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ABSTRACT

Smith, K. P, Handelsman, J., and Goodman R. M. 1997. Modeling dose-
response relationships in biological control: Partitioning host responses
to the pathogen and biocontrol agent. Phytopathology 87:720-729.

Breeding plants to improve the effectiveness of biocontrol agents is a
promising approach to enhance disease suppression by microorganisms.
Differences in biocontrol efficacy among cultivars suggest there is ge-
netic variation for this trait within crop germplasm. The ability to quan-
tify host differences in support of biological control is influenced by
variation in host response to the pathogen and the dose of pathogen and
biocontrol agent applied to the host. To assess the contribution of each of
these factors to successful biocontrol interactions, we measured disease
over arange of pathogen (Pythium) and biocontrol agent (Bacillus cereus
UWS8S) inoculum doses. We fit dose-response models to these data and
used model parameter estimates to quantify host differences in response
to the pathogen and biocontrol agent. We first inoculated eight plant spe-
cies separately with three species of Pythium and evaluated three dose-
response models for their ability to describe the disease response to path-
ogen inoculum level. All three models fit well to at least some of the
host-pathogen combinations; the hyperbolic saturation model provided

the best overall fit. To quantify the host contribution to biological control,
we next evaluated these models with data from a tomato assay, using six
inbred tomato lines, P. torulosum, and UW85. The lowest dose of patho-
gen applied revealed the greatest differences in seedling mortality among
the inbred lines, ranging from 40 to 80%. The negative exponential (NE)
pathogen model gave the best fit to these pathogen data, and these dif-
ferences corresponded to model parameter values, which quantify patho-
gen efficiency, of 0.023 and 0.091. At a high pathogen dose, we detected
the greatest differences in biocontrol efficacy among the inbred lines,
ranging from no effect to a 68% reduction in mortality. The NE pathogen
model with a NE biocontrol component, the NE/NE biocontrol model,
gave the best fit to these biocontrol data, and these reductions corres-
ponded to model parameter values, which quantify biocontrol efficiency,
of 0.00 and 0.038, respectively. There was no correlation between the
host response to the pathogen and biocontrol agent for these inbred lines.
This work demonstrates the utility of epidemiological modeling approaches
for the study of biological control and lays the groundwork to employ
manipulation of host genetics to improve biocontrol efficacy.

Additional keywords: damping-off.

Plant breeders have exploited host variation for disease resis-
tance since the beginning of the 20th century but only recently has
attention been focused on the potentia of exploiting host variation
for response to beneficial organisms or biocontrol agents (3,8,31).
Several workers have observed variation among crop species in
response to introduced beneficial microbes (2,5,24,35). Similarly,
cultivars of a single crop treated with beneficial microbes can dif-
fer in plant-growth response (1,4,17), degree of root colonization
(20), and ability to support biologica control (9,14,20,31,32). If
these differences among cultivars for support of biological control
are due to heritable traits, then it should be possible to exploit this
genetic variation to improve disease management.

Although phenotypic differences for support of biological con-
trol have been reported, methods for quantifying such a trait and
partitioning it from host response to the pathogen have not been
developed. Because measurements of biological control are made
in the presence of a pathogen, selection for biocontrol suppor-
tiveness in a breeding program must take into account differences
in host response to the pathogen.

The ability to quantify cultivar differences in response to patho-
gensis influenced by the concentration of the pathogen inoculum.
Intuitively, pathogen inoculum doses that result in close to 100%
mortality will obscure potentia cultivar differences that would be
apparent at lower doses. Likewise, the ability to quantify biologi-
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cal control is affected by the inoculum dose of the pathogen, and it
is often necessary to use high pathogen inoculum doses to mea
sure biocontrol efficacy (11,18). Leeman et a. (19) found that var-
ious inoculum densities of Fusarium were needed to detect bio-
logical control on radish cultivars differing in their level of wilt
resistance. Because measurement of host support of biological
control requires measurement of both biocontrol efficacy and dis-
ease resistance, it is necessary to integrate information over a
range of pathogen and biocontrol agent inoculum concentrations
to measure both of these traits accurately.

Recently, epidemiological models of dose-response relation-
ships in biological control have been used to describe the rela
tionships among host, pathogen, and biocontrol agent over arange
of inoculum concentrations (12,23,27). These biocontrol models
are extensions of disease models initially described by Van der
Plank (34). Johnson (12) extended the concept of host-pathogen
models of disease to include host response to a biocontrol agent
and proposed a model to predict disease as a function of the
density of the pathogen and biocontrol agent. Montesinos and
Bonaterra (23) developed a methodology for evaluating this and
other models and used these models to estimate epidemiological
parameters in severa biocontrol systems. We propose that par-
ameter vaues from such models can be used to quantify the host
contribution to biological control in a way that will partition this
trait from host response to the pathogen.

Here we report the development of a method to quantify host
support of biological control using suppression of Pythium damp-
ing-off by Bacillus cereus UW85. We evaluated three pathogen
dose-response models for goodness-of-fit to disease data on a
range of plant hosts with three species of Pythium. To quantify



biologica control, we evaluated biocontrol dose-response models
based on the three pathogen dose-response models for goodness-
of-fit to data from tomato biocontrol assays, and we used param-
eter values estimated by nonlinear regression to quantify biocontrol
supportiveness. Disease resulted in every pathogen-host combina-
tion evaluated in this study; however, in many cases the level of
disease was different. When we observed differences among hosts
in their response to the pathogen, we interpreted these to be due to
host differences in resistance to the pathogen. Likewise, when we
observed differences among hosts in their response to the bio-
control agent, we interpreted these to be due to host differencesin
support of biological control.

MATERIALSAND METHODS

Pythium inoculum preparation. Pythium isolate A25a was baited
from field soil from Marshfield, WI, with the root of an afafa
(cv. Agate) seedling; isolate L38 was obtained from turfgrass in
North Carolina; and isolate E17 was isolated from the roots of an
dfafa plant grown at Hancock, WI. A25a, L38, and E17 were
identified as P. torulosum Coker & F. Patterson, P. aphanider-
matum (Edson) Fitzp., and P. aristosporum Vanterpool, respec-
tively, by D. J. S. Barr, Agriculture Canada, Ottawa. Isolates were
maintained on V8-juice agar plates (6) and transferred every 2
weeks. |solates were transferred periodically to medium amended

covered the trays with clear plastic domes (Hummert). During the
experiment, we added water to the trays as necessary to maintain
the water level in the tray that was present at the beginning of the
experiment. We assessed the incidence of seedling damping-off
disease by counting the number of plants that emerged in each cup.

On the twelfth day after planting, we cut root segments (1 to 2 cm)
from two arbitrarily selected seedlings from each cup, soaked them
in sodium hypochlorite (1%) for 30 s, rinsed them in sterile dis-
tilled water, and placed them on water agar (WA) plates held at
24°C. After 2 days, we scored the roots for the presence of
Pythium-like mycelial growth. The leading edge of aRythium-
like colonies that appeared was transferred to V8-juice medium,
cultured for 2 days, and compared microscopically to the inocu-
lum isolate to confirm the pathogen’s identity. All three isolates
exhibited distinct growth phenotypes on both WA and V8-juice
medium, and we, therefore, could distinguish them confidently by
visual inspection, allowing us to detect any possible cross-con-
tamination.

Pythium and UW85 dose-response experiment. We examined
the effect of bothP. torulosum and UW85 on tomato seedling
emergence in growth-chamber assays. Experiments were conducted
as described above, except we planted seeds in 72-cell inserts (Hum-
mert) that fit inside the planting trays rather than in waxed cups.

Tomato seeds. We chose six tomato lines from a EB; pop-
ulation produced from a cross betwedsmopersicon esculentum

with either streptomycin (100 pg/ml), chlortetracycline (50 pg/ml),L. cv. UC82B and.. penndllii L. accession LA716, with UC82B

or rifampicin (50 pg/ml) to control persistent bacterial contami-as the recurrent parent. We obtained the@eneration of this

nation of the cultures. population from J. Nienhuis and produced the,8Gnd BGS,
Zoospores were prepared and enumerated by methods prelmes in the field by single-seed descent. We bulked the fruit from

ously described (29). The three isolates differed in production ahdividual plants, cut each fruit transversely, and scraped the seeds

zoospores. A25a produced®10 1¢ zoospores per ml 4 h after and gel from the locules into glass beakers. We added 6 M HCI,

the final water change. Isolates L38 and E17 typically producel ml per 100 ml of seed and gel, and let the mixture sit for no

10° to 5 x 10 zoospores per ml 4 to 8 h after the final waterlonger than 30 min. We strained the seeds though a colander, put

change. Occasionally, isolate E17 had to be incubated longer, atitem in a beaker, soaked them in 10% trisodium phosphate for 30

the plates had to be rinsed several times to obtain zoospores. Zoain, rinsed them with water, and air-dried them on paper towels.

spore inoculum was diluted to the desired concentration with ster- UW85 seed treatment. We evaluated four doses Bf cereus

ile distilled water. UWS8ES for its potential to suppress disease cause®l foyulosum
Pythium dose-response experiments. To examine the effect of

Pythium dose on seedling disease, we evaluated the response of . - _

eight plant species to inoculation with thriégthium species in ~ TABLE 1. Plant germplasm used in pathogenicity experiments

growth-chamber assays at 24°C and 40% relative humidity, withiant

12 h of continuous light (415 pE-As provided by fluorescent

Cultivar or ecotype Source

: . Alli ival. Brigham Yell
bulbs) per 24-h period. Seeds were surface-disinfested by sequen- umsativa nGgoﬁ;n o USDA Vegetable Genetics, UWM?2
tial soaking for 30 s each in ethanol (70%), sodium hypochlorite White Creole USDA Vegeteble Genetics, UWM

(1%), and distilled water and dried in a laminar flow hood. For Yellow Bermuda  USDA Vegetable Genetics, UVM

each experimental unit, we filled a 112-ml waxed cup, which had  Arapidopsisthalianal.  Columbia Lehle Seeds, Tucson, AZ
four holes punched in the bottom for drainage, with 60 cm® of Landsberg erecta  Lehle Seeds, Tucson, AZ
autoclaved medium-grade vermiculite (Strong-Lite, Pine BIuff, Weiningen Lehle Seeds, Tucson, AZ
AR), planted five seeds in the cup, and placed it in a 28 x 56-Ci},cumissativa L. GY14 USDA Vegetable Genetics, UWM
plastic tray (Hummert Int., Earth City, MO). We prepared four 10- Little Leaf J.W. Jung Seed Co., Randolph, WI
fold dilutions of the zoospore suspension of egtium species Marketmore J.W. Jung Seed Co., Randolph, WI
for use as inoculum. We applied the zoospore suspension as_@umperennel. Al Star F. Ross, UWM
drench. Inoculum concentration is expressed as the number of Prludell F. Rossi, UWM
zoospores applied divided by the number of seeds planted. From Yorktown F. Rossi, UWM
the results of preliminary experiments (data not shown), we Kneycopersicon esculentum
that isolates E17, L38, and A25a differed in the concentration of mill. Bonny Best Stokes Seed, Buffalo, NY
zoospores necessary to cause a given level of disease. To account Chicollll J-W. Jung Seed Co., Randolph, WI
for these differences, we staggered the highest concentration ap- Wisconsin55  J. W. Jung Seed Co., Rendolph, Wi
plied for thePythium isolates such that the highest dose for E-17 Medicago sativa L. Iroquois T. Bingham, UWM
L38, and A25a was 2010, and 16 zoospores per seed, respec- Magnum 111 T. Bingham, UWM
tively. Verna T. Bingham, UWM
The experimental design was a randomized complete block amicotiana tabacumL. Havana 142 M. Drilias, UWM
ranged in a split plot with four replications in time. The 13 main Havana 608 M. Drilias, UWM
plots (plastic trays) were the Bythium isolates, each at 4 zoo- Xanthi nc Our laboratory stocks
spore concentrations and 1 distilled water control. Three cultivargeamaysL. B73 J. Coors, UWM
of each of the eight plant species (Table 1) comprised the twenty- H-99 J. Coors, UWVM
Mo-17 J. Coors, UWM

four subplots (cups). After planting, we added 4 liters of water to
each tray, pipetted 1 ml of zoospores or water into each cup, andwm = University of Wisconsin, Madison.
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on six tomato lines. We grew UWS5 in Y/2-strength tryptic soy evaluate the null hypothesis (model = observed). We calculated
broth (Difco Laboratories, Detroit) for 4 days at 29°C to obtainthe observed and predicted number of dead seedlings by multi-
fully sporulated cultures as described previously (28). To generagdying mortality by the number of seedlings emerged in the unin-
a range of UW85 doses, we diluted bacterial cultures with sterileculated control. The confidence intervals for parameter estimates
water in 1:1, 1:3, and 1:7 (culture/sterile distilled water) ratios. Wand asymptotic correlation coefficients were calculated by NLIN.
counted the seeds to be treated into 200-ul pipette tips (ResearciM odels for host response to pathogen and biocontrol agent.
Products International Corp., Mount Prospect, IL) arranged in 8/e generated pathogen and biocontrol models using three non-
pipette-tip box modified to allow us to create a vacuum inside thénear functions: negative exponential (NE), hyperbolic saturation
box. We added the bacterial suspension (100 pl) to the seeds in edd$), and logistic (LG). In the pathogen models, each of these
tip and 3 min later applied a vacuum to remove the excess cultuteo-parameter functions relates mortality to pathogen inoculum
and dry the seeds. This system facilitated the treatment of differedbse %) (Table 2). Biocontrol functions relate the proportion of
tomato lines with several concentrations of UW85 and minimizeéheffective pathogen inoculunx (x) to a two-parameter function
the time that seeds remained wet. We enumerated bacterial cedisbiocontrol agent inoculum dose) (Table 3). The biocontrol
that adhered to the seeds by selecting one seed of each tomato hmedels consist of a pathogen model in which the pathogen inocu-
at random from each replicate, sonicating (Branson Ultrasonidsm dose is multiplied by one of the biocontrol functions. All of
Corporation, Danbury, CT) for 30 s in sterile water, and dilutionthe parameters in these models define either an asymptote, an
plating onY/io-strength tryptic soy agar (Difco) plates. We incu- effective dose (ER), or a rate of change in disease. Asymptote
bated dilution plates at 24°C for 2 days and counted the CFU. parameters, expressed as a proportion, correspond to the maxi-
We planted seeds coated with various concentrations of UW8®&um potential for disease (in the pathogen model) or disease sup-
10 seeds per cell, in plastic planting trays we had filled previouslgression (in the biocontrol model). The asymptote in the LG
with autoclaved vermiculite (40 cnper cell). After planting, we function is defined as 1, whereas in the NE and HS functions it is
added enough vermiculite to cover the seeds and added 4 litersdsfined by a parameter. For all three functions, when the inoculum
distilled water or zoospore suspension to each flat. We replacetbse is 0y or x /x is defined as 0, thus the models predict when
the volume of water lost by evaporation every 12 h to maintain there is no pathogen there is no disease and, likewise, when there
constant level throughout the experiment. The experiment desige no biocontrol agent there is no reduction in disease, ED
was a randomized complete block arranged in a split plot. Thearameters position the curve by defining the dose at which
five main plots weré. torulosum inoculated at 0, 25, 50, 100, and disease is half of the maximum. In the pathogen model, thg ED
200 zoospores per seed. The subplots were the six tomato liniesthe number of zoospores per seed that results in 50% of the
untreated or treated with four concentrations of UW85. We evalmaximum level of mortality, and in the biocontrol model, the£D
uated untreated seeds at all pathogen doses, 1:1, 1:3, and 1.7 dasd¢lse CFU per seed of UW85 that results in 50% of the maximum
of UW85 at a 100 zoospores per seed dose, and undiluted, 1tdyel of reduction in mortality. Rate parameters determine how
and 1:3 doses of UW85 at a 200 zoospores per seed dose. Eachapidly disease changes with respect to increasing inoculum dose
the 24 subplot treatments were replicated three times within @f either the pathogen or the biocontrol agent. Rate ang ED
main plot, and the main plots were replicated twice in time. Wg@arameters can be interpreted as measurements of pathogen or
counted emerged healthy seedlings daily until the experimefitiocontrol agent efficiency.
ended 12 days after planting. We selected two lines that differed
in support of biological control based on the results of the ex-
periment described above and, with the remaining seed, evaluated
them in two experiments treated with undiluted UW85 culture and Evaluating disease on diverse plant hosts. Mortality increased
inoculated withP. torulosum (50 zoospores per seed). with increasing inoculum dose for all thrBgthium isolates on the
Data analysis. We converted emergence data to proportion
seedling mortality, using as the denominator the emergence in the
control that was not treated wifbythium or UW85 and subtract- TABLE 3. Biocontrol functions expressing the proportion of pathogen inoc-
ing this fraction from 1. Disease and biocontrol models were fit tg!lum rendered ineffectiveq(x) as a function of the inoculum dose of the
these data, using the Statistical Analysis System nonlinear regrei2contol agent
sion procedure NLIN with the Gauss-Newton method of iteration

RESULTS

Model parameters

(SAS Institute, Cary, NC). Because these data can be expressed caigction Equatiom(2) Asymptote Rate ERP
gorically, we chose to assess goodness-of-fit by the chi-square tesfJo i il X
egative exponential X - arq - exp(-cz)] A c
(NEYF X
TABLE 2. Pathogen models expressing seedling mortality (Y) as a function O
of the inoculum dose of the pathogen (X), measured as zoospores per seed® Hyperbolic saturatiot X .y mex K,
x  ™0Oz+K,O
Model parameters
Model name Equation Asymptote Rate EDg° X 1
Negafi el Y=L o L K Logistic cumulatve @—=———— A (0]
egative exponenti = L[1- exp(-kx)] probability? X l+a<thEl \(/‘B‘ Z)B
30
Hyperbolic saturationd Y=Y, E’%KE Yinax Ky g :
X
X a Each biocontrol model is based on one of the three pathogen models (Table 2),
o ) 1 in which the inoculum dose of the pathogghi¢ multiplied by the biocon-
LOQ'Q'CQL!mL;IaI'Ve YzT] i H trol function §/x). For example, the NE/NE biocontrol model is the NE
probability 1+ exngx)D pathogen model, wherg is multiplied by the NE biocontrol function
636 § yielding the equatioY = L[1 — exd—{ A[1 — exp(<2)]})]. Each biocon-

trol model uses two parameters to relate disease to inoculum dose of the

a Each of these models uses two parameters to relate disease to the inoculupathogen and two parameters to relate the proportion of the effective patho-
dose of the pathogen. gen dose to the dose of the biocontrol agent.

b 50% effective dose. b 50% effective dose.

¢ From equation 2 in reference 12.
d From equation 2 in reference 23.
¢ Closed form of the cumulative logistic distribution curve.
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¢ From equation 4 in reference 23.
d From equation 7 in reference 23.
¢ Closed form of the cumulative logistic distribution curve.



eight plant species; however, there were differences in the magni-
tude of the response of a host to the pathogens among the plant
species. Analysis of variance conducted for each of the main-plot
treatments (Pythium isolate a a single inoculum dose) indicated
that the cultivar effect on seedling mortality was significant for
only 1 of the 12 main-plot treatments. The plant species effect, on
the other hand, was significant for 9 of the 12 main-plot treat-
ments. Based on these results, we pooled the cultivar data for each
plant species, and further analysis was based on the mean of the
three cultivars for each plant species.

We quantified the host responses to the three Pythium isolates,
using parameter values from dose-response models. Based on the
P value for the chi-square test, the HS and NE models gave the
best overall fit for the host response to the pathogen, whereas the
LG model fit well for less than haf of the pathogen-host combi-
nations (Table 4). In general, al three models gave a poorer fit to
the data for P. aristosporum than for either P. aphanidermatum or
P. torulosum. In some cases, none of the three models fit well for
a particular host-pathogen combination, e.g., Arabidopsis and P.
aristosporum (Table 4). In this case, the poor fit likely resulted
from the lack of data at the asymptote portion of the curve, which
would be inadeguate to estimate L or Y,». Too few points in the
steepest portion of the curve occurred with the combination of
onion and P. aristosporum, which resulted in a reasonable fit to
the data but very large confidence intervals for k (data not shown).
In this case, the steegpest portion of the curve occurs between in-
oculum doses of 0 and 1 zoospore per seed and is not shown on
the graph.

Where the models gave reasonable fits to the data, the param-
eter values confirmed the expected differences in host response to
the Pythium isolates, indicating that P. aristosporum was most
aggressive (requiring the fewest pathogen propagules to produce
disease) and P. torulosum was the least aggressive overall (Table 4).
Among the host-pathogen combinations that yielded good fits,
there were some clear differences in host response to the patho-

gen. In general, corn and Arabidopsis showed the least disease
caused by the Pythium isolates tested (Fig. 1 and Table 4). The
relative disease severity among the plant species differed among
the three Pythium isolates. Cucumber is one such example; based
on K, values from the HS model, cucumber appears to be one of
the most resistant hosts to P. torulosum but is relatively less re-
sistant to P. aphanider matum.

Quantifying host resistance to the pathogen. We selected the
tomato-P. torulosum system for further study based on good fits
for all of the pathogen models (Table 4), ease of manipulation in
this bioassay, and potential for future study of host genetics. The
six tomato lines studied differed in their level of resistance to the
pathogen. The largest differences among lines were apparent at
the lowest pathogen dose (25 zoospores per seed), with mortality
ranging from 40 to 80% (Fig. 2).

We quantified these differences in terms of model parameter
values by fitting the three pathogen models (Table 2) to mortality
data from the pathogen dose-response assay. Because for the NE
and HS models the asymptote model parameters L and Y, were
very close to 1.0, we aso evaluated one-parameter versions of these
models by setting L and Y;,,» = 1. In addition, other experimentsin
the tomato system resulted in 100% mortality when high pathogen
doses were used (K. P. Smith, J. Handelsman, and R. M. Goodman,
unpublished data), suggesting that 1 is an appropriate value for
these asymptote parameters. Among the five models, the NE mod-
el gave the best overall fit to the data (Table 5 and Fig. 2). Poorer
fits were associated with tomato lines in which there were insuf-
ficient observations at informative points of the curve, resulting in
larger confidence intervals for parameter estimates. For example,
NIJ 8 had no data points in the stegpest portion of the dose-
response curve, had the poorest fit for any of the models, and had
the largest confidence intervals for the rate parameters, k and 9,
for the NE and LG models, respectively (Table 5).

One concern when fitting two-parameter models is the possi-
bility of over-parameterization, which is indicated by correlation

TABLE 4. Parameter values and goodness-of-fit for three pathogen dose-response models evaluated for eight plant species and three strains of Pythium

Negative exponential model

Hyperbolic saturation model Logistic cumulative probability model

Pythium sp. Host L k P2 Yinax Ky P v 5 P
P. torulosum Alfafa 0.65 0.0104 0.90 0.66 54.5 0.87 653.0 825.0 0.00
Arabidopsis 0.87 0.0020 0.72 0.90 286.7 0.97 689.9 559.5 0.16
Corn 0.68 0.0006 0.00 0.72 1,299.7 0.05 1,490.3 998.0 0.00
Cucumber 0.94 0.0025 0.78 0.98 246.4 0.98 563.5 509.8 0.25
Onion 0.86 0.0164 0.73 0.87 255 0.74 93.9 13.6 0.19
Ryegrass 0.62 0.0118 0.93 0.63 49.3 0.97 800.0 1,043.1 0.00
Tobacco 0.92 0.0116 0.72 0.94 535 0.84 96.0 139 0.47
Tomato 0.98 0.0095 1.00 1.00 65.7 1.00 97.1 12.9 0.99
Overal® 0.94 1.00 <0.01
P. aristosporum Alfafa 0.63 0.1891 0.38 0.65 31 0.85 460.3 952.6 0.00
Arabidopsis 0.51 0.0195 0.00 0.55 43.0 0.00 1,055.7 925.2 0.00
Corn 0.44 0.2165 0.77 0.45 29 043 1,526.3 2,301.3 0.00
Cucumber 0.68 0.0068 0.00 0.76 118.5 0.00 760.2 523.9 0.00
Onion 0.72 1.9459 0.99 0.72 0.2 1.00 14.6 1536.5 0.01
Ryegrass 0.69 0.1232 0.50 0.73 6.1 0.37 77.0 89.3 0.00
Tobacco 0.60 0.0822 0.72 0.64 105 0.84 589.9 827.7 0.47
Tomato 0.52 0.1154 1.00 0.55 7.2 1.00 751.1 946.9 0.99
Overal <0.01 <0.01 <0.01
P. aphanidermatum Alfafa 0.92 0.0376 1.00 0.96 185 0.80 10.7 15 0.73
Arabidopsis 0.82 0.0076 0.28 0.85 90.2 0.76 111.9 71.9 0.11
Corn 0.60 0.0724 0.60 0.63 12.3 0.82 581.7 969.3 0.00
Cucumber 0.99 0.0550 1.00 1.03 13.1 0.94 10.2 1.3 1.00
Onion 0.81 0.1658 0.20 0.81 20 0.17 9.5 15 0.02
Ryegrass 0.70 0.0202 0.25 0.72 311 0.06 85.3 453 0.00
Tobacco 0.97 0.0095 0.00 0.98 55.8 0.07 89.6 84.5 0.12
Tomato 0.96 0.0733 0.90 1.00 10.2 1.00 10.0 1.4 0.83
Overall 0.15 0.84 <0.01

a Probability of the chi-square test (model = observed).

b Probability of the chi-square test (model = observed) for all eight plant hosts. In this test the mortality values, predicted by the model fit to each plant species,
are compared with the observed values to assess how well the model predicted disease by the pathogen across the eight plant species.
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between parameters. Asymptotic correlation coefficients for the ~ from the NE or HS models, respectively, to quantify the response
six inbred lines ranged from —0.56 to —0.76 for the NE model and to the pathogen, NIJ 66 was the most resistant, whereas NIJ 8 was
from 0.82 to 0.90 for the HS model, indicating that this may be #he least resistant among the six lines (Table 5).

problem for the HS model in particular. For all of the tomato lines, Quantifying host contribution to biological control. The six

the one-parameter versions of the NE and HS models had slightigmato lines also differed in their response to the biocontrol agent.
poorer fits but also had smaller confidence intervals associatékhese differences were most apparent when seeds were coated
with the parameter estimate, allowing better discrimination of difwith a 1:3 (UW85/sterile water) bacterial suspension and inocu-
ferences among the tomato lines. Using either the valledioK, lated withPythium at 100 zoospores per seed. At these doses, there

100  Alfalfa A 100 FArabidopsis
A A
80 |
. ]
60 | LS Am— .-
® .,/
40 | e
/K
/-
20 L
/ r
et
4
0 } a 4 } up
100 +Corn 100
80
g
& 60
=
3
k] 40
)
Y 20
i
3 0
£
g
= 100 FRye grass
3
wn

100 FTobacco A ] | 100 FTomato PP A—
. Sa
80 | .
60 | e
A -
e
40 o’ /®
iyé
20} 7
7
-
T —— T
1 10 100 1000 10,000 100,000 1 10 100 1,000 10,000 100,000

Pythium inoculum dose (zoospores/seed)

Fig. 1. Disease response of eight plant species to inoculation with three species of Pythium. Symbols represent mean of three cultivars, four replications each,

for each Pythium species: m indicates P. torulosum; A indicates P. aphanidermatum; and @ indicates P. aristosporum. Lines represent values for the negative
exponential disease model for each Pythium species: —— indicate$?. torulosum; ------ indicateR aphanidermatum; and ——— indicatesP. aristosporum. The
parameter estimates farandk are listed in Table 4. All of the models predict no mortality when the pathogen dose is 0, but in some cases (e.g.,Ponion and
aristosporum), the model intercepts the y-axis drawn at inoculum dose = 1 zoospore per seed.
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was no reduction in mortality for NIJ 66 and a 68% reduction in
mortality for N1J 87 (Fig. 3).

To quantify differences among host genotypes for support of
biological control over the entire range of inoculum doses, we
evaluated three biocontrol models based on the NE pathogen dose-
response model. In each of these models, the effective pathogen
inoculum in the pathogen dose-response model is reduced by
some function of the dose of the biocontrol agent. For example, a
model based on the NE dose-response to the pathogen (Table 2)
and the HS dose response of the pathogen to the biocontrol agent
(Table 3) would be called NE/HS. We fit each of these models to
seedling mortality of tomato lines treated with different doses of
UW85 and inoculated with P. torulosum.

The dose of UW85 was measured as CFU per seed resulting
from the application of various concentrations of bacterial suspen-
sion. For all tomato lines, there was a linear relationship between
the amount of UW85 applied to and recovered from the seed (data
not shown). However, there was a significant effect (P = 0.04) of
tomato line on the amount of UW85 recovered from the seed at
the 1:1 application dose. To account for the apparent host effect on
the amount of UW8S5 that adhered to the seed, we used the amount
recovered from the seed as the independent variable (2) for the
regression instead of the amount applied to the seed.

The three biocontrol models evaluated included the NE patho-
gen model in conjunction with the NE, HS, and LG biocontrol
components (Table 3). We fit these models by assigning the values
derived from the NE pathogen model (Table 5) to the pathogen
parameters in the biocontrol models and estimated values for the
biocontrol parameters. The NE/LG model failed to converge for
al but one of the inbred lines. The NE/HS model had the best
overall fit to the data based on the chi-square test but yielded very
large and sometimes negative parameter values for the two tomato
lines (NI1J 8 and NIJ 66) that had no response to UW85, so we
also evaluated a variant of this model by bounding I, between O
and 1 (Table 6). This resulted in more reasonable parameter values
but reduced the goodness-of-fit slightly. Both NE/NE biocontrol
parameters, A and c, differed among the tomato lines based on
comparisons of the 95% confidence intervals. Excluding the two
nonresponsive lines noted above, the NE/NE and NE/HS models
ranked the lines similarly with regard to their support of biological
control. N1J 56 and NIJ 87 were the most supportive of biological
control based on vaues for K, from the NE/HS model (Table 6).
When we evaluated a responsive (NIJ 56) and a nonresponsive
(N1J 8) tomato line again at a single dose of UW85 and P. toru-
losum in two experiments, we obtained similar results. UW85
reduced mortality 49 and 46% for NIJ 56 but reduced mortality
only 11% in one experiment and actually increased mortality 36%
in the second experiment for NI1J 8 (data not shown).

The NE/NE and NE/HS biocontrol dose-response models both
yielded good fits to the data but differed in the way that the
parameters quantified host support of biologica control. Lines NIJ
8 and NIJ 66 were both clearly nonresponsive to UW85 (Fig. 3).
The NE/NE model fit estimates of O for these nonresponsive lines,
whereas the NE/HS model fit negative values, which are difficult
to interpret biologically (Table 6). Among the remaining four lines
that were supportive of biological control, NIJ 16 was less so, as
indicated by the values of either c or K,. For the four lines that did
support biological control, the asymptotic correlation between par-

model gives a slightly better fit to the data the NE/NE model
provides parameter estimates with more precision. The latter attri-
bute is important for accurate measurement of traits, which is nec-
essary to distinguish differences among genotypes in genetic studies
or breeding programs. Weighing the parameter criteria of interpret-
ability, precision, and over-parameterization, in addition to model
goodness-of-fit, suggests that NE/NE is the best model for quan-
tifying biological control among the tomato lines in this system.

1.0

-+
0.8
0.6

0.4

Seedling mortality (prop. of control)

10 |
0.8
06
0.4
0.2

ameters ranged from —0.51 to —0.71 for the NE/NE model and 0.0 \ NIJ66
from 0.83 to 0.92 for the NE/HS model, indicating that over-par- 0 50 100 150 200
ameterization may be more of a problem for the NE/HS model.

The size of the errors associated with parameter estimates also Pathogen inoculum dose

differed between the two models. If we calculate the ratio of the (zoospores/seed)
asymptotic standard error for the parameter estimate to the value

of the parameter estimate, we can evaluate the degree of precis

98 2. Disease response of six inbred tomato lines to inoculation with Pyth-
1um torulosum. Symbols represent mean of 6 replications of 10 seeds. Lines

for parameter estimates. These ratios, averaged over the ab N

four tomato lines, are 0.02, 0.24, 0.04, and 0.4Afar, | ., and

Q¥bresent values for the negative exponential pathogen model. Vertical bars

represent the standard error of the mean. The parameter estimates for L and k

K,, respectively. This would indicate that although the NE/HSarelistedin Table5.
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DISCUSSION

Extending the epidemiological principles of plant disease to in-
clude biocontrol agents will enhance our understanding of these
complex systems. Two factors contribute to the challenge of mea-
suring the host contribution to biocontrol efficacy. The first is
variation in the host for resistance to the pathogen, and the second
is the nonlinear response of the host to pathogen and biocontrol
agent inoculum concentrations. We have taken these factors into
account and tested an approach to quantify the host response to
the pathogen and biocontrol agent by fitting dose-response models
to seedling mortality data collected over a range of pathogen and
biocontrol agent inoculum concentrations. For the models evalu-
ated, we could estimate values for the pathogen parameters from
data on host response to the pathogen, then estimate values for
biocontrol parameters for a biocontrol model that was an ex-
tension of the disease model from data collected on host response
to the biocontrol agent. In this way, we quantified host resistance
to the pathogen first, then quantified host support of biological
control.

Quantifying host responsesto the biocontrol agent and path-
ogen. The dose-response modeling approach used in this study

has several advantages for quantifying host resistance to the path-
ogen and support of biological control. Given a model that ade-
quately describes the host response to the dose of the pathogen
and biocontrol agent, it is possible to partition and quantify these
two traits. This is particularly important for measuring the host
effect on biological control when there are differences among host
genotypes for resistance to the pathogen, as was the case for the
six tomato lines in this study. Data obtained at relatively low
pathogen doses provided the information necessary to quantify
differences in pathogen resistance among tomato lines. However,
the information necessary to measure host differences in support
of biological control must come from disease data obtained at
relatively high pathogen doses. At these high doses we could not
detect differences among tomato lines for resistance to the patho-
gen, with the possible exception of line NIJ 66. These models pro-
vided the means to integrate information over a range of pathogen
and biocontrol agent doses and accurately quantify these two
traits.

Modeling dose-response relationships in biological control can
provide insight into the interactions among host, pathogen, and
biocontrol agent. In this study, the NE model described the host
response of tomato to Pythium and assumes that pathogen prop-

TABLE 5. Parameter values and goodness-of-fit for five pathogen dose-response models evaluated for six inbred tomato lines

Tomato Negative exponentia model (NE) NE (L =1.0) Hyperbolic saturation model (HS) HS (Y = 1.0)  Logistic cumulative probability model

line L k pa k P Yomax Ky pa Ky P i} o) P

NIJ8 0.90 0.091 0.45 0.062 0.26 0.89 14 0.38 6.1 0.29 20.2 6.5 0.24
(0.23)°>  (0.187) (0.063) (0.35) (18.1) (10.6) (94.2) (128.5)

NIJ53 0.97 0.051 0.99 0.047 0.97 1.06 115 0.99 8.4 0.96 20.1 9.7 0.76
(0.06) (0.013) (0.009) (0.08) (4.9) (3.3 (13.4) (24.2)

NIJ 56 0.96 0.041 0.96 0.037 0.92 1.06 15.8 0.85 121 0.78 224 16.6 0.62
(0.10) (0.016) (0.010) (0.24) (17.5) (7.1) (11.9 (23.9

NIJ 87 0.92 0.038 0.63 0.037 052 1.03 19.0 0.36 16.8 0.34 26.7 17.3 0.63
(0.20) (0.031) (0.015) (0.46) (36.9) (13.7) (11.8) (23.7)

NIJ 16 0.94 0.032 0.85 0.027 0.74 1.07 237 0.86 18.4 0.79 30.1 30.3 0.30
(0.15) (0.017) (0.009) (0.26) (22.6) 8.7 (21.8) (40.3)

NIJ 66 0.87 0.023 0.92 0.016 0.58 1.06 40.8 0.98 34.3 0.96 49.1 58.6 0.29
(0.14) (0.011) (0.005) (0.15) (17.9) (6.9 (41.2) (81.4)

Overall® 1.000 0.990 0.998 0.992 0.843

a Probability of the chi-square test (model = observed) for four pathogen concentrations.

b Adding and subtracting the value in parentheses from the parameter value constitutes a 95% confidence interval.

¢ Probability of the chi-square test (model = observed) for all six tomato lines. In this test, the mortality values, predicted by the model fit to each tomato line,
are compared with the observed values to assess how well the model predicted disease across the six tomato lines.

TABLE 6. Parameter values and goodness-of-fit for four biocontrol dose-response models, based on the negative exponential (NE) pathogen dose-response

model, evaluated for six inbred tomato lines?

Tomato NE/NE NE/HS? NE/HS (I na bounded) LG®
line A c pd | max K, P I max K, P [0) A P
NIJ8 0.00 0.000 0.83 -2,875.00 822,806.0 0.33 0.00 10.0 0.8% FC® FC
(0.00)  (0.000) (30,335.99) (0.0) (151.38) (0.0)
NIJ 53 0.94 0.028 0.07 0.98 13.0 0.54 0.98 13.0 0.54 FC FC
(0.07) (0.011) (0.08) (19.9) (0.08)  (19.9)
NIJ 56 0.86 0.038 0.85 0.90 9.5 0.94 0.90 9.5 0.94 FC FC
(0.07) (0.031) (0.09) (18.5) (0.09)  (18.5)
NIJ 87 0.91 0.030 0.25 0.95 9.5 0.19 0.95 9.5 0.19 FC FC
(0.06) (0.018) (0.13) (20.5) (0.13)  (20.5)
NIJ 16 0.86 0.012 0.&3 0.98 56.3 0.74 0.98 56.3 0.74 FC FC
(0.06) (0.006) (0.17) (58.0) (0.17)  (58.0)
NIJ 66 0.00 0.000 0.23 0.14 -50.8 0.53 0.00 10.0 0.3% 272.33 22.02 0.79
(0.00) (0.000) (0.56) (91.6) (0.94) (0.0 (4.35) (0.00)
OveralP 0.776 0.948 0.926 ND

a2 Parameter values farandk, which were used to fit these models, are listed in Table 3.

b HS = hyperbolic saturation model.

¢ LG = logistic cumulative probability model.

d Probability of the chi-square test (model = observed).

¢ Procedure NLIN (SAS Institute, Cary, NC) failed to converge.

f Adding and subtracting the value in parentheses from the parameter value constitutes a 95% confidence interval.
9 Probability of the chi-square test (model = observed) for all six tomato lines. In this test, the mortality values, prethetedddel fit to each tomato line,
are compared with the observed values to assess how well the model predicted disease across the six tomato lines.

" Not determined.
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agules infect independently, as opposed to synergistically or an-
tagonistically. This relationship holds true for other seedling dis-
eases as well (13,33). The asymptote and rate parameters, L and k,
respectively, from the NE model can be interpreted biologically as
the maximum proportion of host individuals available to the path-
ogen and the efficiency of the pathogen in infecting the host, re-
spectively. In the NE/NE biocontrol model, parameter A rep-
resents the proportion of the pathogen that is affected by the
biocontrol agent, whereas ¢ represents the efficiency of the bi-
ocontrol agent in suppressing the effect of the pathogen propa-
gules. It is likely that different mechanisms of biological control,
such as antibiosis, nutrient competition, or induced resistance, will
result in different dose-response relationships and either affect
parameter estimates of models used in this study or require dif-
ferent models to describe disease suppression.

We encountered some disadvantages to employing dose-response
models to study interactions among host, pathogen, and biocontrol
agent. To obtain precise parameter estimates, measurements at
many different pathogen and biocontrol agent doses are required.
In several instances in which we obtained poor fits or parameter
estimates with large errors, there were insufficient data points at
informative points in the dose-response curve. This experiment
required more than 600 seeds for each tomato line to quantify
pathogen and biocontrol parameters. Thus, the challenge is to ob-
tain the most information on possible host responses using the
available resources. Despite these limitations, we were able to dis-
tinguish quantitative differences among inbred lines for both host
responses.

Another related problem is over-parameterization, which results
from too few data points for the number of parameters in the
model and is suggested by large values for asymptotic correlation
coefficients among parameters. In the case of the pathogen dose-
response models fit to the tomato data, we were able to fix the
asymptote parameter from both the NE and HS models, with only
asmall reduction in goodness-of-fit. These single-parameter models
fit values for k and K, with smaller confidence intervals, allowing
better discrimination among the tomato lines for host response to
the pathogen.

Host effect on biological control. Our objective in this study
was not only to determine whether a modeling approach would be
useful to quantify epidemiological parameters of disease and
biological control but also to determine whether the genotype of
the host influences any of these parameter values. In the tomato
biocontrol assay, we found differences among tomato lines for
both resistance to the pathogen and support of biological control.
That these two traits are independent is suggested by results show-
ing that the two tomato lines representing the lowest and highest
levels of pathogen resistance were equally nonsupportive of bio-
logical control (Figs. 2 and 3). Thisimpliesthat it may be possible
to combine these two traits through breeding to improve disease
suppression.

It isinteresting to speculate about what specific attributes of the
host, or interaction between the host and biocontrol agent, could
result in superior biological control. Colonization of the spermo-
sphere by the biocontrol agent is important for biological control
of Pythium damping-off in pea (25). King and Parke (14,15) found
differences among four pea genotypesin biological control but not
in colonization. We have preliminary evidence that there are sig-
nificant differences among tomato lines for support of growth of
UWB8S during the first 48 h after planting (K. P. Smith, J. Handelsman,
and R. M. Goodman, unpublished data). Further work will reveal
whether these differences correspond to differences in biological
control.

Antibiotics also are believed to play an important role in bio-
logical control. B. cereus UW85 produces the antibiotic zwitter-
micin A, which inhibits pathogen growth (28), and is correlated
with disease suppression in the laboratory (30). The accumulation
of this antibiotic in media is influenced by specific amino acids,

iron, phosphate, and plant exudate (22). If the availability of these
factors in the spermosphere is influenced by tomato genotype,
then antibiotic production and disease suppression could be af-
fected aswell. In another biocontrol system, Kraus and Loper (16)

Seedling mortality (prop. of control)

0.6
04 |
02 ¢
0.0 1 L

_ NIJ 66

0 100 200 300 400 500

Biocontrol agent inoculum dose
(10° cfu/seed)

Fig. 3. Disease response of six inbred tomato lines to inoculation with Pythium
torulosum and Bacillus cereus UW85. The dose of UW85 on seeds was
determined empirically by sonication and dilution plating of treated seeds. The
UWS85 dose values are the mean of six seeds, and the standard errors were on
average 23% of this value. Symbols represent the mean of 6 replications of 10
seeds. Lines represent values for the negative exponential/negative exponential
biocontrol model; solid lines and solid symbols represent the values for the 100
zoospores per seed dose; open symbols and dashed lines represent the values for
the 200 zoospores per seed dose. Vertical bars represent the standard error of the
mean. The parameter estimatesfor A and c arelisted in Table 6.
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measured transcriptional activity of the promoter controlling the
expression of the antibiotic pyoluteorin, which is important for
disease suppression by Pseudomonas fluorescens Pf-5, and found
different patterns of activity on the spermospheres of cucumber
and cotton. This suggests that the host can modify the expression
of factorsthat contribute to the efficacy of biological control.

If the differences in biologica control among the inbred lines
we observed are heritable, then it should be possible to improve
the ability of plants to support biological control through selection
and breeding. One contribution epidemiological modeling of bio-
logical control can make to breeding is to identify selection en-
vironments that are most effective for identifying biocontrol-sup-
portive genotypes. Screening germplasm in a breeding program is
economical if done in a single environment and not over a range
of pathogen and biocontrol agent doses, as was done in this study.
However, information on the range of parameter values for dis-
ease resistance and biocontrol supportivenessin a plant population
could facilitate identification of the environments that would be
most likely to select for resistance to the pathogen from those
most likely to select for support of biological control. We used the
NE/NE model to predict disease for a number of theoretical plant
genotypes by plugging in parameter values that are within the
ranges we have found for tomato. Using these simulated disease
data, we generated a response surface defined by the doses of
pathogen and biocontrol agent and identified the conditions that
reveal the greatest host variation for disease resistance and bio-
control supportiveness (K. P. Smith, J. Handelsman, and R. M.
Goodman, unpublished data). These preliminary simulations sug-
gest there are specific environments that will be more productive
for selection of each of these two traits.

Tomato is an attractive host for exploring a genetic basis in
hosts for interaction with disease-suppressive bacteria because it
is a self-pollinated diploid that exists primarily as homogeneous,
homozygous lines and has been used extensively for mapping
simply and quantitatively inherited traits (7,21,26). Our study, thus,
lays the groundwork for use of tomato to estimate heritability and
map locations of major loci affecting biocontrol efficacy and to
identify important host attributes associated with strong biocontrol
interactions.

Future work in our laboratory is directed toward gaining an
understanding of how plant genes influence plant-associated mi-
crobes, particularly those that suppress disease or in other ways
benefit the plant. We are conducting selection and breeding stud-
ies to enhance the ability of the host to support biological control.
The coordinated improvement of plants and beneficial microbes to
manage disease may increase the effectiveness of biological con-
trol and provide a sound aternative to the use of synthetic pes-
ticides. The use of epidemiologica models to quantify biocontrol
parameters and genetically define genotypes of the biocontrol
agent and host should significantly enhance our understanding of
biological control.
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