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Sweet basil (Ocimum basilicum) is the most economically-important culinary
herb in the U.S. Recently, a new disease, basil downy mildew (BDM) caused by the
oomycete pathogen Peronospora belbahrii, was introduced into the U.S. and has caused
significant losses in commercial basil production. BDM was first reported in October,
2007 in Florida. Since then, the pathogen has spread across the country, most likely via
infested seed and weather patterns.
In 2010 and 2011, biological and conventional fungicides were evaluated for the
control of BDM using cv. ‘Italian Large Leaf’ basil. In each year, only K-Phite
(phosphorous acid, FRAC code 33) provided the best level of disease control.
In 2010 and 2011, Ocimum species and varieties including sweet, cinnamon, Thai,
citrus, spice and holy basils were evaluated for susceptibility to BDM. In both years,
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
BDM.
Stomata length and density were measured on 20 basil species and varieties in
2011. In general, basil species with higher stomatal densities had higher downy mildew
incidence. High densities were mainly found in the sweet, cinnamon and clove basils.
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Species with longer stomatal lengths (the citrus and spice types) generally exhibited
lower downy mildew incidence. Holy basil, the least susceptible of all Ocimum spp.
evaluated in this study, had the greatest stomatal density and shortest stomatal length.
Leaf curvature was measured on 20 basil species and varieties. Some sweet basil
varieties with the highest mean BDM incidence also had the greatest downward leaf
curvature, while other sweet basil varieties with moderate mean downy mildew incidence
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. This suggests
that leaf curvature may have a greater impact on sweet basil susceptibility and that other
factors contribute to the plant’s relative susceptibility. These leaf characteristics
contributing to reduced incidence may be useful in breeding for BDM resistance.
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INTRODUCTION
The genus Ocimum is a member of the Lamiaceae (formally Labiatae) family which
includes many popular herbs including basil (Ocimum basilicum L.) (Simon et al., 1990;
Simon et al., 1994). Basil is characterized by square, branching stems; simple, opposite
leaves that are entire or toothed and ovate in shape; flowers that are zygomorphic with
two distinct lips and occur in terminal racemes and mature seeds that are brown to black
(Darrah 1980; Meyers, 2003; Nahak et al., 2011; Naithani and Kakkar, 2002; Paton, et
al., 1999). The genus Ocimum was first described by Linneaus in 1753 (Makri and
Kintzios, 2007; Paton et al., 1999). Currently, it is estimated that there are approximately
30 to 160 annual and perennial herbs and shrubs in the genus Ocimum (Carović-Stanko et
al., 2010; Simon et al., 1990). However, in 1992, Paton estimated that this number was
closer to 30 species and only ten Ocimum species are currently recognized on the USDA
Germplasm Resource Information Network (GRIN, http://www.ars-grin.gov/cgibin/npgs/html/index.pl). Plants in this genus are native to tropical and subtropical areas
of Africa, tropical Asia, and tropical Central and South America (Labra et al., 2004;
Paton et al., 1999; Vieira et al., 2003; Vieira and Simon, 2000). Africa is considered the
main center of diversity, since it is where maximum species diversity is found (Hedge,
1992; Mukherjee and Datta, 2007; Sobti and Pushpangadan, 1982; Viera and Simon,
2000). The most popular species grown throughout the world include lemon basils, now
called citrus basil (O. x africanum Lour. [syn. O. x citriodorum Vis.]), spice basil (O.
americanum L. [syn. O. canum Sims.]), sweet basil (O. basilicum L.), African or tree
basil (O. gratissimum L.), bush basil (O. minimum L.), and holy basil (O. tenuiflorum L.
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[syn. O. sanctum L.]) (Carović-Stanko et al., 2010; Simon et al., 1990; Simon et al.,
1999).
Basil is often referred to as the “king of the herbs” due to its popularity (Makri and
Kintzios, 2007). Basil species and cultivars are very diverse and are therefore used for a
number of purposes including flavorings and spices in cooking, essential oil production,
fragrances, ornamental use, religious ceremonies and rituals and medicine (Vieira et al.,
2003). One reason for the wide popularity and use of basil is its aroma. The aroma
comes from essential oils that are produced in glands on the leaves, bracts and calyces of
flowers (Darrah, 1980). Ocimum species vary in oil content and composition and can
include linalool methyl chavicol, linalool, methyl cinnamate, methyl chavicol, methyl
chavicol linalool, camphor, limonene, citral, eugenol, thymol, 1,8-cineole, βcaryophyllene, elemenes and methyl eugenol β-caryophyllene (Simon et al., 1990; Vieira
and Simon, 2006). The most common aromas (and common cultivars) include sweet
basils (‘Sweet’, ‘Genovese’, ‘Large-leaf’, or ‘Mammoth’ types), lemon-scented basils
(‘Lemon’ or ‘Sweet Dani Lemon Basil’) or spice basils (‘Spice’ or ‘Blue Spice’). There
are many other types of basil which produce cinnamon, camphor, anise and licorice
aromas (Simon et al., 1990; Simon, 1998).
The most economically-important and popular culinary herb in the United States is the
tender herbaceous annual sweet basil (Dhar, 2002; Putievsky and Galambosi, 1999;
Vieira et al., 2003). Production of sweet basil has increased in the U.S. in recent years
(Mersha et al., 2012a). In 2010, approximately 11,000 acres of basil was grown in the
U.S. (Colimore, 2010). A major basil production state is New Jersey, where more than
600 acres are grown (McGrath et al., 2010; Allsup, 2012; Colimore, 2010). Basil is sold
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in fresh, dried, and frozen forms and is an important source of income for growers
(Simon et al., 1990; Simon, 1998, Simon et al., 1999; Vieira et al., 2003). Basil is grown
in both the greenhouse and the field in many regions of the United States (Roberts, et al.,
2009). There are currently over 60 varieties of sweet basil that differ in growth habit, leaf
and flower color, aroma and flavor (Darrah, 1980; Simon, 1998; Simon and ReissBubenheim, 1988).
In recent years, a new disease of basil, downy mildew, has become one of the most
destructive diseases of sweet basil (Belbahri et al., 2005). Basil downy mildew, caused
by the pathogen Peronospora belbahrii, was first reported in Uganda in 1932 as
Peronospora spp. and again in 1937 as P. lamii (Hansford, 1933; Hansford, 1938). The
disease was not reported again until 2001 in Switzerland (Heller and Baroffio, 2003;
Lefort et al., 2003). Following this initial confirmation, other countries throughout
Europe, the Mediterranean and continents across the world reported the first sighting of
basil downy mildew (Belbahri et al., 2005; Filotas and Westerveld, 2010; Kofoet et al.,
2008; Lefort et al., 2008; McGrath, 2011; Wick and Dicklow, 2012). It was not until
October of 2007 in southern Florida that the disease was first reported in the United
States (Roberts, et al., 2009). Since then, the pathogen has spread across the continental
United States and Hawaii (McGrath, 2009). The epidemiology of the pathogen is still
unknown. However, it is believed that the pathogen has spread globally in recent years
via the shipment of infested seed as well as through wind currents (McGrath, 2009;
Thines et al., 2009).
The main diagnostic feature of the pathogen is the production of purplish gray
sporangia that appear on the abaxial surface of the leaves (Figure 13). Symptoms include
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chlorosis (i.e., yellowing) on the adaxial surface of the leaves, cupping and eventual
necrosis of leaf tissue (Figure 14) (McGrath, 2009; Thines et al., 2009). Without
effective control, basil downy mildew can cause 100% crop loss (Wyenandt et al., 2010).
Since basil downy mildew is a relatively new disease on basil in the United States, there
are no commercially available sweet basil cultivars. This means that without genetic
resistance to basil downy mildew, all sweet basil produced in the U.S. is vulnerable (Raid
et al., 2010b; Wyenandt et al., 2010).
Downy mildews (Peronospora spp., Pseudoperonospora spp., Plasmopara spp.,
Sclerospora spp., Bremia spp.) are some of the most economically-important diseases
and without proper management significant crop losses can occur (Guillino et al., 2009;
Raid et al., 2010b). Chemical control is considered one of the most effective ways to
protect many crops from downy mildew infection (Guillino et al., 2009). Because downy
mildew is a relatively new disease on basil in the United States, there are few currenlty
registered conventional or organic fungicides labeled for its control (Wyenandt et al.,
2010). Since its introduction in 2007, all commercial basil growers in the U.S. now need
to apply fungicides on a regular basis to control downy mildew (McGrath et al., 2010).
One of the most important ways to protect the crop is to make frequent protectant
fungicide applications (Wyenandt, 2011). It is also important to apply registered
fungicides when environmental conditions are favorable for basil downy mildew, even
before the pathogen enters the field and before symptoms occur on basil (Gevens, 2012;
Gilardi et al., 2012; Hazzard et al., 2012). Protectant fungicides may not provide control
once the pathogen has infected the plant and begins sporulating on the abaxial surface of
infected leaves (Gregory, 2009).
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Chapter 1 of this thesis describes the results of fungicide efficacy trials that were
conducted in 2010 and 2011 at Rutgers Agricultural Research and Extension Center
(RAREC) in Bridgeton, New Jersey. During both trial years, a total of seven biological
fungicide treatments were field evaluated including Oxidate® (hydrogen dioxide,
BioSafe Systems LLC), Regalia® (extract of Reynoutria sachalinensis, Marrone Bio
Innovations), Sonata® (Bacillus pumilus strain QST 2808, AgraQuest Inc.), Sporatec®
AG (a mixture of rosemary oil, clove oil, thyme oil, Brandt Consolidated, Inc.), K-Phite®
(mono- and di-potassium salts of phosphorous acid, Plant Food Systems), Organocide®
(sesame oil, Organic Laboratories, Inc.), Nu-Cop® (copper hydroxide, Albaugh Inc.) and
a combination of Organocide® + NuCop® (sesame oil + cupric hydroxide). Regalia®,
Sonata®, Oxidate®, Sporatec®, Organocide® and NuCop® are listed by the Organic
Materials Review Institute (OMRI, http://www.omri.org/about) as allowed for use in
organic production. Six conventional fungicides were also examined including Revus®
(mandipropamid, Syngenta Crop Protection), Presidio® (fluopicolide, Valent), Previcur®
Flex (propamocarb hydrochloride, Bayer CropScience), Ranman® (cyazofamid, FMC
Agricultural Products), Amistar® (azoxystrobin, Syngenta Crop Protection), and
Reason® (fenamidone, Bayer CropScience). In both years, all biological and
conventional fungicides were applied at labeled rates.
Chapter 2 of this thesis describes the evaluation of a number of commercial Ocimum
species, cultivars and breeding lines for susceptibility to basil downy mildew during 2010
and 2011 at Rutgers Agricultural Research and Extension Center (RAREC) in Bridgeton,
New Jersey. In 2010, a selection of 35 basil species, cultivars and breeding lines were
evaluated. In a continuation study in 2011, a selection of 20 basil species, cultivars and
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breeding lines were evaluated to identify any resistant and susceptibility among the
genetic material to basil downy mildew. The variety trials in both years included sweet
basils (O. basilicum), cinnamon basils (O. basilicum), Thai basils (O. basilicum), citrus
basils (O. x africanum), spice basils (O. americanum), and holy basils (O. tenuiflorum).
In 2010 and 2011, basil variety plots at the RAREC in Bridgeton, New Jersey were also
rated for a number of morphological characteristics including plant height and spread
(cm), leaf length and width (cm), vigor, uniformity, leaf shape, leaf curvature, leaf
margin, leaf texture, leaf color, flowering period, stem color, taste and aroma. Evaluating
and identifying susceptibility of Ocimum species, cultivars and breeding lines to basil
downy mildew can aid in the identification of possible genetic resistance and can be used
to develop improved sweet basil varieties with tolerance to basil downy mildew.
Chapter 3 of this thesis explores stomatal lengths and stomatal densities of a predetermined selection of 20 tolerant, moderately susceptible, and highly susceptible
species, cultivars and breeding lines of basil from the 2011 variety trial plot at Rutgers
Agricultural Research and Extension Center (RAREC) in Bridgeton, New Jersey. Basils
selected included sweet basils (O. basilicum), cinnamon basils (O. basilicum), Thai basils
(O. basilicum), citrus basils (O. x africanum), spice basils (O. americanum), and holy
basils (O. tenuiflorum). Stomata provide a natural opening for the entrance of this
pathogen to the inner leaf tissues and are one of the most important routes for pathogen
entry (Allégre et al., 2009; Alonso-Villaverde et al., 2011; Melotto et al., 2008). With
many foliar pathogens including Peronospora, sporangia germinate directly on the
surface of the leaf of a susceptible host plant by formation of a germ tube (Link et al.,
2012). The germ tube penetrates the leaf through stomata on the abaxial surface of the
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leaf (Pataky, 1988). An increase in stomatal density is usually positively correlated with
the density of disease because high stomatal density could provide for an increased
chance for the pathogen to enter and exit the leaf (Stenglein et al., 2005). The objective
of this study was to determine the stomatal densities and lengths of a number of basil
species, varieties and breeding lines to determine if differences exist. The differences can
then be used to determine whether stomatal densities and lengths influence the incidence
of basil downy mildew.
Chapter 4 of this thesis explores the leaf curvature of 20 tolerant, moderately
susceptible, and highly susceptible species, cultivars and breeding lines of basil from the
2011 variety trial plot at Rutgers Agricultural Research and Extension Center (RAREC)
in Bridgeton, New Jersey. Varieties included sweet basils (O. basilicum), cinnamon
basils (O. basilicum), Thai basils (O. basilicum), citrus basils (O. x africanum), spice
basils (O. americanum), and holy basils (O. tenuiflorum). Although there are many
differing characteristics among basil species and varieties, one characteristic, leaf
curvature, significantly influences microclimatic conditions that support incidence of
basil downy mildew on the lower leaf surface (Simon et al., 1999). Because basil downy
mildew in general, only sporulates on the abaxial (i.e. underside) surface of infected basil
leaves, the microclimate of the leaf may be an important factor in basil downy mildew
incidence and severity (Wyenandt et al., 2010). Micrometeorological factors are
considered to be one of the most important factors that are involved in the epidemiology
of fungal pathogens (Huber and Gillespie, 1992). The development of disease, sporangia
germination and the degree of disease severity depends largely on leaf wetness duration
and temperature (Neufeld and Ojiambo, 2012). Areas in the plant that are capable of
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holding free water and/or relative humidity in the canopy via cupping of the leaves or
crevices in the plant are considered infection sites on the plant, since it provides an
environment that is conducive for pathogen infection (Huber and Gillepie, 1992). The
microclimatic conditions that are favored by P. belbarhii include high relative humidity,
leaf wetness of at least 6 to 12 hours immediately after inoculation and a temperature of
20 °C. Leaf wetness of at least 24 hours after symptom appearance is required for
sporulation (Garibaldi et al., 2007). These microclimatic conditions are observed in basil
species, varieties and breeding lines with dense canopies and with curved leaves.
The objective of this study was to evaluate and quantify differences in leaf curvatures
of a number of basil species, varieties and breeding lines in order to determine if there
was a relationship between the degree of leaf curvature and the incidence of basil downy
mildew. Such a relationship can aid in determining whether leaf curvature is a factor
influencing favorable microclimates for incidence and severity of basil downy mildew.
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CHAPTER 1: FUNGICIDE EFFICACY TRIALS FOR BASIL DOWNY MILEW
CONTROL

INTRODUCTION
The Need for Basil Downy Mildew Control
Downy mildews are some of the most devastating diseases of plants and without
proper management, significant crop losses can occur (Guillino et al., 2009; Raid et al.,
2010b). Chemical control is considered one of the most effective ways to protect many
crops from downy mildew infection (Guillino et al., 2009). In recent years, basil downy
mildew (Peronospora belbahrii) has become one of the most economically-important and
destructive diseases in sweet basil production (Belbahri et al., 2005). Without proper
control, basil downy mildew can cause up to 100% crop loss (Wyenandt et al., 2010).
Over the past couple of years, the disease has reached epidemic proportions and will
continue to be a major disease in the U.S. in the future (Wick and Dicklow, 2012).
Currently, there are few registered conventional or organic fungicides for its control
(Wyenandt et al., 2010). All commercial basil growers in the U.S. must apply fungicides
on a regular basis in order to effectively control downy mildew (McGrath et al., 2010).
In addition, there are no sweet basil cultivars that are resistant or tolerant to basil downy
mildew (Wyenandt et al., 2010). Without proper chemical control and genetic resistance,
all sweet basil produced in the U.S. is vulnerable (Raid et al., 2010b).
Basil downy mildew, caused by the fungus-like oomycete pathogen, Peronospora
belbahrii was first reported in Uganda in 1932 as Peronospora spp. and again in 1937 as
P. lamii. The disease was observed as causing defoliation and death of Ocimum
basilicum (Hansford, 1933; Hansford, 1938). Although Belbahri et al., in 2005 reported
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that there were major outbreaks of basil downy mildew in Italy in 1999 and in the U.S. in
1993, most sources cite that basil downy mildew was not reported until 2001 in
greenhouses in Switzerland (Heller and Baroffio, 2003; Lefort et al., 2003). Following
this initial confirmation, other countries throughout Europe, the Mediterranean and
continents reported the first occurences of basil downy mildew; Germany in 2002, Italy
in 2003, France and Belgium in 2004, South Africa in 2005, Benin, Tanzania and Iran in
2007, Israel, Austria and Cameroon in 2007 and the U.K., New Zealand and Argentina in
2008 (Belbahri et al., 2005; Filotas and Westerveld, 2010; Kofoet et al., 2008; Lefort et
al., 2008; McGrath, 2011; Wick and Dicklow, 2012).
It was not until the fall of 2007 that basil downy mildew was first discovered in the
United States in south Florida (Roberts et al., 2009). Following this confirmation, basil
downy mildew was discovered throughout the Northeast in 2008 and later in the Midwest
and California (McGrath et al., 2010; Wick and Brazee, 2009). Currently, the disease has
been reported in many northern, southeastern, central and pacific states (Mersha et al.,
2012a). The disease also spread to Canada in 2011 (Saude, et al., 2013). The pathogen
that was first reported in the U.S. in 2007 is genetically identical to the pathogen
discovered in Switzerland in 2001 (Roberts et al., 2009; Zhang et al., 2009) and was most
likely introduced into the U.S. on infested seed (McGrath, 2011).
Current Disease Control Measures
Currently, the most commonly-used classes of fungicides for downy mildew control
include the quinone outside inhibitors (Qols), phenylamides, carboxylic acid amides, and
cyano-acetamid-oximes (Gullino et al.; 2009, Wyenandt et al., 2009; Wyenandt and
Maxwell, 2011). However, fungicide resistance can occur in pathogens when a fungicide
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with a single-site mode of action is frequently used (Mueller, 2006; Wyenandt et al.,
2009). A fungicide’s mode of action is based on the active ingredient(s) of the fungicide
and the effects on a target fungus (Table 1 and Table 2). Fungicides that share a common
biochemical mode of action and have similar chemical structures are grouped in the same
chemical class (Mueller, 2006). The Fungicide Resistance Action Committee (FRAC) is
an industry-led technical group that provides fungicide resistance management guidelines
in order to help prolong the effectiveness of fungicides and limit crop losses due to
fungicide resistance development (CropLife, 2012). Some species of downy mildew on
other crops, such as Brassica, hops, legumes and lettuce, are mainly controlled by
fungicides containing the active ingredients metalaxyl and mefenoxam (FRAC code 4),
where resistance has been known to develop (Ivors, 2011; Ridomil Gold Label [online]).
There are a number of systemic and protectant (contact) fungicides available for downy
mildew control in the U.S. (Douglas, 2008). In general, new chemistries that are
available to control downy mildew pathogens on many crops include fluopicolide (FRAC
code 43), cyazofamid (FRAC code 21), mandipropamid (FRAC code 40) and
phosphonates (FRAC code 33) (Ivors, 2011).
Current recommendations for basil downy mildew control in the U.S. include using an
integrated pest management (IPM) approach and a fungicide resistance management
program (Filotas, 2011). To determine if a fungicide program is needed, growers should
know the symptoms of basil downy mildew (Figure 14), be able to accurately and rapidly
identify the disease, follow regional and local reports for outbreaks, and monitor their
field on a daily basis for presence of the pathogen. One of the most important ways to
protect the crop is to make frequent protectant fungicide applications. It is also important
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to apply registered fungicides when environmental conditions are favorable for basil
downy mildew, before the pathogen enters the field and before symptoms occur on basil
(Gevens, 2012; Gilardi et al., 2012; Hazzard et al., 2012). Fungicides may not provide
control once the pathogen begins sporulating on the abaxial surface of infected leaves
(Gregory, 2009). Protectant fungicides that provide control preventively will not control
the pathogen when used as a 'curative' fungicide (e.g., after the pathogen has infected the
leaf) (Dicklow, 2011).
To help maintain control and reduce the chances of the downy mildew pathogen
developing resistance, it is important to start a regular fungicide program with a
protectant fungicide prior to the arrival of the pathogen, limit the number of applications
of high-risk fungicides applied during the production season, rotate fungicides with
different modes-of-action and apply tank mixtures of systemic and protectant fungicides
(Dicklow, 2011; Gilardi et al., 2012). Although untested, the cucurbit downy mildew
forecasting website is a resource that one can use to aid in predicting when environmental
conditions favorable for basil downy mildew development because both the cucurbit and
basil downy mildew pathogens use wind dispersal and require wet leaves for movement
and infection (Gevens, 2012). Cornell University has also developed a basil downy
mildew monitoring program that has been in use since 2009 (McGrath, 2011).
There are a number of cultural practices that basil producers should follow. These
include purchasing clean seed, examining basil transplants for signs of disease, planting
less susceptible basil varieties, maintaining healthy plants, planting in well-drained soil,
maintaining sanitation by controlling weeds and destroying contaminated basil crops,
minimizing leaf wetness and humidity in the plant canopy, harvesting plants before risk
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of disease is present, increasing plant spacing, planting basil in an open field in full
sunlight exposed to prevailing winds and reducing or eliminating overhead irrigation
should be considered to help reduce the chances for potential infection and dispersal
(dessimination) of the inoculum (Allsup, 2012; Dara, 2011; Douglas, 2008; Filotas and
Westerveld, 2010; Gevens, 2012; Moorman, 2012; Wick and Dicklow, 2012; Wyenandt,
2011).
In greenhouses or high tunnels, proper ventilation and temperature control can aid in
controlling the disease (Dara, 2011). Watering the soil surface in the morning or using
sub-irrigation, keeping night temperatures above 16°C, maintaining nighttime humidity
below 80%, heating and venting greenhouses during the evening, widely spacing pots,
maintaining sanitation, and maintaining horizontal air flow with fans to maintain a dry
plant canopy can aid in controlling basil downy mildew in the greenhouse (Douglas,
2008; Filotas and Westerveld, 2011; Wick and Dicklow, 2012).
Peronospora belbahrii can survive on infested seed and is most likely the cause of the
pathogen being disseminated around the world in a relatively short period of time
(McGrath, 2011). Importantly, Peronospora belbahrii has been found in the basil seed
production region of Liguria in Italy (Garibaldi et al., 2004). In greenhouse and field
production areas such as Hawaii where cuttings are used to start tranplants, using diseasefree propagative material will help reduce the introduction and dissemination of the
pathogen (Wyenandt [personal communication], 2013). Although none are currently
available, seed treatments with fungicide(s) may also aid in controlling disease (Garibaldi
et al., 2004). Physical methods used to kill pathogens in or on seeds, including hot-water
and water-soak treatments and ultraviolet, infrared, X-ray and other kinds of irridation are
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other potential options for seed disinfection (Hanson et al., 2010). Basil seed is not easy
to treat using hot-water because the seed contains a high amount of mucilage which is
rapidly exudated after submersion making it difficult to separate and work with. Ultra
violet, x-ray, and infrared treatments are currently not available and not without their own
limitations. Conventional pathogen detection techniques including culture-based
morphological approaches are not useful with P. belbahrii because it is an obligate
parasite that cannot be cultured and maintained on artificial growth media. The pathogen
only survives on the living host or crop debris (Garibaldi et al., 2004; Lievens and
Thomma, 2005). Recently, a genetic-based procedure has been developed to detect P.
belbahrii in seed and other testing methods for detection of seed contaminateion are
currently being examined in the U.S. (What you should know about basil downy mildew
[online]; McGrath, 2011). Molecular techniques, such as the polymerase chain reaction
(PCR) and random amplified polymorphic DNA-polymerase chain reaction (RAPDPCR) have been developed which will aid in pathogen detection at the industry and
research level (Chiocchetti et al., 2001; Garibaldi et al., 2004).
The objective of this study was to evaluate a number of conventional and biological
fungicides and identify the most promising for the control of basil downy mildew. If
conventional and/or biological fungicides in the trials prove to be efficacious in the
control of basil downy mildew, then these chemicals may receive federal registration on
basil and offer management options for growers.
MATERIALS AND METHODS
Fungicide efficacy trials for the control of basil downy mildew were conducted during
2010 and 2011 at Rutgers Agricultural Research and Extension Center (RAREC) in
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Bridgeton, New Jersey. During both trial years, a total of seven biological fungicides
including Oxidate® (hydrogen dioxide, BioSafe Systems LLC), Regalia® (extract of
Reynoutria sachalinensis, Marrone Bio Innovations), Sonata® (Bacillus pumilus strain
QST 2808, AgraQuest Inc.), Sporatec® AG (a mixture of rosemary oil, clove oil, thyme
oil, Brandt Consolidated, Inc.), K-Phite® (mono- and di-potassium salts of phosphorous
acid, Plant Food Systems), Organocide® (sesame oil, Organic Laboratories, Inc.), NuCop® (copper hydroxide, Albaugh Inc.) and a combination of Organocide® + NuCop®
(sesame oil + cupric hydroxide) were used (Table 2). Regalia®, Sonata®, Oxidate®,
Sporatec®, Organocide® and NuCop® are listed by the Organic Materials Review
Institute (OMRI, http://www.omri.org/about) as allowed for use in organic production.
Six conventional fungicides including Revus® (mandipropamid, Syngenta Crop
Protection), Presidio® (fluopicolide, Valent), Previcur® Flex (propamocarb
hydrochloride, Bayer CropScience), Ranman® (cyazofamid, FMC Agricultural
Products), Amistar® (azoxystrobin, Syngenta Crop Protection), and Reason®
(fenamidone, Bayer CropScience) were evaluated (Table 1). All biological and
conventional fungicides were applied at labeled rates (Table 1). Information regarding
the chemical, rate, FRAC, mode of action, characteristics and labeling can be found for
conventional fungicides in Table 1 and biological fungicides in Table 2.
On 10 May 2010, at the Rutgers University School of Environmental and Biological
Science (SEBS) greenhouse complex located on College Farm Road, New Brunswick,
NJ, fifty-five flats of the sweet basil variety ‘Italian Large Leaf’ from Johnny’s Selected
Seeds (Winslow, Maine) were hand seeded in 128-cell flats. Flats were prepared by hand
in the head house by filling each tray with Redi-Earth Coir Mix Sun Gro Redi-Earth Plug
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and Seedling Mix Series Growing Medium (Sun Grow Horticulture, Agawam, MA).
Following this, 0.5 cm small holes were made in each cell. Two to three seeds of one
variety were placed into each cell hole. Once each cell was seeded, a fine layer of the
growing medium was used to fill the trays and two labels with the date and abbreviated
variety name were placed on each end of the flat. The trays were then placed in the
Rutgers SEBS greenhouse complex on a bench and gently watered two to three times per
day for a period of approximately 4 to 5 weeks. Maintenance fertilizers and pesticides
were applied as needed. The average temperature in the greenhouse was 24°C. On 20
May 2010, all flats were thinned to one plant per cell to provide optimal growing
conditions for each plant.
On 15 June 2010, flats were transported to the field site at RAREC, in Bridgeton, New
Jersey. At RAREC, plants were first placed on tables outside the greenhouse and allowed
to acclimate outdoors for approximately one week before being hand-transplanted into
the field on 21 June 2010 on 02 June 2010 into raised beds covered with 1.25 ml black
plastic mulch. Drip irrigation was laid down the center on each bed when the black
plastic mulch was laid. All beds were spaced approximately 1.5 m apart with guard rows
between each treatment row. The trial was a randomized complete block design with
four replicates. Each experimental unit was 3 m long containing 2 rows of transplanted
basil centered 41 cm apart, with approximately 23 cm between each plant. Each
experimental unit contained approximately 10 plants per row for a total of approximately
20 plants per experimental unit. There were 1.5 m buffers between each plot. All guard
rows consisting of ‘Italian Large Leaf’ basil were transplanted during the week of 28
June 2010.
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During the course of the study, the field was fertilized on 07, 22 and 29 July; 05 and
30 Aug.; and 03 and 15 Sept. using 1.9 kg 20N-20P-20K (Peters Professional 20-20-20;
Scotts-Sierra Horticultural Products Company, Marysville, OH). Additionally, the trial
was drip irrigated on 21, 22 and 24 June; 06 and 24 July; 03, 06, 13 and 24 Aug.; and 10
and 12 Sept. 2010. The run time for each irrigation event varied from 2 to 9 hours. The
trial was also irrigated using overhead irrigation on three separate dates (06, 10 and 13
Aug. 2010) in order to help create an environment that was favorable for disease
development. Two insecticide maintenance sprays were made on 09 and 14 Sept. 2010;
Asana® (esfenvalerate) and Platinum® (thiamethoxam) were applied to keep
Lepidopteran and Coleopteran populations in check. To prevent basil plants from going
to seed, plants were manually trimmed back by hand using hedge clippers to
approximately 50% of their height to a 15-to 30-cm height on 17 and 30 July 2010. In
the first year of this trial, on 05 Aug. 2010, the RAREC trial was artificially-infested with
Peronospora belbahrii by transplanting infected sweet basil plants with active
sporulation at the end of each row to promote disease development. Infected plants were
obtained from a local basil grower’s field in Cumberland County, NJ.
Fungicide applications were initiated on 02 Aug. 2010, with a total of nine application
dates during the season (02, 11, 19 and 27 Aug., and 03, 09, 15, 23 and 29 Sept. 2010).
All fungicide applications were made with a tractor-mounted pressurized sprayer with
three hollow cone D4-25, disc core crop nozzles (Tee-Jet), with one nozzle over the top
and one nozzle on each side directed inward at a 45 degree angle. All applications were
applied at approximately 58 psi at the tank and approximately 48 psi at the boom.
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To evaluate the efficacy of the biological and conventional fungicide treatments, all
experimental units in the trial were rated for the incidence and severity of basil downy
mildew. Incidence ratings were recorded weekly by examining 25 randomly selected leaf
samples per experimental unit to determine the mean percentage of leaves with active
sporulation. Basil downy mildew severity ratings were determined by using an ordered
categorical scale of 0 to 3 where 0 equaled no sporulation; 1 equaled light sporulation; 2
equaled moderate sporulation and 3 equaled heavy sporulation on the abaxial surface of
the leaves (McGrath, M.T. [email], 2010; Wyenandt et al., 2010).
Weekly basil downy mildew incidence ratings began on 07 Aug. 2010 and took place
a total of nine dates during the season (07, 15, 21 and 28 Aug., 04, 11, 18 and 25 Sept.
and 02 Oct. 2010). Basil downy mildew severity ratings began on 28 Aug. 2010 and
were conducted on a total of six dates during the season (28 Aug., 04, 11, 18 and 25 Sept.
and 02 Oct. 2010). Downy mildew was first observed in the trial on 07 Aug. 2010.
Ratings ended in early October, when most plants were severely infected with basil
downy mildew. Total rainfall accumulation at RAREC for the months of June, July,
Aug., Sept. and Oct. were 5.97, 10.49, 7.52, 11.07, and 14.10 cm, respectively.
Minimum mean temperatures at RAREC for the months of June, July, August, September
and October were 19, 20, 19, 16, and 9 °C, respectively. Maximum mean temperatures
at RAREC for the months of June, July, August, September and October were 30, 31, 29,
27 and 19 °C, respectively.
In the second year of the study on 18 May 2011, seventy flats of the sweet basil
variety ‘Italian Large Leaf’ obtained from Johnny’s Selected Seeds were seeded in 128cell flats at Pagnini’s Premium Plants and Produce in Vineland, NJ. Trays were placed in
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a seed house and were maintained by Pagnini’s until seedlings were transported by
pickup to RAREC on 16 June 2011. Plants were thinned to one plant per cell on 20 June
2011. On 22 June 2011, 4.5-week-old seedlings were transplanted by hand into raised
beds covered with 1.25 ml black plastic mulch. Drip irrigation was laid down the center
on each bed when raised beds with black plastic mulch were established. A plant count
and re-plant of basil plants was conducted on 29 June 2011. The trial was a randomized
complete block design with four replicates. All plot dimensions were the same in 2011 as
in 2010, except that plants were spaced 30.5 cm apart instead of a spacing of 23 cm.
Guard rows were transplanted between each treatment row with ‘Italian Large Leaf’ basil
during the last week of June 2011.
The field was fertilized on 07, 26 July; 02, 22 and 31 Aug.; and 13 Sept. using 1.9 kg
20N-20P-20K (Peters Professional 20-20-20; Scotts-Sierra Horticultural Products
Company, Marysville, OH). The trial was irrigated using drip irrigation approximately
two to three times per week for approximately 1 to 8 hours. In 2011, the trial was not
irrigated using overhead irrigation since conditions were favorable for disease pressure
during the course of the trial. A herbicide maintenance spray using gramoxone was made
in the row middles and at the ends of the plot during the season on 15 July 2011. To
prevent basil plants from going to seed, plants were manually trimmed back by hand
using hedge clippers to approximately 50% of their original height to a 15-to 30-cm
height on 20 July 2011 and 06 Aug. 2011. On 04 Aug. 2011, the trial was artificiallyinfested with Peronospora belbahrii by transplanting infected sweet basil plants with
active sporulation at the end of each row. Infected plants were obtained from a box store
in Cumberland County, NJ.
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Weekly fungicide applications began on 01 Aug. 2011, with a total of eight
applications during the season (01, 08, 17, 23 and 30 Aug. and 05, 12 and 20 Sept.). All
fungicide applications were made with a tractor-mounted pressurized sprayer with three
hollow cone D4-25, disc core crop nozzles (Tee-Jet), with one nozzle over the top and
one nozzle on each side directed inward at a 45 degree angle. All applications were put
down at approximately 58 psi at the tank and approximately 48 psi at the boom.
The same severity and incidence rating scale from 2010 was used in 2011 to evaluate
the efficacy of the biological and conventional fungicide treatments. Basil downy
mildew incidence ratings began on 30 July 2011 and were conducted on a total of 10
dates during the season (30 July, 06, 13, 20, 26 Aug. and 03, 10, 17 and 24 Sept. and 01
Oct.). Basil downy mildew severity ratings began on 20 Aug. 2011 and took place a total
of 7 dates during the season (20 and 26 Aug., 03, 10, 17 and 24 Sept. and 01 Oct.).
Downy mildew was first observed in the trial on 06 Aug. 2011. Ratings ended in early
October, when most plants were severely infected with basil downy mildew. Total
rainfall accumulation at RAREC for the months of June, July, August, September and
October were 8.97, 14.81, 57.45, 12.70, and 9.96 cm, respectively. Minimum mean
temperatures at RAREC for the months of June, July, August, September and October
were 17, 21, 18, 17 and 8 °C, respectively. Maximum mean temperatures at RAREC for
the months of June, July, August, September and October were 28, 32, 28, 26, and 19 °C,
respectively.
All data from 2010 and 2011 were analyzed separately because downy mildew
ratings were recorded on different dates each year. The GLM procedure of the SAS
System (version 9.3); SAS Institute, Cary, NC) was used for analysis of variance. The

21

area under the disease progress curve (AUDPC), which is the area between the disease
progress curve and the X axis of the graph summarizes the progress of disease severity.
AUDPC is calculated by a formula that uses the number of times the disease severity was
evaluated, the disease severity at each evaluation time, and the time duration of the
epidemic (Agrios, G.N., 2005). Low AUDPC values indicate greater efficacies of a
fungicide. For this study, AUDPC values were calculated for each treatment for both
years. Means of the AUDPC values were separated according to the Least Significant
Difference Test (LSD) at P < 0.0001. Data for severity ratings are not shown in this
chapter since any incidence of disease results in an unmarketable basil crop.
RESULTS AND DISCUSSION
In 2010, a fungicide efficacy trial for the control of basil downy mildew was
conducted at RAREC in Bridgeton, New Jersey. A total of seven biological fungicide
treatments including Oxidate® (hydrogen dioxide), Regalia® (extract of Reynoutria
sachalinensis), Sonata® (Bacillus pumilus strain QST 2808), Sporatec AG® (a mixture
of rosemary oil, clove oil, thyme oil), K-Phite® (mono- and di-potassium salts of
phosphorous acid), Organocide® (sesame oil), NuCop® (cupric hydroxide) and a
combination of Organocide® + NuCop® (sesame oil + cupric hydroxide) and six
conventional fungicides including Revus® (mandipropamid), Presidio® (fluopicolide),
Previcur Flex® (propamocarb hydrochloride), Ranman® (cyazofamid), Amistar®
(azoxystrobin), and Reason® (fenamidone) were evaluated. Rates of each fungicide are
listed in Table 3.
In 2010, the first report of basil downy mildew in the mid-Atlantic region was
confirmed near Vineland, New Jersey on 09 July (Wyenandt, personal communication).

22

Fungicide applications were initiated on 02 Aug. 2010 and the first rating was conducted
on 07 Aug. 2010. There was light disease pressure in the trial area during this time.
Basil downy mildew was discovered during the first rating date in the Organocide
(sesame oil), Oxidate (hydrogen dioxide) and Amistar (azoxystrobin) treated
experimental units. However, basil downy mildew was not discovered in the untreated
(control) experimental units until the third rating on 21 Aug 2010. Disease pressure in
the trial began to increase on 21 Aug., with the untreated control average rating of 57
percent incidence (Table 3). From 28 Aug. to 02 Oct., disease pressure became severe,
with disease development in the untreated control ranging from 91 to 94%, except for a
dip in mid-Sept. (65% on 11 Sept. and 36% on 18 Sept.) (Figure 1). This dip in disease
pressure was most likely due to a change in environmental conditions including low
temperatures at the time.
K-Phite® (mono- and di-potassium salts of phosphorous acid; FRAC Code 33)
provided the most efficacious, season-long control of basil downy mildew in 2010 (Table
3 and Figure 1). When K-Phite® was applied on a weekly basis, the highest average
percent of basil downy mildew was 12 %. The AUDPC value for K-Phite® was
significantly lower compared to all other conventional and biological fungicide
treatments in 2010 (Table 3). Based on AUDPC values,, moderate disease suppression
was provided by Revus® (mandipropamid, FRAC code 40), Ranman® (cyazofamid,
FRAC Code 21) and Presidio® (fluopicolide, FRAC code 43) compared to the untreated
control and most biological and conventional fungicides (Table 3 and Figure 1).
However, by the end of the trial, suppression was lost by all treatments except K-Phite®
(Figure 1). With the exception of K-Phite®, none of the biological fungicides provided
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an adequate level of control of basil downy mildew in 2010 compared to the untreated
control (Table 3 and Figure 1).
In 2011, the first report of basil downy mildew in the mid-Atlantic region was
confirmed near Vineland, New Jersey on 20 July (Wyenandt, personal communication).
Fungicide applications were initiated on 01 Aug. 2011. The first rating was conducted
before the first application on 30 July 2011. There was light disease pressure in the trial
area during this time. Basil downy mildew was not discovered during the first rating date
(30 July) but was first observed on 06 Aug. 2011 in one of the Previcur Flex
(propamocarb-HCl) plots. Basil downy mildew was discovered in the untreated
experimental units during the fourth rating on 20 Aug. 2011. Disease pressure in the trial
began to increase on 20 Aug. with an average rating of 15 percent in the untreated control
experimental units. Disease pressure became severe from 26 Aug. to 24 Sept. with the
untreated control experimental units ranging from 55 to 85 % infection.
Based on calculated AUDPC values, K-Phite® (mono- and di-potassium salts of
phosphorous acid; FRAC Code 33) provided the most efficacious, season-long control of
basil downy mildew in 2011 (Table 4 and Figure 2). When K-Phite® was applied on a
weekly basis, the highest average percent of basil downy mildew was 24% (last rating).
The AUDPC value for K-Phite® was significantly lower compared to all other
conventional and biological fungicide treatments in 2011 (Table 4). Based on AUDPC
values, moderate disease suppression was provided by Revus® (mandipropamid, FRAC
code 40), Ranman® (cyazofamid, FRAC Code 21) and NuCop® (copper hydroxide,
FRAC Code M1) compared to the untreated control and most biological and conventional
fungicides (Table 4 and Figure 2). However, by the end of the trial, suppression was lost
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by all treatments except K-Phite® (Table 4 and Figure 2). With the exception of KPhite®, none of the biological fungicides provided an adequate level of control of basil
downy mildew in 2011 compared to the untreated control (Table 4 and Figure 2).
In both years of this study, K-Phite® provided the best season-long control of basil
downy mildew. Moderate disease suppression was provided by Revus®, Ranman® and
Presidio® in 2010 and Revus®, Ranman® and NuCop® in 2011. By the end of the
season during both years, suppression was lost by all conventional and biological
fungicide treatments applied on a weekly basis, except K-Phite®.

There were both similarities and differences observed between efficacy trials that were
conducted at RAREC and other trial sites from states including Florida, Illinois,
Connecticut, and New York. A summary of basil downy mildew fungicide efficacy trials
conducted in other states and countries including treatments and results can be found in
Appendix 1. In some Florida field trials, when K-Phite® was applied at the same rate as
it was in the RAREC trials, excellent disease control was obtained (Raid, 2008g).
However, when K-Phite® was tested in another fungicide efficacy trial in Florida during
the fall of 2007, K-Phite® provided control that was not as high as other fungicides tested
including Revus®, Ranman® and Reason® at rates that differed from the rates tested at
RAREC (Raid, 2008a).

When Presidio® was used at the same label rate in a Florida trial as the RAREC trials,
similar results were obtained. At both trial sites, Presidio® did not provide the greatest
disease reduction among treatments (Raid, 2008f; Raid et al., 2011a). When Ranman®
and Revus® were tested at the same rate in Florida, Illinois and New Jersey, both
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provided excellent control in Florida and Illinois and only moderate control in New
Jersey (Babdoost and DeYoung, 2012; Raid, 2008a; Raid, 2008b; Raid and Sui, 2011a;
Raid et al., 2011a; Raid et al., 2011b). However, when trials were conducted in New
York in 2010 and 2011 using the same rate of Revus® as the Florida and New Jersey
trial, Revus® was not significantly better than most of the biopesticide treatments.
However, disease onset for these trials was late in the season and occurrence remained
low (McGrath and Hunsberger, 2011; McGrath and Hunsberger, 2012). Fungicide trial
results for Revus® in New York were suprising based on previous evaluations conducted
in Florida (Raid, 2008a; Raid, 2008b; Raid, 2008f; Raid, 2008g; Raid, 2008h; Raid and
Sui, 2011a; Raid and Sui, 2011b; Raid et al., 2011a; Raid et al., 2011b).

In a trial conducted by Babadoost, it was noted that Oxidate® was the least effective
in disease control (Babadoost, 2010b). These results were similar to the results obtained
in New Jersey during both years of this study and in New York (McGrath and
Hunsberger, 2011; McGrath and Hunsberger, 2012). Similar results of poor control using
the biopesticides Nordox® 75WG, Serenade®, Sonata®, and Serenade® + Regalia®
were found in a trial conducted by Babadoost in 2011 (Babadoost and DeYoung, 2012).
In a Connecticut trial evaluating biological fungicides only, the most consistant control
was obtained by Milstop® and Oxidate® compared to the other treatments including
Actinovate® AG, Serenade MAX® and Trilogy®. However, compared to the untreated
control, these products provided poor control (Allen and Patrie, 2012).

When Sonata® was tested at the same rates in Florida (greenhouse) and New Jersey
(field), Sonata® provided disease control that was significantly different than the
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untreated check in the Florida trial (Mersha et al., 2011a), but not in the New Jersey trial.
In another Florida study, Sonata® significantly suppressed the disease when applied preand post-inoculation. However, this trial was conducted in a greenhouse, rather than a
field (Mersha et al., 2011b).

Factors that make it difficult to compare the results obtained in New Jersey with
studies in other states included differences in rates, formulation, number of applications,
timing of applications, use of adjuvants and different application equipment. There were
also varying levels of disease pressure, weather conditions and different rating scales
used at different locations. At some sites, only two to four applications were made, while
at other sites such as RAREC, a total of eight or nine applications were made (Raid,
2008d; Raid, 2008e; Raid, 2008f; Raid, 2008g; Raid, 2008i).

At the New York field site, it was noted that unusual weather events occurred
including a hurricane on 28 Aug. 2011 with severe intensive rain events during the
growing season. At most of the Florida field sites, disease pressure was severe to
extreme and conditions were very favorable for downy mildew development (Raid,
2008a; Raid, 2008b; Raid, 2008c; Raid, 2008d; Raid, 2008e; Raid, 2008f; Raid, 2008g;
Raid, 2008h; Raid, 2008i; Raid and Sui, 2011b; Raid et al., 2011a; Raid et al., 2011b). A
decline in control of the fungicides may occur when there are high inoculum levels of
basil downy mildew (Raid, 2008b). However, during one field trial in Florida during the
spring of 2010, environmental conditions for downy mildew were not conducive since it
was a very dry spring (Raid and Sui, 2011a).
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In Illinois, New York, Connecticut and New Jersey field trials, downy mildew
pressure was low at the beginning of the trial or the disease was not present until later in
the trial (Allen and Patrie 2012; Babadoost and DeYoung, 2012; McGrath and
Hunsberger 2011; McGrath and Hunsberger, 2012). McGrath and Hunsberger (2011)
reported that results obtained may have been affected by late onset of disease much later
in the season and that the occurrence of the disease remained low.
Some efficacy trials were conducted using a number of different adjuvants with each
test substance, while at other trials the same adjuvant was used with each test substance.
For example, for some of the Florida efficacy trials, the nonionic surfactant Induce was
added at a rate of 0.125% v/v to aid in coverage (Raid, 2008a; Raid, 2008b; Raid, 2008d;
Raid, 2008e; Raid, 2008f; Raid, 2008g; Raid, 2008h; Raid, 2008i; Raid, 2011b; Raid and
Sui, 2011b; Raid et al., 2011a; Raid et al., 2011b). At other field trials including
RAREC, an adjuvant that was specifically formulated for use with the test substance was
added to the respective treatments at the recommended rate (Allen and Patrie, 2012;
Babadoost and DeYoung, 2012; McGrath and Hunsberger 2011; McGrath and
Hunsberger, 2012; Raid, 2008c; Raid, 2011a; Raid and Sui, 2011a). Some other efficacy
trials including RAREC did not use adjuvants for respective treatments (Allen and Patrie,
2012; Babadoost and DeYoung, 2012; McGrath and Hunsberger, 2011; McGrath and
Hunsberger, 2012; Raid and Sui, 2011a). Some fungicides may require a wetting agent
or adjuvant for effective control and in one trial; it was shown that adding a wetting agent
greatly improved control of basil downy mildew (Chase, 2012).

Another possible reason for differences in fungicide efficacy between the trial sites
may have been due to differences in plant maturity. It was noted that for some efficacy
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trials, fungicide sprays began when plants were at the cotyledon stage (Raid, 2008f). In
other trials, plants were sprayed during the 4-6, 4-5 or 6-7 leaf stage (Raid, 2008c; Raid,
2008e; Raid and Sui, 2011b). At RAREC, applications began when plants were fully
mature. Younger basil plants are more susceptible to downy mildew and should be
protected by fungicide applications early in the season (Patel et al., 2013).

Field trials were also conducted using different rating scales (Raid, 2008a; Raid,
2008b; Raid, 2008c; Raid, 2008d; Raid, 2008e; Raid, 2011a; Raid and Sui, 2011a),
different numbers of plants and leaves rated (McGrath and Hunsberger, 2011), and
different numbers of rating dates. One field site used an estimation of the percent leaf
area infected on a set number of leaves in order to calculate the disease severity (Mersha
et al., 2011a). At some sites, plants were re-evaluated to test residual control (Raid,
2008a; Raid, 2008b; Raid, 2008c; Raid, 2008d; Raid, 2008e). Some trials also included
fresh biomass sampling (Raid, 2008f; Raid, 2008g; Raid, 2008h; Raid, 2008i). At
another trial, yield was determined by cutting stems and calculating the percent of basil
tips that were free of disease symptoms (Raid and Sui, 2011b). At another site, vertical
spread of the disease along the plant height was determined (Mersha et al., 2012b).

For the RAREC trial in both years, incidence ratings were recorded by examining 25
randomly selected leaf samples per experimental unit to determine the mean percentage
of leaves with active sporulation. Basil downy mildew severity ratings were determined
by using an ordered categorical scale of 0 to 3 where 0 equaled no sporulation, 1 equaled
light sporulation, 2 equaled moderate sporulation and 3 equaled heavy sporulation on the
abaxial surface of the leaves. Compared to other fungicide efficacy trials conducted, the
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rating system of determining the mean percentage of leaves with sporulation was
quanitative compared to the qualitative scales used in some of the Florida trials (Mersha
and Zhang, 2012; Mersha et al., 2011a, 2011b, 2012b, 2012c, 2012e; Raid, 2008a, 2008b,
2008c, 2008d, 2008e, 2008f, 2008g, 2008h, 2008i, 2011a, 2011b; Raid and Sui, 2011a,
2011b; Raid et al., 2011a, 2011b).

Another reason why fungicide efficacy varied across locations between years is due to
differences in application rates between sites. This was observed in a number of the
efficacy trials including Florida, Illinois, RAREC (New Jersey) and New York.
Exagerated (i.e., higher than normal) recommended rates were used for a number of
Florida trials (Raid, 2008i; Raid, 2008f), while at other trials, rates below the
manufacturer’s recommended rate were examined (Raid, 2008b). At other field trials,
labeled use instructions were not purposely followed. For example, in a New York trial,
it was noted that the 5-day spray interval that is specified on the label for Oxidate was not
followed (McGrath and Hunsberger, 2011). At other sites, a greater number of
applications were made than was allowed by the label (Raid, 2008g). Out of the
fungicides that were labeled for control of basil downy mildew including Regalia®,
Oxidate®, K-Phite® and Ranman®, all were applied at label rates in the RAREC trials.
However, the directions for curative applications for Oxidate® specified applications
from one to three consecutive days. Directions for preventative applications specified a
five day interval until harvest. Although Revus® has not yet been labeled for basil
downy mildew control, it will be labeled with a maxium of four applications
(http://ir4.rutgers.edu/FoodUse/food_Use2.cfm?PRnum=10124). The trials in 2010 and
2011 at RAREC included nine applications.
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Biofungicides need to be applied more frequently than once per week and before the
disease enters the field when they are evaluated for downy mildew control (Raid, 2008c).
When these materials are used for control of a disease on a crop, there is no guarantee
that the biopesticide will provide effective control under moderate to heavy disease
pressure (OARDC [online]). Many of these biopesticides have very limited residual
activity and have to be applied frequently (OARDC [online]).

In the fungicide efficacy trials done in this study, we observed significant differences
in control obtained with the different fungicides. Like other crops, consumers will
purchase basil only if it is of high quality and free of any discolorations and disease
symptoms.
Therefore, growers need to determine the best course of action when growing basil.
Depending on the growing region, the best plan is to grow basil before the pathogen
enters the growing area. Once the pathogen enters the growing area, a preventative spray
program can aid in producing a healthy crop. When basil downy mildew is present in the
growing area, it is important for growers to use fungicides that provide significant
control. Fungicides that provide low to moderate levels of control will most likely result
in a product that is not acceptable in the marketplace. Cost of control and the level of
disease severity in the field are also considerations that should be determined before
applications are made. Even if a fungicide has been previously shown to provide
significant control, the disease may not be controlled if it is applied during high disease
severity and/or if the pathogen develops resistance. Symptoms of infection, including
chlorosis and necrosis, are damages that will result in the product being unmarketable.
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According to the Crop Data Management Systems (CDMS) website
(http://www.cdms.net/LabelsMsds/LMDefault.aspx?t=), the following are fungicides that
are federally-labeled for control of basil downy mildew: Actinovate® AG (Streptomyces
lydicus WYEC 108, Natural Industries, Inc.), Double Nickel® 55 (Bacillus
amyloliquefaciens strain D747, Certis USA, LLC), Regalia® (extract of Reynoutria
sachalinensis, Marrone Bio Innovations), Trilogy® (neem oil, Certis USA, LLC), EcoMate Armicarb O® (Potassium bicarbonate, Helena Chemical Company), Milstop®
(Potassium bicarbonate, BioWorks, Inc.), Armicarb® 100 (Potassium bicarbonate,
Helena Chemical Company), Oxidate® (hydrogen dioxide, BioSafe Systems), Fosphite®
(Potassium phosphite, JH Biotech, Inc.), Fungi-Phite® (Potassium phosphite,
Verdesian® Life Sciences, LLC), Prophyt® (Potassium phosphite, Helena Chemical
Company), K-Phite® (Potassium phosphite, Plant Food Systems, Inc.), phorcephite
(potassium phosphate; potassium phosphite, Loveland Products, Inc.), Rampart®
(Potassium phosphite, Loveland Products, Inc.) and Ranman® (cyazofamid, FMC
Corporation Agricultural Products Group).

The following are fungicides that have been labeled in selected states for control of
basil downy mildew: Heritage® (azoxystrobin, Syngenta Professional Products) has a
24(c) label in California and in Florida and Alabama on greenhouse transplants; Revus®
(mandipropamid, Syngenta Crop Protection, LLC) has a Section 18 (Mandipropamid;
Human Health Risk Assessment for Section 18 Use on Basil [online]) in Illinois; Subdue
Maxx® (mefenoxam, Syngenta Crop Protection, LLC) has a 24(c) on basil transplants in
California, Alabama and Michigan; the fungicides Confine® (potassium salts of
phosphrous acid, Winfield Solutions LLC) and Revus® (mandipropamid) were registered
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for emergency use on greenhouse and field-grown basil in Ontario, Quebec, and Alberta
until 31 Dec. 2011 (Filotas, 2012). Residue field trials are currently being conducted
throughout the U.S. on several products including a novel fungicide DPX-QGU42
(DuPont Crop Protection), fenamidone (Bayer CropScience), and fluopicolide (Valent
U.S.A. Corporation Agricultural Products).
Other Factors Influencing Basil Downy Mildew Control
There are over 17 genera of downy mildew organisms and there are many new species
and strains of downy mildew that appear on a regular basis (Ivors, 2011). New strains are
often difficult to manage and some are resistant to some commonly-used fungicides
(Ivors, 2011). For example, the cucurbit downy mildew pathogen, Pseudoperonospora
cubensis, has developed resistance to important fungicides in recent years because of the
pathogen’s high intraspecific genetic variation (Runge et al., 2011). Additionally, there
are races of P. cubensis that differ in virulence throughout the world (Runge et al., 2011)
suggesting that this may also be the case with basil downy mildew. The biology, host
plant range and genetic variability of downy mildew species is difficult to determine
since these are obligate plant pathogens that require a living host to survive (Ivors, 2011).
Currenty, there is very little information available on the etiology of Peronospora
belbahrii.
CONCLUSION
In both years of this study, K-Phite® provided the best season-long control of basil
downy mildew. Moderate disease suppression was provided by Revus®, Ranman® and
Presidio® in 2010 and Revus®, Ranman® and NuCop® in 2011. Depending on the
region, it is best to grow basil and begin a preventative spray program before the
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pathogen enters the area. Fungicides that provide significant control should be used and
fungicides with different modes-of-action should be rotated when possible. Fungicides
providing low to moderate levels of control will most likely result in a product that is not
acceptable in the marketplace. The cost of control and the level of disease severity in the
field are considerations that should be determined before applications are made. Control
is most effective when full coverage of the underside of the leaves in the canopy is
achieved. Thus, use of effective control agents without an effective application will not
provide adequate control.

Ingredient
Mandipropamid

Fluopicolide

Azoxystrobin

Fenamidone

Chemical
Revus

Presidio

Amistar

Reason

5.5 fl oz/A

15.4 fl
oz/A

4 fl oz/A

Rate
8 fl oz/A

11

11

43

FRAC
40

Block respiration pathway by
inhibiting cytochrome bc1
complex; single site mode of
action, can develop resistance
(Su et al., 2011; EPA
Pesticide Fact Sheet.
Azoxystrobin [online])
Block respiration pathway by
inhibiting cytochrome bc1
complex (Su et al., 2011)

Mode of Action
Inhibits cellulose synthesis
(Blum et al. 2010); inhibits
phospholipid biosynthesis
and cell wall division
(Evaluation Report:
Mandipropamid Technical
Fungicide [online])
Biochemical mode of action
not known (EPA Pesticide
Fact Sheet. Fluopicolide
[online])

Locally systemic and
translaminar; inhibits
spore germination
(REASON [online])

Protective, curative,
eradicative and
antisporulant,
mesosystemic and
translaminar (Presidio
Label [online]; Latorse
et al., 2006)
Systemic, curative,
eradicant and protectant
properties
(Azoxystrobin [online];
Amistar Label [online])

Characteristics
Translaminar,
protectant and some
curative; reduced risk
product (Schilder,
2005)

Yes

Yes

Yes

Labeled for
BDM
Yes,
Section
24(c)
(Revus
Label
[online])

Maximum of 6
application per season, no
more than 2 sequential
applications of group 11
fungicides (Reason Label
[online])

7-14 day intervals, max of
3 consecutive applications
(Amistar Label [online])

Label Directions
Section 24(c) for basil, 4
applications per season
with 7 day PHI
(Mandipropamid; Human
Health Risk Assessment
for Section 18 Use on
Basil [online])
4 fl oz/A, 7 to 14 day
interval, maximum of 12
fl oz/season (Presidio
Label [online])

Table 1. Fungicide, active ingredient, rate, FRAC code, mode-of-action, fungicidal characteristics and label directions of conventional fungicides
evaluated for the control of basil downy mildew at the Rutgers Agricultural Research and Extension Center in Bridgeton, NJ in 2010 and 2011
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Ingredient
Propamocarb
HCl

Cyazofamid

Chemical
Previcur
Flex

Ranman

2.75 fl oz/A

Rate
1.2 pt/A

21

FRAC
28

Mode of Action
Disrupts fungal cell walls,
interferes with synthesis of
phospholipids and fatty acids,
affects mycelial growth,
spore production and
germination (Previcur Flex
Label [online]; Propamocarb
HCL [online]; Propamocarb
Hydrochloride [online])
Inhibits Qi of the cytochrome
bc 1 site in Complex III of
mitochondrial membrane
(Cyazofamid New selective
fungicide [online]; Ohshima
et al., 2004)
Protectant fungicide
with moderate
translaminar and
curative activity, some
residual and limited
systemic activity
(Celetti, 2010;
Cyazofamid [online];
EPA Pesticide Fact
Sheet. Cyazofamid
[online]; Ranman Label
[online]; Cyazofamid
New selective fungicide
[online]; Ohshima et
al., 2004)

Characteristics
Systemic activity,
moves upward in plant
(PREVICUR [online];
Propamocarb HCL
[online]; Propamocarb
[online])

Yes,
labeled for
basil
downy
mildew

Labeled for
BDM
Yes

5 to 7 day interval,
organosilicone surfactant
recommended. Basil now
on Ranman label at 2.75
to 3 fl oz/A, 7-10 day
interval, maximum of 9
applications

Label Directions
7 to 10 day interval, apply
on a 5 day schedule when
disease severe; best to
tank mix with a contact
fungicide; maximum of 3
applications per growing
season (Previcur Flex
Label [online])

Table 1. Fungicide, active ingredient, rate, FRAC code, mode-of-action, fungicidal characteristics and label directions of conventional fungicides
evaluated for the control of basil downy mildew at the Rutgers Agricultural Research and Extension Center in Bridgeton, NJ in 2010 and 2011
(continued)
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Reynoutria
sachalinensis

Bacillus
pumilus

Rosemary,
Clove and
Thyme Oils

Sonata

Sporatec
AG

Active
Ingredient
Hydrogen
Dioxide

Regalia

Chemical
Oxidate

1 qt/A +
SafTcide

4 qt/A

0.5% v/v

Rate
1 gal/100
gal

NA

NA

P5

FRAC
NA

Extract of giant knotweed,
boosts natural defense
mechanisms of plants,
induced systemic resistance
(Regalia Label [online];
Marrone Bio Innovations,
Regalia [online]; Su, 2012)
Bacteria produces antifungal
amino sugar compound,
results in inhibition of cell
wall formation and affects
cell metabolism (Bacillus
pumilus strain GB 34
(006493) Fact Sheet [online];
Kouyoumjian, 2007)
Disrupts cell walls of spores,
hyphae and cell membrane
integrity(Sporatec Label
[online])

Mode of Action
Oxidizes fungal and bacteria
cells (OARDC [online])

Broad spectrum
contact, preventative
and curative, prevents
fungal attachment
(Sporatec Label
[online])

Preventative and
contact, not systemic,
but some translaminar
protection, can extend
the life of other
pesticides (Regalia
brochure [online])
Broad spectrum and
preventative (Sonata
Label [online])

Characteristics
Not systemic, kills
spores on contact
(Adaskaveg et al.,
2011; Copes, 2009)

No

Yes

Yes

Labeled for
BDM
Yes

For herbs (powdery
mildew), 1-2 pints/A
(Sporatec Label [online])

2-4 qts/A on 7-14 day
intervals (Sonata Label
[online])

Label Directions
128 fl oz/100 gal for 1-3
days as a curative for
basil; then reduce to 40 fl
oz/100 gallons with 5 day
intervals (Oxidate Label
[online])
7-14 day interval, 0.51.0% v/v. For basil apply
preventatively, 50 GPA
(Regalia Label [online])

Table 2. Fungicide, active ingredient, rate, FRAC code, mode-of-action, fungicidal characteristics and label directions of biological fungicides
evaluated for the control of basil downy mildew at the Rutgers Agricultural Research and Extension Center in Bridgeton, NJ in 2010 and 2011
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Sesame Oil +
Copper
Hydroxide
Copper
Hydroxide

Organocide
+ Nucop

NuCop

Phosphorous
Acid

Active
Ingredient
Sesame Oil

K-Phite

Chemical
Organocide

1 lb/A

1 fl oz/A + 1
lb/A

3 qt/A

Rate
2 fl oz/A
(Organocide
Label
[online])

M1

NA,
M1

33

FRAC
NA

Inhibit fungal cells walls
and activates plant’s
immune defenses
(Understanding the
phosphonate products
[online])
See descriptions for
Organocide and Nucop
(conventional fungicides)
Nonspecific denaturation
or disruption of cell
proteins and enzymes;
multisite mode of action
(Babadoost, 2010a;
Material Fact Sheets –
Copper Products [online];
Mode of action Group M1:
Copper [online])

Mode of Action
Smother fungal growth and
reduce spore germination
(Bográn et al., 2006)

Protectant, forms
chemical barrier on leaf
surface, more effective
against bacterial than
fungal pathogens; not
systemic (Material Fact
Sheets – Copper
Products [online];
Editorial: How Copper
Products Work [online])

--

Systemic upward and
downward in the plant
(Understanding the
phosphonate products
[online])

Characteristics
Fungistatic, must be
applied prior to
infection, repeated
applications needed
(Bográn et al., 2006)

Control of
downy
mildew can
be poor, can
injure plants

--

Labeled for
BDM
Smother
fungal
growth and
reduce spore
germination
(Bográn et
al., 2006)
Yes

Not labeled for herbs or
basil

--

Basil, 1-3 qts/A, applied
at 2-3 week intervals (KPhite Label [online])

Label Directions
Fungistatic, must be
applied prior to infection,
repeated applications
needed (Bográn et al.,
2006)

Table 2. Fungicide, active ingredient, rate, FRAC code, mode-of-action, fungicidal characteristics and label directions of biological fungicides
evaluated for the control of basil downy mildew at the Rutgers Agricultural Research and Extension Center in Bridgeton, NJ in 2010 and 2011
(continued)
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---

4 qt/A

2 fl oz/A

1 gal/100 gal

1 qt/A +
SafTcide

1.2 pt/A

15.4 fl oz/A

5.5 fl oz/A

1 lb/A

1 fl oz/A + 1
lb/A

2.75 fl oz/A

8 fl oz/A

4 fl oz/A

3 qt/A

Untreated
control

Sonata

Organocide

Oxidate

Sporatec AG

Previcur Flex

Amistar

Reason

NuCop

Organocide +
NuCop

Ranman

Revus

Presidio

K-Phite

Phosphorous Acid

Fluopicolide

Mandipropamid

Cyazofamid

Sesame Oil + Copper
Hydroxide

Copper Hydroxide

Fenamidone

Azoxystrobin

Propamocarb HCl

Rosemary, Clove and
Thyme Oils

Hydrogen Dioxide

Sesame Oil

Bacillus pumilus

---

Active ingredient
Reynoutria
sachalinensis

33

43

40

21

NA,
M1

M1

11

11

28

NA

NA

NA

NA

---

FRAC
NA

0

0

0

0

0

0

0

1

0

0

4

1

0

0

8/7
0

0

0

0

0

0

0

0

0

0

0

2

0

0

0

8/15
0

1

2

3

19

10

22

6

18

23

37

76

32

20

57

8/21
51

3

14

25

35

70

69

44

74

77

85

71

87

95

93

8/28
88

12

42

62

56

80

82

75

80

86

89

76

92

90

94

9/4
92

4

64

77

75

64

75

85

75

77

61

75

77

84

65

9/11
85

3

55

76

70

40

38

76

53

44

34

34

47

45

36

9/18
56

5

76

81

72

74

82

80

74

76

90

82

87

91

91

9/25
85

2

67

67

73

55

76

82

84

79

86

83

91

90

94

10/2
90

439 h

1799 g

2139 f

2141 f

2171 ef

2361 de

2369 de

2429 d

2464 cd

2577 bcd

2659 ab

2726 ab

2775 ab

2835 a

AUDPC2
2862 a

Downy mildew incidence was recorded by examining 25 randomly selected leaf samples per experimental unit on nine dates during the growing season to determine the mean
percentage of leaves with symptoms of downy mildew.
2
Means followed by the same letter are not significantly different according to least significant difference test at P <0.0001.

1

Rate
0.5% v/v/50
gal

Fungicide
Regalia

Rating date (percent basil downy mildew)1

Table 3. Fungicide, active ingredient, FRAC code, percent downy mildew rating by date and AUDPC values for basil downy mildew development
in 2010 at the Rutgers Agricultural Research and Education Center, Bridgeton, NJ
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% Downy Mildew

0
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8/28/10

9/4/10
Date

9/11/10

9/18/10

9/25/10

10/2/10

K-Phite

Presidio

Revus

Ranman

Organocide +
NuCop

NuCop

Reason

Amistar

Previcur Flex

Sporatec AG

Oxidate

Organocide

Sonata

UTC

Regalia

Figure 1: Percent incidence of downy mildew by week for selected fungicides in 2010 at the Rutgers Agricultural Research and Extension Center
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2 fl oz/A

1 gal/100 gal

1 qt/A +
SafTcide

1 lb/A

8 fl oz/A

2.75 fl oz/A

3 qt/A

Organocide

Oxidate

Sporatec AG

NuCop

Revus

Ranman

K-Phite

Phosphorous Acid

Cyazofamid

Mandipropamid

Copper Hydroxide

Rosemary, Clove and
Thyme Oils

Hydrogen Dioxide

Sesame Oil

Bacillus pumilus

Fluopicolide

Sesame Oil + Copper
Hydroxide

Reynoutria
sachalinensis

Propamocarb HCl

33

21

40

M1

NA

NA

NA

NA

0

0

0

0

0

0

0

0

0

0

NA, M1
43

0

0

0

0

7/30
0

NA

28

11

---

FRAC
11

0

0

0

0

0

0

0

0

0

0

0

1

0

0

8/6
0

0

0

0

0

0

0

0

0

0

1

0

1

0

0

8/13
0

0

0

0

4

9

29

18

6

0

3

5

8

1

15

8/20
5

2

6

8

24

43

67

39

37

17

37

28

35

2

55

8/26
37

3

19

16

55

69

71

77

71

47

57

62

62

34

85

9/3
60

3

62

55

74

85

77

84

86

83

73

76

68

83

78

9/10
88

0

74

61

64

68

62

69

81

76

62

71

60

84

76

9/17
70

2

59

67

61

65

68

69

83

76

69

72

60

80

80

9/24
61

24

21

32

62

67

81

64

79

33

69

65

60

50

74

10/1
43

896 d

1533 c

1653 bc

1690 bc

1898 a-c

1921 a-c

1939 a-c

2027 ab

2089 ab

2110 ab

2113 ab

2136 ab

2234 a

2246 a

AUDPC2
2263 a

Downy mildew incidence was recorded by examining 25 randomly selected leaf samples per experimental unit on nine dates during the growing season to determine the mean
percentage of leaves with symptoms of downy mildew.
2
Means followed by the same letter are not significantly different according to least significant difference test at P <0.0001.

1

1 fl oz/A + 1
lb/A

Organocide +
NuCop

4 fl oz/A

0.5% v/v/50
gal

Regalia

4 qt/A

1.2 pt/A

Previcur Flex

Sonata

5.5 fl oz/A

Reason

Presidio

---

---

Untreated
control
Fenamidone

Active ingredient
Azoxystrobin

Rate
15.4 fl oz/A

Treatment
Amistar

Rating date (percent basil downy mildew)1

Table 4. Fungicide, active ingredient, FRAC code, percent downy mildew rating by date and AUDPC values for basil downy mildew development
in 2011 at the Rutgers Agricultural Research and Education Center, Bridgeton, NJ
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% Downy Mildew
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CHAPTER 2: DETERMINING THE SUSCEPTIBILITY OF DIFFERENT BASIL
SPECIES AND VARIETIES TO DOWNY MILDEW
INTRODUCTION
The Genus Ocimum and its Importance
The genus Ocimum is a member of the Lamiaceae (formally Labiatae) family which
includes many popular herbs such as basil (Ocimum basilicum L.), mint (Mentha spp.),
oregano (Origanum spp.), rosemary (Rosmarinus officinalis L.), sage (Salvia officinalis
L.) and thyme (Thymus vulgaris L.) (Simon et al., 1990; Simon et al., 1994). Herbs
belonging to the genus Ocimum are collectively called basil (Dhar, 2002). Basil is in the
order Lamiales, and tribe Ocimoideae (Naithani and Kakkar, 2002). Basil is
characterized by square, branching stems, simple, opposite leaves that are entire or
toothed and ovate in shape, flowers that are zygomorphic with two distinct lips and occur
in terminal racemes and mature seeds that are brown to black, with a strong aroma
(Darrah 1980; Meyers, 2003; Nahak et al., 2011; Naithani and Kakkar, 2002; Paton, et
al., 1999).
The genus Ocimum, a Greek verb meaning “to be fragrant,” was first described by
Linneaus in 1753 (Makri and Kintzios, 2007; Paton et al., 1999). At that time, five
species were listed in the genus (Paton et al., 1999). Currently, it is estimated that there
are approximately 30 to 160 annual and perennial herbs and shrubs in the genus Ocimum
(Carović-Stanko et al., 2010; Simon et al., 1990). However, in 1992, Paton estimated
that this number was closer to 30 species and only ten Ocimum species are currently
included in the USDA Germplasm Resource Information Network (GRIN,
http://www.ars-grin.gov/cgi-bin/npgs/html/index.pl). The large differences in these
current estimates are mainly due to taxonomic reasons which include revisions,
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geographic differences, polyploidy, interspecific hybridization and generic description
changes (Paton et al., 1999). Plants in this genus are native to tropical and subtropical
areas of Africa, tropical Asia, and tropical Central and South America (Labra et al., 2004;
Paton et al., 1999; Simon et al., 1984; Vieira and Simon, 2000). Africa is considered the
main center of diversity, since it is where maximum species diversity is found. South
America (e.g., Brazil) and Asia (e.g., India) are considered secondary centers of diversity
(Hedge, 1992; Mukherjee and Datta, 2007; Sobti and Pushpangadan, 1982; Viera and
Simon, 2000). Species are grown in the tropics, subtropics and some temperate areas of
the Old and New Worlds (Vieira et al., 2003). The main countries of cultivation include
France, Egypt, Hungary, Indonesia, Morocco, Greece, Israel and the United States
(Simon et al., 1984; Simon, 1998). The most popular species grown throughout the
world include citrus basil (O. x africanum Lour. (syn. O. x citriodorum Vis.)), spice basil
(O. americanum L. (syn. O. canum Sims.)), sweet basil (O. basilicum L.), African basil
(O. gratissimum L.), bush basil (O. minimum L.), and holy basil (O. tenuiflorum L. (syn.
O. sanctum L.)) (Carović-Stanko et al., 2010).
Basil is often referred to as the “king of the herbs” due to its popularity (Makri and
Kintzios, 2007). Basil species and cultivars are very diverse and are therefore used for a
number of purposes including flavorings and spices in cooking, essential oil production,
fragrances, ornamental use, religious ceremonies and rituals and medicine (Vieira et al.,
2003). Perfume, pharmacy, and food industries widely use Ocimum species (Simon et
al., 1984; Simon et al., 1990; Simon et al., 1999). Different species of the genus Ocimum
contain antimicrobial, insecticidal, nematocidal, fungistatic and antioxidant biologically
active constituents (Carović-Stanko et al., 2011; Simon et al., 1990).
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One reason for the wide popularity and use of basil is its aroma. The aroma comes
from essential oils that are produced in glands on the leaves, bracts and calyces of flowers
(Gang et. al., 2002; Deschamps and Simon, 2006; Deschamps et al., 2006). Oil is
released when glands rupture (Darrah, 1980). The essential oils, or aromatic volatile oils
of Ocimum species vary in content and can include linalool methyl chavicol, linalool,
methyl cinnamate, methyl chavicol, methyl chavicol linalool, camphor, limonene, citral,
eugenol, thymol, 1,8-cineole, β-caryophyllene, elemenes and methyl eugenol βcaryophyllene (Deschamps and Simon, 2006; Simon et al., 1990; Vieira and Simon,
2006). Basils can also emit a number of aromas including lemon, rose, camphor, licorice,
woody and fruit (Simon et al., 1999). Basil cultivars are usually named according to the
aroma that is produced. The most common aromas (and common cultivars) include
sweet basils (‘Sweet’, ‘Genovese’, ‘Large-leaf’, or ‘Mammoth’ types), lemon-scented
basils (‘Lemon’ or ‘Sweet Dani Lemon Basil’) or spice basils (‘Spice’ or ‘Blue Spice’).
There are many other types of basil which produce cinnamon, camphor, anise and
licorice aromas (Simon, 1998).
The most economically-important and popular culinary herb in the United States is the
tender herbaceous annual sweet basil (Dhar, 2002; Putievsky and Galambosi, 1999;
Vieira et al., 2003). O. basilicum is used for a number of purposes including herbal
spices in cooking, perfume, cosmetics, repellants, medicines and ornamental uses (Dhar,
2002).
Production of sweet basil has increased in the U.S. in recent years (Mersha et al.,
2012a). In 2010, approximately 11,000 acres of basil was grown in the U.S. (Colimore,
2010). Although total value is unknown, Illinois has reported that basil value is $10,000-
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30,000 per acre for wholesale or retail markets (Allsup, 2012). The major basil
production states include New Jersey, where more than 600 acres are grown, Florida
where approximately 550 acres are grown and Illinois, where approximately 600 acres
are grown (Allsup, 2012; Colimore, 2010; McGrath et al., 2010). Basil imports have
also increased in the U.S. (Furth, 2001). In 2000, basil imports to the U.S. including
fresh, dried or essential oils were valued at approximately $5.6 million (Perry, 2008).
Sweet basil is also economically-important in many Mediterranean and European
countries (Belbahri, et al., 2005). Sweet basil is most commonly grown in Egypt, France,
Greece, Hungary, Indonesia, Morocco, and the U.S. Sweet basil is also cultivated in
Bulgaria, Spain, Yugoslavia, Australia, Bangladesh, Iran, Israel, Italy, Japan, Latin
America, Nigeria, Pakistan, Poland, Reunion Island, Samoan Island, Senegal, Seychelles,
Tanzania, Turkey, USSR, India and West Africa (Dhar, 2002). Basil is sold in fresh,
dried, and frozen forms and is an important source of income for growers (Simon, 1998;
Vieira et al., 2003). Basil is grown in both the greenhouse and the field in many regions
of the United States (Roberts, et al., 2009). There are currently over 60 varieties of sweet
basil that differ in growth habit, leaf and flower color, aroma and flavor (Simon, 1998;
Simon and Reiss-Bubenheim, 1988). Most commercially-grown basil cultivars available
today are sweet basil (O. basilicum) (Nurzyńska-Wierdak, 2007).
Genetic Variability in the Genus Ocimum

It is widely known that the various species, forms and types of Ocimum possess
genetic diversity (Nurzyńska-Wierdak, 2007). This is observed in a number of
characteristics including plant growth, vigor, uniformity, shape, plant height, branching,
pubescence, leaf size, leaf shape, leaf texture, leaf color, leaf dimension, plant color,
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flower color, flowering time, flavor and aroma (Marotti et al., 1996; Morale®s et al.,
1993; Simon et al., 1990; Simon et al., 1999; Singh et al., 2002). For many basil
cultivars, populations from seed are usually not genetically uniform, but are named and
marketed according to certain morphological characteristics or aromas (Putievsky and
Galambosi, 1999). For example, in a study conducted in Finland, 17 seed batches that
were called sweet basil were examined and it was discovered that there was large
variation in morphological characteristics and chemical composition (Putievsky and
Galambosi, 1999). This variation was also discovered in ten commercially-available
Italian basil cultivars (Putievsky and Galambosi, 1999). In 1996, DeBaggio and
Belsinger confirmed that there were problems with obtaining seed that was true to name
due to inaccurate labeling by seed companies. It was agreed that stricter quality control
on seed purity, trueness to type and seed vigor was needed in order to ensure accuracy of
the basil variety (DeBaggio and Belsinger, 1996).
The morphological, cytological and chemical variability in the genus are due to interand intraspecific hybridization, polyploidy, numerous varieties and cultivar names or
chemotypes that do not greatly differ in morphology (Mukherjee and Datta, 2007; Simon
et al., 1990; Vieira and Simon, 2006). The free flow of genetic information (i.e., genes)
between different species, dibasic chromosome number, self-and cross pollination,
migration and environmental variables have resulted in significant changes in the genus
Ocimum (Dhar, 2002). Basil is an open and cross pollinated plant that blooms for a
number of months, and produces large amounts of nectar that is easily accessible to
insects due to the short corolla tube. This leads to a large number of species, subspecies,
varieties, and forms (Putievsky and Galambosi, 1999). In addition, the distribution of
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Ocimum species throughout the world, and traditional breeding has also led to variability
among cultivars (Carović-Stanko et al., 2011). In fact, some species of O. basilicum and
O. tenuiflorum have been purported to be cultivated for more than three thousand years
(Darrah, 1974). Aroma and morphology of basil determined by genotype are also
influenced by both environmental conditions and agronomic techniques (Omer et al.,
2008). All of these variables within the genus Ocimum have resulted in taxonomic
confusion and a need to revise the taxonomy of the genus Ocimum (Tucker, 1986).
To understand more about the taxonomy of the Ocimum species, various approaches
have been used to classify species by geographic origin, morphology, karyotype,
chemical composition, and potential for crossing (Grayer et al., 1996; Khosla, 1995;
Marotti et al., 1996; Martins et al., 1999; Paton and Putievsky, 1996; Putievsky et al.,
1999; Ravid et al., 1997). Although classification is mainly based on growth type, leaf
size and structure, there are many morphological traits and essential oil analyses that
allow further classification of varieties. In 2007, Nurzyńska-Wierdak confirmed that
basil traits including plant height, diameter, number of main shoots, length and width of
the leaf blade, flowering rate, number and length of inflorescences, flower color, and
essential oil content differed greatly among varieties. In a study conducted by Wetzel et
al. in 2002, it was believed that the leaves of basil species may be the most variable
organs since they may vary significantly in length (3 to 8 cm), shape (flat to convex or
concave), texture (smooth to strongly puckered), margin texture (smooth to serrated), and
color (yellow-green to deep violet). Characteristics such as plant height and leaf size
have been important in grouping cultivars (De Masi et al., 2006).
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In 2006, Vieira and Simon used composition of volatile oil constituents in order to
classify Ocimum species into chemotypes, which are plants that are chemically distinct in
the composition of secondary metabolites. In another study, it was suggested that surface
flavone profiles could also be used along with essential oil and morphological
characteristics in order to determine different cultivars of Ocimum (Grayer et al., 2004).
Essential oil compositions can differ depending on environmental conditions and other
factors such as whether plants are grown in a greenhouse or field, whether fertilizers were
applied, and light conditions (Grayer et al., 1996). In a study done by Ravid et al. (1997),
it was confirmed that the enantiomeric differentiation of linalool may help with the
interspecific taxonomy in the genus Ocimum. This work confirms that chemicals from
essential oils can be more important characteristics than morphological features, which
cannot be used alone to properly describe the taxon (Putievsky and Galambosi, 1999).
Chemotypes from different geographical origins include the European chemotype
from Italy, France, Bulgaria, Egypt, and South Africa. Also known as French basil, this
chemotype is sweetest in flavor, dark in color, most valued commercially and contains
linalool and methyl chavicol essential oils as the main components (Simon et al., 1990).
The Reunion chemotype, also known as Egyptian basil is from the Comoro Islands,
Thailand, Madagascar, and Vietnam. This basil consists mainly of methyl chavicol,
which has a camphoraceous fragrance and a clove-like flavor. American basil contains a
rich color and sweet flavor and therefore is considered to be of high quality (Simon,
1985). The tropical chemotype from India, Guatemala, and Pakistan is rich in methyl
cinnamate and is important in the perfume industry (Marotti et al., 1996; Simon et al.,
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1990). The chemotype from North Africa and former USSR consists mainly of eugenol
and is important in flavorings (Marotti et al., 1996).
Taxonomy and phylogenetic relationships are still difficult to understand in basil
(Carović-Stanko et al., 2010). Classifying species based on morphological similarities or
differences is difficult, especially when comparing species that do not differ greatly
(Simon et al., 1990). Morphological and essential oil characteristics only provide a
general classification and are time-consuming and expensive (De Masi et al., 2006).
More recently, DNA markers have been used for determining genetic relationships since
they are unlimited in number, show high polymorphism and are independent of
environmental interaction (Singh, et al., 2004). Random amplified polymorphic DNA
(RAPD) and amplified fragment length polymorphism (AFLP) is now being used to
determine phylogenetic relationships in Ocimum species, varieties and cultivars (CarovićStanko et al., 2010). The use of RAPD markers is beneficial for taxonomy because they
do not require prior sequence information or prior knowledge about genes in a taxon
(Palumbi, 1996; Vieira et al., 2003). This technique is a sensitive, precise, efficient tool
to examine genomic analysis (Singh et al., 2004). When RAPD markers and other
markers are used with other characteristics including morphology, chromosome number
and chemical components, a stronger classification system develops (Vieira et al., 2003).
Basil Species and Cultivars

In general, O. basilicum is erect, branched, and 30 to 120 cm tall. Stems are light
green to purple. Leaves are ovate-lanceolate, smooth, flat or convex and measure
approximately 3.5 to 5.0 cm long. Leaf margins are entire, dentate or weakly serrate and
contain both glandular and non-glandular hairs. Flowers are in whorls on terminal

50

racemose inflorescence. Inflorescences are up to 30-cm-long. White to purple flowers
are hermaphrodite, zygomorphic, gamosepalous and gamopetalous. Fruit are dark brown
to black ovoid nutlets and measure 2.0 to 2.9 mm long by 1.2 to 1.9 mm wide. Seeds are
black, ellipsoid and mucilaginous when placed in water (Darrah, 1980). There is
speculation as to where this species is indigenous. Places of suggested origin include
India, Persia and central Asia (Dhar, 2002; Demissew, 1993).
The main essential oils in sweet basil are (-)-linalool, methyl chavicol and 1,8-cineole
(Simon et al., 1999). Cultivars also contain (-)-camphor, α-humulene, eucalyptol,
eugenol, (-)-bornyl acetate, methyl chavicol, (-)-trans-caryophyllene, α-transbergamotene, and cadinol (Zheljazkov et al., 2008). Essential oil content and
composition can be extremely variable in sweet basil (Singh et al., 2002). The large
variations in oil composition of O. basilicum are (or can be) utilized as a chemical index
of classification (Singh et al., 2002). O. basilicum can be grouped into four chemotypes:
linalool type, methyl chavicol type, methyl eugenol type, and methyl cinnamate type
according to plants that yield oil rich in these components (Dhar, 2002; Singh et al.,
2002; Simon et al., 1990).
The five major botanical varieties of O. basilicum include var. basilicum L., var.
difforme Benth., var. minimum L., var. purpurascens Benth. and var. thyrsiflorum L.
Benth. The most popular cultivars ‘Genovese’ and ‘Sweet Basil’ belong within the
variety basilicum. ‘Thai’ basil cultivars belong within the variety thyrsiflora (CarovićStanko et al., 2011).
In 1980, Darrah classified O. basilicum cultivars into several categories based on
morphological characteristics. The tall slender or true basil category includes the popular
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‘Sweet Basil’ cultivars. These basils are generally 0.9 to 1.5 m tall and contain ovate,
pointed pale green leaves, elongate inflorescences and white flowers. The large-leafed,
robust basil category consists of basil cultivars that are most commonly sold as
commercially packaged seed and include the ‘Lettuce Leaf’, ‘Crispum’ and ‘Italian’ basil
cultivars. The basils in this category are up to 0.8 m tall and contain short woody
inflorescences, entire leaves with blunt apices or curled leaves with dentate margins. The
short, small-leafed dwarf category (O. basilicum cv. minimum), includes the ‘Bush’ basil
cultivar. These basils are 20 to 30.5 cm tall and contain bushy, small leaves. The
compact category (O. basilicum var. thysiflora) includes the ‘Thai’ basil cultivar. The
basils in this category are 38 to 46 cm tall, 51 cm in diameter, contain showy lavender or
lavender and white inflorescences in the form of a thyrsus, deep purple flower stalks and
green to purple ovate-lanceolate leaves. The purple-colored basil category (O. basilicum
cv. purpurascens) consists of plants that have small purple or mottled leaves, a deep
purple calyx, bracts and stalk, and white-lavender flowers. The purple-colored basil
category includes the ‘Dark Opal’ basil cultivar which is a hybrid between O. basilicum
and O. forskolei. These basils contain lobed-leaves and a sweet/clove fragrance. The
citriodorum category consists of lemon-type basils (Darrah, 1980; Simon et al., 1999).
This classification was reviewed by Carović-Stanko et al. in 2011 by studying
morphological traits and calculating phenotypic dissimilarities between pairs of O.
basilicum accessions. The results of this study mostly agreed with Darrah’s 1980
classification. However, there was not a basil type that corresponded to the purple basil
(C) morphotype that included blistering of leaf blade and purple color. It was also noted
that the citriodorum lemon-flavored type basils that were mentioned in Darrah’s
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classification were considered a separate hybrid species (O. x citriodorum syn. O. x
africanum) that is from a cross between O. basilicum and O. americanum (CarovićStanko et al., 2010; Paton & Putievsky 1996). The study also confirmed that there is high
morphological variation in basil (Labra et al., 2004; Simon et al., 1990). According to
nuclear DNA content and chromosome number, the O. basilicum clade consists of
varieties and cultivars of both O. basilicum and O. minimum (Carović-Stanko et al.,
2010). RAPD markers demonstrate that narrow genetic variation also exists within O.
basilicum cultivars (Vieira et al., 2003). However, there are differences in characteristics
between the varieties including flower color, leaf shape and size, and plant height. The
second clade consisted of O. americanum, O. x africanum and two O. basilicum var.
pupurascens accessions.
O. basilicum ‘Cinnamon’ contains prominently veined green leaves that are pointed
and 5 to 8 cm-long by 3 to 4-cm-wide. Flowers are light lavender in color. The
inflorescence is 18-cm-long and purple in color. Plant height can reach 91 cm. The main
essential oils are methyl cinnamate and linalool (DeBaggio and Belsinger, 1996). The
varieties ‘Mammoth’, ‘Sweet Basil’ and ‘Cinnamon’ are also clustered in the O.
basilicum spp. (Vieira et al., 2003). See Figure 5 for an example of an O. basilicum
‘Cinnamon’ variety used in the 2010/2011 variety studies.
O. basilicum ‘Thai’ basil contains a purple inflorescence that is cone-shaped and
consists of many individual stems. The cone is 9-cm-wide by 9-cm-high. Flowers are
light lavender or pink in color. Plants have flattened tops. Leaves are dark green, flat,
pointed and 6 to 9 cm long by 3 to 3.2 cm wide. Margins are serrated. The aroma is
spicy and sweet with mint and spice undertones. The main essential oil is methyl
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chavicol (DeBaggio and Belsinger, 1996). Varieties ‘Purple Ruffles’ (cross between
‘Dark Opal’ and ‘Green Ruffles’ and ‘Dark Opal’) and ‘Thai Siam Queen’ are
morphologically and chemically similar varieties (Vieira et al., 2003). See Figure 6 for
an example of an O. basilicum ‘Thai Siam Queen’ variety used in the 2010/2011 variety
studies.
O. basilicum ‘Genovese’ contains leaves that are pointed, slightly puckered,
prominently veined, cupped and 8 cm long by 5 cm wide. Margins are serrated and turn
down. Flowers are white. Inflorescences are up to 15 cm long. The aroma is of anise
hyssop, mint, citrus, cinnamon and clove. This is the basil that is used most for pesto.
The main essential oils are of linalool, β-caryophyllene and 1,8-cineole (DeBaggio and
Belsinger, 1996). See Figure 7 for an example of an O. basilicum ‘Genoveser Standart’
variety used in the 2010/2011 variety studies.
O. basilicum ‘Lettuce Leaf’ basil is a plant with very large leaves. Leaves can be
puckered or smooth. Foliage is green, 13 to 16.5 cm long and 9 to 10 cm wide. Margins
are serrated. Flowers are large and white. Inflorescences are 15 to 18 cm long. The
aroma is licorice sweet with mint and cinnamon undertones. The main essential oils are
methyl chavicol and linalool (DeBaggio and Belsinger, 1996).
O. ‘Red Rubin’ is a cross between O. basilicum and O. forskolei. Leaves are smooth,
purple, egg-shaped, and are 8 cm long by 4.5 cm wide. Margins are toothed. Mature
leaves have hints of green. Flowers are deep pink and violet. The inflorescence is 8 cm
long. The aroma is of cinnamon with hints of mint and anise. The main essential oil is
linalool, β-caryophyllene and 1,8-cineole (DeBaggio and Belsinger, 1996). See Figure 8
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for an example of an O. basilicum ‘Red Rubin’ variety used in the 2010-2011 variety
studies.
The O. americanum (syn. O. canum) clade is characterized by higher ploidy level (2n
= 72) and larger genomes compared to the O. basilicum clade and consists of O.
americanum, O. x africanum and two O. basilicum var. purpurascens accessions
(Carović-Stanko et al., 2010; Paton and Putievsky, 1996; Sobti and Pushpangadan, 1982).
Using RAPD markers, O. basilicum was distinguishable from O. americanum (Vieira, et
al., 2003). However, average genetic similarity was found between species of O.
basilicum and O. americanum (Singh, et al., 2004). It is believed that O. amercanum
originated as allopolyploids from O. canum and O. basilicum (Sobti and Pushpangadan,
1982).
O. americanum is an annual herb that is native to Africa and probably India (Paton
and Putievsky, 1996; Sarin et al., 1992). It is cultivated in Kenya, USSR, the U.S., North
Germany, Zimbabwe, Mali, Toto, Thailand, Aruba, Portugal, Ethiopia, and India
(Naithani and Kakkar, 2002). This plant is characterized by a mint flavor, hairy leaves
and scented flowers. Plants are erect, pubescent and 30 to 60 cm in height. Leaves are
elliptic-lanceolate. Margins are serrate. Flowers are small, white, pink or purple in color
and are in spiciform racemes. Seeds are ellipsoid and black in color (Demissew, 1993;
Naithani and Kakkar, 2002). Species differ in chemotypes and can include methyl (E)cinnamate, citral, d-camphor, anisole, linalool, geraniol, citronellol, citronellal, methyl
heptenone, and small amounts of eugenol, acetic acid and citronellic acid (Demissew,
1993; Naithani and Kakkar, 2002; Sarin et al., 1992; Vieira and Simon, 2000). This
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species is mainly used in medicine, flavorings, perfumes and cosmetics (Dhale et al.,
2010; Meyers, 2003; Naithani and Kakkar, 2002).
O. americanum ‘Spice’ is a basil variety that has resulted in confusion. The basil has
been called ‘Sacred’ or ‘Holy’ basil by both individuals and seed companies, but it is not
the Hindu holy basil, O. tenuiflorum (syn. O. sanctum). Leaf form, size and habit
resemble O. basilicum, while the pedicels, inflorescence, and pubescence resemble O.
canum. No morphological characteristics relate ‘Spice Basil’ to O. sanctum (Darrah,
1980). ‘Spice’ basil can grow up to 51 cm. Leaves are heart-shaped, green, fuzzy,
strongly veined and 5 to 6 cm long by 3 to 4.5 cm wide. Margins are toothed. Flowers
are small and light violet. Inflorescences are 13 to 15 cm long. Stems, leaves, calyces
and flower stalks contain long thin hairs (Darrah, 1980). The aroma is musky and sweet
with undertones of cinnamon and spice. The main essential oils are 1,8-cineole, eugenol
and methyl chavicol (DeBaggio and Belsinger, 1996). See Figure 9 for an example of an
O. americanum ‘Blue Spice’ variety used in the 2010/2011 variety studies.
Another popular species of basil is the citrus basil (O. x africanum syn. O. x
citriodorum) (Paton and Putievsky, 1996). O. x africanum was once known as O. x
citriodorum until Suddee et al. (Suddee et al., 2005) revised the taxonomic classification
in 2005 (Carović-Stanko et al., 2010). It is now believed that O. x africanum resulted
from a cross between O. basilicum and O. americanum (Paton and Putievsky, 1996).
These basils are commercially available in the U.S. today and are used for culinary,
cosmetic and fragrance purposes (Morales, et al., 1993; Tansi and Nacar, 2000). Citrus
basils produce a lemon aroma due to the presence of citral. Most citrus basils are
characterized by a short height, early flowering period, white flowers, small, narrow light
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green leaves and low essential oil and citral content (Morales, et al., 1993; Tansi and
Nacar, 2000). However, there are some citrus varieties such as ‘Sweet Dani Lemon
Basil’ that have high essential oil content and are characterized by a tall, bushy, upright
growth habit and larger, ovate leaves that are similar in size to sweet basil (Morales, et
al., 1993; Morales and Simon, 1997; Simon et al., 1999).
‘Lemon Basil’ is native to Thailand. It was introduced to the U.S. by the USDA in
1940 (DeBaggio and Belsinger, 1996). ‘Lemon Basil’ is lemon scented, 66 to 76 cm tall,
48 cm wide and bushy. Leaves are narrowly ovate to lanceolate, entire, light green in
color, finely veined, and 6 to 8 cm long by 3 to 4 cm wide. Margins are subserrate.
Stems are slightly pubescent. Flowers are white. Inflorescences are 30 cm long with 10
to 12 verticillasters. Seeds are grayish-black or black, shiny, and 2.0 to 2.2 mm by 1.0 to
1.2 mm and produce mucilage when moistened. The aroma is reminiscent of lemonbalm, with minor notes of spice, mint, anise and musk. The main essential oil is citral.
Minor essential oils include linalool and β-caryophyllene (DeBaggio and Belsinger,
1996). ‘Lemon Basil’ has the inflorescences and flowers of O. basilicum and the habit,
leaf shape and size of O. canum (Darrah, 1980).
The ‘Sweet Dani Lemon Basil’ and ‘Lemon Mrs. Burns’ cultivars are denominated as
O. basilicum by Paton but have a morphological influence of O. x africanum syn. O. x
citriodorum (Vieira et al., 2003). Both cultivars were selected from O. basilicum
populations. However, RAPD marker analysis suggests that ‘Sweet Dani Lemon Basil’
should be classified as O. x africanum syn. O. x citriodorum. In addition, morphological
characters resemble O. x africanum species including the production of citral. This
analysis by Viera et al. in 2003 provides evidence that the assignment in O. basilicum is
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questionable and that both ‘Sweet Dani Lemon Basil’ and ‘Lemon Mrs. Burns’ appear
closer to each other than to a hybrid of O. x aftricanum syn. O. x citriodorum. See Figure
10 for an example of an O. x africanum ‘Sweet Dani Lemon Basil’ variety used in the
2010/2011 variety studies.
‘Mrs. Burns Lemon’ is a medium high lemon basil that grows to a height of 40-60 cm.
Stems are green and slightly pubescent. Leaves are strongly veined, long, pointed,
elliptical, green, and 4 cm long by 5 cm wide. Margins are wavy. Flowers are white with
a pink-tinge. The inflorescence is 13 to 25 cm long. The main aroma is lemon, followed
by slight cinnamon and floral notes. The main essential oils are linalool and citral
(DeBaggio and Belsinger, 1996). See Figure 11 for an example of an O. x africanum
‘Mrs. Burns Lemon’ variety used in the 2010/2011 variety studies.
Confirmed by the smaller chromosome numbers, it was determined that O.
gratissimum and O. tenuiflorum syn. O. sanctum belong to the Sanctum group known as
“holy basils” (Darrah, 1974; Khosla, 1995; Paton and Putievsky, 1996; Singh et al., 2004;
Sobti and Pushpangadan, 1982). O. tenuiflorum differed from all other Ocimum species
due to its small genome size (Carović-Stanko et al., 2010). In a study done by Singh et
al. in 2004, the least genetic similarity was between O. basilicum and O. tenuiflorum
(Singh et al., 2004).
O. tenuiflorum is an annual plant that is native to Malaysia, Australia, and India
(Simon, 1998). Plants are upright, branched, bushy and 0.5 to 0.6 m tall. Stems are
green or purple-tinted in color and hairy. Leaves are hairy, small, 4.5 to 6 cm long by 2
to 4 cm wide, elliptic oblong, and green in color or green tinged with purple. Margins are
entire or serrate. Inflorescences are slender, 13 cm long and in groups of 3 or 5. Flowers
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are magenta. Seeds are small, brown, round to oval, shiny, non-mucilaginous and 1.0 to
1.6 mm by 0.7 to 1.0 mm. There is also a ‘Green sanctum’ cultivar. This is similar to the
purple form but leaves are medium green in color and are more compact and wavy.
Inflorescences are yellow green. There are many cultivars and intermediate forms of this
species (Darrah, 1980; DeBaggio and Belsinger, 1996; Simon, 1998). See Figure 12 for
an example of an O. tenuiflorum ‘Holy Red and Green’ variety used in the 2010/2011
variety studies.
O. tenuiflorum is used both for fresh and dry consumption as a flavoring or spice
(Simon et al., 1984; Simon, 1998). It is most known as a sacred plant to the Hindu
religion and is grown predominantly in India. It is believed that worshipping this species
of basil is a way to achieve salvation (Naithani and Kakkar, 2002). Holy basil emits a
strong, clove-like scent. Other aromas include mint and camphor and can vary depending
on chemotype. The main essential oil content in holy basil cultivars includes methyl
chavicol, eugenol and eucalyptol. Other constituents include α-humulene, humuleneepoxide II, (-)-trans-caryophyllene, α-trans-bergamotene, β-caryophyllene, and γcadinene (Simon et al., 1999; Zheljazkov et al., 2008).
Basil Downy Mildew

Basil downy mildew, caused by the pathogen Peronospora belbahrii, was first
reported in Uganda in 1932 as Peronospora sp. and again in 1937 as P. lamii (Hansford,
1933; Hansford, 1938). The disease was not reported again until 2001 in Switzerland
(Heller and Baroffio, 2003; Lefort et al., 2003). Following this initial confirmation, other
countries throughout Europe, the Mediterranean and continents across the world reported
the first sighting of basil downy mildew including Germany in 2002, Italy in 2003,
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France and Belgium in 2004, South Africa in 2005, Benin, Tanzania and Iran in 2007,
Israel, Austria and Cameroon in 2007 and the U.K., New Zealand and Argentina in 2008
(Belbahri et al., 2005; Filotas and Westerveld, 2010; Kofoet et al., 2008; Lefort et al.,
2008; McGrath, 2011; Wick and Dicklow, 2012). It was not until October of 2007 in
southern Florida that the disease was first discovered in the United States (Roberts, et al.,
2009). Since then, the pathogen has spread across the continental United States and
Hawaii (McGrath, 2009). The epidemiology of the pathogen is still unknown. However,
it is believed that the pathogen has spread globally in recent years via the shipment of
infested seed and through wind currents. The main diagnostic feature of this pathogen is
the production of purplish gray sporangia that appear on the abaxial surface of the leaves
(Figure 13). Symptoms include chlorosis (i.e., yellowing) on the adaxial surface of the
leaves, cupping and eventual necrosis of leaf tissue (Figure 14) (McGrath, 2009; Thines
et al., 2009). In recent years, basil downy mildew has become one of the most
destructive diseases of sweet basil (Belbahri et al., 2005). Without proper control, basil
downy mildew can cause 100% crop loss (Wyenandt et al., 2010). Since basil downy
mildew is a relatively new disease on basil in the United States, there are no sweet basil
cultivars, breeding lines or species that are resistant or tolerant to basil downy mildew
(Wyenandt et al., 2010). Without genetic resistance, all sweet basil produced in the U.S.
is vulnerable (Raid et al., 2010b). Since the disease has arrived in the U.S., only a few
basil variety evaluations have been conducted to examine the susceptibility of basil
cultivars, species and breeding lines to the new destructive disease (Damicone, 2010;
Egel et al., 2012; McGrath, 2011; Mersha, et al., 2012d; Römer, et al., 2010; Westerveld
et al., 2012; Wyenandt et al., 2010).
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The objective of the following study was to evaluate a number of commercial Ocimum
species, cultivars and breeding lines for susceptibility to basil downy mildew. If
commercial Ocimum species, cultivars and breeding lines in the trial prove to be less
susceptible to basil downy mildew, new recommendations for cultivar/species can be
made to commercial growers as well as homeowners. Importantly, breeding program can
be constructed to develop improved sweet basil varieties with tolerance to basil downy
mildew.

MATERIALS AND METHODS
In 2010, a selection of 35 basil species, cultivars and breeding lines were evaluated
for susceptibility to basil downy mildew at Rutgers Agricultural Research and Extension
Center (RAREC) in Bridgeton, New Jersey (Table 5). To compare disease pressure in
different locations of New Jersey and to study the movement of the pathogen from south
to north, a trial was also conducted at the Clifford E. and Melda C. Snyder Research and
Extension Farm in Pittstown, New Jersey. In a continuation study in 2011, a selection of
20 basil species, cultivars and breeding lines were evaluated for susceptibility to basil
downy mildew at RAREC only (Table 7). The variety trials in both years included sweet
basils (O. basilicum), cinnamon basils (O. basilicum), Thai basils (O. basilicum), citrus
basils (O. x africanum), spice basils (O. americanum), and holy basils (O. tenuiflorum).
Commercial varieties were obtained from Johnny’s Selected Seeds (Winslow, ME
04901), Enza Zaden (Enza Zaden USA, Inc., Salinas, CA 93901), and Richters Herbs
(Goodwood, ON L0C 1A0 Canada).
On 11 May 2010, at the Rutgers University School of Environmental and Biological
Science (SEBS) greenhouse complex located on College Farm Road, New Brunswick,
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NJ, two flats of each variety were planted in 72-cell flats. Flats were prepared by hand in
the head house by filling each tray with Fafard Professional Formula Canadian Growing
Mix 2 (Fafard Inc., Agawam, MA). Following this, 0.5 cm holes were made in each cell.
Then two to three seeds of one variety were placed into each hole. Once each cell was
planted, a fine layer of the growing medium was used to fill the trays and two labels with
the date and abbreviated variety name were placed on each end of the flat. The 70 trays
were then placed in a greenhouse complex on a bench and watered two to three times per
day for a period of approximately 4 to 5 weeks. Maintenance fertilizers and pesticides
were applied as needed on a schedule. The average temperature in the greenhouse was
24°C. On 20-21 May 2010, all flats were thinned to one plant per cell to provide optimal
growing conditions.
On 10 June 2010 when seedlings were approximately 10 to 15 cm in size, one flat of
each variety was transported from the greenhouse to the field site at Clifford E. and
Melda C. Snyder Research and Extension Farm in Pittstown, New Jersey. At Snyder,
plants were allowed to establish outdoors for approximately 11 days before being handtransplanted into the field on 21 June 2010. Five-week-old seedlings were transplanted
into raised bed plastic mulch field plots, which were created with a plastic layer and bed
shaper earlier that month. The trial was a randomized complete block design with three
replicates. Each experimental unit was 4.6 m long with a 1.5 m spacing between each
experimental unit in-row. All beds were spaced on 1.5 m centers. Plants were planted in
double rows staggered at 0.5 m in row spacing. Each experimental unit contained 20
plants each. Drip irrigation was placed underneath the plastic in the center of each row to
provide adequate water and fertility for plant growth.
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On 15 June 2010, one flat of each variety was transported to the field site at RAREC,
in Bridgeton, New Jersey. At RAREC, plants were placed on tables outside and were
allowed to harden-off for approximately one week before being hand-transplanted into
the field on 22 June 2010. Five-week-old seedlings were hand-transplanted into raised
bed plastic mulch field plots, which were created with a plastic layer and bed shaper on
28 May 2010. The trial was a randomized complete block design with four replicates.
Experimental units were established on raised black plastic mulch beds, 1.5 meters apart.
Each experimental unit was 3.0 meters long containing 2 rows of plants centered 41 cm
apart and with approximately 23 cm between plants. Each experimental unit contained
approximately 10 plants per row for a total of approximately 20 plants per experimental
unit. There were four replicates with 1.5 meter buffers between replicates. Drip
irrigation was run underneath the plastic to provide adequate water and fertility for plant
growth. To encourage disease pressure in 2010, downy mildew-infested ‘Italian Large
Leaf’ basil transplants were planted by hand at the ends of the two guard rows on 28 June
2010.
After transplanting, plants were placed on a fertilization schedule (7, 22, 29 July; 05,
30, Aug. and 3, 15 Sept. 2010) that included 0.91 kg 20N-20P-20K (Peters Professional
20-20-20; Scotts-Sierra Horticultural Products Company, Marysville, OH). The trial was
irrigated using drip irrigation approximately two to three times per week for
approximately 2 hours. The trial was irrigated using overhead irrigation on three separate
dates (06, 10, 13 Aug. 2010) in order to help create an environment that was favorable for
disease pressure. Two insecticide maintenance sprays (Asana (esfenvalerate) and
Platinum (thiamethoxam)) were made during the season (09, 14, Jul. 2010) to keep
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Lepidopteran and Coleopteran populations in check. No fungicides were applied for the
control of basil downy mildew in either year. To prevent basil plants from going to seed,
plants were manually trimmed back by hand to approximately fifty percent to a 15- to 30cm height on 17 and 30 July 2010. On 5 Aug. 2010, the RAREC trial was artificiallyinfested with Peronospora belbahrii by transplanting infected sweet basil plants with
active sporulation at the end of each row. Infected plants were obtained from a grower’s
field in Cumberland County. Since the field trial at Synder was an observational trial,
this trial was allowed to become naturally infested with basil downy mildew.
To evaluate the susceptibility of basil species, cultivars and breeding lines, all
experimental units in the trial were rated for the incidence and severity of basil downy
mildew. Basil downy mildew incidence ratings were recorded by examining 25
randomly selected leaf samples per experimental unit to determine the mean percentage
of leaves with active sporulation. Basil downy mildew severity ratings were determined
by using a previously used ordered categorical scale of 0.0 to 3.0 where 0.0 equaled no
sporulation, 1.0 equaled light sporulation, 2.0 equaled moderate sporulation and 3.0
equaled heavy sporulation on the abaxial surface of the leaves (Wyenandt et al., 2010).
At RAREC, basil downy mildew incidence ratings began on 05 Aug. 2010 and took
place a total of 4 dates during the season (05, 26 Aug.; 17 Sept. and 09 Oct 2010). Basil
downy mildew severity ratings began on 26 Aug. 2010 and were conducted on a total of
3 dates during the season (26 Aug., 17, Sept. and 09 Oct. 2010). Ratings ended in early
October, when most plants were severely infected with basil downy mildew. At the end
of the season in October, dried mature seeds were collected from each experimental unit
for each variety and placed into labeled bags. Seed was tested in 2012 using RT-PCR for
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presence of downy mildew. Positive results were obtained for 9 of the 35 lots (five O.
basilicum lots, two O. x africanum lots, one O. tenuiflorum lot, and one O. americanum
lot) (unpublished data).
At Snyder, basil downy mildew incidence and severity ratings were started on 31 Aug.
2010 and took place a total of two times during the season (31 Aug. and 01 Oct. 2010).
The data for the Synder trial is not shown as there was no disease incidence at the first
rating and there was only one additional rating.
Total rainfall accumulation at RAREC for the months of June, July, August,
September and October were 5.97, 10.49, 7.52, 11.07, and 14.10 cm, respectively.
Minimum mean temperatures at RAREC for the months of June, July, August, September
and October were 19, 20, 19, 16, and 9 °C, respectively. Maximum mean temperatures
at RAREC for the months of June, July, August, September and October were 30, 31, 29,
27 and 19 °C, respectively.
In 2011, basils were selected for the variety trial based on severity and incidence
ratings from 2010. A collection of tolerant, moderately susceptible, and highly
susceptible species, cultivars and breeding lines were chosen for this follow-up field trial.
On 25 May 2011, seeds were planted in a seed house at Pagnini’s Premium Plants and
Produce in Vineland, NJ. Seeds were planted using the same planting procedure as in
2010. However, in 2011, 128-cell trays were used and one tray of each variety was
seeded. Trays were maintained by the cooperator until seedlings were transported by
pickup to RAREC on 16 June 2011. On 20 June 2011, each variety was thinned to one
seedling per cell. On 28 June 2011, 4-week-old seedlings were transplanted by hand into
raised bed plastic mulch field plots, which were created with a plastic layer and bed

65

shaper on 9 June 2011. The trial was a randomized complete block design with four
replicates. All of the plot dimensions were the same for 2011 as in 2010, except there
was a 30.5 cm spacing instead of 23 cm spacing between plants in row. Drip irrigation
was run underneath the plastic to provide adequate conditions for plant growth. To
encourage disease pressure, the two end guard rows were transplanted with 'Italian Large
Leaf' basil on 01 July 2011.
After transplanting, plants were placed on a fertilization schedule (07, 26 July; 02, 22
Aug. and 1 Sept 2011) that included 0.91 kg 20N-20P-20K (Peters Professional 20-2020; Scotts-Sierra Horticultural Products Company, Marysville, OH). The trial was
irrigated using drip irrigation approximately two to three times per week for
approximately 2 to 8 hours. The trial was not irrigated using overhead irrigation in 2011,
since environmental conditions were favorable for disease pressure. 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
basil downy mildew. To prevent basil plants from going to seed, plants were manually
trimmed back by hand to approximately fifty percent to a 15- to 30-cm height on 20 July
2011 and 09 Aug. 2011. Since the downy mildew pathogen had already entered the
field, the trial was not artificially-infested with Peronospora belbahrii in 2011.
The same severity and incidence rating scale from 2010 was used in 2011 to evaluate
susceptibility of basil species, cultivars and breeding lines. Basil downy mildew
incidence and severity ratings began on 30 July 2011 and took place a total of 4 dates
during the season (30 July; 3, 17 Sept. and 01 Oct. 2011). Ratings ended in early
October, when most plants were severely infected with basil downy mildew. At the end
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of the season in October, dried mature seeds were collected from each experimental unit
for each variety and placed into labeled bags. Seed will be tested in 2013 for presence of
downy mildew. Total rainfall accumulation at RAREC for the months of June, July,
August, September and October were 8.97, 14.81, 57.45, 12.70, and 9.96 cm,
respectively. Minimum mean temperatures at RAREC for the months of June, July,
August, September and October were 17, 21, 18, 17 and 8 °C, respectively. Maximum
mean temperatures at RAREC for the months of June, July, August, September and
October were 28, 32, 28, 26, and 19 °C, respectively.
Data from 2010 and 2011 were analyzed separately because different varieties were
used in each year of the study and ratings of downy mildew were recorded on different
dates each year (3 dates for each of the 2 years). Incidence and severity ratings were
analyzed separately. The MIXED procedure of the SAS System (version 9.3); SAS
Institute, Cary, NC) was used to fit a mixed effects analysis of variance to test for the
interaction of treatment and date. Means were separated on each date according to the
Least Significant Difference Test (LSD) at P < 0.0001. Model adequacy was assessed
using plots of standardized residuals.
Morphological Characteristics of Basil

The basil plants were rated on 05, 07 and 10 Aug. 2010 and 10-12 Sept. 2011, at
RAREC in Bridgeton, New Jersey for a number of morphological characteristics
including vigor, uniformity, leaf shape, leaf curvature, leaf margin, leaf texture, leaf
color, flower color, flowering period, stem color, taste and aroma. Plant uniformity (i.e.,
uniform height) was rated using a visual categorical scale of 1.0 (very uneven) to 5.0
(very uniform). Plant vigor (i.e., growth) was rated on a scale of 1.0 (weak) to 5.0
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(strong). Leaf shape was recorded each year from both young and mature leaves.
Ratings were taken each year once basil plants reached full maturity. During that same
time period, measurements (in cm) were taken on leaf length, leaf width, plant height and
plant spread to determine approximate growth habits. Plant height (in cm) and spread
(width in cm) were measured on three randomly selected plants within each experimental
unit from each variety. Leaf length and width were recorded from the second internode
from the bottom of the plant from three randomly selected plants within each
experimental unit from each replicate.
RESULTS AND DISCUSSION
In 2010, a variety trial was conducted at the Rutgers Agricultural Research and
Extension Center (RAREC) in Bridgeton, NJ to determine the susceptibility of thirty-five
basil species, cultivars and breeding lines to basil downy mildew. Downy mildew
incidence was determined on four dates (05 Aug., 26 Aug., 17 Sept. and 09 Oct.). No
downy mildew incidence was recorded during the first rating date. On the other three
rating dates, percentages of downy mildew varied significantly among cultivars and
breeding lines (Table 5). Results on the last rating date were separated into three general
categories: least susceptible, moderately susceptible and most susceptible based on the
Least Significant Difference Test at P <0.0001. There was clear separation between the
least susceptible and the most susceptible based on the Least Significant Difference Test
at P <0.0001. However, there was less obvious separation between the moderately
susceptible and most susceptible varieties, breedling lines and species during both years
of the study. Varieties, breeding lines and species that were moderately susceptible
ranged from approximately 27% to 69%.
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The O. basilicum sweet basils were most susceptible (Figure 3). The most susceptible
sweet basil varieties included ‘Eowyn E.93.6156JW’, ‘Dolly E 93.7962’, ‘Superbo’ and
‘Edwina’, ranging from 85.0 to 94.0% incidence on the last rating date (Table 5). The
least susceptible of the sweet basil varieties included ‘Marseilles’, ‘E93.8109’, ‘Red
Rubin’ and ‘Basil (Red)’ ranging from 30.0 to 52.1% on the last rating date (Table 5).
These results were similar to previous variety field trials conducted in New York,
Oklahoma, Germany, Ontario, Florida, Indiana, and New Jersey where sweet basil
varieties were also observed to be most susceptible to basil downy mildew (Damicone,
2010; Egel et al., 2012; McGrath, 2011; Mersha et al., 2012d; Römer et al., 2010;
Westerveld et al., 2012; Wyenandt et al., 2010). The O. basilicum cinnamon, licorice,
clove and Thai basils were determined to be moderately susceptible in this study ranging
from 28.0 to 65.0% incidence at the last rating date (Table 5; Figure 3). In this study, the
least susceptible licorice type basil was ‘Magical Michael’, which averaged 28.0%
incidence at the last rating (Table 5; Figure 3). In previous variety trials conducted in
New York, Florida, Indiana and New Jersey, cinnamon, Thai basils and the ‘Red Rubin’
variety were identified as being less susceptible compared to other O. basilicum varieties
(Egel et al., 2012; McGrath, 2011; Mersha et al., 2012d; Wyenandt et al., 2010). The O.
x africanum (syn. O. x citriodorum) citrus, O. americanum (syn. O. canum) spice, and O.
tenuiflorum (syn. O. sanctum) holy basils were least susceptible in this study ranging
from 0.0 to 4.0% incidence at the last rating date (Table 5). Previous variety trials in
other states showed that citrus varieties had little or no disease symptoms (Damicone,
2010; Egel et al., 2012; Mersha et al., 2012d; Wyenandt et al., 2010). Spice basil
varieties (O. americanum) were also considered resistant to basil downy mildew in
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previous variety trials in New Jersey and other states and countries (Damicone, 2010;
Egel et al., 2012; Römer et al., 2010; Wyenandt et al., 2010).
Severity ratings using a scale of 0.0 to 3.0 based on the amount of downy mildew
sporulation on the abaxial surface of infected leaves were also determined at three rating
dates in 2010 (Table 6). Severity of downy mildew varied significantly among cultivars
at each rating (Table 6). On 17 Sept. 2010, the O. basilicum sweet type basils (1.5 to
3.0), O. basilicum cinnamon (1.2 to 2.5) and clove and Thai (1.2 to 1.7) type basils had
significantly higher severity ratings than citrus (0.5 to 1.0), spice (0.0) and holy (0.0)
basil varieties. The O. x africanum (syn. O. x citriodorum) citrus, O. americanum (syn.
O. canum) spice and O. tenuiflorum (syn. O. sanctum) holy basils had the lowest severity
ratings (0.0 to 1.0) on the date (17 Sept. 2010) when other basil varieties had the highest
severity ratings, suggesting that these basils had lower susceptibility to basil downy
mildew (Table 6). Among the citrus basil varieties, ‘Mrs. Burns Lemon’ (1.0) and
‘Lemona’ (1.0) had higher incidence and severity ratings compared to other citrus basil
varieties (Table 6). Although the O. basilicum cinnamon, clove and Thai basils were
moderately susceptible to downy mildew, their sporulation ratings were similar to the
most susceptible O. basilicum sweet type basils at the final rating on 9 Oct. 2010 (Table
6).
Basil downy mildew ratings from the 2010 Clifford E. and Melda C. Snyder Research
and Extension Farm in Pittstown, New Jersey were not statistically analyzed since there
were only two rating dates and there was no downy mildew incidence recorded at the first
rating date. The ratings conducted at this site were specifically used as an observational
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trial to compare disease pressure in different locations of New Jersey and to study the
movement of the pathogen from south to north (data not shown).
In 2011, a variety trial was conducted to determine the susceptibility of twenty basil
species, cultivars and breeding lines to basil downy mildew at the Rutgers Agricultural
Research and Extension Center (RAREC) in Bridgeton, NJ. The same incidence ratings
and severity scale were also used in 2011. Similar results for downy mildew incidence
and severity obtained in 2010 were obtained in 2011 (Table 7). Downy mildew incidence
was determined at four dates (30 July, 03 and 17 Sept. and 01 Oct. 2011). No downy
mildew incidence was recorded during the first rating date. At the other three rating
dates, percentages of downy mildew varied significantly among cultivars and breeding
lines (Table 7). The O. basilicum sweet basil varieties were most susceptible (Figure 4).
These results were similar to the results obtained in 2010. The most susceptible sweet
basil varieties included ‘Emily’, ‘Edwina’, ‘Aroma 2’, ‘Superbo’ and ‘Italian Large
Leaf’, ranging from 95.0 to 100.0% incidence on the last rating date (Table 7). The least
susceptible of the sweet basil varieties was ‘Red Rubin’ which averaged 50.0% incidence
on the last rating date (Table 7). These results were similar to previous variety trials
conducted in New York, Oklahoma, Germany, Ontario, Florida, Indiana, and New Jersey,
where sweet basil varieties were also most susceptible to basil downy mildew
(Damicone, 2010; Egel et al., 2012; McGrath, 2011; Mersha et al., 2012d; Römer et al.,
2010; Westerveld et al., 2012; Wyenandt et al., 2010). Generally, the O. basilicum
cinnamon and Thai basils were moderately susceptible in this study ranging from 27.0 to
69.0% incidence at the last rating date (Table 7; Figure 4). The least susceptible Thai
basil was ‘Thai Siam Queen’, which averaged 27.0% incidence at the last rating (Table 7;
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Figure 4). In previous variety trials conducted in New York, Florida, Indiana and New
Jersey, cinnamon and Thai basils and the ‘Red Rubin’ variety were identified as being
less susceptible compared to other O. basilicum varieties (Egel et al., 2012; McGrath,
2011; Mersha et al., 2012d; Wyenandt et al., 2010). The O. x africanum (syn. O. x
citriodorum) citrus, O. americanum (syn. O. canum) spice and O. tenuiflorum (syn. O.
sanctum) holy basils were least susceptible in this study ranging from 0.0 to 8.0%
incidence at the last rating date (Table 7). Previous variety trials in other states showed
that citrus varieties had little or no disease symptoms (Damicone, 2010; Egel et al., 2012;
Mersha et al., 2012d; Wyenandt et al., 2010). Spice basil varieties were resistant to basil
downy mildew in previous variety trials (Damicone, 2010; Egel et al., 2012; Römer et al.,
2010; Wyenandt et al., 2010).
Severity ratings using a scale of 0.0 to 3.0 based on the amount of downy mildew
sporulation on the abaxial leaf surface of infected leaves in the variety trial in 2011 were
determined during the same four rating dates as the incidence ratings (Table 8). There
was no downy mildew present at the first rating date. Severity of downy mildew varied
significantly among cultivars at the other rating dates (Table 8). When disease pressure
was considered the highest on 01 Oct. 2011, the O. basilicum sweet type basils (1.0 to
3.0), O. basilicum ‘Cinnamon’ (1.5) and clove and Thai (1.0 to 1.2) basils had
significantly higher severity ratings than citrus (0.2 to 0.8), spice (0.0) and holy (0.0)
basils. The O. x africanum (syn. O. x citriodorum) citrus, O. americanum (syn. O.
canum) spice and O. tenuiflorum (syn. O. sanctum) holy basils had the lowest severity
ratings on 01 Oct. 2011 (0 to 0.8), suggesting that these basil have the lowest
susceptibility to basil downy mildew (Table 8).
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Morphological characteristics of the varieties used in the 2010 and 2011 variety trial
are presented in Tables 9 to 12. Leaf shape ratings were described as either flat,
downward curved or upward curved. Leaf margin ratings varied from strongly serrated
to smooth. Leaf texture ratings varied from smooth to strongly ridged. Leaf color ratings
included shades of green and purple. Flowering period ranged from early, mid-season or
late-season. Aroma ranged on a scale of 1.0 (weak / mild pungency) to 3.0 (strong
pungency).
In 2010 and 2011 at the Rutgers Agricultural Research and Extension Center
(RAREC) in southern New Jersey, the O. basilicum sweet type basils were determined to
be most susceptible to basil downy mildew based on incidence and severity foliar ratings.
These results are similar to trials conducted in Florida, Germany, New York, Oklahoma,
Ontario, Indiana, and New Jersey (Damicone, 2010; Egel et al., 2012; McGrath, 2011;
Mersha, et al., 2012d; Römer, et al., 2010; Westerveld et al., 2012; Wyenandt et al.,
2010).
It is important to note that although the O. basilicum species are most susceptible to
basil downy mildew, there were variations in susceptibility observed for different species,
cultivars and breeding lines of O. basilicum. This was also true of O. x africanum, O.
americanum, and O. tenuiflorum basil species, cultivars and breeding lines. The
differences in disease susceptibility could have been caused by a number of factors
including morphological variability, incorrect species identification, genetic variability,
differences in genetic content and differences in essential oil content and composition.
It has been demonstrated that there is wide morphological variability in the genus
Ocimum (Nurzyńska-Wierdak, 2007; Simon et al., 1990). This variability results in
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differences in a number of characteristics including growth, vigor, uniformity, 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; Simon et al., 1999; Singh
et al., 2002). Some of these morphological characteristics in the different basil species,
cultivars and/or breeding lines could provide a more optimal environment that is
favorable for downy mildew development including increased stomatal density and
downward leaf curvature. These and other morphological characteristics may provide a
reason why certain cultivars and breeding lines of the same species vary in susceptibility
to the disease.
In 2002, Dhar confirmed that the free flow of genes between different species, dibasic
chromosome number, polyploidy, self-and cross pollination, migration and
environmental variables resulted in changes in the genus Ocimum. These changes led to
a large number of species, subspecies, varieties, and forms and also resulted in taxonomic
confusion (Putievsky and Galambosi, 1999; Tucker, 1986). This may be a reason why
some species, cultivars and breeding lines in the variety trials conducted in 2010 and
2011 varied in susceptibility. Many basil cultivars that are not genetically uniform are
named and marketed according to morphological characteristics (Putievsky and
Galambosi, 1999). In other variety trials, significant differences have been observed in
seed quality, trueness to type and plant growth characteristics (Simon and ReissBubenheim, 1988). Morphological characteristics may not be adequate to identify the
species (Simon et al, 1990). Therefore, species, varieties and breeding lines used in this
and many other recent studies may not have been true to name.
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Spice and citrus basil species are examples of recent taxonomic changes within the
genus Ocimum. O. americanum, also known as spice basil, is believed to have originated
as an allopolyploid from O. canum and O. basilicum (Sobti and Pushpangadan, 1982).
While it is believed that leaf form, size and habit resemble O. basilicum, other
characteristics including the hairiness, resemble O. canum (Darrah, 1980). Citrus basil is
believed to have resulted from a cross between O. basilicum and O. americanum (Paton
and Putievsky, 1996). While both of these basil species are related to the sweet basil
species O. basilicum, O. basilicum is a more distant relative to spice basil compared to
citrus basil. This may be why citrus basil species are more susceptible to basil downy
mildew compared to spice basils.
There may also be another reason why some citrus basil cultivars and breeding lines
are more susceptible compared to other citrus basil cultivars and breeding lines. From
taxonomic studies, it has been determined that some cultivars of citrus basil including
‘Sweet Dani Lemon Basil’ and ‘Lemon Mrs. Burns’ are influenced more by the O.
basilicum parent lines than other citrus cultivars and breeding lines. ‘Sweet Dani Lemon
Basil’ and ‘Lemon Mrs. Burns’ cultivars were selected from O. basilicum populations
and have been denominated as O. basilicum by Paton (Vieira et al., 2003). These crosses
may also help to explain the variability in susceptibility within cultivars and breeding
lines evaluated in this and other studies.
A study done by Carović-Stanko et al. in 2010 separated Ocimum into two separate
clades based on genetic differences. The first clade consisted of varieties and cultivars of
O. basilicum and O. minimum. The second clade consisted of O. americanum, O. x
africanum and two O. basilicum var. purpurascens accessions. These species shared
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common parental genomes (Carović-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 chromosome number (Carović-Stanko et al., 2010). The
genetic differences between these species, especially between O. basilicum and O.
tenuiflorum may also provide a reason why these species vary greatly in susceptibility.
Essential oil content may also influence disease susceptibility. According to
Deschamps and Simon in a study done in 2006, essential oils of basil contain many
terpenoids such as linalool, citral, 1,8-cineole and limonene and phenylpropanoids such
as methyl chavicol and eugenol. These are produced in glandular trichomes and are
involved in plant defense responses in basil (Deschamps and Simon, 2006). It was
discovered that terpenoids including β-caryophyllene, linalool, 1,8-cineole and limonene
were inducible in basil following treatment with elicitors including chitosan, methyl
jasmonate and methyl salicylate (Deschamps and Simon, 2006). Jasmonates induced the
biosynthesis of terpenoid compounds that are released when plants respond to pathogen
attack (Deschamps and Simon, 2006). Methyl salicylate is the volatile compound
produced that may serve as an airborne signal to activate disease resistance and defense
genes in surrounding plants (Deschamps and Simon, 2006). Elicitors have been shown to
induce disease resistance by increasing biosynthesis of secondry products that promote
plant defense (Deschamps and Simon, 2006).
Basil susceptibility could be influenced by antifungal properties of some essential
oils produced by certain Ocimum species (Darrah, 1980). Certain species of Ocimum are
known to possess fungitoxicity against mycelial growth or spore germination of certain
phytopathogenic fungi (Pandey and Dubey, 1994). Exudates or extracts of O. basilicum
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demonstrated allelopathic effects on rhizospheric and phyllospheric fungi (Dhar, 2002).
In a study conducted by Gulati and Sinha in 1989, oil of O. tenuiflorum was effective
against the fungus Epidermophyton cresens. A treatment using ethanolic extract of O.
tenuiflorum helped keep tomato fruit free of Aspergillus niger for approximately one
week (Sinha and Saxena, 1989). The essential oil of O. canum was effective on
damping-off disease caused by Pythium aphanidermatum, P. debaryanum and
Rhizoctonia solani (Pandey and Dubey, 1994). O. canum oil also inhibited the growth of
other fungi including Fusarium oxysporum f. sp. siceri, F. sesame, F. semitectum,
Alternaria brassicae, A. solani, A. tenuissima, Cladosporium cladosporioides,
Helminthosporium oryzae, Penicillium citrinum, Colletotrichum sp. and Drechslera
auntii (Pandey and Dubey, 1994). In a study done by Dixit and Shukla in 1992, it was
discovered that leaf extracts of O. gratissimum exhibited toxicity against two species of
Aspergillus. It was also discovered that the oil of this plant exhibited a broad fungitoxic
spectrum that inhibited fifty storage fungi (Naithani and Kakkar, 2002). O. gratissium
was also tested for fungicidal characteristics against five plant pathogens that cause root
rot and leaf blight and it was discovered that eugenol oil inhibited radial growth of
Sclerotium, Rhizoctonia and Alternaria (Naithani and Kakkar, 2002).

CONCLUSION
In 2010 and 2011, downy mildew development varied significantly among cultivars,
species and breeding lines. The sweet basils (O. basilicum) were determined to be most
susceptible in both years of this study. In 2010, the most susceptible sweet basil varieties
included ‘Eowyn E.93.6156JW’, ‘Dolly E 93.7962’, ‘Superbo’ and ‘Edwina’, ranging
from 85.0 to 94.0% incidence on the last rating date. The least susceptible of the sweet
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basil varieties in 2010 included ‘Marseilles’, ‘E93.8109’, ‘Red Rubin’ and ‘Basil (Red)’
ranging from 30.0 to 52.1% on the last rating date. In 2010, the O. basilicum cinnamon,
licorice, clove and Thai basils were considered to be moderately susceptible, ranging
from 28.0 to 65.0% incidence at the last rating date. The least susceptible licorice basil
was ‘Magical Michael’, which averaged 28.0% incidence at the last rating. The O. x
africanum (syn. O. x citriodorum) citrus, O. americanum (syn. O. canum) spice, and O.
tenuiflorum (syn. O. sanctum) holy basils were least susceptible, ranging from 0.0 to
4.0% incidence at the last 2010 rating date.
In 2011, the most susceptible sweet basil varieties included ‘Emily’, ‘Edwina’,
‘Aroma 2’, ‘Superbo’ and ‘Italian Large Leaf’, ranging from 95.0 to 100.0% incidence on
the last rating date. The least susceptible of the sweet basil varieties was ‘Red Rubin’
which averaged 50.0% incidence on the last rating date. In 2011, the O. basilicum
cinnamon and Thai basils were in the general category of moderately susceptible in this
study ranging from 27.0 to 69.0% incidence at the last rating date. The least susceptible
Thai basil was ‘Thai Siam Queen’, which averaged 27.0% incidence at the last rating.
The O. x africanum (syn. O. x citriodorum) citrus, O. americanum (syn. O. canum) spice
and O. tenuiflorum (syn. O. sanctum) holy basils were least susceptible in this study
ranging from 0.0 to 8.0% incidence at the last rating date (Table 7).
Studying additional factors such as the effect of morphological characteristics of
Ocimum spp. on Peronospora belbarhii, clarifying taxonomic confusion, revising the
taxonomy of the genus, and studying the effects of essential oils on Peronospora
belbarhii may also help in the development and breeding of downy mildew resistant
sweet basil cultivars.
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Table 5. Basil species, cultivar or advanced breeding line, type and rating scores for basil downy
mildew incidence at three rating dates in 2010 at the Rutgers Agricultural Research and Extension
Center, Bridgeton, NJ
Downy Mildew (%)1 ,2
Species
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. x africanum
(O. x citriodorum)
O. x africanum
(O. x citriodorum)
O. americanum
(0. canum)
O. americanum
(0. canum)
O. x africanum
(O. x citriodorum)
O. x africanum
(O. x citriodorum)
O. x africanum
(O. x citriodorum)
O. tenuiflorum
(O. sanctum)
O. americanum
(0. canum)
1

Cultivar / Breeding
Line
Eowyn E.93.6156JW
Dolly E 93.7962
Superbo
Edwina
E93.7962
Aroma 2
Piccolino
Emily
Genoveser Standart
Marian
Genoveser Martina
Nufar
Amethyst Improved
Christmas
E93.08105
Rubin
Marseilles
E93.8109
Red Rubin
Oriental Breeze
Medinette
Thai Siam Queen
Cinnamon
Basil (Red)
Cinnamon
Magical Michael

Basil Type
Sweet
Sweet
Sweet
Sweet
Sweet
Sweet
Sweet
Sweet
Sweet
Sweet
Sweet
Sweet
Sweet
Cinnamon
Sweet
Sweet
Sweet
Sweet
Sweet
Cinnamon
Clove
Clove
Cinnamon
Sweet
Cinnamon
Licorice

Lemona

26 Aug.3
83.0 a-c
96.0 a
61.0 b-e
50.0 d-g
93.0 ab
67.0 a-e
9.0 jk
79.0 a-d
67.0 a-e
54.0 c-f
58.0 c-f
68.0 a-e
65.0 a-e
49.0 d-g
42.1 e-j
37.0 e-j
16.0 h-k
44.0 e-i
59.0 c-f
51.0 c-g
27.0 f-k
42.0 e-i
58.0 b-f
48.0 d-h
48.0 d-h
21.0 g-k

17 Sept.3
95.0 ab
93.0 a-c
94.0 a-c
91.0 a-c
95.0 ab
98.0 ab
62.0 c-e
99.0 a
94.0 a-c
90.0 a-c
98.0 ab
92.0 a-c
91.0 a-c
92.0 a-c
94.1 a-c
84.0 a-c
66.0 b-d
80.0 a-c
89.0 a-c
86.0 a-c
76.0 a-c
72.0 a-c
94.0 a-c
91.0 a-c
92.0 a-c
86.0 a-c

9 Oct. 3
94.0 a
89.0 ab
85.0 a-c
85.0 a-c
84.0 a-c
83.0 a-d
80.0 a-e
78.0 a-f
77.0 a-f
75.0 a-g
73.0 a-g
70.0 a-g
67.0 a-g
65.0 a-h
56.7 b-i
53.0 b-i
52.1 b-i
51.0 d-i
50.0 e-i
46.0 f-i
44.0 g-i
32.0 ij
31.9 h-j
30.0 ij
29.0 ij
28.0 ij

Citrus

9.0 jk

31.0 e-g

4.0 j

Mrs. Burns Lemon

Citrus

12.0 i-k

34.0 d-f

1.1 j

Blue Spice
Hybrid basil, Blue
Spice F1

Spice

0.0 k

0.0 g

0.0 j

Spice

0.0 k

0.0 g

0.0 j

Lime

Citrus

0.0 k

2.0 fg

0.0 j

Lime
Sweet Dani Lemon
Basil

Citrus

0.0 k

3.0 fg

0.0 j

Citrus

0.0 k

7.0 fg

0.0 j

Holy Red and Green

Holy

3.0 k

0.0 g

0.0 j

Spice

Spice

2.0 k

0.0 g

0.0 j

Downy 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.
2
In 2010, it was noted that block 1, experimental unit 28 (‘Cinnamon’) and block 2, experimental unit 5 (‘E93.08105’) were not
planted. Block 1, experimental unit 30 (‘Marseilles’), block 4, experimental unit 31 (‘Mrs. Burns Lemon’), and block 4, experimental
unit 30 (‘Marseilles’) were dead when the fourth rating was conducted.
3
Means followed by the same letter are not significantly different according to least significant difference test at P <0.0001.
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Table 6. Basil species, cultivar or advanced breeding line, type and rating scores for basil downy
mildew severity at three rating dates in 2010 at the Rutgers Agricultural Research and Extension
Center, Bridgeton, NJ
Downy Mildew Severity (1-3)1, 2

1

Species
O. basilicum

Cultivar / Breeding line
Piccolino

Basil Type
Sweet

26 Aug. 3
0.7 d-g

17 Sept. 3
2.2 a-d

9 Oct. 3
1.7 a

O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. x africanum
(O. x citriodorum)
O. x africanum
(O. x citriodorum)
O. americanum
(0. canum)
O. americanum
(0. canum)
O. americanum
(0. canum)
O. x africanum
(O. x citriodorum)
O. x africanum
(O. x citriodorum)
O. tenuiflorum
(O. sanctum)
O. x africanum
(O. x citriodorum)

Eowyn E.93.6156JW
Aroma 2
Dolly E 93.7962
E93.7962
Marseilles
Emily
Superbo
Genoveser Standard
Marian
Nufar
Genoveser Martina
Christmas
E93.08105
Cinnamon
Edwina
Oriental Breeze
Magical Michael
Rubin
Amethyst Improved
Cinnamon
Medinette
E93.8109
Thai Siam Queen
Red Rubin
Basil (Red)
Mrs. Burns Lemon

Sweet
Sweet
Sweet
Sweet
Sweet
Sweet
Sweet
Sweet
Sweet
Sweet
Sweet
Cinnamon
Sweet
Cinnamon
Sweet
Cinnamon
Licorice
Sweet
Sweet
Cinnamon
Clove
Sweet
Clove
Sweet
Sweet
Citrus

2.5 ab
1.2 c-f
2.7 a
2.7 a
0.7 d-g
2.0 a-c
1.2 c-f
1.5 b-e
1.2 c-f
1.5 b-e
1.2 c-f
1.5 b-e
1.4 b-f
1.0 c-g
1.7 a-d
1.7 a-d
0.7 d-g
1.0 c-g
1.0 c-g
1.2 c-f
1.0 c-g
1.0 c-g
1.0 c-g
1.0 c-g
1.0 c-g
1.0 c-g

3.0 a
3.0 a
2.7 ab
3.0 a
2.2 a-d
3.0 a
3.0 a
2.7 ab
2.5 a-c
2.2 a-d
2.7 ab
2.0 a-e
2.7 a-c
2.3 a-d
2.5 a-c
1.2 d-g
1.7 b-f
1.5 c-g
1.7 b-f
2.5 a-c
1.2 d-g
1.2 d-g
1.7 b-f
1.2 d-g
1.5 c-g
1.0 e-h

1.7 a
1.7 a
1.7 a
1.7 a
1.4 ab
1.2 ab
1.2 ab
1.2 ab
1.2 ab
1.2 ab
1.2 ab
1.2 ab
1.1 a-c
1.0 a-c
1.0 a-c
1.0 a-c
1.0 a-c
1.0 a-c
1.0 a-c
1.0 a-c
1.0 a-c
1.0 a-c
1.0 a-c
1.0 a-c
1.0 a-c
0.3 bc

Lemona

Citrus

0.7 d-g

1.0 e-h

0.2 bc

Spice

Spice

0.2 fg

0.0 h

0.0 c

Blue Spice

Spice

0.0 g

0.0 h

0.0 c

Hybrid basil, Blue Spice Spice
F1
Sweet Dani Lemon Basil Citrus

0.0 g

0.0 h

0.0 c

0.0 g

0.7 f-h

0.0 c

Lime

Citrus

0.0 g

0.5 gh

0.0 c

Holy Red and Green

Holy

0.5 e-g

0.0 h

0.0 c

Lime

Citrus

0.0 g

0.5 gh

0.0 c

Mean ratings for downy mildew 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.
2
In 2010, it was noted that block 1, experimental unit 28 (‘Cinnamon’) and block 2, experimental unit 5 (‘E93.08105’) was not
planted. Block 1, experimental unit 30 (‘Marseilles’), block 4, experimental unit 31 (‘Mrs. Burns Lemon’), and block 4,
experimental unit 30 (‘Marseilles’) were dead when the fourth rating was conducted.
3
Means followed by the same letter are not significantly different according to least significant difference test at P <0.0001.
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Figure 3. Basil species, cultivar or advanced breeding line and percent downy mildew at three rating dates in 2010 at the Rutgers Agricultural
Research and Extension Center, Bridgeton, NJ

80

81

Table 7. Basil species, cultivar or advanced breeding line, type and rating scores for basil downy
mildew incidence at three rating dates in 2011 at the Rutgers Agricultural Research and Extension
Center, Bridgeton, NJ
Downy Mildew (%)1
Species

Cultivar / Breeding
Line

O. basilicum

Emily

O. basilicum

3 Sept. 2

17 Sept. 2

1 Oct. 2

Sweet

86.0 ab

100.0 a

100.0 a

Edwina

Sweet

87.0 ab

99.0 a

98.0 a

O. basilicum

Aroma 2

Sweet

98.0 a

100.0 a

98.0 a

O. basilicum

Superbo

Sweet

84.0 ab

100.0 a

97.0 a

O. basilicum

Italian Large Leaf

Sweet

69.0 bc

93.0 a

95.0 a

O. basilicum

Nufar

Sweet

84.0 ab

97.0 a

92.0 ab

O. basilicum

Marseilles

Sweet

29.0 ef

81.0 ab

80.0 a-c

O. basilicum

Cinnamon

Cinnamon

49.0 c-e

81.0 ab

69.0 b-d

O. basilicum

Queenette

Clove

54.0 cd

93.0 a

62.0 cd

O. basilicum

Red Rubin

Sweet

73.0 bc

68.0 b

50.0 de

O. basilicum

Medinette

Clove

34.0 de

79.0 ab

48.0 de

O. basilicum

Thai Siam Queen

Clove

32.0 d-f

65.0 b

27.0 ef

O. x africanum
(O. x citriodorum)

Lemon

Citrus

2.0 g

2.0 c

8.0 fg

O. x africanum
(O. x citriodorum)

Lime

Citrus

0.0 g

0.0 c

6.0 fg

O. x africanum
(O. x citriodorum)

Sweet Dani Lemon
Basil

Citrus

0.0 g

7.0 c

3.0 fg

O. x africanum
(O. x citriodorum)

Mrs. Burns Lemon

Citrus

8.0 fg

21.0 c

3.0 fg

O. americanum
(0. canum)

Hybrid basil, Blue
Spice F1

Spice

0.0 g

0.0 c

0.0 g

O. americanum
(0. canum)

Spice

Spice

0.0 g

0.0 c

0.0 g

O. tenuiflorum
(O. sanctum)

Holy Red and Green

Holy

0.0 g

0.0 c

0.0 g

O. americanum
(0. canum)

Blue Spice

Spice

0.0 g

0.0 c

0.0 g

Basil Type

1

Downy 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.

2

Means followed by the same letter are not significantly different according to least significant difference test at P
<0.0001.
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Table 8. Basil species, cultivar or advanced breeding line, type and rating scores for basil downy
mildew severity at three rating dates in 2011 at the Rutgers Agricultural Research and Extension
Center, Bridgeton, NJ
Downy Mildew Severity (1-3) 1
Species

Cultivar / Breeding
Line

Basil Type

O. basilicum

Edwina

O. basilicum
O. basilicum

3 Sept. 2

17 Sept. 2

1 Oct. 2

Sweet

2.0 ab

3.0 a

3.0 a

Superbo

Sweet

1.7 a-c

3.0 a

3.0 a

Aroma 2

Sweet

2.7 a

3.0 a

3.0 a

O. basilicum

Emily

Sweet

2.0 ab

3.0 a

3.0 a

O. basilicum

Italian Large Leaf

Sweet

1.2 b-d

3.0 a

2.7 a

O. basilicum

Nufar

Sweet

1.5 bc

2.5 ab

2.5 ab

O. basilicum

Marseilles

Sweet

0.7 c-e

2.2 a-c

2.2 a-c

O. basilicum

Cinnamon

Cinnamon

1.0 b-e

1.5 b-d

1.5 b-d

O. basilicum

Queenette

Clove

1.5 bc

2.5 ab

1.2 c-e

O. basilicum

Red Rubin

Sweet

1.5 bc

1.3 cd

1.0 d-f

O. basilicum

Medinette

Clove

1.0 b-e

1.5 b-d

1.0 d-f

O. basilicum

Thai Siam Queen

Clove

1.0 b-e

1.0 de

1.0 d-f

O. x africanum

Lime

Citrus

0.0 e

0.0 e

0.8 d-f

Lemon

Citrus

0.3 de

0.5 de

0.7 d-f

Mrs. Burns Lemon

Citrus

1.0 b-e

1.0 de

0.7 d-f

Sweet Dani Lemon
Basil

Citrus

0.0e

1.0 de

0.2 ef

(O. x citriodorum)
O. americanum

Blue Spice

Spice

0.0 e

0.0 e

0.0 f

Spice

Spice

0.0 e

0.0 e

0.0 f

Hybrid basil, Blue
Spice F1

Spice

0.0 e

0.0 e

0.0 f

(0. canum)
O. tenuiflorum

Holy Red and Green

Holy

0.0 e

0.0 e

0.0 f

(O. x citriodorum)
O. x africanum
(O. x citriodorum)
O. x africanum
(O. x citriodorum)
O. x africanum

(0. canum)
O. americanum
(0. canum)
O. americanum

(O. sanctum)
1

Mean 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.

2

Means followed by the same letter are not significantly different according to least significant difference test at P
<0.0001.
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Figure 4. Basil species, cultivar or advanced breeding line and percent downy mildew at three rating dates in 2011 at the Rutgers Agricultural
Research and Extension Center, Bridgeton, NJ
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Table 9. Basil species, cultivar, or advanced breeding line plant height and spread, leaf
length and leaf width in 2010 at the Rutgers Agricultural Research and Extension Center,
Bridgeton, NJ
Species, cultivar or
advanced breeding line
Basil (Red)
Dolly E 93.7962
Edwina
Emily
E93.08105
E93.7962
E93.8109
Eowyn E.93.6156JW
Genoveser Martina
Genoveser Standart
Lemona
Marian
Piccolino
Rubin
Thai Siam Queen
Sweet Dani Lemon Basil
Amethyst Improved
Aroma 2
Hybrid basil, Blue Spice F1
Cinnamon
Christmas
Holy Red and Green
Lime
Nufar
Red Rubin
Superbo
Blue Spice
Cinnamon
Lime
Marseilles
Mrs. Burns Lemon
Medinette
Magical Michael
Oriental Breeze
Spice
1

Plant Height
(cm)1
50.9
58.6
53.1
54.1
52.2
56.3
48.3
48.8
50.1
54.5
65.8
59.3
25.4
52.7
44.5
77.9
53.6
67.7
46.1
61.2
39.8
59.3
49.7
58.8
49.6
58.8
47.4
61.4
48.3
40.1
63.5
42.2
40.0
60.0
45.1

Plant Spread
(cm)1
47.4
47.6
48.0
46.8
45.0
52.9
45.7
49.2
48.6
54.2
54.2
52.1
38.1
39.9
47.6
65.2
43.6
54.6
52.7
54.6
44.0
48.7
52.5
55.0
48.0
54.0
55.9
57.9
50.8
44.3
57.2
43.3
44.2
52.7
51.0

Leaf Length
(cm)2
6.5
7.5
6.3
7.1
6.6
7.2
7.3
8.3
7.2
7.0
5.0
4.7
2.1
6.6
6.8
5.3
6.9
5.8
4.8
5.7
5.2
7.1
4.6
8.8
6.6
6.9
4.8
4.8
4.4
5.9
5.4
4.1
5.7
6.9
4.8

Leaf Width
(cm)2
3.5
4.1
3.2
3.4
3.2
3.7
4.0
4.3
3.9
3.6
2.5
2.4
1.0
3.4
2.6
2.7
4.1
2.9
2.8
3.0
2.6
3.5
2.1
4.3
3.6
3.7
2.5
2.6
2.0
3.6
2.7
2.1
3.1
3.3
2.9

Plant height and spread were measured on three randomly selected plants within each experimental unit from each
replicate.
2
Leaf length and width were taken from the second internode from the bottom of the plant from three randomly selected
plants within each experimental unit from each replicate.

4-5

5

3-5

2-5

3

3-4

Ovate;
medium

Ovate;
Medium to
Large
Ovate;
Medium to
Large
Ovate to
Oblong-ovate;
Medium to
Large
Ovate; Large

Narrowovate;
Medium to
Large
Ovate; Large

Ovate; Large

Ovate; Large

Ovate; Large

Ovate

Leaf Shape

Flat to
Slightly
upward

Upward;
Downward

Upward;
Downward

Upward;
Downward
Upward,
Downward
or flat
Upward;
Downward

Upward;
Downward

Upward;
Downward

Upward;
Downward

Downward

Upward

Leaf
Curvature

Smooth to
Slightly
Serrated
Slightly
Serrated

Smooth to
Slightly
Serrated
Smooth to
Slightly
Serrated

Slightly
Serrated
Strongly
Serrated

Smooth to
Slight
Serration
Smooth to
Slightly
Serrated
Smooth to
Slightly
Serrated
Smooth to
Slightly
Serrated

Serrated

Leaf
Margin

Smooth

Ridged

Ridged

Ridged

Ridged;
Shiny

Ridged

Ridged;
Shiny

Ridged

Ridged

Ridged;
Shiny
Ridged

Leaf
Texture

Light
Green

Medium
Green

Medium
Green

Medium
Green

Medium
Green
Purplegreen

Medium
Green

Medium
to Dark
Green
Medium
Green

Purple/gre
en
Medium
Green

Leaf Color

Purple/
white

White

White

White

Purple/
white

White

White

White

White

Purple/
white
White

Flower Color

Early
season

Early
season

Early to
Mid-season

Early to
Mid-season

Early to
Mid-season

Mid-season

Mid-season

Early
season

Early to
Mid-season

Early to
Mid-season
Mid- to
Late season

Flowering
Period

Light
Green

Medium
Green

Medium
Green

Medium
Green

Medium
Green
Dark
Purple

Medium
Green

Medium
Green

Medium
Green

Dark
Purple
Light
Green

Stem
Color

Lemon

Spicysweet

Spicysweet

Sweet

Spicysweet
Spicysweet

Sweet to
Spicysweet
Spicysweet

Sweet

Spicysweet

Sweet

Taste

3

2

1-2

2

1-2

2

2

2

2

2

2

Aroma3

1
Plant vigor was rated on a scale of 1 (weak) to 5 (strong); 2 Plant uniformity was rated on a scale of 1 (very uneven) to 5 (very uniform); 3 Aroma ranged on a scale of 1 (weak / mild pungency) to 3
(strong pungency).

4-5

4-5

Eowyn
E.93.6156
JW
Genoveser
Martina

Lemona

2-5

E93.8109

5

3-5

4-5

E93.7962

Genoveser
Standart

4-5

4-5

E93.08105

3-5

4-5

Emily

4-5

4-5

4-5

4-5

Edwina

3-5

4-5

Basil
(Red)
Dolly E
93.7962

Uniformity2

Vigor1

Variety
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3-4

4-5

3-4

4-5

4-5

Ovate to
elliptic;
Medium to
Large
Ovate; Small
to Medium

Ovate; Large

Ovate to
elliptic;
Medium
Ovate; Small
to Medium

Ovate;
Medium

Narrow to
ovate; Small
to Medium
Ovate; Small

Leaf Shape

Flat to
Slightly
Upward

Upward to
Downward

Flat;
slightly
upward
Upward to
Flat
Flat to
Slightly
Upward
and
Downward
Flat to
Slightly
Upward
Flat to
Slightly
Upward
Upward;
Downward

Leaf
Curvature

Serrated

Slightly
Serrated

Serrated

Smooth to
Slightly
Serrated
Slightly
Serrated

Serrated
to
Strongly
Serrated

Smooth to
Slightly
Serrated
Smooth

Leaf
Margin

2

Plant vigor was rated on a scale of 1 (weak) to 5 (strong).
Plant uniformity was rated on a scale of 1 (very uneven) to 5 (very uniform).
3
Aroma ranged on a scale of 1 (weak / mild pungency) to 3 (strong pungency).

1

3-4

5

5

Sweet Dani
Lemon
Basil
Amethyst
Improved

Hybrid
basil, Blue
Spice F1

3-5

Thai Siam
Queen

5

3-4

4-5

Rubin

Aroma 2

4-5

5

Piccolino

4-5

5

Marian

Uniformity2

Vigor1

Variety

Smooth
to
Slightly
Ridged
Abaxial
Surface
Hairy;
Adaxial
Surface
Velvety

Ridged

Smooth

Smooth;
Shiny

Slightly
Ridged;
Shiny
Smooth;
Shiny
Smooth;
Shiny

Leaf
Texture

Light
Green

Purple to
Purplegreen
Medium
Green

Medium
to Dark
Green
Light
Green

Medium
Green
Purple

Medium
Green

Leaf Color

Purple/
white to
purple

Purple/
white to
purple
White

Purple/
white to
light purple
White

Purple/
white to
magenta

White

White

Flower Color

Early
season

Early to
Mid-season

Mid-season

Early
season

Mid-season

Early
season
Mid-season

Early to
Mid-season

Flowering
Period

Light
Green

Medium
Green

Purple

Light
Green

Medium
Green

Medium
Green
Purple

Medium
Green

Stem
Color

Juicy fruit

Spicysweet

Spicysweet

Lemon

Licorice

Sweet

Sweet

Sweet

Taste

2

2

2

2-3

2-3

1-2

1

2

Aroma3
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3-5

3-5

4-5

4-5

4-5

5

5

Christmas

Holy Red
and Green

Lime

Nufar

Red Rubin

Superbo

Blue Spice

3-5

4-5

4-5

3-4

2-5

3-5

4-5

2-4

Uniformity2

Elliptic to
Ovate; Small
to Medium

Ovate;
Medium

Leaf Shape
Narrow;
Elliptic-ovate;
Small to
Medium
Elliptic-ovate
to Ovate;
Small to
Medium
Ovate to
Oblong-ovate;
Medium to
Large
Elliptical to
Elliptic-ovate;
Narrow;
Small
Ovate; Large;
Pointed; Long
Ovate;
Medium to
Large

Flat to
Slightly
Upward

Upward;
Downward

Upward;
Downward
Flat to
Slightly
Upward

Flat to
Slightly
Upward

Flat to
Slightly
Upward

Flat to
Upward

Leaf
Curvature
Flat to
Slightly
Upward

Plant vigor was rated on a scale of 1 (weak) to 5 (strong).
2
Plant uniformity was rated on a scale of 1 (very uneven) to 5 (very uniform).
3
Aroma ranged on a scale of 1 (weak / mild pungency) to 3 (strong pungency).

1

Vigor1
5

Variety
Cinnamon

Smooth to
Slightly
Serrated
Strongly
Serrated

Serrated

Serrated

Smooth

Serrated

Slightly
Serrated

Leaf
Margin
Serrated

Pubescent

Adaxial
Surface
Velvety;
Abaxial
Surface

Smooth
to
Slightly
Ridged
Ridged;
Shiny

Ridged

Smooth
to
Slightly
Ridged
Adaxial
velvety;
abaxial
smooth
Smooth

Leaf
Texture
Smooth

Light
Green

Medium
Green

Medium
Green
Purple to
Purplegreen

Light
Green

Purplegreen

Dark
Green

Leaf
Color
Medium
to Dark
Green

Purple

White

Purple to
purple/
white

White

White

Magenta to
dark purple

Light
purple

Flower
Color
Purple/
white to
purple

Early
season

Early
season

Mid-season

Mid-season

Early
season

Early to
Mid-season

Early to
Mid-season

Flowering
Period
Early
season

Light
Green

Medium
Green

Medium
Green
Dark
Purple

Light
Green

Dark
Purple

Purplegreen

Stem
Color
Purplegreen

Juicy fruit

Spicysweet

Sweet
Licorice
Spicysweet

Lemonlime

Clove /
camphor

Cinnamon

Taste
Cinnamon

3

1-2

2

2

2-3

3

2

Aroma3
2
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3

1

4-5

5

2-5

5

4-5

3-5

3-5

5

Cinnamon

Lime

Marseilles

Mrs. Burns
Lemon

Medinette

Magical
Michael

Oriental Breeze

Spice

2-5

2-3

3-5

3-4

4-5

1-4

3-5

3

Uniformity2

Ellipticovate;
Small;
Pointed
Ovate;
Narrow;
Small to
Medium
Ovate to
Ellipticovate;
Medium
to Large
Ovate;
Medium
to Large

Ovate;
Small to
Medium
Elliptical
to Ovate;
Small
Ovate,
Ellipticovate;
Small to
Medium
Ovate;
Small to
Medium

Leaf
Shape

Flat

Flat to
Slightly
Upward

Flat to
Slightly
Upward

Flat to
Upward

Flat to
Slightly
Upward

Flat to
Slightly
Upward
Flat to
Slightly
Upward

Flat to
Upward

Leaf
Curvature

Strongly
Serrated

Slightly
Serrated
to
Serrated
Slightly
Serrated
to
Serrated
Slightly
Serrated
to
Serrated

Serrated

Slightly
Serrated
to
Serrated

Smooth

Serrated

Leaf
Margin

Adaxial
Surface
Velvety;
Abaxial
Surface
Pubescent

Smooth to
Slightly
Ridged;
Shiny
Smooth to
Slightly
Ridged

Smooth;
Shiny

Smooth;
Abaxial
Surface
Slightly
Pubescent

Smooth to
Slightly
Ridged

Smooth to
Slightly
Ridged
Smooth

Leaf
Texture

Light Green

Dark Green

Medium to
Dark Green

Medium
Green

Light Green

Medium
Green

Light Green

Dark Green

Leaf Color

Purple

Magenta to
Dark purple

Light purple

White

Purple/white

White

White

White-purple

Flower Color

Early
season

Mid-season

Mid-season

Early
season

Early
season

Mid- to
Late
season

Early
season

Early
season

Flowering
Period

Plant vigor was rated on a scale of 1 (weak) to 5 (strong); 2 Plant uniformity was rated on a scale of 1 (very uneven) to 5 (very uniform).
Aroma ranged on a scale of 1 (weak / mild pungency) to 3 (strong pungency).

Vigor1

Variety

Light
Green

Medium
Green

Medium
Green

Medium
Green

Light
Green

Medium
Green

Light
Green

Purplegreen

Stem
Color

Juicy fruit

Cinnamon

Licorice

Spicy

Lemon to
lemon-lime

Spicysweet

Lemonlime

Cinnamon

Taste

2

2

1-2

2

2

2

2

2

Aroma3
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89

Table 11. Basil species, cultivar, or advanced breeding line plant height and spread, leaf length
and leaf width in 2010 at the Rutgers Agricultural Research and Extension Center, Bridgeton, NJ
Species, cultivar or
advanced breeding line1

Plant Height
(cm)2

Plant Spread
(cm)2

Leaf Length
(cm)3

Leaf Width
(cm)3

Holy Red and Green

67.1

65.0

5.3

2.7

Lime

65.0

65.6

6.2

2.8

Sweet Dani Lemon Basil

70.1

60.3

6.5

3.7

Hybrid basil, Blue Spice F1

67.5

62.2

5.0

2.7

Spice

52.5

56.5

6.1

2.9

Blue Spice

74.7

68.6

5.9

3.5

Lemon

61.6

63.5

5.0

2.8

Red Rubin

73.4

63.5

5.5

3.0

Mrs. Burns Lemon

63.1

63.5

5.2

2.8

Medinette

65.8

64.3

5.9

3.4

Thai Siam Queen

71.8

63.7

5.8

3.1

Queenette

63.9

63.7

5.4

2.9

Marseilles

67.9

64.6

6.6

3.1

Italian Large Leaf

64.6

61.8

5.0

2.9

Nufar

65.0

59.1

5.5

2.9

Cinnamon

76.8

66.9

6.0

3.0

Superbo

72.4

63.5

6.2

3.6

Aroma 2

70.5

67.7

5.7

2.9

Emily

55.5

59.1

5.5

2.8

Edwina

67.3

63.1

5.1

2.7

1

In 2011, plant measurements were collected in early September. In 2010, plant measurements were
collected in early August.

2

Plant height and spread were measured on three randomly selected plants within each experimental unit
from each replicate.

3

Leaf length and width were taken from the second internode from the bottom of the plant from three
randomly selected plants within each experimental unit from each replicate.

5

Blue
Spice

4

3

Elliptic to
Ovate;
Small to
Medium

Ovate;
Medium
to Large

Ovate;
Small to
Medium

Leaf
Shape
Ovate to
Oblongovate;
Medium
to Large
Elliptical
to
Ellipticovate;
Narrow;
Small
Ovate;
Small to
Medium

Flat to
Slightly
Upward

Flat to
Slightly
Upward

Flat to
Slightly
Upward

Flat to
Slightly
Upward

Flat to
Slightly
Upward

Leaf
Curvature
Flat to
Slightly
Upward

Strongly
Serrated

Strongly
Serrated

Serrated

Slightly
Serrated

Smooth

Leaf
Margin
Serrated

2

Plant vigor was rated on a scale of 1 (weak) to 5 (strong).
Plant uniformity was rated on a scale of 1 (very uneven) to 5 (very uniform).
3
Aroma ranged on a scale of 1 (weak / mild pungency) to 3 (strong pungency).

1

4

4-5

5

Spice

4-5

4-5

Sweet
Dani
Lemon
Basil
Hybrid
basil, Blue
Spice F1

4-5

5

Lime

Uniformity2
3-4

Vigor1
3

Variety
Holy Red
and Green

Abaxial
Surface Hairy;
Adaxial
Velvety
Abaxial
Surface Hairy;
Adaxial
Velvety
Abaxial
Surface Hairy;
Adaxial
Velvety

Smooth

Smooth

Leaf Texture
Adaxial
velvety;
abaxial
smooth

Light
Green

Light
Green

Light
Green

Light
Green

Light
Green

Leaf
Color
Purplegreen

Purple

Purplewhite to
Purple

Purplewhite to
purple

White

White

Flower
Color
Magenta to
Dark
Purple

Early
season

Early
season

Early to
Mid-season

Early to
Mid-season

Early to
Mid-season

Flowering
Period
Early to
Midseason

Light
Green

Light
Green

Light
Green

Light
Green

Light
Green

Stem
Color
Dark
Purple

Juicy
Fruit

Juicy
fruit

Juicy
fruit

Lemon

Lemonlime

Taste
Clove /
camphor

1-3

2

1-2

2

3

Aroma3
3
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3

2

1

3-4

3

5

4

5

5

3-4

Red Rubin

Mrs.
Burns
Lemon

Medinette

Thai Siam
Queen

Queenette

Marseilles

Italian
Large Leaf

2-3

4-5

5

4

4

2-3

3

Uniformity2
4

Ovate to
elliptic
Ovate;
Ellipticovate;
Small to
Medium
Ovate

Ellipticovate;
Small;
Pointed
Ovate to
elliptic;
Medium

Ovate;
Medium
to Large
Ovate;
Small to
Medium

Leaf
Shape
Ovate

Upward
and
Downward

Flat to
Slightly
Upward

Upward

Flat to
Slightly
Upward

Flat to
Upward

Leaf
Curvature
Flat to
Slightly
Upward
Flat to
Slightly
Upward
Flat to
Slightly
Upward

Serrated

Smooth
to
Slightly
Serrated
Slightly
Serrated
Slightly
Serrated

Slightly
Serrated

Serrated

Serrated

Leaf
Margin
Slightly
Serrated

Plant uniformity was rated on a scale of 1 (very uneven) to 5 (very uniform).
Aroma ranged on a scale of 1 (weak / mild pungency) to 3 (strong pungency).

Plant vigor was rated on a scale of 1 (weak) to 5 (strong).

Vigor1
5

Variety
Lemon

Ridged

Slightly
Ridged
Smooth to
Slightly
Ridged

Smooth;
Shiny

Smooth to
Slightly
Ridged
Smooth;
Abaxial
Surface
Slightly
Pubescent
Smooth;
Shiny

Leaf Texture
Smooth

Light to
Medium
Green

Medium
Green
Medium
Green

Medium
Green

Medium
Green

Purple to
Purplegreen
Light
Green

Leaf
Color
Light
Green

White

White

Purple

Purple/
white

White

Purplewhite to
Purple
Purplewhite

Flower
Color
White

Mid-season

Mid- to late
season
Late season

Mid- to late
season

Early
season

Early
season

Mid- to
Late season

Flowering
Period
Early to
Mid-season

Light
Green

Light to
Medium
Green

Purple

Medium
green

Light to
Medium
Green

Light
Green

Dark
Purple

Stem
Color
Light
Green

Spicysweet

Spicysweet

Licorice

Licorice

Spicy

Lemon

SpicySweet

Taste
Lemon

3

2

2

2

2

3

1-2

Aroma3
3
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5

5

4-5

4

4

3-4

Nufar

Cinnam
on

Superbo

Aroma 2

Emily

Edwina

3-5

3

2-4

3-4

4

4

Uniformity2

Ovate;
Large

Ovate to
elliptic;
Medium to
Large
Ovate;
Large

Ovate;
Medium

Ovate;
Large;
Pointed;
Long
Narrow;
Ellipticovate;
Small to
Medium

Leaf Shape

Upward and
Downward

Upward and
Downward

Upward and
Downward

Upward and
Downward

Flat to
Slightly
Upward

Upward
and
Downward

Leaf
Curvature

Smooth to
Slightly
Serrated

Slightly
Serrated

Slightly
Serrated

Slightly
Serrated

Serrated

Serrated

Leaf
Margin

2

Plant vigor was rated on a scale of 1 (weak) to 5 (strong).
Plant uniformity was rated on a scale of 1 (very uneven) to 5 (very uniform).
3
Aroma ranged on a scale of 1 (weak / mild pungency) to 3 (strong pungency).

1

Vigor1

Variety

Ridged

Ridged

Slightly Ridged

Ridged

Smooth to
Slightly Ridged

Ridged

Leaf Texture

Medium
Green

Medium
Green

Light to
Medium
Green
Medium
Green

Medium
Green

Medium
Green

Leaf
Color

White

White

White

White

Purple-white

White

Flower Color

Early to
Mid-season

Early
season

MidSeason

Midseason

Midseason

Mid- to
Late
season

Flowering
Period

Light to
Medium
Green
Medium
Green

Light to
Medium
Green

Light
Green

Purplegreen

Light to
Medium
Green

Stem
Color

Sweet

Spicysweet

Spicysweet

1-2

1-2

2

3

1

Cinnamon

Spicysweet

2

Aroma3

Spicysweet

Taste
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3-4

3

5

4

5

5

Red
Rubin

Mrs.
Burns
Lemon

Medinette

Thai Siam
Queen

Queenette

Marseilles

4-5

5

4

4

2-3

3

Uniformity2
4

Ovate to
elliptic
Ovate;
Ellipticovate;
Small to
Medium
Ovate

Ellipticovate;
Small;
Pointed
Ovate to
elliptic;
Medium

Ovate;
Medium
to Large
Ovate;
Small to
Medium

Leaf
Shape
Ovate

Flat to
Slightly
Upward

Upward

Flat to
Slightly
Upward

Flat to
Upward

Leaf
Curvature
Flat to
Slightly
Upward
Flat to
Slightly
Upward
Flat to
Slightly
Upward

Smooth
to
Slightly
Serrated
Slightly
Serrated
Slightly
Serrated

Slightly
Serrated

Serrated

Serrated

Leaf
Margin
Slightly
Serrated

Italian
3-4
2-3
Upward
Serrated
Large
and
Leaf
Downward
1
Plant vigor was rated on a scale of 1 (weak) to 5 (strong).
2
Plant uniformity was rated on a scale of 1 (very uneven) to 5 (very uniform).
3
Aroma ranged on a scale of 1 (weak / mild pungency) to 3 (strong pungency).

Vigor1
5

Variety
Lemon

Ridged

Slightly
Ridged
Smooth to
Slightly
Ridged

Smooth;
Shiny

Smooth to
Slightly
Ridged
Smooth;
Abaxial
Surface
Slightly
Pubescent
Smooth;
Shiny

Leaf Texture
Smooth

Light to
Medium
Green

Medium
Green
Medium
Green

Medium
Green

Medium
Green

Purple to
Purplegreen
Light
Green

Leaf
Color
Light
Green

White

White

Purple

Purple/
white

White

Purplewhite to
Purple
Purplewhite

Flower
Color
White

Mid-season

Mid- to late
season
Late season

Mid- to late
season

Early
season

Early
season

Mid- to
Late season

Flowering
Period
Early to
Mid-season

Light
Green

Light to
Medium
Green

Purple

Medium
green

Light to
Medium
Green

Light
Green

Dark
Purple

Stem
Color
Light
Green

Spicysweet

Spicysweet

Licorice

Licorice

Spicy

Lemon

SpicySweet

Taste
Lemon

3

2

2

2

2

3

1-2

Aroma3
3
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5

5

4-5

4

4

3-4

Nufar

Cinnamon

Superbo

Aroma 2

Emily

Edwina

3-5

3

2-4

3-4

4

4

Uniformity2

Ovate;
Large

Ovate to
elliptic;
Medium
to Large
Ovate;
Large

Ovate;
Medium

Ovate;
Large;
Pointed;
Long
Narrow;
Ellipticovate;
Small to
Medium

Leaf
Shape

Upward and
Downward

Upward and
Downward

Upward and
Downward

Upward and
Downward

Flat to
Slightly
Upward

Upward
and
Downward

Leaf
Curvature

Smooth
to
Slightly
Serrated

Slightly
Serrated

Slightly
Serrated

Slightly
Serrated

Serrated

Serrated

Leaf
Margin

2

Plant vigor was rated on a scale of 1 (weak) to 5 (strong).
Plant uniformity was rated on a scale of 1 (very uneven) to 5 (very uniform).
3
Aroma ranged on a scale of 1 (weak / mild pungency) to 3 (strong pungency).

1

Vigor1

Variety

Ridged

Ridged

Slightly Ridged

Ridged

Smooth to
Slightly Ridged

Ridged

Leaf Texture

Medium
Green

Medium
Green

Light to
Medium
Green
Medium
Green

Medium
Green

Medium
Green

Leaf
Color

White

White

White

White

Purple-white

White

Flower Color

Early to
Mid-season

Early
season

MidSeason

Midseason

Midseason

Mid- to
Late
season

Flowering
Period

Light to
Medium
Green
Medium
Green

Light to
Medium
Green

Light
Green

Purplegreen

Light to
Medium
Green

Stem
Color

Sweet

Spicysweet

Spicysweet

1-2

1-2

2

3

1

Cinnamon

Spicysweet

2

Aroma3

Spicysweet

Taste

Table 12. Basil species, cultivar, or advanced breeding line qualitative characteristics at Rutgers Agricultural Research and Extension Center, Bridgeton,
NJ, in 2011 (continued)
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Figure 5. ‘Cinnamon’ (O. basilicum)
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Figure 6. ‘Thai Siam Queen’ (O. basilicum)
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Figure 7. ‘Genovese Standard’ (O. basilicum)
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Figure 8. ‘Red Rubin’ (O. basilicum)
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Figure 9. ‘Blue Spice’ (O americanum [syn. O. canum])
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Figure 10. ‘Sweet Dani Lemon Basil’ (O. x africanum [syn. O. x citriodorum])
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Figure 11. ‘Mrs. Burns Lemon’ (O. x africanum [syn. O. x citriodorum])
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Figure 12. ‘Holy Red and Green’ (O. tenuiflorum [syn. O. sanctum])
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Figure 13. Purplish gray sporangia of Peronospora belbahrii developing on abaxial leaf surface
of an infected sweet basil leaf
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Figure 14. Yellowing and necrosis caused by Peronospora belbahrii developing on the adaxial
and abaxial surfaces of infected sweet basil leaves
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CHAPTER 3: STOMATA LENGTH AND DENSITY AND BASIL DOWNY
MILDEW INCIDENCE
INTRODUCTION
Stomata Purpose and Function
Stomata are small pores on the abaxial and/or adaxial surfaces of leaves, stems,
flowers and fruits of plants that are bound by a pair of specialized epidermal cells called
guard cells (Allégre et al., 2009; Hetherington and Woodward, 2003; Kramer and Boyer,
1995; Underwood et al., 2007; Withers et al., 2011). Guard cells vary the aperture of the
pore when turgor pressure changes (Underwood et al., 2007). An increase in turgor of
guard cells opens stomata and a decrease in turgor closes stomata (Kramer and Boyer,
1995). The size of the stomatal pore changes in response to environmental conditions as
part of the plant’s adaptation in order to maximize photosynthetic efficiency and
minimize water loss (Underwood et al., 2007). The opening and closing of stomata are
influenced by a number of abiotic and biotic factors and external and internal stimuli
including light intensity, temperature, CO2 concentration, humidity, drought stress,
genotype, leaf and plant age, and phytohormones (Allégre et al., 2009; Kramer and
Boyer, 1995; Riikonen et al., 2008; Underwood et al., 2007). The major phytohormone
that plays an important role in the regulation of stomatal opening and closing is abscisic
acid (ABA) (Allégre et al., 2009; Withers et al., 2011). ABA is a component of stressrelated signaling pathways in plants. This phytohormone plays a role in guard cell
signaling, leading to stomatal closure. The ABA signal is transduced through a network
of signaling events that include the production of nitric oxide (NO) and hydrogen
peroxide (H2O2), signaling intermediates including guard cell-specific OST1 kinase and
changes in cytosalic Ca2+ oscillations (Underwood et al., 2007). The signaling events
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that are triggered by ABA lead to regulation of ion channels such as the guard cell
outwardly rectifying potassium channel which modulates ion efflux from the guard cells.
Ion efflux from guard cells drives the efflux of water. This results in a change in guard
cell turgor pressure that leads to the closure of the stomatal pore (Underwood et al.,
2007). Defense-signaling molecules such as salicylic acid (SA) in the plant can control
stomata opening and closing (Melotto et al., 2006).
Stomata appeared in terrestrial plants over 400 million years ago. Since then, stomata
have changed greatly in size, shape and density (Hetherington and Woodward, 2003).
Depending on the plant species, stomata can be scattered or distributed in parallel rows
and either sunken below or raised above the leaf surface (Kramer and Boyer, 1995). The
two major morphological types of stomata are the dumb-bell-shaped stomata that are
found in monocots (i.e., grasses) and kidney-shaped stomata that are found in dicots,
including basil (Hetherington and Woodward, 2003).
Stomatal density is determined by stomatal initiation during ontogenesis and by
epidermal cell expansion (Riikonen et al., 2008). It is important to note that stomatal
index in plants varies depending on a number of factors including the developmental
stage of the leaf (Boso et al., 2010). There can also be variations in the number and size
of stomata in various parts of the leaf and among different genotypes and species
(Kramer and Boyer, 1995). Different periods of the lifecycle of the plant also influence
stomatal density. For example, it was determined that during the pod setting period of
pea (Pisum sativum), stomata numbers were higher compared to the flowering period
(Bozoglu and Karayel, 2006). Stomatal density can also change with environmental
conditions, net photosynthesis production, vegetative development phases, the position of
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the leaf, plant species or cultivar, cultivation conditions and altitude. Stomata size is also
influenced in a similar manner (Bozoglu and Karayel, 2006; Stenglein et al., 2005).
Düring (1980) examined such factors when he examined the stomata frequency of 14
Vitis species and cultivars. In the study, he examined stomata on different areas of the
grape leaf, between young and mature leaves and between leaves from the greenhouse
and the field. Düring (1980) observed that all stomata were located only on the lower
leaf surface. The stomatal frequency of mature leaves from field-grown plants varied
depending on the grape species or cultivar. There was no difference in the number of
stomata per mm2 located close to the central vein, in the middle area of a leaf half or near
the margin of the leaf. Except for a few cultivars, the mature grape leaves contained a
smaller number of stomata per mm2 compared to young leaves. It was also found that
young and mature leaves of field-grown plants always had more stomata per mm2
compared to young and mature leaves of greenhouse-grown plants (Düring, 1980).
Stomata regulate the communication between internal tissue and the external
atmosphere by playing a role in gas exchange during photosynthesis and
evapotranspiration (Allégre et al., 2009; Alonso-Villaverde et al., 2011). Gas exchange is
regulated by the opening and closing of the aperture of the stomatal pore and the number
of stomata that are located on the epidermis of the plant (Hetherington and Woodward,
2003). Stomata must balance the uptake of carbon dioxide for photosynthesis, while
controlling transpirational water loss in the plant (Withers et al., 2011).
Stomata also inadvertently play another role that does not favor the plant. This role is
providing a natural opening for the entrance of certain pathogens to the inner leaf tissues
(Allégre et al., 2009; Alonso-Villaverde et al., 2011). There are a number of natural
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openings throughout the plant in which pathogens can enter. These include hydathodes,
stomata, nectarthodes, and lenticels. However, out of all natural openings, stomata are
the largest in number and are one of the most important routes for pathogen entry
(Melotto et al., 2008). The morphological characterization of stomata including their
distribution, number and position within epidermal cells is important in a plant because a
difference in any of these characteristics may alter the ability of the pathogen to invade
the plant. An increase in stomatal density is usually positively correlated with the density
of disease (Stenglein et al., 2005). For example, Shaik (1985) found that the mean
number of rust pustules was positively correlated with the mean stomatal density on the
adaxial leaf surface of the common bean.
Once infection occurs in the plant, the response to this infection in stomata is a loss in
the ability to respond to environmental conditions. In addition to altered stomatal
behavior, stomata may remain open or closed. Fungal pathogens, including downy
mildew pathogens such as Pseudoperonospora humuli, P. cubensis and Plasmopara
viticola, use the stomatal pore as an infection entrance (Allégre et al., 2007; Lebeda and
Cohen, 2011; Royle and Thomas, 1973). Once inside the substomatal chamber, the
pathogen is buffered from insolation and desiccation. This route also aids the pathogen
since host cells are not directly invaded and resistance mechanisms of the plants are not
encountered. The stomatal pore can also serve as an exit for the pathogen.
Sporangiophores, such as those produced by oomycete pathogens, must emerge through
the stomatal pores before sporulation can occur in downy mildew pathogens (Ayres,
1981).
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Stomata Involvement in Downy Mildew
The order Peronosporales consists of three families of plant pathogens. In the family
Peronosporaceae, the obligate parasites that cause downy mildews consist of
Plasmopara, Peronospora, Pseudoperonospora, Sclerospora, and Bremia. In these
pathogens, asexual reproduction occurs by the formation of a sporangium that occurs on a
specialized hypha called a sporangiophore. In Peronospora and other genera that cause
downy mildews, the sporangiophores are branched and contain a single sporangium at the
tip of each branch. These structures emerge from the stomata of the host plant (Link et
al., 2012).
There are two mechanisms for sporangia germination. With many foliar pathogens
including Peronospora, sporangia germinate directly on the surface of the leaf of a
susceptible host plant by formation of a germ tube. This is in contrast to most soil- and
water-inhabiting genera where sporangia germinate indirectly by producing asexual
spores called zoospores (Link et al., 2012).
In the general disease cycle of some Peronospora spp., the pathogen overwinters as an
oospore in an infected plant. When the temperatures become warmer (approximately 520 °C) and there is a leaf wetness duration of at least 6 hours, sporangia are produced and
are then dispersed by wind currents (Horst, 1979; Schwartz and Mohan, 1995; Spencer,
1981; Whitney and Duffus, 1986). Once sporangia land on the leaves of a susceptible
host, germination occurs via a germ tube. The germ tube then enters the leaf through
stomata, where mycelium spreads through the intercellular spaces of the leaf. Branched
haustoria are then formed to obtain nutrients from adjacent host cells. Mycelium
continues to spread and later forms a fungal cushion in substomatal cavities in the leaf.
Sporangiophores then emerge through stomatal openings and a sporangium is produced
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at the tip of each branched sporangiophore (Figure 18). Once the humidity is reduced in
the environment, the sporangia break away from the sporangiophores and are then
disseminated by wind (Pataky, 1988).
Although the disease cycle of basil downy mildew caused by Peronospora belbarhii is
not fully understood, the effect of leaf wetness duration and temperature on infection of
basil by downy mildew is known (Garibaldi et al., 2007). Downy mildew was most
severe when plants were kept wet for a period of 6-12 hours. The pathogen was most
active at 20 °C, while no disease development was observed at 12 or 27 °C. Leaf wetness
of at least 24 hours after symptom appearance is necessary for sporulation (Garibaldi et
al., 2007). It has been observed that sporangia produce a single germ-tube that
penetrates the periclinal wall of the epidermal cells and the stomata. Sporangiophores
have been observed emerging from stomatal openings in basil (Cohen et al., 2013;
Koroch et al., 2013; Mersha et al., 2012a).
In contrast to Peronospora, during the infection process of Pseudoperonospora spp.,
sporangia from an infected plant are dispersed by wind. When sporangia land on a
susceptible host, germination occurs via cytoplasmic cleavage on free water on the leaf
surface, producing biflagellate zoospores. The zoospores swim to open stomata and
encyst there. Encysted zoospores form germ tubes. Next, an appressorium is produced
and then a penetration hypha develops from the appressorium that enters through the
stomatal aperture into leaf tissue. Hyaline coenocytic hyphae then form and grow
intercellularly through the mesophyll and palisade tissues and develop clavate-branched
haustoria within mesophyll cells. These invaginate the plant cell membrane, allow the
pathogen to obtain nutrients from the plant and deliver effector proteins that could
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redirect host metabolism and suppress defense responses in the plant (Savory et al.,
2011). When an infected abaxial leaf surface is observed microscopically, the hyaline
sporangiophores bearing lemon-shaped grey-purple sporangia on sterigmata can be seen
emerging from a stomata in groups of one to six (Savory et al., 2011).
Stomata Studies in the Genus Peronospora
A number of stomatal studies have been conducted on several pathogens in the genus
Peronospora. Some studies focused on stomatal anatomical features that were
characteristic of resistant species, while other studies examined the effects of pathogens
on stomatal development (Bhat, 1996; Downy mildew of onion (Peronospora destructor)
[online]); Kumar et al., 2011; Mahajan and Gill, 1998). Many studies that were
conducted on Peronospora pathogens were similar to the study conducted in this chapter
and focused strictly on the impact of stomatal density and size on disease susceptibility.
These studies concluded that stomatal density played a factor in disease susceptibility
(Bhat, 1996; Downy mildew of onion (Peronospora destructor) [online]; Furst, 1976;
Kumar et al., 2011; Mahajan and Gill, 1998).
Bhat investigated the impact of infection of epidermal tissue in cabbage (Brassica
oleracea L. var. capitata) by the pathogen Peronospora parasitica. Upon examining
epidermal peels of the adaxial and abaxial surfaces of healthy and infected leaves, it was
observed that infection by P. parasitica on Brassica oleracea L. var. capitata causes a
sharp increase in stomatal abnormalities including arrested development, single guard
cells, degeneration of guard cells, persistent stomatal cell, polar thickening of guard cells,
development of cytoplasmic connections, unusual wall thickenings of guard cells, and
contiguous stomata. Stomatal pores were filled with spores of P. parasitica. The study
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demonstrated that P. parasitica increases the development of stomatal aberrations and
significant changes in stomatal index, stomatal frequency and epidermal cell frequency.
There was a large increase of epidermal cells and stomatal frequency on both the adaxial
and abaxial surfaces of the infected leaf. It is hypothesized that the toxin produced by the
pathogen influenced aberrant stomatal development. Other differences in stomata may
have been due to the plant defense responses (Bhat, 1996).
A study was conducted on the stomatal apparatus of 25 Allium species differing in
resistance and susceptibility to downy mildew (Peronospora destructor). It was found
that there were correlations between stomatal anatomy and resistance to P. destructor.
The anatomical features that were characteristic of resistant species included deep or very
narrow sub-stomatal cavities and small guard cells with either very small or only large
thick-walled surrounding cells (Furst, 1976). In other studies that examined Allium
species differing in susceptibility to P. destructor, it was observed that resistant species
have a reduced number of stomata per unit area (Furst, 1976, Downy mildew of onion
(Peronospora destructor) [online]). It was also found that in resistant species of Allium,
epidermal cells that are adjacent to the stomatal guard cells appear to cover the guard
cells and leave only an epidermal hollow that is visible from the leaf surface. Also,
resistant species generally had an oval stoma shape, while susceptible species generally
had a circular stoma shape (Downy mildew of onion (Peronospora destructor) [online]).
Mahajan and Gill studied the number of stomata in relation to downy mildew
(Peronospora parasitica) disease intensity in 15 resistant and susceptible cauliflower
(Brassica oleracea var. botrytis) lines including nine F1 hybrids. In both resistant and
susceptible cruciferous plants, the pathogen enters the plant through both direct
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penetration of the germ tube through the epidermal cells and stomata. Sporulation occurs
through stomata. It was determined that there was a positive correlation between disease
and stomata number. Both sporulation and the number of stomata were found to be
higher on the lower surface of the leaf. Also, the mean number of stomata on the upper
side of the leaf was higher in the susceptible plants. Severity of disease was highly
correlated with an increase in the number of stomata on the lower leaf surface. The
authors suggested that this information could be used to screen cauliflower varieties for
resistance to downy mildew (Mahajan and Gill, 1998).
In India, Opium poppy (Papaver sominiferum L.) is an important medicinal crop
(Kumar et al., 2011). However, downy mildew of opium poppy caused by Peronospora
arborescens causes major yield loss of this crop. Most varieties are susceptible to this
pathogen. However, a local strain of poppy displays resistance (Kumar et al., 2011). A
study was conducted to identify factors that impart resistance in this species of poppy in
order to use the traits in a breeding program (Kumar et al., 2011). Morphological
characteristics studied included leaf size, number and size of stomata and thickness of
wax layer. Based on stomata numbers alone, it was found that the average number of
stomata in the microscopic field in the susceptible cultivar was marginally less than the
resistant cultivar. However, there was not a significant difference between the two sets of
numbers. These numbers were then compared to the corresponding leaf sizes of the
susceptible and resistant varieties. It was found that the leaf size was much larger in the
susceptible cultivar compared to the resistant cultivar. Therefore, although the number of
stomata in the resistant cultivar was marginally higher, since the leaf size of the
susceptible cultivar was much larger, the total number of stomata was approximately
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37% more. The length and width of the stomata in the susceptible cultivar was also
significantly larger. Therefore, there was a larger number and larger size of stomata in
the susceptible variety. This promotes easy entry for the pathogen and an easy outlet for
conidia (Kumar et al., 2011).
Stomata Studies in the Genus Pseudoperonospora

Several stomatal studies were conducted on pathogens in the genus
Pseudoperonospora. Some studies focused on pathogen entry into the stomata and the
effects that were produced in the plant, while other studies focused on the impact of
stomatal density and size on disease susceptibility. With these studies, there were either
conclusions that stomatal density and size played a factor in disease susceptibility or
conclusions that there was no correlation between the two (Gill and Nandpuri, 1978; Gu
et al., 2004; Inder et al., 1999; Jhooty et al., 1978; Jing et al., 1991; Ruqian and Xixin,
1993; Xie and Xie, 1999).
In a study conducted by Gill and Nandpuri, it was determined that stomatal number
and the time and duration of open stomata were important in the infection process of
Pseudoperonospora cubensis. This is because the penetration of zoospores of this
pathogen into the host are exclusively through stomata (Gill and Nandpuri, 1978). The
study was conducted to determine the role of stomata in imparting disease escape from
downy mildew in selected muskmelon varieties. It was observed that varieties of
muskmelon that showed resistance had a lower number of stomata in both the upper and
lower leaf surface, while the most susceptible varieties of muskmelon had a significantly
higher number of stomata. It was also noted that the margin of difference was greater in
the upper epidermis of the leaf. There were also significant differences in the number of
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stomata between the lower and upper leaf surface of each variety in which the former had
a higher number than the latter. It was found that there were no significant differences in
the width of the stomata in different varieties. However, the varieties differed in stomatal
length. Muskmelon varieties that had a higher number of stomata, had a shorter length
and muskmelon varieties that had a lower number of stomata had a longer length. It was
concluded that since the penetration of zoospores was exclusively through the stomata, a
higher number of stomata per leaf meant a greater chance of fungal penetration. It was
determined that the stomatal number in each variety was directly proportional to the
disease intensity. Therefore, it was concluded that the number of stomata is one
important factor for disease escape (Gill and Nandpuri, 1978).
In a study conducted by Gu et al. in 2004, nine cucumber cultivars with differing
levels of resistance to downy mildew were studied to determine the mechanisms of
resistance including number and size of stomata. It was determined that the higher the
stomatal density of the cucumber cultivar, the higher the disease incidence (Gu et al.,
2004). Similar results were obtained in a study by Ruqian and Xixin on resistance of
different cultivars of cucumber to downy mildew. It was determined that the higher the
stomatal density of the cucumber cultivar, the higher the disease incidence. Upon
observation, the pathogen penetrated mostly through well-developed stomata. However,
there was no correlation with disease resistance and size of stomata (Ruqian and Xixin,
1993).
In a similar study conducted on ridgegourd (Luffa acutangula) cultivars in 1999,
several ridgegourd cultivars that differed in resistance to downy mildew were examined
in terms of stomatal size and density in leaves. It was concluded that the lower the
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stomatal density on the lower leaf surface of the cultivar, the more resistance to P.
cubensis in the cultivar. Stomatal size was not related to resistance (Xie and Xie, 1999).
Jing et al. (1991) conducted microscopical and ultrastructural studies on resistance of
cucumber to downy mildew. It was determined that there was no difference in stomata
density and size between susceptible and resistant cultivars. However, there was a
difference in pathogen germination on the leaf surface. It was found that when resistant
cultivars were infected by the pathogen, both infected cells and the pathogen died. The
mesophyll cells between infection areas were found to largely multiply. Also in these
cells, the number of chloroplasts decreased and the membrane system was destroyed.
Cell walls were found to thicken and there was little necrosis on the leaf surface. When a
moderately resistant cultivar was infected by P. cubensis, fungi were located among
mesophyll cells and some sporangiophores and sporangia were produced. The membrane
system of the mitochondria and chloroplasts in the infected cells were destroyed and
infected cells and the pathogen died. However, the death process was slower than in
resistant cultivars and there was a large amount of necrosis on the leaf. When the
susceptible cultivar was infected by the pathogen, large numbers of fungi were found
among mesophyll cells and mature fungi produced many sporangiophores and sporangia.
Infected cells gradually died due to the pathogen. The fungi then infected adjacent
healthy cells, resulting in a large amount of necrosis on the leaf (Jing et al., 1991).
Pre-penetration anatomical leaf characteristics of 22 genotypes of muskmelon with
variable degrees of resistance to downy mildew were studied by Inder et al. (1999) in
order to understand the role of these characteristics in pre-penetration defense
mechanisms. There was a significant correlation of disease resistance observed with
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stomatal size and frequency. The average stomatal size and frequency on both the upper
and lower leaf surfaces were less in the resistant genotypes compared to susceptible
genotypes. Although the stomatal frequency on the adaxial surface of the resistant and
susceptible genotypes was statistically non-significant, the stomatal frequency was
significantly higher on the abaxial leaf surface of the susceptible genotypes. Because
most of the infection in muskmelon is through the stomata, the reduction in the number
and size of stomata should aid in the prevention of pathogen entry. A lesser number of
stomata of similar size in the resistant genotypes provided a structural and physical
barrier against pathogen entry (Inder et al., 1999).
Based on previous work that reported that severity of infection of hop by
Pseudoperonospora humuli was affected by number and condition of stomata, Jhooty et
al. (1978) conducted a study to determine stomata factors affecting resistance in
muskmelon and wildmelon against P. cubensis. The author concluded that there were 1.5
times more stomata on the lower surfaces of muskmelon leaves compared to the upper
surface. When these leaves were inoculated, there was approximately 1.5 to 2 times
more infection compared with when inoculations were conducted on the upper side of the
leaves. The susceptible muskmelon variety contained a larger number of stomata on its
true leaves compared to the resistant wildmelon and developed more downy mildew
infection. It was believed that the resistance of the upper surface muskmelon leaves to P.
cubensis was due to a lesser number of stomata. However, the resistance in wildmelon
was believed to be due to both a lesser number of stomata and the chemical composition
of the leaves (Jhooty et al., 1978).
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Stomata Studies in Other Pathogens

Alonso-Villaverde et al. conducted a study to determine causes of different degrees
of susceptibility in grape clones of 'Albariño' to downy mildew of grape, caused by
Plasmopara viticola. It was determined that there are a number of anatomical features
that may relate to the infection of this pathogen including ultrastructure of the stomata.
Previous authors examined differences concerning the number of stomata in different
grapevine cultivars, but no one evaluated differences in the number of stomata between
clones of the same cultivar. In other studies, there was a strong correlation between the
number and size of stomata and susceptibility to downy mildew. This study questioned
whether different clones of 'Albariño' differed in terms of stomata number and size and if
this was related to disease susceptibility. It was found that the number of stomata was
variable and was influenced by the interaction of clone and year. It was hypothesized
that the mean number of stomata depended on the weather conditions. This is because
less leaf development occurs under water stress conditions, low irradiance or very high
temperatures. There were also significant differences within clones in two of three years
of the study. There were no significant differences found in stomata length, but there
were significant differences in stomatal width. It was determined that the most
susceptible clones contained the largest number of stomata and the number of stomata
differed among cultivars and within clones of the same cultivar (Alonso-Villaverde et al.,
2011).
In another study of grape downy mildew, macro- and microscopic leaf characteristics
of six grapevine genotypes (Vitis spp.) with different levels of susceptibilities were
analyzed. One leaf characteristic that was measured was stomatal density, since P.
viticola only enters the plant through the stomata. Stomata were only found on the
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abaxial surface of the leaf in all genotypes. There were significant differences in
stomatal indices between genotypes. Low stomatal indices were observed in both
resistant and susceptible cultivars. Boso (2010) assumed that a high density of stomata
on the host could lead to an increased susceptibility against the pathogen. However,
according to the data, it was noted that a low stomatal index was not related to low
susceptibility and vice versa. It was determined that resistance may have also been
induced by fungal attack with synthesis of phytoalexins, lignification processes induced
by peroxidases, or formation of callose in stomata. The presence of an additional
cuticular rim at the junction between the substomatal cavity and stomatal aperature may
also serve as a physical barrier to zoospores (Boso et al., 2010).
Similar results were obtained during an evaluation of grape germplasm for downy
mildew resistance by Brown et al. (1996). It was discovered that stomatal densities were
significantly different in the grape germplasm. However, there were no correlations
between levels of downy mildew and stomatal densities (Brown et al., 1996).
Race-nonspecific resistance in bean cultivars to races of bean rust (Uromyces
appendiculatus var. appendiculatus) and its correlation with leaf epidermal
characteristics were studied by Shaik (1985). It was found that bean cultivars differed
significantly in the number of pustules per square centimeter of leaf. This was regardless
of the race or leaf position that was inoculated. The mean number of pustules per square
centimeter was positively correlated with mean stomatal density on the adaxial leaf
surface. Since U. appendiculatus enters leaves through the stomata, it is suggested that a
reduction in stomatal numbers is possible in limiting infection. However, it is unlikely
that differences in stomatal numbers alone could account for the differences in
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susceptibility among bean cultivars (Shaik, 1985). Structural features of stomata may be
involved in triggering the formation of appressorium. A reduction in number of stomata
may lead to a reduction in the number of stomata that are structurally suitable for
pathogen penetration. Although these correlations were identified, it is believed that
there are a number of additional factors that are involved in the relationship between
epidermal characteristics and the development of fewer pustules (Shaik, 1985).
There was a negative relationship of stomatal size and density with resistance to
Cercospora beticola in six sugar beet (Beta vulgaris) cultivars. Since this fungus can
only penetrate through open stomata, it was believed that differences in susceptibility
were due to variations in stomatal size and movement. Young leaves of sugar beet are
highly resistant to infection to C. beticola, while mature leaves are susceptible to this
disease. It was believed that young leaves may be resistant since these leaves have
smaller stomatal openings that close earlier. The small openings were believed to be too
small for penetration by germ tubes. However, the results from this study suggest that
resistance of the young leaves was not due to size of the stomatal aperatures, density or
activity of stomata. There was also no association between resistance and size of
stomatal apertures or density. There were significant differences in the length and width
of stomatal apertures and density in the six cultivars. Differences in the stomatal density
in the mature leaves were not significant. It was found that the most resistant cultivars
had more stomata than susceptible cultivars. It was also determined that stomatal
apertures were larger than the mean diameter of the germ tubes of the pathogen.
Infection-induced phytoalexin-like compounds discovered on resistant cultivars may help
explain the differences in resistance among different cultivars (Ruppel, 1972).
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Bala et al. (1992) studied leaf epidermal characteristics that were associated with
Cercospora leaf spot (Cercosporidium personatum) resistance in 14 groundnut (Arachis
spp.) genotypes of varying resistance. This fungus penetrates the leaf through the
stomata or epidermal cells. It was determined that in resistant genotypes, the size,
frequency and index of the stomata were significantly lower compared to susceptible
genotypes. Since the stomata are points of entry of various pathogens, the number and
size of the stomata of the host plays an important role in the resistance or susceptibility of
the host to pathogen infection. Therefore, these characteristics may play a role in
resistance (Bala et al., 1992).
In another study, five resistant genotypes of groundnut to late leaf spot
(Phaeoisariopsis personata) were screened with two susceptible cultivars of groundnut
for morphological and anatomical features. In the resistant lines, it was found that there
was a longer incubation period, reduced sporulation, stomatal exclusion and absence of
directed growth of germ tubes towards stomata. It is believed that the pathogen enters the
plant through stomata penetration as well as direct penetration through the epidermal
cells on both surfaces of the leaf. A study was conducted in order to determine the role
of structural defenses of groundnut to the invading pathogen. It was found that resistant
genotypes were characterized by smaller size stomata of low frequency, compact palisade
layer, a higher epidermal thickness and palisade index, and a higher number of trichomes
on the lower surfaces of the leaves (Mayee and Suryawanshi, 1995).
The relationship between the necrotrophic fungus Pyrenopeziza betulicola that causes
leaf spot disease on silver birch trees and stomatal characteristics were studied. The
infection biology of this fungus is unclear and it is not known if the germ tubes penetrate
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birch leaves through stomata and/or directly through the epidermis. However, it is
known that susceptibility to fungal diseases in tree leaves to this disease is correlated to
leaf surface properties (Riikonen et al., 2008). It was thought that factors that reduce
stomatal conductance and stomatal density could inhibit pathogens from entering through
the stomata. For example, in Acer rubrum, a reduction in the infection of Phyllosticta
minima was correlated with reduced stomatal conductance; in Populus, clones that
opened stomata later in the morning were more resistant to Melampsora larici-populina
than clones that opened stomata earlier in the morning (Riikonen et al., 2008). However,
stomatal density and size were not connected with infection density of these diseases. It
was determined that the infection biology of P. betulicola was not correlated with
stomatal density, but it did occasionally positively correlate with the length of the guard
cells. There was generally a higher infection rate when there were higher guard cell
lengths. The biological relevance of the relationship between guard cell length and the
effectiveness of stomatal defense in fungi to leaf spot disease in birch leaves is unknown.
Larger stomatal apertures can provide enhanced potential for stomatal opening, but their
slower behavior can result in problems during pathogen attack. Larger guard cell size
may also alter the size of the ridge the guard cells form and not allow the germ tube to
recognize the stomata in order to produce infection. The correlation between density of
primary infection and the length of the guard cells and the lack of a correlation between
density of primary infection and stomatal conductance and stomatal density indicates that
P. betulicola may infect leaves through stomata and through the epidermis (Riikonen et
al., 2008).
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The stomatal characters of Populus ciliata were studied in relation to leaf rust by
Sharma et al. (2001). In this study, there was a detailed field examination of stomatal
density and pore size in leaves of 12 hybrids and clones of Populus ciliata that varied in
resistance to leaf rust. The stomatal density was found to be positively and significantly
correlated with disease incidence. However, pore size did not have a role in regulation of
disease. Pore size was correlated with leaf area (Sharma et al., 2001).
Eighteen genotypes of Musa spp. were evaluated for role of stomata in black sigatoka
(BS) disease resistance caused by the wind-borne fungus Mycosphaerella fijiensis. It was
determined that plantain clones varied significantly in both stomatal size and density and
that size and density of stomata varied according to ploidy level. Plantain clones with
larger stomatal size had higher ploidy levels, while plantain clones with higher stomatal
density had lower ploidy levels. It was believed that BS enters the host plant through
stomata, lenticels and wounds and that low stomatal density of resistant cultivars was
considered to be a mechanism of BS resistance. However, the moderately resistant clone
TMPx 548-4 had high stomatal density, while the susceptible clone 597-4 had low
stomatal density. Therefore, evaluations of morphological and physiological traits of leaf
stomata indicated that resistance to BS disease is the result of non-stomatal mechanisms.
Non-stomatal mechanisms may include resistance of the host to phytotoxins produced by
the pathogen or fungitoxic activity of polyphenols in healthy tissues of resistant plants
(Ekanayake et al., 1998).
Hernández et al. (2006) conducted another study on stomatal density in susceptible
and resistant plantains to BS disease, since it was recognized that over 70% of fungi
penetration occurs through stomates. Although previous researchers who conducted
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evaluations on stomata demonstrated that resistance is mainly due to non-stoma
mechanisms, the authors believed that stomatal density is a structural mechanism that
acts as a physical barrier without allowing penetration of the pathogen in the plant. It
was found that mean stomatal values were higher for the susceptible varieties compared
to the resistant varieties (Hernández et al., 2006).
Septoria silybi is known to infect milk thistle (Silybum marianum) during daylight and
high humidity, but rarely when light was excluded. This is because the pathogen requires
open stomata to penetrate thistle leaves. In an experiment, when stomata were artificially
closed with abscissic acid, the pathogen failed to penetrate the host, even during daylight
hours. The application of fusicoccin opened stomata on the thistle leaves that were
maintained in the dark. Hyphae of the pathogen were able to enter the stomata as
frequently on the leaves in the dark as those exposed to daylight (Moscow and Lindow,
1989).
Leaf rust of mulberry (Morus spp.) is caused by Cerotelium fici. Spores of the fungus
germinate on the underside of the leaf and germ tubes enter the leaf mainly through
stomata. In resistant varieties, pustules are small in size and number on both sides of the
leaf. This may be due to variation in anatomical characteristics of the leaf tissues. It was
determined that stomatal frequency was significantly higher in susceptible varieties
compared to resistant varieties. There was not a significant variation in the size of the
stomata between resistant and susceptible varieties. However, stomata in susceptible
varieties were slightly larger. Since rust fungi attack the leaf mainly through stomata and
there are more stomata per unit area in susceptible varieties than in resistant varieties, this
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will increase the chances of penetration by more infection hyphae into the leaf tissue
(Philip et al., 1991).
In another mulberry study, the association between leaf micro-morphological
characteristics and powdery mildew (Phyllactinia corylea) resistance in field-grown
mulberry (Morus spp.) were examined by Chattopadhyay et al. (2011). P. corylea is an
obligate biotrophic fungus that indirectly penetrates the mesophyll via the stomata.
Micro-morphological characteristics were studied since it was discovered that these can
influence susceptibility of plants to pathogens. It was determined that disease severity
was statistically related to stomatal area, stomatal density and stomatal index. Resistant
lines of mulberry had a 17.4% lower stomatal density, a 12.5% smaller stomatal index
per unit leaf area and an 18.0% higher stomatal area compared to susceptible lines of
mulberry. Stomatal density was positively correlated with disease severity. Stomatal
area was negatively related to disease severity index. However, the correlation was
weak. There was no significant relationship between the stomatal area and the area under
the disease progress curves for the different mulberry lines. It was also indicated that
there was environmental variability in stomatal index and stomatal density. Therefore,
stomatal density and stomatal index are markers that should be used for screening
powdery mildew resistance in breeding programs (Chattopadhyay et al., 2011).
Powdery mildew (Podosphaera xanthii) is one of the most common diseases of all
cucurbit crops. Cucurbita moschata is a species that is susceptible to this disease.
However, the inbred line ‘Inbred 112-2’ was discovered to be highly resistant to powdery
mildew. The resistance of this inbred line was compared against ‘Miben’, which is a
widely-cultivated and susceptible pumpkin cultivar grown in China (Zhou et al., 2010).
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Leaf surface morphology was studied to determine disease index using a scanning
electron microscope. It was determined that the disease index of ‘Inbred 112-2’ was
significantly lower compared to the ‘Miben’. Also, it was determined that the ‘Inbred
112-2’ line had higher stomatal density and smaller stomata size compared to ‘Miben’
(Zhou et al., 2010).
In another study, ten pumpkin cultivars of varying resistance to powdery mildew were
studied by Huixia et al. (2009). Cultivar resistance was evaluated using the number and
size of stomata. Results showed that resistance was negatively correlated to stomata
density (Huixia et al., 2009).
Resistance to late blight (Phytophthora infestans) is controlled by a number of factors
including host characteristics. In a study conducted by Mahajan et al., leaf characteristics
in potato were studied to determine if these were modifiers of resistance to late blight.
Stomatal density was found to be negatively correlated with disease severity. However,
the correlation was very small and non-significant. Stomatal conductance, which is a
measurement of the rate of passage of water vapour or carbon dioxide through the
stomata, was found to be positively correlated (Mahajan et al., 2000).
Morphological characteristics of chickpea (Cicer arietinum), including stomatal
density has been previously correlated or not correlated with Ascochyta blight resistance
(Ahmad et al., 1952; Hafiz, 1952; Harichand et al., 1988). Morphological characteristics
of six chickpea cultivars with varying resistance to Ascochyta blight (Ascochyta rabiei)
were analyzed using a microscope (Iqbal et al., 2002). Characteristics studied included
the number and size of the stomata, guard cells and stomatal aperture. Results indicated
that there was no positive or negative correlation of these traits. However, results suggest
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a possible role of stomatal density in resistance to Ascochyta blight fungus. The number
of stomata was inversely proportional to degree of resistance (Iqbal et al., 2002).
In a similar study conducted by Randhawa et al. (2009), resistant, moderately
resistant, moderately susceptible and susceptible cultivars of chickpea to Ascochyta
blight disease were assessed. Characteristics studied included the population and size of
the aperture of stomata. The results indicated that population and size of the aperture of
stomata were significantly different among all cultivars tested. Area of stomata was
significantly different among all cultivars tested. In the resistant cultivars, there were a
higher number of stomata compared to the susceptible cultivars. However, there was no
difference among the size of stomata of resistant and susceptible cultivars tested. It was
observed that the resistant cultivars had the smallest apertures compared to the other
cultivars (Randhawa et al., 2009).
There have been a number of stomata studies and their effects on downy mildew
pathogens (Bhat, 1996; Downy mildew of onion (Peronospora destructor) [online]);
Furst, 1976; Gill and Nandpuri, 1978; Gu et al., 2004; Inder et al., 1999; Jhooty et al.,
1978; Jing et al., 1991; Kumar et al., 2011; Mahajan and Gill, 1998; Ruqian and Xixin,
1993; Xie and Xie, 1999). Some of these studies focused on the impact of stomatal
density and size on disease susceptibility. Many of these studies concluded that stomatal
density and / or size played a factor in disease susceptibility. Specifically, many studies
concluded that an increase in stomatal density was positively correlated with disease and
an increase in stomatal size was negatively correlated with disease (Alonso-Villaverde et
al., 2011; Bala et al., 1992; Chattopadhyay et al., 2011; Downy mildew of onion
(Peronospora destructor) [online]; Gill and Nandpuri, 1978; Hernández et al., 2006;
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Inder et al., 1999; Jhooty et al., 1978; Kumar et al., 2011; Mahajan and Gill, 1998; Philip
et al., 1991). Many of these studies also determined that in addition to stomatal
influences, a number of additional morphological and chemical characteristics could also
influence disease susceptibility (Bhat, 1996; Boso et al., 2010; Jhooty et al., 1978; Jing et
al., 1991; Shaik, 1985).
The objective of this study was to determine the stomatal densities and lengths of a
number of basil species, varieties and breeding lines and determine if differences exist. If
the stomatal densities and/or lengths of basil species, varieties, and/or breeding lines
differ, it can then be determined whether stomatal densities and lengths influence the
incidence of basil downy mildew.
MATERIALS AND METHODS
Basil leaf samples for determining stomata density and length were obtained from the
2011 variety trial plot at Rutgers Agricultural Research and Extension Center (RAREC)
in Bridgeton, New Jersey.
In 2011, a selection of 20 basils ranging from tolerant, moderately susceptible, and
highly susceptible species, cultivars and breeding lines of basil were chosen for this trial.
The variety trial included sweet basils (O. basilicum), cinnamon basils (O. basilicum),
Thai basils (O. basilicum), citrus basils (O. x africanum), spice basils (O. americanum),
and holy basils (O. tenuiflorum). Commercial varieties were obtained from Johnny’s
Selected Seeds (Winslow, ME 04901), Enza Zaden (Enza Zaden USA, Inc., Salinas, CA
93901), and Richters Herbs (Goodwood, ON L0C 1A0 Canada). Seeds were planted on
25 May 2011 in a seed house at Pagnini’s Premium Plants and Produce in Vineland, NJ.
Flats were prepared by hand by filling each tray with Fafard Professional Formula
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Canadian Growing Mix 2 (Fafard Inc., Agawam, MA). Following this, 0.5 cm holes
were made in each cell. Then two to three seeds of one variety were placed into each
hole. Once each cell was planted, a fine layer of the growing medium was used to fill the
trays and two labels with the date and abbreviated variety name were placed on each end
of the flat. 128-cell trays were used and one tray of each variety was planted. Trays were
maintained by the cooperator until seedlings were transported by pickup to RAREC on
16 June 2011. On 20 June 2011, each variety was thinned to one seedling per cell. On
28 June 2011, 4-week-old seedlings were transplanted by hand into raised bed plastic
mulch field plots, which were created with a plastic layer and bed shaper on 9 June 2011.
The trial was a randomized complete block design with four replicates. Experimental
units were established on raised black plastic mulch beds, 1.5 meters apart. Each
experimental unit was 3.0 meters long containing 2 rows of plants centered 41-cm-apart.
Each experimental unit contained approximately 10 plants per row for a total of
approximately 20 plants per experimental unit. Plants were placed at 30.5 cm spacing
between plants in row. Drip irrigation was run underneath the plastic to provide
adequate conditions for plant growth.
On 16 Sept. 2011, leaf samples for the stomata length and density study were obtained
by randomly selecting one, 4 cm leaf from four different plants from each experimental
unit from twenty basil species, cultivars, and breeding lines. In order to obtain uniform
samples that were of the same maturity and size, all leaves were measured and were taken
from the second node from the top of the plant. Once four leaf samples were obtained
from each experimental unit, the samples were placed in labeled plastic bags and
transported to the lab.
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A stomata cast procedure was then performed as described by Grant and Vatnick
(2004). For each set of leaf samples from each species, cultivar or breeding line (Table
13), the abaxial surface of four leaves was coated with clear nail polish. The nail polish
was allowed to dry completely for approximately 10 to 15 minutes. When the nail polish
had dried on the leaf, the cast was peeled from the leaf using a pair of tweezers. Figure
17 provides a pictorial description of the stomatal cast procedure. Once all stomata casts
were peeled for a sample set, casts were placed in a Ziploc bag that was labeled with the
basil species, cultivar, or breeding line, plant number and leaf number.
Each stomata cast was placed on a microscope slide and analyzed for stomatal density
and length using a Nikon Eclipse 80i microscope (Nikon Instruments Inc., Lake Placid,
NY). Using the Nikon NIS-Elements software, the stomata densities were determined by
counting the number of stomata in the viewing area at 10X from four separate leaves
from four separate plants. Counts are the average number of stomata in the viewing area.
The viewing area was 568,916.50 µm2. The counts per viewing area were converted to
mean number of stomata per µm2. Stomata were only counted if the whole structure of
the stoma was completely in view. The stomata length was determined by measuring the
lengths of 10 randomly selected stomata in the viewing area at 20X from four separate
leaves from four separate plants.
Stomata density and length data from 2011 were analyzed separately. The MIXED
procedure of the SAS System (version 9.3; SAS Institute, Cary, NC) was used to fit a
mixed effects analysis of variance to test for the interaction of stomata density or length
and variety. Estimates were separated according to the Least Significant Difference Test
(LSD) at P < 0.0001.
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RESULTS AND DISCUSSION
Stomatal densities of the 20 basils analyzed varied significantly depending on basil
species, cultivar and/or breeding line (Table 13). ‘Holy Red and Green’ (O. tenuiflorum
(formally O. sanctum)) had the highest mean stomatal density at 300 stomata per µm2
(Table 13). In general, the next highest mean stomatal densities were found in sweet
basil (O. basilicum) varieties which ranged from 196 stomata per µm2 in ‘Aroma 2’ to
227 stomata per µm2 in ‘Nufar’. Clove basil (O. basilicum) variety ‘Medinette’ averaged
198 stomata per µm2 (Table 13). Moderate stomatal densities were found in ‘Cinnamon’
(O. basilicum) (193 stomata per µm2), sweet (O. basilicum) (145 to 190 stomata per
µm2), clove (O. basilicum) (164 to 186 stomata per µm2) and citrus (O. x africanum
(formally O. citriodorum)) type basils (125 to 151 stomata per µm2). The lowest
stomatal densities were found in spice (O. americanum (formally 0. canum)) basils
ranging from 101 to 117 stomata per µm2 (Table 13).
Stomatal lengths of the 20 basils analyzed varied significantly depending on basil
species, cultivar and/or breeding line (Table 14). ‘Lemon’ (O. x africanum (formally O.
citriodorum)) had the longest stomatal length with an average length of 36 µm (Table
14). In general, the next longest stomatal lengths were found in citrus (O. x africanum
(formally O. citriodorum)) varieties which ranged from 35 to 36 µm and spice (O.
americanum (formally O. canum)) varieties which ranged from 34 to 36 µm. Sweet and
clove type basils had shorter lengths ranging from 29 to 32 µm. Of all the species,
cultivar and/or breeding lines evaluated in this study, ‘Holy Red and Green’ basil (O.
tenuiflorum (formally O. sanctum)) had the shortest average stomatal length of 20 µm
(Table 14).
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The downy mildew ratings were conducted on 17 Sept. 2011, which was during the
same time period that the stomatal casts were collected. For both stomatal density and
stomatal length, three distinct categories were observed. The first category consisted of
the ‘Holy Red and Green’ basil (O. tenuiflorum (formally O. sanctum)). ‘Holy Red and
Green’ basil had the highest average stomatal density, the shortest average stomatal
lengths and the lowest incidence of downy mildew (Figures 15 and 16). The second
category consisted of the spice (O. americanum (formally O. canum)) and citrus (O. x
africanum (formally O. citriodorum)) basils. These basils in general had low average
stomatal densities, the longest stomatal lengths and a low incidence of downy mildew
(Figures 15 and 16). The third category consisted of the sweet (O. basilicum), cinnamon
(O. basilicum), and clove (O. basilicum) basils. These basils, in general, had high
average stomatal densities, average stomatal lengths that were generally shorter than the
citrus and spice-type basils and the highest incidence of downy mildew sporulation on the
undersides of leaves (Figures 15 and 16).
In this study, basil species, varieties, and breeding lines with higher average stomatal
densities had higher downy mildew severity (see Table 8 of Chapter 2). High stomatal
densities were mainly found in the sweet, cinnamon and clove basils. These basils are all
classified as Ocimum basilicum. The high average stomatal density in this basil species
may provide an increased chance for the pathogen to enter and infect the host. The
increased amount of downy mildew in O. basilicum in this study is consistent with other
reports of downy mildew incidence (Damicone, 2010; Egel et al., 2012; McGrath, 2011;
Mersha et al., 2012d; Römer et al., 2010; Westerveld et al., 2012; Wyenandt et al., 2010).
A number of previous studies have demonstrated a correlation between high stomatal
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density and increase disease incidence (Alonso-Villaverde et al., 2011; Bala et al., 1992;
Chattopadhyay et al., 2011; Furst, 1976; Gill and Nandpuri, 1978; Hernández et al., 2006;
Inder et al., 1999; Jhooty et al., 1978; Kumar et al., 2011; Mahajan and Gill, 1998; Mayee
and Suryawanshi, 1995; Philip et al., 1991; Shaik, 1985; Sharma et al., 2001).
In general, basil species, varieties, and breeding lines with longer stomatal lengths had
lower downy mildew incidence. These were mainly the citrus and spice basils types (O.
x africanum and O. americanum respectively). The correlation between long stomatal
lengths and lower disease incidence may be due to a lower frequency of stomata and
therefore a decreased chance for the pathogen to enter and infect the host. Higher
stomatal frequency usually correlates with a higher density of disease (Kramer and
Boyer, 1995; Stenglein et al., 2005). A number of previous studies have demonstrated a
correlation between greater stomatal size and lower disease incidence (Gill and Nandpuri,
1978; Kumar et al., 2011; Inder et al., 1999).
Holy basil was significantly different in both stomatal density and stomatal length
compared to other species in this study. This is because this species of basil is very
distinct from O. basilicum, O. x africanum and O. americanum. Paton et al. classified
basil into two groups - the ‘Basilicum’ group and the ‘Sanctum’ group. The ‘Basilicum’
group consist of plants that are mostly herbaceous annuals and a few perennials that have
a chromosome number of n = 12. The ‘Sanctum’ group consists of plants that are
perennial shrubs and have a chromosome number of n = 8 (Paton et al., 1999). In
addition to genetic differences, O. tenuiflorum differs greatly from O. basilicum both
morphologically and chemically (Darrah, 1980; DeBaggio and Belsinger, 1996; Simon,
1998; Simon et al., 1999; Zheljazkov et al., 2008).
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Basil species including citrus (O. x africanum; 2n = 72) and spice (O. americanum; 2n
= 72) with the longest stomatal lengths have the highest ploidy levels (Table 14), while
the sweet (O. basilicum; 2n = 48) and holy (O. tenuiflorum; 2n = 36) basils have the
shortest stomatal lengths and the lowest ploidy levels (Table 14) (Carović-Stanko et al.,
2010). Basil species including citrus (O. x africanum; 2n = 72) and spice (O.
americanum; 2n = 72) with the lowest stomatal densities have the highest ploidy levels
(Table 13), while the sweet (O. basilicum; 2n = 48) and holy (O. tenuiflorum; 2n = 36)
basils have the highest stomatal densities and the lowest ploidy levels (Table 13)
(Carović-Stanko et al., 2010). This is also true in plantain clones where size and density
of stomata varied according to ploidy level. Plantain clones with larger stomatal size had
higher ploidy levels, while plantain clones with higher stomatal density had lower ploidy
levels (Ekanayake et al., 1998).
Differences in stomatal shape were also observed in different basil species and
varieties in this study. In general, in susceptible varieties including sweet, cinnamon and
Thai basils (O. basilicum), stomata were round in shape (Figures 19-21), while less
susceptible varieties including citrus (O. x africanum) and spice (O. americanum) basils
were oval in shape (Figures 22 and 23). Nevertheless, the stomata of the resistant holy
basil species (O. tenuiflorum) were rounded in shape (Figure 24). Similar results were
also found in a study that was conducted on the stomatal apparatus of 25 Allium species
differing in resistance and susceptibility to downy mildew (Peronospora destructor)
(Furst, 1976, Downy mildew of onion (Peronospora destructor) [online]).
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CONCLUSION
In this study, stomatal densities and lengths of the 20 varieties were analyzed and were
found to vary significantly depending on species, cultivar and/or breeding line. ‘Holy
Red and Green’ (O. tenuiflorum) had the highest stomatal density compared to all other
basils evaluated. In general, the next highest stomatal densities were found in sweet basil
(O. basilicum). The lowest stomatal densities were found in spice type basils (O.
americanum). In general, the longest stomatal lengths were found in citrus varieties (O. x
africanum) and spice varieties (O. americanum). Sweet and clove type basils (O.
basilicum) had shorter lengths. ‘Holy Red and Green’ basil (O. tenuiflorum) had the
shortest average stomatal length. In this study, some basil species, varieties, and/or
breeding lines with higher stomatal densities tended to have higher downy mildew
incidence and severity. High stomatal densities were mainly found in the sweet,
cinnamon and clove basils (Ocimum basilicum). The high stomatal density in O.
basilicum may provide an increased chance for the pathogen to enter and infect the host.
In general, basil species, varieties, and breeding lines with longer stomatal lengths had
lower downy mildew incidence. These were mainly the citrus and spice basils. The
correlation between long stomatal lengths and lower disease incidence may be due to a
lower frequency of stomata and therefore a decreased chance for the pathogen to enter
and infect the host.
Although the correlation between biochemical characteristics and downy mildew
infection were not studied in Ocimum species in this study, these characteristics may also
influence host susceptibility in basil. When biochemical characteristics were studied in
other hosts that were infected with Peronospora species, it was found that biochemical
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characteristics impact disease susceptibility including chemical composition, phenol and
carbohydrate content and peroxidase activity (Kumar et al., 2011; Downy mildew of
onion (Peronospora destructor) [online]; Jhooty et al., 1978).
The host/pathogen interactions between Ocimum spp. and P. belbahrii have not yet
been studied. However, it can be hypothesized that the interaction between the pathogen
and the host plays a significant role in susceptibility or resistance reactions. Some
species of basil including O. tenuiflorum and O. americanum may not be as susceptible to
basil downy mildew due to the genetic incompatibility of the pathogen and host. More
work should be conducted to determine the genetic composition of P. belbahrii and
Ocimum species to better understand this interaction.
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Table 13. Mean stomatal density in basil species, cultivars and breeding lines in 2011 at the
Rutgers Agricultural Research and Education Center, Bridgeton, NJ

Treatment
1
15
10
18
16
13
12
19
3
11
20
17
8
9
14
2
7
6
5
4
1

Species
O. tenuiflorum
(O. sanctum)
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. x africanum
(O. citriodorum)
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. x africanum
(O. citriodorum)
O. basilicum

Mean
Stomatal
Density1,2
300 a

Mean
Downy
Mildew %
17 Sept.2
0.0 c

227 ab
198 abc
196 abc
193 bc
190 bc
186 bc
176 bc
165 bc

97.0 a
79.0 ab
100.0 a
81.0 ab
81.0 ab
93.0 a
100 a
7.0 c

164 bc

65.0 b

163 bc
161 bc
156 bc
151 bc

99.0 a
100.0 a
68.0 b
21.0 c

145 bc

93.0 a

133 bc

0.0 c

Citrus

125 bc

2.0 c

Spice

117 c

0.0 c

Spice

107 c

0.0 c

Spice

101 c

0.0 c

Cultivar /
Breeding Line Basil Type
Holy Red and
Holy
Green
Nufar
Sweet
Medinette
Clove
Aroma 2
Sweet
Cinnamon
Cinnamon
Marseilles
Sweet
Queenette
Clove
Emily
Sweet
Sweet Dani
Citrus
Lemon Basil
Thai Siam
Clove
Queen
Edwina
Sweet
Superbo
Sweet
Red Rubin
Sweet
Mrs. Burns
Citrus
Lemon
Italian Large
Sweet
Leaf
Lime
Citrus

O. x africanum
(O. citriodorum)
O. x africanum
Lemon
(O. citriodorum)
O. americanum
Blue Spice
(0. canum)
O. americanum
Spice
(0. canum)
O. americanum Hybrid basil,
(0. canum)
Blue Spice F1

Stomata density was determined by counting the number of stomata in the viewing area at 10x from each
2
of the 4 leaves per experimental unit. Estimates are the number of stomata per μm .
2
Estimates followed by the same letter are not significantly different according to least significant
difference test at P <0.0001.

1 = ‘Holy Red and Green’, 2 = ‘Lime’, 3 = ‘Sweet Dani Lemon Basil’, 4 = Hybrid basil, Blue Spice F1’, 5 = ‘Spice’, 6 = ‘Blue Spice’, 7 =
‘Lemon’, 8 = ‘Red Rubin’, 9 = ‘Mrs Burns Lemon’, 10 = ‘Medinette’, 11 = ‘Thai Siam Queen’, 12 = ‘Queenette’, 13 = ‘Marseilles’, 14 = ‘Italian
Large Leaf’, 15 = ‘Nufar’, 16 = ‘Cinnamon’, 17 = ‘Superbo’, 18 = ‘Aroma 2’, 19 = ‘Emily’, 20 = ‘Edwina’.

Figure 15. Percent basil downy mildew incidence vs. stomatal density
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Table 14. Mean stomatal lengths in basil species, cultivars and breeding lines in 2011 at the
Rutgers Agricultural Research and Education Center, Bridgeton, NJ

Treatment
7
9
6
2
5
3
4
16
13
10
14
12
8
20
18
11
15
17
19
1
1

2

Mean
Mean
Downy
Stomatal Mildew %
Cultivar /
Breeding Line Basil Type Length1,2 17 Sept.2
Lemon
Citrus
36.3 a
2.0 c

Species
O. x africanum
(O. citriodorum)
O. x africanum
Mrs. Burns
Citrus
(O. citriodorum)
Lemon
O. americanum
Blue Spice
Spice
(0. canum)
O. x africanum
Lime
Citrus
(O. citriodorum)
O. americanum
Spice
Spice
(0. canum)
O. x africanum
Sweet Dani
Citrus
(O. citriodorum) Lemon Basil
O. americanum Hybrid basil,
Spice
(0. canum)
Blue Spice F1
O. basilicum
Cinnamon
Cinnamon
O. basilicum
Marseilles
Sweet
O. basilicum
Medinette
Clove
O. basilicum
Italian Large
Sweet
Leaf
O. basilicum
Queenette
Clove
O. basilicum
Red Rubin
Sweet
O. basilicum
Edwina
Sweet
O. basilicum
Aroma 2
Sweet
O. basilicum
Thai Siam
Clove
Queen
O. basilicum
Nufar
Sweet
O. basilicum
Superbo
Sweet
O. basilicum
Emily
Sweet
O. tenuiflorum Holy Red and
Holy
(O. sanctum)
Green

35.6 ab

21.0 c

35.6 ab

0.0 c

35.5 ab

0.0 c

35.3 abc

0.0 c

34.9 abcd

7.0 c

34.5 abcd

0.0 c

33.3 bcde
32.4 cdef
32.2 defg
30.7 efg

81.0 ab
81.0 ab
79.0 ab
93.0 a

30.5 efg
30.1 fg
30.0 fg
29.7 fg
29.5 fg

93.0 a
68.0 b
99.0 a
100.0 a
65.0 b

29.5 fg
29.3 g
29.3 g
20.1 h

97.0 a
100.0 a
100.0 a
0.0 c

Stomatal length was determined by measuring the lengths of 10 randomly selected stomata in the viewing
area at 20x from each of the 4 leaves per experimental. Estimates are the length of stomata (μm).
Estimates followed by the same letter are not significantly different according to least significant
difference test at P <0.0001.

1 = ‘Holy Red and Green’, 2 = ‘Lime’, 3 = ‘Sweet Dani Lemon Basil’, 4 = Hybrid basil, Blue Spice F1’, 5 = ‘Spice’, 6 = ‘Blue Spice’, 7 = ‘Lemon’, 8 = ‘Red
Rubin’, 9 = ‘Mrs Burns Lemon’, 10 = ‘Medinette’, 11 = ‘Thai Siam Queen’, 12 = ‘Queenette’, 13 = ‘Marseilles’, 14 = ‘Italian Large Leaf’, 15 = ‘Nufar’, 16 =
‘Cinnamon’, 17 = ‘Superbo’, 18 = ‘Aroma 2’, 19 = ‘Emily’, 20 = ‘Edwina’

Figure 16. Percent basil downy mildew incidence vs. stomatal length
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Figure 17. Stomata cast procedure
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Figure 18. Image of sporangiophore emerging from stomata in a sweet basil variety
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Figure 19. Stomata cast image from abaxial surface of O. basilicum (‘Nufar’)
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Figure 20. Stomata cast image from abaxial surface of O. basilicum (‘Cinnamon’)
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Figure 21. Stomata cast image from abaxial surface of O. basilicum (‘Thai Siam Queen’)
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Figure 22. Stomata cast image from abaxial surface of O. x africanum (‘Lemon’)
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Figure 23. Stomata cast image from abaxial surface of O. americanum (‘Blue Spice’)
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Figure 24. Stomata cast image from abaxial surface of O. tenuiflorum (‘Holy Red and Green’)
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CHAPTER 4: LEAF CURVATURE AND BASIL DOWNY MILDEW
INCIDENCE
INTRODUCTION
Basil downy mildew has led to significant production constraints that affect yield and
overall quality (Garibaldi et al., 2007). Since this pathogen has the ability to cause
significant losses in some Ocimum spp., it is important to characterize morphological
features that may favor disease development in order to help develop downy mildewresistant or tolerant sweet basil cultivars (Wyenandt et al., 2010). Basil variety studies
conducted from 2009 to 2011 indicated that sweet basil cultivars and breeding lines were
most susceptible to P. belbahrii (Wyenandt et al., 2010; thesis). The studies also
indicated that in other Ocimum species including citrus basils (O. x africanum syn. O. x
citriodorum), spice basils (O. americanum syn. O. canum) and holy basils (O.
tenuiflorum syn. O. sanctum), symptoms and sporulation of basil downy mildew were
either nonexistent or far less than that compared to O. basilicum (Wyenandt et al., 2010;
thesis). Although there are many differing characteristics among these varieties including
growth habit, size, shape, texture, orientation of the leaves and color of the plant, one
important characteristic, leaf curvature, significantly influences microclimatic conditions
that support incidence of basil downy mildew on the lower leaf surface (Simon et al.,
1999). Because basil downy mildew only sporulates on the abaxial surface of infected
basil leaves, the microclimate surrounding the abaxial leaf surface may be an important
factor in basil downy mildew incidence and severity (Wyenandt et al., 2010).
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Microclimatic Conditions Required For Downy Mildew Development
Micrometeorological factors are considered to be one of the most important factors
that are involved in the epidemiology of fungal pathogens. One factor, air temperature,
has been shown to have a major effect on the epidemiological stages of fungal diseases
(Huber and Gillespie, 1992). Rainfall and turbulence are also important in the liberation
and dispersal of inoculum (Huber and Gillespie, 1992). Relative humidity and leaf
wetness have major influences during the production and transport of inoculum (Huber
and Gillespie, 1992). Leaf wetness is also critical in understanding and predicting
epidemics (Huber and Gillespie, 1992). The development of disease, the degree of
disease severity and spore germination in fungi depends largely on leaf wetness duration
and temperature (Neufeld and Ojiambo, 2012). Leaf wetness allows for infections to take
place, while temperature determines the extent of disease development. Therefore,
disease development is minimal when there is an absence of leaf wetness regardless of
temperature (Neufeld and Ojiambo, 2012).
Free moisture and relative humidity play an important role in epidemiology and
infection, sporulation processes and to some extent, colonization of the fungal pathogen.
The influence of water on infection, spore production and liberation has been studied
(Ingold, 1978; Lacey, 1986; Rotem et al., 1978; Yarwood, 1978). A classification system
of fungal pathogens with different behaviors depending on water sources and
epidemiological sequences has been developed (Rapilly, 1991). One group within this
classification was fungi that are extremely dependent on water availability. These
include the oomycete pathogens including downy mildews (Rapilly, 1991). Many studies
have shown that leaf wetness has an effect on germination, infection and sporulation of
many fungal diseases (Arauz and Sutton, 1989; Damicone et al., 1987; Grove et al., 1985;
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Ramsey and Lorbeer, 1986; Wilson et al., 1990). In oomycete pathogens, infection is
related to wetness duration and temperature (Grove et al., 1985; Wilson et al., 1990).
Biotrophs including oomycetes also favor the formation and duration of dew on plants
(Huber and Gillespie, 1992; Sutton, 1988).
With other fungal diseases, temperature and leaf wetness durations have been used to
explain increased infection, inoclum density and disease development (Biggs and
Northover, 1988; Bulger et al., 1987; Dillard, 1989; Hosford et al., 1987; Moss and
Trevathan, 1987). The range of wet periods required by different fungal parasites to
infect their hosts differs (Huber and Gillespie, 1992). In general, sporulation requires
longer wetness durations than infection (Huber and Gillespie, 1992). Temperature and
leaf wetness periods also have an effect on the colonization of the host by the pathogen.
In general, the length of the colonization stage decreases when the wetting period
increases (Biggs, 1988; Huber and Gillespie, 1992; Shaw, 1986). Free moisture can have
a direct influence on the colonization of leaf tissue, which is an internal process. In
general, free moisture on the host is responsible for low crop transpiration and therefore
provides a higher availability of internal water for the pathogen (Huber and Gillespie,
1992; Katerji et al., 1986). Leaf wetness requirements vary depending on the fungal
pathogen. Some pathogens need continuous wetness lasting up to several hours or days
in order to sporulate, while others require interrupted wet periods interrupted by dry
intervals (Huber and Gillespie, 1992).
During rainfall or overhead irrigation, water at varying intensity falls on the canopy of
the plant (Huber and Gillespie, 1992). In general, large amounts of rain favor infection
processes inside dense crops due to slow evaporation of liquid water from the canopy.
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Heavy rainfall may wash away spores or spore-carrying debris from sparse canopies
(Royle and Butler, 1986). Wind also influences whether spores land on infected leaves
(Lamarque, 1983). The canopy wetness depends on a number of factors including
rainfall amount, wind speed, leaf area index, ground cover, and wettability of leaves.
These factors may be used to assess the potential of spores being washed off leaves
(Huber and Gillespie, 1992).
Another important factor to consider when assessing the effect of leaf wetness on
infection is the ability of the plant to hold water in the canopy via cupping of the leaves
or crevices in the plant. These areas are considered infection sites on the plant, since it
provides an environment that is conducive for pathogen infection. Leaf size may also
have an impact on the duration of canopy wetness (Huber and Gillepie, 1992).
Basil downy mildew develops and quickly spreads throughout the field mainly during
spring and fall when there are mild weather conditions (Garibaldi et al., 2007). This is
surprising considering the fact that the disease originated in Uganda, an area with a
tropical climate (Garibaldi et al., 2007; Hansford, 1933; Hansford, 1938). Although little
is known about the epidemiology of basil downy mildew, it is known that the pathogen
spreads during periods of high humidity, mild temperatures, poor air circulation and
extended durations of leaf wetness (Garibaldi et al., 2005, Garibaldi et al., 2007; Spencer,
1981; Wyenandt et al., 2010). It was concluded by Garibaldi et al. that basil downy
mildew is inhibited by high and low temperatures (2007).
The study of the effect of leaf wetness duration and temperature on the development
of basil downy mildew was studied under controlled conditions. Several trials were
conducted in growth chambers or glasshouse conditions using the cultivar ‘Genovese
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Gigante’. It was discovered that downy mildew was most severe when plants remained
wet for a period of at least 6 to 12 hours immediately after inoculation. At least 12 hours
of leaf wetness were required for severe infections. Peronospora belbarhii was
discovered to be most active at 20°C. No disease development was observed when
temperatures were 12°C and 27°C. Leaf wetness of at least 24 hours after symptom
appearance was required for sporulation (Garibaldi et al., 2007). Meeting these
environmental conditions can lead to the quick spread of the pathogen. Similar to other
downy mildews, it was concluded that relative humidity was the predisposing factor for
basil downy mildew infection (Garibaldi et al., 2007; Spencer, 1981).
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Altering Plant Architecture in Crops to Improve Disease Resistance
One important aspect of plant breeding is breeding for resistance to help reduce
production losses and reduce the need for pesticide applications. Because specific
sources of genetic resistance may be limited or unavailable in some crops, one approach
toward identifying traits which could be useful in the selection process is understanding
plant architectural characteristics such as leaf curvature. In cases where pathogens
overcome plant defense mechanisms, altered plant structure or phenotype may provide a
mechanism to help reduce disease development. Modifying plant architecture may be
used for a number of reasons including reducing contact with the pathogen, developing
barriers to pathogen growth and development, or developing an unfavorable microclimate
for disease development (Ando et al., 2007). Varying plant architecture is a common
trait utilized by plant breeders when developing new plant varieties (Ando et al., 2007).
Variants that are used to improve disease control include altered plant height,
determinacy, branching patterns, branch or leaf angle, flower position and organ coverage
or shape (Ando et al., 2007).
Importantly, screening of germplasm may result in the discovery of phenotypic traits
or defense mechanisms such as altered leaf or crop architecture, to help reduce a potential
infection or further disease development (i.e., sporulation on a leaf surface). Examples of
such mechanisms are leaf surface properties such as leaf hairs that interfere with insect
feeding and leaf wettability (Niks and Rubiales, 2002). Breeding for resistance to
important pathogens is one of the most important characters (aspects) to consider in any
breeding program. In many instances, growing resistant cultivars is one of the most
appropriate and cost effective ways to manage plant disease. Unfortunately, for many
important pathogens, resistance has yet to be discovered or fully utilized in breeding
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programs. In oomycetes, for example, lettuce downy mildew caused by Bremia lactucae
develops new races very easily. Therefore, the race-specific resistance genes in the host
are easily overcome (Parlevliet, 2002). In such cases, where new races of a pathogen can
develop quickly and are a constant threat to production, novel resisistance genes are
required to maintain resistance as new races of the pathogen appear (Agrios, 2005).
One way to avoid the deposition of spores on plant tissue is by developing plants with
vertical leaves as compared to plants with horizontal leaves (Niks and Rubiales, 2002). It
has been found that differences in disease severity are also due to differences in
microclimates in the plant canopy. A dense canopy produces a microclimate with
reduced air flow, higher humidity and longer dew periods. This allows for potentially
more free water on the leaf surface that may result in higher spore germination rates. A
sparse plant canopy with erect leaves provides an environment with increased air flow
and less humidity that may result in the pathogen being exposed to the desiccating effects
of the wind and/or UV light, thereby reducing pathogen germination rates and infection
(Niks and Rubiales, 2002; Rotem, et al., 1985). Therefore, the effects of plant habit and
canopy structure on disease severity are likely due to effects on microclimate (Niks and
Rubiales, 2002).
In order to develop a variety by manipulating plant architecture, it is important to gain
an understanding of the life cycle of the pathogen, the genetics controlling the desired
morphological trait, and the actual microenvironment that favors or inhibits different
stages of infection. Traits including taller height, upright growth habit or alternate leaf,
flower or fruit orientation may be used to reduce contact with the pathogen. An altered
canopy structure such as modified branching, alternate leaf size or angle, internode length
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or trichome density may modify the microclimate conditions (i.e., air temperature and
relative humidity) enough that conditions become suboptimal for growth of the pathogen.
Modifying leaf architecture in this manner, such as going from a cupped, crinkled leaf to
a smooth, flat leaf may also allow for better fungicide coverage. Breeding for modified
plant architecture depends on the underlying genetic basis for the desired traits. Since
architectural phenotypes can result from a single gene or quantitative factors, it is
important to study this before attempting to manipulate plant architecture. Also, altering
architectural traits can impact other important traits such as yield. Therefore, it is
important for a breeder to be cautious when altering these traits. In addition to
developing genetic resistance, cultural and chemical controls, breeding for modified plant
architecture can serve as a component of a broad disease control strategy (Ando et al.,
2007).
One example where modified plant architecture was used to develop a new variety
with less susceptibility to a disease was in dry bean (Phaseolus vulgaris L.). The canopy
structure of the dry bean plant was modified to reduce white mold (Sclerotinia
sclerotiorum). During flowering, the sclerotia germinate during moist soil conditions to
produce apothecia that release ascospores into the plant canopy.

Ascospores infect the

senescing flowers and wounded tissue. The cool, damp microclimate in the plant canopy
during flowering and pod fill promote conditions that are favorable for disease
development (Fuller et al., 1984). However, these same conditions are favorable for bean
formation and subsequent yield. By assessing the role of plant architecture on disease
severity, it was determined that plants with a more porous canopy with leaves higher in
the canopy resulted in decreased disease severity (Schwartz et al., 1978), whereas, a
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dense low canopy was shown to harbor a cool moist microclimate that was favorable for
disease development (Blad et al., 1978). Another variety that showed reduced disease
severity was a plant that had an indeterminate bush growth habit, had lodging resistance,
moderate branching and medium canopy height and width (Kolkman and Kelly, 2002).
However, it is noted that along with modifying plant architecture, it is also important to
broaden row widths and decrease plant densities (Ando et al., 2007).
Another example of altering plant architecture for improved disease resistance was the
development of taller wheat to avoid Fusarium Head Blight (FHB) caused by various
Fusarium pathogens (Ando et al., 2007; Hilton et al., 1999; Mesterhazy, 1995). During
favorable conditions of continuous moisture, FHB causes severe blight and yield loss on
grain crops including wheat (Triticum turgidum L). The pathogen is spread by wind or
rain and lands on the grain-producting heads. Tall winter wheat lines had lower FHB
severity compared to shorter lines because the location of the head is further from the soil
surface where inoculum is located (Ando et al., 2007; Hilton et al., 1999; Mesterhazy,
1995).
Tan spot caused by Pyrenophora tritici-repentis is also a common disease in wheat
that can be controlled by altering plant architecture (Fernandez et al., 2002). This
pathogen overwinters in dead crop residue. The primary inoculum, ascospores, are
released from the dead crop residues during rain, high humidly and temperatures above
10°C. The secondary inoculum, conidia, produced during the production season, are
dispersed by wind. Germination of conidia occurs during prolonged leaf wetness.
Shorter plants with a denser canopy had higher disease severity compared to tall plants
with a more porous canopy (Ando et al., 2007; Fernandez et al., 2002).
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Phytophthora capsici is a soil-borne oomycete pathogen that causes fruit rot in
cucumber (Cucumis sativus L.) and other hosts. This pathogen thrives in warm (25 to
30°C), wet conditions. Lemon-shaped sporangia produce asexual motile zoospores that
are spread by irrigation, rain and free surface water on plants. In cucumber, the fruit are
most susceptible to the disease. Fruit infection was influenced by direct contact of the
fruit with infested soil and / -or location of the fruit under dense leaf canopies that
promote a microclimate of high temperatures and high humidity. The dense leaf canopy
also prevented fungicides from contacting the fruit. Therefore, altering the plant
architecture to increase air circulation, light penetration, accessibility of the fungicide and
reduction in favorable microclimate conditions were developed (Ando and Grumet, 2006;
Ando et al., 2007). Lines developed with determinate growth, small leaves, reduced
branching, short internodes and compact growth habits exhibited significantly lower
temperatures under the canopy and reduced disease occurrence compared to lines with
standard architecture (Ando and Grumet, 2006; Ando et al., 2007).
The leaf wetness duration and temperature requirements on the development of
basil downy mildew have been reported in one study. The microclimatic conditions that
are favored by P. belbarhii include high relative humidity, leaf wetness of at least 6 to 12
hours immediately after inoculation and a temperature of 20°C. Leaf wetness of at least
24 hours after symptom appearance is required for sporulation (Garibaldi et al., 2007).
These microclimatic conditions are observed in basil species, varieties and breeding lines
with dense canopies and plants with curved leaves.
The objective of this study was to evaluate and quantify differences in leaf curvatures
of a number of basil species, varieties and breeding lines in order to determine if a
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relationship existed between the degree of leaf curvature and the incidence of basil
downy mildew. If a relationship existed between leaf curvature and incidence of basil
downy mildew, it can then be determined whether leaf curvature is a factor influencing
favorable microclimates for incidence and severity of basil downy mildew.
MATERIALS AND METHODS
Leaf samples for the leaf curvature study were obtained from the basil variety trial
plot in 2011 at the Rutgers Agricultural Research and Extension Center (RAREC) in
Bridgeton, New Jersey (see Chapter 2). In 2011, a selection of 20 tolerant, moderately
susceptible, or highly susceptible species, cultivars and breeding lines of basil were
selected for this trial. The same 20 basils examined for stomatal characteristics were
used in this study. Basils included sweet basils (O. basilicum), cinnamon basils (O.
basilicum), Thai basils (O. basilicum), citrus basils (O. x africanum), spice basils (O.
americanum), and holy basils (O. tenuiflorum). Commercial varieties were obtained
from Johnny’s Selected Seeds (Winslow, ME 04901), Enza Zaden (Enza Zaden USA,
Inc., Salinas, CA 93901), and Richters Herbs (Goodwood, ON L0C 1A0 Canada). Seeds
were planted in a seed house at Pagnini’s Premium Plants and Produce in Vineland, NJ.
Seeds were planted on 25 May 2011. Flats were prepared by hand by filling each tray
with Fafard Professional Formula Canadian Growing Mix 2 (Fafard Inc., Agawam, MA).
Following this, 0.5 cm holes were made in each cell. Then two to three seeds of one
variety were placed into each hole. Once each cell was planted, a fine layer of the
growing medium was used to fill the trays and two labels with the date and abbreviated
variety name were placed on each end of the flat. A 128-cell tray was used for each
variety. Trays were maintained by the cooperator until seedlings were transported by
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pickup to RAREC on 16 June 2011. On 20 June 2011, each variety was thinned to one
seedling per cell. On 28 June 2011, 4-week-old seedlings were transplanted by hand into
raised bed plastic mulch field plots, which were created with a plastic layer and bed
shaper on 9 June 2011. The trial was a randomized complete block design with four
replicates. Experimental units were established on raised black plastic mulch beds, 1.5
meters apart. Each experimental unit was 3.0 meters long containing 2 rows of plants
centered 41-cm-apart. Each experimental unit contained approximately 10 plants per row
for a total of approximately 20 plants per experimental unit. Plants were placed at 30.5
cm spacing between plants in row. Drip irrigation was run underneath the plastic to
provide adequate conditions for plant growth.
During the early afternoons of 16, 22, 24 and 30 Sept. 2011, measurements for the leaf
curvature study were obtained. Since it was observed that mature leaves curve greater
than immature leaves, and since downy mildew incidence mainly occurred on the mature
leaves, for consistency and uniformity of the data set, only mature leaves were sampled.
Five mature leaves from five different plants from each experimental unit from 20 basil
species, cultivars, and breeding lines were selected, removed from the plant and collected
into an open container. In order to obtain uniform samples that were of the same
maturity, all mature leaves were taken from the fifth node from the bottom of a randomly
selected plant from each experimental unit. Once the set of mature leaf samples were
obtained from an experimental unit, each leaf in the sample set was recorded as ‘U’ if the
leaf was curved up and ‘D’ if the leaf was curved down. Then leaf samples were
measured in the field before leaves lost turgidity. Using electronic calipers (General
Tools Fraction+ 6 in. 3-Mode Digital Caliper), the curved leaf length and the curved leaf

161

width were measured in centimeters for each leaf (Figures 31 and 32). After curved leaf
measurements were recorded, each leaf was cut if curved with a pair of scissors to
properly flatten the leaf between two pieces of plexiglass (Figure 33). Using the
electronic calipers, the flat leaf length and the flat leaf width were measured in
centimeters for each leaf (Figures 34, 35 and 36). All data was recorded in the field in
tables. Data was then transferred to an Excel spreadsheet for further statistical analysis.
A quantitative measurement of leaf curvature of basil was performed based on the
procedure developed by Liu et al. (2010) which measured leaf curvature of Arabidopsis.
The curvature index (CI) formulas were as follows:
CI = (a'b' - ab) / ab
CI = (ab - a'b') / ab
where curved leaf length or width was ab and flattened leaf length or width was a'b'. 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 (SAS
Institute version 9.2, Cary, N.C.). This allowed the use of the fixed effects as categorical
regressors and the curvature index (CI) as a continuous regressor. Models were fit both
with and without the cultivar x curvature index interaction term to allow for different
slopes for each cultivar. Using the common slope model, a regression was calculated for
each species, variety or breeding line in the study. This was plotted against predicted
downy mildew disease percentages.

RESULTS AND DISCUSSION
The mean curvature index of basil species, cultivars and breeding lines are shown in
Table 15 and Figure 25 (length) and Table 16 and Figure 26 (width). The sweet basil
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cultivars with the highest positive mean curvature index (or downward curvature) for the
length ranged from 0.0766 to 0.1605 (Table 15, Figure 25). The sweet basil cultivars
with the highest positive mean curvature index (or downward curvature) for the width
ranged from 0.1181 to 0.5306 (Table 16, Figure 26). The higher the positive mean
curvature index value for either indicates the greater the downward curvature of the leaf.
The cultivars with the highest length and width curvature index included ‘Emily’, ‘Italian
Large Leaf’, ‘Nufar’, ‘Edwina’, ‘Superbo’ and ‘Aroma 2’ suggesting that these cultivars
have a greater downward curvature of the leaf compared to other species, varieties and
breeding lines. These varieties had mean downy mildew incidence ratings ranging from
93 to 100% (Table 15 and 16; Figures 25 and 26), suggesting that the greater the
downward curvature, the higher the downy mildew incidence was on the abaxial surface
of the leaf.
The downy mildew ratings were conducted on September 17, 2011, which was during
the same time period that the leaf curvature data was collected. In general, sweet basil
types had the highest mean downy mildew incidence (%) and the greatest downward
curvatures based on visual assessments and mean curvature index values (Table 15 and
16; Figure 25 and 26). This suggests that leaf curvature may have impact on the
development of downy mildew in these sweet basils by providing a more favorable
microclimate for infection to occur.
Basil species, cultivars and breeding lines that had moderate mean downy mildew
incidence ratings (%) ranging from 65 to 93% were either nearly flat or generally curved
upward (Table 15 and 16; Figures 25 and 26). These included O. basilicum species ‘Thai
Siam Queen’, ‘Red Rubin’, ‘Medinette’, ‘Marselles’, ‘Cinnamon’ and ‘Queenette’.

163

These cultivars and breeding lines had a mean curvature index for the length ranging
from -0.0133 to 0.0204 (Table 15 and Figure 25) and a mean curvature index for the
width ranging from -0.1744 to 0.0439 (Table 16 and Figure 26).
All other basil species, cultivars and breeding lines evaluated in the study including O.
tenuiflorum (holy), O. americanum (spice) and O. x africanum (citrus) had either nearly
flat or generally upward curving leaves based on visual assessments and mean curvature
index values (Table 15 and 16; Figure 25 and 26). 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 mean
downy mildew incidence ratings (%) ranging from 0 to 21%, and a mean curvature index
for the length ranging from -0.0077 to 0.0158 (Table 15 and Figure 25) and a mean
curvature index for the width ranging from -0.1680 to 0.0714 (Table 16 and Figure 26).
Although the holy, citrus and spice basils had either no or very low mean downy
mildew incidence (%), other basils including clove, sweet and cinnamon basils had
moderate mean downy mildew incidence (%), with the leaf curvature being either nearly
flat or generally curved upward (Table 15 and 16; Figure 25 and 26). This suggests that
in addition to leaf curvature, other factors may influence basil downy mildew
development in some Ocimum species.
Scatter plots for curvature length index and curvature width index are shown in
Figures 27 and 28. Scatter plots display the curvature index of the length and width of
each mean replicate vs. the mean percent downy mildew incidence. The scatter plots
show the differences in curvature among basil species, cultivars and breeding lines and
the relationship with the incidence of basil downy mildew.
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Common slope models for curvature length index and curvature width index were
calculated to show the mean curvature index and mean downy mildew incidence (%) in
basil species, varieties and breeding lines. These models are shown in Table 15 and
Figure 29 (length) and Table 16 and Figure 30 (width). The common slope model
demonstrated significance for the length only. The sweet basil cultivars with the highest
common slope model curvature indices (downward curvature) for the length ranged from
0.1 to 0.2 (Table 15, Figure 29). The sweet basil cultivars with the highest common slope
model curvature indices for the width ranged from 0.1 to 0.5 (Table 16, Figure 30).
In all other remaining basil species, cultivars and breeding lines in the study including
holy, citrus, spice, clove, cinnamon and two sweet cultivars, there was no significant
difference for the common slope model curvature index (0.0) for the length suggesting
that leaf curvature length was not a factor in disease incidence in these species, cultivars
and breeding lines (Table 15). In all other remaining basil species, cultivars and breeding
lines in the study including holy, citrus, spice, clove, cinnamon and two sweet varieties,
the common slope model curvature index for the width ranged from -0.2 to 0.1 (Table
16).
CONCLUSION
Scatter plots of curvature index of mature leaf length and width and the common slope
models demonstrated that with increasing downward leaf curvature, there was (tended to
be) a higher basil downy mildew incidence in sweet basil varieties including ‘Emily’,
‘Italian Large Leaf’, ‘Nufar’, ‘Edwina’, ‘Superbo’ and ‘Aroma 2’. This suggests that leaf
curvature may have had an impact on these sweet basil varieties developing downy
mildew by providing a more favorable microclimate for pathogen infection and
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sporulation. However, the apparent relationship between leaf curvature and downy
mildew incidence did not occur with all species, varieties and breeding lines studied
including the holy, citrus and spice basil types. These had no or very low mean downy
mildew incidence ratings. Another group including clove, two sweet basil types and
cinnamon basil types had moderate mean downy mildew incidence ratings. The leaf
curvature for both groups was either nearly flat or generally curved upward suggesting
that other important factors such as morphological characteristics including leaf wax and
hair, genetic variability in Ocimum species, essential oils, biochemical characteristics and
host/pathogen interactions may influence downy mildew development in different basil
species.
The role of leaf curvature deserves further investigation. Leaf curvature data was
collected during the same time period as downy mildew incidence was recorded in the
variety trial in 2011. However, the downy mildew incidence data that was collected was
not collected on the same leaves that the leaf curvature data was taken. Thus, additional
studies could provide a better assessment of the relationship between leaf curvature and
basil downy mildew incidence.
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Table 15. Mean and regression model curvature index (mature leaf length) and mean basil downy
mildew % in basil species, cultivar and breeding lines in 2011 at the Rutgers Agricultural
Research and Education Center, Bridgeton, NJ

Variety
#
19
14
15
20
17
18
1

Species
O. basilicum
O. basilicum

11

O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. tenuiflorum
(O. sanctum)
O. x africanum
(O. citriodorum)
O. x africanum
(O. citriodorum)
O. americanum
(0. canum)
O. americanum
(0. canum)
O. americanum
(0. canum)
O. x africanum
(O. citriodorum)
O. x africanum
(O. citriodorum)
O. basilicum

8
10
13
16
12

O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum

2
3
4
5
6
7
9

Common
Mean
Slope Model
Mean
Downy
Curvature Curvature
Mildew %
Index
Cultivar /
Index
17 Sept.3
Breeding Line Basil Type (Length)1 (Length)2
Emily
Sweet
0.1605
0.2 a
100.0 a
Italian Large Sweet
0.1187
0.1 ab
93.0 a
Leaf
Nufar
Sweet
0.0808
0.1 b
97.0 a
Edwina
Sweet
0.0766
0.1 b
99.0 a
Superbo
Sweet
0.0936
0.1 b
100.0 a
Aroma 2
Sweet
0.1268
0.1 b
100.0 a
Holy Red and
0.0 c
0.0 c
Green
Holy
0.0158
0.0 c
0.0 c
Lime
Citrus
-0.0077
Sweet Dani
0.0 c
7.0 c
Lemon Basil Citrus
0.0029
Hybrid basil,
0.0 c
0.0 c
Blue Spice F1 Spice
-0.0032
0.0 c
0.0 c
Spice
Spice
0.0051
-0.0061
0.0 c
0.0 c
Blue Spice Spice
-0.0054
0.0 c
2.0 c
Lemon
Citrus
Mrs. Burns
0.0046
0.0 c
21.0 c
Lemon
Citrus
Thai Siam Clove
-0.0020
0.0 c
65.0 b
Queen
Red Rubin Sweet
0.0132
0.0 c
68.0 b
Medinette Clove
0.0204
0.0 c
79.0 ab
Marseilles Sweet
-0.0133
0.0 c
81.0 ab
Cinnamon Cinnamon
0.0164
0.0 c
81.0 ab
Queenette Clove
0.0003
0.0 c
93.0 a

1

Curvature 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 curvature index
number) = (a'b' - ab) / ab and CI = (curved up, negative curvature index 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.

2

Means followed by the same letter are not significantly different according to least significant difference test at P
<0.05.

3

Means followed by the same letter are not significantly different according to least significant difference test at P
<0.0001.
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Table 16. Mean and regression model curvature index (mature leaf width) and mean basil downy
mildew % in basil species, cultivars and breeding lines in 2011 at the Rutgers Agricultural
Research and Education Center, Bridgeton, NJ

Variety
#
19
14
15
17
18
20
1
16
3
5
4
6
11
2
7
10
8
13
9
12

Species
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. basilicum
O. tenuiflorum
(O. sanctum)
O. basilicum
O. x africanum
(O. citriodorum)
O. americanum
(0. canum)
O. americanum
(0. canum)
O. americanum
(0. canum)
O. basilicum
O. x africanum
(O. citriodorum)
O. x africanum
(O. citriodorum)
O. basilicum
O. basilicum
O. basilicum
O. x africanum
(O. citriodorum)
O. basilicum

Common
Mean
Slope Model Mean
Cultivar /
Curvature Curvature
Downy
Breeding
Index
Index
Mildew %
Line
Basil Type (Width)1
(Width)2
17 Sept.3
Emily
Sweet
0.5306
0.5 a
100.0 a
Italian Large Sweet
0.2976
0.3 b
93.0 a
Leaf
Nufar
Sweet
0.2839
0.3 b
97.0 a
Superbo
Sweet
0.3210
0.3 b
100.0 a
Aroma 2
Sweet
0.2788
0.3 b
100.0 a
Edwina
Sweet
0.1181
0.1 c
99.0 a
Holy Red and
0.1 cd
0.0 c
Green
Holy
0.0714
Cinnamon Cinnamon
0.0439
0.0 c-e
81.0 ab
Sweet Dani
0.0 c-f
7.0 c
Lemon Basil Citrus
-0.0151
0.0 c-f
0.0 c
Spice
Spice
-0.0152
Hybrid basil,
0.0 d-g
0.0 c
Blue Spice F1 Spice
-0.0349
-0.1 d-g
0.0 c
Blue Spice Spice
-0.0525
Thai Siam Clove
-0.0387
0.0 d-g
65.0 b
Queen
-0.1 e-g
0.0 c
Lime
Citrus
-0.0796
-0.1 e-g
2.0 c
Lemon
Citrus
-0.0986
Medinette Clove
-0.0825
-0.1 e-g
79.0 ab
Red Rubin Sweet
-0.1347
-0.1 fg
68.0 b
Marseilles Sweet
-0.1136
-0.1 fg
81.0 ab
Mrs. Burns
-0.2 g
21.0 c
Lemon
Citrus
-0.1680
Queenette Clove
-0.1744
-0.2 g
93.0 a

1

Curvature 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 curvature index
number) = (a'b' - ab) / ab and CI = (curved up, negative curvature index 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.

2

Means followed by the same letter are not significantly different according to least significant difference test at P
<0.05.

3

Means followed by the same letter are not significantly different according to least significant difference test at P
<0.0001.
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Figure 25. Mean curvature index (mature leaf length) for basil species, cultivar or advanced breeding lines and mean percent downy mildew in 2011
at the Rutgers Agricultural Research and Extension Center, Bridgeton, NJ
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Mean Curvature Index (Width)
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Figure 26. Mean curvature index (mature leaf width) for basil species, cultivar or advanced breeding lines and mean percent downy mildew in
2011 at the Rutgers Agricultural Research and Extension Center, Bridgeton, NJ
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1 = ‘Holy Red and Green’, 2 = ‘Lime’, 3 = ‘Sweet Dani Lemon Basil’, 4 = Hybrid basil, Blue Spice F1’, 5 = ‘Spice’, 6 = ‘Blue Spice’, 7 = ‘Lemon’, 8 = ‘Red
Rubin’, 9 = ‘Mrs Burns Lemon’, 10 = ‘Medinette’, 11 = ‘Thai Siam Queen’, 12 = ‘Queenette’, 13 = ‘Marseilles’, 14 = ‘Italian Large Leaf’, 15 = ‘Nufar’, 16 =
‘Cinnamon’, 17 = ‘Superbo’, 18 = ‘Aroma 2’, 19 = ‘Emily’, 20 = ‘Edwina’

Figure 27. Scatter Plot of curvature index (mature leaf length) and percent downy mildew for basil species, cultivar or advanced breeding lines
2011 at the Rutgers Agricultural Research and Extension Center, Bridgeton, NJ
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1 = ‘Holy Red and Green’, 2 = ‘Lime’, 3 = ‘Sweet Dani Lemon Basil’, 4 = Hybrid basil, Blue Spice F1’, 5 = ‘Spice’, 6 = ‘Blue Spice’, 7 =
‘Lemon’, 8 = ‘Red Rubin’, 9 = ‘Mrs Burns Lemon’, 10 = ‘Medinette’, 11 = ‘Thai Siam Queen’, 12 = ‘Queenette’, 13 = ‘Marseilles’, 14 = ‘Italian
Large Leaf’, 15 = ‘Nufar’, 16 = ‘Cinnamon’, 17 = ‘Superbo’, 18 = ‘Aroma 2’, 19 = ‘Emily’, 20 = ‘Edwina’

Figure 28. Scatter Plot of curvature index (mature leaf width) and percent downy mildew for basil species, cultivar or advanced breeding lines
2011 at the Rutgers Agricultural Research and Extension Center, Bridgeton, NJ
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1 = ‘Holy Red and Green’, 2 = ‘Lime’, 3 = ‘Sweet Dani Lemon Basil’, 4 = Hybrid basil, Blue Spice F1’, 5 = ‘Spice’, 6 = ‘Blue Spice’, 7 = ‘Lemon’, 8 = ‘Red
Rubin’, 9 = ‘Mrs Burns Lemon’, 10 = ‘Medinette’, 11 = ‘Thai Siam Queen’, 12 = ‘Queenette’, 13 = ‘Marseilles’, 14 = ‘Italian Large Leaf’, 15 = ‘Nufar’, 16 =
‘Cinnamon’, 17 = ‘Superbo’, 18 = ‘Aroma 2’, 19 = ‘Emily’, 20 = ‘Edwina’

Figure 29. Common slope model of basil species, cultivar or advanced breeding line curvature index (mature leaf length) and downy mildew
incidence (%) in 2011 at the Rutgers Agricultural Research and Extension Center, Bridgeton, NJ
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1 = ‘Holy Red and Green’, 2 = ‘Lime’, 3 = ‘Sweet Dani Lemon Basil’, 4 = Hybrid basil, Blue Spice F1’, 5 = ‘Spice’, 6 = ‘Blue Spice’, 7 = ‘Lemon’, 8 = ‘Red
Rubin’, 9 = ‘Mrs Burns Lemon’, 10 = ‘Medinette’, 11 = ‘Thai Siam Queen’, 12 = ‘Queenette’, 13 = ‘Marseilles’, 14 = ‘Italian Large Leaf’, 15 = ‘Nufar’, 16 =
‘Cinnamon’, 17 = ‘Superbo’, 18 = ‘Aroma 2’, 19 = ‘Emily’, 20 = ‘Edwina’

Figure 30. Common slope model of basil species, cultivar or advanced breeding line curvature index (mature leaf width) and downy mildew
incidence (%) in 2011 at the Rutgers Agricultural Research and Extension Center, Bridgeton, NJ
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Figure 31. Measurement of leaf curvature length on an Ocimum basilicum species

175

Figure 32. Measurement of leaf curvature width on an Ocimum basilicum species

176

Figure 33. Flattening of leaf for measurements

177

Figure 34. View of flattened leaf of an Ocimum basilicum species

178

Figure 35. Measurement of flat leaf length on an Ocimum basilicum species

179

Figure 36. Measurement of flat leaf width on an Ocimum basilicum species
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APPENDIX I

Year
2007

2007

2007

2007

2007

Location
FL

FL

FL

FL

FL

Fall

Fall

Fall

Fall

Season
Fall

Raid, R.N.
(Raid, 2008e)

Raid, R.N.
(Raid, 2008d)

Raid, R.N.
(Raid, 2008c)

Raid, R.N.
(Raid, 2008b)

Researcher(s)
Raid, R.N.
(Raid, 2008a)

Fungicides
Bravo Ultrex 82.5 WDG (2 lb), Forum F (6 fl oz),
Revus 250SC (6 fl oz), Ranman SC (2.75 fl oz),
K-Phite L (3 pt), Previcur EC (2 pt), Reason 500
SC (6 fl oz), Ridomil EC (1 pt) and ProPhyt L (3
pt). Induce surfactant, all treatments.
ProPhyt SL (1 pt), ProPhyt SL (2 pt), ProPhyt SL
(3 pt), Previcur Flex EC (1 pt), Previcur Flex EC
(1.5 pt), Previcur Flex EC (2 pt), Revus SC (4 fl
oz), Revus SC (6 fl oz), and Revus SC (8 fl oz).
Induce surfactant, all treatments.
Kocide DF (2 lbs), ProPhyt SL (3 pt), Actigard
50DF (0.5 oz), Actinovate WP (12 oz), Serenade
Max WP (4 lb), Sonata ASO (4 pt), Tanos 50DF
(8 oz), Amistar 80WDG (4 oz), and Pristine
WDG (16 oz). The adjuvant Biotune was added
at the recommended rate only with treatments
Serenade and Sonata. Induce surfactant, all
treatments.
Rescue SL (2 pt), Rescue SL (3 pt), Rescue SL (4
pt), Amistar 80WDG (3 oz), Amistar 80WDG (4
oz), Amistar 80WDG (5 oz), Forum F (4 fl oz),
Forum F (6 fl oz) and Forum F (8 fl oz). Induce
surfactant, all treatments.
ProPhyt 4L (3 pt), ProPhyt 4L (3 pt) + Revus
250SC (6 fl oz), ProPhyt 4L (3 pt) + Forum F (6
fl oz), ProPhyt 4L (3 pt) + Reason 500SC (6 fl
oz), ProPhyt 4L (3 pt) + Previcur Flex 6F (2 pt),
ProPhyt 4L (3 pt) + Ranman 400SC (2.75 fl oz),
and ProPhyt 4L (3 pt) + Tanos 50DF (8 oz).
Induce surfactant, all treatments.

Table 17. Basil downy mildew fungicide efficacy trials

Disease pressure was extreme. Forum provided the best
level of control, followed by Amistar and then Rescue.
There was a decline in control that occurred near the end
of the trial. The control provided by the phosphonic
compound, Rescue, was less than satisfactory.
Disease pressure was extreme. The Prophyt treatment
significantly controlled downy mildew during the early
part of the trial. Tank mixtures of Prophyt with other
fungicides provided significant improvement in residual
control. The best tank-mixtures of Revus + Prophyt and
Reason + Prophyt provided superior control compared
to all other treatments. Forum and Ranman also
provided significant control.

Disease pressure was extreme. Amistar and Pristine
provided the best control. Tanos and ProPhyt provided
intermediate control. At the first rating biofungicides
provided significant disease control, but not at the final
rating. It was concluded that biological needed to be
applied more frequently than once per week.

Disease pressure was extreme. The best level of control
was provided by Revus, followed by ProPhyt and then
Previcur.

Results
Disease pressure was severe. Revus, Forum, Ranman
and Reason provided excellent control. Intermediate
control was obtained with K-Phite and ProPhyt. Bravo
Ultrex 82.5 WDG provided the least control.
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Year
2007

2007

2007

2007

Location
FL

FL

FL

FL

Winter

Winter

Winter

Season
Winter

Raid, R.N.
(Raid, 2008i)

Raid, R.N.
(Raid, 2008h)

Raid, R.N.
(Raid, 2008g)

Researcher(s)
Raid, R.N.
(Raid, 2008f)

Presidio 4F (4 fl oz), Presidio 4F (4 fl oz) +
Rampart (4 pt), Ranman 250SC (3 fl oz), Ranman
250SC (3 fl oz) + Rampart (4 pt), Revus 250SC
(6 fl oz), Revus 250SC (6 fl oz) + Rampart (4 pt),
Amistar WDG (4 oz), Amistar WDG (4 oz) +
Rampart (4 pt) and Rampart (4 pt). Induce
surfactant was added to all treatments.
Forum 6F (6 fl oz), Forum 6F (6 fl oz) + Rampart
(4 pt), Previcur 6F (2 pt), Previcur 6F (2 pt) +
Rampart (4 pt), Reason 500SC (6 fl oz), Reason
500SC (6 fl oz) + Rampart (4 pt), Actigard WDG
(0.5 oz), Actigard WDG (0.5 oz) + Rampart (4
pt), and Rampart (4 pt). Induce surfactant was
added to all treatments.

Fungicides
Presidio 4F (4 fl oz), Ranman 250SC (4 fl oz),
Revus 250SC (6 fl oz), Amistar 82.5 WDG (4
oz), Forum 6F (6 fl oz), Tanos 50DF (8 oz),
ProPhyt 4L (4 pt), Pristine WDG (16 oz), and
Previcur 6F (2 pt). Induce surfactant was added
to all treatments.
Rescue (6 pt), Rampart (6 pt), Agri-Fos (6 pt),
ProPhyt (6 pt), K-Phite (6 pt), RTRx Plus (6 pt),
Phostrol (6 pt), NutriPhite (6 pt) and Calci-Phite
(6 pt). Induce surfactant was added to all
treatments.

Table 17. Basil downy mildew fungicide efficacy trials (continued)

Disease pressure was severe. Out of all fungicide
treatments where a single compound was used, Reason
provided the best control. This was followed by Forum,
Rampart, Previcur and Actigard. Adding Rampart, a
phosphonic fungicide to Reason, Forum, Previcur, and
Actigard provided significant improvements in efficacy.

Disease pressure was extreme. All fungicide treatments
of this trial were shown to reduce disease. The best
control was obtained from potassium phosphites,
ProPhyt, NutriPhite, Phostrol, K-Phite, and Agri-Fos.
Significantly less control was obtained from Calci-Phite
compared to the other potassium phosphites used in this
trial.
Disease pressure was extreme. When each of the four
fungicides of dissimilar modes of action including
Amistar, Revus, Ranman and Presidio were added to the
phosphonic fungicide Rampart, this resulted in
significant improvements in efficacy compared to when
each fungicide was used individually

Results
Disease pressure was extreme. The treatments of
Forum, Amistar, Revus, and Ranman resulted in the
greatest reduction of disease.
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Year
2007
2008

2009

2009

Location
Italy

IL

FL

--

Fall

Season
--

Raid, R.N.
(Raid, 2010)

Babadoost,
M.
(Babadoost,
2010a)

Researcher(s)
Guillino et al.
(Gullino et
al., 2009)

Acibenzolar, azoxystrobin, Bacillus subtilis,
chlorothalonil, copper hydroxide,
cyazofamid, cymoxanil/famoxadone,
dimethomorph, fenamidone,
mandipropamid, mefenoxam, potassium
phosphanates, propamocarb,
pyraclostrobin/boscalid, Streptomyces
lydicus.

Chlorothalonil (Bravo Weather Stik),
dimethomorph (Forum), zaxomide +
mancozeb (Gavel), fluopicolide (Presidio),
azoxystrobin (Quadris), cyazofamid
(Ranman), mandiopropamid (Revus), and
famoxadone + cymoxanil (Tanos)
treatments mixed with potassium phosphate
(Prophyt).

Fungicides
Fluopicolide was applied in a mixture with
propamocarb. Zoxamide was applied in a
mixture with mancozeb and iprovalicarb
was applied in a mixture with copper.
Other fungicides tested include metalaxylM + copper, fenamidone + fosetyl-Al,
copper, propamocarb, mancozeb and
azoxystrobin.

Table 17. Basil downy mildew fungicide efficacy trials (continued)
Results
Greenhouse trial. All fungicides tested in the trials were
effective in controlling downy mildew on basil. The best
efficacy was metalaxyl m + copper, zoxamide + mancozeb,
fenamidone + fosetyl Al, azoxystrobin and fluopicolide +
propamocarb. Metalaxyl m + copper and fenamidone +
fosetyl Al provided the best control 21-29 days following the
last treatment. Mancozeb was more efficacious than
propamocarb and iprovalicarb + copper 23 days following the
last treatment. Copper did not control the disease well.
Downy mildew severity was less than 4% in plots sprayed
with chlorothalonil (Bravo Weather Stik), dimethomorph
(Forum), zaxomide + mancozeb (Gavel), fluopicolide
(Presidio), azoxystrobin (Quadris), cyazofamid (Ranman),
mandiopropamid (Revus), and famoxadone + cymoxanil
(Tanos) when fungicides above were mixed with potassium
phosphate (Prophyt). Disease severity was lowest (1%) in
plots sprayed with a combination of Quadris and Prophyt.
Disease severity was 18.1% in plots sprayed with an organic
mix.
Dimethomorph, mandipropamid, cyazofamid, fenamidone
and mefenoxam provided the best control. Of all registered
products at the time, only azoxystrobin and potassium
phosphonates provided acceptable control of the disease. No
organic fungicides provided acceptable control in the trials
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Year

2009

2009
2010

Location

FL

IL

Summer

--

Season

Babadoost,
M.
(Babadoost,
2010b)

Raid, R.N. et
al.
(Raid et al.,
2010a)

Researcher(s)

Bravo Weather Stik + Induce (0.125% v/v), ProPhyt
+ Induce (0.125% v/v), Bravo Weather Stik +
ProPhyt + Induce (0.125% v/v), Bravo Weather Stik
+ ProPhyt, Forum + Induce (0.125% v/v), Forum +
ProPhyt + Induce (0.125% v/v), Gavel + Induce
(0.125% v/v), Gavel + ProPhyt + Induce (0.125%
v/v), Presidio + Induce (0.125% v/v), Presidio +
ProPhyt + Induce (0.125% v/v), Quadris + Induce
(0.125% v/v), Quadris + ProPhyt + Induce (0.125%
v/v), Ranman + Induce (0.125% v/v), Ranman +
ProPhyt + Induce (0.125% v/v), Revus + Induce
(0.125% v/v), Revus + ProPhyt + Induce (0.125%
v/v), Ridomil Gold Copper + ProPhyt + Induce
(0.125% v/v), Tanos + Induce (0.125% v/v), Tanos +
ProPhyt + Induce (0.125% v/v), Quadris + ProPhyt +
Induce alternated with Revus + Prophyt + Induce
alternated with Ranman +ProPhyt + Induce, Quadris
+ ProPhyt + Induce alternated with Revus + ProPhyt
+ Induce alternated with Tanos + ProPhyt + Induce,
Milstop, Armicarb, Bordeaux, Oxidate, Regalia,
Safetside + Sportec, Actinovate, EF400 and Regalia
+ Safetside.

19 fungicides

Fungicides

Table 17. Basil downy mildew fungicide efficacy trials (continued)
Extreme disease pressure. Revus, Pristine, Ridomil
Bravo, Reason, Forum, BAS 651, Quadris, and
Ranman provided the best levels of control, in that
order. Intermediate control was provided by
Presidio, Gavel, and K-Phite. Actigard, Bravo
Weather Stik, Kocide 3000, Previcur, Regalia,
Serenade, and Tanos reduced disease severity, but
control not acceptable
The best treatments were conventional treatments
including Forum, Gavel, Presidio, Quadris, Ranman,
Revus, Tanos, and ProPhyt. Chlorothalonil did not
control the disease. The surfactant Induce may not
have had any effect on the efficacy of the fungicide
treatments. Organic treatments were not effective.

Results
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Year
2010

2010

2010

Location
FL

FL

FL

Spring

Spring

Season
Spring

Raid et al.
(Raid et al.,
2011a)

Raid, R.N.
(Raid, 2011a)

Researcher(s)
Raid, R.N.
and D. Sui
(Raid and
Sui, 2011a)

BAS 651 F (14.0 fl oz) with Induce (0.125% v/v),
BAS 651 F (14.0 fl oz) with Silwet (0.125% v/v),
BAS 651 F (14.0 fl oz) with Agridex (0.125%
v/v), BAS 651 F (13.7 fl oz) alternated with
Maneb 4F (2.0 qt) with Induce (0.125% v/v),
BAS 651 F (13.7 fl oz) alternated with NutriPhite SL (3.0 pt) with Induce (0.125% v/v),
Nutri-Phite SL (3.0 pt) alternated with Maneb 4F
(2.0 qt) with Induce (0.125% v/v) and Nutri-Phite
SL (3.0 pt) with Induce (0.125% v/v).
This trial compared disease management using
Quadris SC (15.2 fl oz), the phosphate NutriPhite SL (3.0 pt) and three other compounds that
were evaluated for registration through IR-4
(Revus 250SC (8.0 fl oz), Presidio 4F (4.0 fl oz)
and Ranman 400SC (4.0 fl oz). The adjuvant
Induce was used with all fungicide treatments at
0.125% v/v.

Fungicides
BAS 651F (11.0 fl oz), BAS 651F (13.7 fl oz),
BAS 651F (11.0 fl oz) + Silwet (0.06% v/v), BAS
651F (13.7 fl oz) + Silwet (0.06% v/v), Reason
500SC + Bond (0.06% v/v), Revus 250SC +
Silwet (0.06% v/v), and Aliette 80WDG (5 lb).

Table 17. Basil downy mildew fungicide efficacy trials (continued)

Disease pressure was severe. All fungicide treatments of
this trial were shown to provide significant reductions in
basil downy mildew severity. Revus provided the best
level of control. This was followed by Ranman, Presidio,
and Quadris, which were statistically equivalent.

Results
Moderate disease pressure since second driest spring in
recorded history. All fungicide treatments of this trial
were shown to provide significant reductions in basil
downy mildew severity. Regarding the fungicide BAS
651F, there was a significant rate effect when the rates
(11 fl oz and 13.7 fl oz) were compared with or without
the use of an adjuvant. Adding the adjuvant Silwet did
not significantly improve performance when comparing
similar rates of BAS 651F. BAS 651F, when used at
13.7 fl oz, was comparable to Revus when both included
an adjuvant.
Disease pressure was severe. All fungicide treatments of
this trial were shown to provide significant reductions in
basil downy mildew severity. All treatments that
contained BAS 651 performed well. However, when
BAS 651was alternated with another fungicide, slightly
less control was obtained
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Year
2010

2010

2010

2010

Location
FL

FL

FL

FL

Fall

Fall

Fall

Season
Spring

Mersha, et al.
(Mersha, et
al., 2011a)

Raid, R.N.
(Raid, 2011b)

Raid, R.N.
and D. Sui
(Raid and
Sui, 2011b)

Researcher(s)
Raid et al.
(Raid et al.,
2011b)

Actinovate (12 oz/A), BU EXP 1216 C (3 lb/A),
BU EXP 1216 S (3 lb/A), Companion (32 fl
oz/A), HMO 736 (14 oz/A), Regalia SC (1% v/v),
Serenade (3 lb/A), Sonata (4 qt/A), Prophyt (4
pt/A), and Prophyt (2 pt/A) + Quadris (9 fl oz/A)

Nutri-Phite SL (6.0 pt), Presidio 4F (4.0 fl oz),
Ranman 400SC (4.0 fl oz), Revus 250SC (8.0 fl
oz), Zampro SC (14.0 fl oz), Ridomil Gold EC
(16.0 fl oz), Quadris SC (15.0 fl oz), and Bravo
Weatherstik F (1.5 pt). Induce surfactant was
added to all treatments.
Regalia (1% v/v), Regalia (1% v/v) + Kocide
3000 (2.0 lb), Regalia (1% v/v) + Nutri-Phite SL
(3.0 pt), and Regalia (1% v/v) + Sonata (4.0 qt).
Induce surfactant was added to all treatments.

Fungicides
Quadris SC (15.2 fl oz), Nutri-Phite SL (3.0 pt),
Quadris SC (15.2 fl oz) alternated with NutriPhite SL (3.0 pt), Quadris SC (15.2 fl oz) + NutriPhite SL (3.0 pt) and Revus 250SC (8.0 fl oz).
The adjuvant Induce was used with all fungicide
applications at a rate of 0.125% v/v.

Table 17. Basil downy mildew fungicide efficacy trials (continued)
Results
Disease pressure was severe. All fungicide treatments of
this trial were shown to provide significant reductions in
basil downy mildew severity. Quadris and Nutri-Phite
provided good control alone. Greater disease control was
obtained when used in alternation or in a tank mixture.
Revus provided control that was superior to all other
treatments
Disease pressure was severe. All fungicide treatments of
this trial were shown to provide significant reductions in
basil downy mildew severity. Revus, Ridomil Gold, and
Quadris demonstrated the best control and resulted in less
than 20% losses in fresh market stems. Zampro and
Ranman provided intermediate levels of control
Disease pressure was severe. All fungicide treatments of
this trial were shown to provide significant reductions in
basil downy mildew severity. During the second rating,
only the addition of Nutri-Phite to Regalia provided
improvement over using Regalia by itself. Only this
treatment resulted in marketable stem cuttings, although
this was only 24%
Greenhouse trial. Disease severity and incidence in all
biological treatments was non-significant compared to the
control plot during the last rating of trial 1 and trial 2,
except for Sonata in trial 1 and Actinovate and Sonata in
trial 2
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Year
2010

2010

Location
FL

NY

Fall

Season
Fall

McGrath and
Hunsberger
(McGrath and
Hunsberger,
2011)

Researcher(s)
Mersha, et al.
(Mersha, et
al., 2011b)

Fungicides
Actinovate (Streptomyces lydicus; 12 oz/A), BU
EXP 1216 C (Bacillus subtilis MB1600; 3 lb/A);
BU EXP 1216 S (Bacillus subtilis MB1600; 3
lb/A), Companion (Bacillus subtilis GB03; 32 fl
oz/A), HMO 736 (Sea weed extract; 14 oz/A),
Regalia SC (Reynoutria spp. extract; 1% v/v),
Serenade (Bacillus subtilis QST 713; 3 lb/A) and
Sonata (Bacillus subtilis QST 2808; 4 qt/A).
Oxidate (128 fl oz/100 gal water), Regalia (1%
v/v), Actinovate (12 oz/A), Organocide (2
oz/gal), Sporatec AG (1 qt/A) + BioLink (2 fl
oz/gal), Sonata ASO (3 qt/A) + BioLink (2 fl
oz/gal), Companion (1 gal/A), Timorex Gold
(0.75% v/v), ProPhyt (4 pt/A), Revus (8 fl oz/A),
and Organocide (1 oz/gal) + NuCop HB (1.0
lb/A).

Table 17. Basil downy mildew fungicide efficacy trials (continued)

Calculation errors were made during the first three
applications and the fungicides were applied at a lower
rate. There were few significant differences observed
among treatments. Revus, a conventional fungicide was
not significantly better than most of the biopesticides that
were tested and was not effective as compared to
previous evaluations that were conducted in FL. The
results that were obtained may have been affected by the
disease onset later in the season and that the occurrence
of the disease remained low. The biopesticide that was
the least effective was Oxidate. Unfortunately, this is one
of the two organic products that were labeled for downy
mildew control.

Results
Greenhouse trial. Actinovate, BU EXP 1216 C, Regalia
and Sonata were shown to effectively reduce downy
mildew in greenhouse basil when applied pre- and postinoculation. Actinovate, regardless of application timing
and BU EXP 1216 C as a pre-inoculation treatment was
shown to significantly reduce defoliation of leaves
compared to the control.
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Year
2011

2011

2011

Location
FL

FL

FL

Spring

Spring

Season
Spring

Mersha et al.
(Mersha et al,
2012c)

Mersha et al.
(Mersha et
al., 2012b)

Researcher(s)
Mersha et al.
(Mersha et
al., 2012a)

Prophyt (1.25 ml/L) + Quadris (0.35 ml/L), 7 day
intervals, Prophyt (1.25 ml/L) + Quadris (0.35
ml/L), 14 day intervals, Prophyt (2.50 ml/L) +
Quadris (0.70 ml/L), 7 day intervals, Prophyt
(2.50 ml/L) + Quadris (0.70 ml/L), 14 day
intervals, Prophyt (2.50 ml/L) + Quadris (0.70
ml/L), on 09 and 23 May only, and Prophyt (2.50
ml/L) + Quadris (0.70 ml/L), on 06 and 13 June
only.

Fungicides
acibenzolar-S-methyl (ASM) at 25 mg/L on 3
dates, ASM at 50 mg/L on 3 dates, ASM at 25
mg/L on 6 dates, ASM at 50 mg/L on 6 dates,
ASM at 25 mg/L on 3 dates + Prophyt-Quadris
mix, ASM at 50 mg/L on 3 dates + ProphytQuadris mix, ASM at 25 mg/L on 6 dates +
Prophyt-Quadris mix, ASM at 50 mg/L on 6
dates + Prophyt-Quadris mix, and Prophyt at 2.5
ml/L + Quadris at 0.7 ml/L on 6 dates. When
ASM was combined with the Prophyt + Quadris
mix, the Prophyt + Quadris mix was applied on
22 and 29 Ma. The standard fungicide was the
mixture of Prophyt and Quadris and was applied
during 6 dates during the same dates of the ASM
sprays.
3-Aminobutanoic acid (BABA) was prepared into
different concentrations (125 and 250 mg/L).
The surfactant Silwet L-77 was added at a rate of
0.01% v/v.

Table 17. Basil downy mildew fungicide efficacy trials (continued)

BABA alone did not significantly reduce downy mildew.
When BABA was used in combination with two
application of the standard fungicide, there was a
significant reduction in disease severity. Weekly sprays
of Prophyt and Quadris consistently reduced downy
mildew severity
Disease pressure was heavy. Weekly tank mix sprays of
Prophyt + Quadris produced the lowest disease severity.
This was irrespective of application rates. With all of the
Prophyt + Quadris treatments, there was significant
reduction in basil downy mildew compared to the control.

Results
Better control of the disease resulted from increasing the
frequency of ASM sprays from 3 to 6 dates. Six weekly
sprays of the standard fungicide mix of Prophyt +
Quadris beginning early in the season provided better
control of downy mildew than when ASM was followed
by two sprays of Prophyt + Quadris at the end of the
season.
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Location
FL

Year
2011

Season
Winter

Researcher(s)
Mersha and
Zhang
(Mersha and
Zhang, 2012)

Fungicides
Treatments for the response of basil cultivars to
Peronospora belbahrii after foliar treatment with
acibenzolar-S-methyl in the greenhouse consisted
of Cinnamon basil (Ocimum basilicum),
Genovese basil (Ocimum basilicum), Large Leaf
Italian (Ocimum basilicum), Lemon basil
(Ocimum basilicum citriodora), Red Rubin
(Ocimum basilicum purpurescens) Thai basil
‘Siam Queen’ (Ocimum basilicum), and Common
sweet basil (Ocimum basilicum) both treated with
ASM and untreated.

Table 17. Basil downy mildew fungicide efficacy trials (continued)
Results
Greenhouse trial. The most susceptible cultivars were
Cinnamon, Genovese, Large Leaf Italian, Thai, and
Common sweet basil. There was a significant
reduction of disease severity in all cultivars except
lemon basil when ASM was applied. Lemon basil was
generally resistant to basil downy mildew. Disease
development was slowed down by ASM treatment on
Genovese, Large Leaf Italian, Lemon, Thai and
Common sweet basil.
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Location
IL

Year
2011

Season
Summer

Researcher(s)
Babadoost and
DeYoung
(Babadoost
and DeYoung,
2012)

Fungicides
ProPhyt 4L (3 pt) + Induce 90, Bravo Weather
Stik 6 F (2 pt) + ProPhyt 4L (3 pt) + Induce 90,
Forum 4.16SC (6 fl oz) + Induce 90, Forum
4.16SC (6 fl oz) + ProPhyt 4L (3 pt) + Induce 90,
Gavel 75DF (2 lb) + Induce 90, Gavel 75DF (2
lb) + ProPhyt 4L (3 pt) + Induce 90, Presidio 4SC
(4 fl oz) + Induce 90, Presidio 4SC (4 fl oz) +
ProPhyt 4L (3 pt) + Induce 90, Ranman 400SC
(2.75 fl oz) + Induce 90, Ranman 400SC (2.75 fl
oz) + ProPhyt 4L (3 pt) + Induce 90, Revus
2.09SC (4 fl oz) + Induce 90, Revus 2.09SC (8 fl
oz) + ProPhyt 4L (3 pt) + Induce 90, Ridomil
Gold Copper 65WP (2 lb) + ProPhyt 4L (3 pt) +
Induce 90, Tanos 50WG (10 oz) + Induce 90,
Tanos 50WG (10 oz) + ProPhyt 4L (3 pt) +
Induce 90, Experimental-l (38.6 fl oz) + Induce
90, Experimental-l (38.6 fl oz) + Prophyt 4L (3
pt) + Induce 90, Experimental-II (38.6 fl oz) +
Induce 90, Experimental-II (38.6 fl oz) + Prophyt
4L (3 pt) + Induce 90, Zampro 525SC (14 fl oz) +
Induce 90, Zampro 525SC (14 fl oz) + ProPhyt
4L (3 pt) + Induce 90, Nordox 75WG (14 oz),
Nordox 75WG (8 oz) + Safe-T-Side (2% v/v),
Serenade (2 qt) + Induce 90, Sonata (2 qt) +
Induce 90, and Serenade (2 qt) + Regalia (1%
v/v).

Table 17. Basil downy mildew fungicide efficacy trials (continued)
Results
The most effective treatments included ProPhyt,
Forum, Ranman, Revus, Zampro, Experimental-I, and
Experimental-II. Mixing fungicides with ProPhyt were
more effective for controlling disease than applying
fungicides without ProPhyt.
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Year
2011

2011

2011

2011

2011

Location
CT

NY

Ontario

FL

FL

Fall

--

Summer

Summer

Season
Summer

Mersha et al.
(Mersha, et al.,
2012f)

Westerveld et
al.
(Westerveld et
al., 2012)
Mersha et al.
(Mersha et al.,
2012e)
Systemic acquired resistance (SAR) inducers
including Acibenzolar-S-methyl (ASM, Actigard
50WG), DL-3-aminobutyric acid (BABA),
isonicotinic acid (INA), salicylic acid (SA) and
sodium salicylate (SS).
Three rates of acibenzolar-S-methyl (0, 50 and
100 mg/liter) were combined with four rates of
Quadris (0, Quarter-, half- and full label rates).

Organic products developed from Reynoutria
sachalinensis, sesame oil and Bacillus subtilis.

Fungicides
Milstop (2.5 lb), Oxidate (0.6 gal) + Yucca AgAide (0.125% v/v), Oxidate (1.2 gal) + Yucca
Ag-Aide (0.125% v/v), Actinovate AG (10 oz) +
ThermX70 (0.06% v/v), Serenade MAX (2.0 lb)
+ ThermX70 (0.06% v/v) and Triology 76.8 oz.
McGrath and
Companion (1 gal), Oxidate (1%) + Yukka agHunsberger
aide (0.25%), Sporatec AG (1 qt) + Saf-T-Side
(McGrath and
(1.5%), Sonata ASO (3 qt) + Nu-Film P (0.03%),
Hunsberger,
Organocide (2 oz/gal), Timorex Gold (0.75%),
2012)
Actinovate (12 oz), Regalia (1%), Organocide (1
oz/gal) + NuCop HB (1 lb), ProPhyt (2 qt), and
Revus (8 fl oz).

Researcher(s)
Allen and
Petrie
(Allen and
Patrie, 2012)

Table 17. Basil downy mildew fungicide efficacy trials (continued)

Greenhouse trial. Foliar sprays of ASM or BABA
followed by one or two post-inoculation sprays of a
mixture of ProPhyt and Quadris were found to
significantly improve efficacy for control of basil
downy mildew.
Preliminary results showed that all treatments were
significantly different than the control. The best results
were obtained from ASM at 100 mg/L alternated or
tank mixed with Quadris at ½ the label rate and at the
full label rate.

There were no significant differences detected among
treatments. There was no suppression of downy
mildew in any of the treatments including the
conventional fungicide treatment Revus. Out of all
biopesticide treatments, the fewest affected leaves were
found in plots treated with ProPhyt. The downy
mildew in these plots was similar to plots treated with
Revus.
These products did not significantly reduce the disease
compared to the untreated control plot.

Results
Weather was favorable for basil downy mildew. The
most consistent control was obtained from Milstop and
Oxidate.
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Year
2011
2012

2011

2011
2012

Location
Italy

FL

Israel

--

--

Season
--

Cohen et al.,
(Cohen et al.
2013)

Mersha et al.
(Mersha et
al., 2012g)

Researcher(s)
Gilardi et al.
(Gilardi et al.,
2012)

Mefenoxam/ml (Ridomil Gold 48%) prior to
inoculation.

Two systemic acquired resistance (SAR)
inducers including acibenzolar-S-methyl
(ASM) and β-aminobutyric acid (BABA)
were evaluated for the in vitro effects on
sporangial germination of P. belbahrii for
control of basil downy mildew in the
greenhouse and for changes in peroxidase
activity in basil treated with ASM and
BABA.

Fungicides
Copper-based fungicides, biocontrol agents,
and other compounds reported to induce
resistance in plants to pathogens were tested
in 2011 and 2012

Table 17. Basil downy mildew fungicide efficacy trials (continued)
Results
Greenhouse trial. The best control of disease incidence and
severity included treatments of metalaxyl-M + copper
hydroxide, the mineral fertilizer ‘Alexin’, mandipropamid,
and azoxystrobin. Acibenzolar-S-methyl and a glucohumates
activator complex were also shown to provide control of basil
downy mildew. The mineral fertilizer “Alexin’, the
glucohumates activator complex and acibenzolar-S-methyl
was shown to significantly reduce disease incidence and
severity 20 days following the last treatment. The best
reduction in disease incidence and severity from the copperbased products were from copper hydroxide with terpenic
alcohols and copper oxychloride + copper hydroxide. The
mineral fertilizer Kendal and prohexadione-Ca and mustard
seed oil were found to reduce disease incidence and severity.
The biocontrol agent Bacillus subtilis QST 713 and thyme oil
were mostly not effective.
Greenhouse trial. The efficacy of ASM and BABA in the
greenhouse varied depending on rate, method and timing of
application. Disease severity was reduced significantly
compared to the control when ASM was sprayed or drenched
pre-, or pre- + post-inoculation. Using reduced rates of ASM
or BABA followed by a onetime post-inoculation spray of the
mixture ProPhyt + Quadris significantly improved the
efficacy of ASM and BABA or fungicides when applied
alone. The best efficacy of ASM and BABA occurs when
applying each at the optimal rate, appropriate timing and
method.
One isolate of Peronospora belbahrii was discovered to be
resistant to mefenoxam. This was the first global report of
resistance of mefenoxam in
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