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Abstract: Wheat blast, caused by the ascomycetous fungus Pyricularia oryzae Triticum lineage (PoTl), is
mainly controlled by fungicide use, but resistance to the main fungicide groups—sterol demethylase
(DMI), quinone outside (QoI), and succinate dehydrogenase inhibitors (SDHI)—has been reported
in Brazil. In order to rationalize fungicide inputs (e.g., choice, timing, dose-rate, spray number, and
mixing/alternation) for managing wheat blast, we describe a new monitoring tool, enabling the
quantitative measurement of pathogen’s inoculum levels and detection of fungicide resistance alleles.
Wheat blast airborne spores (aerosol populations) were monitored at Londrina in Paraná State, a
major wheat cropping region in Brazil, using an automated high-volume cyclone coupled with a
lab-based quantitative real-time PCR (qPCR) assay. The objectives of our study were as follows: (1) to
monitor the amount of PoTl airborne conidia during 2019–2021 based on DNA detection, (2) to reveal
the prevalence of QoI resistant (QoI-R) cytochrome b alleles in aerosol populations of wheat blast,
and (3) to determine the impact of weather on the dynamics of wheat blast aerosol populations
and spread of QoI resistant alleles. PoTl inoculum was consistently detected in aerosols during
the wheat cropping seasons from 2019 to 2021, but amounts varied significantly between seasons,
with highest amounts detected in 2019. High peaks of PoTl DNA were also continuously detected
during the off-season in 2020 and 2021. The prevalence of QoI resistant (QoI-R) cytochrome b G143A
alleles in aerosol populations was also determined for a subset of 10 PoTl positive DNA samples
with frequencies varying between 10 and 91% using a combination of PCR-amplification and SNP
detection pyrosequencing. Statistically significant but low correlations were found between the levels
of pathogen and the weather variables. In conclusion, for wheat blast, this system provided prior
detection of airborne spore levels of the pathogen and of the prevalence of fungicide resistance alleles.

Keywords: Pyricularia oryzae Triticum lineage; airborne spores; epidemic predictors; integrated
disease management
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1. Introduction

Wheat blast is a globally important disease caused by the hemibiotrophic ascomyce-
tous fungal pathogen Pyricularia oryzae Triticum lineage (PoTl). Since the emergence of the
disease in wheat fields from Paraná State, Brazil, in 1985 [1], the pathogen has spread to
most of the Brazilian wheat cropping regions, and also to other countries in South America,
including Argentina, Bolivia, and Paraguay [2–4]. The efficient geographical range expan-
sion of the pathogen in South America has been associated with spread via contaminated
seed lots [2]. The most recent outbreaks of wheat blast outside South America date back to
2016 in Bangladesh, Southeast Asia [5], and to 2017 in Zambia, East Africa [6], raising an
urgent need to develop strategies to stop the further spread of this destructive pathogen to
other disease-free wheat cropping areas [7–9]. The first intercontinental dispersal of the
pathogen to Southeast Asia was linked to a South American origin [5].

Knowledge about the life cycle and population biology of PoTl on wheat has increased
in the last decade, and some recent studies have shed light on our understanding of the
pathogen’s major reproductive mode and genetic structure [2,10,11]. For instance, contem-
porary populations of PoTl carry high genotypic and virulence diversity. This is consistent
with a mixed reproductive system in which cycles of sexual reproduction are followed by
the dispersal of locally adapted clones [2,10,12]. In addition, populations either in close
proximity, or even those separated by more than 2000 km, were very similar, which is
consistent with a high degree of gene flow across both short and large spatial scales. Gene
flow was also detected between wheat and non-wheat derived populations of PoTl, includ-
ing from common signal grass (Urochloa brizantha) pastures and from 12 other invasive
or cultivated grass species. The high gene flow can reflect the efficient wind-dispersal
of conidia and/or ascospores from surviving perithecia on crop residues over short to
moderate distances [11,13], as well as a long-distance dispersal via infected seeds of wheat
and Urochloa spp. [11,13–15].

Currently, the two most common management strategies to reduce the intensity of the
disease on wheat fields include the deployment of resistant cultivars and fungicide spray
applications [16,17]. Notwithstanding, wheat blast has become a very challenging disease
to manage due the lack of cultivars with durable resistance [18] and the low efficacy of
fungicides sprays, especially in Brazil due to the evolution of fungicide resistance [2,3,19,20].
In fact, Brazilian populations of PoTl have shown moderate to high levels of resistance
to all three groups of site-specific systemic high-risk fungicides labeled for the manage-
ment of wheat diseases in the country, which include the azoles (sterol demethylation
inhibitor–DMIs) [21], quinone outside inhibitors–QoIs [22,23], and the second-generation
carboxamide fluxapyroxad, a succinate dehydrogenase inhibitor–SDHI [24]. Fungicide
sprays provide only partial control of the disease, even after multiple applications [25].

In order to maximize the effective life of new and currently available fungicides for
managing wheat blast and other diseases alike, there is a need to design optimal and
effective, evolutionary-smart anti-resistance strategies aimed to delay the evolution and
spread of resistance to the existing (azoles and QoIs), the new (SDHIs), and upcoming
fungicide actives, which growers and extension wheat pathologists can use as soon as
new products are entering the market [26]. For this purpose, high performance devices for
monitoring populations of the pathogen, enabling quantitative measurement of inoculum
levels and early detection of fungicide resistant alleles, in combination with disease fore-
casting, could be applied as smart tools. These tools would then guide the implementation
of anti-resistance measures based on the rationalization of fungicide inputs (e.g., choice,
timing, dose-rate, spray number, and mixing/alternation). For example, an automated
air sampler coupled with molecular DNA-based detection can be used to quantify the
inoculum levels of air-dispersed pathogens [27].

Airborne conidia released from infected wheat seedlings or from other grass hosts
in neighboring fields are thought to provide an important source of PoTl inoculum for
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infection of wheat spikes [28,29]. Airborne inoculum of PoTl is more abundant under con-
ducive weather conditions, including high humidity and warm temperatures. These
favorable weather conditions include long and frequent moisture periods (24–40 h), associ-
ated with high temperatures (25–30 ◦C) [30,31]. If high levels of PoTl airborne inoculum
coincides with the wheat heading stage, it can result in severe ear infection and high
yield losses [14,32].

Studying the dynamics of airborne populations of plant pathogens such as PoTl by
quantifying the amount of spores in air samples (i.e., its aerobiology) can help in forecasting
disease epidemics. In principle, aerobiology-based disease forecasting models are distinct
from the climate-based models, such as Sisalert (Plant Disease Epidemic Risk Prediction
System) [31], which rely upon systematic monitoring of weather parameters across dis-
tinct wheat-growing regions to forecast infection periods. While they both should provide
valuable tools to predict the occurrence and magnitude of wheat blast epidemics [33–36],
aerobiology-based models are still lacking behind to allow any comparison on differences
in accuracy and reliability, and fine tuning using a combined model.

Research on fungal aerobiology has been developed worldwide for more than two
decades with the aim to provide real-time on-site quantitative measurements on the air-
borne inoculum of plant pathogens to improve disease management [27]. Innovations
have been made in air sampling devices to improve the capture efficiency at high air
volume collection rates for fungal aerobiology studies [36], since the first fully auto-
mated device for detection of airborne spores of Sclerotinia sclerotiorum was introduced
in 1952 [37]. In recent years, spore-trapping combined with quantitative real-time poly-
merase chain reaction (qPCR) have been used successfully to detect and quantify airborne
spores of wheat pathogens such as Puccinia striiformis [38], Mycosphaerella graminicola
(Zymoseptoria tritici) [39,40], and Blumeria graminis [41]. Using DNA based SNP detection,
the frequency of fungicide resistant alleles within pathogen aerosol populations can also
be measured [39].

Automated collection of weather data coupled with continually updated on-site PoTl
aerobiology data could provide a warning of the likely risk of wheat blast infection pe-
riods [35,36]. Data on how much primary and/or secondary inoculum is produced can
provide a direct prediction of the impending disease risk [35,42] and allows real-time deci-
sion making for the most effective fungicide spraying schedule in reducing yield losses while
decreasing the environmental impact and the selection pressure for fungicide resistance.

To monitor wheat blast aerosol populations at Londrina in Paraná State, a major wheat
cropping region in Brazil, we used a high-volume cyclone, an automated air sampling
device, coupled with a quantitative real-time PCR (qPCR) assay. The objectives of our
study were as follows: (1) to monitor the amount of PoTl airborne conidia during 2019–2021
based on DNA detection, (2) to detect QoI resistant (QoI-R) G143A cytochrome b alleles in
aerosol populations of wheat blast [22], and (3) to determine the impact of weather on the
dynamics of wheat blast aerosol populations and spread of QoI resistant alleles.

2. Materials and Methods

Airborne spores were collected daily in 2 mL tubes using the automated high-volume
cyclone, which is available from Agri Samplers Ltd. (Cressex Enterprise Centre, Cressex
Business Park, Lincoln Rd. High Wycombe, Buckinhamshire HP12 3RL, UK) (Figure 1).
The air flow was set according to the manufacturer’ standard setting of 270 L min−1.
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Figure 1. (A) High-volume cyclone air sampler from Agri Samplers Ltd., (High Wycombe, UK), with 
a protective roof designed, built and attached to the top of the equipment, installed in Londrina, PR, 
operating at the IDR—Paraná (Paraná Agricultural Development Institute, Londrina, Brazil) Exper-
imental Station. (B) Front view of the sampler unit mounted with a wind-driven wing, installed 
within the limits of a weather station in the background. (C) Details of the uncovered spore sampler 
unit and (D) control panel by which sampler parameters are defined. 1 Pictures from A.A.P.Custó-
dio. 1 The device samples a high volume of air (270 L per minute, which is 27 times more than the 
traditional Burkard seven-day spore trap. Spores are also collected directly into tubes to facilitate 
easy lab-based processing. The figure (A) shows important adaptations built by our aerobiology 
research group for its use in Brazil to protect it from the extremes of the sun and heavy rain, and to 
raise it into more mobile air-flow, which improves the representation of the sample to the wider 
region. 

The high-volume cyclone air sampler captured aerosols in Paraná state during 2019–
2021, for 12 h per day, from 6:00 to 18:00 h. It operated at the IDR—Paraná Experimental 
Station (former IAPAR) (23°21′34.2″ S; 51°09′52.9″ W), in Londrina County, positioned 
within the limits of the weather station at 4.5 m high above the ground level and a mini-
mum of 2 km from a wheat crop. 

Figure 1. (A) High-volume cyclone air sampler from Agri Samplers Ltd., (High Wycombe, UK), with
a protective roof designed, built and attached to the top of the equipment, installed in Londrina,
PR, operating at the IDR—Paraná (Paraná Agricultural Development Institute, Londrina, Brazil)
Experimental Station. (B) Front view of the sampler unit mounted with a wind-driven wing, installed
within the limits of a weather station in the background. (C) Details of the uncovered spore sampler
unit and (D) control panel by which sampler parameters are defined. 1 Pictures from A.A.P.Custódio.
1 The device samples a high volume of air (270 L per minute), which is 27 times more than the
traditional Burkard seven-day spore trap. Spores are also collected directly into tubes to facilitate easy
lab-based processing. The figure (A) shows important adaptations built by our aerobiology research
group for its use in Brazil to protect it from the extremes of the sun and heavy rain, and to raise it into
more mobile air-flow, which improves the representation of the sample to the wider region.

The high-volume cyclone air sampler captured aerosols in Paraná state during 2019–2021,
for 12 h per day, from 6:00 to 18:00 h. It operated at the IDR—Paraná Experimental Station
(former IAPAR) (23◦21′34.2′ ′ S; 51◦09′52.9′ ′ W), in Londrina County, positioned within the
limits of the weather station at 4.5 m high above the ground level and a minimum of 2 km
from a wheat crop.
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2.1. Fungal DNA Extraction from Air Samples and Purification

For DNA extraction, 0.5 g of sterile glass beads (400–455 µm diameter; Sigma, San
Louis, MI, USA) were added to each 2 mL tube together with 440 µL of extraction buffer
(400 mM Tris-HCl; 50 mM EDTA pH 8; 500 mM NaCl; 2% polyvinylpyrrolidone; 5 mM 1,10-
phenanthroline monohydrate, and just before use, 0.1% β-mercaptoethanol). Tubes were
subsequently transferred to a FastPrep homogenizer (Savant FastPrep BIO101 Homogenizer,
Thermo Fisher, Waltham, MA, USA) for three cycles of 6.0 m s−1 for 40 s, with 2 min cooling
on ice between cycles. Then, a total of 400 µL 2% SDS (sodium dodecyl sulfate) was added
to the tubes, which were inverted several times to homogenize the solution, and was then
incubated at 65 ◦C in a water bath for 30 min, while mixing every 10 min. Subsequently,
800 µL of phenol:chloroform (1:1) was added to each tube, which was vortexed briefly
and then centrifuged at 13 k rpm for 10 min at 4 ◦C. To another set of 1.5 mL eppendorf
tubes, we added 30 µL 7.5 M ammonium acetate, 480 µL isopropanol, and 1 µL glycoblue.
The supernatant from the centrifuged solution was pipetted into the new set of tubes and
gently mixed and placed in a −20 ◦C freezer overnight. The tubes were then centrifuged
at 13 k rpm for 30 min at 4 ◦C and the pellet was washed with 200 µL of 70% ethanol
and centrifuged at 13 k rpm for 5 min. The DNA pellet, made visible by glycoblue, was
air-dried in a laminar flow cabinet (approx. 30 min) and resuspended in 100 µL of 10 mM
Tris pH 8.0, and then placed in a water bath at 65 ◦C for 5 min to fully resuspend the
DNA, before storage at −20 ◦C. The DNA was purified using EchoCLEAN DNA CleanUp
column (BioEcho Life Sciences, Cologne, North Rhine-Westphalia, Germany) according to
manufacturer’s instructions.

2.2. Detection of PoTl in Air Samples Using qPCR

For DNA extraction, 0.5 g of sterile glass beads (400–455 µm diameter; Sigma, San
Louis, MI, USA) were added to each 2 mL tube. PCR reactions were performed in a 15-µL
reaction (in capped 96 well PCR plates) consisting of 2 µL DNA sample, 13 µL solution
containing 7.5 µL of KAPA probe fast qPCR Master Mix (Biosystem, Foster City, CA,
USA) and 5.425 µL sterile distilled water containing primers MoT3_1F and MoT3_1R, and
the 5′FAM and 3′BHQ1 labeled probe MoT3_FAM2 for PoTl detection targeting a 361 bp
amplicon according Pieck et al. [43], as well as the Rox reference dye (Invitrogen; 0.075 µL
per reaction). The cycling conditions included 2 min at 98 ◦C, followed by 50 cycles of
10 secs at 95 ◦C and 30 s at 60 ◦C. Each reaction was carried out in duplicate in an AriaMx
Real-time PCR System (Agilent, Santa Clara, California, USA). In each qPCR run, standard
samples consisting of calibrated amounts of target DNA from PoTl (0.02 pg; 0.2 pg; 2 pg;
20 pg; 200 pg; 2000 pg; 20,000 pg; 100 ng; 500 ng were included for the standard curve.
Non-templates controls (NTC, i.e., sterilized distilled water) were also included in every
qPCR run. Data were analyzed using the Agilent AriaMx software.

2.3. Pyrosequencing Assay for cytb Alleles Quantification in Airborne PoTl Populations

The frequency of the cytb A143 allele in PoTl was associated with QoI-resistance (G-to-
C nucleotide exchange at position 54 of the nested PCR amplicon or at position 700 from the
GenBank accession number AY245424 sequence) resulting in the amino acid substitution of
glycine by alanine at position 143 of the protein [22], was determined using a SNP detection
pyrosequencing assay. Prior to pyrosequencing, an initial PCR and a subsequent second
PCR (nested-PCR) assay with amplicons from the first reactions were performed to amplify
the cytb gene fragment, which contained the target sequence. The amplification reaction of
the initial PCR targeting a 305 bp cytb fragment was performed in a total reaction volume
of 25 µL containing 20 ng of DNA template, 100 µM of dNTPs, 0.2 µM of each primer
(Table 1), 0.5 U of Taq DNA Polymerase (GoTaq, Promega, Madison, WI, USA), and 1X
GoTaq buffer (3 mM MgCl2). A negative control (PCR mixture without DNA) was included
in all PCR experiments. The amplification reaction was carried out in a thermocycler as
follows: initial denaturation at 94 ◦C for 2 min, 40 cycles of denaturation at 94 ◦C for 30 s,
annealing at 55 ◦C for 1 min, extension at 72 ◦C for 1 min, and final extension at 72 ◦C
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for 5 min. For the nested PCR, targeting a 101 bp fragment, the following protocol was
used, with 15 µL of 1:500 dilution of the product from the initial PCR reaction: 100 µM of
dNTPs, 0.2 µM of each nested PCR primer (Table 1), 0.5 U of Taq DNA Polymerase (GoTaq,
Promega, Madison, WI, USA), and 1X GoTaq buffer (3 mM MgCl2, Promega, Madison,
WI, USA). The amplification reaction was carried out in a thermocycler as follows: initial
denaturation at 94 ◦C for 2 min, 40 cycles of denaturation at 94 ◦C for 30 s, annealing
at 55 ◦C for 1 min, extension at 72 ◦C for 1 min, and final extension at 72 ◦C for 5 min.
Pyrosequencing of the biotinylated nested PCR products was performed on a PyroMark
Q48 instrument (Qiagen, Hilden, Germany) using TCGTGCTA as dispensation order and
C/GTGCTACAGTTATTACTAATCTTATT as sequence to analyze. The pyrosequencing
reagent kit (Qiagen, Hilden, Germany) containing binding buffer, annealing buffer, dNTPs,
substrate mixture (adenosine 5′ phosphosulfate, and luciferin), and an enzyme mixture
(DNA polymerase, ATP sulfurylase, and luciferase) were loaded to the cartridges with set
volumes according to the Pyromark software. The sequencing primer was added to the
cartridge in a predetermined volume; 10 µL of each nested PCR product was loaded to
each well of a PyroMark Q48 Disc in triplicate and 3 µL of PyroMark Q48 Magnetic beads
(Qiagen, Hilden, Germany) was added to each reaction. PoTl isolates with and without
cytb G143A were included as controls. The PyroMark Q48 Autoprep Software was used to
quantify the underlying G to C mutation as indicated by the peak heights of the target cytb
gene sequence. Final data on the frequency of QoI-resistant A143 alleles are based on the
mean of three technical replicate reactions.

Table 1. Primers and probe used for real-time qPCR detection of Pyricularia oryzae Triticum lineage and
cytb primers for detection of the A143 allele associated with QoI resistance using a nested-polymerase
chain reaction (nested-PCR) assay and pyrosequencing from fungal DNA extracted from airborne
spore samples.

Oligonucleotide Name Type Oligonucleotide Sequence and
Labeling (5′–3′)

MoT3_1F Forward primer for qPCR AGGATGTATGCCCTGACTGG
MoT3_1R Reverse primer for qPCR CTCGGCGATGCAAAAGTGAA

MoT3_FAM2 qPCR probe 1 TTCTAACGGTTTGCAATTGCACAAAACAAC
cytb initial PCR

F1 Forward primer GTTTGAGCTATTGGTACTGTTATATTA
R1 Reverse primer GAAACACCAAGAGGATTGCTT

cytb nested PCR
F2 Forward primer GGCTATCGGTTTCCTAGGTTATGT
R2 Reverse primer 2 TGCCCTATTCAAGGTATAGCACTA

cytb primer for pyrosequencing
S1 Sequencing primer GGACAGATGTCATTATGAG

1 Probe labeled with the fluorophore FAM at the 5′ end and with the BHQ1 quencher at the 3′ end. 2 Primer
labeled with biotin at 5′ end.

2.4. Pearson Correlation Analysis among Weather Variables and the Amount of PoTl DNA
Detected in Air Samples Using a Real Time qPCR Assay

Weather data were obtained from the IDR—Paraná Experimental Station, which
was located at short distance from the air sampler. Maximum, minimum, and average
temperatures (◦C), rainfall (mm), leaf wetness duration (hour.day−1), maximum, minimum,
and average relative humidity (%), and wind speed (m.s−1) were recorded daily for two
years (Figure 2).
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Figure 2. Daily (A) rainfall (mm, blue bars) and average temperature (◦C, orange lines), (B) accu-
mulated leaf wetness period–LW (hours day−1, light gray bars) and average relative humidity (%,
purple lines) in Londrina, PR, at the IDR–Paraná Experimental Station, from June 2019 to June 2021.

To test the correlation between weather variables and the detected amount of PoTl
DNA from airborne inoculum, data on daily rainfall and leaf wetness period accumulated
during 30, 15, 10, and 5 day-periods before the detection event, generating the variables
rainfall 30, 15, 10 and 5 and LW 30, 15, 10 and 5. We also determined the optimal tem-
perature index (number of days within the optimum temperature for wheat blast disease
development, ranging from 22 ◦C to 28 ◦C [30,44] accumulated in 30, 15, 10, and 5 day-
periods. In addition, we also used relative humidity daily values reflecting the optimal
relative humidity index (number of days in which the relative humidity was ≥85%, which
is considered optimum for fungal sporulation [30,44] accumulated in 30, 15, 10, and 5 day-
periods. The Pearson correlation analyses were conducted for four-time windows (May and
June; June and July; July and August; August and September) spanning heading, flowering,
and grain filling stages, according to the distinct regional wheat sowing dates (National
Program for Agricultural Zoning based on Climate Risk for Paraná State, ZARC–PR [45].
We also included a period completely outside of the wheat cropping (January to April) to
check for correlations with weather variables.

2.5. Descriptive Representation of the Time Series and Statistical Analyses

The time series of the daily amounts of PoTl DNA detected in aerosol samples using
qPCR were summarized using the R software packages [46], dplyr, lubridate, scales, gridExtra,
ggthemes, ggplot2, and the functions geom_line, geom_point, and facet_wrap.

Pearson correlation analysis (p ≤ 0.05) among weather variables and the amount
of PoTl DNA was conducted using the Stats and Performance Analytics packages from R
software and the R studio interface [46].
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3. Results
3.1. Detection of PoTl in Aerosol Samples Using qPCR

Based on the results of calibration curve samples that were tested in each run, in which
0.2 pg was sometimes detected whereas 2 pg always was detected within 35 cycles of
qPCR, we used 2 pg as the detection threshold. Using this detection threshold, PoTl target
DNA was detected in 167 out of the 480 samples (35%) taken and tested during the period
5 July 2019, till 14 April 2021 (Figure 3). The average amount of PoTl DNA in 2 µL of DNA
sample was 8.9 pg. The highest amount of the fungus DNA detected in the entire two-year
sampling period was from 5 September 2019 (1022± 13 pg), while less than 200 pg of target
DNA was detected on all other days.
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Figure 3. Average daily amounts of PoTl DNA detected by qPCR in aerosols sampled for 12 h with a
high-volume cyclone air sampler at Londrina, Paraná, from 5 July 2019, till 14 April 2021. Average
daily amount of target DNA was determined from the results obtained after testing 2 µL of sample
in duplicate.

From July to September 2019, which was the period coinciding with wheat cropping in
the Londrina region, the average daily amount of fungal DNA detected was 28.7 pg. High
peaks of the PoTl DNA were continuously detected off-season, from December 2019 until
late March 2020 (average of 15.2 pg), with only a few days below the detection threshold.

The average amount of fungal DNA detected daily from May to September 2020
during wheat cropping was 1.8 pg, which was considerably lower than the 2019 cropping
season (the mean of 2019 minus 2020 equals 26.9; t = 2.2654, with df = 188, two-tailed
p-value = 0.0246*). Later, in both early and late June 2020, which fell right within the
annual wheat cropping season in Paraná State, two isolated higher peaks of PoTl DNA
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were detected (equal to 40.7 and 79.9 pg). In the following off-season, high peaks of the
PoTl DNA were also continuously detected from December 2020 until late March 2021
(average of 17.5 pg). The average amount of PoTl DNA detected on both previous (2020)
and posterior (2021) off-seasons was significantly higher than the average amount detected
in the 2020 growing season (the mean of both 2020 and 2021 off-seasons minus the 2020
in-season 2020 amount = −14.6; t = 2.1973, with df = 316, two-tailed p-value = 0.0287*).

A medium peak (36.8 pg) of PoTl DNA was detected in November 2020 followed by
relatively lower peaks. Similarly, in the 2020 off-season, several peaks of PoTl DNA from
airborne spore samples were detected between late January to late March 2021 (such peaks
varied from 26.9 to 78.8 pg). Therefore, there was a consistent trend in higher peaks of PoTl
DNA detected during two consecutive wheat off-seasons (in the summer of 2019/20 and
2020/21).

3.2. Quantification of QoI-Resistant cytb Alleles in PoTl Populations Present in Air Samples

The partial cytb gene fragment representing QoI-resistant (A143) and/or QoI-sensitive
(G143) alleles was PCR-amplified and pyrosequenced from ten PoTl positive aerosol sam-
ples that were collected at different times during the two year monitoring period (Figure 4).
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QoI-resistant A143 alleles were detected in all ten air samples tested but there were
differences in frequencies (Figure 4). Five PoTl aerosol populations sampled during De-
cember 2019 showed a uniform QoI-R frequency, between 52.5 and 74.5%, whereas lower
frequencies of 10.1 and 24.6% were recorded for two populations sampled during June
2020 and contrasting frequencies between 14.1 and 91.4% were measured in three samples
collected in March 2021.

3.3. Pearson Correlation Analysis among Weather Variables and the Amount of PoTl DNA in
Air Samples

In the first period, encompassing the heading, flowering, and grain filling stages (from
May to June), a significant correlation was observed between the amount of PoTl DNA de-
tected and the following six weather variables: daily rainfall accumulated for 15 days prior
to the detection event (dpde) (r = 0.28, p = 0.1) and for 5 dpde (r = 0.34, p = 0.05), the optimal
relative humidity index (number of days with relative humidity ≥85%) accumulated for
5 dpde (r = 0.34, p = 0.05), the leaf wetness accumulated for 30 dpde (r = 0.24, p = 0.1), and
the wind speed (r = 0.30, p = 0.05); the highest correlation was observed with leaf wetness
accumulated for 30 dpde (r = 0.40, p = 0.01) (Figure 5).
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Figure 5. (A) Correlations were determined for two-month data periods comprising the heading,
flowering, and grain filling stages, as defined based on the regional sowing window [45]. (B) Pearson
correlation coefficient (r) between PoTl DNA (pg) present in DNA of a daily air sample (2 µL tested)
and weather variables accumulated 5, 10, 15, and 30 days prior to spore release detection event.
Rainfall, optimal relative humidity index (days with RH ≥ 85%), leaf wetness period (LW), and wind
speed (WS) at 2 m. Significance levels (p values) at *** = 0.001; ** = 0.01; * = 0.05; • = 0.1.
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Only two weather variables were correlated with the amount of PoTl DNA detected
in air samples from the second period (June to July): rainfall accumulated for 5 dpde
(r = 0.26, p = 0.1) and wind speed (r = 0.28, p = 0.05). No significant correlation with
weather variables was detected in the third period (from July to August). In the fourth
period (from August to September), there was significant correlation between the amount
of PoTl DNA detected and the optimal relativity humidity index accumulated for 5 dpde
(r = 0.25, p = 0.01), the accumulated leaf wetness for 10 dpde (r = 0.17, p = 0.1) and 5 dpde
(r = 0.28, p = 0.01), and the wind speed (r = 0.24, p = 0.05).

Correlations between the amount of PoTl DNA detected and weather variables were
also observed in the period outside of the wheat growing season, from January to April.
Although the r values for these correlations were relatively low, this was the period with
more weather variables that correlated with the molecular detection levels of the pathogen.
A positive significant correlation was observed with the accumulated rainfall for 30 dpde
(r = 0.13, p = 0.1) and 5 dpde (r = 0.18, p = 0.05). The amount of pathogen DNA correlated
with the optimal relative humidity index accumulated for 30 dpde (r = 0.31, p = 0.001),
15 dpde (r = 0.13, p = 0.1), 10 dpde (r = 0.20, p = 0.05), and 5 dpde (r = 0.28, p = 0.001).
A significant correlation was also observed with the accumulated daily leaf wetness for
30 dpde (r = 0.22, p = 0.01), 15 dpde (r = 0.14, p = 0.1), 10 dpde (r = 0.15, p = 0.1), and 5 dpde
(r = 0.23, p = 0.01).

There was no correlation between the optimal temperature index (number of days
with temperatures ranging from 22 ◦C to 28 ◦C) accumulated for any of the periods and the
amount of fungal DNA detected.

4. Discussion

Using a high-volumetric cyclone air sampler positioned in a major wheat cropping
area in Paraná State, coupled with a qPCR assay for pathogen detection, our first aim was
to directly measure PoTl target DNA representing airborne conidia continuously released
from 2019 to 2021, both within and outside the wheat growing season, in Londrina, PR.
The direct detection of the PoTl airborne inoculum density using an automated continuous
air sampling system, on a regional scale, may, in combination with molecular detection, be
useful in providing more accurate predictions of the risks of severe wheat blast epidemics,
even before they occur [47], as it has been documented for other pathosystems [27,30].
Knowledge on airborne inoculum for wheat blast could optimize fungicide spray decision
making as part of an integrated disease management program, allowing the reduction of
unnecessary sprays and lowering the environmental impact [48].

In our study, PoTl inoculum was consistently detected during the 2019 and 2020 wheat
cropping seasons, but amounts varied significantly between these two cropping seasons,
with higher amounts detected in 2019. However, high peaks of PoTl DNA were also contin-
uously detected in both the 2020 and 2021 off-seasons, with an average of 16.42 pg mL−1,
which was even significantly higher than the amount detected within the 2020 cropping
season. Assuming 0.042 pg of DNA corresponds to approximately 1 spore and 194 m3 air
was sampled daily for 12 h, the highest level of spores recorded daily for the 12 h sampling
period was 6259 spores.m−3 on 5 September 2019, with all other samples having daily
numbers equal to or well below 1219 spores.m−3 based on a DNA sample volume of 100 µL.
These numbers are comparable to PoTl spore numbers recorded in air samples collected
with a self-made PVC pipe wind vane spore trap near wheat fields in Passo Fundo (Rio
Grande do Sul state, Brazil) using spore counting [49]. Danelli et al. [49] also recorded high
amounts of PoTl airborne inoculum in the off-season period from February to March.

With the lack of regional wheat cultivation in the off-season during summer, from
December to March (according to the National Program for Agricultural Zoning based on
Climate Risk for Paraná State, ZARC–PR [45]), the detection of PoTl airborne inoculum
indicates that the pathogen is continuously and successfully reproducing in other grass
hosts and being air dispersed. In fact, PoTl can survive between growing seasons in over
12 invasive grass host species [22] and may contribute to the initial inoculum for the onset
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of wheat blast disease every cropping season. Besides the invasive grass species, impor-
tant forage crop species, such as signal grass (U. brizantha, the country’s most extensively
cultivated grass pasture for cattle grazing) and perennial ryegrass (Lolium perenne), are
important susceptible secondary hosts for PoTl, from which fungal conidia is constantly
and abundantly wind-dispersed over short to medium distances [22,50]. Therefore, our
aerobiology data corroborates the assertion that off-season non-wheat hosts play an impor-
tant role in the early onset of the wheat blast, which can keep a year’s long bridge of fungal
inoculum in between wheat cropping seasons.

The second objective of our study was to establish the prevalence of QoI-R cytb A143
alleles in PoTl aerosol populations. Using a combination of nested PCR and pyrosequencing,
we were able to detect A143 alleles in all ten PoTl positive PCR samples that were selected
from different periods of our monitoring studies. Five PoTl aerosol populations sampled
during 16–20 December 2019, showed a uniform QoI-R frequency between 52.5 and 74.5%,
indicating that inoculum is originating from the same source during this period, whereas
lower frequencies of 10.1 and 24.6% were recorded for two populations sampled on 5 and 28
June 2020. The aerosol population sampled on 2 March 2021, showed the highest frequency
of QoI resistance alleles, 91%, whereas the other two samples collected on 10 and 16 March
2021, showed contrasting frequencies of 16 and 14%, respectively. Because the cytb sequence
is very similar between PoTl and PoOl, the nested PCR Pyrosequencing assay is not able
to distinguish the two lineages. We, therefore, also carried out a quantitative SYBR Green
real-time PCR assay using primers Pot2a-L2 and Pot2a-R2, which will detect both lineages,
as described by Pieck et al. [43]. By comparing the results of the two assays, it was clear
that PoOl was either absent or present in such limited amounts that it would not have an
impact on the recorded QoI-R allele frequencies (data not shown).

Despite the seasonal fluctuations detected in the prevalence of the cytb allele for QoI
resistance in the PoTl airborne inoculum, it was clear from our study that QoI-R strains were
prompt to reemerge and dominate the wheat blast fungal population along the cropping
season. This ability for re-emergence has been attributed to an inherited competitive
advantage associated with the PoTl QoI-R strains [51] although a competitive disadvantage
has been reported for the cytb G143A allele carried by QoI-R strains from fungal species,
such as Zymoseptoria tritici, and the sister species P. oryzae Lolium lineage [52,53].

Because of the widespread prevalence of resistance to QoI fungicides in field popu-
lations of PoTl across the major wheat cropping areas from Central and Southern Brazil
reported in recent years, corroborated by our current aerobiology study in Londrina, PR,
spraying multiple QoI fungicide-based applications should be avoided as an anti-resistance
precautionary strategy [54]. The intensive long-term use of QoI fungicides in managing
wheat diseases has kept a non-stop selection pressure favoring the prevalence of QoI-R
PoTl strains in the wider environment [2,22–24].

A similar scenario can occur with the recently introduced site-specific systemic high-
risk SDHI fungicide fluxapyroxad, because SDHI-resistant baseline populations of PoTl
have been detected even before the local labeling of these actives for the management
of wheat diseases in Brazil and persisted in current populations of the pathogen [24].
The SDHI-resistance in PoTl has not been associated with single point mutations in the
target genes sdh-B, C, or D, but rather to a more complex energy-dependent efflux pump
mechanism typical of multidrug resistance [24,55].

In fact, in vivo fungicide sensitivity testing of PoTl isolates under a controlled envi-
ronment has shown moderate to high levels of resistance to multiple fungicides groups,
with blast control efficacy as lower as 3.3% for the QoI azoxystrobin, 31.3% for the QoI
pyrachlostrobin (QoI), 31.0% for the SDHI fluxapyroxad, and 51.0% for the DMI epoxi-
conazole [56]. The multiple fungicide resistance detected in this in vivo assay [56] was
probably due to enhanced efflux pump activity in PoTl [55]. Although the impact of this
resistance mechanism detected both in vitro [24,55] and in vivo [56] assays might be less
than expected for disease control in the field, a meta-analysis from 42 field trials over
9 years (2012 to 2020) indicated an average control efficacy of QoI and DMI fungicides
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ranging from as low as 43% to a maximum of 58% [57]. Given this poorer performance
and lower profitability of fungicide sprays [57], there is an urgent need for the adoption of
integrated wheat blast management strategies that do not rely so heavily on fungicides.

Upon further selection of SDHI fungicides, it is likely that PoTl will evolve the target-
site resistance mechanisms, with a whole range of mutations in SdhB, C, and/or D such
as those already reported in cereal pathogens such as Z. tritici, Pyrenophora teres, and
Ramularia collo-cygni [58]. For early detection of new mutations at extremely low frequen-
cies, allowing early implementation and monitoring of fungicide resistance management
strategies, next generation sequencing techniques, such as Illumina MiSeq for short reads
targeting single SNPs and Oxford Nanopore MinION for long reads targeting combinations
of SNPs, can be used in combination with automated air sampling [59,60].

The third aim of our study was to determine the correlation among weather variables
and the amount of PoTl DNA in airborne spore samples. We tested the hypothesis that
weather variables were correlated with levels of PoTl DNA detected in airborne spore
samples collected along two consecutive years.

In our study, statistically significant but low correlations were found between the levels
of pathogen molecular detection and the weather variables analyzed in four distinct two-
months periods (comprising the wheat heading, flowering, and grain-filling stages) within
the cropping season. These four periods were defined a priori based on the distinct sowing
windows established by an official zoning program along the full cropping season (National
Program for Agricultural Zoning based on Climate Risk for Paraná State, ZARC–PR [45]).

For any of the periods examined, except for the third one (Figure 5A,B, period from
July to August), a few climatic variables were correlated with the amount of the pathogen
DNA (Figure 5B). However, in the off-season, most of the weather variables were correlated
with the amount of pathogen DNA detected. The optimal relative humidity index accumu-
lated for 30 dpde (r = 0.31, p = 0.001) and accumulated daily leaf wetness for 5 dpde (r = 0.23,
p = 0.01) showed the highest correlation in the off-season period. Despite significance, cor-
relations were very low. Therefore, we concluded that a system based on weather variables
has very low predictive value for determining the levels of airborne PoTl inoculum.

This observation does not invalidate the potential of continuous direct monitoring
of the PoTl airborne inoculum as it can provide a better understanding of the dynamics
of airborne inoculum production, release, and dispersal, as well as pathogen epidemics,
which can be critical for more accurate predictions of wheat blast risk [32]. If high levels
of PoTl airborne inoculum coincide with the wheat heading stage, it can result in severe
ear infection and high yield losses [14,32]. Therefore, monitoring PoTl inoculum from air
samples both within cropping fields and at the regional scale is very important to develop
aerobiology-based forecasting models for blast disease incidence [34]. In conclusion, for
wheat blast, prior detection of airborne spore levels of the pathogen can prevent major crop
yield losses by ensuring that timely and appropriate disease management practices will
be adopted.
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