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ABSTRACT. Sweet basil (Ocimum basilicum) is one of the most economically important culinary herbs in the world, yet
global production has become increasingly challenging due to the destructive disease downy mildew (Peronospora
belbahrii). Although multiple sources of resistance have been identified, there are no resistant sweet basil cultivars
with a commercially acceptable chemotype and phenotype available. The commercial basil cultivar Mrihani (MRI)
was identified as resistant and crossed with a Rutgers University susceptible sweet basil inbred line (SB22) to generate
a full-sibling family. To determine the mode of inheritance for resistance to downy mildew in basil, six related
generations of the MRI x SB22 family were evaluated using a disease severity index (DSI) at northern and southern
New Jersey locations over 2 years. All siblings in the F; and BC,P, generations were resistant (0.33 > DSI) providing
strong evidence that inheritance of resistance from MRI was conferred by dominant alleles. Segregation ratios in the
F, and backcross to the susceptible parent (BCP;) generations demonstrated chi-square goodness of fit to the two-gene
complementary (F,: P=0.11, BC,P;: P =0.04) and recessive epistatic (F,: P=0.03, BC,P,: P =0.63) models. Further
analyses of gene effects using a weighted six-parameter scaling test provided evidence that nonallelic additive x
additive and additive X dominant gene effects were highly significant (P < 0.001) and resistance reducing. This is
the first report of heritable genetic resistance that can be introduced to sweet basil without the issue of sterility barriers.
Plant breeding strategies using the MRI x SB22 family should exploit dominant gene action and remove recessive,

resistance-reducing alleles from the population.

Basil (Ocimum sp.) is a highly diverse genus (Vieira et al.,
2003) that includes at least 64 species (Paton et al., 1999),
several of which are among the most widely cultivated and
consumed herbs worldwide (Simon et al., 1990). In the United
States, Israel, and Europe, commercial sweet basil is readily
identified by a distinct phenotype and chemotype used in the
fresh, dried, and culinary industries (De Masi et al., 2006;
Simon et al., 1990). Downy mildew has become a devastating
disease of commercial sweet basil around the world and has
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severely impacted major growing regions in the United States
since 2007 (Roberts et al., 2009; Wyenandt et al., 2010). A
genus-specific host range limits P. belbahrii infection to basil
species and excludes other members of the Lamiaceae family
(Belbahri et al., 2005; Thines et al., 2009). Pathogenesis occurs
during extended periods of leaf wetness and high humidity,
which facilitate sporangia germination and entry through host
stomata (Garibaldi et al., 2007; Koroch et al., 2013). Persis-
tence of these environmental conditions results in profuse
sporulation from the abaxial leaf surface and rapid disease
progress leading to complete crop loss (Roberts et al., 2009).
The capacity of P. belbahrii to persist on both seed (Garibaldi
et al., 2004a) and transplants (Farahani-Kofoet et al., 2012)
provides versatility to this species of downy mildew, which has
facilitated its worldwide dissemination (Blomquist et al., 2009;
Garibaldi et al., 2004b; Kanetic and Vasiliou, 2014; Martinez-
de la Parte et al., 2009; McLeod et al., 2006; Nagy and Horvath,
2011).

Conventional and organic control methods have been
explored and several conventional fungicides have resulted in
reduced disease severity; however, organic controls tested to

J. AMER. Soc. Horr. Sci. 140(5):396—403. 2015.

$S9008 98l) BIA | Z-60-SZ0Z Je /woo Aloyoeignd-poid-swiid-yiewlayem-jpd-awiid//:sdiy woly papeojumoq



date remain ineffective (Homa et al., 2014; Mersha et al., 2012).
The efficacy of chemical control agents is dependent on many
factors including host developmental stage, application rate/
interval, environmental conditions, and inoculum levels. The
foliar application of pesticides in sweet basil has a number of
disadvantages including the chemical residuals (Gilardi et al.,
2013), pathogen selection pressure (Cohen et al., 2013), and
increased resources required for repeated applications. The
existence of P. belbahrii races has not been reported. However,
recent discovery of oospores (Cohen et al., 2013) suggests the
potential for sexual reproduction and eventual evolution of new
pathogen races. Integration of downy mildew—resistant sweet
basil cultivars into pest management strategies represents
a more sustainable control strategy that is advantageous to
environmental, public health, and economic interests.

Host resistance to basil downy mildew was first reported in
2010 from field evaluations in which all O. basilicum cultivars
and breeding lines were highly susceptible (Wyenandt et al.,
2010). Sporulation was reduced in multiple cultivars of
O. Xcitriodorum, while sporulation and chlorosis were absent on
leaves of three similar cultivars of O. americanum (Wyenandt
et al., 2010). To confirm these field observations and identify
new sources of resistance and tolerance to basil downy mildew,
a rapid screening protocol using a controlled environment was
developed (Pyne et al., 2014).

Greenhouse evaluations of the U.S. Department of Agricul-
ture National Plant Germplasm System (USDA-NPGS) germ-
plasm demonstrated extensive susceptibility among O.
basilicum accessions with the exception of accessions PI
172996, PI 172997, and PI 172998. Sporulation was not
observed on leaves of these accessions. However, presence of
disease symptoms (i.e., chlorosis and necrosis) in greenhouse
screenings (Pyne et al., 2014) and presence of sporulation in
field evaluations (James E. Simon, unpublished data) dimin-
ished the breeding value of these lines. Greenhouse screening
has been essential to the identification of multiple resistant
Ocimum accessions such as PI 652053 (Farahani-Kofoet et al.,
2014; Pyne et al., 2014). However, these accessions are
different species from O. basilicum and breeding is limited
by sexual incompatibility and F; hybrid sterility. The commer-
cial cultivar Mrihani [Ocimum sp. (Horizon Seed Co.,
Williams, OR)] is a methyl chavicol chemotype with highly
serrate and undulate leaves that was initially identified as
downy mildew resistant using the rapid screening approach
(Pyne et al., 2014). Despite a substantial difference in aroma,
flavor, and phenotype, this cultivar is sexually compatible with
sweet basil and could be used to facilitate the development of
subsequent generations from a fertile F;.

For disease resistance breeding strategies to be most
effective, they must be supported by inheritance studies that
measure disease response across multiple generations, envi-
ronments, and years (Holland et al., 2003). Such studies can be
used to determine number of genes involved and elucidate gene
action, which is essential to the adoption of an effective
breeding method. True leaf downy mildew resistance in
Brassica species has been attributed to a single dominant gene
in multiple reports (Farnham et al., 2002; Jensen et al., 1999;
Mahajan et al., 1995; Monteiro et al., 2005; Natti et al., 1967).
Carlsson et al. (2004) determined a single recessive gene to be
responsible for resistance in cotyledons of Brassica oleracea.
Traits controlled by Mendelian genes are advantageous to plant
breeders because rapid gain can be achieved with fewer
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selection cycles. However, in many cases gene action is
complicated by multiple genes acting independently or inter-
acting in a nonallelic or epistatic fashion (Hayman, 1958; Jinks
and Jones, 1957; Mather and Jinks, 1971).

Peronospora belbahrii is an emerging pathogen of Ocimum
species and inheritance of resistance has not been character-
ized. When prior knowledge of gene action is unavailable, it is
important that an appropriate mating design is selected to
capture as much genetic variation as possible through use of
multiple populations from the same or different parents (Mather
and Jinks, 1971). The development of six related generations
derived from two inbred lines with differential response to
a particular trait of interest provides a metrical system for
partitioning of gene effects using scaling tests (Hayman, 1958;
Mather and Jinks, 1971). This classic mating design has proven
effective in determinations of heritability and gene action when
characterizing new sources of disease resistance (Tetteh et al.,
2013a, 2013b). The objective of this study was to investigate
the mode of inheritance for resistance to downy mildew in
a segregating full-sibling sweet basil family. Results provide
the basis by which to design the appropriate breeding and
selection strategies for the development of downy mildew
resistance in sweet basil.

Materials and Methods

PLANT MATERIAL AND CONTROLLED CROSSES. The two parent
genotypes in this study were selected based on a consistent,
differential response to downy mildew through repeated field
and greenhouse evaluations at Rutgers University greenhouses.
Inbred sweet basil breeding line SB22 (Fig. 1A) was found to be
highly susceptible, while the cultivar Mrihani (Fig. 1B)
demonstrated resistance with no sporulation and little or no
chlorosis. The latter genotype was therefore selected as the
resistant parent and designated MRI following two generations
of self-pollination. Lacking any prior knowledge with regard to
the genetic basis by which MRI confers resistance, a six-
generation mating design consisting of susceptible parent
[SB22 (Fig. 1A)], resistant parent [MRI (Fig. 1B)], F [maternal
parent=MRI (Fig. 1C)], F;R (maternal parent = SB22), F, (Fig.
1H-K), backcross to SB22 [BC,P; (Fig. ID—-G)], and backcross
to MRI (BC,P,) generations were selected to allow for
measurement of potential additive, dominant, and epistatic
gene effects (Mather and Jinks, 1971). Crosses were made in
early morning hours by emasculation of unopened (immature)
flower whorls followed by hand pollination 24 and 48 h later.
Glassine bags (Seedburo, Des Plaines, IL) were used to cover
emasculated flowers to prevent any incidental outcrossing from
taking place. In total, 30 susceptible parent (SB22), 30 resistant
parent (MRI), 30 F{, 30 F;R, 300 F,, 180 BC,P;, and 144 BC,P,
individuals were used in this study. Seeds were germinated on
blotting paper moistened with sterile distilled water and in-
cubated at 30/20 °C corresponding to a 12-h light/dark
schedule. Seedlings were transferred to a 72- or 128-celled flat
with growing mix (Fafard Grow Mix 2; Sun Gro Horticulture,
Agawam, MA) on emergence of cotyledons and maintained
under greenhouse conditions at the Rutgers Research Green-
houses in New Brunswick, NJ, until field establishment.

FIELD ESTABLISHMENT AND EXPERIMENTAL DESIGN. This study
was conducted at two locations over 2 years. In year 1, an
exploratory field experiment was initiated in which five
generations: SB22, MRI, Fy, F{R, F,, and BC,P; were evaluated

397

$S9008 98l) BIA | Z-60-SZ0Z Je /woo Aloyoeignd-poid-swiid-yiewlayem-jpd-awiid//:sdiy woly papeojumoq



Fig. 1. Phenotypic variation in the basil MRI x SB22 full-sib family: (A) SB22 (susceptible parent), (B) MRI
(resistant parent), (C) F; (resistant), (D-G) BC,P; siblings (backcross to SB22), and (H-K) F, siblings.

at a single site, the Rutgers Agricultural Research and
Extension Center (RAREC) in Bridgeton (southern New
Jersey). In year 2, this experiment was repeated with six
generations: SB22, MRI, F;, F{R, F,, BC;P;, and BC,P, from
new crosses at RAREC and at a second location, the Snyder
Research and Extension Farm in Pittstown (northern New
Jersey). The two locations in this study are separated by
~118 km and are known to have different environmental
conditions (i.e., temperature and rainfall patterns). RAREC is
located in the outer coastal plains of southern New Jersey in
a sandy loam soil type, while the northern location has a silt
loam soil type. All genotypes evaluated in year 2 were cloned
by vegetative propagation, with one clone per genotype
represented at each of the two locations to provide a measure
of genotype by environment interaction. Clones were trans-
planted in single rows with 1-m spacing at both locations to
allow for single plant evaluations.

All field experiments were conducted in raised beds with
0.032-mm plastic mulch spaced on 1.5-m centers and with drip
irrigation applied as needed. Fertilizers, insecticides, and
herbicides were applied as needed and according to local
standard production practices at each location in both years of
the study. Field experiments were arranged in a randomized
complete block design with progeny of each generation divided
equally into three blocks. Thus, each block contained 10 plants
per parent, 10 plants per Fy, 10 plants per F;R, 100 plants per F,
60 plants per BC,P;, and 48 plants per BC,P,.

INOCULATION AND DISEASE RATING. Peronospora belbahrii
inoculum was consistently present at the northern and southern
New Jersey locations in both years of this study and was
consistent with other related studies on basil downy mildew
conducted at these sites (Homa et al., 2014; Wyenandt et al.,
2010). Overhead irrigation was regularly applied to maintain
leaf wetness and relative humidity during extended dry periods.

398

Control plots and guard rows con-
sisting of highly susceptible O. basi-
licum commercial cultivar
DiGenova were included within
each block to ensure uniform in-
oculum and aid in the determination
of appropriate rating dates.

To ensure that the response vari-
able was strictly a measurement of
reaction to P. belbahrii, evaluations
were made on the basis of percent
sporulation. A five-point ordered
categorical scale (0—4) was used in
which 0 = no sporulation, 1 = 1% to
10% sporulation, 2 = 11% to 25%,
3 =26% to 50%, and 4 = 51% to
100%. This scale facilitated rapid
scoring of multiple leaves from in-
dividual plants, while providing a re-
peatable and representative measure
of disease reaction on an individual
plant basis. Six mature leaves were
detached from each plant and
assigned a score from which a DSI
(Gilardi et al., 2013; Mahajan et al.,
1995; Shashikumar et al., 2010) was
calculated on a single-plant basis
using the equation:

> (singleleaf X diseaserating)

DSI= - - -
(number of leaves scored X maximum disease rating)

Disease progress was monitored using susceptible control
plots. Initial disease evaluations were made on observance of
sporulation on all control plots and subsequent evaluations
were made with increasing disease severity. Disease ratings
were made on three dates (8 Aug., 26 Aug., and 15 Sept.) in
2013 and four dates (25 Aug. and 10 Sept. in southern New
Jersey; 28 Aug. and 16 Sept. in northern New Jersey) in 2014
for a total of seven disease rating over 2 years. For each year X
location combination, disease ratings data corresponding to the
highest family mean DSI, or greatest disease selection pressure,
were selected for subsequent statistical analysis. These ratings
were performed 33 d after planting (DAP) in southern New
Jersey in 2013, 49 DAP in southern New Jersey in 2014, and 53
DAP in northern New Jersey in 2014.

STATISTICAL ANALYSIS. Means, variances, and frequency
distributions of DSI scores among generations were calculated
separately for each of the three rating dates selected over 2
years using PROC UNIVARIATE (SAS version 9.4; SAS
Institute, Cary, NC). Bartlett’s homogeneity of variances tests
were performed using the F2 generation DSI variances to
determine whether it was appropriate for data to be pooled by
year, location, and blocks (Ostle and Malone, 1988; Steel et al.,
1997). The non-segregating F; and F{R generation means were
subjected to a two-sample ¢ test of independence for detection
of maternal effects on disease resistance (Steel et al., 1997).

An analysis of variance (ANOVA) was performed using
PROC MIXED (SAS version 9.4) in which location and block
effects were random, but generation was fixed because purpose-
ful crosses were performed using parents with a previously
observed disease response. Unbiased estimates of variance
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Table 1. Means, variances, and number of genotypes among generations of the basil MRI x SB22 full-sib family evaluated for response to downy

mildew over 2 years at northern and southern New Jersey locations.

Yr Location MRI¥ SB22* Fv F{RY F, BC,P* BCP,!
Generation mean®
2013 Southern New Jersey 0.000 0.986 0.104 0.133 0.265 0.575 —
2014 Southern New Jersey 0.042 0.958 0.086 0.096 0.381 0.607 0.057
2014 Northern New Jersey 0.051 0.975 0.176 0.190 0.438 0.670 0.096
Generation variance’
2013 Southern New Jersey 0.000 0.001 0.001 0.003 0.070 0.088 —
2014 Southern New Jersey 0.002 0.002 0.005 0.004 0.109 0.128 0.006
2014 Northern New Jersey 0.001 0.001 0.002 0.003 0.100 0.110 0.011
Genotypes (no./generation)

2013 Southern New Jersey 30 30 30 30 300 181 —
2014 Southern New Jersey 30 30 30 30 300 180 144
2014 Northern New Jersey 30 30 30 30 300 180 144

“Mean and variance estimates generated from disease severity index (DSI) scores of six mature leaves from individual plants.

YResistant parent (P2).

*Susceptible parent (P1).

“Maternal parent is SB22.

YMaternal parent is MRI.

“Backcross to the susceptible parent, SB22.

‘Backcross to the resistant parent, MRI.

°F, generations were not significantly different (P = 0.335) according to Fisher’s two-sample ¢ test.
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Fig. 2. Downy mildew response distributions for basil susceptible parent (SB22), basil resistant parent (MRI), F,
F,, BC,P, (backcross to SB22), and BC,P, (backcross to MRI) generations in southern (blue, circle) and
northern (red, cross) New Jersey locations in 2014. Boxes represent generation interquartile ranges, lines within
boxes represent generation medians, and circles and plus signs within boxes represent generation means for
southern and northern New Jersey, respectively. Whiskers represent disease severity index (DSI) ratings outside
the interquartile range. Outliers are represented by circles and plus signs above the range of whiskers for
southern and northern New Jersey, respectively.

performed to determine differences
among generations using the least
significant difference (LsDg.gs)
method.

To provide an estimation for the
number of loci involved in disease
response, five separate formulas
were used to determine the mini-
mum number of effective factors
using the SASQuant 1.3 program
(SAS version 9.4) (Gusmini et al.,
2007). Five separate methods in-
cluding Wright’s method (Wright,
1968), Mather’s method (Mather
and Jinks, 1971), and Lande’s
methods I-III (Lande, 1981) pro-
vided five estimates from which an
overall mean was calculated.

Chi-square tests were used to
determine goodness of fit to hypoth-
esized gene models based on ob-
served and expected number of
resistant and susceptible individ-
uals in the F, and BC,P, genera-
tions. On the basis of comparisons
of DSI scores with observed plant
disease reactions in the field and
analysis of generation frequency
distributions, plants with a DSI
score < 0.33 (slightly more than
10% sporulation) were considered
resistant. A portion of the popula-
tion demonstrated a disease re-
sponse within a DSI interval

were calculated for the effect of location (6%), location X 0.33-0.66, which suggested an intermediate resistance re-
generation (6°,) and location X block (67 ,) using the restricted ~ action among these plants. In a similar study, Tetteh et al.
maximum likelihood method. A mean separation was (2013b) identified multiple hypothesized segregation ratios

J. AMER. Soc. Hort. Sci. 140(5):396-403. 2015.

399

$S9008 98l) BIA | Z-60-SZ0Z Je /woo Aloyoeignd-poid-swiid-yiewlayem-jpd-awiid//:sdiy woly papeojumoq



Table 2. Mean square and variance component estimates for response
to downy mildew in the basil MRI x SB22 full-sib family pooled
across northern and southern New Jersey locations in 2014.

Source df  Mean square  Variance component
Generation 5 17.114%* —

Block 2 0.168 Ns 0.000
Location 1 0.386* 0.001

Block X location 2 0.015 Ns 0.000
Generation X location 5 0.024 Ns 0.000

* **Significant at P = 0.05, 0.001, respectively.
Ns = nonsignificant.

Table 3. Least square means for response to downy mildew six
generations of the basil MRI x SB22 full-sib family pooled
across northern and southern New Jersey locations in 2014.

Generation N Mean” SE
SB22Y 30 0.967 a 0.052
MRI* 30 0.047 e 0.052
F, 60 0.137d 0.046
F, 300 0.409 b 0.041
BC,P¥ 180 0.639 ¢ 0.042
BC,Py” 144 0.076 de 0.042
LsD (5%) 0.067

*Values with columns followed by the same letter are not significantly
different at P = 0.05 level according to least significant difference
(LsD).

YSusceptible parent (P1).

*Resistant parent (P2).

“Backcross to the susceptible parent.

VBackcross to the resistant parent.

that could be fit to observed segregation ratios with and
without an intermediate response. This approach was also
used in this study by performing chi-square tests to determine
goodness of fit to multiple hypothesized major gene models
with the observed number of resistant, intermediate, and
susceptible plants. In gene models that included an interme-
diate disease response (one incomplete dominant gene, two
additive genes, and two genes with recessive epistasis), a DSI
> (0.66 (more than 40% sporulation) was considered downy
mildew susceptible. In models that did not include an in-
termediate response (one dominant gene, two complementary
genes, and two genes with dominant suppression epistasis),
a DSI > 0.33 was considered susceptible.

Addition of the BC,P, generation in the 2014 field exper-
iment permitted estimation of the main and epistatic gene
effects affecting response to downy mildew. Gene effects were
partitioned into six related parameters using a weighted least
square regression of the extended joint scaling test (Hayman,
1958). Genetic parameters included the mean (m), additive (d),
dominant (h), additive x additive (i), additive X dominant (j),
and dominant X dominant (I) effects. Standard errors and
Student’s ¢ significance level were calculated for all gene
effects using the SASQuant 1.3 program (SAS version 9.4)
(Gusmini et al., 2007).

Results and Discussion

The 2013 and 2014 results (Table 1) indicate the importance
of multiyear evaluations when determining disease response to
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P. belbahrii, a pathogen in which disease development is highly
dependent on environmental conditions. Both the 2013 F,
variance and mean were significantly lower when compared
with the F, data at either 2014 location (Table 1). A test of
homogeneity of variances demonstrated a highly significant
difference among F, data across years (y* = 15.28, P < 0.001).
Graphical analysis of the 2013 DSI frequency distribution and
generation means revealed greater skewness toward resistance
(data not shown) in comparison with the 2014 DSI distributions
(Fig. 2), providing evidence that downy mildew pressure was
significantly higher in 2014 than 2013. Estimates of heritability
can be skewed and segregation ratios distorted under conditions
of insufficient selection pressure (Mather and Jinks, 1971). In
the absence of adequate disease pressure, susceptible genotypes
could be mistakenly selected as resistant and substantially
reduce the effectiveness of plant breeding strategies. To pro-
vide the most representative measure of disease response, 2014
data were selected for subsequent statistical analysis of gener-
ation means, variances, and distributions. The F, variances in
2014 were not significantly different when compared across
blocks (%> =2.92, P=0.23) providing evidence that variation in
disease response (phenotypic variance) could be achieved using
100 F, individuals. An additional test for homogeneity of F,
variances among locations demonstrated no significant differ-
ence (¥ = 0.50, P = 0.48) permitting 2014 data from northern
and southern New Jersey to be pooled in subsequent statistical
analyses.

GENERATION MEANS AND VARIANCES. Significant differences
(P < 0.001) were observed among generations of the MRI x
SB22 family (Table 2). Mean DSI among parents demonstrated
a differential response to downy mildew (SB22 DSI = 0.967,
MRI DSI = 0.046). This is the first report of resistance in
genotype MRI, which was confirmed in this study in 2 years and
two locations (Table 1). Although multiple downy mildew—
resistant basil accessions have been reported (Farahani-Kofoet
et al., 2014; Pyne et al., 2014; Wyenandt et al., 2010), these
genotypes are genetically divergent or taxonomically distinct
from O. basilicum. Hybridization among O. basilicum species
can be achieved through purposeful cross-pollination (Putiev-
sky et al., 1999). Yet attempts to introgress disease resistance
genes into traditional sweet basil by wide crosses or interspe-
cific hybridization have been obstructed by sterility barriers
(data not shown). These issues are likely due to significant
differences in genome size and basic chromosome numbers in
susceptible O. basilicum accessions and resistant basil species
including O. americanum, O. kilimandscharicum, O. gratissi-
mum, and O. tenuiflorum (Koroch et al., 2010; Paton and
Putievsky, 1996). Identification of resistance in MRI provides
a downy mildew-resistant parent that is fully cross-compatible
with commercial sweet basil, suggesting similar genome
constitution.

The F, and FR generations were resistant (DSI < 0.33) and
not significantly different (P < 0.335) according to a two-
sample ¢ test (Table 1), indicating that the resistance conferred
by MRI is not maternally inherited and reciprocal F; genera-
tions could be pooled. A strong dominant effect was demon-
strated by an F; mean (0.137) substantially lower than the
midparent value of 0.506 and not significantly different from
the MRI or the BC;P, mean (Table 3). The absence of
segregation in the BCP; generation suggested that MRI
confers resistance through a dominant gene action. Both the
F, and BC,P; generations demonstrated segregation for disease
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Table 4. Segregation in response to downy mildew (Peronospora belbahrii) among six generations of the basil MRI x SB22 full-sib family

pooled across northern and southern New Jersey locations in 2014.

MRI x SB22 family

Resistant” Intermediate Susceptible Probability of calculated >
Generation 0-0.33 0.34-0.66 0.67-1.0 3:1 1:2:1 9:6:1 9:7v 9:3:4 12:3:1 13:3Y
SB22* — — 30 — — — — — — —
MRI¥ 30 — — — — — — — — —
F, 60 — — — — — — — — —
F, 155 74 71 <0.01 <0.01 <0.01 0.11 0.03 <0.01 <0.01
BC,P,” 44 32 104 <0.01 <0.01 <0.01 0.04 0.63 <0.01 <0.01
BC,P," 143 1 0 — — — — — _ _

“Number of plants within each disease severity index class.

YF2 gene models. Corresponding ratios for the BC1P1 generation are 1:1, 0:2:2, 1:2:1, 1:3, 1:1:2, 2:1:1, 3:1. Ratios involving two disease response
classes (single dominant gene, two complementary genes, and two genes with dominant suppression epistasis) correspond to the disease response

segregation ratio = resistant:(intermediate + susceptible).
*Susceptible parent (P1).

“Resistant parent (P2).

VBackcross to the susceptible parent.

“Backcross to the resistant parent.

Table 5. Gene effect estimates in response to downy mildew in the
basil MRI x SB22 full-sib family pooled across northern and
southern New Jersey locations in 2014.

Gene effect Estimate SE P

Mean (m) 0.41 0.02 <0.001
Additive (d) 0.56 0.02 <0.001
Dominant (h) —0.58 0.15 <0.001
Additive x additive (i) 0.88 0.14 <0.001
Additive X dominant (j) 0.1 0.04 <0.001
Dominant X dominant (1) 0.06 0.22 0.769

“Probability values determined by ¢ test calculation using standard
errors (SE) and df equal to the average number of individuals within
segregating generations used to calculate each gene effect.

response with distributions that spanned from the lowest
(0.0) to the highest (1.0) possible DSI scores (Fig. 2). The
BC,P; DSI mean was the highest among segregating gener-
ations and significantly greater (P < 0.05) than the next
highest F, generation mean (Table 3). The F, DSI frequency
distribution exhibited skewness toward resistance, while the
BC,P, distribution showed a substantial shift toward suscep-
tibility (Fig. 2). Within the BC,P; generation 44 genotypes
(plants) or 24.4% were considered resistant (DSI < 0.33),
while 155 genotypes or 51.6% of the F, generation were
resistant.

HeritaBiLITY. ANOVA was used to calculate all variation
due to environment. ANOVA provided evidence that block,
block by location, and generation by location effects were not
significant (Table 2). Although the effect of location was
significant at a P < 0.05 confidence level, the variance
component estimate of 0.001 was quite low relative to the
segregating F, and BC|P; generations. Heritability can be
described simply as the proportion of genetic variance (broad
sense) or additive genetic variance (narrow sense) responsible
for measured phenotypic variance, which includes genetic and
environmental variances (Holland et al., 2003). In this study,
the effect of location was a significant variance component of
environment; however, it accounted for just 0.2% of the BC,P,
and F, variation. These estimates provide convincing evidence
that the observed phenotypic variance across locations were
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largely attributed to genotypic variance. This is advantageous
to breeding strategies, indicating that downy mildew response
in the MRI x SB22 family is consistent across multiple
locations given adequate disease pressure.

GENE AcTION. The presence of distinctly resistant, interme-
diate, and susceptible responses, suggests that downy mildew
resistance in the MRI x SB22 family was under major gene
control. Observed segregation ratios in the F, and BC,P,
populations were first tested for chi-square goodness of fit for
monohybrid gene models (Table 4). Both single dominant and
incomplete dominant expected ratios models were rejected at
the P < 0.01 confidence level, suggesting more than one locus
was involved in the response to downy mildew. The number of
effective factors, or loci, involved in response was estimated to
be 1.4 (Wright’s method), 5.2 (Mather’s method), 1.1 (Lande’s
method 1), 1.3 (Lande’s method II), and 0.9 (Lande’s method
IIT). These estimates yielded an average of 2.0 and supported
the major gene control hypothesis as well as the lack of
evidence for single gene control. Although imprecise, these
five estimates are useful in detecting control of resistance by
a few major genes (Kozik et al., 2013). Multiple dihybrid gene
models were evaluated and a chi-square test failed to reject the
hypothesis for the two gene complementary (F,: P = 0.11,
BC;P;: P =10.04) and recessive epistasis models (F,: P =0.03,
BC,P,: P = 0.63) (Table 4). Both gene models suggest that
digenic epistasis is involved in resistance to basil downy
mildew, and a simple additive—dominant model is not adequate
for describing the gene action. These results demonstrated that
an extended scaling test was necessary for estimating signifi-
cant nonallelic effects, which contributed to the variation
observed in the MRI x SB22 family.

Additive (d) and dominant (h) gene effects were both highly
significant (P < 0.001) and opposite (Table 5). A dominant,
negative effect of —0.58 indicated involvement of a heterozy-
gous resistant locus, whereas the positive additive effect of 0.56
indicated a homozygous, resistance-reducing locus. A highly
significant (P <0.001) additive x additive (i) gene effect of 0.88
provided the strong evidence for epistasis or the interaction of
these loci. A positive value for the additive x additive effect
suggests that interaction between homozygous loci results
in a substantial resistance-reducing effect. Similarly, the
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additive X dominant (j) interaction was positive and highly
significant (P < 0.001), suggesting that homozygous and
heterozygous loci were also interacting in a resistance-reducing
capacity. Dominant X dominant (1) effects were not significant
due to comparable F, and BC;P; generation means and a
relatively high standard error of 0.22 (Table 5).

Results of the joint scaling test provide support for chi-
square test hypotheses in which homozygous recessive alleles
at either locus reduce the resistance response, while single
dominant alleles confer resistance at a given locus. A signifi-
cant and positive additive X dominant gene effect supports the
recessive epistasis model in which a homozygous recessive
locus masks expression of dominant resistance at a second
locus. A very high additive x additive gene effect indicates that
a significant interaction exists between homozygous recessive
loci, which would result in complete susceptibility within
a two-gene recessive epistatic model. Chi-square goodness of
fit to the 9:7 ratio failed to reject the two-gene complementary
hypothesis, which was further supported by the proximity of the
F, mean DSI (0.409) to the midparent mean DSI (0.506) rather
than the F; mean (0.137). This depression in the F, population
mean response suggests complementary epistasis (Hayman,
1958). Wang et al. (2001) demonstrated that true leaf downy
mildew resistance in a broccoli doubled-haploid line was
controlled by complementary epistasis based on goodness of
fit to expected F, and BC;P; segregation ratios.

The development of additional populations and quantitative
trait loci (QTL) is useful in providing greater resolution with
regard to the interaction of loci conferring downy mildew
resistance (Perchepied et al., 2005) and is needed to further
elucidate gene action in the MRI x SB22 sweet basil family. A
recent study by den Boer et al. (2014) found that QTL
conferring field resistance to downy mildew in Lactuca saligna
backcross inbred lines (BILs) resulted in “more-than-additive™
and “‘less-than-additive” epistasis when intercrossed.

Epistasis has proven to be ubiquitous in plant resistance
responses (Bnejdi et al., 2009; Fakhfakh et al., 2011; Keri et al.,
1997) and in multiple instances of resistance to downy mildew
(Perchepied et al., 2005; Shashikumar et al., 2010; Wang et al.,
2001). Detection of nonallelic gene effects has important
implications when designing effective breeding programs. Both
complementary and recessive epistatic models introduce sim-
ilar complexity to breeding efforts, but can be overcome using
appropriate breeding and selection strategies.

Typically, dominant or ‘“non-fixable” gene effects are
exploited by hybrid breeding programs when possible (Fehr,
1987). In sweet basil, hybrid seed production is not a feasible
breeding approach currently due to the meticulous nature of
cross-pollinations and lack of an available doubled haploid
protocol. A backcross breeding method using SB22 as the
recurrent parent would be advantageous in decreasing undesir-
able phenotypes attributed to MRI (Fig. 1B). However, a 47%
decrease in disease-resistant individuals was observed in the
BC,P; generation relative to the F, corresponding to a 50%
decrease in the population gene frequency contributed by MRI.
Therefore, large backcross populations would be required to
overcome the frequency of recessive resistance-reducing al-
leles and achieve reasonable numbers of resistant individuals.
Given the gene action described in this study, pedigree breeding
would be a most effective approach in the fixation of dominant,
downy mildew—resistant loci and the elimination of recessive
alleles conferring susceptibility from the breeding population
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(Fehr, 1987). Simultaneous selection for traits associated with
SB22 (Fig. 1A) will yield downy mildew—resistant inbred
breeding lines with a commercial sweet basil phenotype and
chemotype.

This is the first characterization of genetic resistance to
downy mildew in basil, as well as the use of six related
generations in a single family to evaluate gene action. Results
demonstrate that the use of this six-generation mating design
was not only appropriate, but necessary for detecting the
complex inheritance pattern controlling downy mildew re-
sistance in the MRI x SB22 full sib basil family.

Conclusion

Results of this study indicate that resistance to basil downy
mildew is controlled by digenic epistasis in the MRI x SB22
family. Generation means, chi-square goodness-of-fit models,
and the joint scaling test support the conclusion that dominant
alleles confer resistance, whereas homozygous recessive alleles
confer susceptibility. Breeding strategies should exploit the
dominant gene action by fixing it at both loci and removing
susceptibility alleles from the breeding population. This study
provides evidence for a heritable form of downy mildew
resistance that can be used to breed for genetic resistance in
a commercial sweet basil.
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