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The outlined recovery plan is one of several disease-specific documents produced
as part of the National Plant Disease Recovery System (NPDRS) called for in Home-
land Security Presidential Directive Number 9 (HSPD-9). The purpose of the NPDRS
is to ensure that the tools, infrastructure, communication networks, and capacity re-
quired to mitigate the impact of high-consequence plant disease outbreaks are such that
a reasonable level of crop production is maintained.

Each disease-specific plan is intended to provide a brief primer on the disease,
assess the status of critical recovery components, and identify disease management
research, Extension, and education needs. As such, these documents are not intended to
be stand-alone documents that address all of the many and varied aspects of a plant
disease outbreak, or all of the decisions that must be made and actions taken to achieve
effective response and recovery. They are, however, documents that will help the USDA
guide additional efforts directed toward plant disease recovery.

Executive Summary

Tar spot is a foliar disease of corn threatening production across the Americas. The
disease was first documented in Mexico in 1904 and is now present in 15 additional
countries throughout Central and South America, as well as the Caribbean. Researchers
and growers in these corn-producing regions consider tar spot to be a disease complex
caused by multiple fungal pathogens. When environmental conditions are conducive
for infection, these regions have experienced yield losses as great as 100%. In 2015, tar
spot was detected in the United States for the first time in Illinois and Indiana. Since
that time tar spot has spread across the Midwestern U.S. corn-growing region, and
the disease has been found in Florida, Illinois, Indiana, lowa, Michigan, Minnesota,
Missouri, Ohio, Pennsylvania, and Wisconsin. In 2020, tar spot was also detected in
southwest Ontario, Canada (Fig. 1). Losses in the United States due to tar spot totaled
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FIGURE 1
Known distribution of tar spot in the United States and Canada as of December 2020, indicated by yellow color. Source:
https://corn.ipmpipe.org/tarspot/.
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an estimated 241 million bushels from 2018 to 2020. With the potential to continue to
spread across the U.S. corn-growing region, much greater losses could result when
environmental conditions are conducive.

In the United States tar spot appears to be caused by one fungal pathogen, Phylla-
chora maydis, an obligate fungal pathogen. Due to its obligate nature, it cannot be
cultured on media, making observation and experimentation in the laboratory difficult.
The lifecycle of P. maydis is still not well understood. However, it has been demon-
strated that this fungus can overwinter on corn residue in the northern United States.
Inoculum is primarily spores (ascospores), which are disseminated over short distances
via rain splash or air currents, and likely up to thousands of meters via wind. The path-
ogen may also spread by movement of infested plant material. There is no evidence that
P. maydis can be spread via infected or infested seeds or has any alternate hosts.
P. maydis reduces yield by inhibiting the plant’s ability to photosynthesize by develop-
ing lesions that cover the plant leaf surface and reduce green tissue area. Tar spot infec-
tion can be diagnosed by evaluation of unique symptoms and signs. Signs and symp-
toms of infection include black, glossy, raised stroma on the leaf surface, which may or
may not be surrounded by a necrotic lesion often referred to as a fisheye lesion. Stroma
can be dissected to reveal the fungus’s sexual reproductive structures, perithecia, which
can also aid the diagnosis. Diagnosis is required for monitoring of disease spread across
North America, which is tracked by university plant pathology Extension personnel and
reported in real time to https://corn.ipmpipe.org/.

The establishment of tar spot and its recurrence and spread across multiple states
and years make eradication in the United States and now Ontario impossible. Instead,
efforts have been focused on understanding how to successfully manage this disease.
The current understanding of tar spot management is largely based on the research con-
ducted in Central and South America and the Caribbean, and it will need to be reinvesti-
gated to produce suggestions for growers in the United States and Canada. Currently,
all corn hybrids are partially susceptible to infection by P. maydis but vary in their level
of resistance. A single source of genetic resistance to tar spot has been identified
(gRtsc8-1), but fully resistant hybrids have yet to be developed. Chemical control is
effective with multiple popular mixed-modes-of-action fungicides providing protection
against infection. However, understanding optimal fungicide application timing will be
crucial in limiting disease severity. Manipulating the microclimate within the corn
canopy via managing irrigation inputs and plant density has also demonstrated potential
for disease control. Continuing efforts to understand pathogen biology, epidemiology,
and management strategies are needed to help reduce the impact of tar spot, and the
authors recommend actions that include the following:

= Continue to collaborate with diagnostic laboratories to document the
occurrence and spread of P. maydis across North America.

= Characterize resistance levels of inbred lines and commercial hybrids,
and identify sources of genetic resistance to tar spot.

= Develop disease management strategies by evaluating weather-based
prediction and syndromic models, effects of irrigation, chemical and
biological fungicide efficacy, and other cultural practices.

= Elucidate aspects of pathogen biology, epidemiology, and ecology, such
as the disease cycle, inoculum survival, spore dispersal both within the
plant canopy and at meso- and macro-scale, and general spatiotemporal
patterns associated with epidemics.

= Continue to create and distribute educational and Extension resources for
disease identification and management in areas currently affected by tar
spot and in unaffected areas that have the potential for new outbreaks.
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l. Introduction

Phyllachora maydis Maubl. is the causal agent of tar spot on corn (Bajet et al. 1994;
Hock et al. 1989; Maublanc 1904; Parbery 1963). P. maydis is an obligate pathogen,
which is an organism that must exploit its host plant to complete its life cycle, and
cannot be cultured on laboratory media. Tar spot is one of the most important foliar
diseases of corn (Zea mays L.) in the tropical and subtropical regions of Central Amer-
ica, South America, and the Caribbean, causing significant yield losses when weather
conditions (moderately cool and humid) favor disease development (Bajet et al. 1994;
Cao et al. 2017; Maublanc 1904). Tar spot outbreaks that occur early in the growing
season may cause up to 75% yield losses and reduce the quality of grain, feed, and
husks used for food wrapping (Hock et al. 1989, 1995; Pereyda-Hernandez et al. 2009;
ProMED-mail 2009). When infection occurs before flowering in susceptible varieties,
losses can reach 100% (Mahuku et al. 2013).

P. maydis was first reported in Mexico in 1904 and has become endemic to Central
America, South America, and the Caribbean, where it was apparently restricted for over
100 years (Cline 2020; Hock et al. 1989; Maublanc 1904; Shurtleff 1982). Tar spot was
later detected and described in Bolivia, Colombia, Costa Rica, Cuba, Dominican
Republic, Ecuador, El Salvador, Guatemala, Haiti, Honduras, Nicaragua, Panama, Peru,
Puerto Rico, Trinidad and Tobago, U.S. Virgin Islands, and Venezuela (Abbott 1931;
Arnold 1986; Bajet et al. 1994; Baker and Dale 1951; Castano 1969; Liu 1973;
Malaguti and Subero 1972; McGuire and Crandall 1967; Orton 1944; Stevenson 1975;
Stevenson and Cardenas 1949). In 1971, the first case of P. maydis in Brazil was
documented, but since 1995, no cases of tar spot have been reported in Brazil (Hock et
al. 1995; Watson 1971).

In the United States, P. maydis was first identified in 2015 in Illinois and Indiana
(Ruhl et al. 2016). Since then, tar spot has been confirmed in Florida, lowa, Michigan,
Minnesota, Missouri, Ohio, Pennsylvania, and Wisconsin (Athey 2020; Collins and
Esker 2020; Dalla Lana et al. 2019; Hansen et al. 2016; McCoy et al. 2018; Miller
2016). In addition, tar spot has been confirmed recently (2020) in Ontario, Canada
(Tenuta 2020) (Fig. 1).

Previous research in Mexico has suggested that P. maydis is typically associated
with two additional fungal species, Monographella maydis Miiller and Samuels (endo-
phyte or facultative parasite) and Coniothyrium phyllachorae Maubl. (hyperparasite)
as part of the tar spot complex (Maublanc 1904; Miiller and Samuels 1984). M. maydis
has not been detected in the United States in tar spot lesions, and researchers and diag-
nosticians across the country have not been successful in isolating this pathogen
(McCoy at al. 2019). In addition, the role of C. phyllachorae in the tar spot complex is
still not clear, and no distinctive host symptom is associated with its presence (Hock et
al. 1992). Hock et al. (1989) reported that the association of M. maydis with P. maydis
may be responsible for the excessive leaf necrosis that occurs around tar spot lesions,
giving rise to a necrotic halo (the “fisheye” symptom commonly documented for tar
spot). The association between the different fungal organisms has not been demon-
strated in the United States, even though the fisheye symptom is observed frequently
(Kleczewski et al. 2020).

Similar to M. maydis, additional fungi have been associated with the necrotic halo.
Fusarium spp. (Garcia-Aroca et al. 2018), Curvularia, Neottiosporina, and Phaeo-
sphaeria (McCoy et al. 2019) are associated with fisheye symptoms in corn. Further-
more, McCoy et al. (2019) hypothesized that these fungi may be associated with P,
maydis to also cause necrotic fisheye symptoms.

Il. Disease Cycle and Symptom Development

Although tar spot has been reported for over 100 years, the exact life cycle of its
causal organisms is not fully understood (Mottaleb et al. 2019). Recent studies docu-
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mented the presence of viable P. maydis ascospores on corn residue (Groves et al. 2020;
Kleczewski et al. 2019b), suggesting that the sexual reproductive structures, perithecia,
can overwinter and serve as a source of primary inoculum (Hock et al. 1995).

The spread of P. maydis ascospores occurs primarily via wind and by rain splash
following forcible ejection of spores into the air (Parbery 1963). Optimal conditions for
spore germination include temperatures between 16 and 20°C, high relative humidity,
and prolonged periods (at least 7 h) of leaf wetness (Bajet et al. 1994; Groves et al.
2020; Hock et al. 1989; Maublanc 1904). Additional significant factors that were noted
to favor the disease in Mexico include high levels of nitrogen fertilization, use of sus-
ceptible genotypes, and foggy days (Hock et al. 1989). Initially, seed infection by
P. maydis or M. maydis was considered unlikely because it was thought that the fungi
would not penetrate through the husk (Hock et al. 1995). However, more recent studies
have demonstrated that between approximately 12 and 20 days after infection (incuba-
tion period), new stromata and ascospores are produced and the fungus can survive as
stromata on corn residue like husks, leaves, and stalks (Groves et al. 2020; Kleczewski
et al. 2019b).

Corn plants infected by P. maydis develop stroma that are oval to circular (some-
times angular or irregular) and small, black spots that measure 0.5 to 2.5 mm wide by
2 to 3 mm long (Fig. 2). The lesions are initially yellow to brown and quickly become
brown to black, developing a narrow chlorotic border that can be seen on both sides of
the leaf (Liu 1973) (Fig. 3). Dark, raised, irregularly shaped P. maydis stromata are
usually observed imbedded in affected tissue but sometimes coalesce into black
striations up to 10 mm long (Orton 1944). In fields with a prior history of this disease,
these symptoms and signs are typically first observed on the lower leaves (Bajet et al.
1994) and then move up the crop canopy. Severe infections on highly susceptible
hybrids can lead to stromata forming on leaf sheaths, husks, and tassels (Figs. 3 and 4).

A fisheye symptom, a circular to oval necrotic region surrounding individual
stroma, has also been associated with tar spot (Fig. 5). In Mexico, Central America,
South America, and the Caribbean it is thought that coinfection by M. maydis results in
these fisheye symptoms that can be 10 to 30 times larger than the tar spot stroma (Bajet
et al. 1994; Hock et al. 1992). As the fisheye symptoms develop, the necrotic halos
often coalesce, causing extensive necrosis, ultimately leading to premature leaf
senescence (Hock et al. 1992). Leaf death occurs approximately 3 to 4 weeks after

FIGURE 2

Initial tar spot presence can be identified by raised stromata of Phyllachora maydis that are
oval to circular (sometimes angular or irregular) and small (0.5 to 2.5 mm wide by 2 to 3 mm
long). The stromata are initially yellow to brown and turn brown to black, developing a
narrow chlorotic border.
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FIGURE 3

Development of Phyllachora maydis signs and tar spot symptoms in corn, as more stromata form on the leaf surface,
and chlorotic and necrotic symptoms begin to develop under conditions favorable for P maydis, leading to a severe
blight of the leaf and crop canopy.

FIGURE 4 FIGURE 5
Phyllachora maydis stromata on corn husk. Tar spot fisheye symptoms surrounding stromata of
Phyllachora maydis observed in the United States.
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infection (Hock et al. 1989). Ceballos and Deutsch (1992) suggested the accelerated
senescence of corn foliage was likely due to toxins produced by M. maydis. However,
in the United States, M. maydis has not been reported in leaves that exhibit fisheye
symptoms (McCoy et al. 2019; Ruhl et al. 2016). Thus, toxins produced by this fungus
cannot explain the observed premature leaf senescence.

Il. Spread

The introduction of P. maydis to the United States is unclear. However, multiple
pathways have been proposed for its introduction (Mottaleb et al. 2019). These include
long-distance dispersal of inoculum through major storm events (Ruhl et al. 2016) and
transport of infected husks and leaves with the wind to other locations (Richardson
1990). Furthermore, the continued documentation of new, geographically separated
regions in the United States affected by P. maydis corroborates the idea of long-distance
spread via weather events and/or movement of infected debris (Valle-Torres et al.
2020). In addition, the international trade of products containing corn husks could have
contributed to the introduction of P. maydis to the United States (Mottaleb et al. 2019).
Disease movement has also been shown in vegetable seeds that were contaminated
through direct contact with plant debris harboring pathogens. In Fusarium wilt of aster,
caused by Fusarium oxysporum f. sp. callistephi, it has been demonstrated that seeds
are likely to become contaminated with spores during threshing, and the spores can also
be transported on debris mixed with the seed (Kreitlow et al. 1961).

Bonde et al. (1987) reported that teliospores of Tilletia indica can be spread through
the transport of contaminated and/or infected seeds, and also through air currents. In
Mexico the authors were able to collect teliospores around 3,000 m high in the atmos-
phere when the wheat stubble was burned after harvest. Presumably when the wheat
stubble was burned, air currents possibly carried the teliospores north into the United
States (Bonde et al. 1997). Similar to the theory of how Puccinia striiformis f. sp. tritici
pathogen was introduced to Australia in 1978 (Wellings 2007), Mottaleb et al. (2019)
suggested that P. maydis could also be spread from one field to another via contami-
nation on clothing. Hartman and Haudenshield (2009) related that urediniospores of
Phakopsora pachyrhizi were observed in samples collected from shoes and trouser
pants 5 days after the return of the first author from a research trip to the southern part
of the United States, in which he spent 2 days in soybean fields and/or plots where the
disease was present. Even though there is no documented scientific evidence to indicate
that viable P. pachyrhizi spores have been spread by human clothing, it seems possible
that this could occur.

Previous studies reported that aerial dispersal of corn residue may be important,
indicating that P. maydis will continue to spread, posing a significant threat to corn
production areas in the United States where it has not yet been documented (Kleczewski
et al. 2020). Like many other species of Phyllachora, the sexual, infectious ascospores
and asexual conidia (not known to cause infections) of P. maydis are actively discharged
after extended periods of rain or high relative humidity and are often found in glutinous
masses at the fungal stromata, which are then dispersed via wind and rain (Kleczewski
et al. 2019a; Parbery 1963). Hock et al. (1995) found P. maydis ascospores were carried
by the wind in Mexico during periods of high relative humidity (peaking at night) and
found groups of three or four ascospores up to 75 m away from infected plants. In the
presence of corn residue infested with P. maydis, the fungus spreads from the residue
to the lower leaves and eventually reaches the upper husks of the developing ears (Bajet
et al. 1994; Mahuku et al. 2016). When infection by P. maydis occurs in susceptible
corn genotypes, the first symptoms are observed approximately 2 weeks after infection,
with new ascospores being produced in stromata soon thereafter (Hock et al. 1995).
Around 80% or more of the leaf area may be affected, reducing green plant tissue to
sustain photosynthesis, or killing the plant completely in 21 to 30 days. Therefore, tar
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spot is considered one of the most devastating diseases of maize (Ceballos and Deutsch
1992; Hock et al. 1992).

IV. Monitoring and Detection

Identification. 1dentification of tar spot is primarily based on the foliar symptoms
and dissection of the associated fungal structures. A common sign of infection is the
presence of black, glossy, raised stromata on the leaf surface and occasionally on the
husk (Hock et al. 1995). The number of stromata varies with disease severity, and they
can be clustered together or scattered across the leaf surface. A fisheye lesion is char-
acterized as a halo of necrotic tissue surrounding a black stroma. Stromata with and
without fisheye lesions have been observed across the United States, although the fish-
eye lesion occurs less frequently. The fisheye can occur at any height on the corn plant.
The black, raised stromata contain the sexual structures of P. maydis and are 0.5 to 2
mm in diameter (Chalkley 2010). Dissection of mature black stromata reveals the
sexual structures consisting of subglobose and ostiolate perithecia, 170 to 350 pm in
diameter. Perithecia can be either aggregated or scattered within a stroma. Asci that
populate mature perithecia are 8 to 10 by 80 to100 um and narrowly cylindrical.
Ascospores are formed uniseriately within asci and are hyaline, aseptate, and broadly
ellipsoid. Ascospore dimensions are 5.5 to 8.5 by 8 to 14 um, often being 13 to 14 um.
Asexual conidia are also present and are hyaline, filiform, taper toward their ends, and
measure 11 to 16 by 1 to 1.5 um (Chalkley 2010). Diagnostics information can be found
via the USDA-ARS at https://nt.ars-grin.gov/sbmlweb/fungi/index.cfm and https://
nt.ars-grin.gov/taxadescriptions/factsheets/index.cfm?thisapp=Phyllachoramaydis.

Tar spot diagnosis does not require molecular tools, because it can be identified
accurately by visual observation of its unique fungal structures. However, because in-
fection by P. maydis has a latent period before symptom development (14 to 20 days),
species-specific PCR primers have been developed for identification prior to symptom
onset (E. Roggenkamp, personal communication; Valle-Torres et al. 2020). Molecular
tools also could be useful to continue to test for the possible presence of M. maydis in
fisheye symptoms, in case that organism eventually appears in the United States. Due
to its obligate biotrophic nature, P. maydis has not been cultured on media in the labor-
atory, and diagnostic samples must be identified directly from infected plant material.

Monitoring. Due to its distinct symptoms, growers, Extension, and industry per-
sonnel can often confirm tar spot in the field without sending samples to a diagnostic
laboratory. Rapid confirmation of tar spot cases is important in monitoring the spread
of P. maydis throughout corn-growing regions. Tar spot confirmations are reported and
tracked by university plant pathology Extension personnel throughout the growing sea-
son via the ipmPIPE (ipmPIPE 2020). Each year, additional confirmations are recorded
to document the spread of P. maydis to previously unreported U.S. states/counties or
Canadian provinces. The current monitoring system allows for rapid responses and
information sharing among stakeholders, which can inform scouting and management
decisions. Advanced syndromic systems are currently being developed to more rapidly
aid detection and quantification of tar spot signs and symptoms in the field (C. Cruz et
al., personal communication).

V. Response

Since the initial confirmation of corn tar spot in the United States in 2015 and a
major epidemic in 2018, Extension field crop pathologists in collaboration with state
diagnostic labs have made a concerted effort to continue to document the annual distri-
bution and spread of tar spot. Tar spot is now considered established in many regions
and future efforts should focus on management practices that will limit its impact on
corn production.
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The response to all plant health emergencies is under USDA-APHIS-Plant Protec-
tion under The Plant Protection Act of 2000 (7 CFR Part 330) and the Agricultural
Bioterrorism Protection Act of 2002 (7CFR Part 331).

VI. Permits and Regulatory Issues

The applicable regulations effective August 9, 2019, can be found at https://
www.federalregister.gov/documents/2019/06/25/2019-13246/plant-pest-regulations.

USDA/APHIS/PPQ permit and registration requirements for plant diseases and
laboratories fall under two authorities: the Plant Protection Act (7 CFR Part 330) and
the Agricultural Bioterrorism Protection Act (7 CFR Part 331). The Plant Protection
Act permit applies to all plant pests and infected plant materials, including diagnostic
samples, regardless of their quarantine status, that are shipped interstate and require
that the receiving laboratory have a permit. For additional guidance on permitting of
plant pest material, consult the PPQ Permit website at http://www.aphis.usda.gov/
ppg/permits/ or contact PPQ Permit services at 301-851-2357.

P. maydis is not an exotic plant pathogen in the United States. Therefore, it does not
need to be housed and experimented on within Biosafety Level 3 containment facilities
approved by the USDA APHIS.

VIl. Economic Impacts

The United States is the global leader in corn production with 13.6 billion bushels
(345 million metric tons [MMT]) produced in 2019, valued at US$52.9 billion (USDA-
NASS 2019). Since the first detection of P. maydis in the United States in 2015, its
significant effects on yield have been demonstrated, and the potential economic impacts
due to its spread across the corn belt are of serious concern (Kleczewski and Bowman
2021). Yield losses due to tar spot in the United States were first recorded in 2018 and
have been highly variable between years since its introduction (Mueller et al. 2020,
2021). From 2018 to 2020, estimated yield losses due to tar spot across the Midwestern
United States totaled 241 million bushels (6.1 MMT).

In Mexico, the tar spot disease complex has been an economically important disease
of corn for decades, and when infection occurs before flowering in susceptible varieties,
grain, and fodder, losses can reach 100% (Mahuku et al. 2013). Individual fields in the
United States have experienced yield losses up to 50 bushels per acre (approximately a
25% loss), and economic impacts on growers are likely to be compounded by the need
for fungicide applications for tar spot management when conditions are highly favora-
ble on susceptible hybrids (Chilvers et al. 2018; Jeschke 2019; Telenko et al. 2020).
Until fungicide application timing is better understood, tar spot management in years
when weather is highly conducive for tar spot development may require two fungicide
applications to avoid significant yield losses. Two foliar fungicide applications are typ-
ically not economical for individual growers (Hershman et al. 2011; Schindo 2019).
Development of resistant hybrids and additional management strategies are important
to ease economic impacts on growers due to tar spot.

Economic losses due to tar spot are largely dependent on hybrid resistance level and
the favorability of the environment for fungal dissemination, infection, and disease
development (Hock et al. 1995; Telenko et al. 2019). With the development of tar spot-
resistant germplasm suitable for U.S. and Canadian corn-growing regions still under-
way, the potential for losses increases with the spread of P. maydis across the United
States and Canada. A climate analogue analysis was conducted to identify the potential
range of P. maydis within the United States based on the climate similarity to its range
in Mexico, Central America, South America, and the Caribbean and to estimate the
potential economic losses due to tar spot spread (Mottaleb et al. 2019). It was estimated
that a tar spot outbreak resulting in 1 to 5% yield decrease is estimated to resultin a 2.8
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to 14.1 MMT loss, which would equate to economic losses of US$446 million to
USS$2.2 billion (Mottaleb et al. 2019). Recently, the disease has been observed in the
nontropical maize-growing regions with temperate or colder climates, such as the high
elevation plateaus of Central Mexico at over 2,600 m above sea level (Rios-Herrera et
al. 2016). Without adequate hybrid resistance and additional mitigation strategies, the
potential economic losses due to tar spot in the United States could be significant
(Mottaleb et al. 2019).

VIIl. Mitigation and Disease Management

P. maydis is now established in the United States and has spread to multiple states
within the U.S. corn belt as well as Ontario, Canada, making eradication improbable
(ipmPIPE 2020). Tar spot management will likely rely on an integrated approach using
genetic resistance, chemical application, and cultural control. Some management strat-
egies not discussed may be effective but have yet to be investigated. Disease manage-
ment options are described in the following section.

Hybrid selection and host resistance. The use of resistant germplasm is an effec-
tive, economical, and environmentally friendly disease management strategy in many
crops. Corn hybrids used in the native range of P. maydis vary in their susceptibility to
tar spot, but all incur some level of disease severity under high inoculum pressure and
favorable environmental conditions (Pereyda-Hernandez et al. 2009). Since the first
detection of tar spot in the United States, commercial hybrid screenings have been
included at university and commercial hybrid performance trials to evaluate their sus-
ceptibility to infection (Telenko et al. 2019). Performance trials have been important in
generating data to be used by growers and advisors in selection of hybrids for tar spot
management. Existing commercial corn hybrids range in their susceptibility to P.
maydis infection and offer growers only partial resistance (Singh et al. 2018). In the
2018 university hybrid performance trials across the Midwest, a relationship between
hybrid maturity and tar spot severity was observed, with later-maturing corn hybrids
incurring higher disease severity ratings and greater yield losses than those with earlier
maturity (Telenko et al. 2019). Tar spot is a disease that typically develops later in the
growing season in the United States; thus, later-maturity corn hybrids have longer sus-
ceptible periods compared with those that mature earlier. This leads to a greater risk
of damage by tar spot for later-maturing hybrids. Further development of commercial
hybrids with improved resistance to P. maydis infection and tar spot is needed to protect
growers from yield losses. The associated work will rely on identifying genetic sources
of resistance and incorporating them into hybrids suitable for commercial use. Several
inbred lines in the maize nested association mapping (NAM) population with variable
resistance have been identified (R. Singh, personal communication). Ongoing work on
breeding efforts could provide information on genetic locus and candidate genes asso-
ciated with tar spot resistance.

Efforts to screen diverse panels of corn germplasm suited for tropical and subtrop-
ical regions identified a single major quantitative trait locus (QTL), gRtsc8-1, that is
consistently present in tropical and subtropical corn varieties and is associated with tar
spot resistance (Cao et al. 2017; Ceballos and Deutsch 1992; Mahuku et al. 2016).
Candidate gene analysis showed that gR#sc8-1 may be a leucine-rich repeat receptor-
like protein gene, which is typical of a major resistance gene (Mahuku et al. 2016).
Multiple haplotypes within this QTL region were associated with increased tar spot
resistance, but a single rare haplotype, occurring at a frequency of 3.5%, increased
resistance to tar spot by 14% (Mahuku et al. 2016). Between 18 and 43% of the
observed disease severity variation in response to tar spot infection is accounted for by
qRtsc8-1 when present (Mahuku et al. 2016). Tar spot resistance associated with this
QTL was also reported to be highly heritable (Ceballos and Deutsch 1992). The
discovery of gRtsc8-1, the high heritability of tar spot resistance, and the use of marker-
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assisted selection for breeding may aid in the development of hybrids with enhanced
resistance. However, there are risks associated with using a single source of genetic
resistance with the potential for new pathogen biotypes emerging to overcome resis-
tance. Consequently, research to identify additional potential sources of genetic re-
sistance is still needed (Ceballos and Deutsch 1992). Moreover, the maize genomic
regions associated with tar spot resistance could also be targeted for germplasm
improvement through a genome editing approach.

Chemical control. In Mexico, research has been conducted to find effective fungi-
cide regimens against tar spot, but updated studies are necessary to test commercially
available fungicides and potential new compounds as well as different application tim-
ing strategies for growers managing tar spot in the United States and Canada (Bajet et
al. 1994; Pereyda-Hernandez et al. 2009). Therefore, fungicide trials have been estab-
lished to develop data and recommendations for growers to protect their crops against
losses. Foliar fungicide applications have reduced disease and yield losses compared
with no treatment, and popular mixed-modes-of-action fungicide products demon-
strated good efficacy against tar spot (Corn Disease Working Group 2020). However,
fungicide applications that reduce disease severity do not always result in significant
yield differences, which may be due in part to field variability (Chilvers et al. 2018).
Efficacy did not differ widely among the mixed-mode-of-action fungicides tested, with
many offering good or very good efficacy (Table 1). Instead, timing of fungicide appli-
cation relative to corn growth stage and onset of tar spot may be the most important
factor in determining the benefits and success of a fungicide application and avoiding
the need for multiple applications (Jeschke 2019; Telenko et al. 2020).
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TABLE 1
Fungicides currently labeled for tar spot as of February 2021 in corn in the United States®
Product name Active ingredient (%) FRAC code® Rate/acre
Aproach 2.08 SC¢ Picoxystrobin (22.5%) 11 3.0-12.0fl oz
Domark 230 ME Tetraconazole (20.5%) 3 4.0-6.0 fl oz
Affiance 1.5 SC°¢ Tetraconazole (7.48%) + azoxystrobin (9.35%) 3+11 10.0-14.0 fl 0z
Aproach Prima 2.34 Cyproconazole (7.17%) + picoxystrobin (17.94%) 3+11 3.4-6.8floz
SCe
Fortix 3.22 SC¢/ Flutriafol (19.3%) + fluoxastrobin (14.84%) 3+11 4.0-6.0 fl oz
Preemptor 3.22 SC¢
Headline AMP 1.68 SC Pyraclostrobin (13.6%) + metconazole (5.1%) 11+3 10.0-14.4 fl 0z
Lucento Flutriafol (26.47%) + bixafen (15.55%) 3+7 3.0-5.5fl oz
Priaxor 4.17 SC¢ Pyraclostrobin (28.58%) + fluxapyroxad (14.33%) 11+3 4.0-8.0fl oz
Quilt Xcel 2.2 SE® Azoxystrobin (13.5%) + propiconazole (11.7%) 11+3 10.5-14.0 fl 0z
(multiple generics)
TopGuard EQ¢ Flutriafol (18.63%) + azoxystrobin (25.30%) 3+11 5.0-7.0fl oz
Veltyma Mefentrifluconazole (11.61%) + pyraclostrobin (17.56%) 3+11 7floz
Delaro 325 SC Prothioconazole (16.0%) + trifloxystrobin (13.7%) 3+11 8.0-12.0 fl oz
Delaro Complete 3.83 Prothioconazole (14.9%) + trifloxystrobin (13.1%) + 3+11+7 8.0-12.0 fl oz
SC fluopyram (10.9%)
Miravis Neo 2.5 SE Pydiflumetofen (7.0%) + azoxystrobin (9.3%) + 7+11+3 13.7 fl oz
propiconazole (11.6%)
Revytek Mefentrifluconazole (11.61%) + pyraclostrobin (15.49%) + 3+11+7 8.0-15.0 fl 0z
fluxapyroxad (7.74%)
Trivapro 2.21 SE Benzovindiflupyr (2.9%) + azoxystrobin (10.5%) + 7+11+3 13.7fl oz

propiconazole (11.9%)

2 For current information on efficacy of products see Crop Protection Network publication — Fungicide efficacy for control of corn diseases
at https://doi.org/10.31274/cpn-20210318-0. Reference in this table to any specific commercial product or the use of any trade, firm, or
corporation name is for general informational purposes only and does not constitute an endorsement, recommendation, or certification
of any kind. It is the applicator’s legal responsibility to read and follow all current label directions. Information included is by no means
a complete list of all products available. Individuals using such products assume responsibility for their use in accordance with current
directions of the manufacturer.

FRAC codes are designated by the Fungicide Resistance Action Committee as a system to identify active ingredient mode of action and
resistance risk (FRAC 2021; http://www frac.info/).

¢ A 2ee label is available for several fungicides for control of tar spot. However, efficacy data are limited. Check 2ee labels carefully, as not
all products have 2ee labels in all states.
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Due to the potentially explosive nature of tar spot, optimal timing of a fungicide
application is key to reducing inoculum of P. maydis for subsequent infection cycles
throughout the growing season. Fungicide timing trials have been conducted, but vari-
ability in disease onset and environmental conditions between years has made it diffi-
cult to discern the optimal timing for applications (Telenko et al. 2020). Applications
during corn reproductive stages have been most effective for controlling tar spot,
whereas those during vegetative stages appear to be too early to control late-season tar
spot epidemics that are more typical in most growing seasons in the United States and
Canada. In a 2020 fungicide timing trial, a single spray at silking (growth stage R1)
saved 24 to 48 bushels per acre of yield compared with a nontreated control (Singh et
al. 2020). Severe tar spot infestations can also reduce stalk integrity, and well-timed
fungicide applications can help reduce lodging and avoid associated harvesting issues
(Telenko et al. 2020). Using an action threshold based on disease severity or incidence
to determine optimal fungicide application timing is another common integrated pest
management strategy (Carisse and McNealis 2019; Carisse et al. 2009). Development
of quantitative spray thresholds is an additional part of the field research underway to
optimize fungicide applications (M. Chilvers, personal communication). Many of the
most efficacious tar spot fungicides are also effective against other economically im-
portant corn foliar diseases, and university Extension specialists also work collabora-
tively to provide data for a fungicide efficacy table for tar spot as well as additional
corn foliar diseases, which can be found at https://cropprotectionnetwork.org/
(https://doi.org/10.31274/cpn-20210318-0).

An additional tool in development for growers is a tar spot disease risk assessment
smartphone application (app) called Tarspotter (Smith 2019). Tarspotter uses internet-
accessible weather data that is GPS referenced to feed statistical models for tar spot
prediction. Using weather data and models, Tarspotter generates probability-based pre-
diction of risk of tar spot to aid growers in fungicide application decision making. A
risk-prediction value above a defined action threshold set by developers lets growers
know whether they should consider a fungicide application to avoid damage due to tar
spot (Smith 2020). Tarspotter is still in development and is being validated against field
observations across the Midwest through collaborations among university Extension
and industry personnel (Smith 2019).

Biological control. Although there are not currently biological control management
strategies available for tar spot of corn, various biological control agents have been
proposed (Hock et al. 1995; McCoy et al. 2019). In Mexico, Central America, South
America, and the Caribbean, where tar spot is considered a disease complex, Coni-
othyrium phyllachorae is implicated as a member and a hyperparasite of P. maydis
(Hock et al. 1992). Hock et al. (1995) reported a high incidence of hyperparasitism at
the end of the growing season, with 50% of P. maydis ascomata infected with C. phyl-
lachorae 2 weeks before corn harvest. They also noted that the hyperparasitized lesions
were often smaller with less necrosis. A fungal community network analysis conducted
by McCoy et al. (2019) reported negative associations between P. maydis and phyllo-
plane yeasts belonging to the genera Bullera and Dioszegia, suggesting these genera
may contain species that are antagonistic to P. maydis on the corn leaf surface. This
observation was made in both tissues with tar spot signs alone and in tissues with stro-
mata and fisheye symptoms. To investigate the potential of these fungi as biological
control agents, experiments on their interactions need to be conducted to identify any
antifungal activity against P. maydis.

Cultural management. Tillage and crop rotation appear to offer little potential to
reduce tar spot severity, with instances of previously noninfested corn fields becoming
heavily infested (M. Chilvers, D. Malvick, and D. Telenko, personal communication).
Tillage and crop rotation may reduce the initial inoculum level or inoculum buildup,
but the ability of P. maydis spores to blow in from neighboring fields renders these
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management strategies ineffective in tar spot control (Kleczewski and Bowman 2021;
Kleczewski et al. 2019a).

Water management may be an important factor in reducing tar spot pressure in irri-
gated fields. Irrigation creates an environment in the corn canopy with increased
humidity, decreased temperature, and the presence of free water on leaves (Cavero et
al. 2009; Turkington et al. 2004). Irrigated crops also can develop denser canopies,
which affect the canopy microclimate in similar ways, creating a more favorable
environment for P. maydis spore dissemination and infection (Hock et al. 1995; Rotem
and Palti 1969). The epidemiology of P. maydis highlights its affinity for cool temper-
atures, high humidity, and leaf wetness (Hock et al. 1995). Anecdotal evidence has
noted an increase in tar spot severity under irrigation compared with nonirrigated
sections of a field (Chilvers and Telenko 2020; Telenko et al. 2020). However, irrigation
is still needed in many cases to maximize yield potential, even if there is added risk of
increasing disease. Future research efforts will focus on irrigation best management
practices to reduce yield losses due to tar spot, such as irrigating during the day and
avoiding frequent irrigation events (Chilvers and Telenko 2020).

Limiting transportation of infested corn materials may slow the spread of P. maydis
and distribution of inoculum across the United States and Canada. The original source
of inoculum in the United States is unknown, but hypotheses regarding the introduction
of P. maydis into the United States include the movement of infested corn material,
people, and atmospheric transport (Valle-Torres et al. 2020). P. maydis is not a seed-
borne pathogen, and spread via infected seed is not a concern (Hock et al. 1995, Rich-
ardson 1990). However, movement of corn stover and grains contaminated with
infested leaf or husk material may pose a risk in spreading the pathogen to previously
noninfected areas. Geographically separated cases of tar spot emergence may dem-
onstrate the need for restrictions on the movement of corn materials infested with
P. maydis to limit additional spread across the United States and Canada (ipmPIPE
2020).

Fertility can be an important factor in controlling some diseases, as nutrition can
affect the interactions between plant, pathogen, and environment (Huber and Haneklaus
2007). The relationship between nitrogen and tar spot severity has been explored, but
altering nitrogen nutrition rates has not affected tar spot severity (J. Check, personal
communication). Other macro- and micronutrients should also be explored for potential
disease control strategies.

Dense plant canopies have been associated with greater disease severity in some
pathosystems, and decreasing planting populations could be one way to reduce canopy
density (Vieira et al. 2010). However, field trials investigating the relationship between
planting population and tar spot severity have shown that increased tar spot severity is
associated with lower but not higher planting populations (J. Check, personal commu-
nication). A proposed hypothesis to explain this effect is that corn canopies in lower
planting populations lose energy via radiative heat loss more rapidly than those in
higher planting populations, which could potentially create a more favorable environ-
ment for fungal growth and dissemination (M. Chilvers, personal communication).
Lower planting populations may also have increased air flow and allow P. maydis
spores to disperse more easily throughout the plant canopy. Regardless of the reason,
moderate to high planting populations may result in reduced tar spot severity in com-
mercial fields, although additional work is needed to explain what may be driving this
effect.

Integrated management. Approaches to tar spot management will need to be mul-
tifaceted. Future research to identify optimal and new strategies is underway and will
continue to aid in the development of recommendations for growers to reduce or avoid
losses due to tar spot. Strategies to manage tar spot include the following:

= Monitoring fields and scouting for tar spot to properly time fungicide
applications and reduce P. maydis inoculum early in the growing season.
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= Using partially resistant hybrids and avoiding those that are highly sus-
ceptible to tar spot.

=  Chemical control using efficacious mixed-mode-of-action fungicides and
applications at optimal corn growth stages for best control.

= Using risk-prediction models and spray thresholds to optimally plan fun-
gicide applications.

= Properly irrigating to reduce leaf wetness duration and reduce P. maydis
infection, slow reproduction, and reduce inoculum buildup.

= Harvesting early if severe lodging issues are expected due to tar spot.

IX. Infrastructure and Experts

National Plant Diagnostic Network — https://www.npdn.org/home

Domestic scientific university experts on tar spot of corn (authors acknowledge
that this list is not exhaustive and does not include industry experts):

University plant pathologists

Bissonnette, Kaitlyn — University of Missouri,
BissonnetteK@missouri.edu, 573-882-9106

Byamukama, Emmanuel — South Dakota State University,
emmanuel.byamukama@sdstate.edu, 605-688-4521

Chilvers, Martin — Michigan State University, chilvers@msu.edu,
517-353-9967

Collins, Alyssa — Pennsylvania State University, aac18@psu.edu,
717-653-4728

Cruz, Christian — Purdue University, cd-cruz@purdue.edu, 765-494-1515
Esker, Paul — Pennsylvania State University, pde6@psu.edu, 814-865-0680

Friskop, Andrew — North Dakota State University,
Andrew.j.friskop@ndsu.edu, 701-231-7627

Goodwin, Stephen — USDA-ARS, Purdue University,
sgoodwin@purdue.edu, 765-494-4635

Jackson-Ziems, Tamra — University of Nebraska-Lincoln,
tjackson3@unl.edu, 402-472-2559

Malvick, Dean — University of Minnesota, dmalvick@umn.edu,
612-625-5282

Mueller, Daren — lowa State University, dsmuelle@iastate.edu,
515-460-8000

Onofre, Rodrigo — Kansas State University, onofre@ksu.edu
Paul, Pierce — The Ohio State University, paul.661@osu.edu, 330-263-3842

Robertson, Alison — lowa State University, alisonr@iastate.edu,
515-294-6708

Smith, Damon — University of Wisconsin, damon.smith@wisc.edu,
608-286-9706

Telenko, Darcy — Purdue University, dtelenko@purdue.edu, 765-496-5168

Tenuta, Albert — Ontario Ministry of Agriculture, Food and Rural Affairs,
albert.tenuta@ontario.ca, 519-360-8307

Wise, Kiersten — University of Kentucky, kiersten.wise@uky.edu,
859-562-1338
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University corn geneticists
Jamann, Tiffany — University of Illinois
Thompson, Addie — Michigan State University

International scientific experts on tar spot of corn include:

Alakonya, Amos Emitati — Plant Pathologist and Head of Seed Health Unit,
International Maize and Wheat Improvement Center (CIMMYT),
+525951225959 (cell), A.Alakonya@cgiar.org

Dhliwayo, Thanda — CIMMYT maize breeder, D.Thanda@cgiar.org

San Vincente Garcia, Félix Manuel — CIMMYT maize breeder,
F.SanVicente@cgiar.org

X. Research, Extension, and Education Priorities

RESEARCH PRIORITIES

The following research is needed to continue to improve effective tar spot moni-
toring and management in corn. These are research areas necessary to increase knowl-
edge about biological, environmental, and economic aspects of the disease as it impacts
the U.S. and Canadian corn sectors.

Continue to monitor the movement, establishment, and survival of P. maydis
in the United States and Canada.

=  Continue the use of EDDMap/corn ipmPIPE and collaboration with state
diagnostic laboratories to monitor for P. maydis spread into new areas in
North America.

= Develop and improve reliable pathogen detection capabilities (spore
traps, soil samples, etc.).

= Expand our understanding of overwintering and survival of the pathogen
in the absence of the host.

= Continue to investigate the possible involvement of other pathogens in
U.S. tar spot outbreaks.

= Continue with the development of accurate and precise syndromic
methods to monitor the movement of signs and symptoms at the field
and regional levels.

= Better understand the spatiotemporal development of signs and
symptoms at various geographical levels.
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Evaluate resistance of corn germplasm to tar spot for the U.S. and Canadian
markets in conjunction with seed corn companies.

= Characterize susceptibility of breeding lines, hybrids, sweet corn,
popcorn, and open-pollinated varieties to tar spot.

= Develop resistance screening programs for corn.

= Identify novel tar spot resistance QTLs or candidate resistance genes.

Develop best disease management practices for tar spot in corn.

= Continue evaluations of both chemical fungicides and biological control
agents for efficacy.

= Encourage the development of new fungicides for disease management.

= Determine optimum fungicide application timings based on disease
detection, rates of disease development and spread, and weather models.

= Expand our understanding of integrated disease management programs
that include fungicides, partially resistant hybrids, crop rotation, plant
population modification, tillage, and additional cultural practices to
reduce or mitigate tar spot development.
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= Improve understanding of the impact of irrigation on disease
development to limit risk while providing adequate moisture to the crop.

Expand epidemiological and ecological knowledge about tar spot.

= Expand our limited understanding of the disease cycle.

= Monitor spatial and temporal movement within the canopy as well as
long-range movement of P. maydis spores in U.S. corn production areas.

= Continue to develop and validate tar spot prediction tools based on
weather and research models (e.g., Tarspotter).

= Explore disease dynamics, infection process, survival in debris, and
confirm limited host range and relationship to other species of
Phyllachora.

EXTENSION AND EDUCATION NEEDS

Information about tar spot identification and management is available from various
online sources (see Web Resources). Knowledge of new observations in undocumented
counties should be reported to state/provincial plant disease diagnostic laboratories and
shared with the corn ipmPIPE (see Infrastructure and Experts), so that newly infested
counties can be included on a distribution map. Continue to expand and develop
training materials on disease identification and management and other resources for use
by county Extension educators, industry personnel, and growers.

Educational efforts should continue to inform the corn industry and public about the
potential risks and best disease management practices.

XI. Timeline for Recovery

Given the recent (2015) emergence and rapid spread of tar spot within the United
States (Bissonnette 2015; Dalla Lana et al. 2019; McCoy et al. 2018; Malvick et al.
2020; Ruhl et al. 2016), reliable short- and long-term recovery measures remain limited.
Despite this, several factors are now known to influence tar spot recovery times,
including (i) geographic location, (ii) disease severity, (iii) cultivar, and (iv) weather
(reviewed in Valle-Torres et al. 2020). Disease severity year-to-year is more highly
influenced by weather conditions than by previous-year disease severity. Tar spot
development is optimal during periods of cool temperatures from 17 to 22°C and
extended periods of high relative humidity (>75%) (Hock et al. 1995). The pathogen
can overwinter on corn residue in the northern United States (Groves et al. 2020;
Kleczewski et al. 2019b), a process that remains poorly understood for P. maydis.
Furthermore, at the present time, no known corn hybrids exist that are completely
resistant to tar spot (Telenko et al. 2019). Alternatively, several fungicides demonstrate
moderate to high efficacy against P. maydis (Corn Disease Working Group 2020).
Among fungicides tested, appropriate application timing is critical for controlling tar
spot and is recommended immediately following the onset of symptoms. Fungicides
can carry widely variable preharvest restrictions, so careful consideration of these
should be made before application. Collectively, additional fundamental research into
the life cycle, molecular mechanisms of host identification and subsequent infection,
potential for fungicide resistance, and dispersal patterns of P. maydis are needed to
identify new ways to ultimately mitigate tar spot. Likewise, additional identification of
hybrid corn lines with reduced P. maydis susceptibility is needed for short- and long-
term relief.
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XIll. Web Resources

Tar Spot Web Book: https://cropprotectionnetwork.org/series/tar-
spot/publications/tar-spot-preface-and-introduction

Identification: Tar Spot of Corn - Michigan State University Field Crop
Pathology. https://www.youtube.com/watch?v=IQTW7a_dxLE

Disease Forecast: ipmPIPE (Integrated Pest Management Pest Information
Platform for Extension and Education). https://corn.ipmpipe.org/tarspot/

Fungicide Efficacy: Crop Protection Network.
https://cropprotectionnetwork.org/resources/publications/fungicide-efficacy-for-
control-of-corn-diseases

Management: Crop Protection Network. https://crop-protection-
network.s3.amazonaws.com/publications/tar-spot-filename-2020-05-12-
175731.pdf
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