), whereas the

sweet (O. basilicum; 2n = 48) and holy (O.
tenuiflorum; 2n = 36) basils have the shortest
stomatal lengths and the lowest ploidy levels
(Table 2) (Carovi�c-Stanko et al., 2010). Basil
species including citrus (O. ·africanum; 2n =
72) and spice (O. americanum; 2n = 72) with
the lowest stomatal densities have the highest
ploidy levels (Table 2), whereas the sweet (O.
basilicum; 2n = 48) and holy (O. tenuiflorum;
2n = 36) basils have the highest stomatal
densities and the lowest ploidy levels (Table 2)
(Carovi�c-Stanko et al., 2010).

Differences in stomatal shape were also
observed in different basil species and cul-
tivars in this study. In general, in susceptible
cultivars including sweet, cinnamon, and
Thai basils, stomata with guard cells were
round in shape (Fig. 1A), whereas less
susceptible cultivars including citrus and
spice basils were oval in shape (Fig. 1B
and C). Nevertheless, the stomata with guard
cells of the resistant holy basil species were
round in shape (Fig. 1D). Similar results were
also found in a study that was conducted on
the stomata of 25 Allium species differing in
resistance and susceptibility to downy mildew
of onion (Peronospora destructor) (Furst,
1976), suggesting that anatomical features of
stomata may be associated with resistance or
susceptibility.

In general, sweet basil types had the
highest mean BDM incidence (%) and the
greatest downward curvatures based on vi-
sual assessments and mean CI values. This
suggests that leaf curvature may have an
impact on the development of BDM in these
sweet basils by providing a more favorable
microclimate for infection to occur.

Although the holy, citrus, and spice
basils in this study had either no or very
low mean BDM incidence (%), other basils
including clove, sweet, and cinnamon ba-
sils had moderate mean downy mildew
incidence (%), with the leaf curvature
being either nearly flat or generally curved
upward (Table 3). These results suggest
that in addition to leaf curvature, other
factors influence BDM development in-
cluding the innate immune system and
genetics of the plant.

This research provides support that foliar
morphological characters such as stomatal
density and leaf curvature are associated with
incidence and severity of downy mildew in
Ocimum sp. Basils with higher stomatal
densities had higher BDM incidence and
were mainly found in the sweet, cinnamon,
and clove basils. Basils with longer stomatal
lengths (the citrus and spice types) generally
exhibited lower BDM incidence. Some sweet
basil cultivars with the highest mean BDM
incidence also had the greatest downward
leaf curvature, whereas other sweet basil
cultivars with moderate mean BDM inci-
dence had leaves that were nearly flat or
curved upward. Holy, citrus, and spice basils
with low mean BDM incidence had leaves
that were nearly flat or curved upward. These
findings suggest that leaf curvature, along
with stomatal number has an impact on
downy mildew development along with other
factors involved in host resistance/suscepti-
bility in basils. These leaf characteristics are
useful in visual screening germplasm and in
breeding programs for the development of
BDM resistance.

Fig. 1. (A) Stomata (round) cast image from abaxial surface of Ocimum basilicum (‘Nufar’). (B) Stomata
(oval) cast image from abaxial surface of Ocimum ·africanum (‘Lemon’). (C) Stomata (oval) cast
image from abaxial surface of Ocimum americanum (‘Blue Spice’). (D) Stomata (round) cast image
from abaxial surface of Ocimum tenuiflorum (‘Holy Red and Green’).
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