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Abstract: With future global temperatures predicted to increase, the relationship between a host,
pathogen, and environment, becomes less predictable and epidemics may pose a greater risk to
forests worldwide. Resistance breeding is an important disease management tool, but because tree
species require long breeding times, it is necessary to develop techniques for testing current pathogen
isolates against their hosts. Pitch canker disease of pines, caused by the pathogen Fusarium circinatum,
is no exception and represents a threat to pine forests and commercial plantations worldwide,
as it thrives at warm temperatures and high humidity. We tested growth of 15 F. circinatum isolates in
culture at three temperatures: 25, 27, and 31 ◦C. We also evaluated the sporulation and pathogenicity
of eight of the isolates on two susceptible Pinus elliotti (slash pine) open-pollinated families and
one tolerant open-pollinated Pinus taeda (loblolly pine) family. Our results showed significant
differences among isolates in the temperature and pathogenicity tests. All isolates showed a significant
decrease in growth at 31 ◦C, although some showed similar growth at 25 and 27 ◦C. Several of the
new isolates tested were more pathogenic than the isolates that the USDA Forest Service Resistance
Screening Center (RSC) had been using. The new isolates have now been incorporated into their
operational screening program.
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1. Introduction

Pitch canker, caused by the necrotrophic fungus Fusarium circinatum Nirenberg and O’Donnell,
is one of the major diseases of pines, affecting 57 pine species [1–3], but Douglas-fir (Pseudotsuga menziesii)
is also susceptible [4]. It causes resinous lesions in stems and branches and affects reproductive
structures [5], thereby reducing fertility [1]. Its economic impact can be devastating in nursery settings,
where it causes seedling mortality. In older trees, economic losses are mainly due to the effects of
the disease on growth and timber volume, and in more severe cases, mortality due to girdling [3].
The disease was first reported in 1946 [6,7], and is mainly considered a disease of pines in the
southeastern United States [2], although it is considered to have originated in Mexico and Central
America [5]. More recently, pitch canker has been spreading globally through the introduction and
culture of southern pines for timber [8–15]. Both the pathogen and the host are easy to grow under
controlled conditions, facilitating experimental work to test for response under diverse environments.
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Also, both pathogen and some of hosts have whole-genome drafts available [16–18] that would facilitate
future projects designed to understand host–pathogen interactions at the genomic and molecular level.

Due to the wide-scale planting of southern pines and their economic importance, there is an urgent
need to understand, not only the genetics and host–pathogen interactions, but also interactions with
the environment in order to develop practical strategies for the management of pitch canker and other
diseases. Resistance to pitch canker is quantitative and heritable [19,20]; therefore, commonly used
management strategies involve breeding and deployment of resistant host material. With future global
temperatures predicted to increase [21–23], new climate variations and extreme weather events are
predicted to increase [24–28], which may lead to increased disease incidence [29] and compromise
the host’s defense response [30–33]. These changes in environment may also alter the relationships
between host, pathogen and environment [34]. This disruption may also change the geographical
distribution of pathogens, bringing them into areas where they are currently absent. In the future,
a larger number of outbreaks and possible pathogenic variants may be expected as new environmental
conditions resulting from climate change may favor survival and fitness of some pathogens. In contrast,
plant disease management strategies under new climate conditions are lagging [35].

The USDA Forest Service Resistance Screening Center (RSC) in Asheville, North Carolina has
been screening seedlings of pine and other forest tree species for genetically-controlled resistance or
tolerance to diseases like pitch canker, fusiform rust, dogwood anthracnose, chestnut blight, white pine
blister rust brown spot needle blight, and butternut canker [36]. The RSC has screened plant material
for over 20 industrial, governmental, non-profit, and academic institutions. By performing artificial
inoculations in a controlled environment on an operational scale, seedlings and varietals are tested for
resistance to diseases, families are compared for relative resistance, and new hypotheses related to
forest genetics and pathology are tested. In the case of pitch canker, thousands of loblolly, slash, as well
as pine species from Mexican and Central American sources have been screened for resistance at the RSC.
Protocols used today were developed in the 1980s, based on studies done by Dr. George Blakeslee of the
University of Florida and Dr. Steve Oak of the US Forest Service Forest Health Protection program [37].
At that time, a limited number of F. circinatum isolates were collected from a small geographic area and
used in the initial development of the RSC screening procedure. Standard tests are performed using
a mix of four to five F. circinatum isolates, and the isolates used have continued to be the ones initially
collected in the 1980s. Collection and renewal of these fungal isolates has not been as frequent as with
other diseases, such as fusiform rust (new aeciospore collections are made at least every five years).

There is a critical need to better understand host–pathogen systems and to validate current
prediction models [38]. F. circinatum outbreaks are favored by warm climate and high humidity [5,39],
therefore, it is likely to thrive under predicted environmental conditions under changing climate
scenarios. Pathogenicity tests of F. circinatum have been conducted in a variety of loblolly pine (P. taeda)
genotypes [19,20], but these used a single fungal isolate. In more recent studies conducted using
different Fusarium species, pathogenicity tests were conducted using multiple isolates on Polish
provenances of Scots pine (Pinus sylvestris) [40]. In other recent pathogenicity tests, multiple Czech [41]
and Romanian [42] conifer species were inoculated with the same F. circinatum isolate isolated from
P. radiata in Northern Spain (FcCa6) [41,42]. On the pathogen site, fungal growth and sporulation
experiments at a range of temperatures [43], also used a single F. circinatum isolate. Here we report the
growth response of 15 different isolates from Florida and Georgia at three different temperatures, and
the pathogenicity test results of eight of these isolates for pathogenicity on one loblolly (Pinus taeda)
and two slash pine (Pinus elliottii) families, and discuss the observed differences in pathogenicity
among isolates in pines.

2. Materials and Methods

2.1. Fusarium circinatum Isolates

Fusarium circinatum isolates from 13 Florida and Georgia counties were obtained from field
samples of infected loblolly (Pinus taeda) or slash (Pinus elliottii) pine tissue or from previously dried
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mycelia stored at 4 ◦C (Figure 1). The isolates from fresh infected pine tissue were obtained by scraping
chips from the borderline between infected and healthy host tissue. These chips were immersed in
half-strength commercial sodium hypochlorite solution for 30 s under sterile conditions and excess
moisture was drained before placing the chip on acidified potato dextrose agar (APDA) culture
medium plates. The plates were placed at room temperature and mycelium growth was monitored
between two to seven days. Mycelium was then transferred to a new APDA plate and grown at room
temperature for seven days, after which the plates were flooded with sterile water and plated again to
obtain single-spore isolates. The single-spore isolates were grown on sterile filter paper atop APDA
medium for 8–10 days. After this time, filter papers were separated from the medium and cut into
approximate 5 × 5 mm confetti squares under sterile conditions using sterilized scissors. The confetti
were placed in sterile glass vials for long-term storage at 4 ◦C.
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Figure 1. County map of southeast United States showing the locations where the Fusarium circinatum
isolates were collected. The dark shaded area corresponds to the geographical range of slash pine
(Pinus elliottii) and the thin grey line corresponds to the geographical range of loblolly pine (Pinus taeda).
Thick grey lines correspond to state borders.

2.2. Temperature Growth Experiments

Temperature growth experiments were performed in the University of Florida Forest Pathology
Laboratory in Gainesville, Florida. We tested 15 single-spore isolates in a split-split plot design,
with three temperature treatments (25 ◦C, 28 ◦C, and 31 ◦C) in three incubators and three replicates.
Mycelium from each of the single-spore cultures were transferred to APDA medium using the tip of
a sterilized glass rod to ensure initial inoculum uniformity. Three plates per isolate were cultured at
each temperature and the experiment was repeated three times, alternating incubators so that each
temperature was tested in each incubator. Plates and a standard ruler for reference were photographed
daily and measurements were done using the ImageJ (Version1.46) software (National Institutes of
Health, Bethesda, MD, USA) [44]. Two measurements of the diameter across the mycelium growth
were obtained in the x and y axes, passing through the center of the inoculation point. The average of
these two diameter measurements was used as the response variable.

A subset of these cultures was further incubated for two weeks, after which each plate was flooded
with 4 mL of sterile water and swirled to release microconidia. A volume of 50 µL was obtained directly
from the culture and placed in a 1-mL tube with 450 µL of sterile water, for a 1:10 dilution. Samples were
mixed and 10 µL were placed in a hemocytometer to obtain spore count. The remaining spore solution
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was incubated for 24 h at the same temperature as the initial culture. After this period, spore count and
germination were obtained using a hemocytometer. The final concentration (spores/µL) was obtained
by using the following formula:

Total spores/µL = Total spores counted × (dilution factor/# squares) × 10 cells/µL

2.3. Inoculation Experiments

The virulence study was conducted at the USDA Forest Service Resistance Screening Center
(RSC) using three standard checklots. Approximately 10–20 confetti squares were sent to the RSC
in Asheville, NC for inoculation experiments. Seed from one resistant loblolly pine open-pollinated
family was stratified for six weeks, then sown along with seed from two susceptible slash pine
open-pollinated families. Seedlings were inoculated at 10 weeks old, following the RSC guidelines [37].
Fungal cultures were established by placing the confetti on a selective Fusarium medium containing
PCNB (pentachloronitrobenzene) and allowed to grow for two weeks. Cultures were then transferred
to carnation leaf agar and allowed to grow for another two weeks. At the end of this period, cultures
were flooded with distilled water to create spore suspensions for each isolate, and spore densities
were determined using a hemocytometer. Spore densities were adjusted to 100,000 spores/mL.
Three replicates of 20 seedlings each were inoculated with each of the eight isolates, totaling 60 trees
per isolate per host family, for a total of 1440 trees. For the inoculation, seedlings were sterilized with
95% ethyl alcohol and allowed to air dry. Individual trays of 20 seedlings were top-clipped with sterile
pruners, then immediately sprayed with the spore suspension. Between inoculations with each isolate,
all tools were sterilized with 95% ethyl alcohol. The inoculated seedlings were kept in a greenhouse
maintained between 17 ◦C and 30 ◦C, where they were watered three times a week. Survival and
lesion length measurements were recorded 13 weeks after inoculation.

2.4. Statistical Analyses

For the temperature response experiments, statistical analyses were performed on data collected
at the eighth day of culture. The following ANOVA model was used for this analysis:

Yijklm = µ + Inci + Rij + Tk + Il + T*Ikl + εijklm, (1)

where, Yijklm is the response variable average diameter of mycelium culture measured in
two perpendicular axes, of the lth isolate cultured at the kth temperature in the jth replicate within the
ith incubator, µ is the overall mean, Incj is the fixed effect incubator (i = 1, 2, 3), Rij is the random effect
of replicate within incubator ~ NID(0, σ2

R) (i = 1, 2, 3), Tk is the fixed effect temperature (k = 25 ◦C,
28 ◦C, 31 ◦C), Il is the fixed effect isolate (k = 1, . . . , 15), T*Ikl is the fixed effect temperature by isolate
interaction, and εijklm is the random error. This same model was used to analyze the results from the
sporulation and germination experiments, with the response variables being number of microconidia
per microliter and number of germinated microconidia per microliter, respectively.

For the pathogenicity effects, the following ANOVA model was used to determine whether there
were significant effects of pathogenicity among isolates and host families:

Yijkl = µ + Ri + Ij + Fk + F*Ijk + εijkl, (2)

where Yijkl is the response variable lesion length of the lth seedling from the kth host family of the ith
replicate inoculated with the jth isolate, µ is the overall mean, Ri is the fixed effect replicate (i = 1, 2, 3),
Ij is the fixed effect of the isolate (j = 1, . . . , 8), Fk is the fixed effect of host family (k = 1, 2, 3), F*Ijk is the
host family by isolate interaction, and εijkl is the random error. All statistical analyses were performed
using SAS software, version 9.3 (SAS Institute Inc., Cary, NC, USA, 2011).
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3. Results

3.1. Isolates Showed Differential Responses to Temperature

An increase in temperature affected all isolates in mycelium growth, sporulation and spore
germination. While the increase in temperature did not cause mortality of any isolate, it did cause
a decrease in growth. After eight days in culture, significant fixed effects (p < 0.05) were observed
for temperature, isolate, and temperature by isolate interactions but not for the effects of incubator
(Table 1). These results indicate that significant temperature effects (p < 0.0001) on mycelial growth
were observed within each isolate and that there were also significant differences among isolates
(p < 0.0001) for a given temperature. Similarly, significant temperature by isolate interaction effects
(p < 0.0001) suggest that, the isolates had different magnitudes of response at different temperatures.
The same effects were significant (p < 0.05) for the 11 isolates tested for sporulation after 15 days in
culture and spore germination after 24-h incubation (Table 1).

Table 1. Analysis of variance results for fixed effects Incubator, temperature (Temp), fungal isolate
(Isolate) and the Temperature-by-Isolate interaction (Temp × Isolate) for the response variable mean
diameter of cultured mycelium measured on 15 Fusarium circinatum isolates after eight days in
culture, mean microconidia/microliter of 11 isolates after 15 days in culture, and mean geminated
microconidia/microliter after 24 h incubation on those 11 F. circinatum isolates collected after 15 days
in culture. Significant effects (p < 0.05) are shown in bold.

Effect Mean Mycelium Diameter Mean Microconidia/µL Mean Germinated Microconidia/µL

Incubator 0.4328 0.0763 0.0552
Temp <0.0001 <0.0001 0.0097
Isolate <0.0001 <0.0001 0.0002

Temp × Isolate <0.0001 0.0171 0.0115

When daily data was included, all the isolates responded significantly (p < 0.01) to an increase in
temperature, with reduced growth at higher temperatures. However, this response to temperature
was not equal, as some isolates, such as Clinch, Norfleet, or Ware, showed no significant differences in
growth between 25 ◦C and 28 ◦C, whereas Milton and Wilcox did not show differences between 28 ◦C
and 31 ◦C. All other isolates showed significant differences among all temperatures (Figure 2).

Data also showed that some of the isolates seem to be more adapted to warmer temperatures
whereas others are better adapted to lower temperatures. For example, isolates like Franklin and
St. John’s had the highest growth at 25 ◦C but their growth decreased significantly when at
higher temperatures. In addition, Franklin had the greatest growth among all isolates at each given
temperature, suggesting that it may adapt better to changes in temperature, whereas St. John’s growth
was greatly reduced at 28 ◦C and 31 ◦C, suggesting that while it grows well at lower temperatures,
it is greatly affected by warmer conditions. In contrast, isolates like Milton and Ware didn’t have as
high growth as others at 25 ◦C but had the highest growth at 31 ◦C (Figures 2 and 3). These isolates are
expected to grow better at higher temperatures.

When the data was sorted by growth diameter across all isolate–temperature combinations,
isolates grown at 25 ◦C showed the greatest diameter, those grown at 28 ◦C were intermediate, and
those grown at 31 ◦C showed the least diameter after eight days (Figure 3). Most isolates grown at
25 ◦C had a mean diameter between 60 and 70 mm; however, there were some exceptions like the
isolates from Ware, Milton, Volusia, and Norfleet. These isolates showed a slower growth at 25 ◦C that
is comparable to the growth of other isolates at 28 ◦C, averaging around 47 mm. Similarly, the isolate
from Milton grown at 31 ◦C had a mean diameter of 48 mm, similar to the mean growth at 28 ◦C.
The remaining isolates grown at 31 ◦C measured between 20 and 35 mm in diameter, with a mean
of approximately 28 mm (Figure 3). Only three isolates grown at 31 ◦C had a diameter greater than
35 mm: Milton (48 mm), Ware (38.2 mm), and Franklin (38.8 mm). These isolates seem better adapted
to higher temperatures.
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Figure 2. Least square means of daily growth of F. circinatum isolates in culture at 25 ◦C, 28 ◦C,
and 31 ◦C across eight days. F. circinatum mycelium was grown in APDA medium and the culture
diameter was recorded daily. Error bars correspond to standard errors of the means. Different letters
within each graph correspond to significant differences in total mycelium growth (p < 0.01) between
temperatures for each isolate for the last date of measurement at day 8, using Tukey’s adjustment.

Sporulation at 25 ◦C, 28 ◦C, and 31 ◦C was evaluated for 11 of the 15 isolates. While variation
was high, as shown by large standard errors (Figure 4), mean microconidia per microliter was highest
at 25 ◦C for most isolates, except for Suwanee, which showed highest mean spore concentrations of
around 2000 microconidia/µL at 28 ◦C, although this was not significantly different from those at
25 ◦C for that isolate. Like the trends in growth, sporulation at 31 ◦C had the lowest values for all
isolates (Figure 4), whereas sporulation at 28 ◦C was intermediate.

Microconidia germination was very low, regardless of temperature, with most isolates showing
under 50 germinated spores/uL, except for Southlands and Volusia (Figure 5). Unlike the growth and
sporulation trends, germination was highest at 31 ◦C in seven of the 11 isolates. The Volusia isolate
showed highest spore germination at 25 ◦C, followed by 28 ◦C and lowest at 31 ◦C, Southlands showed
very low spore germination at 25 ◦C, but showed highest germination at 28 ◦C, followed by 31 ◦C,
although the difference between these two temperatures was not statistically significant (p < 0.05).
Finally, the isolates Bainbridge and Clinch showed similar mean microconidia germination at 25 ◦C
and 31 ◦C, with Bainbridge showing similar values at 28 ◦C and Clinch with lower germination at
28 ◦C (Figure 5).
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measured at eight days in culture. Error bars correspond to standard errors of the mean. Isolates not
connected by the same horizontal bars sharing a letter are significantly different (p < 0.05) using Tukey’s
pairwise comparisons.
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3.2. USDA Resistance Screening Tests Showed Differences in Virulence among Isolates

Eight isolates were tested for virulence at the USDA Resistance Screening Center in Asheville,
North Carolina using the same protocols and susceptible and resistant check seedlots they include in
all their routine screening tests. At 13 weeks after inoculation, the percentage of survival was high
(above 80%) in all but one isolate for the resistant loblolly check (Figure 6). Isolates Franklin and Clinch
did not cause any mortality in the resistant check (100% survival), whereas the Suwanee isolate caused
over 30% mortality in this resistant family. In the susceptible slash checks, one family (Slash 1) was
more susceptible than the other and showed survival as low as 20% in plants inoculated with the
Wilcox isolate, and as high as 95% in plants inoculated with the Franklin isolate, with overall survival
below 60% (Figure 6). The Slash 2 family showed nearly 100% survival when inoculated with the
Franklin isolate but remained between 60% and 70% after inoculation with the other isolates, with the
lowest survival observed in plants inoculated with the Suwanee isolate.Forests 2018, 9, x FOR PEER REVIEW  9 of 14 
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Figure 6. Survival and mortality of a resistant loblolly pine open-pollinated family, and two susceptible
slash pine open-pollinated families inoculated with eight different F. circinatum isolates. Each vertical
bar corresponds to a total of 60 seedlings (three replicates of 20 seedlings) of each family inoculated with
a given isolate, with percentages of surviving and dead seedlings shown as gray and black portions of
each bar, respectively. Isolates with an asterisk (*) correspond to two of the 6 isolates used by the RSC
for routine screenings in previous years.
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Aside from mortality, susceptibility to the pathogen was evaluated on the remaining live plants
by measuring the lesion length at 13 weeks post-inoculation. Analysis of variance on the response
variable lesion length showed significant differences between the fungal isolates, host half-sib families
and isolate by family interactions (Table 2).

Table 2. Analysis of Variance results for fixed effects Replicate (Rep), Isolate, Family and Isolate-by-Family
interactions (Isolate × Family) for the response variable lesion length measured on one resistant loblolly
pine and two susceptible slash pine open-pollinated families at 13 weeks after inoculation with eight
Fusarium circinatum isolates.

Source DF Sum of Squares F Ratio Prob > F

Rep 2 3072.86 1.578 0.2069
Isolate 7 507,144.2 74.4112 <0.0001
Family 2 535,146.29 274.8194 <0.0001

Isolate × Family 14 81,026.98 5.9444 <0.0001

Lesion length means were lower in the resistant loblolly seedlings for all isolates, whereas these
were significantly higher in both susceptible slash families (Figure 7). It was also observed that the
Franklin isolate, aside from causing very low mortality (Figure 6), also had the lowest means for lesion
length in all three families tested (Figure 7). It therefore suggests that this isolate is not very virulent or
has lost its virulence across time. The Franklin and Norfleet isolates are two of the isolates that have
been routinely used at the RSC over multiple years. More recently collected isolates, like Lake Butler,
Wilcox and Suwanee, showed greater lesion lengths, even in the resistant seedlings. This suggests
that these isolates are more virulent and that the loblolly family is not fully resistant to the pathogen,
but rather more tolerant. These findings also suggest that including more recently collected fungal
material in the operational screening program may be required to keep selection of resistant material
current in breeding programs and ensure deployment of improved stock.
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Figure 7. Mean lesion length measurements in loblolly (resistant check) and slash (susceptible checks)
pine seedlings inoculated with eight different isolates of Fusarium circinatum. Measurements were
taken at 13 weeks post-inoculation and included only live seedlings (381 out of 1408 seedlings were
excluded). Isolates with an asterisk (*) are two of the isolates routinely used at the USDA Resistance
Screening Center in Asheville, NC. Error bars correspond to standard errors of the mean.

4. Discussion and Conclusions

Pitch canker disease affects many pine species and Douglas-fir [4,5]. As climate conditions
continue to warm and temperatures and weather events become more extreme, it is important to
understand the pathogen’s response to such changes in weather patterns. For example, climate change
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may cause shifts in the geographic distribution of the pathogen, allowing it to expand its range [45]
or cause additional stress to host plants that could limit their resistance to pathogen infection [45,46].
We tested different isolates for growth at temperatures of 25, 28, and 31 ◦C and observed significant
differences in growth within isolates at different temperatures, among isolates and in temperature
x isolate interactions. Growth differences at a variety of temperatures have been previously found
for F. circinatum, with the optimal temperature being 25 ◦C, which agrees with our findings [47].
In addition, our tests using fifteen isolates from Florida and Georgia, showed variability in growth
response. While most isolates slowed down growth at 28 ◦C or higher, there were four isolates that did
not show significant differences in growth at 25 ◦C compared to 28 ◦C (Figure 2). This might indicate
that such isolates could be better adapted to increased temperatures and could become potentially
important strains, as they may be likely to survive in a warmer environment.

Sporulation was highly variable among isolates and temperatures. In general, sporulation was
highest at 25 ◦C for most isolates tested, whereas microconidia abundance was very low at 31 ◦C.
Isolates that had spore counts over 1000 microconidia/µL at 28 ◦C were isolates that also showed
greater growth at that temperature. This could be an indication of a better adaptability to higher
temperatures, which could translate into better fitness in warmer climates. Spore germination after
a 24-h incubation was extremely low but also highly variable for each isolate tested. While some
isolates had better germination at 25 ◦C, others showed higher number of germinated microconidia
at 28 or even at 31 ◦C. Experiments on spore survival under controlled temperatures have shown
better survival of F. circinatum spores at 20 ◦C than at 30 ◦C [48]. While we did not test survival for
long periods, isolates with higher germination at 28 ◦C or 31 ◦C could be better adapted to a warmer
climate. Further studies are needed to test this hypothesis, but the diverse responses of the different
isolates to temperature may reflect differential adaptation to warmer conditions.

Virulence tests on the three seedling families showed significant differences among isolate
pathogenicity. Previous pathogenicity tests have involved a single isolate and multiple host species or
genotypes from a same species [19,20,41,42] or different isolates on a same conifer species [40]. Here we
tested the response to temperature of 15 isolates and performed pathogenicity tests on a subset of
these using two host species. The two susceptible slash pine host families showed higher mortality
and susceptibility, measured by lesion length, than the more resistant loblolly family. However, some
isolates were highly virulent even in the loblolly hosts. The RSC has been performing operational-scale
pitch canker disease screening to find genetic resistance in pine hosts since the 1980s [36]. Two of
the isolates used in this study were isolates from the RSC that were routinely used for F. circinatum
screening tests; however, these were not as virulent as some of the newer isolates. While it is known
that long-term storage of fungal material for long periods can decrease virulence [49], one of the
two RSC isolates showed similar mortality and virulence as other more recent isolates (Figure 7).
These new isolates were obtained mainly from commercial plantations that were experiencing a recent
outbreak, therefore, the observed increased virulence in the new isolates could be due to factors such as
the appearance of new strains, better environmental adaptations of the pathogen, or other conditions
in the stands from which these isolates were collected.

Although this study was limited by using isolates from Georgia and Florida, further testing
should incorporate a broader variety of isolates from the entire geographic range of loblolly and slash
pines, which includes 14 US States. Furthermore, expanding this study to encompass isolates affecting
other pine species from within the United States, such as Pinus radiata [50,51] or P. muricata [52],
as well as worldwide [8,10,40–42,53,54] could offer a more complete perspective on the effects of
different environmental conditions and isolate diversity in fungal growth and virulence of F. circinatum.
This study helped identify new isolates that have high virulence, even more so than those used by the
RSC, and as a result, they are now included in the RSC tests. We recommend that periodic collection,
testing, and renewal of F. circinatum isolates should be done as part of the RSC activities, with the help
of the academic and industry groups that routinely benefit from its service.
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