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ABSTRACT
Laboratory-based assays for screening germ-

plasm for resistance to Sclerotinia blight in
peanuts can be conducted year-round, and thus
may accelerate progress in breeding for resistant
plants. Three previously proposed inoculation
methods (using main stems of intact plants,
detached main stems, or detached leaflets) were
compared on six peanut genotypes known to
represent range of resistance to Sclerotinia blight
in the field or laboratory. The intact plant and
detached main stem assays identified the most
resistant and susceptible genotypes, but different
results were obtained from either assay with Red
River Runner, a cultivar with intermediate
resistance to Sclerotinia blight. No differences
among genotypes were observed with the detached
leaflet assay. The sensitivity ratio was used to
compare the three inoculation methods and
identified the intact plant assay as the method
with the smallest error variance. These results help
identify the most efficient method for assaying
physiological resistance to Sclerotinia blight in
peanut.
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Recent progress in sequencing Arachis genomes
has highlighted the importance of developing or
refining phenotyping methods for various traits
including disease resistance (Brenneman et al.,
2014; Chen et al., 2014; Culbreath et al., 2014).
Genes contributing to disease resistance or other
traits can only be verified by phenotyping peanut
genotypes (Holbrook et al., 2014). Sclerotinia
blight, caused by Sclerotinia minor Jagger, is one
of the most important diseases of peanut world-
wide and a priority for phenotyping. In the U.S.,
S. minor is of particular concern in the Virginia-
Carolina and Southwest production areas where it

may cause over 50% in yield losses (Porter and
Melouk, 1997).

Field evaluations conducted over multiple
years and in multiple locations are the ideal standard
for evaluating resistance to diseases including
Sclerotinia blight (Brenneman et al., 2014).
Unfortunately, field trials are limited by time
(season), space, variable soilborne pathogen distri-
bution, and weather. Laboratory-based resistance
assays can bypass many disadvantages of field tests,
but laboratory assays also have unique limitations.
Most significantly, laboratory resistance assays can
only measure physiological resistance and do not
assess the significant effect of plant canopy archi-
tecture on disease resistance (Brenneman et al.,
1988; Bailey and Brune, 1997; Hollowell et al., 2003,
2008). However, markers associated with physio-
logical resistance are generally the primary interest
for phenotyping. In addition, fields may contain
multiple genotypes of S. minor (Hollowell et al.,
2003; Wu and Subbarao, 2006), but laboratory-
based inoculation assays often use only one isolate
of S. minor for logistical reasons, particularly if
many peanut genotypes are being screened. Lastly,
resistance assays may use plant parts, such as
leaflets, considered less critical to the epidemiology
of Sclerotinia blight. The relevance of these assays
to field conditions may be a legitimate concern.
Despite such limitations, laboratory-based assays
may be valuable for phenotyping and for identifying
susceptible germplasm for removal before com-
mencing field trials.

Several methods for evaluating peanut geno-
types in the laboratory for resistance to Sclerotinia
blight have been published. Some assays used main
stems and lateral branches of whole, intact plants
(Goldman et al., 1995; Cruickshank et al., 2002;
Woodward et al., 2006; Hollowell et al., 2008).
Goldman et al. (1995) inoculated non-detached
main stems of six-week-old plants with S. minor
and found a significant relationship using a chi-
square test between three years of field results and
the laboratory assays. The assay was particularly
useful in identifying susceptible entries: plants that
were susceptible in the assay had an 87% chance of
being susceptible in the field. However, plants
identified as being resistant in the laboratory assay
had only a 33% chance of being resistant in the field
(Goldman et al., 1995). In Australia, Cruickshank
et al. (2002) also reported a significant correlation
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between one year of field results and an assay
similar to the one used by Goldman et al. In
contrast, Hollowell et al. (2008) did not find that
intact plant assays correlated well with four years
of field data, but the correlation improved signif-
icantly when field data from a year with low disease
pressure was removed from the analysis.

Several assays used excised main and lateral
stems (Brenneman et al., 1988; Melouk et al.,
1992; Chappell et al., 1995). Brenneman et al.
(1988) inoculated various segments of detached
lateral stems in moist chambers, and found that
wounding was necessary for consistent infection.
Mean lesion length was greater on stems inoculated
at nodes where leaves had been removed than on
wounds between nodes. Lesions were also longer on
younger, terminal stem tissue than on older basal
tissue. With the exception of one peanut genotype,
Brenneman et al. obtained similar results using field-
grown and greenhouse-grown plants (Brenneman
et al., 1988). Melouk et al. (1992) inoculated
detached shoot tips of main stems partially sub-
mersed in Hoagland’s solution. Significant differ-
ences were found in lesion length, and production
and viability of sclerotia among 15 peanut geno-
types. A complementary study found that the
strength of the correlation between greenhouse
and field resistance depended on the cultivar (Akem
et al., 1992). Chappell et al. (1995) observed signi-
ficant differences in lesion size among nine culti-
vars using detached lateral stems, but found more
differences among cultivars using non-wounded
than wounded stems. In contrast to Brenneman
et al. (1988), cultivar differences in resistance were
observed only on stems produced in the field,
not the greenhouse. In addition, Chappell et al.
did not find a correlation between results obtained
from the detached stem assays to field resistance
(Chappell et al., 1995).

Detached leaf assays have been used to identify
quantitative trait loci for resistance to S. sclero-
tiorum in soybean (Arahana et al., 2001) and
Brassica napus (Wu et al., 2013). In peanut,
Hollowell et al. (2003) developed an excised leaflet
assay after obtaining inconsistent results using
detached stems. Leaflets from 8-week-old plants
were placed on a screen mesh on top of moist sand
and inoculated with 4-mm colonized agar plugs on
the adaxial side. A moderate, but non-significant
correlation between leaflet mean lesion lengths
and field ratings was observed for twelve breeding
lines (Hollowell et al., 2003). Smith et al. (2006)
inoculated detached pegs without wounding in
addition to detached leaflets, main stems, and
vegetative and flowering nodes of lateral branches.
Symptoms were more severe on pegs and leaves than

on main stems or lateral branches, and cultivar by
plant part interactions were observed. Woodward
et al. (2006) used both detached leaflet and intact
plants to evaluate eight peanut cultivars for
resistance to S. sclerotiorum. Results from the two
assays were highly correlated, but were not entirely
consistent with field evaluations. The greenhouse
assays identified the most susceptible and resistant
cultivars, but for remaining cultivars, Woodward
et al. (2006) hypothesized that variation in canopy
structure and maturity contributed to the different
results obtained from the field and greenhouse.

Determining the optimum resistance assay
among methods which use different approaches
can be problematic due to differences in scale
and unknown relationships among these scales
(Otto-Hanson et al., 2009). The sensitivity ratio,
a statistical method that does not assume relation-
ships between scales, can be used to identify the most
efficient assay, i.e. the one with the least measure-
ment variability (Kull et al., 2003; Otto-Hanson
et al., 2009). The objectives of this project were to:
(a) test three inoculation methods for evaluat-
ing resistance of six runner peanut genotypes to
S. minor, and (b) determine the optimal inoculation
method by comparing the three methods using
the sensitivity ratio.

Materials and Methods
Six runner peanut genotypes were used to

compare the three inoculation methods: the resistant
cultivar Georgia-03L (Branch, 2004; Woodward
et al., 2006) and breeding line ARSOK-R35 (Bennett
and Chamberlin, 2014, 2015); moderately resistant
cultivars Red River Runner (Melouk et al., 2012)
and Tamrun 96 (Smith et al., 1998); and susceptible
cultivars Okrun (Banks et al., 1989) and Tamrun
OL02 (Simpson et al., 2006). Two seeds each were
planted into a commercial potting soil (Metro-Mix
350, Sun Gro Horticulture, Agawam, MA) in 11 cm
diam. (ca. 600 ml) pots for the intact plant and leaflet
assays, or 14.8 cm diam. (ca. 1.67 L) pots for the
detached plant assay. Pots were kept in a greenhouse
maintained at 22-32 C under 300-watt LED lights
(Grow Pro, LED Lighting for Less) set at 14 hr
photophase. After emergence, the least vigorous
seedling was removed by cutting the main stem
below the soil line. The remaining seedling was
grown for eight weeks and fertilized with 30 ml of
0.2% ammonium nitrate at five and seven weeks
after planting. Six plants of each genotype were
used in each experiment (inoculation method). One
additional plant of each genotype was reserved for
a non-inoculated control in each experiment.
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One virulent isolate of S. minor (12-1), originally
obtained from a diseased peanut stem in Fort Cobb,
OK in 2012 was used. The isolate was maintained
as sclerotia on colonized oat grains at 9 C (Chappell
et al., 1995; Hollowell et al., 2003), and re-isolated
annually from an inoculated peanut plant. Three
to four days before plants were inoculated, 90 mm
Petri dishes were filled with 15 ml of potato dextrose
agar (PDA) using a peristaltic pump (UniSpense,
Wheaton, Millville, NJ). Two-day-old cultures
of S. minor were prepared by placing a single oat
grain colonized with two or more sclerotia in the
center of each Petri dish. Petri dishes were sealed
with Parafilm (Bemis Co. Inc., Oshkosh, WI), and
cultured in the dark in an incubator set at 20 C. Petri
dishes for mock-inoculated controls were prepared
the same way but were not inoculated with S. minor.

Intact Plant Assay. The six runner genotypes were
arranged in randomized complete blocks on 35.6 cm
3 45.7 cm cafeteria trays. Petri dishes with colony
diameters of 4 cm or greater were used to inoculate
plants, and one Petri dish was used to inoculate all
plants within each block (tray). Plugs were cut from
the actively growing margin of the colony with
a sterile cork borer (5 mm diam.); plugs cut from
sterile PDA were used for the mock-inoculated
control plants. A sterile metal spatula was used to
transfer each plug from the plate to a capless 0.2 ml
PCR tube so that the mycelia-covered side of
the plug was on the top of the tube. Desiccation of
plugs was prevented by covering each tube with
Parafilm and cutting a small incision (ca. 6 mm) in
the Parafilm. The first true leaf that did not subtend
a vegetative branch from the bottom of the main
stem was removed with a razor blade so that
approximately 15 cm of the petiole remained
attached to main stem. Plants were inoculated by
placing the tube over the severed petiole, making
sure that the plug was in contact with the freshly cut
surface.

Each block/tray was placed in a growth chamber
(PGR15; Controlled Environments Ltd., Winnipeg,
MB) set at 22 C. High humidity (98%) was main-
tained by lining the growth chamber shelf with
saturated bath towels which were rewetted every
three days. Additional humidity was provided by
a Cyclone fog machine placed inside the chamber
(FutureGarden, North Lindenhurst, NY). Plants
received fluorescent light set at 14-hr photophase.
The length of the lesion on the main stem was
measured daily from three to seven days after
inoculation using a digital caliper (Mitutoyo Amer-
ica, Aurora, IL). PCR tubes were removed from the
plants if petioles collapsed after infection.

Detached Stem Assay. Detached main stems were
prepared for inoculation by using a razor to

remove the main stem immediately above the
first node, cutting perpendicular to the stem.
Side branches arising from the second node were
also removed, using cuts parallel to the main stem.
A sterile foam plug (1.8 cm long 3 1.6 cm diam.),
which was previously cut lengthwise ca. 1 cm deep,
was used to secure the main stem into a 16 3 150
mm test tube (VWR, Radnor, PA) filled with 20 ml
of sterile, K-strength Hoagland’s nutrient solution
(Sigma-Aldrich, St. Louis, MO; Barac et al., 2004).
Approximately 2.5 cm of the stem was immersed in
the solution.

A leaf from the next node not subtending
a vegetative branch (usually the third node), was
inoculated as described for the intact plant assay.
Six test tubes containing one main stem of the six
cultivars were arranged in a randomized complete
block design in a 25 3 10 3 8 cm test tube rack.
The six racks (blocks) were placed directly on the
saturated bath towels in the growth chamber.
A seventh rack contained stems mock-inoculated
with PDA. Environmental conditions (tempera-
ture, light, humidity) were maintained, and lesion
data were collected, as for the intact plant assay.
Additional Hoagland’s solution was added to the
test tubes as needed, generally two to three days
after inoculation.

Detached Leaflet Assay. A modification of the
detached leaflet assay of (Hollowell et al., 2003;
Smith et al., 2006) was used. Two leaflets each from
the second and third fully expanded leaves from the
apex of the plant were used for the detached leaflet
assay. The four leaflets were arranged in rows by
cultivar on two layers of fiberglass screen mesh
placed on top of approximately 7.6 cm of sterile
moist sand in a container (42 3 29 3 14 cm) that had
been wiped down with 70% reagent alcohol. The
sand was prepared by autoclaving 22 kg of sand with
2 L of reverse-osmosis water in a covered container
for 60 min. The container was autoclaved three
consecutive days without adding water after the first
day. The order of cultivar rows was randomly
assigned for each of the six leaflet chambers/blocks.
The center of each leaflet was inoculated using
a sterile, 2 mm diam. amalgam carrier (Pulpdent,
Watertown, MA; Porter, 2012) by placing a colo-
nized PDA plug, taken from the colony margin,
mycelium-side up on the middle of each leaflet.
A seventh container held leaflets mock-inoculated
with PDA.

Leaflet chamber boxes were placed in a growth
chamber set at 22 C without light. Brown and
necrotic lesions, rather than water-soaked areas,
were measured daily on days 2 to 5 after inoculation.
Lesions that were irregular in shape were measured
by recording the longest length, following the
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protocol of Hollowell et al. (2003). Temperature and
relative humidity were monitored in two of the seven
leaflet chambers with HOBO U-10 data loggers
(Onset, Bourne, MA). Leaflets with lesions covering
the entire surface area were removed from the
chamber boxes so that mycelium did not infect
adjacent leaflets.

Experimental Design and Statistical Analyses. Experi-
ments were conducted between 13 Dec. 2013 and 14
May 2014. One inoculation method was evaluated
per week and the three methods were alternated
sequentially. The intact plant assay and leaflet
assays were conducted five times, and the detached
stem assay was evaluated six times. Blocks were
removed from the analyses if the plate used to
inoculate each block contained a less aggressive
culture, i.e. less than 50% of the leaflets or stems
were infected.

For the intact plant and detached stem assays, the
response variable was stem lesion length. For the
leaflet assay, mean lesion lengths from the four
leaflets were analyzed. Each inoculation method was
analyzed separately. Hypotheses regarding cultivar
differences in resistance to Sclerotinia blight were
tested using repeated measures ANOVA with an
autoregressive covariance structure (TYPE5AR(1))
in PROC MIXED of SAS (SAS, ver. 9.3, SAS
Institute, Cary, NC). When a relevant interaction
was significant, the SLICE option of the LSMEANS
statement was used to examine simple effects. In
each set of multiple comparisons, experiment-wise
type I error was controlled at a 5 0.05 using
ADJUST 5 TUKEY option. Disease progression
for each cultivar within each inoculation method
was estimated by calculating the area under the
disease progress curve (AUDPC; Shaner and
Finney, 1977) and compared using mixed-model
ANOVA in PROC MIXED. Estimates of the slope
of the length of lesion length over time were
also estimated within ANOVA using orthogonal
contrasts. The three inoculation methods were
compared using the sensitivity ratio method of
Otto-Hanson et al. (2009).

Results and Discussion
No symptoms were observed on the non-

inoculated control plants for any of the inoculation
methods. A total of three blocks each from the
detached stem and detached leaflet assays were not
included in the analyses due to poor infection rates.
Although S. minor isolate 12-1 was cultured and
maintained following published methods (Chappell
et al., 1995; Hollowell et al., 2003), morphological
changes and loss of pathogenicity in Sclerotinia

cultures maintained in the laboratory were pre-
viously reported (Pratt, 2001).

Intact Plant Assay. Lesion length was significantly
affected by cultivar (F 5 40.11; df 5 5, 266; P , 0.01)
and time (F 5 320.79; df 5 4, 754; P , 0.01), but
asignificant interactionbetweencultivarandtime(F5
11.12; df 5 20, 796; P , 0.01) indicated that the effect
of one was dependent on the level of the other (Fig. 1).
Smaller lesions were observed on main stems of
Georgia-03L, ARSOK-R35, and Red River Runner
than on Tamrun 96, Okrun, and Tamrun OL02 at five
to seven days after inoculation (Fig. 1). By day seven,
Tamrun OL02 had the longest lesions (Fig. 1).

Differences in area under the disease progress
curves were observed among cultivars (Fig. 2;
F 5 27.77; df 5 5, 163; P , 0.01). AUDPC and
rate of disease progress (slope) was smallest in
ARSOK-R35, Georgia-03L, and Red River Runner
(Table 1). Tamrun OL02 had the greatest AUDPC
and rate of disease progress, and Okrun and Tamrun
96 were not significantly different from each other.

Detached Stem Assay. As observed in the intact
plant assay, cultivar (F 5 14.67; df 5 5, 289;
P , 0.01), time (F 5 720.46; df 5 4, 830; P , 0.01),
and the interaction of cultivar and time (F 5 6.81;
df 5 20, 880; P , 0.01) significantly affected lesion
length in the detached stem assay. Differences in

Table 1. Disease progression in runner genotypes inoculated with

Sclerotinia minor using three methods.

Inoculation

method Cultivar AUDPCa Slopeb

Intact plant Tamrun OL02 155.4 (12.4) a 147.2 a

Tamrun 96 120.6 (8.7) ab 125.1 b

Okrun 108.2 (10.4) b 129.5 b

Red River Runner 46.9 (9.1) c 45.2 c

Georgia-03L 44.8 (9.8) c 51.3 c

ARSOK-R35 31.2 (8.5) c 29.9 c

Detached stem Okrun 185.4 (8.4) a 160.8 a

Tamrun 96 179.4 (8.2) a 143.3 ab

Tamrun OL02 177.6 (10.2) a 156.2 a

Red River Runner 163.8 (11.3) a 134.4 b

ARSOK-R35 115.4 (11.5) b 92.1 c

Georgia-03L 107.0 (11.9) b 76.7 c

Detached leaflet Tamrun 96 78.5 (7.9) a 67.0 a

Georgia-03L 75.6 (9.0) a 53.1 b

Tamrun OL02 74.4 (9.2) a 60.6 ab

Red River Runner 73.8 (6.9) a 56.7 ab

Okrun 67.9 (8.8) a 51.9 b

ARSOK-R35 66.7 (5.5) a 55.4 ab

aArea under the disease progress curve. Mean AUDPC 6

standard error in ‘()’. Numbers with the same lowercase letter

within each inoculation method are not significantly different

(a 5 0.05).
bSlope of disease progress curve. Standard errors: intact

plant, 6 4.7; detached stem, 6 7.7; detached leaflet, 6 4.7.
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lesion length among cultivars were not observed
until five days after inoculation (Fig. 1). On days
five to seven, the most resistant cultivars were
Georgia-03L and ARSOK-R35. In contrast to the
results from the intact plant assay, in which
Red River Runner was more similar to the most
resistant cultivars, Red River Runner was among
the susceptible cultivars in the detached stem assay
(Figs. 1 and 2). Differences in AUDPC among
cultivars were observed (Fig. 2; F 5 13.76; df 5 5,
182; P , 0.01). Rates of lesion growth for Georgia-
03L and ARSOK-R35 were significantly less than
for Red River Runner, Tamrun 96, Okrun, and
Tamrun OL02 (Table 1). Okrun had the greatest
rate of disease progression and AUDPC but did
not differ significantly from Tamrun OL02 or
Tamrun 96.

Detached Leaflet Assay. In the detached leaflet
assay, lesion length was not affected by cultivar

(Fig. 1; F 5 0.45; df 5 5, 259; P 5 0.81), but
increased over time (F 5 378.50; df 5 4, 698; P ,
0.01). The interaction between the main effects of
cultivar and time was not significant (F 5 0.84; df 5
4, 698; P 5 0.66). No differences in AUDPC were
observed among cultivars (Table 1; F 5 0.46; df 5 5,
147; P 5 0.81), but rate of disease progress was
numerically highest in Tamrun 96.

Sensitivity Ratio. Using the sensitivity ratio, the
intact plant assay was the most efficient assay of
the three inoculation methods. Approximately three
(5 [1/0.59]2; Otto-Hanson et al., 2009) times as
many replications are needed for the detached stem
assay to equal the sensitivity of the intact plant assay
(Table 2). The detached leaflet assay was the least
sensitive method, requiring five (5 [1/0.43]2) times as
many replications to equal the intact plant and twice
(5 [1/0.69]2) as many replications as the detached
stem assay.

Fig. 1. Bar graph of mean lesion length (±SE) over time on runner peanut genotypes Georgia-03L, ARSOK-R35, Red River Runner, Tamrun 96, Okrun,
and Tamrun OL02 inoculated with Sclerotinia minor using (A) intact plant, (B) detached stem, and (C) detached leaflet assays. Means followed by
the same lowercase letter among cultivars within inoculation method and day are not significantly different (a = 0.05).
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In this study, the detached leaflet assay was
unable to discriminate among the peanut entries
even though lesions on all cultivars increased in size
over time. Others have found the detached leaflet
assay useful for identifying resistant genotypes
(Hollowell et al., 2003; Smith et al., 2006; Wood-
ward et al., 2006). One possible explanation for this
discrepancy is the few peanut genotypes in common
between this study and other studies.

Results from the intact plant and detached stem
assays were relatively similar and both reflected
resistance levels observed in the field better than the
detached leaflet assay. Georgia-03L and ARSOK-
R35, peanut entries known to be resistant in the
field, had the smallest lesions and slowest disease
progression. However, Red River Runner, a cultivar
that is intermediate in resistance to Sclerotinia blight
in the field, grouped among the resistant cultivars in

the intact plant assay, but was more similar to
susceptible entries in the detached stem assay. In
another pathosystem, different responses were
observed in assays using detached plant parts than
in assays using intact plants. The hemibiotrophic
pathogens Colletotrichum linicola and C. higginsia-
num caused more severe symptoms on detached than
on attached leaves of Arabidopsis (Liu et al., 2007).
The mechanisms responsible for the varying results
with Red River Runner in this study using S. minor,
a necrotroph, are unknown. Both the intact plant
and detached stem assays used plants of the same age
and inoculated the same plant part (petiole on main
stem).

When pairwise comparisons were made among
the three methods using the sensitivity ratio, the
intact plant assay had the smallest error variance
and required the fewest replications than the
detached stem and leaflet assays. Although precise
times for setup and maintenance were not recorded,
the intact plant assay also requires less time than
the detached stem assay because test tubes of
Hoagland’s solution do not need to be prepared
or refilled. Although the intact plant assay
requires more space and is destructive, this method
may be preferable if seed availability is not strictly
limited.
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